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Abstract

Gut microbiota is a diverse microbial community essential for maintaining human health and immune homeostasis. It regulates both innate and
adaptive immune responses, influencing processes such as antigen presentation, T-cell differentiation, and Immunoglobulin A (IgA) production.
By balancing immune tolerance and activation, the microbiota prevents autoimmunity while protecting against infections. Sequencing technology
advancements have demonstrated the immune dysregulation, autoimmune and inflammatory disorders may result from dysbiosis, or changes in
microbial makeup. Probiotics, prebiotics, and dietary changes that target the microbiome have encouraging medicinal promise. Human microbiota
is full of microbial communities having trillions of microbes, more than 10 times of the human cells, that includes 1000 (approx.) bacterial species
with dominance of Firmicutes, Proteobacteria, Bacteroidetes, Euryarchaeota, Actinobacteria, Verrucomicrobia, viruses and fungi. Human genome is
estimated to consist of 61000 to 140000 genes while gut microbial genome may contain 1000,000+ genes and influence various functions of human
body, help in health management and provides the signals to brain. Gut microbiome secretes vitamin K, B12, neurotransmitter metabolite like
dopamine, short chain fatty acids like butyric acid, proteases, carbohydrate-active enzymes that include inhibitors of maltases and sucrases, manage
70% of total immunity, stimulate certain tissues of intestine, lympatic tissues, capillary density, production of cross-reactive antibodies that prevent
infection and invasion by pathogens. For healthy, gut microbiota, avoid use of processed food and gluten containing grains. Social and environmental

contacts also influence the gut microbiome. This review deals with role of gut microbiota in immune regulation and health management.

Introduction

The human body is closely related to a large number of architec-
turally and functionally varied microorganisms that live in various
bodily sections. Examples of inhabited habitats include the skin,
gastrointestinal tract, respiratory tract, oral cavity, and sexual or-
gans [244,346]. According to estimates, the human microbiota has
1013-1014 microbial cells, which is around ten times more than
the number of human cells and more than 100 times the quantity
of genetic material compared to the human genome [278,300,329].
These figures are based on the total number of bacteria in the colon,
which is 3.8 x 1013 bacteria, and the organ that has the highest den-
sity of microorganisms. The most densely populated areas are the
mouth, the Gastrointestinal Tract (GIT), and the vagina. Microbiota

is the term for this composition, which is acquired shortly after birth
[183]. “Gut Microbiota” refers to the bacteria that are only present
in the GIT. The majority of gut microbiota [184] is non-pathogen-
ic, and it is essential for providing the host with health advantag-
es [118]. The GI tract’s many sections have different physiological
traits, chemical compositions, and environmental features. As a
result, microbiome kinds and quantities range [190-193] among
regions. From the stomach to the small intestine to the large intes-
tine, the number of bacteria generally increases. These microbes
have been well studied and may be just as significant as bacteria
since they probably regulate the host’s and, most significantly, the
gut microbes’ activity. Consequently, the study of host-microorgan-
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ism interactions gain a new perspective from the archaea, virome,
phageome, and mycobiome. Phage populations, for instance, are
not just ten times greater than bacterial populations, but they are
also novel players in these intricate relationships [20,25,103]. The
gut microbiota’s makeup is rather simple and varies greatly across
individuals throughout the first year of life [203]. The makeup of
the adult’s gut microbiota is thought to be significantly shaped by
the early gut colonization. In support of this claim, revealed that the
gut microbiota of the mice in their research was closely connected
to that of their mothers, suggesting that kinship plays a role in de-
termining the gut microbiota’s makeup. They can range from 10 to
103 bacteria per gram of stomach and duodenal contents to 104
to 107 bacteria per gram in the small intestine and 1011 to 1012
bacteria per gram in the large intestine [275]. Furthermore, the
microbial community’s makeup differs between these locations,
with the colon and small intestine having higher concentrations of
particular bacterial phyla. The small intestine was shown to be en-
riched for members of the Firmicutes phylum, whereas the colon
was found to be enriched for members of the phylum Bacteroidetes
when biopsy samples from both areas of healthy people’s guts were
analyzed [93]. The human stomach supports a variety of dynamic
microbial habitats. Numerous fundamental metabolic processes
and the host’s immune system development are influenced by the
gut bacteria. Although over 95% of the gut microbiota may be cate-
gorized into four main phyla, each person’s gut microbiota makeup
is distinct following bacterial colonization in babies.

In the human stomach, microbial colonization starts from birth.
At birth, the baby’s gut is thought to be sterile and to have relatively
few microorganisms, but during and after delivery, the GIT rapidly
becomes colonized [101]. The technique of delivery is a key factor
in determining the makeup of the newborn microbiota. Differences
in newborns’ gut microbiota have been connected to variations in
delivery methods. According to [77] there was a clear correlation
between the delivery technique and the gut microbiota’s coloniza-
tion pattern and diversity during the first three months of life, but
the substantial differences vanished after six months. In the mean-
while, [38] shown that children born via c-section had consider-
ably lower baseline evenness, richness, and phylogenetic diversity
within the first month of life as compared to infants delivered vagi-
nally. Children born by cesarean section subsequently had reduced
richness and diversity until they were two years old, particularly
after eight months. Probiotics like Lactobacillus reuteri and Lacto-
bacillus rhamnosus are found in the birth canal. The mouth canal,
nasal cavity, skin, and other areas of vaginally delivered newborns
will be exposed to more beneficial bacteria than those of c-section
babies. At birth, microbes colonize the baby’s skin, stomach, and
nasopharyngeal and oral membranes. Microbial communities that
resemble the mother’s vaginal flora and are dominated by Lactoba-
cillus, Prevotella, and Sneathia species are acquired by a newborn
when it goes through the birth canal [76]. The unique property of
gut microbiota composition is generally basic and maintained over
the first year of life, but there are significant inter-individual differ-
ences [298]. In addition to influencing the makeup of the adult GI
microbiota, microbial diversity appears to be crucial for the harmo-
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nious interaction between the microbiota and host. Over the course
of two to three years, the gut microbiota stabilises and completely
reflects the bacterial makeup of the adult gut [18,38]. According to
studies, kids delivered via caesarean section are more likely to have
wheezing and allergy sensitisation throughout the first two years
of life. Numerous internal and external host-related variables also
have an impact on the GI microbiota. The kind of food consumed,
the microbial load in the immediate surroundings, feeding prac-
tices, and the makeup of the mother’s microbiota are examples of
external influences [288]. Stresses connected to temperature and
food have an impact on the microbial successions. Internal influ-
ences include ambient temperature, microbial interactions, intes-
tinal pH, host secretions, bile acids, peristalsis, and immunological
responses (bacterial mucosal receptors and medication therapy)
[346]. Since Hippocrates stated in 400 B.C. that “Death sits in the
bowls,” there has long been recognition of the connection between
intestinal health and human health. The substantial influence of gut
microbiota on human health and illness has been the subject of sev-
eral research conducted globally [1]. Around 100 trillion microor-
ganisms are thought to reside on and within the human body, and
they are crucial to many biological functions, including both health
and illness [19]. Numerous bacteria, viruses, archaea, and unicellu-
lar eukaryotes inhabit the human body. Although bacteria are found
on every surface of the human body, the gastrointestinal system and
gut are home to a sizable population of them. The gut microbio-
ta is a complex biological community made up of over a thousand
different microbial species found in the human gut [173]. Since it
interacts with almost every human cell, the gut microbiota is now
regarded as a significant collaborator of human cells. Between 2013
and 2017, about 12900 articles were devoted to the study of the
gut microbiota, with around 4000 papers focussing on this topic be-
ing published in 2017. This astounding figure accounts for almost
80% of all publications on the subject over the past 40 years (since
1977). This straightforward discovery thus demonstrates that this
area of study is not only thriving but also strongly implies the need
for further development [48].

Normal Flora

The population of microorganisms in a given environment is
known as the “normal flora,” while the collective genomes of these
organisms are referred to as the “microbiome.” With an estimated
100 trillion microorganisms (mainly bacteria, but also viruses, fun-
gi, and protozoa) in the human gastrointestinal system, the micro-
biome is now best viewed as a virtual organ of the body. Huge num-
bers (10-100 trillion) of microorganisms colonize important parts
of the human body, such as the skin, oral cavity, Gastrointestinal
Tract (GIT), respiratory system, and urogenital tract [216]. Through
evolution, several bacterial species have successfully adapted to the
average human microbiome. It was not possible to cultivate most
of these bacteria in vitro. Numerous infectious and non-contagious
human diseases are caused by these bacteria, which also multiply
inside the human body and participate in essential biological func-
tions. It has also been well studied and widely accepted that germs
may colonize body parts that are continuously exposed to outside
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microorganisms, including the mouth, respiratory tract, GIT, skin,
urethra, and vagina. Because of its impact on physiology, the mi-
crobiota-the body’s natural bacterial flora-has drawn a lot of study.
Although bacteria contribute far more genetic material, current es-
timates indicate a closer ratio of human to bacterial cells, which is
contrary to the frequently cited statistic.

There is an indigenous microbiota in the upper respiratory
tract, oral cavity, and some areas of the ears and eyes. Numerous
diseases are shared by the resident flora of these locations due to
the tight anatomical relationships between these structures. At
various locations, the normal flora coexists in intricate ecosystems
and has tight interactions with other bacterial species as well as
the host epithelial layers. The makeup of this native microbiota is
known to vary over time and is influenced by host age, uderlying
illnesses, and chemotherapy [79,80,199,221,272]. The normal flora
of the relevant structures must be understood in order to compre-
hend the microbial aetiology of head and neck illnesses. Under-
standing the baseline flora will assist direct antimicrobial therapy
and identify the most likely cause of an illness. About half of the
300-500 bacterial species that are thought to reside in the oral cav-
ity are currently uncultivable [130]. Eighty percent of the oral cavi-
ty’s cultivable floras are Veillonellae, diphtheroids, and streptococcal
species. According to quantitative research, obligatory anaerobes
make up a significant portion of the oral flora found in homes. More
than 80% of the entire cultivable oral flora is made up of species
of Streptococcus, Peptostreptococcus, Veillonella, Lactobacillus, Cory-
nebacterium, and Actinomyces. The most common elements of the
typical oropharyngeal flora are viridans Streptococci, which include
species from the S. salivarius, S. mutans, and S. anginosus families
[258]. Five percent to ten percent of healthy, asymptomatic people
have gram-negative diplococci, including N. meningitidis [50,115].
With ageing and the host’s underlying circumstances, the oral mi-
crobiota is always changing. After being exposed to the mother’s
birth canal, the mouth cavity, which is sterile at birth, quickly gets
colonized. Within a few hours, organisms can be found, including
anaerobic species such lactobacilli and Veillonella species [49].
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The nasopharynx’s typical colonising flora is a reflection of
the nearby adjacent structures. The predominant Streptococci are
Viridans. In a healthy state, the middle and inner ears are likewise
regarded as sterile habitats. Microorganisms primarily related to
the skin flora are found when the typical flora in the external ear
canal is examined. In healthy adults and children, the most common
isolates are S aureus, coagulase-negative Staphylococci, and Cory-
nebacterium species [75]. The skin, the largest organ in the human
body, is home to a wide range of microorganisms, the majority of
which are harmless or even beneficial to their host. One factor that
affects how effectively skin works is a healthy skin microbiome.
Colonization is driven by the ecology of the skin surface, which var-
ies significantly depending on topographical location, endogenous
host traits, and external environmental conditions [116]. Species
from the genera Cutibacterium, Staphylococcus, and Corynebacteri-
um have been found in almost every area of the skin, and may make
up 45-80% of the total skin microbiome. Additionally, it has been
demonstrated that Thaumarchaeota and other microbes from the
Archaea domain are present in human skin. Approximately 4% of
the genes in the microbiome are found in this taxon, according to re-
search employing 16S rRNA sequencing. Furthermore, fungi, most-
ly of the Ascomycota and Basidiomycota types, are a part of the skin
microbiome. The most common genus is Malassezia. The host’s age,
sex, and health, as well as their cleanliness habits, way of life, and
surroundings, all have a substantial impact on the makeup of their
skin microbiome. Skin flora comes in two varieties: transitory and
resident. The organisms that are consistently found on the entire
skin’s surface, including those found in the deeper layers like the
sweat gland follicles and sebaceous ducts, are referred to as the res-
ident flora. This flora consists predominantly of Staphylococcus epi-
dermidis, micrococci, and diphtheriods (Figure 1). Small numbers
of anaerobic cocci and propionibacteria also may be present.When
the transient flora which includes a greater variety of organisms
than the resident flora come into contact with the skin’s outermost
layers, it can be from the environment, another person, or the indi-
vidual’s own digestive system, including the kidney, ureter, bladder,
and urethra. This condition is called a urinary tract infection.
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Figure 1: Sites of human body showing percentage of normal flora.
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Benefits of Normal Flora
Ocular Flora

