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Preface

Gut-brain axis is a signaling mechanism between gut microbiota and the central
nervous system. It is a bidirectional process wherein the brain influences the intesti-
nal function and the gut microbiota affects brain health/functioning through the
secretion of various compounds. Gut microbiota represents a vital supplementary
organ of human beings. A stable gut microbiota is essential for normal gut physiol-
ogy and contributes to appropriate signaling along the brain-gut axis and to the
healthy status of the individual. Probiotic microorganisms are known to colonize the
gastrointestinal tract and provide an array of health benefits to the host. Certain
nondigestible oligosaccharides (also known as prebiotics) resist hydrolysis by
human alimentary enzymes and could reach the colon intact. Colonic fermentation
of dietary fiber by specialist microbes in the gut leads to the formation of a variety of
health-promoting metabolites, e.g., short-chain fatty acids (SCFA), maintaining
intestinal homeostasis, and strengthening the gut barrier function. Moreover,
SCFA affect gut-brain signaling and selectively stimulate the growth and/or activity
of one or a limited number of probiotic bacteria and also inhibit the growth of
pathogenic bacteria.

Environmental factors, such as hygiene and the use of antibiotics, and various
lifestyles together with the consumption of an imbalanced diet are linked with
intestinal dysbiosis, which may adversely influence gut physiology leading to
inappropriate brain-gut axis signaling. The perturbation of gut microbiota functions
and play a regulatory role in several human abnormal health conditions, viz. IBD,
neurological disorders, anxiety, mood, cognition, and pain. Based on the evidences,
the therapeutic potential of prebiotics and probiotics and the importance of designing
new functional foods containing prebiotics, probiotic, or synbiotics (prebiotics and
probiotics together) are highlighted.

Recent advances in gut-microbiome-brain axis studies have shown a possible
association between diet, composition of gut microbiota, and incidence of various
diseases. Gut microbiome has recently become a target for live bacterial cell
biotherapies for various chronic diseases including metabolic syndrome, diabetes,
obesity, and neurodegenerative disease. Prebiotic and probiotic biotherapies are
known to create a healthy gut environment by balancing bacterial populations and
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promoting their favorable metabolic action. Alteration of gut microbiota acts as a
preventive as well as therapeutic measure in various disorders.

Jalgaon, Maharashtra, India R. Z. Sayyed
Mysore, Karnataka, India Mahejibin Khan
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Part I

Gut-Brain Axis and Human Health



Gut Microbes: Influencers of Human Brain 1
Ankur Anavkar, Nimisha Patel, Ahmad Ali, Walhe Rajan, and
Hina Alim

Abstract

Bidirectional interaction of gut microbiota and the brain has been shown to play
an important role in the structural, behavioural development and also various
functioning aspects of the brain. A number of factors affect and influence the
colonization and alteration of gut microbiota through out life. There are several
known mechanisms for the interaction of the brain and the gut microbiota
(e.g. blood-brain barrier). Behavioural changes and neurological diseases can
cause variations in the gut microbiota composition. Adaptive changes in diet and
administration of various prebiotics and probiotics could possibly be a futuristic
therapeutic treatment for depression, stress and various other neurological
disorders. Also, the prebiotics and probiotics play a major role in balancing
functional and behavioural aspects of both healthy and diseased individuals.
The aim of this chapter is to discuss the role of prebiotics and probiotics as a
determinant of composition of the gut microbiota and consequences of this on
gut-brain axis.
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1.1 Introduction

The different interior parts of the human body serve as a niche for the microbiota
forming a human microbiome (Kumari and Verma 2018). Human health can benefit
and be affected by the gastrointestinal microorganisms called gut microbiota that not
only consist of bacteria but also bacteriophages, viruses, fungi, protozoa and archaea
(Mohajeri et al. 2018). Intestinal microbiota is indeed a diverse community that helps
to sustain a dynamic ecological equilibrium (Wang and Wang 2016). The estimated
number of bacteria present in the human body is 100 trillion, and out of them, 80%
exist in the gut, which harbours more than 1000 species, responsible for performing
various physiological functions (Kumari and Verma 2018). Density of microbiota
has its highest levels in the ileum and colon where the anaerobic bacteria are
dominating the environment in the presence of virus, archaea, protozoa and fungi
(Mohajeri et al. 2018). The two main phylotypes present in the gastrointestinal tract
(GIT) are anaerobic Firmicutes and Bacteroidetes that constitute 64% and 23%,
respectively, while others such as Verrucomicrobia, Fusobacteria, Cyanobacteria,
Proteobacteria, Actinobacteria, Spirochetes, and species of protozoa, fungi and
viruses are relatively present in undersized amounts (Wang and Wang 2016). The
microbiota present in each person is distinct and variable but has a conserved set of
colonizers (Kumari and Verma 2018).

1.2 The Gut Microbiota

The most astonishing revelation of the twenty-first century was the total size of
human gene pool that contained only 26,000 functioning genes as compared to the
other simpler organisms. Scientists and researchers all over the world call this a
“genomic complexity conundrum”, and this led to a speculation regarding the role of
microbial genes in relation to behavioural and physiological changes in the human
body (Galland 2014). According to a statement given by the World Health Organi-
zation (WHO), probiotics have proven beneficial to human health by providing an
improvement in the skin health, mood and behaviour; resistance to allergens;
protection of molecules from oxidative damage; reduced pathogenic
microorganisms and proper cognitive functioning; and immune system support
(Mohajeri et al. 2018). It has also been speculated that adequate ingestion of
probiotic bacteria can be useful for infectious, inflammatory, neoplastic and allergic
disorders, but the ideal strain of probiotic has yet to be identified (Bravo et al. 2012).

1.2.1 Alterations and Factors Impacting the Gut Microbiota

Gut microbiota does not have a fixed composition. It changes dynamically with
human development that is influenced by various factors, and the change is also not
similar between two individuals, but the end effect is similar, i.e. macrobalance
(Mohajeri et al. 2018). The change of the bacteria is not just influenced by the health
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of individuals but also by other factors such as illness, drug, infection and diet, which
also change the composition of microbiota (Wang and Wang 2016). Also variability
can be seen in gut microbiota of healthy individuals. The variability depends on
factors such as genetic, physiological and psychological. Although there is an
assumption that each person will have a unique microbiota, it is assumed that
everyone might share a set of standard microbiota. Also the microbiota of the GI
(gastrointestinal) tract may have similar colonization throughout life. Furthermore,
in recent studies, it has been found that bacteria are also present in the placenta,
amniotic fluid and meconium (Mohajeri et al. 2018).

Various environmental factors affect the inception of colonization and develop-
ment of microbiota in the gut. For natural assembly of the gut microbiota in infants,
mode of delivery plays an important role (Lu and Claud 2019). Gestational age
(GA) and postmenstrual age (PMA) together play a pivotal role in development of
microbiota in preterm infants. Currently, there are no likely established microbiotic
factors that affect the delivery mode in infants born pre-term and infants born after
complete term, and this is also one of many reasons that makes the assessments
difficult (Dahl et al. 2018). Early studies of vaginally delivered infants who had
completed their full term interpreted that pioneer colonizing bacteria are similar to
that found in mother’s vaginal tract. On the other hand, the newborns have similar
microbiota to that of the skin of the mother, the room environment and the people
around when they are delivered through C-section rather than the normal mode
(Lu and Claud 2019). The mode of delivery, i.e. C-section or vaginal mode, does not
significantly impute the gut microbiota; meanwhile another study had reported a
connection between delivery mode and gut microbiota. The microbiota of the gut
was shown evidently only when the vaginally delivered infants were compared with
unlaboured C-sectioned infants (Chu et al. 2017). In addition, low levels of
Bacteroides and Bifidobacterium were to be equally observed in neonates that
were delivered by C-section as well as the vaginally delivered ones, thus making a
disagreement with early studies. In addition, a research conducted on gut microbiota
of pre-term infants agrees with previous studies. These studies have stated factors
such as antibiotic exposure and delivery method of infants do not significantly affect
the diversity of different bacteria (e.g. alpha) in pre-term born infants (Dahl et al.
2018). Furthermore, a study made a revelation that was agreeing with other studies
regarding the following: the infants born after a complete term have a greater
abundance of Bacteroides when vaginally delivered, but nevertheless, it made no
difference on microbiota of the infants that were born pre-term. It is worth noting that
the study performed was a little selective as there was a very limited number of
babies born pre-term and naturally delivered (Lu and Claud 2019; Chu et al. 2017).

However, the major difference between pre-term infants and full-term infants can
only be seen after a few months of delivery, and the confirmation was done by
comparing age-dependent maturation of the pre-term and full-term infants
microbiota. Another discovery made when the research was carried out further that
there was a change in the microbiota of pre-term born infants, when the infants are
around 6 weeks old, thus confirming that age depends on the maturation of the
microbiota (Dahl et al. 2018). This proves that progression of bacteria in the gut of
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pre-term and full-term infants has no major difference. The anaerobic genera starts
colonizing and increasing in number by the end of the first week of delivery of the
infant (Hill et al. 2017). At PMA between 25 and 30 weeks, the microbiotas that
have prominence are Staphylococcus; after that, there is dominance of
Enterobacteriaceae, and it can be seen up to a PMA of 35 weeks. Another bacterium,
Bifidobacterium, only begins to exhibit dominance in healthy babies that are born on
time, but the dominance is only seen after a 30-week PMA (Lu and Claud 2019).
Because of the extension of dominance even after a PMA of 35 weeks by
Enterobacteriaceae, pre-term infants have a retarded progression of this bacterial
population relative to term-born infants. Such evidences prove that while the bacte-
rial progression at the gene level is the same, the bacterial dominance of pre-term and
term-born infants differs considerably (Lu and Claud 2019; Hill et al. 2017).

Milk is another influential factor of gut microbiota; the composition of microbiota
develops differently based on infants are naturally nursed or feeding on formulated
milk. The recent studies do not give us any clue regarding the impact on microbiota
congregation by factors including feeding on the milk of the mother or formulated
milk because a very low number of pre-term infants are nursed naturally (Lu and
Claud 2019). There is a noticeable increase in the number of bacteria belonging to
the class Actinobacteria when the infants are nursed naturally, while the variety of
bacterial composition can be seen in infants that have been feeding upon the
formulated milk (Lu and Claud 2019; Hill et al. 2017). Although the diversity of
intestinal microbiota is significantly lower in breastfed infants compared to
formulated milk-fed infants, their microbial communities associate significantly
more with host genes, and transcription activities are more related to immune
defensive function and metabolism. For example, the infants nursed with breast
milk develop anti-inflammatory genes and also the genes essential for the use of
HMO, i.e. human milk oligosaccharides (Hill et al. 2017). The microbial genes are
influenced by the epithelial cells of the host, in this case the infant. The usage of
HMO (human milk oligosaccharides) can encourage growth of a certain strain of
bacteria and other species that may lead to alteration of the microbiota (Dahl et al.
2018). Another study demonstrated that the gut microbiota group differently in
5-week-old infants born preterm when compared to infants born full-term and nursed
naturally. But within 6 weeks of birth, the microbiota of pre-term infants congregate
in the same fashion as those of the full-term infants nursed naturally (Lu and Claud
2019). Furthermore, a study also concluded that the microbiota of the infants born
pre-term have low diversification of bacterial classes but on the other hand, it also
had variation that could be seen between two individuals and also there is succession
of different bacterial classes accordingly (Lu and Claud 2019; Dahl et al. 2018; Hill
et al. 2017).

Intestinal microbiota is often impacted by influencing factors such as time and
various forms of antibiotic exposure towards pre-term or full-term newborns.
Intrapartum antibiotic prophylaxis causes a decrease in natural diversity of bacteria
including change composition in of lactobacilli and bifidobacteria (Dahl et al. 2018).
Some antibiotics are safe to use and do not cause any diversity change in the gut
microbiota of infants born pre-term; these antibiotics include ampicillin, gentamicin
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and vancomycin, whereas antibiotics such as cefotaxime and meropenem belonging
to the class of broad spectrum are not related to the diversity of the intestinal
microbiota in pre-term infants. On the other hand, a broad-spectrum antibiotic
decreases the abundance of bacterial species in the gut of infants born pre-term
(Lu and Claud 2019). Pathogenic species gained more resistance to antibiotics after
antibiotic treatment, thus escalating the risk for probable pathogenic bacterial
supremacy (Dahl et al. 2018). The amount of Proteobacteria and other bacteria
such as Actinobacteria and Lactobacillus shows a considerable increase and
decrease, respectively, in term infants who were given ampicillin and gentamicin
via non-oral route (Lu and Claud 2019). It is proved by the results verified for
4-week-old infants after the treatment in comparison with the controls. The levels of
above mentioned bacteria are not affected, i.e. they remain the same; but
Proteobacteria abundance is high when compared to the controls and the ones treated
for 8 weeks (Chu et al. 2017). The gut microbiota development is also affected by
factors such as economic status and also the environmental factor of the delivery
room. The assembly of microbiota in the infant born pre-term is shaped by the
environment of the care unit in which the infants are taken care of for days to months
(Hill et al. 2017). The (ICU) intensive care unit is also one of the first environments
where infants are exposed. The study demonstrated the relationship between the
microbiota taxa of the neonatal intensive care unit and its two-way association with
infants and the occupation of these taxa in the intestinal microbiota of newborns. The
study also indicated a technique to modify the NICU (neonatal intensive care unit)
microbiota, which could be the answer to microbiota modulation in pre-term infants
(Lu and Claud 2019; Chu et al. 2017).

As per conducted research and analysed studies, it was concluded that the PMA
and GA can influence the production of microbiota in infants born pre-term, mainly
affecting the slowest rate of microbiota assembly for infants born between 25 and
30 weeks pre-term (Korpela et al. 2018). Further study reported that the GA is
responsible for the assembly of microbiota and not at all dependent on other factors
such as how the infant was delivered, i.e. C-section or vaginal delivery; how much
time and how many times the infant was nursed; and if there was any exposure to
antibiotics to the infants born pre-term (Lu and Claud 2019). For the establishment
of the gut microbiota, the period important is the initial one. PMA, GA and
environmental factors influence the grouping and functionality of gut microbiota
in infants (Chu et al. 2017). Both the pre-term infants and full-term infants have
differences and uniqueness in their gut microbiota. Premature birth has its flaws that
can be minimized by the initial colonization and production of microbiota, which
will contribute to maturation and thus counteract the negative effects of birth by
pre-maturation (Lu and Claud 2019).

Due to diet changes when developing, the infant gut microbiota is continuously
changing, and it only becomes consistent or stable at around 2 years of age when the
infant starts to eat solid food. Compared to formulated milk-fed babies, naturally
nursed infants have a diverse gut microbiota (Lu and Claud 2019). The gut
microbiota of all premature and mature infants gets stabilized and starts to develop
into the adult microbiota composition; this process is completed by 3 years of age. In
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contrary to infants, the microbiota of adults is mainly composed of few phyla but has
a greater diversity (Hill et al. 2017). Depending on age, the main characteristic of
human microbiota has different shifts; it becomes less diverse as there is a popular
feature of high abundance of Bacteroides species in older people, although there
would be low numbers of Clostridium classes (Chu et al. 2017). Adults have very
much stable microbiota compared with infants and the elderly. The factors such as
treatment by antibiotics, infection by pathogens, stress diet and, lastly, genetics of
the individual influence the microbiota of the gut in a very short period of time
(Lu and Claud 2019).

1.2.2 The Ways of Harnessing Human Microbiota

The examination of patient and control community microbiota is studied, and major
changes in the composition and their functions are established. Patient and control
group stool samples are usually utilized for microbiota analysis, but mostly colonic
bacteria are not a reliable substitute for small intestine microbiota. There are three
potential approaches to use human microbiota in preclinical and clinical trials to
evaluate disease pathways and effects of likely therapies (Cryan et al. 2020).

1.2.2.1 Mechanism of Sample Study for Animal Experiments
Animals may be anthropomorphized through transplantation of a faecal microbiota;
in this process, human faecal matter is used to replicate a rodent intestine with a
constitution identical to that of a human donor (Cryan et al. 2020; Sampson et al.
2016). One can restructure a mouse phenotype similar to that of a human donor,
which offers a form of clinical trial to examine the mechanisms that can or would
otherwise be very difficult for human study. Functional analysis can be carried out
effectively via a series of animal behavioural experiments, as well as in vitro tests
with different methods, such as molecular and imaging techniques (Sampson et al.
2016).

1.2.2.2 Faecal Transplantation
If potential changes within the microbiota constitution are present, a faecal
microbiota transplantation can be designed for individuals in the control group or
by a particular bacterial group. Assured research trials have been published, includ-
ing those identified with autism spectrum disorder (Kang et al. 2017).

1.2.2.3 Dietary Intervention
The type of diet, i.e. plant and animal based, plays an important role in the
composition of gut microbiota. Ingestion of prebiotics, probiotics and fermented
foods can help in maintaining the composition and also the abundance of the
intestinal microbiota (Sampson et al. 2016). Multiple animal topic studies have
used prebiotics and probiotics for the treatment of different diseases and have
recently performed a small number of human trials that have produced some
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assuring outcomes, opening a new route for therapeutic interventions (Cryan et al.
2020).

1.2.3 Functional Characteristics of Gut Microbiota

Firstly, gut microbiota comprises the intestinal barrier, which promotes the continu-
ous survival of gut microbiota and accelerates the intestinal epithelial cell regenera-
tion, which produces mucus and provides nourishment to the membrane by
formation of short-chain fatty acids, popularly known as SCFAs (short-chain fatty
acids). SCFAs plays a significant role in energy production, epigenetics and have
anti-inflammatory effects inside the body (Wang and Wang 2016). SCFA is an
inhibitor and activator of two of the most important molecular signalling systems
in our body, i.e. HDAC (histone deacetylase) and GPCR (G-protein-coupled
receptors). One of the major causes of neurological diseases is the imbalance of
HDAC; inhibitors of the SCFA may play a major role in the treatment and recovery
of patients (Galland 2014). SCFA activates specifically the two ligands, GPR41 and
GPR43, of GPCRs. The activation of GPR41 causes an outflow increase in the SNS
(sympathetic nervous system) and BMR (basal metabolic rate) and helps in the
control of obesity (Galland 2014). Intestinal flora is accountable for the growth and
development of the immune system by triggering the innate immune response at the
start of life. It will make a significant contribution to the growth and development of
the intestinal lymphoid tissue by inducing a humoral and cellular immune reaction
(Wang and Wang 2016). The major role in drug and poison elimination is played by
the biosynthesis of various enzymes, hormones, vitamins, minerals, etc. The contin-
uous activated state of immune system by intestinal microbiota, leads to a physio-
logical inflammatory state, forming an effective and rapid defence mechanism
against pathogens (Galland 2014). The clinical studies performed on humans are
also comparatively limited in number, so as with advances in this field, more and
more gut microbiota functions can unfold (Wang and Wang 2016).

1.3 The Functional Relation in Intestinal Microbiota and Brain
Using Animal Models

The use of germ-free mice for various clinical studies has helped to establish the link
of the BGM axis (brain-gut-microbiota axis). Results of various studies have been
culminated, and an increase in myelination and neurogenesis in prefrontal and
hippocampal regions, can be seen respectively. Also, concentration change of
neurotransmitters could be observed clearly. Germ-free mice shows the role of
intestinal microbiota in the functioning of the brain (Cryan et al. 2020).

The blood-brain barrier (BBB) and microglia cells do not function effectively in
germ-free mice. The reason is decrease in expression of tight junction and immature
phenotype of cells, respectively (Cryan et al. 2020). Increased permeability in BBB
allows various translocations of metabolites and pathogens. In strain-dependent
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mouse, there are records of structural defects such as reduced myelination and
hippocampus and also various neurological disorders. Studies using different exter-
nal agents such as antibiotics, prebiotics and probiotics also plays crucial role in
neuro development and behavioural shaping in germ-free mice (Cryan et al. 2020).

1.4 Brain Development and Microbiota

Recently, there is a rise in attention towards recognizing the part of the brain-gut-
microbiota axis in processes of neuro development. Then again, the studies
conducted are relatively less in newborns. Some of the studies contained a total
number of 89 infants; the study concluded that the cognitive function of children
aged 2 years was notably interconnected with intestinal microbiota composition
1 year prior (Gao et al. 2019). In a clinical study group of 39 infants intestinal
microbiotas, alpha-diversity was linked with growth of functional connection
between the supplementary motor area and the inferior parietal lobule. This was
also related to cognitive functional consequences at age 2 (Lu and Claud 2019). The
most positive confirmation of intestinal microbiota role in the development of the
nervous system is an outcome of research conducted on germ-free mice. In these GF
(germ-free) mice subjects, elementary neurological processes were critically depen-
dent on the intestinal microbiota composition (Cryan et al. 2020; Gao et al. 2019).

The part which intestinal microbiota plays in initial development of the brain and
behaviour could possibly be determined by germ-free mice. The experiments on GF
mice reported activity increase in relative exploration and decreased levels of anxiety
were also observed. The hypothalamus and pituitary system responded to stress on a
very large scale (Claud et al. 2013). This study reported the actions of GF mice that
can be normalized by certain pathogen-free microbiota, known as SPF mice (specific
pathogen-free). This study, therefore, points out that changes in the gut microbiota
population can affect the functioning of the brain (Lu and Claud 2019).

A method used to verify the effect of microbiota on the development of the brain
is by colonizing an expecting GF mouse with a strain specific bacterium and
observing the nervous system development of the infant (Lu and Claud 2019).
Using this model, pregnant GF mice were colonized with an infant’s microbiota
that had poor growth, resulting in uneven development of the nervous system and its
structures, which was shown by evidence that the expression of neuronal nuclei
(NeuN) marker known for neuronal structure development was decreased (Frohlich
et al. 2016). The myelination mechanism was also altered, and its proof was the
decrease in the expression of myelination markers and basic myelin protein in infant
milk feeding and food feeding period. Neuroinflammation along with local and
systemic IGF-1 (insulin-like growth factor 1) mediate the effect of gut microbiota
on brain development in pre-term infants. For testing the behavioural changes,
offspring of GF mice were used for this study (Lu and Claud 2019). The offspring
were first transferred with the faecal lysate of a pre-term infant who was suffering
from a disease named NEC (necrotizing enterocolitis). This administration to the
offspring results in a decline in the overall learning curve, a substantial decrease in
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memory and a loss of certain vital functions such as locomotion after the child ceases
feeding on breast milk (Lu and Claud 2019; Frohlich et al. 2016).

The administration of antibiotics to premature infants is a basic practice in the
intensive care unit because there are suspicions about infection from the intrauterine
surface, the reason being the unplanned labour and untimely rupturing of membranes
such as the chorion and amnion. However, there is a lack of studies on long-term
consequences concerning the use of antibiotic treatment for infant growth during the
initial period of life (Lu and Claud 2019). Animal studies have shown that there are
short-term disturbances of gut microbiota due to the induction of antibiotics that
cause harm to the animals cognitive output. Massive quantities of data on the impact
of antibiotics, microbiota and their association with neuro development were all
collected from mouse studies (Claud et al. 2013).

There are major variations in the metabolites that circulate in the body after mice
have undergone antibiotic treatment, and there has also been distortion in their
functioning. When the SPF mice were given antimicrobials via oral route, the
composition of microbiota was altered, the exploratory behaviour and
hippocampus-related expression of neurotrophic factor were enhanced in a short
period of time (Lu and Claud 2019). A recent study has recorded a rise in the levels
of Proteobacteria in faecal matter and liposaccharides due to imbalance in gut
microbiota, although there is a substantial decrease in Lactobacilli. Another research
recorded the brain showing an increase in cell migration to the brain’s hippocampus,
and there is also activated NF-κB (Nuclear Factor kappa-light-chain-enhancer of
activated B cells) that indicates anxiety and neuronal inflammation due to the
treatment of antibiotics (Jang et al. 2018). From the study of numerous animal
models, it has been concluded that the continuously evolving microbiota plays a
vital role in brain growth. It has been concluded from the study of various animal
models that the constantly changing microbiota plays a vital role in the development
of the brain (Claud et al. 2013). Another research was based on the effects of
microbiota composition when pre-term and full-term babies with a specific brain
processing deficiency were given antibiotic care. This will give us an insight into the
optimization of a specific initial microbial community that can enable us to boost the
neurological results compared to those that are the result of premature birth before
(Lu and Claud 2019; Jang et al. 2018).

1.4.1 Types of Barriers

One of the barriers present is between the blood and brain, while the other one is
found in the intestine that is useful for signalling between the brain, gut and
microbiota axis. Due to the major three factors, amount of information exchanged
with the brain is completely unpredictable, depending on the host state. The three
major factors include gut microbiota, stress and inflammation (Martin et al. 2018).
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1.4.2 Barriers in the Intestine

Intestinal barrier mainly consists of two different layers: the inner layer is made up of
basal epithelium; it is single layered and attached to each-other through tight
junction; the outer layer is made up of mucus whose viscosity and composition are
not stable and keep changing over a period of time. Meanwhile, there are pattern
recognition receptors in the GI (gastrointestinal) mucosa that only function when
such microbes or their metabolites are encountered (Kelly et al. 2015). These
receptors signal causing antimicrobial protection mechanism to strengthen, inflam-
mation of the intestines being changed, while immunogenic tolerance ability is also
enhanced. In the gut and also in the mucosa-associated lymphoid tissue, M cells are
also known as microfold cells. When the conditions are homeostatic, variety of
microorganisms and macro-sized molecules that can enter through these M cells,
help the immune system to be active (Martin et al. 2018).

Another type of cells present in the intestine is known as the Paneth cells, which
are responsible for stimulating various antimicrobial factors and also limiting pene-
tration of bacteria into the host tissue with the help of a MyD88-dependent receptor
(Myeloid differentiation primary response 88) with Toll-like activation that senses
the bacteria. Various microbes and ligands extracted from the microbes help to
maintain integrity-critical cell-to-cell junctions (Martin et al. 2018). By
administering probiotics, the normalization of intestinal barrier defects caused by
stress or some unrelated mechanisms can be brought back to normal. The second
factor that looks beyond the function of the intestinal barrier is the layer of intestinal
mucosa (Kelly et al. 2015). The mucus found in the colon is divided into two
separate layers: first, the dense but loose outer layer is exposed, and an inner layer
is closely bound to the epithelium. Commensal microbes live in the outer layer, an
essential environment for the production of biofilms and also a reliable source of
energy rich in glycoproteins that the microbiota depends on when it is deprived of
dietary fibre, successively causing an increase in pathogen susceptibility (Martin
et al. 2018). The mucosal layer consists of antimicrobial peptides and IgA which
makes the layer bacteria-free and protects the epithelial cells from microbial contact
physically (Martin et al. 2018; Kelly et al. 2015).