The human eye hosts a variety of bacteria, primarily in the cor-
nea and conjunctiva. These bacteria form a protective microbiota
that helps prevent pathogenic microorganisms from colonizing the
ocular surface. Key genera in the ocular microbiota include Pseu-
domonas, Propionibacterium, Acinetobacter, and Corynebacterium
[241]. Environmental factors, infections (like blepharitis or con-
junctivitis), and behaviors such as improper contact lens use can
disrupt this microbiota, potentially leading to ocular diseases. In
children, common bacteria in the conjunctival sac include Staphylo-
coccus epidermidis, Staphylococcus aureus, Streptococcus mitis, and
Streptococcus pneumoniae, with higher bacterial diversity found in
those with positive flora in both eyes [153,154].

Nasal and Oral Flora

The microbiota in the nasal cavity and oral cavity includes var-
ious bacterial species, predominantly Actinobacteria and Firmic-
utes. These bacteria help protect against infections and maintain
the health of the respiratory and digestive systems. For instance,
Corynebacteriaceae and Propionibacteriaceae are abundant in the
nasal cavity, and their balance is crucial for preventing infections.
Imbalances, particularly the presence of Staphylococcus aureus, can
lead to infections in the nasal or other parts of the body.

Gastrointestinal Flora

The human gut microbiota is an intricate ecosystem composed
of bacteria, fungi, archaea, and viruses. These microbes interact to
support various physiological processes, including digestion, im-
mune system regulation, and disease prevention. The microbiota’s
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genetic content far exceeds that of the human genome, emphasiz-
ing its critical role. The balance of gut bacteria, such as Firmicutes,
Bacteroides, and Proteus, is vital for maintaining homeostasis. An
imbalance, particularly the Firmicutes/Bacteroidetes ratio, can indi-
cate gastrointestinal disorders. The gut flora also influences mental
health, with altered microbiota linked to depression and anxiety
[229]. Notably, gut bacteria have shown promise in cancer thera-
pies, where they can either target tumor cells or deliver anticancer
agents.

Immune system development by early colonization of mucosal
surfaces by microbes is essential for developing a healthy immune
system. In the first few years of life, the microbiota undergoes sig-
nificant changes that influence immune responses. The “window of
opportunity” for establishing a strong immune defense is especially
critical in newborns. Breastfeeding plays a vital role in transferring
maternal antibodies to the infant, providing passive protection. Re-
search suggests that the commensal microbiota of pregnant women
contributes to the infant’s immunity, highlighting the importance of
microbial exposure early in life for immune system development.

Urinary and Reproductive System Flora

In the urinary and reproductive systems, the normal flora is
essential for preventing infections such as Urinary Tract Infections
(UTIs) and vaginal yeast infections. For example, Lactobacillus spe-
cies are important in the vaginal flora, where they help maintain an
acidic pH, protecting against pathogens [107]. Disruptions, such as
the use of antibiotics, can disturb this balance, leading to infections
caused by opportunistic pathogens like Candida albicans. In the uri-
nary tract, the flora helps protect against infections that may result
from pathogens that enter the system from the skin or perineum
(Figure 2).
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Figure 2: Per cent microflora present at different body site.

Microbial Succession

The human gut microbiota is first assembled at birth when en-
vironmental microorganisms colonize the body. The mother’s fae-
cal and vaginal microbiomes are often the most significant source

of inoculum during the first few hours of life [120,307]. Bacteria
like Bifidobacterium, which are well-suited to break down milk oli-
gosaccharides, can proliferate during the first few months of a milk
diet [277]. A transition towards the bacterial consortia that charac-
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terised the adult microbiota is signalled by the introduction of solid
meals [235]. Sterility is lost when the amniotic sac ruptures. The
newborn receives their first round of microbial inoculation through
the vaginal flora when they pass through the birth canal [99]. These
microorganisms deoxygenate the gut and create the conditions
necessary for healthy development and growth. The manner of
distribution has a significant impact on microbial colonization, as
we describe below. Caesarean Section (CS)-delivered babies have
a different, less advantageous microbial inoculation [226]. In the
end, this shift in delivery method could help to explain why CS is
linked to certain chronic health issues. Important skin microor-
ganisms are transferred to the infant through skin-to-skin contact
during infancy and the postnatal period [10] (Figure 4). Many of
these organisms have antimicrobial qualities that help them fight
off infections. Although human skin serves as a useful inoculator
for newborns, breast milk is the most potent and pervasive source
of microorganisms [268,37]. One of the main effects of regular and
exclusive breastfeeding is the formation of commensal and symbi-
otic gut microorganisms, which also aids in a child’s healthy growth
and development. Primate milk contains complex milk oligosaccha-
rides that serve as prebiotics, giving symbioses a selective growth
edge against pathogens and as well as [37,3,4,208]. Anti-adhesive
antimicrobial compounds (which bind microorganisms selectively)
[57], and antibiofilm substances (which are bacteriostatic against
certain infections), [2,3,62,293]. Due to the many short- and long-
term advantages of breastfeeding, the World Health Organization
advises exclusive nursing during the first six months of a child’s
life, followed by supplementary breastfeeding for up to two years
when solid meals are introduced (Band Ravel and Smith ,2017).
Breast milk is essential for preventing infections and promoting the
immune system’s growth in babies. Inmunoglobulins (IgA, IgM)
found in breast milk, especially in the colostrum, aid in protecting
the baby’s digestive tract against infections. IL-6, IL-8, and IL-10
are examples of cytokines that contribute to the development of
an infant’s immune system. Bioactive substances including growth
factors, which are vital for an infant’s development, are found in
human milk. These include Neural Growth Factors (NGFs), which
are crucial for brain development, and Epidermal Growth Factor
(EGF), which promotes the intestinal epithelium’s maturation. Hu-
man milk contains Erythropoietin (Epo), which promotes intestine
growth and red blood cell synthesis, lowering the risk of anaemia
[22,92].

The composition of breast milk is dynamic and changes to meet
the nutritional needs of the infant. Initially, colostrum is produced,
rich in immunologic and growth factors but low in nutritional value
[108]. Over the first few weeks postpartum, the milk transitions to
mature milk, with less variation in its composition after about four
weeks. Breast milk contains proteins, lipids, and carbohydrates,
with fats contributing to brain and gastrointestinal development
[217,222,237]. Human Milk Oligosaccharides (HMOs) are import-
ant prebiotics that shape the gut microbiota by promoting benefi-
cial bacteria like Bifidobacterium while preventing harmful patho-
gen colonization.
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Breast milk has probiotic qualities in addition to prebiotic
ones, bringing good bacteria like Lactobacillus and Staphylococcus
into the baby’s digestive system [201,209,211]. Particularly during
the first six months when breast milk serves as the main source
of sustenance, this microbial exposure promotes a healthy gut flo-
ra. Formula-fed infants experience different gut microbiota devel-
opment, with their microbiome resembling that of an adult more
quickly [243,274,73]. Formula supplementation, due to the lack of
bioactive components found in breast milk, may lead to a gut mi-
crobiota dominated by bacteria like Staphylococcus, Enterococcus,
and Clostridium (Figure 3). However, formula manufacturers often
add prebiotics and probiotics to promote the growth of beneficial
bacteria [155].

Numerous internal and external host-related variables also af-
fect the GI microbiota [245,206]. The kind of food consumed, the
microbial load in the immediate surroundings, feeding practices,
and the makeup of the mother’s microbiome are examples of ex-
ternal variables [348]. Stresses connected to nutrition and tem-
perature have an impact on the microbial successions. Internal in-
fluences include temperature, microbial interactions, intestinal pH,
and physiological elements such as bile acids, host secretions, im-
munological responses, and peristalsis (Medication and receptors
on bacterial mucosa) [251,283]. The complexity of gut microbiota
may be influenced by a variety of factors, including host genetics,
age, lifestyle, hygiene issues, interaction with allergens, diets, use of
probiotics or prebiotics, infections, and other factors outside deliv-
ery method, baby food, and antibiotics [14,103,290].

When solid foods are added to the diet, the microbiome starts
to change from a simple environment with a lot of Bifidobacterium
(microbes that break down human milk oligosaccharides) to a di-
verse flora with a lot of species like Bacteroides that break down the
starches in a more structured diet. The gradual cessation of nursing
has the most significant impact, even while the introduction of sol-
id meals starts alterations in the microbial ecology. when a result,
a toddler’s gut starts to mature when weaning begins, resulting
in a varied adult flora. Advancements in gut microbiota research
have transformed our understanding of these vital organisms. His-
torically, the knowledge of adult human gut microbiota came from
labor-intensive culture-based methods. With the advent of cul-
ture-independent approaches, our understanding has significantly
broadened. DNA sequencing technology, combined with bioinfor-
matics, has revolutionized microbiomics [26,27,64]. These meth-
ods involve amplifying and sequencing targeted microbial DNA
regions and then using statistical analysis to identify and assess
the diversity of microbes based on sequence similarity to genomic
databases [166]. The 16S ribosomal gene (16S rDNA) is a popular
approach for targeting bacteria and archaea because it contains
nine hypervariable sequences (V1-V9) that differ between species.
Recently, researchers have shifted focus from 16S rRNA sequenc-
ing to shorter sub-regions of the gene, examined in greater depth.
Whole-genome shotgun metagenomics is now considered a more
reliable method for estimating microbiota composition and diversi-
ty due to its higher resolution and sensitivity. Despite these devel-
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opments, direct comparisons across various sequencing studies are
made more difficult by variations in sample processing strategies,
sequencing technology, and statistical approaches [252,339]. Ap-
proximately 93.5% of the 2172 species that have been isolated from
humans and categorised into 12 distinct phyla are Proteobacteria,
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Firmicutes, Actinobacteria, and Bacteroidetes. Interestingly, just one
species from each of these phyla like Akkermansia muciniphila from
Verrucomicrobia has been isolated from humans. Furthermore, 386
of these species are exclusively anaerobic and inhabit mucosal ar-
eas such as the gastrointestinal system and oral cavity (Figures 3,4).
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Why gut is Crucial for Health?

Gut microorganisms have a crucial role in immunological, met-
abolic, and neurobehavioral characteristics, among other facets of
human health [123,124,187]. The function of gut microbiota in hu-
man health is supported by varying degrees of evidence, including
research on humans and animal models [28,86,87,257,291]. The
fermentation of indigestible substrates, such as food fibres and
endogenous intestinal mucus, depends on the gut microbiota. This

fermentation promotes the development of specialized microor-
ganisms that generate gases and Short-Chain Fatty Acids (SCFAs)
[262,329]. Butyrate, propionate, and acetate are the main SCFAs
that are generated [264]. Butyrate is necessary for epithelial cells
to use 3 oxidation to absorb significant amounts of oxygen, creat-
ing a hypoxic environment that keeps the gut’s oxygen balance sta-
ble and avoids dysbiosis of the gut microbiota [125]. In addition to
being the primary energy source for human colonocytes, butyrate
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has positive effects on glucose and energy balance by activating in-
testinal gluconeogenesis and inducing death in colon cancer cells.
Obesity development and progression appear to be influenced by
the gut microbiome. The majority of research on overweight and
obese individuals reveals a dysbiosis marked by reduced variety
[175,231,306]. Numerous mechanisms, such as immune dysregula-
tion, altered energy regulation, altered gut hormone regulation, and
pro-inflammatory mechanisms (like lipopolysaccharide endotoxins
crossing the gut barrier and entering the portal circulation), likely
contribute to gut microbiota dysbiosis, which in turn causes diet-in-
duced obesity and metabolic complications [98]. This microbe and
others such as Akkermansia correlate with lower visceral fat de-
posits. The microbiota in various organs has unique compositions
and traits. Consequently, the microbiota engages in interactions
with several host biological processes. the relationships between
immune system development and the human microbiota in the
stomach, oral cavities, lungs, skin, and vagina. Numerous immune
cells are found in the GI tract, and they are in continual communi-
cation with the gut flora. The growth of commensal microorgan-
isms is necessary for the immune system to mature. One way that
the gut microbiota influences the immune system is by influencing
neutrophil migration, which in turn influences the differentiation
of T cells into diverse kinds, including regulatory T cells and helper
T cells (Th1, Th2, and Th17) [234]. During the immune system’s
maturity, abnormalities in microbiota formation may result in auto-
immune disorders and a decline in immunological tolerance [279].
Furthermore, the many compounds that the microbiota produces
have the potential to trigger an immunological reaction, promote
inflammation, or cause long-term tissue damage [265,266,273].
Trillions of microorganisms make up the intricate systems known
as microbiota. The majority of microbiota-related research, thanks
to advancements in sequencing tools and analytics, is on the con-
nection between changes in microbiota composition and different
disease states [181]. External alterations can alter the microbiota
community’s equilibrium, which can result in illnesses and dysreg-
ulation of body processesas of right now, there is growing evidence
linking microbiota to the onset of Cardiovascular Illnesses, Cancer,
Diabetes, IBD, Mental Disorders, Chronic Kidney Disease, and Liver
Disease.

Microbiome

The gut microbiome is a complex community of bacteria that
colonize the colon from birth [220]. The bacteria that settle their
ultimately grow into a vibrant, mature community that changes
throughout a person’s lifespan in tandem with the host. They are
essential for immunological homeostasis, gut barrier integrity, and
the activation of neurological and endocrine pathways [5,253,259].
Furthermore, the gut microbiota ferments indigestible food ingre-
dients and releases bioactive metabolites that can either enter the
bloodstream and act as effectors on organs at distant locations or
be used by the colon’s mammalian cells [104,216]. The growth of
human life is known to depend on the microbiome, which is also
intimately linked to the incidence of several illnesses in addition
to playing a significant role in many vital physiological functions
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including immunological responses and metabolic processes
[292,275,322,342]. Some microbiomes arise from mothers through
vertical transmission during the perinatal period, while microbi-
omes across body locations evolve from an extremely young age. All
bodily areas are colonized, but the gut, which has been the subject
of much research, has the greatest microbial counts [198]. Millions
of bacteria are present in the oral and saliva microbiomes of healthy
individuals, and they are swallowed with our food every day. How-
ever, a number of factors, such as the stomach’s acidity, the duode-
num’s and other organs’ production of Bile Acids (BAs), digestive
enzymes, and antimicrobial proteins, hinder the bacteria’s ability to
persist in the gut. Further downstream microbial colonization is in-
fluenced by numerous other significant factors, including physical
characteristics like gut architecture, peristalsis, and transit times,
as well as chemical parameters like pH, oxygen concentrations, and
redox potential, as well as the biological production of mucus, bile,
and antibodies. Despite having fairly identical microbial taxa, the
microbial abundance in duodenal aspirates was found to be 1000
times lower than that of oral samples, indicating the presence of a
concentration gradient of microorganisms along the small intestine
[24]. As a result, the small intestine has a growing number of cells
per gramme of substance, ranging from hundreds to several hun-
dred million. The two main phyla are Proteobacteria and Firmic-
utes, which are somewhat oxygen-tolerant [185,275]. Since tran-
sit in the colon is more than a dozen times longer than that in the
small intestine, all of this culminates in the lower gut, where climax
communities of up to 100 billion cells per gramme stay for a few
days. Therefore, anaerobic bacteria, comprising thousands of spe-
cies and millions of genes, dominate the colonic microbiome. These
bacteria are found in the major phyla of [280,289,290]. Firmicutes
(mainly Ruminococcaceae and Lachnospiraceae), Bacteroidetes, Ac-
tinobacteria, Proteobacteria, and Verrucomicrobia (Akkermansia)
[346,247,249,296]. A study of small intestine effluent after ileosto-
mies revealed that it contained up to 100 million microorganisms
per gram of wet weight, forming individualized communities with
day-and-night cycles that reflected food processing and intake [39].
The colonizing Streptococcus and Lactobacillus species were found
to express a large reservoir of highly effective transport systems
that compete with the host for sugar uptake and use, producing lac-
tate and acetate that are substrates for [299,301,303]. Veillonella
species and are subsequently converted into propionate, according
to functional (transcriptomics and targeted metabolomics) and
metagenomic analysis of such samples [347]. Recent research em-
ploying specially designed catheters validated these communities
and showed that, in contrast to the jejunum, the intestinal com-
partment with the largest surface area and the site of the majority
of digestion and absorption of sugar, protein, and fat, the duode-
nal microbiota showed higher compositional dynamics correlated
with pH [186]. Numerous metabolic and perhaps immunological
disorders have been linked to the duodenum and its microorgan-
isms [310-312]. Furthermore, it has been discovered that duodenal
perfusions of either living or dead Lactobacillus species alter the
host immune response, offering a human discovery experimental
system. [308,305,313,314]. The colon has been the subject of the
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greatest research on the horizontal gradient, despite the gut’s ob-
vious vertical gradient. The colon has been the subject of the great-
est research on the [317-321,323,324] horizontal gradient, despite
the gut’s obvious vertical gradient. Crucially, the architecture of the
microbial communities is influenced by oxygen, redox, and mucus
gradients that extend from the mucosal surface to the lumen [298].

Numerous intestinal and extra intestinal conditions have been
linked to the gut microbiota. Numerous extensive studies have ex-
amined the gut microbiome and its significance in relation to par-
ticular Gastrointestinal (Gi) Disorders, including Colorectal Cancer
(CRQ), Coeliac Disease, Irritable Bowel Syndrome (IBS), Intestinal
Bowel Diseases (IBDs), Chronic Liver Diseases, or Pancreatic Disor-
ders [8,254]. The gut microbiome composition of IBDs, the proto-
typical inflammatory disorders of the intestine, is known to deviate,
and facultative anaerobes have been observed to outgrow, particu-
larly when there is active inflammation and metabolite disturbanc-
es, such as those involving BAs, Short Chain Fatty Acids (SCFAs),
and acylcarnitine pathways[327,331]. Over the past several years,
a lot of research has been done on the gut microbiota in relation to
obesity and conditions including type 2 diabetes (T2D) and non-al-
coholic fatty liver disease (NAFLD). In fact, interventional trials us-
ing specific bacterial strains, including Akkerman Sia muciniphila,
have demonstrated impacts on obesity-related parameters. Numer-
ous research has attempted to connect an altered gut microbiota
to obesity [74]. In both Asian and European cultures, T2D has also
been associated with a compromised gut microbiota [161,162,164].
A number of research suggested that the gut microbiota influences
glucose control, and microbial differences were highly associated
with insulin resistance in T2D [332-337]. The control of several
facets of metabolic diseases is significantly influenced by the gut
bacterial flora. The microbiota’s synthesis of a wide range of me-
tabolites and their interactions with host cell receptors, which may
either activate or inhibit signalling pathways and have either posi-
tive or negative effects on the host’s health, are some of the factors
that determine this control.

Relation between Microbial Biomass and pH

One important factor in maintaining the gut microbiota is the
pH of the environment. A donor-independent response to an in-
crease or decrease in ambient pH was found in this study’s eval-
uation of the effects of pH on the organisation of the gut microbi-
ota luminal and mucosal communities as well as the synthesis of
short chain fatty acids (SCFAs) in vitro [92]. According to Jin and
Kirk (2018), this parameter influences microbial growth and me-
tabolism as well as the availability of nutrients and enzyme activity
in the extracellular environment [340,341]. Human physiology and
microbial metabolism work together in the colon to create a pH gra-
dient that rises from the proximal to distal colon over time [78]. The
gut microbiota’s fermentation and the production of metabolites
like lactate and Short Chain Fatty Acids (SCFAs) are responsible for
the proximal colon’s low pH of about 5.7 [343-345]. Indeed, the con-
centration of SCFA and the pH of the surrounding environment are
negatively correlated [228]. As the generated SCFAs are absorbed,
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or used, and bicarbonate is released by the mammalian cells, the
pH in the colon increases (Holzer 2015). Because the proximal co-
lon’s use of carbohydrates restricts the distal colon’s access to nu-
trients, the microbial community starts to break down the proteins
and amino acids that are available, releasing urea and ammonia
in the process, raising the pH of the surrounding environment to
about 6.7 [315]. Gut microbial populations and their metabolisms
are subject to selection pressures from pH and fermentable sub-
strates. Using triplicate batch cultures that began with faecal slur-
ry and were incubated with an initial pH of 6.0, 6.5, or 6.9 and 10
mM glucose, fructose, or cellobiose as the carbon substrate, and
his colleagues assessed the relative contributions of pH, alkalinity,
and substrate on microbial community structure, metabolism, and
functional interactions. We examined fermentation products and
16S rRNA gene sequences. Microbial diversity was influenced by
substrate type and ph. Insufficient alkalinity caused a pH reduction
from 6.0 to about 4.5, which grouped pH 6.0 cultures together and
separated them from pH 6.5 and 6.9 colonies, which only had slight
pH drop. Fermentative metabolism was shown to reflect the influ-
ence of pH on the organisation of microbial communities. Regard-
less of the kind of substrate used, lactate buildup happened in pH
6.0 cultures whereas propionate and acetate accumulations were
seen in pH 6.5 and 6.9 cultures. Lastly, the interactions between the
communities that produce and consume lactate were influenced by
pH. Cultures that began at pH 6.5 and 6.9 were dominated by Veil-
lonella, Bacteroides, and Escherichia, which produced acetate and
propionate, whereas cultures that began at pH 6.0 were dominated
by lactate-producing Streptococcus. Lactate buildup resulted from
acid suppression of lactate-consuming organisms.