1.4.3 Blood-Brain Barrier (BBB)

The vascular blood-brain barrier is made up of specific endothelial cells of the brain
that causes stoppage of unobstructed plasma protein leak into the nervous system, as
the BBB regulates the interface, while coordinating various functions such as
nutrition, homeostasis and communication (Logsdon et al. 2018). Various proteins
that make up the tight junction are characteristic of brain endothelial cells and help
by restricting the metabolite diffusion into the blood and brain. Harmful substances
in the circulating fluid can enter into the CNS (central nervous system) due to
disruption of tight junctions in BBB. Various neurological disorders and diseases
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have been linked to disruption of structural and functional aspects of the BBB
(Logsdon et al. 2018).

Dysfunctionality and disruption in the BBB are mainly caused by pathogenic
constituents. Studies of sepsis, meningitis and inflammatory response support the
current available knowledge. When the infection of sepsis originates from
perforations in the intestine, the microbiota present in the gut plays an important
role (Opp et al. 2015). In model organisms such as rodents, sepsis is instigated by
puncturing and ligating the caecum which causes changes in the BBB. This includes
increase in molecular abundance of cell adhesion metabolites, increase of concentra-
tion of immune cells and permeability (Logsdon et al. 2018).

Pathogenic bacteria can cross the BBB easily, inducing transcytosis by pili or
components of the bacterial cell wall. Different types of CNS-tropic bacteria have
the ability to cross the BBB even when there is no disruption, while some bacteria
require disruption of the BBB (Logsdon et al. 2018). The endothelial cells of the
brain have a high expression of TLRs (Toll-like receptors), which has responses
based on the cell wall components of bacteria; for example, cell wall components
such as LPS (lipopolysaccharide) and LTA (lipoteichoic acid) are present on gram-
negative and gram-positive bacteria, respectively (Tang et al. 2017). Both the cell
wall components are responsible for various mechanisms, and that mechanism can
alter the functionality of the BBB. LPS directly or indirectly affects various func-
tioning processes of BBB. It causes disruption in expression of tight junction protein
which provides accessibility to various pathogenic and non-pathogenic metabolites
(Tang et al. 2017).

A study was conducted by comparing the BBB of GF (germ-free) mice and
pathogen-free mice and validated with evidence that there was decrease in expres-
sion of tight junction proteins and had structural deficits in the BBB. These changes
are only possible when the brain endothelium shows absence in changing vascular
density and pericyte coverage (Logsdon et al. 2018). Furthermore, BBB functions in
GF mice were restored by colonizing the GF mice with flora from pathogen-free
mice. During one of the trials, it was found that administration of penicillin (low
dose) during an early period of life can cause changes in the intestinal microbiota by
upregulating tight junction proteins and having long-lasting effects (Tang et al.
2017). Another study has put forth the theory that live bacterium could successively
influence BBB and relatable functions. The study says that live bacterium may have
potent mechanisms to influence the nervous system functioning through the BBB.
Metabolite production is a potential mechanism by which live bacteria influence
BBB by altering the CNS functions (Braniste et al. 2014). The functional change in
gut microbiota due to various stimuli affects cohesiveness in BBB and functioning of
the CNS. The GF mice models have given positive results for interaction between
the gut microbiota, brain and also the role of BBB in it. But the interpreted results are
not fully reliable (Braniste et al. 2014).
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1.5 Brain-Gut-Microbiota Axis

1.5.1 Diagnostic Evidences

Various experiments have been conducted to have a clear idea about the role of
intestinal microbiota on the brain-gut-microbiota axis. This includes not just antibi-
otic treatment but also the administration of various types of strains of probiotics,
colonization of either the synthetic or the human microbes or the gut organ microbial
system and also the transplantation of faecal microbiota into GF (germ-free) animal
models (Bravo et al. 2012). A great progress has been made in spite of various
restrictions such as the standard gut microbiota being absent in early life which cause
stress compassion majorly in adults. But on the other hand, it could be partly undone
by colonizing the gut with standard intestinal microbiota. There are various relatable
neurochemical changes such as changes in cortical and hippocampal brain-derived
neurotrophic factor levels and reduction of hippocampal serotonin (5-HT) receptor
1A expression (Martin et al. 2018). On the other hand, increase could be seen in
monoamine levels of the striatal region and lessening gene expression of synaptic
plasticity, which shows how diversifying and impactful the microbiota can be on the
phenotype of the nervous system (Wang and Wang 2016). Therefore, the gut
microbiota not just affects the responsiveness of stress but also behaviour during
stress and depression, response from the pain receptors, preferences in taste and
consequences during metabolic activities, feeding patterns and related physiologies
(Martin et al. 2018). Various limitations were recognized in the GF models, and
these were achieved by recolonizing with the SPF (specific pathogen-free) bacteria,
human-derived bacteria, synthetic bacteria causing reversal of phenotype, which
lead to some conclusion. This explanatory role of microbiota tells about its signifi-
cance in the nervous system development as well as in the neurogenesis (Wang and
Wang 2016).

Another way to approach the GF model is through the use of broad-spectrum
antibiotics to generate impermanent changes in the composition and variability of
microbiota in mice faeces, and antibiotic influence on the microbial community that
is associated with mucosa is not completely understood till date (Martin et al. 2018).
Soon the antimicrobials might also start working together immediately with the host
physiology mechanisms. This leads to a number of different documented neurotoxic
effects independently without the microbiota. Nevertheless, broad-spectrum antibi-
otic therapy endures to be a strong way of identifying the influence of the intestinal
microbiota on the CNS (Mohle et al. 2016). Mice having an SPF microbiota were
orally given an antibiotic; results showed an increase in exploring behaviour, and
also increased expression by the hippocampus of the developed brain-derived
neurotrophic factor can be seen. The outcome from antibiotic induction in GF
mice could be replicated; thus, this implied that alterations in the CNS are not due
to the improper communication of antibiotics, but the alteration in model GF animal
makes the finding totally inconclusive (Martin et al. 2018; Mohle et al. 2016).
Neurogenesis of the hippocampal region was affected by an antibiotic treatment,
and this has been used for a long time. The basic task-performing abilities such as
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object recognition were affected because the hippocampus region was also affected.
Voluntary exercise, probiotic treatment and accepted transfer of Ly-6Chi monocytes
can help in decreasing these phenotypes (Martin et al. 2018).

During an experiment, another approach considered was depleting of the gut
microbiota completely or partially just to recognize the influence of gut microbiota
on the nervous system. Thus, when probiotics were introduced to the standard
model, it causes normal development and risk such as the off-target effects were
very less (Galland 2014). There are also probable chances of having an immune
response by the host for any short-term exposure of probiotics not having any
resident communities. Oral administration of probiotics causes reduction in the
basal or induced anxiety-like behaviour, improvement in inflammation-associated
sickness behaviour, weakening of the induced obsessive-compulsive-like behaviour
and also normalization of the developmental routes of emotion relating to behaviour
after early-life stress (Beilharz et al. 2018). Diet can also play a vital role in the
structural and functional composition of intestinal microbiota in both mice and
human beings. Diet plays an influential role in changing intestinal microbiota and
may have an effect on brain functioning efficiency (Galland 2014). Summarizing,
diagnostic studies have been able to identify unambiguously the evidences that
influence intestinal microbiota has on the nervous system (mainly the CNS). But
then again, problems such as reproducibility need continuous improvement in the
approach of experiments for better results (Martin et al. 2018).

1.6 Effect of Prebiotics and Probiotics on the BGM
(Brain-Gut-Microbiota)

Various methodologies related to clinical studies have come forwarded to establish a
connection between intestinal microbiota and brain functioning on a small scale and
also observe the effects of probiotics and prebiotics. In the past few years, various
medications have come forward to bring the composition of intestinal microbiota
back to normal and have a healthy impact on the BGM axis (Galland 2014). But very
few medications have possibly come forward that provide the safest route and
promising results. Some of them include administration of prebiotics and probiotics
or of antibiotics (Mohajeri et al. 2018).

The administration of probiotics has shown progressive results in clinical trials of
various diseases, indicating a possible future prospect for its inclusion in treatment or
recovery models of diseases (Kumari and Verma 2018). Clinical studies on patients
having IBS (irritable bowel syndrome) were done by administering the strain
Bifidobacterium infantis 35624, and the results were very much promising
(Table 1.1), which included discomfort and pain reduction in the abdominal region,
easiness in defecation and, lastly, reduction of cardinal symptoms. Another study on
normosensitive and hypersensitive rats was done with administration of
Bifidobacterium infantis 25624, and this study resulted in lowering of visceral
pain, which was the major symptom of IBS (Table 1.1) (Bravo et al. 2012). In a
study with patients having stress related to IBS, when they were given probiotics

1 Gut Microbes: Influencers of Human Brain 15



such as Lactobacillus acidophilus Rosell-52 and Bifidobacterium longum Rosell-
175, promising results have been observed such as abdominal pain and nausea
reduction (Table 1.1). No effects have been observed related to psychological
symptoms and sleep deprivation (Galland 2014). One of the clinical studies used
Trichuris muris (non-invasive parasite) to infect the model mice, and the character-
istic symptoms such as inflammation, anxiety and expression of BDNF (brain-
derived neurotrophic factor) caused by this parasite were reduced (Bravo et al.
2012). When the mice were given Bifidobacterium longum NCC3001, the height-
ened cytokine levels did not reduce. This study was also conducted by using another
bacterium strain, Lactobacillus rhamnosus NCC4007, which did not show any
positive results (Kumari and Verma 2018).

A study was conducted on rats having stress in their early stages of life, and after
administration of B. infantis 35624, it gave fantastic results such as normalization of
behaviour and immune response and normalization of noradrenaline concentration
(Table 1.1) (Bravo et al. 2012). Another study conducted on the same model
organisms showed positive data on normalization of dysfunctionality of the colon
and corticosterone release. On the other hand, consumption of prebiotics like
galacto-oligosaccharide (commercially known as Bimuno) reduced the cortisol
response and attention response after 3 weeks (Mohajeri et al. 2018). Meanwhile,
the administration of another prebiotic, fructo-oligosaccharides did not show any
specific effect indicating the effects could be strain specific. Preclinical studies using

Table 1.1 Effects of microbial probiotic strain on unhealthy individual’s brain and physiological
functions

Strain of probiotics Effects

Bifidobacterium infantis 35624 Pain reduction in the abdominal region, easiness in defecation

Bifidobacterium infantis 25624

Lactobacillus acidophilus
Rosell-52

Bifidobacterium longum Rosell-
175

B. longum 1714 Decrease in stress response, boost in cognitive function

B. infantis 35624 Normalization of behaviour immune response, noradrenaline
concentration

Lactobacillus rhamnosus JB-1 Increase in T cells, inhibition of cardiovascular autonomic
response, bloating of the abdominal area, increase in
stimulation of neurons

Lactobacillus helveticus R0052 Improved cognitive and psychological aspects

Bifidobacterium longum R0175

L. acidophilus, B. bifidum,
L. casei

Reduced depressive behaviour

L. helveticus IDCC3801 Increase of cognitive functions in the elderly

L. acidophilus, L. casei,
B. bifidum, L. fermentum

Improvement in cognitive function of patients suffering from
Alzheimer’s disease

Bacteroides fragilis;
Lactobacillus reuteri

Improved behavioural and gastrointestinal conditions in
patients suffering from ASD
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B. longum 1714 were procured, and results showed decrease in stress response,
while a boost in cognitive function in accordance to modulated activity in EEG
(electroencephalogram) was observed (Table 1.1) (Mohajeri et al. 2018; Galland
2014).

Administration of Lactobacillus rhamnosus JB-1 causes various changes in the
body such as increase in T cells and inhibition of cardiovascular autonomic response
and bloating of the abdominal area (Mohajeri et al. 2018). L. rhamnosus JB-1 had the
diet which increases the stimulation of neurons belonging to the dorsal root ganglion
(Table 1.1). But when the probiotic was given for more than 9 days, prevention of
excitability could be seen, and this excitability was mainly caused by colorectal
distension (Kumari and Verma 2018). Thus, results suggested about the excitability
state of neurons by the administered probiotic, and also when another strain of
bacteria was used, the results could not be reproduced, indicating a specific strain
result. One of the studies used BALB/c (Bagg Albino Inbred Research Mouse
Strain) mice, and during this study, these healthy adult mice fed on L. rhamnosus
JB-1 strain (Bravo et al. 2012).

As a result, these mice had reduction in anxiety, depressive behaviour, and also
the changes in abilities such as cognitive and emotional in accordance with aversive
stimulus could be seen clearly. Also, combinations of probiotics have been known to
improve cognitive and psychological aspects in healthy subjects, e.g. Lactobacillus
helveticus R0052 and Bifidobacterium longum R0175 (Galland 2014). When a
similar combination of L. helveticus R0052 and B. longum R0175 was given to
rats, induced with experimental MI (Myocardial infraction), increased permeability
in intestines and reduction of apoptosis in the cerebral region could be observed
(Mohajeri et al. 2018). Consumption of probiotics has been known to increase
concentration of tryptophan in blood and induce change in the levels of serotonin
and dopamine metabolites. In short, it elevates moods in humans (Bravo et al. 2012).
In another study, the role of the vagus nerve as a pathway of communication between
the intestinal bacteria and the brain has been investigated. This study was supported
by B. longumNC3001 and concluded that effects in accordance with the induction of
colitis were dependent on the vagus nerve. However, this theory is not being
completely proved because when animals (having their vagus nerve removed)
were given antibiotics, behavioural changes could be seen in them (Kumari and
Verma 2018).

A 6-week study was conducted on petrochemical workers that consumed probi-
otic yogurt or a capsule containing multispecies probiotic, and as a result, it caused
improvement in the general health and also in the areas such as anxiety, depression
and stress (Fig. 1.1) (Galland 2014). Another 8-week probiotic study conducted on
patients with depressive behaviour showed improvement after taking the probiotics
consisting of L. acidophilus, B. bifidum and L. casei. A study included the use of
L. helveticus IDCC3801 on elderly individuals who were healthy; the results of the
study showed a recuperation of cognitive functions in the subjects (Bravo et al.
2012). One clinical study used probiotic milk product, which was fermented having
a combination of bacterial strains, and a healthy woman consumed it for a period of
4 weeks, resulting in modulation of brain activity. This was tested by functional MRI
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(magnetic resonance imaging) scans on emotional response basis, and it also showed
greater connectivity in mid-brain (Mohajeri et al. 2018).

One study was conducted on patients suffering from Alzheimer’s disease, and
probiotic milk was given to the patients for a period of 12 weeks. Positive results
such as improvement of cognitive functions were observed (Lu and Claud 2019).
This probiotic milk consisted of L. acidophilus, L. casei, B. bifidum and
L. fermentum. Another study was conducted on babies (up to 6 months old) with a
sample size of 27 individuals (Mohajeri et al. 2018). One of the groups was given
L. rhamnosus, while the other group was given placebo. At the age of 13, less
amount of Bifidobacterium and higher diagnosis rate in ADHD (attention deficit
hyperactivity disorder) could be seen (Galland 2014). However, more studies are
needed to discover the link between ADHD and the role of the intestinal microbiota.
A study was conducted on humans and animal models, and at least one of the
bacteria, Bacteroides fragilis and Lactobacillus reuteri, was administered. This
resulted in positive reports such as reversal of behavioural and gastrointestinal
conditions in both models having ASD (autism spectrum disorder) (Fig. 1.1)
(Cryan et al. 2020). Also, another clinical study was conducted by transferring a
specific bacterial consortium into ASD patients (children) and reported promising
results regarding reduction of various symptoms in ASD such as constipation,
diarrhoea, pain in the abdominal region and non-digestion while there is

Fig. 1.1 Bidirectional interaction of gut microbiota and reconstitution of gut microbiota by
adaptive changes
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improvement in behaviour. All the changes lasted for around 2 years from the time of
transfer (Lu and Claud 2019; Cryan et al. 2020).

Sometimes, probiotics also have a negative impact on our body system. This
information was revealed by a study conducted on healthy elderly men and women
who were given a beverage containing probiotics for a period of 3 weeks. After-
wards, results showed improvement in their mood, but their memory performance
was affected (Bravo et al. 2012). Thus, administration of probiotics may have
unexplained composition and functional change of the intestinal microbiota. The
strain present in the probiotics does not colonize and thus remains nontraceable after
few weeks (Galland 2014). On the other hand, diet quickly brings changes in the
composition of intestinal microbiota. Also, unhealthy diet is antagonistic in nature to
probiotics and could lead to depression (Lu and Claud 2019). After antibiotic
therapy, diet inclusive of probiotics also took longer time (about 5 months) for the
microbiota to come back to normal composition. Thus, many questions still need to
be answered before probiotics can be routinely used for treatment purposes. None-
theless, the efficiency of probiotics does not depend only on strain and disease
specificity but many other factors also (Galland 2014; Lu and Claud 2019).

1.7 Gut Microbiota Interaction and the Immune System
Response

The distal part of the intestine in mammals accommodates an augmented extremely
varied ecosystem of bacteria which encompasses most amount of intestinal
microbiota. A major portion of the defence system of the body is also present in
the intestine (Logsdon et al. 2018.) Therefore, for the maintenance of host immunity,
communications are vital between gut microbiota and the host system. The greater
part of intestinal microbiota inhabits in the lumen of the intestine and forms an
interface for host-microbe interactions (Wang and Wang 2016). During the forma-
tion, barrier lining is done by epithelial cells. Interference in the epithelial barrier
present in the gut may authorize an unfettered entry in the lamina propria by the
intestinal microbiota, where the cells of the defence system is located (Logsdon et al.
2018). Cells of the immune system reside in systematized arrangements in the
intestine, jointly known as gut-associated lymphoid tissues (GALT). GALT is
exceedingly flexible and is colonized by bacteria. Immune system is highly func-
tional within the intestine. Large amounts of macrophages and lymphocytes are
spread all over the lamina propria and present upto basal epithelium (Wang and
Wang 2016). Macrophages that inhabit the intestine are mostly insensitive to
bacteria and their constituents, as there is absence of lipopolysaccharide (LPS)
co-receptor. Their proinflammatory reactions are thereby suppressed with anti-
inflammatory cytokines formed by GALT (Logsdon et al. 2018).

The innate immune system gets induced or interacts directly with the T cells
present in the GALT (Wekerle 2017). Dendritic cells come across translocated
microbial antigens, T cells and B cells then come in contact with stimulative antigens
that causes differentiation and maturation. The immune system has become
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extremely specific as it is exposed to various antigens on daily basis through various
routes. The differentiation of two important cells (Th17 and helper T) and their entry
into the brain are facilitated by the gut microbiota (Wekerle 2017; Logsdon et al.
2018).

The intestinal microbiota not just influences the T cells but also the other immune
cells. A study uncovered that antibiotic-induced imbalance of gut microbiota caused
intensified levels of Ly-6Chi monocytes, and this caused increase neurogenesis,
which directly resulted in memory retention (Logsdon et al. 2018). Pathogenic
invasion that causes intestinal microbiota imbalance resulted in change in the
functioning of the immune system. Clostridium difficile infection is a primary
example of infection causing imbalance in the intestinal microbiota, and due to the
extensive use of antibiotics nowadays, the risk and probability of such infection have
been increased (Logsdon et al. 2018). The usage of antibiotics weakens the immune
system and affects the healthy microbes present in the gut, and this can be observed
currently in elderly people. After infection with HIV (human immunodeficiency
virus), the initial phase consists of reduction in CD4+ T cells, which continues even
after the administration of retroviral drugs (Dillon et al. 2016). Correlation of
reduction in T-cell abundance is observed with imbalance of the intestinal
microbiota, interruption in epithelial barrier and immunogenic metabolite leak into
the circulatory system. Defence to the central nervous system is mainly provided by
the blood-brain barrier against systemic circulation (Dillon et al. 2016).

1.8 Role of BGM in Diseases

1.8.1 Gastrointestinal Disorders

A study was conducted in which there were a total of 827 subjects. Out of these
subjects, only 22 reported that there was a microbial shift in composition of faecal
microbiota community amongst controls, and these were healthy individuals and
IBS patients based on various disease subtypes (Wang and Wang 2016). These
disease subtypes include constipation-related IBS, diarrhoea-related IBS and varied
types of IBS based on the phase of life, i.e. paediatric against adult, and also based on
the compartment (mucosa against stool) (Martin et al. 2018). Recent finding
suggested that there were at least two patient subgroups in IBS which fall into the
Rome criteria on the structural basis of intestinal microbial community, regardless of
similar gastrointestinal symptoms. One subgroup matches to the healthy control
subjects. Another study demonstrated the imbalance in microbiota of IBS subgroup
and balanced group when compared variation could be seen in the brain volumes
(Martin et al. 2018).

An alternative study could not find any variation even though the IBS symptoms
were related to the imbalance of the gut microbiota. There is no clear agreement
regarding the relation of gut microbiota alterations in IBS, healthy subjects and the
changes in microbiota that may be linked to the disease (Cryan et al. 2020).
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1.8.2 Food Addiction

In this current scenario, obesity becomes an epidemic, and there is a need to stop
food addiction, which has become vitally important nowadays. Eating behaviours
and metabolites production is controlled by the gut microbiota (Martin et al. 2018).
Transplanting faecal microbiota of obese mice to healthy GF mice caused food
addiction and mass gain in the recipient. Furthermore, the microstructural changes in
the encephalon during obesity have been considerably related to gut microbiota; also
the microbial brain signatures of obese and lean subjects are distinctly variable
(Cryan et al. 2020). The gut microbiota generates a number of compounds that are
neurologically active. These activated compounds include a number of metabolites
containing 5-HT and indole. Probiotic administration causes modifiction in brain
functionality and metabolites such as GABA (gamma aminobutyric acid) and
glutamate (Cryan et al. 2020). Also, bariatric surgery studies showed a noteworthy
change in the makeup of intestinal microbiota. Interestingly when transplantation of
faecal bacteria from a patient recovering from bariatric surgery took place into a GF
non-operated animal, the recipient of the microbiota could be seeing weight loss and
less intake of food (Martin et al. 2018).

1.8.3 Psychiatric Diseases Associated with Brain

1.8.3.1 Depression and Anxiety
The two often comorbid conditions in patients with IBS are depression and anxiety.
Some of the diagnostic studies have demonstrated the ability of intestinal microbiota
to control emotional behaviours and manipulate parameters that are important in
depression and the severity of pathogenesis (Martin et al. 2018). Various studies
have reported different association of gut microbiota in depressed individuals when
compared to healthy people. The three diversifying studies suggested the cause and
effect of microbiota; for example, when there is transplantation of depressed human
faecal microbiota in the rodents, then there was a depressive behaviour observed in
rodents (Zhang et al. 2019). Similar studies reported decrease in anxiety, anhedonia
and tryptophan level increase in the subjects (Kelly et al. 2016). The healthy subject
had an improvement in their mood due to administration of prebiotics and probiotics
(Cryan et al. 2020; Martin et al. 2018).

Depression is described basically as losing interest in everyday life and being
unhappy; stress plays a major role here; other factors such as genetics, environment
and diet also affecst the psychological health of a person (Simpson et al. 2020; Xu
et al. 2021). A case study of older woman suffering from depression reportedly
showed improvement in health after an FMT transmission. Improvement in sleep,
diet, BMI (body mass index), and overall behaviour of the patient was also observed
(Xu et al. 2021; Cai et al. 2019). A study reported depression causing a disruption of
gut microbiota composition, thus forming a feedback loop between them. Anxiety is
described as a feeling of uneasiness without any particular reason and
dysfunctionality in the ANS (autonomic nervous system) (Xu et al. 2021). Some
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of the studies have showed increase in anxiety levels due to administration of
antibiotics, and it is also the reason for depression. Various studies conducted on
nearly 1500 subjects which includs targeted microbiota therapy resulted in lowering
the severity of patients suffering from anxiety. Another study using mice models
concluded that diseases such as IBS are prominent reasons for anxiety and depres-
sion also affect the congregation pattern of the gut microbiota (Xu et al. 2021; Yang
et al. 2019).

1.8.3.2 Autism Spectrum Disorder
Furthermore, along with the core symptoms of autism spectrum disorder (ASD),
i.e. problem in being socially active and having underdeveloped communicative
behaviour or a repetitive behaviour, also there are various gastrointestinal symptoms
that are very general and contribute appreciably to sickness (Cryan et al. 2020). One
of the clinical trials transplanted the gut microbiota of human patients suffering from
ASD to GF mice which induced autistic behaviours in the animal models (Vuong
and Hsiao 2017).

Some recent studies have shown possible composition change in gut microbiota
and its metabolites of the patients when compared to healthy subjects (De Angelis
et al. 2015). Another study on maternal diet has established a relation between the
diet, gut microbiota and social behaviour. Female rats born were fed with diet
inclusive of high fat content and Lactobacillus reuteri, which caused an improve-
ment in gut microbial composition and social behaviour (Buffington et al. 2016; Xu
et al. 2021). Various clinical trials conducted using FMT have resulted in improving
various symptoms regarding digestive problems, behaviour and decreasing the brain
oxidative stress response (Kang et al. 2019; Xu et al. 2021).

1.8.4 Neurological Disorders

1.8.4.1 Parkinson’s Disease
Even though the hallmark symptoms of Parkinson’s disease are motor deficits, some
other symptoms such as gastrointestinal symptoms and non-motor deficiency add
more problems to the quality of life of the patient. Symptoms of non-motor defi-
ciency consist of dysfunctionality in autonomic and enteric nervous systems (Cryan
et al. 2020). It has been observed that irregular bowel movements and constipation
raise the risk of developing a disease like Parkinson’s disease. Symptoms such as
constipation could be observed much before (15 years) than other symptoms like
motor dysfunction (Martin et al. 2018). Various studies are still undergoing to find
relation between gut microbiota and Parkinson’s disease. A prominent study
suggested that α-synuclein, one of the protein metabolites that is present in
Parkinson’s disease patient, can be transferred to the brain through one of the cranial
nerves (vagus nerve). Also, patients whose vagus nerve was removed were found to
have protection against Parkinson’s disease. A recently validated proof
demonstrated that when the microbiota of a Parkinson’s disease patient was
transplanted into the rodent model, it caused damages to the brain and caused
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causality, while there was no causality seen in the healthy subjects (Martin et al.
2018). Thus, the gut microbiota can be used as a tool for diagnosis of the disease.
Another study revealed that intestinal microbiota may have a function by interacting
with drug molecules administered during treatment (Cryan et al. 2020).

1.8.4.2 Brain Stroke and Injury
Various risk factors are found to affect the brain injury and stroke caused by
microbiota. Risk factors of peripheral origin are found to worsen the reaction caused
due to brain injury (Cussotto et al. 2019). Trimethylamine N-oxide, one of the
metabolic products produced by a gut microbe, is found to be associated with both
gestational diabetes and Alzheimer’s disease (Vogt et al. 2018). This indicates that it
is possible to develop a drug by modulation of the type of gut microbiota. Altered
microbiota has been observed in cerebral ischemia models where it was found that
alteration in the composition of microbiota could worsen the situation (Singh et al.
2016). The use of antibiotics for the treatment process is generally responsible for
dysregulation of the overall microflora that ultimately results in reduction of IL-17,
γδ T cells and IL-17-associated chemokine expression (Cowan et al. 2018). From the
above-mentioned factors, it could be understood that gut microbiota has a tremen-
dous influence on the neuroinflammation after stroke and alters the T-cell trafficking
to the brain (Cryan et al. 2020).