Restoration of Gut

Including the correct items in your diet may be just as cru-
cial for intestinal health. Your gut microbiota, which is made up of
billions of bacteria and fungus, may be starved by the things you
remove. When eating, people pay more attention to the nutrients
their bodies require than they do to the nutrients their microbio-
ta requires. Probiotic and prebiotic-rich foods support intestinal
health. Probiotic microbes have been found in traditional fer-
mented foods and medications [12,121,256]. The most popular of
these as probiotic delivery systems are fermented dairy products,
such as cheese, yoghurt, acidified milk, and drinking yoghurt. Their
distinct physicochemical and nutritional properties enable them
to buffer against the harsh acidic conditions of the stomach (pH
2-3) and maintain a viable number of probiotics in the lower gut
(6 to 8 Log CFU/mL), which may aid in their potential therapeutic
effects [13,158,302]. For generations, a significant portion of the
human diet has consisted of fermented foods [54]. In addition, the
shelf-life of fermented meals made from meat, milk, and plants is
longer than that of fresh raw materials [259]. This is because the
high water content and nutritious richness of fresh meals make
them very perishable. In many parts of the world, including Asia
and Western nations, fermented foods and beverages made from
plants and animals are an essential part of the diet. They contain
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nutrients that have the potential to help people stay healthy and
avoid disease, but they also change in taste, texture, toxicity, and
cooking time [157,254]. These foods naturally include substances
that can block any harmful bacteria and spoilage organisms, such
as organic acids, ethanol, or antibiotic chemicals [168]. Because
LAB may create substances that are beneficial to both human and
animal health, they play a significant role in food fermentation. Ad-
ditionally, by preserving the equilibrium of the gut microbiota, LAB
made from single or mixed cultures obtained from fermented foods
are appropriate probiotics for enhancing the digestive system. Ad-
ditionally, these microbes can strengthen the immune system’s de-
fences against harmful germs. The quality of diet, eating habits, and
maternal milk are the primary determinants of general health. In
the past, humans ate food that included a variety of living microbes.
Nonetheless, the idea of cleanliness raised the bar for consuming
hygienic food with few living microorganisms. The Western diet
has led to a large decline in the consumption of fermented foods,
which in turn has reduced the number of probiotic organisms that
our predecessors were exposed to [129]. Cases of cancer, allergies,
obesity, heart disease, and autoimmune diseases all naturally rise
when the probiotic content of the Western diet declines [34]. By
altering the gut microbiota and mucosal immunology, probiotic
usage affects human physiology [65]. Numerous genera, including
as Lactobacillus, Bifidobacterium, Bacillus, Pediococcus, and various
yeasts, are utilised as probiotics [285]. When given in enough quan-
tities, probiotics-live bacteria-have positive health effects. Strepto-
coccus thermophilus, Saccharomyces bourlardii, Akkermansia mu-
ciniphila, Faecalibacterium prausnitzii, and Lactococcus lactis are
the less popular probiotics [21,135,210]. They have a significant
impact on the mucosal immune system, gut luminal environment,
and mucosal barrier function. Dendritic cells, monocytes, epithelial
cells, Natural Killer (NK) cells, B cells, and T cells (including T cells
with regulatory characteristics) are among the many innate and
adaptive immune cells that they significantly affect. Additionally,
certain probiotic strains including Bifidobacterium and Lactobacilli,
as well as prebiotics, may help close the spaces between intestinal
cells, avoiding leaky gut syndrome. According to recent research,
prebiotics and probiotics will play a significant role in medicine in
the future because of their many health advantages. Prebiotics are
one type of fibre that helps nourish these good bacteria. They are
present in a variety of foods that are abundant in the Microbiome
Diet, including radishes, asparagus, garlic, Jerusalem artichokes,
onions, and leeks [295]. Numerous health advantages, including as
better nutrition absorption, reduced risk of certain gastrointesti-
nal illnesses, decreased possibility of obesity, metabolic stress, and
deteriorating mental health, have been associated with prebiotic
ingestion. By encouraging the development of beneficial bacteria
while preventing the spread of potentially harmful species, prebiot-
ics can help regulate the total bacterial variety of the gut. Prebiotics
affect the gut’s lymphoid tissue, which can alter immune responses
and lower inflammation.

Impact of Gut on Immune System

The human body’s greatest microbial population is found in the
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gastrointestinal system. Beginning in early childhood, the gut micro-
biota has a major influence on the maintenance of immunological
tolerance and performs important functions in the development of
the gut immune system. These microorganisms have a dynamic and
interdependent relationship with the immune system. By offering
a wide range of antigenic determinants and microbial metabolites
that affect the initiation, maturation, and preservation of immuno-
logical function and homeostasis, they produce immune signals. Si-
multaneously, the innate and adaptive immune systems play a role
in regulating a stable microbial environment between harmful and
commensal microbes. As a result, the host immune system and the
gut bacteria community cooperate to preserve immunological ho-
meostasis. When such a condition is disturbed in vulnerable hosts,
it can have a significant negative impact on human health and result
in a number of autoimmune and auto-inflammatory diseases. The
interaction between microbial populations and various immune
system lineages in the gut has evolved together, significantly influ-
encing intestinal immunity.

The human gut immune system is specifically designed to
maintain balance within the gut microbiota. It achieves this by con-
trolling the localization of microbes, regulating their composition,
preventing pathogen invasion, controlling the growth of native bac-
teria, and eliminating harmful microbes. Additionally, it supports
the growth of beneficial probiotics, all of which contribute to main-
taining gut health and immune homeostasis [16,122]. Up to 30% of
Clostridium clusters IV and XIV are found in a healthy gut microbi-
ota, and many of them exhibit immunomodulatory properties [17].
The gut microbiome is made up of billions of viruses (virome) at
106-109 per gramme of faeces, trillions of bacteria (bacteriome) at
1012 per gramme of faeces, and fungi (mycobiome), which make up
less than 1% of the total. Understanding how gut microbial popula-
tions, their metabolites, and immune system cells co-adapt is crucial
to understanding how humans are exposed to bacteria and how to
stay healthy [215]. The metabolites that the microorganisms create
include tryptophan, sphingolipids, secondary bile salts, SCFAs, and
other compounds that support the protection of gut walls [218]. In
a healthy condition, the gut microbiota works with other inflamma-
tory cells (neutrophils, lymphocytes) and antigen-presenting cells
(DCs, tissue macrophages) to keep the host immunological defence
system in balance. Here, we’ll go over these metabolites’ primary
makeup and immunological ramifications.

The following processes collectively allow the gut immune
system to have a significant impact on gut flora. First, the gut mu-
cosal immune system’s unique histological structure includes a
wide range of immune responses to reduce host tissue exposure
to unwanted microorganisms. For instance, immune effectors that
stratify luminal microorganisms and decrease bacterial-epithelial
cell interaction include mucus released by the colon antimicrobial
peptides secreted by the small intestine and IgA secreted by B cells
[297]. Severe infections and excessive pathogen development are
avoided by this stratification [156,174,227].

Furthermore, penetrant bacteria’s ability to enter intestinal
tissues is restricted by morphological compartmentalisation. The
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luminal side of the firmly linked epithelium barrier is where mi-
croorganisms are restricted. The lamina propria macrophages
phagocytose and eliminate microorganisms when they breach this
barrier [139]. They are also taken up by the DCs and sent to the
mesenteric lymph nodes, where they are contained in the body’s
secondary lymphatic tissues.Second, the preservation of homeo-
stasis and the variety of microbial communities depend heavily on
host immunity [46]. Both the innate and adaptive immune systems
support the development of advantageous microbial community
members and aid in preserving a stable microbial community. The
microbiota’s makeup can be recognised and altered by the innate
immune system [187]. Through its capacity to identify molecular
patterns and trigger immunological responses via PRRs, such as
TLRs, purinergic receptors, G protein-coupled receptors (GPCRs),
Nod-like receptors (NLRs), and the aryl hydrocarbon receptor, the
innate immune system preserves microbial equilibrium [153].

The Role of Gut Microbiota in Immune Ho-
meostasis and Autoimmunity

The gut microbiota interacts closely with the host immune
system. Certain members of the gut microbiota have been linked
to autoimmune diseases. Thanks to revolutionary developments
in “next-generation” sequencing technology, which have made it
possible to characterise these intricate commensal communities
with culture-independent microbial analysis, has the study of gut
microbiota and autoimmunity become a more manageable field
[117,188]. This has facilitated the characterization of complex com-
mensal communities. Progress has been made in understanding
cellular and molecular interactions between commensals and the
mucosal immune system [235,304].

Furthermore, significant advancements have been achieved as
researchers have started to identify the molecular and cellular re-
lationships between commensals and the mucosal immune system,
especially with the use of autoimmune animal models. Maintaining
self-tolerance to prevent autoimmunity while also eradicating inva-
sive infections is essential for the body’s health and immune system
balance. The gastrointestinal tract’s gut microbiota offers the host
vital health advantages, especially through immunological homeo-
stasis regulation [128]. Furthermore, it is now clear that changes to
these gut microbial populations can result in immunological dys-
regulation, which in turn can induce autoimmune diseases. Here,
we summarise the developments in our knowledge of how the gut
microbiota controls both innate and adaptive immunological ho-
meostasis, which can influence the onset of systemic and intestinal
autoimmune disorders [330]. In addition to helping us comprehend
the pathophysiology of autoimmune illnesses, investigating the re-
lationship between gut bacteria and the human immune system
will provide the groundwork for the development of innovative im-
muno- or microbe-based treatments.

Numerous techniques have been employed to illustrate the piv-
otal function of gut microbiota signals in immune system develop-
ment. Using Germ-Free (GF) models, in which animals are grown
in a sterile environment without ever coming into contact with mi-
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crobes, is one effective strategy [248]. These models demonstrate
how the microbiome significantly affects both innate and adaptive
immunity. As will be covered later, another strategy is to manipu-
late the microbiota with antibiotics or reconstitution, which offers
important insights into its function in immunological homeostasis
and autoimmune disorders [136,282,276]. Notably, the gut micro-
biota has a significant impact on systemic immune responses in
addition to controlling the local intestine immune system [148].
In order to preserve immunological balance, this section examines
how the gut microbiome influences both innate and adaptive im-
munity [214].

Microbiota and Innate Immune Homeostasis
Antigen-Presenting Cells (APCs)

Since they co-evolved with the microbiota, intestinal APCs are
essential for defending the body against infection while preserv-
ing tolerance to the typical gut flora. For instance, compared to
the spleen, the Dendritic Cells (DCs) in Peyer’s patches generate
more interleukin-10 (IL-10) [283]. Under normal circumstances,
gut macrophages that are located close to the intestinal microbio-
ta have a distinct “inflammation anergy” phenotype, which means
that they do not release pro-inflammatory cytokines in response to
microbial stimuli [149,150]. The Microbiota’s Role in APC Develop-
mentis as intestinal DCs are shown to be less common in Germ-Free
(GF) animals; nevertheless, they can be recruited to the intestines
by monocolonizing them with Escherichia coli [284]. A subgroup
of DCs that express CD70 and CX3CR1 are also stimulated by ATP
produced from microbes, aiding in the differentiation of Th17 cells
[16]. The gut has the body’s greatest concentration of tissue macro-
phages. Although GF mice have normal quantities of intestinal mac-
rophages, GF pigs have lower numbers of these cells, and GF pigs
also have lower amounts of systemic macrophages [224,219]. Ad-
ditionally, GF mice lack macrophage activation markers such major
histocompatibility complex class II and have impaired macrophage
capabilities including phagocytosis and chemotaxis.

Neutrophils

Innate immunity depends on neutrophils, whose modulation
is influenced systemically by the microbiome. For example, GF rats
are neutropenic and have reduced phagocytic function, as well as
impaired generation of nitric oxide and superoxide anion [230].
Normal immune function is not restored when GF rats are returned
to a traditional setting. According to recent research, the Nucleotide
Oligomerisation Domain 1 (NOD1) receptor recognises peptidogly-
can from the gut microbiota, which increases neutrophil killing ac-
tivity [56].

Other Innate Cell Types

Studies have identified two types of Natural Killer (NK) cells in
the gut that express the NKp46 receptor. One resembles conven-
tional NK cells, while the other produces less interferon-c (IFNc)
and lacks perforin. These gut-specific NKp46+ cells also express
the nuclear hormone receptor RORyt and IL-22 [266]. Since GF
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mice lack IL-22-producing NKp46+ cells, it suggests that the gut
microbiota plays a critical role in promoting the differentiation of
these cells. Mast cells carry out regulatory tasks include regulating
smooth muscle activity and blood flow and it comprising 2-3% of
the GI tract’s lamina propria cells, GF mice have greater blood mast
cell percentages and lower intestine mast cell densities. According
to another research, the microbiota stimulates mast cell migration
into the gut by causing Intestinal Epithelial Cells (IECs) to produce
CXCR2 ligands [33]. This mechanism is reliant on MyD88, a signal-
ling protein in the TLR pathway.

Intestinal Epithelium are the main physical barrier dividing gut
microorganisms from underlying tissue is the intestinal epithelium.
IECs secrete cytokines, chemokines, and antimicrobial peptides,
among other immunoregulatory functions, while often not being
categorised as immune cells [267]. Reduced IEC proliferation and
decreased antimicrobial gene expression were seen in mice treated
with GF and antibiotics, indicating that the microbiota affects the
immunoregulatory activities of IECs via controlling the expression
of these factors. The main physical barrier separating the com-
mensals that are kept in the intestinal lumen from the sterile tis-
sue underneath is the intestinal epithelium, which is made up of a
single layer of IECs. IECs have several immunoregulatory functions,
including the release of cytokines, chemokines, and antimicrobial
peptides, in addition to their mechanical protective role. However,
they are often not categorised as immune cells. Mice treated with
GF and broad-spectrum antibiotics showed decreased IEC growth
and expression of their antimicrobial genes [165,250]. These find-
ings imply that by controlling the expression of antimicrobial fac-
tors, the gut microbiota might influence the immunoregulatory
functions of IECs.

Microbiota and Adaptive Immune Homeo-
stasis

Numerous microbial species have been shown to be important
regulators of distinct adaptive immune system branches. The mu-
tualistic interaction between the microbiota and the host is shaped
by the antigen-specific adaptive immune responses. In the muco-
sa, the immune system’s T cells and B cells have position-specific
phenotypes and functions that are influenced by the microbiota.
Because of their prevalence and intimate relationship with the im-
munological tissues of the gut, these reactions mainly target the gut
bacteria. The variety and functionality of immune cells, particular-
ly B cells and T cells, are greatly impacted when bacteria colonize
mammalian hosts. This involves the differentiation of T cells that
carry the CD4 antigen and B cells that produce IgA, especially TH17
cells and Treg cells, which are essential parts of the intestinal lam-
ina propria’s effector T cells (Teff). Furthermore, a brief discussion
will be given to the reciprocal interactions between lymphocytes
and the microbiota, which have not received much attention. It’s
crucial to remember that the majority of knowledge on these im-
mune-microbiota interactions is derived from research conducted
on mice in controlled environments, where they are not exposed to
pathogenic microorganisms or the microbiota present in wild pop-

Copyright© Amar P Garg

ulations [42,43]. A constitutive increase in highly differentiated in-
nate and adaptive immune cells, including effector memory T cells
that carry the CD8 antigen, is observed in laboratory mice when
they are housed with free-living wild mice9 [30]. Compared to mice
housed in certain pathogen-free settings, the immunological pro-
files of these mice are substantially more similar to those of adult
humans. Therefore, variations in the species’ microbiotas may be a
contributing factor in certain mice studies’ inability to forecast how
humans would react to treatment [140].

T cell

The intestinal lamina propria is home to the majority of CD4+
T cells, which are essential for immunological responses. They de-
velop into subtypes (Th1, Th2, Th17, Treg) upon activation, and
each is controlled by distinct transcription factors and cytokines
[17,180]. Tregs support immunological tolerance, Thl and Th2
cells aid in infection responses, while Th17 cells are associated
with inflammation. Allergies and autoimmune illnesses might re-
sult from an imbalance in these reactions. The gut microbiota influ-
ences the development of these T-cell subtypes [98,112,113,134].
In Germ-Free (GF) mice, the absence of microbiota leads to a reduc-
tion in intestinal CD4+ T cells and a Th2-skewed immune response.
Specific bacteria like Bacteroides fragilis promote Th1 responses,
while Segmented Filamentous Bacteria (SFB) induce Th17 cells.
Studies also suggest that Clostridia species can help develop Tregs,
and the microbiota maintains immune homeostasis by limiting the
conversion of Tregs. Other T-cell types, such CD8+ T cells and y§ T
cells, which both functions less well in GF mice, are also impacted
by microbiota. All things considered, the gut microbiota is crucial in
forming the immune system, and variations in the microbial make-
up affect health consequences via controlling the development of T
cells [114].

B cell

Immunoglobulin A (IgA) is mostly secreted by gut-associated B
lymphocytes, especially those found in Peyer’s patches. Every day,
the gut secretes about 0.8 grammes of IgA per metre, which is a far
greater production rate than any other Ig classes. Both the quanti-
ty and cellularity of Peyer’s patches are diminished in Germ-Free
(GF) mice, which results in decreased intestinal plasma cells and
IgA levels. Mucosal IgA synthesis is largely influenced by the gut
microbiota; in GF mice, high secretory IgA levels must be induced
by a high dosage of live bacteria [59,60,61,82]. Mucosal IgA, on the
other hand, targets the present microbiota mainly because it lacks
a memory response. The spleen of GF mice has smaller and fewer
germinal centres, which are where affinity maturation and B cell
differentiation take place. As a result, while natural IgM levels stay
normal, serum levels of natural IgG are drastically decreased. It’s
interesting to note that GF rats’ blood levels of IgE, an allergy-as-
sociated Ig isotype, are elevated both globally and locally in the
gut [240]. The Th2-predisposed immunological response in GF an-
imals, which might encourage the induction of IgE, a hallmark of
Th2-driven humoral immunity, is consistent with this rise in IgE.
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Microbiota and Autoimmunity ly highlight research that demonstrates how alterations in a single
microbial species and/or worldwide commensal ecosystems may

tilt the scales in favour of a protective or pathogenic immune re-
sponse, hence affecting the course of autoimmune disorders.

Itis possible to propose a “commensalocentric” theory of main-
taining general health since the commensal microbiota has such a
profound impact on immune system regulation and other facets of
mammalian health. The immune system responds to self-tissues ~Impact of Microbiota on various diseases
and cells as though they were infections, a condition known as au-
toimmunity. The commensal microbiota can influence the innate
and adaptive arms of immune responses as well as the processes
of “innate-adaptive connection,” hence either promoting or inhib-
iting autoimmune reactions [53]. The “specific lineage hypothesis”
states that certain microbial lineages influence immunity and au-
toimmunity, whereas the “balanced signal hypothesis” states that
many lineages can shift the homeostatic balance that controls host/
microbiota equilibrium in favour of either decreased or increased

It has been demonstrated that the human microbiome is an es-
sential component of human health. Dysbiosis is marked by several
abnormalities in the human microbiome. It has been suggested that
the microbiome should be considered “essential organ” of the hu-
man body because of the magnitude of its impact [97]. There are a
number of extrinsic variables that can lead to dysbiosis in the gut
microbiome. These factors include the ingestion of antibiotics, di-
etary components, psychological and physiological stress, and host
characteristics. Dysbiosis is a disorder that impairs the proper func-
tioning of gut microbiota, which is essential for host health. This
disturbance leads to the production of microbial extracts, which
can be harmful for the host and induce various diseases [35]. An

host response. Finding ways to prevent and cure autoimmune
diseases requires a thorough understanding of the intricate rela-
tionships between the host and microbiome. It is not unexpected
that some gut microbiota members have been connected to auto-
immune disorders given the significant impact the microbiota has
on the innate and adaptive immune systems. The significance of gut
bacteria in autoimmune illnesses connected to the gastrointestinal
tract has received a lot of interest. Interestingly, as was previously
mentioned, the gut microbiota affects several systemic immunolog-
ical components and plays a function that extends beyond the local
gut immune system. As a result, new research has also uncovered
how gut microbiome affects extraintestinal illnesses. We specifical-

excess of pathogenic bacteria or fungi is commonly accompanied
by dysbiosis. This is often followed by a considerable reduction of
microbial community or essential functional groups, as well as host
immunological response, paving the way for the 34 disease [207].
Enough research has been done to demonstrate that dysbiosis of
the microbiota in the gut is the underlying factor of a wide vari-
ety of disorders. The following is a discussion of various diseases
and the microbiome-based therapies that are available for treating
them (Figure 5).
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Figure 5: Various diseases caused by dysbiosis of human microbiota.

Inflammatory Bowel Syndrome or IBD is a chronic gut pathogenic disorder. There is a distinction
between the two diseases in terms of the clinical manifestations

Inflammatory Bowel Disease (IBD) is an illness that spans mul- i . ) . o )
. . . . L. . . of inflammation and the intestinal localisation. Both diseases are
tiple diagnoses, including Crohn’s disease or CD and ulcerative coli- . .

. o . ) characterised by symptoms such as diarrhoea, rectal hemorrhage,
tis or UC, and is distinguished by recurrent and persistent inflam- } ) . .
i ) . abdominal discomfort, letharginess, and shedding pounds [182]. It
mation of the GI system [167]. The inflammatory bowel disease
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is characterised by extensive transmural ulcerations and can occur
anywhere along the gastrointestinal tract. Patients who have CD ex-
perience patchy inflammation, which can occur anywhere through-
out the GI tract [95]. Patients with ulcerative colitis often have ul-
cerations that are more superficial and are confined to the mucosa
of the colon, as well as inflammation that typically spans the entire
length of the large intestine, from rectum to colon [95,96]. A num-
ber of environmental factors, such as smoking, nutrition, drugs,
strain, removal of appendex, geography, and social standing, have
been proven to have an effect on the advancement and intensity of
the condition [67]. Frequent episodes of diarrhoea, fever, and ab-
dominal pain are all symptoms that are associated with CD and UC.
However, the interaction between host factors and gut microbiota
indicates a significant deal of potential in the development of dis-
ease. The underlying mechanism of this disease development is
still not fully understood [35]. The immune system’s interaction
with the microbiota of the gastrointestinal tract is the root cause of
severe inflammation. The heightened sensitivity of T-lymphocytes
residing in the gut microbiota to non-pathogenic antigens is the
fundamental cause of Inflammatory Bowel Disease (IBD) [94].