1.8.4.3 Alzheimer’s Disease
Alzheimer’s disease is caused due to the formation of neurofibrillary tangles and
accumulation of misfolded plaque of amyloid β protein and leads to the decline in
cognitive abilities due to loss of neurons and synapses (Andrews et al. 2020). It is
reported that patients with cognitive impairment and cerebral amyloidosis have more
inflammatory cytokines in circulation that leads to higher levels of proinflammatory
bacteria in their excretory wastes (Xu et al. 2021). Patients with cerebral amyloidosis
(Amy+) show less abundance of Eubacterium rectale and more abundance of
Escherichia and Shigella than normal healthy individuals and patients with
(Amy-). Thus there is a direct relationship between proinflammatory factors and
abundance of Escherichia and Shigella (Maqsood and Stone 2016). Studies have
shown that mouse model with AD results in depletion of gut microbiota along with
inflammation in neurons (Dodiya et al. 2019). A study conducted on an 82-year-old
AD male patient using FMT from his wife reported a negative stool test for
Clostridium difficile infection. Also the FMT improved his memory retention capac-
ity and behaviour (Hazan 2020).

1.8.4.4 Epilepsy
Epilepsy is a chronic disease categorized by the abrupt abnormal discharge from
cerebral neurons, leading to transient brain dysfunction. Genetic and environmental
factors are associated with the person’s susceptibility to the disorder (Xie et al.
2017). Composition and distribution of gut microbiota in patients with intractable
epilepsy are different from the healthy controls (Lum et al. 2020). From the studies,
it was observed that intestinal Firmicutes/Bacteroides ratio and α-diversity were
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considerably high in drug-resistant patients compared to drug-sensitive patients. The
α-diversity was high in healthy individuals due to increase in rare bacterial genera
(Peng et al. 2018). Reduction in seizures was observed by intake of ketogenic diet,
increase in Lactobacillus and Bifidobacterium spp. was also observed (Dahlin and
Prast-Nielsen 2019). Transplantation of ketogenic microbiota reduced the number of
seizures in mice at a higher threshold. A probiotic strain shows positive results in
patients suffering from epilepsy. Studies conducted on a 17-year-old patient
suffering from epilepsy using FMT observed that epileptic recurrence was reduced
with treatment (He et al. 2017).

The increase number of evidences shows the gut microbiota involvement in the
developmental and functional aspects of the nervous system including various acute
and chronic diseases influenced by the gut microbiota. From various clinical models,
it can be concluded that intestinal microbiota also plays an important role in not just
assisting the pathogens but also in increasing the pathogenicity of a disease
(Sampson et al. 2016).

In the recent years there has been exemplifying progress in connecting the gut
microbiota and nervous system. But still there are considerate amounts of questions
remaining. The role of gut microbiota in treatment of various physiological disorders
is still unclear (Martin et al. 2018). Various clinical experiences suggest patients
suffering from diseases does not affect their brain functionality. Removal of any
portion of the colon due to ulcerative colitis does not affect the brain functioning is a
prime example. (Galland 2014). Various techniques have been used to study the
microbial as well as the host data and will help to understand the interactions in a
much better way. A number of attempts have been made continuously to determine
the structure, functions of microbial community and identification of each taxa. But
due to technological difficulties, other communities such as viromes and
mycobiomes have been ignored for a long time (Martin et al. 2018).

As the cost of novel multiomic analysis decreased, it will help to identify patients
having a unique pattern in the imbalance of gut microbiota, and the response of these
patients towards various treatments involving diet, probiotics and also prebiotics
could be recorded (Wang and Wang 2016). Still there is requirement of large-scale
studies that shows the reasons of imbalance in gut microbiota and also explain the
changes individually. In the previous years, various interactons between organs and
microorganisms have been discovered; opening up various possibilities for treatment
of a range of diseases (Martin et al. 2018).
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Abstract

The gut of human beings is inhabited by a diverse group of microorganisms,
around trillions, which makes it a new essential endocrine organ and shows a
symbiotic connection with a host, and they metabolize the food ingested and
produce diverse bioactive and dietary compounds. This may include organic
acids, bacteriocins, and short-chain fatty acids, which provide potential to impact
on physiological and pathological conditions of the host and maintain homeosta-
sis. In recent times, due to rapid advancement in technology, our understanding
about microbiome has also expanded. The modulation of the microbiome leads to
disturbance in homeostasis, which causes imbalance and leads to dysbiosis, and
the gut barrier integrity gets disturbed and immunological reaction leads to
inflammation. This chapter reviews the current insights on various diseases and
gastroenterological disorders associated with the modulation of the gut
microbiome and how probiotics help in maintaining the healthy gut with intact
gut barrier by regulating the expression of tight junction proteins, perhaps leading
to good human health.
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2.1 Introduction

Mammalian gut is inhabited by a wide range of microbial communities, which are
described as the gut microbiome. Due to advancement in technology and with omics
study, our understanding toward the organisms colonizing the gut, their functional-
ity, and their roles in healthy humans and gut-related diseases has significantly
advanced (Schmidt et al. 2018). Like conventional culture-dependent techniques,
culture-independent approaches like the use of next-generation sequencing technol-
ogy and 16S rRNA sequencing revealed the abundance of the microbial community
residing in the gut (Eckburg et al. 2005). In the gut, the microbial cell concentration
exceeds 1011 cells/g contents, which makes up 1–2 kg of our body mass. It accounts
for more than five million different genes, and 1000 to 1500 different species like
Bacteroidetes, Firmicutes, Actinobacteria, Proteobacteria, Fusobacteria,
Cyanobacteria, and Verrucomicrobia are well represented (D’Argenio and Salvatore
2015). So the complex interplay between the gut microbiome and the host physiol-
ogy has become a hot topic of research (Ghaisas et al. 2016).

Genetic inheritance and environmental factors affect the gut microbiome, and
each individual has a substantially diverse microbiome, which mainly helps in
maintaining the homeostasis of the host, as there is a symbiotic relationship; the
host is benefitted by colonic fermentation; The barrier effect can be observed against
opportunistic pathogen colonization, as well as the growth of the gut immune system
and also they synthesize beneficial metabolites and nutrients for the host. In turn, the
host provides shelter and nutrients for the microbial complex in the gut environment.

Due to the diverse range of environmental, host, and immunological factors, there
would be an imbalance or maladaptation in gut microbiota; such imbalance could be
termed dysbiosis. In developed countries, improved hygiene, the decrease in the
count of vaginal deliveries, the low rate of breastfeeding, and the pervasive use of
antibiotics affect the indigenous gut microbiota. As these children grow, there will be
a shift in healthy symbiotic microorganisms to enteric pathogens leading to immune
and inflammatory disorders (Jain and Walker 2015). Further, we shall discuss
various diseases/disorders caused because of gut dysbiosis and current research
issues to overcome these clinical conditions with probiotics intervention.

2.2 Probiotics in the Treatment of Gut Diseases

The phrase “probiotic” is derived from the Greek language; it means “for life” since
ancient times mankind knew about the use of fermented food for maintaining good
health; even in the Old Testament there is a description of consumption of sour milk
by Abraham for longevity. The first reference or idea of the probiotic concept was
given by Nobel Laureate Elie Metchnikoff and proposed that to displace putrefactive
and pathogenic intestinal organism, one must consume fermented milk containing
lactobacilli, which maintain good health and increase longevity. In the year 1954,
Ferdinand Vergin published an article on “Anti-und Probiotika” in which he used the
term “probiotic” where a list of several useful microorganisms and effects of the
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antibacterial agents and antibiotics on intestinal microbiota was published. Later,
after few years, according to Lilly and Stillwell (1965), microorganisms that are
beneficial as well as those that produce growth-promoting factors for the organisms
were described as probiotics, and the term has been customized over a period of
time. Now the widely accepted definition is the following: “probiotics are live strains
of microorganisms which when administered in adequate amounts confer a health
benefit on the host” by the Food and Agriculture Organization (FAO) and the World
Health Organization (WHO), followed by the International Scientific Association for
Probiotics and Prebiotics (ISAPP). Many probiotic strains that are extensively
studied for human use and many probiotic products in the market developed using
different species of bacteria are listed in Table 2.1 (Azad et al. 2018).

The mechanism of action of probiotics has been postulated in many ways;
however, the exact mechanism of action was sparsely deciphered; some postulates
are as follows: when taken in the adequate amount, probiotics fight for epithelial cell
receptors and form colonizing barriers, and the other pathogenic strains cannot
adhere to gut cells and compete for survival with one other. Besides, these probiotic
organisms produce a class of antimicrobial compounds called bacteriocins, along
with certain other metabolic products like lactic acid, diacetyl, short-chain fatty
acids, and hydrogen peroxide, which kills pathogenic bacteria. These organisms
have a symbiotic relationship with the gut and, in turn, stimulate immune response
and show some immunomodulatory effects by increasing the secretion of immuno-
globulin A and enhance the activity of natural killer cells, macrophages, and other
immune cells (Khalighi et al. 2016). Due to these properties, many researchers
propose probiotics as one of the alternative treatment aids for gastrointestinal
disorders. Beneficial aspects of probiotics are depicted in Fig. 2.1.

2.2.1 Obesity

Obesity is a rising epidemic worldwide and the fifth leading cause for death. An
estimate says that at least 2.8 million adults die due to obesity (Ahmed et al. 2014). It
is defined as atypical or unbalanced fat buildup that may impair health. Obesity is the
result of an energy imbalance between calories consumed and utilized. Consumption
of high-fat/high-sucrose diets is one of the primary causes of obesity, and it is
measured in terms of body mass index (BMI). If an individual is having a BMI
less than 25 kg/m2, the person is considered as normal; if the BMI is above 25 kg/m2,
then the individual is considered as overweight, and if the BMI crossed 30 kg/m2,
then the individual is considered as obese. Further, obesity patients are divided into
three categories based on the BMI: first-degree obesity, if a person has a BMI
between 30 and 35 kg/m2; second-degree obesity, if a person has a BMI between
35 and 40 kg/m2; and third-degree obesity, if BMI is between 40 and 45 kg/m2. Even
waist circumference is used for classifying obesity wherein visceral/central or
subcutaneous obesity has been taken into account. If women have a waist circum-
ference of over 88 cm and if men have a waist circumference of over 102 cm, then
they are said to be having visceral/central or subcutaneous obesity. Waist-to-hip
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ratio, body adiposity index, waist-to-height ratio, Rohrer’s ponderal index, neck
circumference, Benn’s index, skinfold thickness, and fat mass index (Rouxinol-Dias
et al. 2016; Simmonds et al. 2016; Bellenger et al. 2019) are also other indices.

Obesity can cause low-grade systemic inflammation, which is a crucial factor in
the development of metabolic-related disorders like type 2 diabetes mellitus, osteo-
arthritis, cardiovascular disease, and colon cancer (DiBaise et al. 2008). A number of
research groups have given evidence of lean and obese persons with different gut
microbiota and plays a crucial role in obesity. In one of the studies, when germ-free
mice were colonized with lean and obese microbiota separately, the mice that were
colonized with obese microbiota had an increase in body fat compared with the mice
colonized with lean microbiota. It is evident from the results that gut microbiota
could cause fat deposition (Turnbaugh et al. 2006).

Another study revealed that an imbalance in the Bacteroides/Firmicutes ratio
leads to dysbiosis and increase in the Gram-negative bacteria count and its compo-
nent. In this, mainly lipopolysaccharides found on the outer membrane are the
triggering factor of metabolic endotoxemia, which leads to obesity and clinical
diabetes. High-energy and high-fat diet with rising concentration along with nuclear
factor kappa B (NF-κB) and Toll-like receptor (TLR4) expressions is linked to
endotoxemia (Creely et al. 2007; Cani et al. 2008). As we consume a high-fat diet,
there is a change in the gut microbial diversity, and the permeability of the gut
increases and LPS triggers an inflammatory cytokine expression. This occurs as a
result of downregulation of genes that code for occluding and tight junctions, which
is a root cause of Insulin resistance. Thus, it has been proved that dysbiosis will lead
to obesity and other metabolic disorders (Bellenger et al. 2019).

A study conducted by Kim et al. (2018) observed that probiotic strain Lactoba-
cillus gasseri BNR17 isolated from human breast milk showed significant results in
inhibiting increased adipose tissue weight and body weight. A test was done on the
age group of 25 to 75 years, and their BMI was between 25 and 35 kg/m2 such 90
volunteers were randomized, double-blind, placebo-controlled trial for 12 weeks.
The patients were given high-dose BNR-H 1010 CFU/day and low-dose BNR-L
109 CFU/day; both groups showed decreased visceral adipose tissue (VAT), and also
there was a significant decrease in waist circumference when compared with the
placebo group. The finding claims that visceral fat mass in obese adults was reduced
due to BNR17 intake. In another randomized, double-blind trial study that was
conducted only on women who were obese and had excess body weight, they
were administered with a bacterial count of 2 � 1010 CFU/day of a probiotic mix
that consisted of Lactobacillus acidophilus, Lactobacillus casei, Lactococcus lactis,
Bifidobacterium bifidum, and Bifidobacterium lactis for 8 weeks, and then waist
circumference (�3.40% to �5.48%) and waist-height ratio (�3.27% to �5.00%)
were reduced significantly in the group who received probiotic mix when compared
with the placebo group, which proved that probiotic mix intake reduces abdominal
adiposity (Corado et al. 2017).
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2.2.2 Infectious Diarrhea

Infectious diarrhea is also known as gastroenteritis and stomach flu. It is the
inflammation of the stomach and small intestine due to infection along with
symptoms like diarrhea, nausea, vomiting, abdominal pain, fever, and dehydration,
and if this diarrhea due to infection lasts for 14 or less than 14 days, it can be called
acute diarrhea. If it continues for more than 4 weeks, then it is said to be chronic
diarrhea. Around 2.5 million deaths worldwide occur due to diarrhea, and there were
around 1.3 million deaths and more than two billion cases of gastroenteritis in the
year 2015. Children, especially those under the age of 5, were among the most
affected groups, mainly due to unhygienic conditions. Diarrhea is generally caused
by rotavirus, while in adults, it is caused by norovirus. However, bacteria, fungi, and
parasites can also cause gastroenteritis. (Barr and Smith 2014; Fernández-Bañares
et al. 2016).

Normal intestinal physiology is disturbed during infectious diarrhea by fluid and
electrolyte secretion; for example, Vibrio cholerae, a Gram-negative comma-shaped
bacillus produces cholera toxin (CT), an oligomeric protein made up of two subunits,
A and B. Subunit B helps subunit A to enter into gut epithelial cells, and then subunit
A regulates adenylate cyclase by ADP ribosylation and increases cAMP production.
This in turn activates PKA, which phosphorylates CFTR channel and increases Cl�

secretion. The activity of two sodium transporters, NHE2 and NHE3, is decreased by
increased cAMP production and affects Na+ absorption; therefore, NaCl levels
increase in the lumen of the intestine (Cheng et al. 1991).

In addition, Clostridium difficile is a causal agent of diarrhea, acute colitis, and
inflammation and produces exotoxins, namely, toxin A and toxin B (TcdA and
TcdB) along with binary toxin (CDT). TcdA adheres to the host cell via glycoprotein
(gp) 96, whereas TcdB gains entry via dissolved tight junctions between two cells
and binds to an unknown receptor. These are cytotoxic enzymes that disrupt
cytoskeletal integrity by glycosylating Rho protein and also affect ion transport
and cause accumulation of sodium, chloride, and potassium ions. Apart from this,
these toxins initiate an inflammatory response by activating IL-6, IL-1, and TNF-α in
the infective tissue (Hodges and Gill 2010). The presence of microorganisms,
especially pathogens, may lead to disruption in gut homeostasis and inflammation
and continues as a chronic condition leading to inflammatory bowel disease (IBD),
irritable bowel syndrome (IBS), and other metabolic disorders. If diarrhea persists
for a longer time and is not treated properly, especially in children, it may lead to
dehydration and finally death.

Probiotic strains such as Lactobacillus reuteri, Bifidobacterium lactis Bb12,
L. casei Shirota, and Lactobacillus rhamnosus GG can be used in acute rotavirus
diarrhea. These strains shorten the duration of diarrhea (Isolauri 2003). Basu et al.
(2007) reported that Lactobacillus rhamnosus(LGG) can decrease the frequency as
well as the duration of diarrhea-related symptoms and reduce the stay time in the
hospital for the patients suffering from persistent diarrhea (PD). They took
235 patients from North Bengal, India, and divided them into two groups. The test
group was given oral rehydration solution and LGG, whereas the control group was
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given oral rehydration solution only. It was found that the mean duration of diarrhea
was reduced in the test group compared to the control group.

2.2.3 Type 2 Diabetes

In the twenty-first century, type 2 diabetes mellitus (T2DM) is among the very
common disorders and has become the third-largest disease after cancer. The
frequency of T2DM has increased worldwide in recent years. According to the
International Diabetes Federation, it has been estimated that by the year 2040,
approximately 642 million people would suffer from T2DM. T2DM is depicted by
hyperinsulinemia in target organs and insulin deficiency caused by the destruction of
β-cells in the pancreas. It has been observed that this destruction is partly contributed
due to obesity. Overweight induces low-grade inflammation in obese individuals
that leads to insulin resistance, and the increased level of inflammatory cytokine
causes oxidative stress and destroys the β-cells in the pancreas. Genetics, lifestyle,
stress, and environmental factors play a key role in the epidemiology of T2DM
(Guariguata et al. 2014; Chatterjee et al. 2017).

A study carried out by Larsen et al. (2010) revealed gut dysbiosis in T2DM
patient group compared to the healthy glucose tolerance group. In their experiment, a
total of 36 male adult subjects were taken and they were divided into two
groups among them, 18 were healthy controls, and another 18 were T2DM patients,
and they were of different age group and BMI. It was found that the gut microbiota
of the normal healthy person was different from the T2DM patient’s microbiota.
Another recent study made use of 16S rRNA-based high-throughput sequencing of
three different groups of human subjects with T2DM diabetes, prediabetes, and
healthy glucose tolerance. The results clearly stated that there is a structural modu-
lation of the gut microbiome in the T2DM patient group which may lead to dysbiosis
compared with the tolerance group (Egshatyan et al. 2016).

T2DM and obesity are inflammatory diseases. The patients show elevated
circulating levels of haptoglobin, serum amyloid A, C-reactive protein (CRP), sialic
acid, cytokines, chemokines, and interleukins like interleukin-6 (IL-6), IL-1β, IL-1,
and TNF, and its receptor antagonist IL-1RA concentration was elevated in the
patients with prediabetes, T2DM, and obesity. CRP is the biomarker for T2DM-
associated cardiovascular disease. The mechanism involved is induced expression of
pro-angiogenic and inflammatory genes in macrophages due to hypoxia. The main
metabolic pathway involved in the process is NF-κB and JNK pathway. The
expression of NF-κβ target genes such as cytokines including TNFα, IL-6, and
IL-1β promotes insulin resistance that has been initially produced in the adipose
tissue and liver and then migrates through circulation to other parts of the body like
the kidneys and circulating leukocytes, and vessel walls, skeletal and cardiac muscle
induce insulin resistance in T2DM patients (Donath and Shoelson 2011).

Another most crucial pathway plays a significant role in cellular processes, and
cellular physiology such as cell survival, proliferation, protein synthesis, lipid
metabolism, and maintaining glucose homeostasis is done by phosphoinositide
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3-kinase/protein kinase B (PI3K/AKT) pathway. In the host, almost 90% of glucose
utilization has been observed in skeletal muscles, which are insulin stimulated.
Knockdown experiments of AKT protein showed decrease in insulin-induced glu-
cose uptake, whereas overexpression led to increased uptake of glucose. AKT
functions by phosphorylating AS160 and by activating GagAKT. The glucose
transporter GLUT4 is activated by AS160, which transports glucose from stored
vesicles into skeletal cells, whereas GagAKT promotes glycogen synthesis. Like-
wise in the pancreas, activation of this pathway increases the synthesis of insulin
from β-cells in obese and T2DM patients. PI3K/AKT pathway is blocked or
dysfunctional, which affects β-cells, and insulin production is reduced. This further
affects other tissues by insulin resistance (Huang et al. 2018).

Further, in a study, 50 volunteers were selected for a double-blind, randomized,
placebo-controlled trial for 6 weeks, in which the test group was given 120 g/d of
fermented milk containing probiotic strains L. acidophilus LA-5 and B. animalis
subsp. lactis BB-12. After 6 weeks, test patients showed improved glycemic control,
the levels of fructosamine and hemoglobin A1c lowered significantly, and also
inflammatory cytokines were decreased (Tonucci et al. 2017).

Another study conducted by Firouzi et al. (2017) reported a decrease in fasting
insulin level in patients who were enrolled in a randomized, double-blind, parallel-
group, controlled clinical trial, where 136 patients aged between 30 and 70 years
suffering from T2DM were selected, and among them, the test group received a
probiotic strain mixture of Lactobacillus and Bifidobacterium for 12 weeks. A
significant reduction in glycated hemoglobin and fasting insulin was observed in
the test group compared to the placebo group.

Shah and Swami (2017) carried out a meta-analysis and found that fasting blood
glucose, HbA1c, and HOMA-IR showed a significant reduction in T2DM patients;
on the other hand, there was no reduction in serum insulin concentration. These
results were obtained by 12 randomized controlled trials involving 770 T2DM
patients, and they were treated with probiotics; perhaps probiotics are an alternative
way for controlling T2DM.

2.2.4 Lactose Intolerance

A large section of the world population is intolerant to many food items, in that 70%
of adults suffer from lactose intolerance with clinical symptoms like abdominal pain
and distention, flatus, and diarrhea after consumption of lactose-containing food.
Lactose intolerance is an inability to digest lactose (LI) due to deficiency of lactase or
β-galactosidase enzyme in the small intestine (Harrington et al. 2008). In lactose
intolerance, undigested lactose in the colon could be fermented by some gut bacteria,
producing acid and gas, leading to the development of lactose intolerance symptoms
(Horner et al. 2011; Savaiano et al. 2011). Probiotic bacteria provide health benefits
to the host gut, like protection from pathogen colonization, restoration of the gut
microbiome composition, and prevention of gastrointestinal disorders (Matthews
et al. 2005; Heyman 2006; Gayathri and Vasudha 2018). Many probiotic bacteria
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have been used in the treatment of lactose intolerance, mainly genera
Bifidobacterium and Lactobacillus.

A number of research teams have been working on probiotics for the lactose
intolerance treatment. In a study, Almeida et al. (2012) examined LI patients
supplemented with yogurt containing L. casei Shirota and B. breve for 4 weeks,
and it showed proof of reduced symptom scores. In another study, Li et al. (2012)
conducted an experiment on post-weaning Balb/c mice with LI symptoms, which
were orally administered with 1 � 108 CFU of L. lactis for 4 weeks and compared
with control mice for diarrhea test and showed suppressed intestinal motility after
lactose challenge.

Additionally, a comparative study was conducted by Ojetti et al. (2009). They
treated LI patients with L. reuteri, and they showed a reduction in gastrointestinal
symptoms after consumption of lactose. He et al. (2008) examined LI patients treated
with B. longum supplementation and showed the β-galactosidase enzyme activity
during and after supplementation. Later, Luyer et al. (2010) studied the effect of
B. animalis and B. longum supplementation for the modification of gut microbial
composition and β-galactosidase activity. Overall studies revealed that the consump-
tion of probiotic bacteria improves the lactose digestion and alleviates the lactose
intolerance symptoms and other gastrointestinal disorders.

2.2.5 Inflammatory Bowel Disease (IBD)

In genetically susceptible host, the immunological response of commensal micro-
flora mediated a complex disease known as ulcerative colitis (UC) and Crohn’s
disease (CD). Together these disorders are called inflammatory bowel disease (IBD).
The incidence of IBD is high, affecting 1.5 million Americans and 2.2 million
Europeans and several hundred thousand people in Asia and other developed
countries. IBD is a consequence of a complex interaction between microbial,
genetic, immunologic, and environmental factors, which arises due to fast-track
lifestyle, fast food, behavior, smoking, lack of physical exercise, sleep, stress, and
genetic susceptibility, and gut dysbiosis caused by excessive use of antibiotics also
plays a significant role in disease pathogenesis. Patients experience diarrhea, rectal
bleeding, abdominal pain, inflammation, and weight loss in both CD and UC
(Ananthakrishnan 2015).

Gut dysbiosis is one of the significant causes of IBD as studies found that patients
with IBD have decreased Firmicutes proportions and increased Bacteroides and
Enterobacteriaceae. CD patients have abundant Enterococcus spp., Clostridium
difficile, Escherichia coli, Shigella flexneri, and Listeria spp. compared to the
healthy individual. These alterations in the homeostasis of the gut lead to an
inflammatory environment in the gut. Therefore, innate and adaptive immune cells
produce pro-inflammatory cytokines such as IFN-γ, IL-1β, TNF-α, and IL-17, which
enhance the inflammation leading to gut epithelial damage (Venegas et al. 2019).

There is a continuous interaction among the gut microbiota and the immune cells.
Some of these interactions are beneficial. The interaction with capsulated
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Bacteroides fragilis, coated with polysaccharide A, when they evade host defense
and come in contact with immune cells like regulatory T cells and dendritic cells,
produces anti-inflammatory cytokines like IL-10 and TGF-β, which help in
maintaining tissue homeostasis in IBD patients. Further, the anti-inflammatory
response genes like ATG16L1 and NOD2 are dysregulated, which impairs the
sensitivity of receiving protective signals. Enterobacteriaceae induces TH17-
dependent inflammation by producing IL-17 cytokine in CD and UC (Shamoon
et al. 2019), and the study shows the association of gut microbiota and their role
in IBD.

Sood et al. (2009) reported that a commercial probiotic mixture named VSL#3
contains eight different species, namely, Lactobacillus casei, Lactobacillus
delbrueckii, Bifidobacterium infantis, Bifidobacterium longum, Streptococcus
salivarius, Lactobacillus plantarum, Lactobacillus acidophilus, and
Bifidobacterium breve; when used as a treatment strategy on patients with mild-to-
moderate UC, VSL#3 showed an effective response in achieving clinical response
and remissions in the patients, and they found that there was 50% decrease in
Ulcerative Colitis Disease Activity Index (UCDAI) within 6 weeks.

Another study conducted by Steed et al. (2010) used a synbiotic approach,
wherein 35 patients who were suffering from Crohn’s disease were subjected to a
double-blind, placebo-controlled trial and the test group was treated with a synbiotic
mixture of Bifidobacterium longum and Synergy 1. A significant decrease in TNF-α
and the clinical symptoms of Crohn’s disease was observed.