A variety of research has shown the antibodies production that
target specific antigens derived from commensal bacteria and au-
toantigens, including anti-Saccharomyces cerevisiae, perinuclear
anti-neutrophil cytoplasmic antibody, and anti-Pseudomonas flu-
orescens-associated sequence 12 [77,177,178,212]. Dysbiosis and
the reduction of microbiomes, that is crucial for maintaining the
integrity of the mucosal barrier of the gut, are both caused by a lack
of tolerance towards the gut microbiome in patients with IBD who
also have an abnormal immune response.

Impaired functions lead to an increase in the exposure between
epithelial cells and the microbiota of the gut, which in turn stimu-
lates the local immune system and contributes to severe inflamma-
tion in the gut tissues. Pathogenesis of inflammatory bowel disease
may be influenced by dysbiosis of the gut [225]. In patients with
Inflammatory Bowel Disease (IBD), a common trait that is found
is a decline in the number of guts Firmicutes, like Faecalibacterium
prausnitzii and Roseburia sp. [131,202,286,325] By decreasing the
levels of pro-inflammatory cytokines (IL-12 and IFN-g) and boosting
the levels of anti-inflammatory IL-10, these bacteria have a major
impact on the anti-inflammatory defence mechanism [286]. Firmic-
utes are responsible for the production of butyrate, which serves as
the principal energy substrate within colonocytes. Reduced levels
of Firmicutes have the potential to generate local inflammation by
lowering levels of anti-inflammatory cytokine, which is an essential
component in the regulation of mucosal immunity. This could also
lead to impairment in the function of the intestinal barrier due to
a lack in short-chain fatty acids [202,89,239]. In the treatment of
IBD, the probiotic F. prausnitzii is utilised as a medicinal agent. The
dysbiotic traits that are noticed in people with inflammatory bowel
disease include an increase in the percentage of pathogenic gut bac-
teria, such as species of Enterobacteriaceae and Bacteroides fragilis,
both of which have increased levels of endotoxic LPS in their exter-
nal layers [68]. According to study by Feagan, et al and Christensen,
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et al, many anti-inflammatory therapies, such as Antibodies (Ab),
which target pro-inflammatory mediators (including anti-TNF-al-
pha, anti-IL12, and anti-IL23), have been shown to be effective in
reducing inflammation [88,55].

Cardiovascular Diseases (CVD)

The major cause of illness and death across the globe is Car-
diovascular Diseases (CVDs), which include coronary heart disease,
cerebrovascular disease, peripheral arterial disease, and other
similar conditions. In spite of the fact that conditions such as ath-
erosclerosis, hypertension, obesity, diabetes, dyslipidaemia, and
mental illness are among the general risk factors, there is a growing
body of research that suggests microbiota play a role in maintaining
cardiovascular health, and that its dysregulation may contribute to
cardiovascular diseases [185]. Numerous studies have shown that
Genetically Modified Organisms (GM) and the metabolic products
they produce interact with the host in a variety of different ways,
which can have an effect on the development and occurrence of
Cardiovascular Disease (CVD). The metabolic products of the gut
microbiome, which include Trimethylamine Oxide (TMAO), bile ac-
ids, and Short-Chain Fatty Acids (SCFAs), have been shown to play
a role in Cardiovascular Disease (CVD) by a significant number of
researches [52].

Hypertension stands out as a prevalent risk factor for cardio-
vascular disease. Hypertension is linked to modifications in gut
function, shifts in gut microbial communities, and variations in
gut-brain axis. In individuals with hypertension, there was a sig-
nificant reduction in microbial richness, diversity, and evenness
[194], while the Firmicutes/Bacteroidetes ratio showed a notable
increase [194]. The gut microbiota, recognised as the largest endo-
crine organ in the body, has a significant impact on the cardiovas-
cular system and plays a role in the development of cardiovascular
diseases. The gut microbiota plays a crucial role in the metabolism
of choline, phosphatidylcholine, and carnitine, ultimately leading to
the production of trimethylamine-N-oxide (TMAO). TMAO has been
proposed to not only regulate the equilibrium of cholesterol and
bile acid concentrations, while also linked to the onset of early ath-
erosclerosis and an elevated risk of long-term mortality of cardio-
vascular diseases [255]. Mechanistically, TMAO can activate the ex-
pression of inflammatory cytokines IL-6, IL-8, and TNF-a by MAPK
and NF-kB signalling pathway. NF-«kB is recognised as a crucial
mediator that governs the activation, differentiation, and effector
function of inflammatory immune cells. The dysregulation of NF-kB
likely plays a role in the pathogenesis of atherosclerosis by facilitat-
ing the recruitment of monocytes [137]. Another inflammation me-
diator, Lipopolysaccharide (LPS), also referred to as endotoxin, is
a component of Gram-negative bacteria primarily found in the gut
and oral cavity. Recent studies indicate that LPS can trigger vascular
oxidative stress, resulting in endothelial dysfunction and vascular
inflammation. A retrospective analysis by Yoshida, et al. indicated
that individuals with cardiovascular diseases exhibit elevated fae-
cal LPS levels in comparison to those without such conditions. The
variations in the structures of lipid A moieties of LPS across dif-
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ferent bacteria are noteworthy, as they may influence the activity
of LPS [338]. The gut microbiota has the capability to metabolise
polysaccharides and proteins into Short-Chain Fatty Acids (SCFAs),
which are another class of metabolites associated with Cardiovas-
cular Diseases (CVDs). The majority of SCFAs are acetates, butyr-
ates, or propionates [213].

Epidemiologic studies indicate that sufficient dietary fibre in-
take may be associated with a reduced risk of cardiovascular dis-
ease, potentially due to lower levels of low-density lipoprotein.
Prebiotics are fibres, primarily oligosaccharides, which undergo
selective fermentation by specific bacteria, mainly from the Lacto-
bacilli and Bifidobacteria genera. This process leads to alterations
in the composition and function of the GI microflora, ultimate-
ly providing benefits to the host’s well-being and health [106]. A
randomised trial demonstrated that the intake of live Lactobacillus
plantarum led to a diversification of homogeneous gut microbial
flora and was linked to a decrease in the occurrence of cardiovas-
cular disease events.

Respiratory Diseases

Respiratory diseases encompass a range of conditions im-
pacting the lungs and the broader respiratory system and can be
managed using probiotics [100]. This category includes chronic
illnesses such as asthma, Chronic Obstructive Pulmonary Disease
(COPD), and pulmonary fibrosis, as well as acute conditions like
pneumonia. Comprehensive investigations have indicated that oral,
lung, and gut microbiota are linked to the onset of respiratory dis-
eases. COPD and asthma rank as the two most commonly diagnosed
chronic respiratory conditions. COPD is characterised as a disease
state marked by airflow limitation linked to chronic bronchitis
or emphysema. Asthma is a complex condition marked by per-
sistent inflammation of the airways, which leads to an exaggerat-
ed response to various environmental stimuli. It is associated with
symptoms such as wheezing, difficulty breathing, and a sensation
of tightness in the chest [138]. The chronic inflammation triggered
by lung microbiota could be a crucial factor in the onset of chronic
respiratory diseases [145]. The gut microbiota plays a significant
role in modulating pro-inflammatory and autoimmune responses,
contributing to various inflammation-related diseases. Numerous
investigations have established a connection between early-life gut
microbiota dysbiosis and a heightened risk of developing asthma
in later years, a phenomenon referred to as the gut-lung axis [23].
Gut microbiota dysbiosis in early life may contribute to the onset of
respiratory diseases, as gut microbiota is crucial for the maturation
of immune cells and resistance to pathogens [287]. The studies by
Roussos, et al. and Rutten, et al. have shown that individuals with
chronic gastrointestinal diseases exhibit a greater prevalence of
chronic respiratory conditions such as asthma and COPD, although
the underlying mechanisms remain ambiguous [260,263,291] Sp-
rooten, et al. reported that individuals experiencing acute COPD
exacerbations exhibited heightened gastrointestinal permeability,
indicating a potential role of gut microbiota in these exacerbations
[291]. A further investigation revealed that elevated levels of gut
microbiota-dependent circulating TMAO were linked to all-cause
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mortality in patients with COPD [233]. Itis proposed that gut bacte-
rial metabolites could play a role in asthma by influencing immune
modulation [253].

The typical respiratory tract and gut microbiota serve as a de-
fence against pneumonia by inhibiting the colonization of patho-
genic bacteria and by influencing immune responses. Consequently,
it is expected that the dysbiosis of respiratory tract microbiota is
regarded as a risk factor for pneumonia.

The primary origin of microbes in the lower airways is the up-
per airways. Recent studies have indicated that a decrease in nasal
microbiota diversity heightens the risk of pneumonia.

Notably, three microbiota profiles characterised by Lactobacil-
li, Rothia, and Streptococcus showed a significant correlation with
pneumonia [71]. Changes in immune response resulting from mi-
crobiota dysbiosis could elevate the likelihood of pneumonia. Dys-
regulation of SCFA-producing bacteria may play a role in the devel-
opment of pneumonia. Segal, et al. indicated a correlation between
pulmonary SCFAs and an increase in anaerobic bacteria [274]. The
interaction between pneumonia and microbiota is significantly in-
fluenced by gut microbiota. Schuijt, et al. discovered that the gut mi-
crobiota serves a protective function against S. pneumoniae infec-
tion [271]. In patients with COVID-19, a reduction in the abundance
of various gut commensals was noted, including Bifidobacteria,
Eubacterium rectale, and Faecalibacterium prausnitzii. The dysbio-
sis of gut microbiota showed a positive correlation with disease se-
verity, accompanied by increased levels of inflammatory cytokines
and blood markers including CRP, aspartate aminotransferase, and
lactate dehydrogenase. Consequently, in contrast to chronic respi-
ratory diseases, the gut-lung axis could offer enhanced protection
for the host against pneumonia through the modulation of the im-
mune response [142].

Colorectal Cancer

The global mortality rate of Colorectal Cancer (CRC) ranks as
the fourth leading cause of cancer-related deaths [15]. Cancer is a
condition marked by the swift multiplication of atypical cells that
expand without restraint, potentially affecting nearly every area of
the body. In 2020, cancer stands as a primary contributor to glob-
al mortality, resulting in more than 10 million fatalities [90]. The
process of carcinogenesis is complex and influenced by multiple
factors. It is well recognised that tobacco, bacteria and viruses,
obesity, alcohol, and radiation significantly contribute to the risk
of developing cancer [109]. Research indicates that an imbalance
in gut microbiota can initiate inflammation and immune responses
that are indirectly associated with the development of cancer [140].

Grivennikov, et al. indicated that microbial products could lead
to the deterioration of the epithelial barrier, subsequently trigger-
ing inflammation associated with tumours and facilitating the initi-
ation and progression of Colorectal Cancer (CRC) [119]. Chen, et al.
proposed that both commensal and pathogenic bacteria contribute
to the progression of CRC through three mechanisms: 1) taking ad-
vantage of defects in the tumour surface barrier, 2) invading healthy
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colonic tissue and triggering local inflammation, and 3) generating
genotoxic metabolites that lead to the oncogenic transformation
of colonic epithelial cells [51]. The primary bacteria identified as
contributors to CRC include Enterococcus faecalis, Escherichia coli,
Bacteriodes fragilis, Streptococcus bovis, Fusobacterium nucleatum,
and Helicobacter pylori [66] (Table 1).