2.2.6 Irritable Bowel Syndrome

Irritable bowel syndrome (IBS) is one of the most general chronic functional
gastrointestinal disorders; it is defined as a functional chronic disorder distinguished
by abdominal pain or tribulation coupled with altered bowel habits. The prevalence
of IBS is around 14%. Generally, women are more affected than men; in the UK
alone, the prevalence rate of IBS is 10 to 20%, and roughly one in five people suffers
from IBS. If a person recovered from acute bacterial gastroenteritis, the chance of
that patient getting IBS was found to be 30%. The criteria that are used in the
diagnosis of IBS are according to Rome IV, and it has divided IBS into four
subtypes: IBS-C, IBS with predominant constipation; IBS-D, IBS with predominant
diarrhea; IBS-M, IBS with mixed bowel habits; and IBS-U, unclassified IBS.
Symptoms of IBS persist for more than 6 months, and the patient may not have
any structural gut abnormalities. Symptoms may include pain in the abdomen or
discomfort, bloating, and distorted bowel habit. The pain in the abdomen is reduced
when stool and mucus change or pass from the rectum, or when the patient defecates
completely, but the pain is intensified when the patient takes food. Also the rate of
anxiety, stress, and depression is higher in the patient suffering from IBS (Sutcliffe
2019).

IBS is a complex disease, and the fundamental cause is not understood
completely. It is suggested in the literature that in addition nonspecific pathogenic
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factors like food intolerance, genetic influence, gut microbiota, and intestinal
dysbiosis perhaps induce IBS (Chong et al. 2019). Food tolerance is one of the
major causes of IBS in 89% of patients. Certain food like lactose-containing food,
vegetables, fat-rich foods, and artificial sweeteners triggers the symptoms of IBS;
food containing FODMAPs (fermentable oligosaccharides, disaccharides,
monosaccharides, and polyols) worsens IBS symptoms due to the fermentation as
well as osmotic effects. In allergic patients, gluten/lactose-containing diet can also
worsen the patient condition. Several studies have shown that a patient suffering
from IBS has SCN5A, a sodium channel gene that got mutated, which has been
associated with abdominal pain and prolonged QT interval. However, many genes
are linked to IBS pathogenesis, genes coding for immune regulation, epithelial
barrier function, serotonin signalling, and bile acid synthesis; cannabinoid receptors,
glutamate receptor, ionotropic, delta 2 interacting protein (GRID2IP), and KDEL
endoplasmic reticulum protein retention receptor 2 (KDELR2) are associated with
the risk of IBS development. One of the studies involving 110 IBS patients revealed
that patients suffering from IBS have a decreased level of beneficial bacteria such as
bifidobacteria, Bacteroides, Methanobacteriales, and Prevotella species and
increased pathogenic strains like Streptococcus spp., Enterococcus faecalis, Clos-
tridium difficile, and Giardia duodenalis and other gas-producing organisms
which lead to the activation of immune cells, infiltration of immune cells, and the
release of inflammatory cytokines such as IL-6, TNF-a, and IL-1 are all caused by
abdominal distension and gut permeability. Stress, which affects the gut-brain axis
and increases the release of pro-inflammatory cytokines like IL-8 and IL-6, is
another major component that leads to dysbiosis and causes IBD and IBS. Secretion
of these pro-inflammatory cytokines activates hypothalamic-pituitary-adrenal (HPA)
and hypothalamic-autonomic nervous system axes and triggers the release of
corticotropin-releasing factor (CRF), adrenocorticotropic hormone, and cortisol
(Strege et al. 2018; Lazaridis and Germanidis 2018; Chong et al. 2019; Hadjivasilis
et al. 2019).

Agrawal et al. (2009) prepared fermented milk using the strain Bifidobacterium
lactis, and 64 female patients suffering from IBS-C were selected for study. They
divided them into two groups: the test group and control group. The test group was
administered with fermented milk for 4 weeks, and the results were compared to
those of the control group (without Bifidobacterium lactis); the test group showed
improvement in individual symptoms of IBS like abdominal pain, bloating, urgency,
incomplete evacuation, straining, and gas. O’Mahony et al. (2005) reported that
Bifidobacterium infantis 35,624 was a better candidate than Lactobacillus salivarius
UCC4331 for treating IBS and the test group showed improvement in the symptoms
of IBS.

2.2.7 Colon Cancer

Colon cancer, also known as colorectal cancer (CRC), is cancer that develops in the
colon, a section of the large intestine. It encompasses colon and rectal cancer of the
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digestive tract’s lower end and is the third biggest cause of cancer-related fatalities.
Due to CRC, there were 147,950 new cases, and 53,200 estimated deaths were
reported in the United States (Pothuraju et al. 2020). The cases of CRC are increas-
ing to pandemic scale by subsequent morbidity and mortality; the annual rate of
CRC in India is about 35,000 out of 3.5 million cancer cases (Velayutham and
Velayutham 2019). Risk factors for colon cancer include personal history of CRC or
IBD, family history, lifestyle (especially in dietary habits), lack of physical activity,
alcohol consumption, smoking, etc. (Cassiem and de Kock 2019).

CRC can be catalogued into familial, inherited, and sporadic based on the origin
of the mutation. Worldwide familial CRC accounts for 35% of cases; Inheritance,
genetic factors, and environmental factors all play a role in CRC in these patients.
There are about 5% CRC cases of inherited cancer, and they are classified into two
groups: non-polyposis and polyposis cancer. Non-polyposis cancer is called heredi-
tary non-polyposis colorectal cancer (HNPCC); it occurs due to mutation in the
DNA repair mechanisms. Lynch syndrome is the chief cause of HNPCC; if there is a
mutation in an allele of protein-coding genes for DNA repair like MLH1, MSH2,
PMS1, PMS2, and MSH2, it can lead to Lynch syndrome in HNPCC group of
patients. Inherited CRC is caused by the growth of numerous malignant polyps in the
colon, a condition known as familial adenomatous polyposis (FAP). Sporadic
malignancies, which account for 70% of CRC cases, are caused by point mutations.
It starts with polyps or non-malignant adenomas due to mutation in a tumor
suppressor gene, adenomatous polyposis coli (APC), followed by a mutation in
TP53, KRAS, and DCC. These mutations transform the polyps into a carcinoma
state (Armelao and de Pretis 2014; Mármol et al. 2017).

There is no clear evidence on how dysbiosis induces CRC, but patients suffering
from IBD and chronic inflammation are at increased risk of getting CRC, and even
the secondary metabolites produced from altered gut microbiota can damage the
DNA and would induce malignancy. In a study conducted on European patients,
three CRC human subjects were compared with healthy patients, and it was found
that F. nucleatum count was high in CRC patients and they had more adenomas than
the healthy patients. Similar results were also reported in CRC patients in the USA
and China (Kostic et al. 2013; Li et al. 2016).

Two groups of B. fragilis colonize the gut; one has a symbiotic relationship with
the host, and the other can produce a toxin called BFT, which induces inflammation
by stimulating the production of IL-18 cytokine, and it even disturbs epithelial
homeostasis resulting in CRC (Sears et al. 2014). Some strains of E.coli produce
the bacteriocin colibactin, which has pro-tumor properties and causes DNA double-
stranded breaks and chromosome instability, and it is found at a high level in CRC
patients (Allen-Vercoe and Jobin 2014).

Asha and Gayathri (2012) conducted in vivo study on mice wherein the combi-
nation of probiotic strains L. fermentum and L. plantarum along with vincristine was
used in the feed given to mice, and results showed that there was a marked decrease
in ammonia concentration and β-glucuronidase enzyme activity and also a signifi-
cant reduction in aberrant crypt foci (ACF) when compared to the control.
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Liu et al. (2011) conducted a study on 100 patients with a control group of
50 members and a test group of 50 members, and the probiotic group was given
encapsulated bacteria containing Lactobacillus plantarum, Lactobacillus acidophi-
lus, and Bifidobacterium longum orally for 6 days before the operation and continued
to receive the encapsulated bacteria for 10 days after the operation. They found
improvement in postoperative complications such as infection-related
complications, the incidence of diarrhea, decrease in enteropathogenic bacteria,
and enhancement in the expression of proteins of the mucosal tight junction.

A study was conducted on selected patients (52) who were diagnosed with
colorectal cancer and underwent surgery 4 weeks before the trial. Twenty-five
patients received placebo, and 27 patients received a mixture of six viable strains:
Bifidobacterium bifidum BCMC® 02290, Lactobacillus lactis BCMC® 12,451,
Lactobacillus casei subsp. BCMC® 12,313, Bifidobacterium longum BCMC®

02120, Lactobacillus acidophilus BCMC® 12,130, and Bifidobacterium infantis
BCMC® 02129 two times daily for about 6 months. Results showed inhibition of
surgical infections along with a significant reduction in pro-inflammatory cytokines
in treated groups (Zaharuddin et al. 2019).

2.2.8 Non-Alcoholic Fatty Liver Disease

Non-alcoholic fatty liver disease (NAFLD) is a disruption of systematic functioning
in which extra fat is stored in the liver; it is one of the growing concerns worldwide,
leading to chronic liver diseases from fibrosis, cirrhosis, steatosis to non-alcoholic
steatohepatitis (NASH) and ultimately hepatocellular carcinoma. The pervasiveness
of NAFLD is high in the Middle East with 32%, followed by South America with
31%, and Asia with 27% (Safari and Gérard 2019).

There is no clear knowledge of the pathophysiology of NAFLD, although
elements that are thought to play a role in NAFLD pathogenesis include nutrition,
interaction with the environment, lifestyle, lipid and glucose metabolism, and
biochemical and immunological abnormalities, as well as the significant role of
gut bacteria. Since there is a link between the liver and gut through the portal vein
that supplies blood, nutrient metabolites produced from gut microbiota and even
bacteria move to the liver. In dysbiosis condition, lipopolysaccharides (LPS), also
termed endotoxins, are also passed to the liver as there is a dysfunction in the tight
junction of the gut cells; when these metabolites enter into the liver, they generate a
response from Kupffer cells. Toll-like receptor interacts with the foreign particles of
bacteria and bacteria themselves which leads to inflammation response and NAFLD
in the liver (Quesada-Vázquez et al. 2020).

Some of the bacteria are directly related to the progression of NAFLD. Recent
studies on Bilophila wadsworthia, a Gram-negative proteobacterium, revealed that it
raises key cytokines like serum amyloid A and IL-6 by producing endotoxin such as
LPS, which elicits inflammation in the liver. It also disrupts the gut barrier tight
junction proteins and their expression, which in turn affects bile production and
causes dysbiosis (Everard et al. 2013; Feng et al. 2017). When the gut has increased
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the number of Klebsiella pneumonia, a Gram-negative proteobacterium, the produc-
tion of alcohol exceeds the detoxification capacity of the liver which produces
reactive oxygen species leading to inflammation and steatohepatitis; several genes
overexpress and fat storage increases, and synthesis of unsaturated fatty acid and
other metabolites leads to NAFLD similar to alcoholic fatty liver disease (Yuan et al.
2019). Helicobacter pylori infection elicits several inflammatory cytokines like
TNF-α, IL-8, IL-6, and IL-1β that elicit inflammation, and insulin resistance is
caused by the release of leptin from infectious tissues, which causes fat deposition
and leads to NAFLD (Ning et al. 2019).

A study carried out by Ahn et al. (2019) involved 68 obese and nonalcoholic fatty
liver disease (NAFLD) patients. They were divided into control and test groups; a
probiotic mixture of six bacterial strains (Pediococcus pentosaceus, Lactobacillus
rhamnosus, Lactobacillus paracasei, Bifidobacterium lactis, Lactobacillus acidoph-
ilus, and Bifidobacterium breve) was given to the test group for 12 weeks, and
change in intrahepatic fat (IHF) and visceral fat area (VFA) fraction was measured.
After 12 weeks, there was a mean difference of -2.61%, indicating IHF, and
bodyweight of the test group was considerably lower in NAFLD patients as com-
pared to a control group.

A batch of 64 obese children with NAFLD was chosen for a 12-week randomized
triple-blind trial, and they were given a probiotic supplement. The test group
received a capsule containing four different probiotic strains, namely, Lactobacillus
rhamnosus DSMZ 21690, Bifidobacterium lactis DSMZ 32269, Bifidobacterium
bifidum ATCC SD6576, and Lactobacillus acidophilus ATCC B3208. On the other
hand, the control group received a similar capsule without probiotics. After a period
of 12 weeks, a decrease in enzymes aspartate aminotransferase and alanine amino-
transferase and a significant decrease in low-density lipoprotein-C, cholesterol, and
triglycerides were observed in the test group. It was also observed that although there
was a decrease in the waist circumference, there was no change in body mass index
z-score. Sonography of the liver after the trial was reported in 17 (53.1%) and
5 (16.5%) of patients in the intervention and placebo groups, respectively (Famouri
et al. 2017).

2.2.9 Osteoarthritis

Osteoarthritis (OA) is a degenerative disorder portrayed by the dynamic weakening
of the articular ligament, bringing about agony and all-out joint incapacity at
propelled stages. In the USA, 31 million people suffer from OA; global estimate
prevalence exceeds 250 million. Illness movement can be subject to hereditary and
epigenetic factors, sex, ethnicity, and age. The major factor is obesity, and a strong
relationship can be seen between body mass index and knee (Szychlinska et al.
2019). A few dietary components, alongside quality and amount of supplement
consumption, have been found to be engaged with the pathogenesis of
OA. Among these, nutrients, unsaturated fats, and magnesium appear to assume a
key job. It has been demonstrated that low admission of vitamin D and vitamin C is a

2 Current Insights on the Modulation of Gut Microbiome and Its Effect on. . . 43



potential hazard factor for knee OA, while certain nourishing food, for example,
milk and dairy items, meat, and poultry, are beneficial for knee OA (Musumeci et al.
2015). Also, wrong propensities (smoking, stationary life, liquor misuse) and unfor-
tunate dietary propensities (quick and greasy nourishment) may incline individuals
to stoutness and accordingly to numerous different inconveniences which may
prompt the advancement of extreme metabolic dysfunctions. It is additionally
notable that inactive conduct is related to an expanded danger of building up a few
incessant infections. It is an independent hazard factor for both dreariness and
mortality that has been proven (Warren et al. 2010).

One of the breakthrough facts revealed by the research study is that some of the
gut microbiomes were found in the cartilage of the knee and hip samples from
patients, and 16 s RNA gene deep sequencing analysis stated that OA patients had
Betaproteobacteria compared to normal control who had Actinobacteria and
Clostridia; increasing Betaproteobacteria is the marker for patients suffering from
the metabolic disorder due to dysbiosis condition (Schott et al. 2018). Besides
adipose tissue surrounding the joint cells produce adipokines such as leptin which
indirectly increases inflammation. Patients with OA have a higher level of leptins in
there synovial fluid compared to normal patients; this leads to elevated levels of IL-6
through various signalling pathways like PI3K/AKT, p38 MAPK, and JAK2/
STAT3 pathways and the release of certain other cytokines and other factors like
MMP9, MMP13, TNFα, and IL-1 which induce inflammation and damage to the
cartilage in the joints (Zeddou 2019).

Lei et al. (2017) conducted a double-blind, placebo-controlled trial on 537 osteo-
arthritis patients; the test group was given skimmed milk containing Lactobacillus
casei Shirota (LcS) for 26 weeks, and the control group was given placebo. The
result showed that probiotics promote bone metabolism which reduced inflammatory
response and pain, and there was a change in serum levels of high sensitivity
C-reactive protein. Similarly, Lyu et al. (2020) carried out an experiment using a
probiotic strain TCI633 (Streptococcus thermophilus) on 80 patients with osteoar-
thritis for 12 weeks, and improvement in serum collagen type II C-telopeptide
(sCTX-II) and serum C-reactive protein (sCRP) was observed when compared
with the placebo group. Therefore, the selection of ideal probiotic isolate may
provide an alternate approach for osteoarthritis even though more thorough
investigations need to be conducted for concrete conclusions.

2.2.10 Celiac Disease

Celiac disease (CD) is a type of persistent enteropathy with a multifactorial disorder
that mainly causes small intestinal injuries and malabsorption of minerals and
nutrition. The wheat protein gluten and related cereal proteins that escape human
digestive enzyme activity are the primary cause of the disease. Further, the complete
exclusion of gluten from the diet is the only remedy available for CD patients
(Gayathri and Rashmi 2014). Several studies suggested the use of microorganisms
for the preparation of gluten-free/reduced foods (De Angelis et al. 2006a, b; Gass
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et al. 2005). Currently, CD is a common condition that may be diagnosed at any age,
but formerly CD was considered as a rare malabsorption syndrome of infancy.
According to World Gastroenterology Organisation (WGO) data, out of 100, one
person is diagnosed with CD in the Western population, whereas out of 300, one will
suffer from CD in other parts of the world, and it is predominant in females than
males with a ratio of 2:1. CD has become a focal and universally distributed,
according to studies, and serological diagnosis in India, Africa, and the Middle
East revealed the same prevalence rate as in Western countries. The presence of
human leukocyte antigens HLA-DQ2 or HLA DQ-8 molecules gets triggered from
gluten protein of wheat and other cereals, and that generates circulating
autoantibodies to tissue transglutaminase (tTG) which leads to the disease (Visser
et al. 2009; Lorand and Graham 2003). Not all people develop CD; only 1 to 4% of
people develop CD if they have aberrated HLA-DQ2 or HLA-DQ8 genes (Sollid
2000). Although the strong association between CD and HLA DQ2/DQ8 has been
well documented, CD may not be present at the time of birth or before the introduc-
tion of gluten in the diet (Green and Cellier 2007; Dube et al. 2005) and usually does
not manifest before the age of 2 years even in the individuals expressing HLA
DQ2/DQ8 (Hill 2006; Ludvigsson et al. 2001). The analysis was based on the
morphological assessment of the small intestinal mucosa obtained at three distinct
conditions:

(a) Initial flat mucosa when the patient has ingested gluten.
(b) Upon withdrawal of gluten from the diet, there must be an improvement in the

small intestinal mucosa.
(c) Deterioration of the mucosa is seen due to gluten.

Further, antibodies such as endomysial antibodies (EMA), tissue
transglutaminase antibodies (tTGA), and antibodies against gliadin (AGA) of the
IgA class are also significant diagnostic tools for CD. Among them, EMA and tTGA
are widely used. The role of HLA DQ2/DQ8 in the development of CD has opened
genetic tests involving HLA typing. However, in a majority of the cases, HLA
DQ2/DQ8 carriers do not develop CD, and therefore, genetic tests for CD diagnosis
have limited application (Liu et al. 2005).

Treatment of CD can be done using several non-dietary strategies like the use of
larazotide acetate, which is a tight junction regulator, and it decreases the intestinal
tight junction permeability; furthermore, the use of corticosteroids like budesonide
for inhibition of tTG activity and sequestering polymers help in changing the
structure of gliadin, which in turn reduces the tissue damage and symptoms of CD
(Ciacci et al. 2009; Liang et al. 2009; Paterson et al. 2007). Strategies for the long-
term treatment of CD raise a concern regarding issues like safety and efficacy as the
response to these strategies is not the same for each individual CD patient and is
found to be unsatisfactory(Gayathri and Rashmi 2014). As there is a concern over
the non-dietary alternative strategies, by creating genetically modified crops of
wheat, rye, and barley or by breeding the less immunogenic crop varieties, the
gluten content in the diet can be reduced. Otherwise, the patient must adopt altered
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gluten polypeptides or exclude gluten from their diet for the rest of their lives, or they
can use probiotics for fermentation, where gluten is digested, as an alternative.
(De Angelis et al. 2006a, b; Gass et al. 2005).

De Angelis et al. (2006a, b) further reported the effectiveness of VSL#3, a
combination of eight strains: Bifidobacterium breve, B. longum, B. infantis, Lacto-
bacillus plantarum, L. acidophilus, L. casei, L. delbrueckii subsp. bulgaricus, and
Streptococcus thermophilus. The enzymes produced by VSL#3 during the fermen-
tation process of the dough digest gliadin polypeptides, epitopes of gliadin, and
digest proline-rich peptides.

Lindfors et al. (2008) conducted an in vitro study on Caco-2 cells derived from
the human colon, where the effect of the probiotic strain Lactobacillus fermentum or
Bifidobacterium lactis, separately; they found that B. lactis inhibited increased
epithelial gliadin-induced permeability and also increased the expression of Zonula
occludens-1 protein. In another in vitro study (Laparra and Sanz 2010), there was
reduced expression of pro-inflammatory biomarkers which proved that the gliadin
was altered by Bifidobacterium spp.

2.3 Conclusion

Gut microbiome modulation and its effect on human health and diseases are interre-
lated. Further research is certainly required to disentangle these complexities, and
advancement in pre- and probiotic research and management of the gut microbiome
along with this correlation and careful analysis would certainly impact the gut
microbiome and improve human health.
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Abstract

Since Joshua Lederberg defined the gut microbiome and its collective genetic
material present in the gastrointestinal tract (GIT), the gut microbiome attracted
the attention of researchers worldwide. The human gut microbiota is divided into
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many phyla in which the gut microbiota is comprised primarily of four main
phyla that include Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria.
Recent studies focused on the microbe-host interactions which included their
effects on the metabolism and immunity. In addition, the gut microbiome plays an
important role in the absorption of nutrients and minerals; the biosynthesis of
enzymes, vitamins, and amino acids; and the production of short-chain fatty acids
(SCFAs). In this chapter, we shed the light on different groups of gut
microbiomes and their effects on human health and diseases.

Keywords

Gut microbiome · Microbiota development · Microbiota immunosenescence ·
Human health · Immunity · Obesity

3.1 Introduction

The “holobiont” as the collective commitment of the prokaryotic and eukaryotic
partners to the multicellular organism presents a complex definition of individuality
enabling a new encyclopedic view of human evolution. The human intestinal tract
accommodates a diverse and complex microbial combination that plays a master role
in human health. It has been estimated that our gut contains about 1000 bacterial
species and 100-fold more genes than are found in the human genome (Qin et al.
2010). This bacterial community is commonly indicated to as our hidden metabolic
“organ” due to their massive impact on human health, including host metabolism,
nutrition, immune function, and physiology. It is presently clear that our gut
microbiome coevolves with us (Ley et al. 2008) and that changes to this populace
can have major ramification, both useful and harmful, for human health. Actually, it
has been proposed that disturbance of the gut microbiota (or dysbiosis) can be
significant with regard to pathological intestinal conditions like obesity (Zhang
et al. 2005) and malnutrition (Kau et al. 2011). Systematic diseases such as diabetes
(Qin et al. 2012) and chronic diseases, e.g., encompassing ulcerative colitis (UC) and
Crohn’s disease (CD) (inflammatory bowel diseases (IBD) were recorded (Frank
et al. 2007).

The major function of the gut microbiome in human health and disease is getting
clearer much appreciated to high-throughput sequencing (HTS) technologies as well
as parallel recent developments in non-genomic techniques (Guinane and Cotter
2013). Although worthwhile efforts have centered on cataloguing the adult human
gut microbiome and its relationship to complex diseases (Karlstrom and Lindgren
2013), investigations on the infant gut microbiota (bacteria) have been limited on
culture-based enumeration, 16S-based profiling, and small sample sizes
(Subramanian et al. 2014). Therefore, factors that figure the gut microbiota in
early life have not been adequately examined. From an ecological perspective,
colonization of the newborn’s gut represents the de novo gathering of a microbial
community (Costello et al. 2012) and is impacted by dietary and medical therapeutic
component (La Rosa et al. 2014). However, it is not obvious how dietary and
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therapeutic component contributes to the overall composition and function of the
newborn’s gut microbiome and how various microbes contribute or compete with
one another as the gut environment changes (Bäckhed et al. 2015). Here, we provide
snapshots of the advancing microbe-host associations and relations during distinct
milestones across the lifespan of a human being.

3.2 The Nature and Nurture of Gut Microbiome

Numerous symbiotic microorganisms that play an important role in maintaining
health are colonized by the human body. This so-called microbiota has the capacity
to liberate the host’s indigestible energy and nutrients from fibers. This fermenting
capacity makes them “keystone species” that play a vital role in the formation and
functioning of the intestinal microbial community to serve the host a beneficial and
protective role. To release energy from the complex carbohydrate structures, the
other microbiota members depend on these “keystone organisms.” The host creates
structures rich in carbon and nitrogen, such as mucus, dietary fibers, and
oligosaccharides, e.g., glycans that exert biological roles, i.e., prebiotic, anti-
adhesive, or anti-inflammatory effects. Metabolically, diverse members of this
microorganisms’ ecosystem depend on their glycan fermentation. Colonization of
these “keystone species” in early life is essential for immune and metabolic imprint-
ing. Permanent symbiotic colonization of the mucosal layer in later life contributes
to continuous regulation of immune and metabolic processes and host health main-
tenance (de Vos et al. 2017).

3.3 Origin, Composition, Metabolism, and Development
of Gut Microbiome

The human gut is populated by trillions of microorganisms that are considered
potential key health factors (Schroeder and Bäckhed 2016; Lynch and Pedersen
2016). The composition of the gut microbiota can be affected by factors such as diet,
lifestyle, and genetics and is commonly shared by individuals of comparable ethnic
origin (Lynch and Pedersen 2016; Goodrich et al. 2014). Most research investigating
how ethnicity relates to intestinal microbiota so far has compared small groups
residing in distinct geographical locations (Goodrich et al. 2014; Rothschild et al.
2018).

The understanding of the sources of the infant microbiota is another very signifi-
cant feature of human gut microbial ecology. In this sense, Palmer et al. (2007)
explored potential relations between the composition of the vaginal microbiota, the
stool microbiota, mother’s breast-milk microbiota, and the formation of the infant
gastrointestinal tract (GIT) microbiota. In this analysis, it was shown that a single
infant’s GIT microbiota clustered with the mother’s vaginal microbiota, but only
during the first day after birth. Palmer and his colleagues identified for the first time
breast-milk bacteria, including mixtures of enteric bacterial species belonging to
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Bacteroides, Haemophilus, Pseudomonas, Streptococcus, and Veillonella. These
bacteria seemed to be entirely different from those found in infants’ GIT microbiota
fed with the same samples of breast milk, indicating that there is no relation between
mother and child microbiota. This result opened up new thoughts on the real
contribution of the GIT microbiota of the mothers to that of the child. The presence
of bacteria in breast milk seems to be confirmed by other studies (Martín et al. 2003;
Sinkiewicz and Nordström 2005; Gueimonde et al. 2006). This may be caused by
improper sampling methods that contribute to the breast-milk sample being
contaminated by bacteria such as Lactobacillus and Staphylococcus that are present
on the skin of the mother.

Microbial colonization of the infant gastrointestinal (GI) tract is an important
process in our life cycle, as encounters with microbiota host have a significant effect
on human health and disease. The theory that fetuses are sterile in utero and that
microbial colonization of the newborn occurs during and after birth has been
generally accepted since the studies of Tissier (Rodríguez et al. 2015) concerning
the acquisition of the infant gut microbiota. More than a century later, the theory that
the placenta barrier keeps embryos sterile during a healthy pregnancy remains a
general dogma, and as a consequence, the presence of any bacteria in the uterus is
commonly regarded as a potential fetal threat. This view comes from the fact that
microbiological studies of pregnancy-related biological samples (chorioamnion,
amniotic fluid, and meconium) have been performed for decades only in cases
where there is evidence or suggestion of an intrauterine infection. Numerous studies
have shown that premature delivery is highly associated with intrauterine infections
(Goldenberg et al. 2008; DiGiulio et al. 2008), the leading cause of infant mortality
worldwide (Blencowe et al. 2013). Relatively few studies have investigated the
uterine microbiota associated with healthy term pregnancies, partially because of
the enduring impact of the sterile womb paradigm and also because of the technical
and ethical problems of obtaining samples before birth from stable pregnancies.
However, bacteria in placenta tissue (Aagaard et al. 2014), umbilical cord blood
(Jiménez et al. 2005), amniotic fluid (Shan et al. 2013), and fetal membranes
(Rautava et al. 2012a, b; Steel et al. 2005) have been identified by research into
the potential for bacterial transmission across the placental barrier from healthy
newborns without any sign of infection or inflammation.

In general, several species of microorganisms, including bacteria, yeast, and
viruses, are composed of gut microbiota. Bacteria are categorized according to
phyla, classes, orders, families, genera, and species, taxonomically. There are only
a few phyla represented, including more than 160 species (Laterza et al. 2016).
Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, Fusobacteria, and
Verrucomicrobia are the dominant gut microbial phyla, with both phyla Firmicutes
and Bacteroidetes (Arumugam et al. 2011) accounting for 90% of gut microbiota.
More than 200 separate genera, such as Lactobacillus, Bacillus, Clostridium,
Enterococcus, and Ruminococcus, form the phylum Firmicutes. Ninety-five percent
of the phylum Firmicutes are Clostridium genera. Bacteroidetes consist of genera
such as Bacteroides and Prevotella that are predominant. The phylum
Actinobacteria is proportionally less common and mostly represented by the genus
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Bifidobacterium (Arumugam et al. 2011). Microbial contact during prenatal life may
influence the microbiota and immune system of the offspring in preparation for the
much larger inoculum transferred during vaginal delivery and breastfeeding. When
introduced to the postnatal environment, a remarkably wide variety of bacteria will
colonize the infant, indicating a high inter-individual diversity in the intestinal
microbiota composition of newborns (Palmer et al. 2007; Avershina et al. 2013).
Advances in metagenomic technologies have revealed the composition of the human
gut microbiota from early infancy (Palmer et al. 2007) along with old age (Claesson
et al. 2010). After birth, a number of microbes quickly colonize the human intestine,
and factors known to affect colonization include gestational age, mode of delivery
(vaginal birth vs. assisted delivery), diet (breast milk vs. formula), hygiene, and
treatment with antibiotics (Adlerberth and Wold 2009; Marques et al. 2010). First
colonizers, facultative anaerobes, establish a new environment that enhances colo-
nization of strict anaerobes such as Clostridium, Bacteroides, and Bifidobacterium
sp. Low diversity and relative dominance of the phyla Proteobacteria and
Actinobacteria characterize the intestinal microbiota of neonates, with the
microbiota becoming more complex as time after birth increases with the appearance
and dominance of Firmicutes and Bacteroidetes (Rodríguez et al. 2015). Infants have
an individually distinct microbial profile by the end of the first year of life, converg-
ing toward the characteristic microbiota of an adult, so that the microbiota
completely resembles that of an adult in terms of composition and diversity by
25 years of age (Palmer et al. 2007; Koenig et al. 2010; Yatsunenko et al. 2012). The
first 3 years of life, therefore, represent the most important time frame for dietary
interventions to enhance the growth and development of children. This is the time in
which the intestinal microbiota, a critical asset for health and neurodevelopment, is
developed (Rodríguez et al. 2015), and its modification has the potential to have a
profound effect on host health and development throughout this period. The devel-
opment of gut microbiome has been studied even more than in other body habitats,
and microbial colonization processes for oral, skin, and respiratory infants are still
being uncovered. The development of gut microbiota is influenced by various
factors, such as delivery mode, diet, genetics, health status, and gestational age
(Rodríguez et al. 2015). After birth, Enterobacteriaceae and Staphylococcus tran-
siently dominate the gut microbiota of a newborn (Matsuki et al. 2016). Subse-
quently, Bifidobacterium and certain lactic acid bacteria dominate the gut microbiota
of an infant (Mitsuoka 2014). Bifidobacterium-dominated microbiota, called
“Bifidus biota,” is established until solid food is introduced (Vallès et al. 2014;
Palmer et al. 2007). After weaning, Bifidus biota is outcompeted by microorganisms
of the adult type, characterized mainly by bacteria of the genera Bacteroides,
Veillonella, Prevotella, Ruminococcus, and Clostridium, which colonize the
intestines of an infant (Vallès et al. 2014). Eventually, a normal adult-like gut
microbiota is formed at around 3 years of age (Yatsunenko et al. 2012). The roles
of the gut microbiota also change significantly before and after the introduction of
weaning foods. During the first year of life, the functional repertoire of the
microbiota of an infant changes as the early microbiota before weaning is enriched
in bacteria with genes that encourage lactate consumption, whereas solid foods
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promote the growth of bacteria enriched in genes coding after weaning to enable the
use of a wider variety of carbohydrates, vitamin synthesis, and xenobiotic degrada-
tion (Tanaka and Nakayama 2020).

The microbiota of the human gut is a complex ecosystem of microorganisms that
occupy and critically maintain gastrointestinal (GI) tract homeostasis (Thursby and
Juge 2017). Many of the contributions to the physiology of the human superorgan-
ism made by the gut microbiota are linked to microbial metabolism (Li et al. 2014),
with bacteria being the biggest contributors to the functioning of the ecosystem in
terms of relative genetic content (Li et al. 2014). In general, the direct advantage is
the microbial metabolism of both exogenous and endogenous substrates to nutrient
that can be used by the host, but metabolites can also function to modulate the
immune system by influencing host cell physiology and gene expression (Turnbaugh
et al. 2007; Belkaid and Hand 2014; Spiljar et al. 2017). The key site of this
fermentation is the colon, since its relatively high transit time and pH, combined
with low cell turnover and redox potential, present more favorable conditions for
bacterial proliferation (Hillman et al. 2017).

However, this does not preclude the value of microbiota at other sites, as it has
been shown, for example, that small intestinal microbiota controls the absorption and
metabolism of nutrients conducted by the host (Martinez-Guryn et al. 2018). In
addition, the presence of various metabolic activities will enable the microbiota to
maximally occupy the available ecological niches and to competitively inhibit
pathogen colonization at all sites (Sommer et al. 2017; Stecher and Hardt 2011).
High concentrations of mainly acidic fermentation by-products often minimize pH
locally to generate a more inhospitable atmosphere for these invaders (Stecher and
Hardt 2011). Specific fermentation pathways performed by intestinal microbes can,
however, lead to the development of toxic compounds that can damage the host
epithelium and cause inflammation (Fan et al. 2015; Yao et al. 2016). Due to the
inherent structural complexity of particular biomolecules, the three macronutrients
consumed in the human diet, carbohydrates, proteins, and fat, can enter the colon
after either escaping primary digestion until the amount consumed exceeds the rate
of digestion or resisting primary digestion altogether (Yao et al. 2016; Morales et al.
2016). Digestive efficiency can be influenced by several factors, which in turn
modulate the substrates available for consumption by intestinal microbiota, includ-
ing the shape and size of food particles (affected by cooking and processing), meal
composition (affected by relative macronutrient ratios and the presence of anti-
nutrients such as alpha-amylase inhibitors), and transit time (Wong and Jenkins
2007). Transit time has shown to increase the richness and change the composition
of fecal microbial communities (Roager et al. 2016), resulting from many factors,
including diet, physical activity, genetics, medications (e.g., caffeine and alcohol),
and psychological status (Degen and Phillips 1996). Intestinal microbial metabolic
processes can also affect the bioavailability of micronutrients to the host. Colonic
bacteria can endogenously synthesize important cofactors, such as B vitamins
(Biesalski 2016), for host energy metabolism and gene expression control. Another
example is the biotransformation by the intestinal microbiota of exogenous plant-
derived polyphenols that have antioxidant, anticancer, and/or anti-inflammatory
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properties, enhancing their host uptake (Ozdal et al. 2016). Primary degradation of
dietary polysaccharides can be interlinked in complex ways through a diverse array
of bonds between monosaccharide units, reflecting the sheer number of
carbohydrate-activating enzymes recorded in the human gut microbiome
(Bhattacharya et al. 2015). For instance, in its genome alone, Bacteroides
thetaiotaomicron has 260 glycoside hydrolases (Xu 2003), which illustrates the
evolutionary need for adaptation in order to optimize the use of resistant starch
and the variety of fibers available as part of the human diet. In comparison, very few
of these enzymes are produced by human cells (although they produce amylase to
extract alpha-linked sugar units from starch and can use sugars in the small intestine
such as glucose, fructose, sucrose, and lactose) and so rely on gut microbes to derive
energy from the remaining complex carbohydrates (Wong and Jenkins 2007; Singh
et al. 2017).

Human beings may be viewed as superorganisms whose metabolism is a combi-
nation of microbial and human characteristics. The human microbiome makes it
possible to greatly increase the metabolism of glycans, amino acids, and xenobiotics;
methanogenesis; and vitamin and isoprenoid 2-C-methyl-D-erythritol-4-phosphate
pathway-mediated biosynthesis. Fermentation of dietary fiber or host-derived
glycans, such as host mucus, needs the support of bacterial groups linked to the
trophic chain. In this respect, glycans are degraded by primary fermenters to short-
chain fatty acids (SCFAs) (e.g., acetate, butyrate, and propionate) plus other gases,
such as hydrogen and carbon dioxide. The SCFAs are adsorbed by the host
providing energy (e.g., around 10% of calories extracted by the daily diet). Enrich-
ment of key genes responsible for producing acetate, butyrate, lactate, and succinate
was shown by COG studies of the human intestinal microbiome (Gill et al. 2006). In
addition, the distal gut microbiome is enriched by methanogenesis for different
COGs that represent central genes in the methanogenic pathway that enhance the
removal of hydrogen from the distal gut ecosystem. In addition, the gut microbiome
is enriched with a wide variety of COGs that are involved in the anabolism of amino
acids and vitamins that are considered essential for human health, including thiamine
and pyridoxal, i.e., vitamins B1 and B6, respectively (Rodriguez-Concepcion 2002).
Finally, β-glucuronidase activity that could be induced by glucuronide conjugates of
xenobiotics and bile salts (Mallett et al. 1983) is enriched by the human distal
microbiome.

3.4 Features and High-Throughput Diversity
of the Gastrointestinal Tract Microbiota

For more than a decade, it has been known that a major part of the human GI tract
microbiota has not been characterized by cultivation. In studying the human GI tract
microbiota diversity, this has led to the implementation of sequence analysis of SSU
rRNA and its corresponding gene, and this has provided a considerable expansion of
our knowledge about the ecology of the GI tract. These approaches, however, have
shown that the microbiota of the GI tract is individual and location specific and that
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its diversity is massive, with thousands of new microbial species to be discovered
(Rajilić-Stojanović et al. 2007). This argues for the introduction of novel high-
throughput and comprehensive technologies for the study of microbiota in the
human GI tract. The implementation of high-throughput phylogenetic microarrays
enables thousands of microbes to be studied simultaneously in a single experiment
and is therefore very desirable for studying the population dynamics of the GI
microbiota tract in health and disease. This resulted in the discovery that the
development of the microbiota in infants is initially chaotic but stabilizes after
1 year into an adult-like community (Palmer et al. 2007). In addition, phylogenetic
microarray analysis showed that the human microbiota fluctuates around an individ-
ual center of stable colonizers. Last but not least, important relations have been
identified between the existences or abundance of specific groups of microbes and
disorders of the GI tract such as irritable bowel syndrome (IBS) and IBD (M. Rajilic-
Stojanovic 2007). Therefore, it is already clear that in the near future, the implemen-
tation of phylogenetic microarrays in GI tract research will increase our knowledge.
However, the up-to-date status of phylogenetic microarrays will always depend on
the discovery of new inhabitants of the GI tract, and therefore, ongoing sequence
SSU rRNA gene libraries and cultivation of the novel GI tract inhabitants are
indispensable. It is clear that phylogenetic microarrays will allow us to establish
links between host characteristics and microbial groups. Nevertheless, as the major-
ity of GI tract microbes are identified only as a partial SSU rRNA gene, this will not
lead to extrapolation of microbial functions. Therefore, to gain insight into the
genetic potential and behavior of GI tract microbiota, metagenomics and other
meta-“omics” approaches are required. The field of these meta-“omics” is hardly
5 years old, and even younger is their application in the study of the human GI tract.
Therefore, the analysis and interpretation of data obtained from methods of meta-
“omics” are still in infancy.

In the near future, we expect many novel technological procedures to be devel-
oped and improved, not only with regard to wet lab technologies, like
pyrosequencing and functional screening methods, but also in the field of bioinfor-
matics, in order to analyze the enormous mass of data obtained with such
approaches. Additionally, the first implementations of meta-“omics” approaches
have already demonstrated their power, and we expect this area to explosively
expand in the near future. In the coming years, only an integration of both reduc-
tionist and meta-“omics” methods can provide adequate understanding of the GI
tract microbiota, as these methods complement each other by presenting various
pieces of the puzzle of the GI tract. The study of different cell cultures, for instance,
will contribute to the discovery of novel genes and functions of individual organisms
and will thus serve as landmarks for meta-“omics” approaches. This incorporation is
important to understand the collected data from meta-“omics” analysis, as the
limitations in our predictive capacity were seen in the first metaproteomics study
of the microbiota of the human GI tract (Klaassens et al. 2007). Overall, researchers
of the GI tract will have a challenging future. With the implementation of the novel
high-throughput technologies, it will be possible, for the first time, to obtain statisti-
cally meaningful relations between microbial phylotypes and activities and human
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health. This will eventually contribute to the discovery of biomarkers that will enable
us to recognize and predict the microbial existence in our intestine, which is a
microbial ecologist’s dream of the GI tract (Zoetendal et al. 2008).

3.5 The Early Years of Life Influenced by Our Intestinal
Microbiome

Lim et al. (2016) mentioned in their study that billions of microbes colonize mucosal
surfaces of the human body and play significant roles in different pathophysiological
and physiological processes that influence host health throughout the life cycle.
Communication between gut microbes and host cells is a vital step during the
developmental route. Moreover, blatant evidence has appeared that microbiome
colonizing the human intestinal tract may apply essential impacts on infant develop-
ment and the maturation of their immune system (Gensollen et al. 2016).

These discoveries and investigations propose that the risk of diseases may be
programmed during the fetal development and early life, making it mandatory to
explore the role of the human microbiome in early life (Donaldson et al. 2018). For
the intestinal microbial organisms, during the first 2.5 years of life, the plenitude of
Bacteroidetes continues to increase. Meanwhile, the number of genes related to
carbohydrate utilization, vitamin biosynthesis, and xenobiotic degradation increases,
together with an elevated quantities of fecal short-chain fatty acids. Eventually, a
steadier gut microbial community structure is gradually formed (Koenig et al. 2011).
Assuming that the establishment of intestinal microbial community for an adult-like
during early life and that the early microbiota plays a dominant role in future health
as mentioned by (Kundu et al. 2017).

3.5.1 Gut Microbiota Before Birth

The placenta is believed to act as a barrier that selectively prevents maternal toxic
compounds, antibodies, and microorganisms from translocating into the fetal blood,
thus providing the “sterility” of the growing offspring. Recent findings, however,
challenge this sterility belief by suggesting that diverse microbial population may
exist in human semen and in the cervix (Verstraelen et al. 2016). Moreover, other
studies showed that parental microbiome may colonize various niches, even in
normal embryonic development, involving the placenta (Zheng et al. 2015), the
amniotic fluid (Rautava et al. 2012a), and the umbilical cord (Jiménez et al. 2005),
demonstrating a maternal-to-offspring in uterine primary colonization of selected
microbes in the fetus development.

The presence of transitory microbial community in the meconium (the first stool
of an infant) supported a possible uterine route of colonization (Gosalbes et al.
2013). Comparing several microbiome samples from mother-progeny pairs revealed
shared microbial signatures among placenta, amniotic fluid, and meconium, which
prove that early gut colonization is initiated prenatally by a distinct route of maternal
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microbiome (Collado et al. 2016). Recently, a shotgun metagenomic study of
placental specimen’s genome collected from 320 specimen under sterile conditions
shows a unique placental microbial biota that involves nonpathogenic symbiotic
microbes from the phyla Firmicutes, Bacteroidetes, Tenericutes, Proteobacteria, and
Fusobacteria (Aagaard et al. 2014).

Nevertheless, evidence indicates that the fetus might inherit mother’s microbiome
before birth; there have been arguments about the microbial colonization before
birth. The “in utero colonization” hypothesis may need to be reevaluated since these
studies were mostly conducted utilizing molecular methods, which are not appropri-
ate for the study of low-abundance microbial communities, due to the lack of
appropriate controls to evaluate contamination (Perez-Muñoz et al. 2017).

3.5.2 Development of Microbiome During Labor

Dominguez-Bello et al. (2016) carried a study on 18 maternal/newborn twosomes;
the maternal and neonate microbiomes in three groups were compared: vaginally
delivered newborns, cesarean-delivered newborns with standard postoperative treat-
ment, and newborns born by means of cesarean who were exposed to maternal
vaginal fluids instantly following birth. Within about 2 min of birth, the final group
with newborn had their mouth, face, and body swabbed with a dressing pad that had
been incubated for an hour in mothers’ vagina. This microbiome inhabiting intestine,
oral, and skin of these newborns were more similar to vaginal delivered newborns
than to other newborns who experienced the standard cesarean delivery. This
similitude continued through 1 month of life. These findings are harmonious with
population-based studies showing that children born by means of elective cesarean
birth (no labor) are at higher risk for health problems like asthma in comparison with
children who had some exposure to their mother’s vaginal microbiome during
delivery, even if the delivery ended (Kristensen and Henriksen 2016). Cesarean
birth may impact the neonatal microbiome seeding process by postponed
breastfeeding initiation. Compared to vaginally delivered newborns, newborns
born by means of cesarean are nearly half as likely to start breastfeeding before
hospital discharge and are more likely to have breastfeeding troubles (Karlstrom and
Lindgren 2013). Hence, microbiota transmission by breastfeeding is postponed or
eliminated in many cesarean-born babies. Antibiotics given to almost all women
having cesarean birth decrease the counts in breast milk of Bifidobacterium species,
which are known to prevent infection and give anticarcinogenic capabilities (Dunn
et al. 2017).

3.5.3 Development of the Microbiota After Birth

The neonatal and one’s early day periods are vital stages in the intestinal microbial
community setting up (Rautava et al. 2012b). At the time of birth, microbes colonize
the newborn. Vaginally delivered neonates are passed through the maternal vagina,
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and the fecal microbiota of these is dominated by Prevotella spp. and Lactobacillus.
Neonates born by means of cesarean delivery are not directly expose to the maternal
vaginal microbial population and are subsequently more likely to have a microbiome
dominated by microbes, like Staphylococcus, Corynebacterium, and
Propionibacterium spp., that are acquired from the maternal skin and the hospital
staff (Bäckhed et al. 2015). During the first week of neonatal life, a dominance of
Actinobacteria mainly (Bifidobacterium) has been observed for vaginally delivered
neonates, whereas Firmicutes has been noted as the most common microbial popu-
lation for cesarean-delivered newborns. Besides, the frequency of bifidobacteria
regulary increased in both vaginally delivered and cesarean-delivered newborns
over time. In terms of food admissions, the intestinal microbiota of newborns is
essentially affected by the feeding mode, and differences in intestinal microbes
between solely breast-fed and formula-fed neonates have been well recorded
(Zhuang et al. 2019). As recorded by numerous studies, the stools of breast-fed
newborns contain more lactobacilli and bifidobacteria and fewer potential pathogens
than the stools of formula-fed newborns, which contain a more diverse intestinal
microbiome dominated by Bacteroides, enterococci, enterobacteria, staphylococci,
clostridia, and Atopobium (Martin et al. 2016). Oligosaccharides (like human milk
oligosaccharides (HMOs)), of which human milk is a wealthy source, are considered
to be natural prebiotics and can effectively enhance the growth of specific microbial
species, like bifidobacteria, in the infant intestinal microbiome (LoCascio et al.
2009). With the withdrawal of breast milk and the presentation of solid foods, the
diversity of the intestinal microbiota elevates, with Proteobacteria and
Actinobacteria becoming the dominant components of the newborn microbiome
(koenig et al. 2011). Moreover, delivery and feeding style and other factors, includ-
ing the gestational age at neonate birth, family lifestyle, host genetics, geographical
location, and the use of antibiotics, are responsible for newborns’ gut microbiota
colonization (Fig. 3.1).

Preterm newborns routinely present with immature gastrointestinal, neurological,
and respiratory and immune systems. So preterm infants are often exposed to
medicine treatments, particularly the broad use of antibiotics. These infants usually
need long-term hospitalization and get parenteral nutrition and mechanical ventila-
tion, which could influence the natural process of the colonization of the microbiome
and may result in a deviation in the foundation of the gut microbiome or an unusual
composition of the gut microbiome (Milani et al. 2017). In preterm infants, the gut
colonization of commensal anaerobic microbes is postponed. Consequently, the
feces of preterm neonates contains significantly higher levels of Enterococcus,
Enterobacteriaceae, and opportunistic pathogens than the feces of term neonates
(Cong et al. 2016).

3.5.4 Functional Maturation of the Gut Microbiome

To govern how the functional magnitude of the neonatal gut microbiota developed at
the first year of life, Bäckhed and his coworker analyzed vaginally delivered infants’
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gut microbiome using the KEGG orthology (KOs) groups. In the first year of life, the
infants’ comparatively simple gut microbiome transformed into a more complicated
configuration in adult (Yatsunenko et al. 2012). In this study, they reported an
increase in functional similarity with the mother’s gut metagenome and diminished
interindividual differences for the 1-year samples. The resistome is human gut
microbiota reservoir for antibiotic resistance genes (Forslund et al. 2013). Here,
they recorded the presence of antibiotic resistance genes already in the newborn
microbiome, possibly a ramification of the relatively high plenitude of
Proteobacteria DNA, whose genomes contain relatively high levels of antibiotic
resistance genes. The newborn microbiome had over 90% prevalence of genes
included in resistance against tetracycline, bacitracin, and macrolides; the resistance
against this antibiotic was also prevalent in the adult gut (Forslund et al. 2013).
Prevalence for resistance against antibiotics such as kanamycin elevated with age,
with the highest prominence in the mother microbiome. Five of the newborn
children got ten antibiotic treatments within 4 months after delivery, which produced
a minor shift in the microbiota composition at 4 months but did not influence the
pool of antibiotic resistance genes in the 12-month microbiome. The microbiome of
newborns delivered by cesarean, however, tended to contain a greater involvement
of antibiotic resistance genes compared to that of vaginally delivered neonates. The
metagenomic investigations also revealed special energy source utilization in the
neonate’s gut at the sampled time points. In particular, phosphotransferase system

Fig. 3.1 Gut microbiome alteration from infancy to adulthood (Kundu et al. 2017)
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(PTS) genes for carbohydrate utilization were enriched in the neonate’s microbiome,
while the lactose-specific transporter was most prominent in 4-month-old infants,
proportionate with a diet dominated by milk. The microbiomes of neonates and
4-month-old infants were enriched with breast-milk sugar degradation gene. On
other hand, β-glucoside-specific transporters were most prominent in 4-month-old
and 12-month-old infants. Accordingly, the 1-year microbiome was enriched in
genes included in the degradation of complex sugars and starch and associated
with the presence of B. thetaiotaomicron, known to have a broad repertoire of
glycan-degrading enzymes (Sonnenburg et al. 2005), and of modules included in
carbohydrate metabolism. Pectinesterase and B. thetaiotaomicron, the essential
enzymes in pectin degradation, were most prominent in 1-year-old children, possibly
due to the expanded intake at this age of pectin-enriched food. As a result of the
succession of bacterial metabolic functions in the maturing infant gut, they reported
that Methanobrevibacter smithii and Desulfovibrio sp. were present in mothers and
absent in infants, except in two 12-month-old infants that were colonized by
M. smithii. This finding is in agreement with the microbiome’s elevated capacity
for methane production in the mothers, which is related with increased fermentative
capacity in the adult microbiome that requires disposal of hydrogen as methane
(Charalampopoulos and Rastall 2009). The microbiome is exposed to a larger
difference of dietary substrates as the infant grows older, which is connected to
enrichment of genes in the central carbon metabolism. Like KO modules for
pyruvate metabolism, the pyruvate-ferredoxin oxidoreductase catalyzing pyruvate
to acetyl-CoA conversation was enriched in 4-month-old and 12-month-old infants
versus neonates. In contrast, the relatively oxidized gut environment of neonates
enables gut microbes to abuse TCA cycle for metabolism and energy production, as
shown by the enrichment of KO modules for TCA cycle in neonates compared with
4-month-old and 12-month-old infants and the mothers. Taken together, the results
revealed that the microbiome adapts to the accessibility of energy substrates as the
infant grows older. The gut microbiome is a significant producer of vitamins. All
newborns in Sweden get prophylactic vitamin K injections to avoid classic hemor-
rhagic disease. We observed enriched levels of genes for vitamin K2 (menaquinone)
synthesis in neonates, which correlated with the high prominence of Bacteroides and
Escherichia/Shigella, known vitamin K2 producers (Wang et al. 2013). Vitamin K2

is significant for heart and bone health, and the microbiome was recently described
to modulate homeostasis of the bone (Sjögren et al. 2012). Metabolism of retinol was
also most enriched in the newborns, with numerous implications in essential devel-
opmental processes such as teeth, bone, and vision. Vitamins B complex is required
for the body to convert nutrients into glucose and produce energy. Folate (vitamin
B9) is one of the fundamental B vitamins responsible for DNA synthesis and repair.
Folate biosynthetic genes were significantly enriched in newborns. Genes for pyri-
doxal (vitamin B6) and biotin (vitamin B7) synthesis were too essentially enriched in
newborns. In contrast, cobalamin, pantothenate, and thiamine (vitamins B12, B5, and
B1, respectively) biosynthetic genes elevated with age (Yatsunenko et al. 2012).
However, modules for vitamin B12 transport system were greatly elevated in the
neonate’s metagenome but diminished with age. Essentially, transporters for heme,
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hemin, and iron, which are connected to vitamin B12 synthesis and significant for
iron metabolism, were too expanded in the microbiome of neonates. The representa-
tion of KOs analysis for amino acid metabolism is diverse with age. The transport
systems for all essential amino acids were elevated in the neonate’s microbiome and
remained high until the age of 4 months. Protein necessitates, calculated per kilo-
gram of total body weight, continuously diminished with age until weaning (Boudry
et al. 2010), which in parallel could influence the requirement for amino acid
transport systems in agreement with KOs data analysis. The pathway for lysine
biosynthesis, leucine and tryptophan metabolism, and methionine degradation ele-
vated with time in comparable to those found in the mothers by 12 months of age.
Eventually, the genes for synthesis and metabolism of the amino acid neurotrans-
mitter GABA (gamma-aminobutyrate) and the hormone melatonin appeared differ-
ential enrichment in neonates, 4-month-old, and 12-month-old. In humans,
melatonin plays a function in entraining the circadian system (Reiter 1991). The
fact that newborns do not have an established circadian melatonin pattern, which
appears later, at 3–4 months of age, and matures in childhood (Bäckhed et al. 2015).