The fadA of F. nucleatum is a distinctive adhesin that facilitates
its adhesion to and invasion of human epithelial cells, triggering
an inflammatory response [126] and promoting cell proliferation
[261]. The bacteria in question have the capability to generate geno-
toxic substances, including colibactin, B. fragilis toxin, and typhoid
toxin, which lead to damage in host DNA [170,171,172]. Probiot-
ics that utilise lactic acid-producing bacteria, such as Lactobacillus
and Bifidobacterium, demonstrate a protective effect against colon
cancer by decreasing tumour incidence and tumour loads. They
are suggested to have a direct anti-proliferative effect on tumour
cells by preventing carcinogen-induced DNA damage. This occurs
partly through the inhibition of carcinogen and mutagen formation,
reduction of the activity of pro-carcinogenic enzymes like ornithine
decarboxylase, and enhancement of anti-tumor immunity, which is
evidenced by an increase in natural killer cells, MHC class II anti-
gen-presenting cells, and CD4-CD8C T cells [83,281].

Neurological Disorders

Neurological disorders are conditions that affect both the cen-
tral and peripheral nervous systems. These conditions can cause
damage to the brain, spinal cord, cranial and peripheral nerves,
the autonomous nervous system, nerve roots, and neuromuscular
plaque. There are a number of situations that can result in bleeding
in the brain, such as diseases that affect the blood vessels, disorders
that are brought on by problems with the development of the ner-
vous system, injuries to the spinal cord or brain, and brain tumours
[81]. Dysbiosis of the human gut microbiome has been linked to
a wide range of neurological illnesses [32,80,93,102,163]. These
findings were published in a number of different studies. For a vari-
ety of population subsets, it was known that neuropsychiatric and
neurodegenerative illnesses of the brain, in addition to a great num-
ber of other comorbidities, were responsible for causing significant
mortality [316].

Neuropsychiatric Illnesses

Microbiota in the gut are thought to play a significant part in the
process of influencing neuronal behaviour through the gut-brain
axis [127]. Some studies believe that gut-induced stress, along with
a disrupted gut microbiome and a variety of other factors, plays a
significant role in the development of depression, anxiety, and oth-
er psychological disorders. This is despite the fact that the direct
mechanism by which gut bacteria influence neuropsychiatric dis-
orders has not been studied. When compared with faecal samples
from healthy controls, faecal samples from individuals with major
depressive disorder have been shown to have a higher number of
Bacteroidetes, Protobacteria, and Actinobacteria, while having a
lower number of Firmicutes. This was demonstrated by Jiang, et al.
[152]. There are mental and neurological disorders that afflict twen-
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ty-five percent of the world’s population, including anxiety and de-
pression (Neuropsychiatric Disorders). In fact, 85% of people who
suffer from depression and 90% of persons who suffer from anx-
iety disorders both feel significant levels of anxiety. This suggests
that these two clinical illnesses are quite closely associated to one
another [41,205]. Extensive research has been conducted to study
the connection between anxiety and depression and alterations
in the stability and composition of the microbiota in the gut [27].
Additionally, patients who suffer from anxiety problems have been
shown to exhibit fascinating alterations in the microbiota of their
faeces. They made the observation that patients who suffered from
Generalised Anxiety Disorder (GAD) had lower levels of microbial
diversity and richness. This was found to be correlated with low-
er levels of short-chain fatty acid producers like Eubacterium rec-
tale and Fecalibacterium, as well as higher levels of Ruminococcus,
Escherichia, Shigella, and Fusobacterium [151]. When compared to
a placebo, the administration of probiotics comprising Bifidobacte-
rium bifidum, Lactobacillus acidophilus, and Lactobacillus casei to
individuals suffering from major depressive disorder resulted in a
significant reduction in the severity of depression symptoms [9].
According to Bravo, et al,, Lactobacillus rhamnosus has been found
to release GABA and activate GABA receptors in the brain, namely
GABA Aa2 and GABA B1b receptors. With this, it has been demon-
strated that Lactobacillus rhamnosus can reduce the severity of de-
pression and anxiety-like behaviours in mice [40]. According to the
findings of a number of pre-clinical researches, the presence of gut
dysbiosis in mice models of Autism Spectrum Disorder (ASD) was
found to generate significant neurological abnormalities. Compar-
ing children with autism to controls revealed that certain species,
such as Clostridium and Ruminococcus, were distinct from one an-
other [91]. A correlation was found between the severity of autism
in children and the presence of symptoms of gastrointestinal pain,
as demonstrated by Adams, et al. [7,159,160]. Children who have
been diagnosed with autism spectrum disorder benefited from im-
proved gastrointestinal function and lower behavioural ASD scores,
according to the findings of a pilot study that was carried out by
Kang and colleagues and utilised faecal transplantation of stan-
dardised gut flora [146].

Neurodegenerative Disorders

Neurodegenerative disorders are largely distinguished by the
process of neuron elimination. Alzheimer’s disease and Parkinson’s
disease can be considered to be the most prevalent forms of neuro-
degenerative illnesses [176].

Parkinson’s disease

The neurodegenerative ailment known as Parkinson’s Disease
(PD) is a prevalent condition that manifests itself through a vari-
ety of motor symptoms. These symptoms include tremor, muscle
rigidity, slowness of movement, and irregular gait [294] (Svein-
bjornsdottir, 2016). Parkinson’s Disease (PD), which affects more
than 1% of the elderly population and 0.3% of the general popu-
lation worldwide, is the second most prevalent neurodegenerative
disorder after Alzheimer’s diseases [306]. Parkinson’s disease is
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a progressive neurodegenerative ailment marked by the loss of
voluntary movement control due to significant dysfunction in the
substantia nigra and striatum. The deterioration of dopaminer-
gic neurones, the buildup of phosphorylated a-synuclein (aSyn),
mitochondrial dysfunction, an overproduction of reactive oxygen
species, and an increase in microglial activation are among these
changes [36]. Growing data reveals a substantial disparity in gut
microbiome makeup between Parkinson’s disease and healthy pop-
ulations, however findings vary among investigations [189,84,85].
Numerous investigations indicated a considerable rise in the prev-
alence of Bifidobacterium, Pasteurella, and Enterococcus in the gut
microbiota of Parkinson’s disease patients [137,141,238], while
the quantity of Brautella, Prevotella, and Faecococcus diminished
[270,29,132,133]. Although an increase in Bifidobacterium has
been observed in Parkinson’s Disease (PD), research indicates that
a subsequent decline in Bifidobacterium may serve as a predic-
tor for the potential deterioration of PD stage. This suggests that
the rise in Bifidobacterium in Parkinson’s disease may indicate a
mechanism of protective action against neurological deterioration.
Consequently, it may be deduced that a probiotic intervention util-
ising Bifidobacterium may inhibit the advancement of Parkinson’s
disease to more severe phases [105]. Nevertheless, the prevalence
of Lactobacillus in patients with PD showed significant variation
across various studies. The findings are not entirely unexpected,
as the genetic makeup is influenced by numerous factors including
varying lifestyles, dietary habits, age, geographical location, body
mass index, and racial background [189].

Alzheimer’s Diseases

Alzheimer’s Disease (AD) is a long-lasting and unchangeable
neurodegenerative condition, representing the most prevalent type
of dementia among older adults. Individuals with AD exhibit signif-

Table 1: Human gut dysbiosis associated with various diseases.
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icant CNS impairments in learning, memory, and behavioural func-
tions, resulting in severe challenges in daily activities [44,45,326].
Alzheimer’s disease results from the accumulation of aggregates
formed by polymerised [3-amyloid precursor protein (Af) in both
soluble multimeric and insoluble amyloid deposits within the brain.
This accumulation initiates a series of pathological processes that
culminate in neurofibrillary tangles, aggregates of hyperphosphor-
ylated tau proteins, the development of neurofibrillary lesions, and
ultimately leads to dementia [269]. In comparison to the control
group, the stool samples from patients with Alzheimer’s disease
exhibited elevated levels of Bacteroidetes, alongside reduced levels
of Firmicutes and Actinobacteria. In a study by Vogt, et al. (2017),
it was observed that patients with Alzheimer’s disease exhibited
reduced abundances of the Firmicutes families Ruminococcaceae,
Turicibacteraceae, and Clostridiaceae [314]. In the analysis of faecal
microbiomes and faecal SCFAs across different ages of AD-affect-
ed mice and wild-type mice, significant increases in Proteobacteria
and Verrucomicrobia were noted, alongside notable decreases in
Butyricicoccus and Ruminococcus in AD mice. This suggests a clear
alteration in microbiota composition and diversity. The reduced
levels of SCFAs suggest modifications in various metabolic path-
ways [195]. The involvement of intestinal microflora in the devel-
opment of AD in patients starts with an imbalance in the gut-brain
axis. A growing body of research suggests that AD is closely linked
to inflammation caused by GM [196-197]. The information pre-
sented indicates that gut microbiome dysbiosis can enhance neu-
roinflammation during the progression of Alzheimer’s disease and
alter the dynamic equilibrium of the gut microbiome, suggesting a
potential innovative approach for therapy in Alzheimer’s disease.
The modulation of gut microbiota could hold significant potential
for therapeutic strategies in addressing disorders of the nervous
system [52] (Table 1).

Disease Bacteria that Decreases

Bacteria that Increases Ref.

JPrevotella, |Ruminococcus spp.,

Colorectal cancer L .
IPseudobutyrivibrio ruminis

TAcidaminobacter,
TPhascolarctobacterium,
TCitrobacter farmer,

Jing, et al, 2021 Khoruts. et al,
2010

JBacteridetes

Obesity IMethanobrevibacter smithii

TEnterobacteria, TRuminococcus

gnavus Hamilton, et al, 2012

IBD: Chron’s disease IBacteroides, | Faecalibacterium
prausnitzii Bifidobacterium

adolescentis

IBifidobacteria, {Roseburia
hominis {Faecalibacterium
prausnitzii, Lachnospiraceae,
JRuminococcaceae

Ulcerative cholitis

Kassam, et al, 2013

Diabetes: Diabetes typel ILactobacillus, I Bifidobacterium,
UBlautia coccoides,

JEubacterium rectal, ! Prevotella,

Diabetes type2 JFirmicutes!Clostridia,
JLactobacillus, JEubacterium

rectale,

TClostridium, TBacteroides,
TVeillonella

Gough, et al, 2011

TBacteroids-Prevotella Verses
Clostridiacocoides, TBetaproteo
bacteria, TBacteroidetes/
Firmicutes ratio

Van, et al, 2013
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CVD

TClostridium, TLactobacillales,
TEnterobacteriaceae spp,
TChryseomonas, THelicobacter
TFirmicutes, TBacteroides

Marrs, etal, 2021

JAlistipes, {Bilophila,
Veillonella, {Faecalibacterium,
JRuminococcus,

Hepatic disease
IBifidobacterium, | Prevotella

JCoprococcus,

TClostridium,
TBacteroidetes,
TBetaproteobacteria,

TLactobacillus spp.,
Paramsothy, et al, 2017
TCollinsella, TCorynebacteriu,

TPrevotellaceae,
TRuminococcaceae, T
Sarcina, TSutterellaceae,
TEnterobacteriaceae,
TBacteroidaceae