3.6 The Human Gut Bifidobacteria

The establishment of a stable gut microbial consortium is critical to the development
of the infant’s gastrointestinal tract (GIT) (Stappenbeck et al. 2002; Rakoff-Nahoum
et al. 2004). Breast-fed infants develop colonic microbiota that is frequently marked
by a high concentration of bifidobacteria (Favier et al. 2003; Kleessen et al. 1995).
This numerical advantage confers a substantial health benefit to the neonate by
hindering pathogen colonization through competitive exclusion. Candidate milk-
borne growth factors include oligosaccharides; these human milk oligosaccharide
(HMO) structures possess a vast combinatorial potential, as they incorporate carbo-
hydrate monomers via possible glycosidic linkages to assemble molecules
containing three to 32 units. Therefore, the characterization of only approximately
200 soluble structures within the human milk glycome strongly suggests a functional
role for these sugars (Ninonuevo et al. 2006). Of the 200 known compositions, five
low-molecular-weight oligosaccharides abundant in breast milk are the preferred
substrates of Bifidobacterium longum subsp. infantis ATCC15697, the archetypal
HMO-utilizing bacterium (Locascio et al. 2007). At present, only two phylotypes
(i.e., B. longum subsp. longum and B. adolescentis) have been fully sequenced and
deposited into public databases.

In conclusion, our gut microbiota evolves with us and plays a pivotal role in
human health and disease. We now know that the resident microbiota influence host
metabolism, physiology, and immune system development, while perturbation of the
microbial community can result in chronic GI disease. While the revolution in
molecular technologies has provided us with the tools necessary to more accurately
study the gut microbiota, we now need to more accurately elucidate the relationships
between the gut microbiota and several intestinal pathologies. Understanding the
part that microbial populations play in GI disease is fundamental to the ultimate
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development of appropriate therapeutic approaches. The concept of altering our gut
community by microbial intervention in an effort to improve GI health is currently a
topic that is receiving considerable interest. The targeting of specific components of
the gut microbiome will potentially allow the removal of the harmful organisms and
enrich the beneficial microbes that contribute to our health.

3.6.1 Probiotics, Prebiotics, and Synbiotics

Probiotic, prebiotic, and synbiotic are words of the modern era. Probiotics are live
microorganisms, which, when administered in adequate amounts, confer a health
benefit on the host. Probiotics have become a very important element to everyday
health food products, and their global market is increasing. Consumers are very
concerned of chemical preservatives and processed foods, even though they provide
a grade of safety and food diversity never seen before. However, consumers accept
easily lactic acid bacteria (LAB) as a natural way to preserve food and promote their
health. The target of probiotic food products is to have up to 107 CFU/g at the end of
their shelf life; but probiotic LAB must endure some stresses to ensure they reach the
adequate numbers in the target location to elicit their effect. The human gastrointes-
tinal tract contains up to 1013–1014 cells. It is a complex ecosystem combining the
gastrointestinal epithelium, immune cells, and resident microbiota. The three major
sections of the human gastrointestinal tract are the stomach, the small intestine, and
the large intestine. Every section has its own distinct microbiota. The stomach is
primarily inhabited by aerobic gram-positive microorganisms (<103 CFU/g). The
small intestine is inhabited by the genera Lactobacillus, Bifidobacterium,
Bacteroides, and Streptococcus (103–104 CFU/g), while the large intestine is
populated by the genera Bacteroides, Fusobacterium, Lactobacillus,
Bifidobacterium, and Eubacterium in large numbers (1011–1012 CFU/g) (Quinto
et al. 2014).

The GIT is also rich in many molecules that can be used as nutrients by microbes.
Hence, the GIT has the potential to be heavily colonized by various bacteria, both
harmful and beneficial. The mucosa of the gastrointestinal tract is continuously
exposed to an environment that is rich in foreign substances, such as food particles
and antigens of microbial origin. Particular changes in the intestinal ecosystem might
contribute to the development of certain illness. There is therefore a need for an
exhaustive review on the functions of the gut microbiota, occurrence of gut dysbiosis
(alteration or imbalance of the micro biota), how these intestinal bacteria trigger
development of disease once the normal biota of a healthy individual is imbalanced,
exploiting this intricate and interwoven ecosystem for understanding human health,
development of bio-therapeutics, and future perspectives (Vyas and Ranganathan
2012).

The human intestinal tract has been colonized by thousands of species of bacteria
during the coevolution of man and microbes. Gut-borne microbes outnumber the
total number of body tissue cells by a factor often. Recent metagenomic analysis of
the human gut microbiota has revealed the presence of some 3.3 million genes, as
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compared to the mere 23,000 genes present in the cells of the tissues in the entire
human body. Evidence for various beneficial roles of the intestinal microbiota in
human health and disease is expanding rapidly. Perturbation of the intestinal
microbiota may lead to chronic diseases such as autoimmune diseases, colon
cancers, gastric ulcers, cardiovascular diseases, functional bowel diseases, and
obesity. Restoration of the gut microbiota may be difficult to accomplish, but the
use of probiotics has led to promising results in a large number of well-designed
(clinical) studies. Microbiomics has spurred a dramatic increase in scientific, indus-
trial, and public interest in probiotics and prebiotics as possible agents for gut
microbiota management and control. Genomics and bioinformatics tools may
allow us to establish mechanistic relationships among gut microbiota, health status,
and the effects of drugs in the individual. This will hopefully provide perspectives
for personalized gut microbiota management (Vyas and Ranganathan 2012).

Gut microbes and microbial products influence host functions both locally in the
gastrointestinal (GI) tract and systemically. The gut microbiome contains a vast
amount of genetic material that dwarfs the human genome, and its contents can be
modified far more easily than human genes. Thus, it is not surprising that the gut
microbiota has emerged as a promising therapeutic target. Among the most
recognized of microbiota-modifying strategies is the use of fecal microbiota trans-
plantation (FMT). However, FMT lacks precision; microbiome-targeting therapies
that are well-defined are preferred, given their potential for more favorable safety
profiles, large-scale production, and patient acceptance (Edwards et al. 2020).

Human nutrition has already been using probiotics in fermented products, espe-
cially in dairy products. Lactic acid bacteria (LAB) are a group of gram-positive,
non-sporulating, anaerobic, or facultative aerobic cocci or rods, which produce lactic
acid as one of the main fermentation products of the metabolism of carbohydrates.
The present classification of lactic acid bacteria (LAB) is according to the following
criteria: cellular morphology, mode of glucose fermentation, range of growth tem-
perature, and sugar utilization patterns. Four genera were recognized as LAB:
Lactobacillus, Leuconostoc, Pediococcus, and Streptococcus. Molecular biological
methods have increased the number of genera included in this group. The current
taxonomic classification includes the LAB group in the phylum Firmicutes, class
Bacilli, and order Lactobacillales. The different families and genera can be searched
in the NCBI Taxonomy browser or in the UniProt Taxonomy browser (Quinto et al.
2014).

The lactic acid bacteria (LAB) are natural biota of fermented foods, Generally
Recognized as Safe (GRAS), and contribute to the bouquet and particular flavor of
different kinds of fermented foods and suggested for use as a starter in the production
of different types of functional food products. Some species involved are Lactoba-
cillus acidophilus, L. casei, L. johnsonii, L. fermentum, L. rhamnosus, L. plantarum,
L. reuteri, L. salivarius, L. paracasei, L. delbrueckii subsp. bulgaricus, Saccharo-
myces boulardii, Streptococcus thermophilus, Bifidobacterium lactis, B. longum,
and B. breve. Probiotics presumably exert a dual effect, preventing or decreasing the
intestinal colonization with pathogen microorganisms, or interacting with the
gut-associated lymphoid tissue (GALT) to prevent inflammatory responses and
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promote a state of tolerance to themselves and possibly to foods. The beneficial
effects of probiotics are often disparate and strain specific. Some species conferred
beneficial effects, such as the treatment of acute diarrhea associated with rotavirus,
ulcerative colitis, Clostridium difficile-associated diarrhea, and Helicobacter pylori
infection. Furthermore, they have preventive effects, such as the prevention of
antibiotic-associated diarrhea in children and improvement in lactose digestion.
Other effects are still under investigation (Quinto et al. 2014).

Lactococcus sp., for example, is one of the best known and characterized species
of lactic acid bacteria (LAB). These bacteria are present in the natural environment,
including products of spontaneous milk or plant fermentation. They are relevant to
the production of various dairy products and several fresh cheeses such as Brazilian
Minas frescal cheese and cottage cheese (Felicio et al. 2016; Jesus et al. 2016).
Lactococci play an important role in flavor formation through their proteolytic and
amino acid conversion pathways (Zycka-Krzesinska et al. 2015). Recent efforts have
focused on screening and evaluating new LAB strains isolated from wild ecological
niches and good quality raw milk and traditional cheeses. These strains could be
used as starters to increase biodiversity, diversify flavor, and restore the unique
characteristics of traditional cheese varieties (De La Plaza et al. 2006; Allam et al.
2017; Darwish et al. 2018).

Some of LAB are recognized as nosocomial pathogens such as Enterococcus
spp.; from this consideration, it is important to determine safety before using
enterococci for probiotic preparations. On the basis, the proper selection of
enterococci is possible, and they can be used as ideal probiotics (Saavedra et al.
2003; Bhardwaj et al. 2008). Animal nutrition is another area for successful applica-
tion of probiotics, and the Enterococcus spp. seems to be the most utilized as
additive microorganisms. Several probiotics have received temporary approval in
the European Union, but their modes of action, which lead to beneficial effects, are
only partly known (Aukováa et al. 2008; Allam et al. 2016). Positive effects were
reported earlier for Enterococcus spp. such as ability to inhibit the growth of
foodborne pathogens, stimulating weight gain, hypocholesterolemic and reduction
of LDL-cholesterol, enhancing gut microbiota, immune modulatory by increasing
lymphocytes, and bacteriocin-producing (Surono et al. 2011; Pajarillo et al. 2015;
Rieger et al. 2015; El-ghaish et al. 2016; Hyrslova et al. 2016).

Prebiotics are substrates selectively utilized by host microorganisms, conferring a
health benefit. Synbiotics are selected combinations of probiotics and prebiotics that
synergize to confer a health benefit. Although the menu of potential therapeutic
combinations is vast, the current therapeutic strategy for these agents is empirical;
formulations are chosen more often for historical reasons than for mechanistic
potential. As we gain new insights into how the microbiome impacts disease
pathogenesis, we hope to develop rationally selected microbiota-targeting therapies
for individual patients or well-defined clinical scenarios.

Efforts were exhorted for production of new types of healthy fermented products
using beneficial probiotics and natural source additives as prebiotics in order to serve
synbiotic functional foods with high nutritional value, safe to all age groups, and
provide many benefits. Darwish et al. (2020) produced yogurt and frozen yogurt-like
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products using common yogurt starter culture (Streptococcus thermophilus and
Lactobacillus delbrueckii subsp. bulgaricus) either as single or mixed with
Bifidobacterium bifidum as source of probiotics. Talbina, a gentle soup made from
barley bran flour that has considerable therapeutic value prescribed as a cure for
many diseases in Sunnah, was applied as a natural prebiotic.

Burlington and Classification (2006) produced synbiotic dairy beverage,
soy-based beverage, oats-based beverage, frozen food products, and yogurt-like
products. The beverage is made by the integration of both probiotic (live microbial
food cultures) and prebiotic (non-digestible carbohydrates) supplements that benefi-
cially affect the host by improving the survival and implantation of live microbial
dietary supplements in the gastrointestinal tract.

Information on prebiotics and synbiotics is quite a few. Hopefully in the coming
years, there will be further studies on combinations of probiotics and prebiotics and
further development of synbiotics. However, the health claims made needs to be
substantiated and firmly established by properly designed large-scale clinical trials
on the human body (Maftei 2012). Further investigations to evaluate the best dose-
response effect and the length of probiotic and synbiotic supplementation are also
needed to evaluate if the persistence of their potential beneficial effects is maintained
after interruption or if continuous supplementation should be used for an efficient
treatment or disease prevention (Ferrarese et al. 2018). Therefore, current focus is on
evaluating new strains of probiotics, new prebiotics, and new synbiotic products and
their applicability in biomedical/clinical research, paving a new direction for explo-
ration and exploitation of probiotics, prebiotics, and synbiotics aimed at improving
human health.

3.7 Function of Microbiota in Human Health

3.7.1 Function of Microbiota in Human Breast Milk

Breast milk contains a rich microbiota composed of wealthy skin and non-skin
bacteria. The extent of the breast-milk microbiota diversity has been revealed
through modern culture-independent studies utilizing microbial DNA signatures.
However, the extent to which the breast-milk microbiota is transported from mother
to newborn and the role of these breast-milk microbiota for the infant are not
completely elucidated. Regarding the formation of breast-milk microbiota, including
retrograde infant-to-mother transport and enteromammary trafficking, through a
complex, highly evolved process in the early stages of discovery, mothers transfer
the breast-milk microbiota to their infants to impact infant growth and development
(Latuga et al. 2014). Breast milk supplies optimal nutrition for newborns and
decreases their risk of having irresistible diseases. Additionally, breast milk could
be a vehicle for transmission of bacteria and viruses from mother to infant. However,
the variable dictating the composition of the breast-milk microbiota and the function
of the breast-milk microbiota for infant is still not elucidated. Breast milk typically
contains both skin microbiota and what are naturally considered enteric organisms.
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Proposed speculations for the microbiome composition of breast milk involve
retrograde flow from the infant’s oral cavity, transfer of organisms from maternal
skin, and transport of microbiota from the maternal enteric tract to the mammary
gland. Numerous studies have pointed out a higher relative prominence of
bifidobacteria and Lactobacillus in breastfed newborns’ microbiome (Knol et al.
2005) compared with formula-fed newborns. It is intriguing to observe these
differences in the microbiota composition still even after breast-feeding is
discontinued (Rautava et al. 2012b). Culture-dependent and culture-independent
investigations of breast-milk samples revealed the existence of Staphylococcus and
Streptococcus, which correspond to early colonizers of the gut (Collado et al. 2009).
Lactobacillus and bifidobacteria are also detected, suggesting a significant role of
breast milk as a delivering system for beneficial microbiome (Fernández et al. 2013).
Other differences in formula-fed infants’ microbiota have been illustrated by Le
Huërou-Luron et al. (2010) and revealed that facultative anaerobes, clostridia and
Bacteroides, appear at higher level and frequency than in breastfed newborns; the
main species in clostridia is C. perfringens instead of C. difficile that is the most
abundant Clostridium in breastfed newborns. Moreover, breastfed, vaginally deliv-
ered term newborns recorded low level in the microbiota rate of C. difficile and
E. coli but a high frequency in beneficial bacteria, such as Bifidobacterium spp. In
reality, the microbial composition of breast milk is also dependent on the type of
delivery. A different and less diverse community of microorganisms has been
recorded in milk samples from mothers who had cesarean section compared to
mothers who had vaginal delivery (Rautava et al. 2012b).

Feeding with human milk improves immune system development in full-term
newborns compared with formula-fed newborns; breastfed infants show elevated T
helper type 1 (Th1) activity, higher proliferative T-cell response to tetanus toxoid
(Stephens et al. 1986), and declined counts of CD4 using flow cytometry (Carver
et al. 1991). Recent investigation revealed that preterm newborns, newborns
nourished by breast milk also had low B-cell counts compared with formula-fed
newborns (Tarcan et al. 2004). Because of the immaturity of the neonatal humoral
immunity, newborns confronting infection concurring to maternal antibodies and a
powerful cytotoxic T helper type 1 (Th1) response. Enhanced cytotoxic function in
newborns fed with breast milk may be supported by bacterial ligands in breast milk
(Donnet-Hughes 2008). To demonstrate this hypothesis, in vitro stimulation of
dendritic cells with lipopolysaccharide boosted differentiation of T cell (Spörri and
Sousa 2005). Animals raised in a germ-free (GF) environment had lasting
impedances in their immunologic function. Therefore, microbiota in breast milk
stimulates cytotoxic Th cell maturation and enhances their capacities to prevent
infection. In the intestinal tract, the microbiota participates in nutrient synthesis and
metabolism. “Enterotype” clarifies the collective functional digestive and nutritive
potentiality of the enteric microbiota. Enterotypes may be linked with body habitus,
diet, or geography (Arumugam et al. 2011). While enterotypes have not yet been
completely characterized in human infants, there is evidence of a breastfed newborn
children enterotype. In the feces of eight breastfed newborn children compared with
ten formula-fed infants, metagenomic examination recommended an elevation in
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amino acid and nitrogen metabolism, carbohydrate metabolism, and cobalamin
synthesis (Yatsunenko et al. 2012). Additionally, the breast-milk metagenome is
enriched for oxidative stress response, membrane transport, and nitrogen metabo-
lism. In term and premature infants fed with breast milk and formula, metagenomic
examinations of fecal samples have revealed an improved harmfulness potential with
the presence of bacteriophage and genes encoding for type III and IV secretion
systems. These information are authenticated with an animal model in which there is
expanded oxidative stress and a diminished in protein production utilized in cell
adhesion with formula feedings in comparison with breast-milk feedings (LaTuga
et al. 2014). The breast-milk microbiota may also help in improving intestinal barrier
protection. Animal studies have revealed that enteric colonization is essential for
stimulation of antimicrobial peptide defenses, upregulation of epithelial junctional
complexes, and expression of key enzymes for detoxification enzymes like alkaline
phosphatase to mitigate over-stimulation by bacterial lipopolysaccharide ligands
(Bates et al. 2007). In an animal model, heat shock protein 70 (HSP70) in breast
milk diminished bacterial translocation from the intestinal lumen (Liedel et al. 2011).
It is conceivable that microbiota in breast milk may elevate HSP70 levels in the
intestinal lumen and contribute to epithelial barrier function in neonates (Arvans
et al. 2005). Breast-milk oligosaccharides have a vital relationship with microbiota
in breast milk and the intestinal tract. Basically, these are complex glycans found in
human breast milk. Traditionally, oligosaccharides were thought to act as a substrate
for the growth of intestinal bacteria in the distal enteric tract (Marcobal et al. 2011).
Recent information reveals more complex relationship, through which
oligosaccharides in breast milk are not consumed by microbiota but still alter the
growth of microbiota (Hunt et al. 2012). In a rat model, oligosaccharide levels were
decreased in the small intestine and differentially emitted into urine, proposing
selective absorption of oligosaccharides conceivably in concert with differing
microbiota throughout the intestinal tract (Jantscher-Krenn et al. 2013). Addition-
ally, oligosaccharides have independent immune function in neonates (Eiwegger
et al. 2010). Eventually, oligosaccharides may work synergistically with breast milk
and enteric microbiota to reinforce barrier function. In transiting or colonizing the
infant enteric tract, the breast-milk microbiota may have broader developmental
ramification for the newborn. Microbiota in breast milk may, moreover, build up a
typical gut-brain axis. Animals raised in GF environments have diminished intestinal
peristalsis that can be reestablished with the introduction of enteric microbiome from
animals with conventional microbial exposure (Husebye et al. 1994). In a compari-
son of GF, specific pathogen-free (SPF), and gnotobiotic animals, GF animals
showed an exaggerated stress response compared with SPF mice. This response
could be switched with early exposure to Bifidobacterium infantis, which is
identified in breast milk. Oral antibiotic administration to animals raised in an SPF
environment alters enteric microbiota, upregulates brain-derived neurotrophic fac-
tor, and elevates exploratory behavior (LaTuga et al. 2014).
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3.7.2 Microbial Diversity for Human Health

Gut microbiota plays a major role in the alimentation of homeostasis of host
physiology, metabolism, development, and immunity. Profiling the gastrointestinal
microbiome composition with authentic strategy is of considerable interest to yield
novel insights into the pathogenesis of numerous diseases as well as to define new
therapeutic and prophylactic interventions. Modern developments in metagenomics
have provided researchers with the tools required to open the “black box” of
microbiome science. These novel technologies have empowered the foundation of
correlations between dysbiosis microbial communities and several diseases.
Expanded approaches and thoroughgoing data interpretation will be significant for
resolution of these discrepancies. In this context, diagnostic tools for research
purposes are required to support both preclinical developments and clinical studies
in humans using laboratory rodents. The growing requires to survey the tremendous
microbial diversity in a culture-independent manner, which leads to the advance-
ment of molecular methods through sequence profiling of part of conserved genes
such as 16S rDNA in different scientific fields. Next-generation sequencing
technologies providing unprecedented throughput of data are now routinely used
to assess bacterial community composition in complex samples. Depending if rough/
basic bacterial signature or extensive resolution of taxonomic assignment of
organisms is required, the time and costs for 16S rRNA profiling versus full genome
analysis or bacterial RNA sequencing may vary from 1 to 50. Knowing the compo-
sition of the microbial community alone does not essentially lead to an understand-
ing of its role, and functional metagenomic and metabolomic might be required.
Nevertheless, such analyses are accommodated to clarify discrepancies between
individuals considering the microbial determinant of biochemical singularity. With-
out playing the role of Cassandra, pointing out the tremendous technical bias and
both inter-/intra-individual varieties as well as time-related changes of gut microbial
composition, the separate profiling of bacterial communities is of main interest for
scientists and clinicians. It permits advance stratification of distinct responders both
in demonstrating immune and infectious diseases and for personalized therapeutic
interventions. Collectively, this process is useful for the diagnostic of dysbiosis
states and the follow-up of diet and treatments in clinical studies. Additionally, it
may clearly serve as cornerstone for research purposes in microbiota-presumed
diseases modeling in rodents, the latter being more practical and thus fitting the
3Rs ethical rules (Richmond 2000). Although the microbiome science needs a
healthy dose of skepticism (Hanage 2014), it also requires reliable and consistent
tools for gold standard metagenomic analysis.

3.7.3 Function of Microbiome in Immune System Development,
Host Protection, and Metabolism Homeostasis

As the gut microbiota encode a substantively larger number of genes than their
human host, it follows that they are able to undertake a variety of metabolic functions
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that humans are unable to do or are only able to do in a limited capacity. The gut
bacteria are able to produce a variety of vitamins, synthesize all essential and
nonessential amino acids, and carry out biotransformation of bile (Vyas and
Ranganathan 2012). In addition, the microbiome provides the vital biochemical
pathways for the metabolism of nondigestible carbohydrates; large polysaccharides,
such as starches, cellulose, pectins, and gums; some oligosaccharides that escape
digestion; unabsorbed sugars and alcohols from the diet (Cummings et al. 1987); and
host-derived mucins (Koropatkin et al. 2012). This functionality results in the
recovery of energy and absorbable substrates for the host and a supply of energy
and nutrients for bacterial growth and proliferation (Guarner and Malagelada 2003).
Metabolism of carbohydrates is a major source of energy in the colon.

Many intestinal bacteria produce antimicrobial compounds and compete for
nutrients and sites of attachment in the gut lining, thereby preventing colonization
by pathogens. This action is known as the barrier or competitive-exclusion effect.
Host cells in the gut wall have attachment sites that can be used by pathogenic
bacteria to enter the epithelial cells. Further, because bacteria compete for nutrients
in their immediate surroundings and maintain their collective habitat by
administering and consuming all resources, the enteric microbiota can outcompete
pathogenic bacteria for resources by sheer force of numbers. In addition, bacteria can
inhibit the growth of their competitors by producing antimicrobial substances known
as bacteriocins, and the ability to synthesize these bacteriocins is widely distributed
among gastrointestinal bacteria (Guarner and Malagelada 2003).

In metabolism homeostasis, the gut’s microbial population provides host physi-
ology with major benefits. An obvious relationship has now been identified between
gut microbiota and host metabolism, in which secretion of microbial-mediated gut
hormone plays a significant role. Bacteria generate a series of metabolites within the
gut lumen and provide structural components that act as signalling molecules to a
number of types of cells within the mucosa. Enteroendocrine cells inside the gut
mucosal lining synthesize and secrete a variety of hormones, such as CCK, PYY,
GLP-1, GIP, and 5-HT, that have regulatory functions in key metabolic activities
such as insulin sensitivity, glucose tolerance, fat accumulation, and appetite. The
release of these hormones can be affected by the involvement of bacteria and their
metabolites inside the gut, and therefore, the release of microbiota-mediated gut
hormones is an essential component of host metabolism microbial control. Conse-
quently, dietary or pharmacological treatments that change the gut microbiome
present possible therapies for the treatment of human metabolic disorders (Martin
et al. 2019).

The absence of gut-derived 5-HT, as a result of pharmacological inhibition or
genetic ablation of the rate-limiting enzyme for 5-HT synthesis in the gut, tryptophan
hydroxylase 1 (TPH1), demonstrates protection from diet-induced obesity in mice
(Crane et al. 2015). In addition, circulating 5-HT in obese humans is elevated and is
positively associated with body mass index (Young et al. 2018) and impaired
glycemic regulation (Takahashi et al. 2002).

Hence, the capacity of gut microbiota to affect PYY secretion has important
implications for obesity and metabolic disease growth. In two EE model cell lines
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and in primary human colonic cell cultures, microbial SCFAs, especially butyrate,
trigger a dose- and time-dependent boost in PYY gene expression (Larraufie et al.
2018). Peptide tyrosine-tyrosine (PYY), in addition to GLP-1, is synthesized and
secreted by L cells and is mainly expressed in the lower small intestine and colon.
PYY controls the intake and satiety of foods by activating central G protein-coupled
Y2 receptors in the hypothalamic arcuate nucleus on neuropeptide Y (NPY) and
AgRP neurons (Dumont et al. 1995).

By modulating gut microbial populations utilizing a range of nutrients such as
prebiotics and probiotics, synbiotics, FMT (fecal microbiota transplantation), and
postbiotics, the host-microbiome field moves toward enhancing metabolism and
weight maintenance. Prebiotics are foods or nutritional supplements that promote
the growth of saccharolytic bacteria, which metabolize nondigestible carbohydrates
such as inulin and oligofructose (Martinez et al. 2016).

Recent research has shown that prebiotics improve complications associated with
metabolic disorders, such as obesity and insulin resistance (Wang et al. 2015).
Different mechanisms have been identified to explain these beneficial effects,
including the development of SCFA, stimulation of intestinal gluconeogenesis,
epithelial integrity, secretion of PYY and GLP-1 hormones to enhance satiety and
insulin sensitivity, increased antimicrobial peptide expression, and altered gut micro-
bial community structure (Wang et al. 2015).

Another widely used strategy and intensively researched supplement is the use of
probiotics, which are live microorganisms supplied individually or in hybrids, such
as VSL#3, that produce better health outcomes in the host (Mennigen et al. 2009).
Consideration of the composition of probiotic formulations is critical since each
strain can have a different effect, for example, on microbial structure/function or on
the host immune system response. Wang and his coworkers (Wang et al. 2015)
demonstrated that in mice three bacterial strains (Lactobacillus paracasei CNCM
I-4270, Lactobacillus rhamnosus CNCM I-3690, and Bifidobacterium animalis
subsp. lactis CNCM I-2494) independently reduced body weight and increased
glucose tolerance but through various mechanisms. Regular gavage of probiotic
yeast Saccharomyces boulardii (Biocodex) has induced improvements in intestinal
microbiota, indicating a less obesogenic condition and improving the metabolic
activity of genetically obese and diabetic db/db mice (Everard et al. 2014).

In immune system development, under normal circumstances, the fetal gastroin-
testinal tract is assumed to be sterile, with the immune system’s first exposure to
commensals that occur during the passage in the birth canal. These early encounters
are deemed to set long-term tone of the mucosal and systemic immune system. The
process by which neonate tissues respond to the formidable challenge of microbial
colonization is incompletely understood, but some of these early responses to
commensals are assumed to be determined by factors found in maternal milk.
Colostrum and breast milk also contain live bacteria, metabolites, IgA, immune
cells, and cytokines as well. To form the breastfed infant microbiota and the host’s
response to these microbes, these factors synergize. For example, maternal IgA
limits immune reaction and microbial attachment through binding nutritional and
microbial antigens, and the presence of metabolites like oligosaccharides in mother’s
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milk enhances the expansion of established microbiota constituents such as
Bifidobacterium (Marcobal et al. 2010; Marcobal and Sonnenburg 2012). Through-
out pregnancy and lactation, bacterial translocation from the mouse gut increases,
and bacterially charged dendritic cells in the milk have been suggested to lead to
neonatal immune imprinting by affecting the form of the immune response to
commensal antigens (Perez et al. 2007).

The ability to tolerate the microbiota can also be demonstrated by the relative
immaturity at birth of the neonate immune system and by the tolerogenic environ-
ment defining early mammalian existence. Admittedly, blunted inflammatory cyto-
kine production and distorted development of T and B cells in favor of regulatory
responses are characteristic of the developing immune system (PrabhuDas et al.
2011; Siegrist 2001). This regulatory environment guarantees microbiota is formed
without overt inflammation. Recent reports reveal that a given population of neona-
tally enriched erythroid cells contributes to the maintenance of this immunoregula-
tory environment and limits mucosal inflammation after microbiota colonization
(Elahi et al. 2013). The host’s early exposure to commensals can also suppress cells
involved in the activation of inflammatory responses such as invariant natural killer
T (iNKT) cells, an impact that has long-term implications for the host’s ability to
develop inflammatory diseases (Olszak et al. 2012).

Early findings in GF (germ-free) mice showed that for the maturation of the
immune system, the host microbiota is crucial (Clavel et al. 2017; Pickard et al.
2017). GF mice have multiple immunological deficiencies in the absence of a
microbiota, including decreased lymphoid cell numbers and function (Fiebiger
et al. 2016). GF mice, for instance, have fewer T helper type 1 (Th1) cells than
their conventionalized counterparts (Wu and Wu 2012). In order to target intracellu-
lar pathogens, Th1 cells facilitate cell-mediated immune responses and phagocyte-
dependent inflammation (Damsker et al. 2010). Th1 responses in GF mice can be
restored via host colonization with a wide range of microbes, including the well-
studied pathogen Listeria monocytogenes, which enhances Th1 development
through macrophage production of the T cell-stimulating factor, interleukin
12 (IL-12) (Hsieh et al. 1993). Intracellular bacteria like L. monocytogenes explicitly
stimulate Th1 responses in the gut (Atarashi et al. 2015). In addition, GF mice have a
decreased number of T helper type 17 (Th17) cells. In general, Th17 cells are
pro-inflammatory, but they stimulate IL-17 development and mediate resistance
against extracellular pathogens and autoimmune disease (Wu and Wu 2012;
Damsker et al. 2010). Adherent bacteria, like clostridia-related segmented filamen-
tous bacteria (SFB), induce the production of Th17 cells in the small intestine by
causing serum amyloid A release from the intestinal epithelial cells (IECs). Serum
amyloid A release leads to the development of cytokines of the group 3 innate
lymphoid cells (ILC3) that upregulate the Th17 response (Ivanov et al. 2009). To
achieve immune tolerance toward the host microbiota, fine-tuning of Th1 and Th17
responses is important, as seen in the case of IBD, where disordered populations of
Th1 and Th17 cells result in increased pathology (Gálvez 2014). Underdevelopment
of these responses can implicate the progress of other chronic inflammation-related
diseases, such as cancer (Bailey et al. 2014; Vinay et al. 2015).
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The identification of conserved microbe-associated molecular patterns (MAMPs)
mediates one of the key modes of communication between the host and the
microbiota. These signals are incorporated into the neonate innate immune system
in a special way to facilitate stable microbial colonization. For example, while
neonate innate cells express ligands such as Toll-like receptors (TLR), their response
to microbial ligands is different from that of adult cells with significant impairment
in the release of inflammatory mediators such as oxygen radicals and increased
production of regulatory cytokines such as IL-10 (Kollmann et al. 2012). Part of this
occurrence comes as the result of the activity of the microbiota itself. In fact, early
reactions to microbial ligands such as LPS, the endotoxin present in the outer
membrane of gram-negative bacterial walls, cause gut epithelial cells to become
hypo-responsive to corresponding TLR stimulation (Lotz et al. 2006; Chassin et al.
2010).

Commensals also help in postnatal immune system development, which in turn
contributes to its containment. Studies conducted in animals raised in the absence of
live microbes known as germ-free (GF) showed that microbiota plays an important
role in the production of secondary and lymphoid structures. This effect is especially
evident in the smaller Peyer patch-size gastrointestinal tract and a reduced number of
plasma-producing CD4+ T cells and IgA (Bauer et al. 1963; Talham et al. 1999;
Hamada et al. 2002; Macpherson et al. 2001; Mazmanian et al. 2005; Smith et al.
2007). In the intestines, due to commensal contact, tertiary lymphoid structures such
as isolated lymphoid follicles or crytopatches are caused after birth (Bouskra et al.
2008; Ohnmacht et al. 2011). Commensals may also contribute to strengthening of
the intestinal barrier by various mechanisms including enhancing epithelial cell
maturation and angiogenesis (Hooper et al. 2001; Stappenbeck et al. 2002).

The high regulatory tone of the neonate immune system and the activity of
commensals in the development and training of this system results in a lasting,
homeostatic host/commensal relationship being established when operating prop-
erly. These key interactions between the host immune system and the microbiota
have far-reaching and long-term human health effects. Admittedly, epidemiological
studies have revealed that microbiota alterations in moms or neonates can predispose
to diseases associated with dysregulated barrier responses like asthma (Ege et al.
2011).

Commensals are an important and essential inducer of regulatory responses.
Following stabilization, the core human microbiota primarily includes the following
phyla: Bacteroidetes and Firmicutes, with a lower abundance of Actinobacteria,
Proteobacteria, and Verrucomicrobia (Arumugam et al. 2011). Noticeably, in the
absence of signals originating from gut biota, the development of tolerance—the
aggressive suppression of inflammatory responses to food and other orally con-
sumed antigens—could not be induced (Wannemuehler et al. 1982; Kiyono et al.
1982; Sudo et al. 1997; Weiner et al. 2011). Though immunological tolerance is
likely to be achieved by multiple and recurrent mechanisms (Weiner et al. 2011),
Foxp3+ regulatory T (Treg) cells have taken center stage in our comprehension of
this process in recent years. All throughout the host’s lifetime, these cells sustain
both peripheral and mucosal homeostasis, and impairment in the homeostasis of
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these cells leads to a loss of oral tolerance and production of abnormal effector
reactions in the gut (Josefowicz et al. 2012; Worbs et al. 2006; Mucida et al. 2005).

Defense of the host from exogenous pathogens by commensal bacteria was
identified more than five decades ago as a phenomenon called colonization resis-
tance (Van der Waaij et al. 1971; Buffie and Pamer 2013). The need for all species of
organisms to fight for the same ecological niche is one of the main ways of
interaction between the microbiota and the invading microbes. Subsequently, in a
process called colonization resistance, commensals have been shown to restrict
pathogen colonization through competition for established metabolites (Kamada
et al. 2013). Altering the availability of nutrients by the host microbiota can also
have significant effects on the expression of virulence genes and the growth rate of
pathogens such as enterohemorrhagic E. coli or C. difficile (Pacheco et al. 2012; Ng
et al. 2013).

3.7.3.1 Immunosenescence and Microbiota
Although changes in the innate immune system have been noted with aging, there
are more prominent long-term effects of microbiota on adaptive responses (Linton
and Dorshkind 2004; Castelo-Branco and Soveral 2014). For long-term defense
from environmental insults and invading pathogens, the adaptive immune system is
used. As such, this subsystem’s long-term education may have additive effects on
immunosenescence. A predominant cell type of the adaptive immune system is B
cells. The population of antigen-experienced B cells is split into plasma cells and
memory B cells. Plasma cells generate pathogen-specific antibodies, whereas mem-
ory B cells offer long-term antigen recognition through their ability to reactivate
rapidly after subsequent antigen exposures (Eibel et al. 2014). Peripheral blood
extracted from the elderly (aged 86–94 years) showed a decline in B-cell population
diversity due to a reduction in B cells in memory (Gibson et al. 2009). This reduction
in the diversity of B cells was associated with increased frailty and can be used as a
general health status indicator (Gibson et al. 2009). A decrease in memory B-cell
numbers can trigger an inappropriate immune response to the microbiota because B
cells are necessary to differentiate between pathogenic and commensal bacteria
(Eibel et al. 2014). The decrease in age-accompanying memory B-cell numbers
can encourage inappropriate immune responses to the microbiota, promote microbial
dysbiosis, and increase the risk of disease.

T cells are the adaptive immune system’s second main cell type and are known as
either conventional or unconventional T lymphocytes (Roberts and Girardi 2008).
This classification is based upon specific surface markers of T cells, functional
capacity and localization of body sites (Roberts and Girardi 2008). T cells are
typically activated by the binding of an antigen that is seen on the surface of
antigen-presenting cells (APC) (Jin et al. 2012). Conventional T cells can carry
out a wide range of functions once triggered, from stimulating long-term immunity
to killing infected cells (Jin et al. 2012). Throughout immunosenescence, the
decrease of CD28+ T cells is one of the most notable changes to occur in conven-
tional T-cell populations (Tu and Rao 2016). CD28 is a co-stimulatory protein
displayed on naive T cells and is essential for T-cell activation, regulation, and
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sustainability. A drop in CD28+ T cells can also reduce the activation of T cells,
leading to increased vulnerability to pathogens (Bour-Jordan and Bluestone 2002).
In addition, the loss of CD28 can decrease self-antigen and microbiota tolerance as it
is also a negative immune response regulator (Perez et al. 1997; Bour-Jordan and
Bluestone 2002).

Although a broad range of functions are performed by conventional T cells, their
position during immunosenescence is complex and not fully explained. The
microbiota and immunosenescence, on the other hand, are highly affected by a
class of unconventional T cells known as natural killer T (NKT) cells. In separate
studies, populations of T cells separated from the peripheral blood of elderly patients
showed a decrease in the proportion of NKT cells versus cells isolated from young
patients (DelaRosa et al. 2002; Jing et al. 2007). In addition, liver isolated NKT cells
of aged mice (aged>20 months old) showed a decrease in cytotoxic effector activity
and decreased release of cytokine versus young mice isolated NKT cells (aged
2 months old) (Mocchegiani et al. 2004). This decrease in the number of NKT
cells and immunological functioning will intensify the development of disease by
deteriorating the response of the host to pathogens and decreasing immunotolerance
toward the microbiota.

In early life, the host microbiota starts the development of the immune system.
Even so, the immune response must be fine-tuned and properly trained over the
lifetime to maintain pace with a lifelong antigenic burden. It remains a mystery,
despite these findings, how age-related immunological changes affect cellular
crosstalk and general immunocompetence. Besides that, it remains to be clarified
how the microbiota influences the immune system during immunosenescence. As
demonstrated by illnesses such as IBD, changes to the immune system are likely to
lead to an abnormal response to commensal microbes (Sun et al. 2015; Sartor and
Wu 2017). Improper reactions to the native microbiota and decreased ability to
regulate invasive pathogens can lead to chronic inflammation and the initiation of
age-related diseases like cancer (Tilg et al. 2018).

3.7.4 Obesity Alters Gut Microbial Ecology

Obesity is described as irregular or extreme fat accumulation which will ruin health.
It can be determined by calculating the body mass index (BMI) (Smith 2015). BMI is
associated index of the weight relative to the height of the person that is typically a
familiar reason of overweight and obesity in adults. Its formula is individual’s
weight in kilograms divided by the square of his height in meters (kg/m2). As
shown on Table 3.1, we can classify the adults according to their BMI into under-
weight, normal weight, overweight, class 1 obesity, class 2 obesity, and class
3 obesity (severe obesity). The main explanation of obesity or overweight is an
energy distinction between calories consumed and calories used (Sanmiguel et al.
2015).

The increase in BMI is a major risk factor for some diseases such as heart
diseases, diabetes, and some cancers.
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3.7.4.1 Gut Microbiome and Obesity
The bacteria in the gut belong mainly to five phyla that inhabit in the large intestine.
Approximately 90% of bacterial species belong to the phyla Firmicutes and
Bacteroidetes; also there are other important phyla, which are Actinobacteria,
Proteobacteria, and Verrucomicrobia (Malele et al. 2018).

In the human intestine, there are many microorganisms that help us in removing
the calories from the undigested polysaccharides in the diet, and this is because the
constituents of the microbiota can organize a large range of glycoside hydrolases and
polysaccharide lyases that do not encode in the human genome. According to certain
studies, eating a polysaccharide-rich meal allows for the removal of energy to be
stored in adipocytes via microorganisms of the intestinal epithelial that regulate the
expression of the fasting-induced adipocyte protein which inhibits lipoprotein lipase
(Ley et al. 2005).

Besten et al. (2013) mentioned that the fermentation of the polysaccharides in the
diet to monosaccharides and short-chain fatty acid in the distal gut by the intestinal
microbiota provokes the synthesis of the triglycerides in the liver. In the intestinal
epithelium, when the microbial suppression of fasting-induced adipocyte protein
occurs, this leads to decrease the level of the circulation lipoprotein lipase inhibitor
and increase both the lipoprotein lipase activity and the storage of liver-derived
triacylglycerols in adipocytes. Eating a high-fat and high-sugar diets changes the gut
microbiome, correlated with adiposity and changes in the metabolic syndrome, as
hepatic and cardiovascular diseases. Many studies found that high caloric diet,
especially high-fat diet, prompted dysbiosis causing obesity-related metabolic
disorders and may alter richness of the microbiota (Daniel et al. 2014).

As we mention before, the main cause of obesity is that the calorie intake is more
than the consumed, but also there is a hypothesis that there is another reason that may
cause the obesity which is the gut microbial ecology that affects the energy homeo-
stasis (Riedl et al. 2017). The microbiome of the gut in the obese person may
produce more storage of energy from a given diet than the thin person (Davis 2016).

Obesity has been linked to a variation in the presence of Firmicutes and
Bacteroidetes in the gut microbiota, since their relative abundance has been used
as a marker in the development of obesity (Castaner et al. 2018). The ratio of
Firmicutes to Bacteroidetes in some animals when increased may cause adiposity

Table 3.1 The categories
of the BMI for adults who
are at least 20 years old
(Chaudhary et al. 2019)

BMI Class

18.5 or under Underweight

18.5 to <25.0 “Normal” weight

25.0 to <30.0 Overweight

30.0 to <35.0 Class 1 obesity

35.0 to <40.0 Class 2 obesity

40.0 or over Class 3 obesity (severe obesity)
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and may limit the energy uptake storage by decreasing the ability to ferment
polysaccharides. Some studies mentioned that there are differences between the
obese and lean individuals in there gut microbiomes, as that Roseburia and
Mogibacterium are significantly increased in obese individuals whereas
Anaerovorax, Oscillibacter, Pseudoflavonifractor, and Clostridium cluster IV are
decreased. Moreover, obesity is accompanied by high levels of short-chain fatty
acids (Delzenne et al. 2020).

The time of eating, eating patterns, and variations in the diet affect gut bacterial
structure, bacterial richness, and abundance in the gastrointestinal tract (Conlon and
Bird 2015).

The diets that offered to lose weight in humans and are based on a high intake of
protein and low intake of fermentable carbohydrate may vary microbial activity and
bacterial populations in the large intestine and so influence on gut health (Diether
and Willing 2019). One study mentioned that Roseburia spp. and Eubacterium
rectale decreased as carbohydrate intake decreased in healthy obese individuals
(Duncan et al. 2007).

Nearly all kinds of dietary fibers are fermentable, entirely or to some degree.
Some fibers are quickly fermented by the colonic microbiota, whereas others are
fermented more slowly. Dietary fibers may adjust microbiota richness, diversity, and
metabolism (Myhrstad et al. 2020).

There is a significant role of dietary lipids on the gut microbiota composition and
function, as the high-fat diet can exert adverse effects on the gut microbiota and is
related to metabolic disorders (Schoeler and Caesar 2019).

Short-chain fatty acid is considered as a microbiota-related marker of obesity in
humans because their colonic manufacture is associated well with the BMIs and the
levels of short-chain fatty acids are suitable for the alteration of gut bacteria
(Chambers et al. 2018). Despite that, short-chain fatty acids are usually known as
markers of carbohydrate fermentation in the colon and are therefore normally
considered as beneficial to health. Han and Hang Xiao (2020) stated that the
modifications of gut microbiota in obese rodents and humans were induced by
dietary intervention with numerous whole fruits and vegetables.

3.7.5 What Is Gut-Brain Axis and Microbiome-Gut-Brain Axis?

The human body is occupied with microbes (which are one of the most abundant
ecosystems in life), which inhabit many parts of the human body, including the
gastrointestinal tract, where a symbiotic relationship between the microbes and the
human occurs, as microbes play a vital role in health and disease (Kumar and
Chordia 2017). The intestinal microbiota is essential in keeping intestinal health,
helps in digestion process, regulates the metabolic homeostasis by regulating the
breakdown of the different nutrients, helps in energy absorption and appetite, and
improves the intestinal immune system and keeps the individual from any infection.
Moreover, the microbiota has an important task in controlling the manufacture and
function of the central nervous system (Zheng et al. 2020), as they organize the size
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of dendrites, the mass of spines of the dendrites, and the thickness of the myelin
sheath (Sharon et al. 2016). Gut microbiota is important to release the stress
hormones in a suitable manner and restore the intestinal ecosystem to reverse
irregular stress response (Foster et al. 2017).

Chakaroun et al. (2020) stated that the intestinal microbiota was considered as the
intestinal barrier and regulated the passage of antigens by the para-cellular way
where the gut-associated lymphoid tissue (GALT) is sited. The structure of intestinal
microbiota is affected by diet and environmental stressors such as drugs and also
affects the permeability of the intestinal barrier and allows the molecules to move
through the para-cellular way to blood vessels, as the GALT protects against the
pathogenic microorganism. Furthermore, this microbiota is able to generate
hormones, immune modulators, and neurotransmitters to affect many cellular
functions. Microbes are able to mediate the metabolism of the amino acid tryptophan
and can synthesize dopamine, noradrenaline, and acetylcholine.

The gut microbiota can produce pro- and anti-inflammatory cytokines that can
signal to the brain by circulation (Wang et al. 2020). There is a link between the brain
and the gut that contain the microbiota resulting in the microbiota-gut-brain axis by
the vagus nerve.

Changes in the environment of the GI tract such as disturbances to the microbiota
of the gut may change its conformation or its variety and so affect the health; this
change is called dysbiosis (Gagliardi et al. 2018). Dysbiosis is known as a change in
structure and function of the gut microbiota. Definitely, the progression of some
diseases such as autoimmune diseases, metabolic syndromes and neurological
conditions related to the dysbiosis, and so this may be a great risk factor of stroke
(Kumar and Wong 2020).

Liu and Dai (2020) mentioned that there are factors that induce systemic inflam-
mation and increase the risk of cardiovascular diseases, stroke, or obesity such as the
reduction of Akkermansia bacteria and increase levels of trimethylamine N-oxide
(derived metabolite of pro-thrombotic bacteria). Changes in the gut microbiota have
been accompanied with neurodegenerative diseases in addition to mood disruption
and depression, so in some psychological health changes, this microbiota are noticed
in many GI diseases. As shown in Table 3.2, there are changes in the microbiota and
its metabolites according to different psychiatric conditions (Skonieczna-Zydecka
et al. 2018). When there is activation of the gut-associated lymphoid tissue,
dysbiosis takes place, causing a disturbance to the gut barrier integrity leading to
increase in the intestinal permeability (Brandl and Schnabl 2015).

The communication between the cells of the intestinal barrier offers the ability to
absorb and secrete certain materials that prevent the translocation of microorganisms
and the diffusion of toxic substance and other destructive antigens; consequently,
any acute or chronic stress may cause damage to the integrity of the intestinal barrier
and changes in gut microbiota structure. Temper and psychiatric distortions besides
some gastrointestinal tract ailments are associated with chronic inflammation; these
inflammations with nervousness and depression affect the gut microbial composi-
tion. Any changes in the structure of the gut microbiota in turn affect the peripheral
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tolerance and consider risk factors of stroke and also may change the brain’s reaction
to the stroke (Tan et al. 2020).

3.7.5.1 Stroke Development and Microbiota Gut-Brain Axis
The main regulator of the immune system after acute stroke is the microbiota
gut-brain axis (Arya and Hu 2018). Stroke (cerebral infarction) is responsible for
nearly 10% of deaths all over the world, and it is most predominant in individuals
over the age of 55 years (Ojaghihaghighi et al. 2017). Stroke occurs if there is an
unexpected block of blood supply to a part of the brain, depriving it of oxygen and
nutrients, or if there is a sudden rupture of blood vessels discharging blood into the
brain, causing acute stroke and hemorrhagic stroke, respectively (Ojaghihaghighi
et al. 2017). Any type of stroke causes damage to the surrounding neurons and may
cause stroke. Arya and Hu (2018) found that changes in the microbial structure in the
gut took place after a stroke or some neurological disorders. Transformation in the
immune function and decreasing metabolism during aging allow any microbial
changes in the gut of older individuals to make them have a high risk of stroke.

Table 3.2 Microbiota and its metabolite alterations in various psychiatric conditions (Skonieczna-
Zydecka et al. 2018)

Disease Disease microbiota-related fingerprint

Depression Increase in Bacteroidetes, Proteobacteria, Actinobacteria,
Enterobacteriaceae, Alistipes, propionic, isobutyric, and isovaleric acids

Decrease in Faecalibacterium, Bifidobacterium, Lactobacillus, serotonin,
noradrenaline, short-chain fatty acid, kynurenic acid, kynurenine

Schizophrenia Increase in Coriobacteriaceae, Prevotella, Succinivibrio, Collinsella,
Megasphaera, Klebsiella, Methanobrevibacter, and Clostridium

Decrease in Blautia, Coprococcus, and Roseburia

Bipolar disorder Increase in Bacteroides, Actinobacteria, and Coriobacteria

Decrease in Faecalibacterium, Roseburia, and Alistipes

Parkinson’s disease Increase in Bacteroides and Roseburia

Decrease in Blautia, Coprococcus,Dorea,Oscillospira, and Akkermansia

Autism spectrum
disorder

Increase in Streptococcus, Clostridiales, Comamonadaceae,
Akkermansia, Rhodococcus, Oscillospira, Desulfovibrio, Burkholderia,
Collinsella, Corynebacterium, Dorea, Lactobacillus, acetic and propionic
acid, p-cresol, and glutamate

Decrease in Firmicutes, Faecalibacterium, Ruminococcus,
Proteobacteria, Fusobacteria, Verrucomicrobia, Bifidobacterium,
Neisseria, Alistipes, Bilophila, Dialister, Parabacteroides, Veillonella,
butyric acid, tryptophan, and kynurenic acid

Alzheimer’s
disease

Increase in Blautia, Phascolarctobacterium, Gemella, E. coli, and
Shigella

Decrease in Ruminococcaceae, Turicibacteraceae,
Peptostreptococcaceae, Clostridiaceae, Mogibacteriaceae, and the genus
SMB53 (family, Clostridiaceae) Dialister, Clostridium, Turicibacter, and
cc115 (family Erysipelotrichaceae)

Anorexia nervosa Increase in Methanobrevibacter smithii
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Moreover, having an unhealthy diet can lead to atherosclerosis, type 2 diabetes,
obesity, and cardiovascular disease; all of them are risk factors of stroke.

Moreover, Yamashiro et al. (2017) found that stroke caused high incidence of
Lactobacillus ruminis that is associated with serum levels of interleukin-6 and
increased concentrations of valeric acid in the fecal metabolites and related to the
level of high-sensitivity C-reactive protein and white blood cell count. From these
findings, gut dysbiosis in patients with stroke is accompanied with change in the
metabolism of the host. Tissue injury induced by stroke is traditionally localized and
limited to the brain, but the brain works to reduce the harm caused by inflammation.
Giacinto et al. (2005) revealed that antibiotics stimulate gut dysbiosis that is able to
change immune homeostasis in the small intestine, causing an increase in regulatory
T cells, which sequentially cause a decrease in the effector T cells from the gut to
the brain after stroke and then decrease stroke infarct size. The metabolites of the
mucosal microbiota affect the movement of the gut, and it can either attack the host
or allow epithelial healing responses to restore gut barrier and host immunity after
stroke.
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Abstract

As a complex ecosystem, human gut microbiota have several functions integrated
in the host organism through various activities including metabolism, immunity,
absorption, etc. One of the human microbiota is viruses, whose composition has
not been completely described up till now. Vaious studies proved that the human
gut harbors different types of viruses like plant-derived viruses, giant viruses, and
bacteriophages. Recently metagenomic methods have allowed to reconstitute
entire viral genomes from the genetic material spread in the human gut, opening
new avenue on the understanding of the gut virome composition, the importance
of gut microbiome, and potential clinical applications. This chapter aims to shed
light on the latest evidence on human gut “virome” composition, interaction, its
function, and possible future therapeutic applications in human health.