Metabolic Disorders
Obesity

Obesity and its metabolic implications constitute significant
public health issues, with over 1.9 billion adults classified as over-
weight and more than 650 million as obese [328] (World Health
Organisation, 2020). Numerous studies have shown that Gut Miro-
biome (GM) significantly contributes to the development of obesity
[70]. GM dysbiosis is common in obesity, characterised by dimin-
ished gut microbiome variety and richness in fat individuals. The
makeup of gut microbiota is significantly affected by dietary prac-
tices. A high-fat diet alters the gut microbiota, resulting in increased
Firmicutes and Proteobacteria and reduced Bacteroidetes numbers.
The Firmicutes to Bacteroides ratio is associated with body weight,
with obese individuals exhibiting a higher ratio. Obesity may also
result from Clostridium difficile infections. Obesity is influenced by
a chronic inflammatory state caused by gut bacteria or their metab-
olites, which govern the microbiota-brain-gut axis [223]. The preva-
lence of Akkermansia muciniphila, Faecalibacterium prausnitzii, and
Bacteroides diminished, whilst the prevalence of Phylum Firmicutes
dramatically escalated [309]. GM have the capability to ferment
indigestible carbohydrates into significant metabolites, including
Short-Chain Fatty Acids (SCFAs) and succinate. Recent studies re-
veal that these metabolites significantly contribute to obesity and
associated comorbidities. Short-Chain Fatty Acids (SCFAs) modu-
late energy equilibrium and inhibit obesity by diminishing appetite
and enhancing energy expenditure [47]. Conjugated Linoleic Acid
(CLA) is a significant fatty acid that contributes to obesity preven-
tion. Four strains of Bifidobacterium breve, one strain of Bifidobac-
terium bifidum, and one strain of Bifidobacterium pseudolongum
were capable of synthesising various isomers of conjugated linoleic
acid and conjugated linolenic acid from dietary supplements. Bac-
teroides spp., present in the gut microbiome, has been documented
to contribute to obesity prevention [31]. The aforementioned re-
searches have elucidated the function and mechanism of GM and
its metabolites in the onset and progression of obesity, which hold
substantial importance for the prevention and treatment of obesity.

Diabetes

Diabetes is a systemic metabolic disorder marked by elevat-
ed Blood Glucose Levels, encompassing Type 1 Diabetes Mellitus
(T1DM), Type 2 Diabetes Mellitus (T2DM), and Gestational Diabe-
tes Mellitus (GDM). T1DM results from an autoimmune attack on
pancreatic 3 cells, whereas T2DM is defined by the body’s inability
to adequately manufacture or utilise insulin. Gestational Diabetes
Mellitus (GDM) is a highly widespread complication of pregnancy,
linked to an elevated risk of metabolic diseases in both mothers and
foetuses. The association between microbiota and Diabetes Melli-
tus (DM) has been thoroughly investigated, and the link between
microbiota dysbiosis and the onset of DM is well known [142]. In
Type 1 Diabetes Mellitus, the microbiota is a compelling area of re-
search owing to its significant association with chronic inflamma-
tion and immunological response. Numerous studies indicate that
the oral and faecal microbiota compositions are unique in patients
with Type 1 Diabetes Mellitus (T1DM). Groot, et al. discovered that
Christensenella and Bifidobacterium were abundant in faecal sam-
ples [69,72]. Patients with T1DM may display reduced amounts
of Butyrate-Producing Bacteria, which are crucial for mitigating
chronic inflammation and preserving intestinal homeostasis.

The gut microbiota has been associated with the development
of Type 2 Diabetes Mellitus (T2DM). Multiple investigations have
verified that the composition of gut microbiota is modified in peo-
ple with T2DM [143,144,147]. Larsen, et al. indicated that the prev-
alence of Firmicutes and Clostridia was dramatically less in T2DM
patients relative to the control group. Moreover, the ratios of Bac-
teroidetes to Firmicutes and the Bacteroides-Prevotella group to
the C. coccoides-E. rectale group exhibited a favourable correlation
with blood glucose levels [179]. Almugadam, et al. demonstrated
that the prevalence of Short-Chain Fatty Acid-Producing Bacteria,
Facalibacterium and Roseburia, was dramatically reduced in indi-
viduals with Type 2 Diabetes Mellitus (T2DM) [11]. Antidiabetic
medications enhanced the diversity and richness of Gut Microbiota,
enriching the gut ecology with Beneficial Bacteria [110].

In Gestational Diabetes Mellitus (GDM), multiple researches
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have indicated that gut microbiota influences insulin resistance
and inflammation during pregnancy. Metabolic problems frequent-
ly occur in women with Gestational Diabetes Mellitus (GDM), char-
acterised by increased insulin resistance and diminished insulin
production [246]. Pregnancy induces significant alterations in gut
microbiota composition, perhaps contributing to the onset of Ges-
tational Diabetes Mellitus (GDM). A favourable link has been ob-
served between insulin and Collinsella, gastrointestinal polypeptide
and Coprococcus, and adipokine with Ruminococcaceae and Lach-
nospiraceae [111]. Koren, et al. found that gut microbiota altered
from the first to the third trimester, exhibiting increased diversity
and decreased richness [169]. Research demonstrated that patients
with gestational diabetes mellitus exhibited an elevated Firmicutes
to Bacteroidetes ratio, a significant factor contributing to obesity
and exacerbating inflammation [58]. The prevalence of SCFA-pro-
ducing bacteria was markedly diminished in GDM pregnancies rela-
tive to healthy controls, suggesting that the increased blood glucose
levels may result from alterations in microbiota [63].

Liver Diseases

Liver illnesses continue to be a primary source of morbidity
and mortality globally. Nonalcoholic fatty liver disease/nonalco-
holic steatohepatitis (NAFLD/NASH) and alcoholic liver disease
(ALD) are the predominant chronic liver disorders that frequently
result in liver cirrhosis and carcinoma [232]. Cirrhosis is the ter-
minal phase of all chronic liver disorders, marked by tissue fibro-
sis and the alteration of normal liver architecture into aberrant
nodules. The liver obtains 70% of its blood supply from the intes-
tine through the portal vein, rendering it consistently exposed to
gut-derived elements such as bacterial components, endotoxins
(including lipopolysaccharide, flagellin, and lipoteichoic acid), and
peptidoglycans. Numerous hepatic cells, such as Kupffer cells, si-
nusoidal cells, biliary epithelial cells, and hepatocytes, have innate
immune receptors termed pathogen-recognition receptors that re-
act to the continuous input of microbial-derived products from the
gut [6]. The makeup of gut microbiota differs between patients with
NAFLD and healthy individuals. The quantity of Lactobacillus, Dor-
ea and Streptococcus in the intestines of NAFLD patients increased,
whereas the levels of Ruminococcus, Prevotella and Flavobacterium
diminished [249,346]. GM metabolites originating from saccharo-
lytic and proteolytic fermentation may influence the gut-liver axis
through many mechanisms, thereby contributing to the pathophys-
iology of NAFLD [47].

Kidney Diseases

Approximately 9% of the worldwide population is afflicted by
chronic kidney disease (CKD). Co-morbidities such as diabetes,
hypertension, and heart disease are regarded as significant risk
factors for chronic kidney disease (CKD). Chronic Kidney Disease
(CKD) is physiologically defined as a reduction in Glomerular Filtra-
tion Rate (GFR) of less than 60 ml/min per 1.73 m? or the presence
of albuminuria for three or more months. The primary characteris-
tics identified in CKD patients are the progressive decline of kidney
function and irreversible alterations in renal structure. The func-
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tionality of the gut-kidney axis is rooted in the interconnectedness
of metabolic and immune pathways [242]. The metabolic pathway
primarily centres on the production by gut microbiota [318]. A va-
riety of investigations have been carried out to connect the quali-
tative and quantitative alterations in intestinal microbiota with the
development of Chronic Kidney Disease (CKD) and End-Stage Re-
nal Disease (ESRD) [119,204]. Factors including enhanced protein
absorption decreased dietary fibre consumption, delayed intestinal
transit, and regular oral administration of iron supplements and
antibiotics have led to modifications in the intestinal microbial en-
vironment, which in turn has resulted in systemic inflammation and
the buildup of uremic toxins. Inflammation and uremic toxins play
significant roles in the advancement of CKD and its related compli-
cations [236]. A comparative study of faecal samples has revealed
differences between healthy subjects and CKD patients, indicating
that CKD patients exhibit a reduced abundance of the Actinobac-
teria phylum and Akkermansia genera. A clinical study involving
73 subjects has revealed 31 phylotypic differences between CKD
and control groups. The predominant phylotypes identified in CKD
patients include Bacteroides, Parabacteroides, R. gnavus, R. torques,
Flavonifractor, Weissella, Ruminiclostridium, Erysipelatoclostridium,
Eggerthella, and Sellimonas [200]. Patients with ESRD exhibit an in-
crease in Actinobacteria, Proteobacteria, and Firmicutes, alongside
a decrease in Bifidobacteria and Lactobacilli when compared to the
control group [236].

Conclusion

The gut microbiome plays a crucial role in maintaining over-
all health by influencing various physiological processes. Effective
health management by the gut microbiome includes modulating di-
gestion, synthesizing essential vitamins, and maintaining gut bar-
rier integrity. The gut is fundamental for health due to its role in
hosting a vast array of beneficial microorganisms known as normal
flora, which aid in immune function, pathogen resistance, and met-
abolic processes.

The benefits of normal flora are vast; they not only help in
nutrient absorption and production of vital compounds but also
play a pivotal role in protecting against infections by outcompet-
ing harmful microbes. Microbial succession, the dynamic changes
in microbial composition over time, is essential in establishing and
maintaining a healthy microbiota, especially from birth through
adulthood. Understanding the complex ecosystem of the microbi-
ome highlights its significance in human health. The restoration of
gut health, often through probiotics, prebiotics, and dietary chang-
es, can reverse dysbiosis and support a balanced microbiome, lead-
ing to improved health outcomes. Finally, the impact of the gut on
the immune system underscores the importance of maintaining gut
health for robust immune function, as a well-balanced gut micro-
biota is integral to the development and regulation of the immune
response. In conclusion, the growing body of evidence underscores
the significant impact of gut microbiota on a wide range of diseas-
es. Inflammatory Bowel Diseases (IBD) highlight the crucial role of
dysbiosis in triggering chronic inflammation and gut dysfunction.
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Similarly, respiratory diseases, such as asthma and Chronic Ob-
structive Pulmonary Disease (COPD), have been linked to microbio-
ta alterations, suggesting a potential therapeutic role for microbio-
ta modulation. Colorectal cancer, often influenced by gut microbial
imbalances, further emphasizes the need for a deeper understand-
ing of the microbiome’s involvement in carcinogenesis. Neurologi-
cal disorders, including Parkinson’s and Alzheimer’s diseases, show
a complex relationship with the gut-brain axis, with altered gut
microbiota influencing disease progression and offering potential
for microbiota-based interventions. Metabolic disorders, such as
obesity, diabetes, and liver disease, are also closely associated with
gut microbial composition. Dysbiosis may contribute to metabol-
ic dysfunctions by affecting insulin sensitivity, fat metabolism, and
inflammation. Overall, the microbiome plays a critical role in the
pathophysiology of various diseases, and further research into mi-
crobial therapies holds promise for personalized treatment strate-
gies across a wide array of health conditions. In conclusion, the gut
microbiome is a cornerstone of health, influencing everything from
digestion and immunity to overall well-being. Future research and
therapeutic strategies should continue to focus on maintaining and
restoring a healthy microbiome to promote optimal health.
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