Keywords

Bacteriophages · Diabetes · Homeostasis · Gut microbiome · Obesity

4.1 Introduction

The human microbiome contains communities of commensal, symbiotic, and path-
ogenic bacteria, archaea, viruses, and small eukaryotes that actively interact with one
other and/or with the host to maintain homeostasis (Nicholson et al. 2012). The
microbiome acquired at birth is shaped as a result of multiple factors, including the
mode of delivery, breastfeeding, solid food, and other environmental exposures
(Dominguez-Bello et al. 2010). The human gut microbiome harbors genes that are
involved in nutrient synthesis, amino acid metabolism (Lin et al. 2017), carbohy-
drate metabolism (Rowland et al. 2018), and lipid metabolism (Wang et al. 2016).
Other factors such as host genetics (Blekhman et al. 2015), dietary habits (David
et al. 2014), lifestyle (Clemente et al. 2015), comorbidities (Nagpal et al. 2018),
chemotherapy (Montassier et al. 2015), and antibiotics (Francino 2016) can also
disrupt the microbiome balance and may promote disease. The research on
microbiome is actively directed to understand the microbial association, function,
structure, and trans-kingdom interactions, as well as their cause and effect in the
context of health and disease. The techniques used for the isolation and characteri-
zation of bacterial communities are relatively well-developed and standardized
compared to those of the archaeal, eukaryal, and viral communities, and therefore,
most of microbiome studies have been focused on the bacterial component of the
human microbiome (Pollock et al. 2018). Nevertheless, characterization of viral
communities can be more challenging than bacteria, archaea, and eukaryotes due
to the absence of phylogenetically conserved genes. The shotgun metagenomic
sequencing is the potential approach to characterize viral communities, a concept
known as virome (Santiago-Rodriguez and Hollister 2019). The human virome is
defined as a collection of all viruses that are found in human. The human virome
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comprises eukaryotic and prokaryotic viruses; viruses that cause acute, persistent, or
latent infection; and viruses that can integrate themselves into the human genome
(Fields et al. 2007). The human intestinal microbiota represents one of the most
complex microbial ecosystems that is comprised of bacteria, viruses, fungi, multi-
cellular parasites, and archaea (Moeller et al. 2016), which provide a heterogeneous
surface area (>200 m2) for microbial life (Hooper and Macpherson 2010). It is
estimated that the human gut contains between 30 and 400 trillion microorganisms
from a variety and abundant bacterial hosts that can support a correspondingly rich
and varied phage population (Ahmed et al. 2007; Zhang et al. 2014). The DNA and
RNA viruses that collectively make up the intestinal virome are at least equivalent in
number to the bacterial cells (Reyes et al. 2012), although on gut mucosal surfaces
and within the mucus layers they may outnumber bacterial cells by 20:1 (Barr et al.
2013). This viral community encompasses an abundant and diverse collection of
viruses that not only infect every domain of life (Eukaryota, Archaea, and Bacteria)
but also dominated by viruses that infect and replicate within bacterial cells (bacteri-
ophage or phage) (Reyes et al. 2010). The gut microbial community is now consid-
ered to be intimately involved in our health, providing a wide range of beneficial
functions such as extraction of additional energy from our diet, shaping the immune
systems, and protection from invading pathogens. Additionally, it has emerging
roles in modulating mood, behavior, neurocognitive development, and even the
aging process (Zoetendal et al. 2006).

4.1.1 Emerging View of the Human Virome

Until quite lately, human viruses were regarded as pathogens that are able to cause
human pandemics and a large variety of illnesses that can cause high mortality rate.
Recently, new human-associated viruses, known as human virome, have arisen with
the advent of new sequencing technologies that enabled the study of the global viral
population (DNA and RNA) in humans (Greninger et al. 2009; Allander 2008). Most
of these high-throughput sequencing techniques, however, were conducted using
filters with pore sizes varying from 0.2 to 0.45μm, which filter larger viruses,
resulting in the human virome’s technical bias. The viral resources and biodiversity
in the human body were commonly underestimated under nonpathological
conditions. The microbial biodiversity of the human gut is regulated by human-
associated viruses (Stern et al. 2012; Marinelli et al. 2012). The very basis of our
being, our genome, is influenced by viruses. Reminiscences of human-viral ancestral
cohabitation are imprinted in about 100,000 documents for endogenous viral
fragments in our genome, comprising about 8% of our genome (Belshaw et al.
2004). Eventually, major physiological roles, such as mammal placental morpho-
genesis, have been associated with endogenous viral proteins (Mi et al. 2000; Blaise
et al. 2003).

Phage-bacteria-human interactome deciphering has only been lately started to
appear. The viral metagenomics study of the oral cavity of healthy individuals,
reported by Willner et al., showed that phages constitute an essential reservoir for
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genes of bacterial virulence. These results, therefore, indicated that phages play a
dual role in regulating the bacterial population while also contributing through
horizontal gene transfer to bacterial pathogenicity and resistance (Willner et al.
2011). Several studies identified the persistent viral scattering from the gastrointes-
tinal tract of dsDNA viruses of the Polyomaviridae family. In healthy children and
adults, the polymerase chain reaction (PCR)-based identification of the BK, JC, and
SV40 viruses has been reported (Vanchiere et al. 2009). Compared with adults, viral
identification was more common in stool samples from infants. These results
highlight the hypothesis that the gastrointestinal tract could be a site of persistence
of polyomavirus with a potential fecal-oral viral transmission pathway.

In the normal gut viral flora, several RNA viruses, commonly regarded as human
pathogens, have also been identified. The existence of many eukaryotic viral
families, such as Astroviridae (Gabbay et al. 2005; Méndez-Toss et al. 2004),
Caliciviridae (Barreira et al. 2010; Ayukekbong et al. 2011), Picornaviridae,
Reoviridae, and Picobirnaviridae, as well as plant viral families, such as
Virgaviridae, has been discovered by PCR-based or by metagenomic studies on
“healthy” human feces. Reoviridae and Picobirnaviridae are two gastroenteritis-
responsible families of dsRNA viruses, but both may occur in healthy humans. For
instance, in developing countries, rotaviruses (Reoviridae, genus Rotavirus) are the
major cause of death among children below the age of 5. Some genotypes, such as
G10P strains, have commonly been correlated in India with asymptomatic neonatal
infections (Gómara et al. 2004). The existence of plant viruses in the human gut
indicates that, as shown for bacteria, the virome would differ between individuals
based on diet (Turnbaugh et al. 2009). Gut virome can also rely on environmental
factors, including geography, eating patterns, or ethnic differences, resulting in
heterogeneity between individuals. A persistent need for blood transfusions and
medical care is reflected by human blood and related products. Blood, however, is
also a major viral reservoir, and certain viruses can be pathogenic. Therefore, it has
direct implications for public health to identify the viral flora in the blood. A growing
body of evidence suggests (Nishizawa et al. 1997) that the blood is not sterile in
healthy individuals and can carry several viral organisms. Most of “normal” blood
viral flora consists of the most commonly detected ssDNA viruses of the
Anelloviridae family of Torque teno viruses (TTVs). TTVs, originally found in a
post-transfusion hepatitis patient in Japan, are small viruses of icosahedral symmetry
that are non-enveloped and have a high level of genetic diversity. The first genus of
Anelloviridae, Alphatorquevirus, currently comprises 29 species of TTV. Globally
distributed TTVs are now known to be commensal (Virgin et al. 2009; Breitbart and
Rohwer 2005; Biagini et al. 1998). Although replicative forms of TTV DNA have
been discovered in peripheral mononuclear blood cells (Okamura et al. 1999), the
bone marrow, lung, spleen, and liver have been described with viral loads higher
than those in the blood (Okamoto et al. 2001). There have also been studies
recording TTV mother-to-child transmission (Bagaglio et al. 2002).

The Parvoviridae family is another ssDNA virus family. The human parvovirus
(PARV) was initially detected in the plasma of a person at risk for HIV infection
(Jones et al. 2005). However, regular plasma identification of PARV4 and PARV5
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has been documented in healthy blood donors as well as symptomatic individuals
(Fryer et al. 2007). In blood donors, eukaryotic dsDNA viruses have also been
identified. By analyzing blood from 400 donors, Egli et al. confirmed the prevalence
of BK and JC polyomaviruses (Egli et al. 2009). Intriguingly, with respect to virus-
host interaction and epidemiology, they reported crucial variations between the BK
and JC viruses. In addition, lymphotropic polyomavirus and human bocavirus
(HBoV) have also been frequently detected in immunocompromised and seemingly
healthy individuals in the peripheral blood (Delbue et al. 2010; Bonvicini et al.
2011). Nevertheless, several studies reported the presence of some viral species, as
the viral flora, in many parts of the human body such as the respiratory tract,
teguments, the nervous system, and the genitourinary tract (Popgeorgiev et al. 2013).

4.1.2 Human Gut Microbiota Composition

The human intestine is colonized by several microbial strains after birth that fluctuate
and change during our life span according to anatomical, dietary, and nutritional
status changes (e.g., obese, anorexic, lean nutritional status) and environmental (e.g.,
climate, familial composition, lifestyle, working place, etc.), pathological (e.g.,
gastrointestinal and systemic infections), and pharmacological factors (e.g., use of
antibiotics, prokinetics, laxatives, and probiotics). The main components of gut
microbiota are bacteria, fungi, yeasts, archaea, viruses, and other Eukarya (such as
Blastocystis and Amoebozoa) (Mai and Draganov 2009). Bacteria reach more than
1 kg of weight and account for more than 1100 species. Bacteroidetes and Firmicutes
are the predominant phyla in adults, followed by Actinobacteria and Proteobacteria
(Lozupone et al. 2012). Approximately 1013 bacterial cells and an average of �160
distinct species may reside in the adult human alimentary tract (predominantly in the
colon), with over 1000 different bacterial species in total associated with the human
gut microbiome (Qin et al. 2010). Little information is still known about commensal
fungi, archaea, and protozoa. However, some emerging microbiological data on
yeast composition and functions have clarified their subsequent clinical use in the
modulation of gut microflora. In fact, Saccharomyces boulardii is currently used
with significant efficacy over placebo in the treatment of post-infectious and post-
antibiotic diarrhea (Dinleyici et al. 2012).

The last three decades of microbiological/clinical research have helped to under-
stand how food, pre�/probiotics, and antibiotics can modulate the intestinal bacteria
qualitative/quantitative pattern resulting in different microbial-host functions
(Devaraj et al. 2013). The observations of an obese/lean gut microbiota associated
with overweight or lean status clarified how microbiota manipulation by diet was
possible and how microbiota could be responsible not only for overweight but also
for the chronic inflammatory state typical of the metabolic syndrome (Met S) (Geurts
et al. 2014). The diet and gut microbiota’s role in obesity pathogenesis is not simply
causative as was initially expected. A recent report by Ridaura et al. (2013) showed
how co-housing mice with an obese twin’s microbiota and with mice containing the
lean co-twin’s microbiota prevented the development of increased body mass and
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obesity-associated metabolic phenotypes (greater polysaccharide metabolism and
protein degradation) in obese cage mates. In a study by Qin et al., the role of diet in
gut microbiota modulation showed to be strengthened by the recent metagenome-
wide association in type 2 diabetic patients. Indeed, in a diet-associated insulin
resistance status, the authors showed that these patients have a peculiar decrease in
some butyrate-producing bacteria, an increase in various opportunistic pathogens,
and an enrichment of other microbial functions conferring sulfate reduction and
oxidative stress resistance (Qin et al. 2012). Based on these results, the possible
functions of gut microbiota were quickly related to other organs. The previous
association between spontaneous bacterial peritonitis and small bowel bacterial
overgrowth in liver cirrhosis (Guarner and Soriano 2005) has led to the understand-
ing of the microbial molecular patterns triggering inflammation and fibrosis in liver
diseases such as non-alcoholic fatty liver disease (NAFLD) and its complications,
i.e., non-alcoholic steatohepatitis (NASH), liver cirrhosis, and hepatocellular carci-
noma (HCC) (Friedman 2013). Actually, gut bacteria seem to interact with the
central nervous system (CNS) via the enteric nervous system through the
endocannabinoid system. Thus, gut microbiota can affect the neuro-psychiatric
state of the host, and also the CNS is able to affect its composition through food
intake regulation (Cani et al. 2014).

4.2 Human Gut Virome Composition: Main Players

The concept of the existence of a “gut virome” has recently discovered (Mai and
Draganov 2009), although the presence of viruses as pathogenic organisms in human
intestine has been known and documented for more than a century (Lozupone et al.
2012). Recent studies described the temporal dynamics of the human gut virome. It
appears that the symbiotic relationships between host and virome develop at a young
age, with specific variations occurring during the first 2 years of birth, coinciding
with environmental and dietary changes. As a result, individuals on the same diet
showed similar gut virome composition (Minot et al. 2013). Norwalk virus, Rotavi-
rus, and enterovirus are the well-known agents of gastroenteritis in man (Lagier et al.
2012). The reason we consider linking these pathogens with the gut virome is that
the infection of the gut is responsible for enterocyte and bacterial microflora
changes. These pathogens can affect the host in the acute phase of the infection
with gastrointestinal complaints such as nausea, vomiting, diarrhea, and weight loss
and also in the long-term persistence of symptoms and the possible eliciting of
functional gastrointestinal disorders such as functional dyspepsia and post-infectious
irritable bowel syndrome (Beatty et al. 2014). Although the viruses are the most
numerous (about 1031 viral particles on earth and approximately 108 to 109 per gram
of feces) and diverse microbial entities, there are relatively few studies that have
focused on the association and function of viruses as part of the human microbiome
(Robinson and Pfeiffer 2014). This is due to the challenges encountered in viral
isolation, nucleic acid extraction, sequencing, and analysis pipelines (Mukhopadhya
et al. 2019). The advent of high-throughput sequencing technologies permitted
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further insights into the human-microbe complex relationship that revealed the
significant associations between microbial ecosystem shifts and disease (termed
dysbiosis) and highlighted the diverse and abundant retinue of viruses intimately
associated with the human gut microbiome (Breitbart et al. 2003). This human gut
virome may be defined as the total population of viruses [or virus-like particles
(VLPs)] associated with the underlying gut microbial community. In keeping with
the dominance of bacteria in the gut microbiome, the gut virome appears to be
predominated by prokaryotic viruses (bacteriophage) (Reyes et al. 2010). Both
eukaryotic and prokaryotic viruses share lytic or latent life cycles, which allow
different virome/host interactions and promote virus survival and evolution (Virgin
2014). As a result, human eukaryotic viruses can affect host physiology, mainly
when chronically infecting particular sites, and virus-derived genetic elements can
modify host gene and protein expression once integrated into host chromosomes
(Foxman and Iwasaki 2011).

4.2.1 Eukaryotic Viruses

There are far fewer eukaryotic viruses than bacteriophages in the gut (Lim et al.
2015). According to metagenomic methods, novel enteric eukaryotic viruses were
found to be responsible for acute diarrhea in children’s small bowel enteropathy in
developing areas of Australia (Scarpellini et al. 2015). These new data were con-
firmed by quantitative real-time polymerase chain reaction (qRT-PCR), which
showed that diarrhea in children contains a higher abundance of viruses, many of
them not previously known to be pathogenic (Holtz et al. 2014). Sequencing of
eukaryotic viral communities in fecal samples from children has identified
Picobirnaviridae, Adenoviridae, Anelloviridae, and Astroviridae family members
and species such as bocaviruses, enteroviruses, rotaviruses, and sapoviruses (Minot
et al. 2013). Despite being fewer in number, these viruses also have significant
effects on human health, both in healthy and immunocompromised subjects, causing
acute gastroenteritis, acute enteritis, or colitis (Eckardt and Baumgart 2011).
Picobirnaviruses have been found in stool samples from individuals with diarrhea
of unknown etiology (Banyai et al. 2003), as well as in healthy subjects
(Kapusinszky et al. 2012), leaving their pathogenic capability up for discussion.
Among the RNA viruses found in the gut, a prevalence of plant viruses has
been introduced in the diet (Minot et al. 2011). In addition, disease-associated
viruses such as herpesviruses, polyomaviruses, anelloviruses, adenoviruses,
papillomaviruses, polyomaviruses, hepatitis B virus, hepatitis C virus, and human
immunodeficiency virus (HIV) are also present in the intestinal viromes of some
individuals, indicating that the gastrointestinal (GI) tract contains viruses capable of
infecting host cells. As the majority of humans remain asymptomatic, it has been
proposed that these pathogenic viruses (pathobionts) have become part of the
metagenome of normal individuals, with the majority rarely causing disease and
remaining dormant within the host (Hunter 2013). According to experiments in
germ-free and antibiotic-treated mice, bacterial microbiome can promote the
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replication and, in some cases, persistence of enteric viruses (Pfeiffer and Virgin
2016), with the efficient transmission of mouse mammary tumor virus requiring
intestinal bacteria (Kane et al. 2011). Thus, the interactions between viruses and
bacteria, and other constituents of the intestinal microbiome, are important in
influencing the course and outcome of virus infections (Almand et al. 2017).

4.2.2 Bacteriophages

In recent years, studies of the human gut virome have mainly focused on the analysis
of virus-like particles (VLPs) purified from fecal samples and the application of
high-throughput metagenomic approaches to characterize these viruses (Reyes et al.
2012). Several studies have provided insights into the diversity and structure of the
gut virome, which is likely to reflect the underlying diversity of the bacterial
microbiome (Qin et al. 2010). Intestinal bacteriophages (prokaryotic viruses) were
recently considered as the main component of the gut virome, accounting for about
90% of its composition (Lozupone et al. 2012). Bacteriophages can be quite literally
defined as “viruses of bacteria.” Bacteriophages are commonly known as “bacterial
parasites” that inject their genome in their host, integrating with its genetic material
(prophage state) and inducing synthesis of other phage particle with bacterial cell
lysis (lytic state) (Mokili et al. 2012). Double-stranded DNA phages from the order
Caudovirales (Podoviridae, Siphoviridae, and Myoviridae) as well as single-
stranded DNA phages from the family Microviridae constituted the bacteriophage
component of the gut virome (or phageome) (Minot et al. 2011). The Microviridae
family was initially considered as secondary players in the environmental viral
community because of their modest genome size.Microviridae are small icosahedral
viruses with circular single-stranded DNA genomes, and their members are
divided into microviruses (genus Microvirus) and gokushoviruses (subfamily
Gokushovirinae) (Wegley et al. 2007). These viruses have been retrieved in bacteria
belonging to two genera of the phylum Bacteroidetes: Prevotella and Bacteroides
(Roux et al. 2012). The virotypes mostly infect bacteria belonging to the most
prevalent phyla within the gut, comprising members of Firmicutes, Bacteroidetes,
Proteobacteria, and Actinobacteria (Manrique et al. 2017). The adult gut virome may
be dominated by just one or a few different virotypes and is characterized by a high
degree of stability in terms of its structure over time, with temporal tracking of gut
virotypes, revealing the retention of between 80 and 95% of virotypes over a period
of 1–2.5 years (Reyes et al. 2012).

Microbial viruses modulate their bacterial hosts directly through affecting their
mortality and through horizontal gene transfer and indirectly by reprogramming host
metabolism (Dalmasso et al. 2014). The human GI tract contains an estimated 1015

bacteriophages (phages; the phageome) that may represent the richest concentration
of biological entities on earth (Dalmasso et al. 2014). Phages can be functionally
categorized based on their life cycle after infecting host cells (Weinbauer 2004).
Lytic (virulent) phages lyse the infected cells by hijacking the host cell’s replication
mechanism to package and produce more phages and lytic enzymes that cause cell
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lysis to release the newly formed phages (Mukhopadhya et al. 2019). After that,
temperate phages incorporate their genetic material into the host cell chromosome as
prophages and replicate alongside the host cell (Girons et al. 2000). Recently,
analysis of the viral fraction of existing metagenomic studies identified a DNA
phage called crAssphage that is highly abundant in the gut microbiome. It has
been predicted, based on host co-occurrence profiling, that crAssphage infects
Bacteroides species (Guerin et al. 2018). Prokaryotic viruses are known to influence
human health by affecting bacterial community structure and function (Reyes et al.
2010). However, the intricate pathways by which this influence is exerted are yet to
be fully clarified. Nevertheless, it has been shown that (1) temperate phages are
common; (2) bacteriophages vary widely between individual hosts but not within a
single subject; and (3) the variety of bacteriophages present increases in adulthood,
and the diet affects the composition of phage communities (Minot et al. 2013).

4.3 Virome Functions Within the Human Gut Microbiome

Up to date, there are few clear data about gut virome functions within the gut
microbiota ecosystem, although the life cycle of viruses provides indirect informa-
tion about their possible roles. The great part of the phages found in the human gut
shows atypical “temperate” behavior, which justifies the hypothesis that their com-
position is quite stable during the host’s life (Lozupone et al. 2012). Furthermore,
several authors have used the terms “stability” and “variability” to define phage
behavior. The two kinds of these characteristics, belonging to the bacteriophages in
the intestine, are linked as in a “virtuous” cycle. In fact, the stability of the viral
genome is responsible for that of other microorganisms, such as the bacteria of the
gut microbiota (Hofer 2013). This is proved by the fact that gut virome composition
mimics the evolution of the infant bacterial microbiota (Palmer et al. 2007). These
are common between phages and bacteria and are implicated in bacterial wall
adhesion and immunoglobulin receptor synthesis, contributing to maintaining
viral-bacterial immune tolerance in the gut. This allows the persistence of bacterial
and viral species in the gut, exerting their effects on enterocytes and on the host (Liu
et al. 2002). On the other hand, the presence of one intrinsic variability, typical of the
few lytic phages found in the intestine, is an interesting characteristic of these
viruses, which allowed the generation of new species in a short time frame and
allowed them to escape extinction (Hofer 2013). Indeed, among the genes stably
conserved during intestinal viral evolution discovered by metagenomics, there are
also those involved in energy harvesting such as for carbohydrate transport and
degradation (Markine-Goriaynoff et al. 2004). So these properties are common to
diet-derived viruses of plants that can modulate human bacterial microbiota/host
metabolism (e.g., carbohydrate synthesis/degradation, protein synthesis) (Lagier
et al. 2012). According to “Darwin postulate” on animal species survival, the most
common genes mapped by the largest part of sampled individuals were that respon-
sible for DNA replication and repair, namely, a feature of “adaptation for survival”
(Waller et al. 2014). As a result, gut virome has a significant impact on our gut
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microbiome and may potentially play a role in human genome maintenance over the
generations. Among the genes encoded in cryptic prophages of Escherichia coli,
those for resistance to antibiotics and other stress factors have been found
(Kumarasamy et al. 2010). These explain the strict interaction between viral and
bacterial particles in the intestine, which lead to the classical concept of
bacteriophages as “predators” of bacteria. In fact, the transmission of genes between
virus and the infected bacteria helps the host to resist oxidative stress and antibiotic
use, another proof of the “temperate” lifestyle of the gut virome (Scarpellini et al.
2015).

4.4 Tools for Human Virome Identification

The absence of validated protocol to study virome might be due to the numerous
obstacles in virome study such as viral diversity, host contamination, and lack of
common conserved sequence within virus genome (Krishnamurthy and Wang
2017). Plaque assay is a culture-based technique and has been used to study and
quantify phages and to detect their host range in environmental samples (Hamdi
et al. 2017). However, culture-based approaches are not suitable to study viruses in a
complex ecosystem such as human gut (Sutton and Hill 2019). Recently, the
development of the metagenomics allowed the study of the natural viruses within
complex microbial samples (Ye et al. 2019). Metagenomics is a molecular-based
technique of non-culturable organisms used to study environmental samples
containing complex of microbes by analyzing their genomes based on function
and sequence (Riesenfeld et al. 2004). Most studied viromes are DNA and very
low RNA viruses; this is because of the high mutation rate of RNA viruses and lack
of standard amplification and bioinformatic tool (Marz et al. 2014).

The main steps in metagenomics include sampling, homogenization, filtration,
concentration of the purified viral particle, extraction and amplification of viral
nucleic acid, genome sequencing, and, finally, assembly and data analysis
(Fig. 4.1) (Kumar et al. 2017; Manoussopoulos and Anastassopoulou 2020). Indi-
vidualization and combination of various steps were used according to sample
source and isolated virus to reach high viral titer and low host cell contamination.
Different approaches used in metagenomics are discussed in this section.

4.4.1 Sampling

The selection of sample type and site is crucial starting in the studying and isolation
of virome. Many common clinical samples yielded low abundance viruses and
relative noise background from other microbiome and host cells (Haynes and
Rohwer 2011; Rascovan et al. 2016).

The most studied human part containing a huge number of natural viruses is the
gut and stool sample (Haynes and Rohwer 2011; Popgeorgiev et al. 2013; Rascovan
et al. 2016). Other studied biopsies containing viromes include skin, respiratory
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tract, genitourinary tract, nervous cells, and blood (Popgeorgiev et al. 2013). Col-
lected samples should be homogenized with isotonic buffer and then purified
immediately or kept at �80 �C to prevent the change of the ratio between different
present microbes (Shkoporov et al. 2018). Fecal material stored at�80 �Cwas found
to be very stable for several years and reproducible to virus particles (Reyes et al.
2010).

4.4.2 Genome Purification and Concentration

Viral DNA represents about 2–5% of total microbial DNA found in human (Reyes
et al. 2010). For that, it is very challenging to choose the most suitable technique or
combination of techniques for the purification of high titer of viral genome and
isolate all types of viruses, while decreasing the contamination of other microbial
and host genome (Vibin et al. 2018). Purification and concentration of samples
containing high density of virus-like particles (VLPs) are achieved by resuspending
the sample in an osmotically neutral buffer. After that, separate viral small particle
from other large contaminated particles by filtration and/or centrifugation. The used
protocol is greatly affecting the viral purified rate and purity (Castro-Mejía et al.
2015). Furthermore, the study of active and silent virome can be achieved by using
both extraction methods of VLPs and total nucleic acid isolation (TNAI) (Garmaeva
et al. 2019).

4.4.2.1 Tangential Flow Filtration (TFF)
This technique is used to recover and concentrate the VLPs from large sample
volume and low viral density using a 0.2-μm filter followed by concentration
using an ultra centrifugal filter. However, this tool renders the isolation of large
virus particles and thus decreases the yield of isolated viruses (Castro-Mejía et al.
2015). For that, the use of a bigger pore size filter (0.45μm) was recommended to get
high viral DNA titer, but at the same time this elevates the contamination with host
particles (Hoyles et al. 2014). TFF is one of the most common methods used for
purification of viruses from bacteria and host cells (Castro-Mejía et al. 2015).

4.4.2.2 Cesium Chloride (CsCl) Density Gradient Ultracentrifugation
This method is characterized by removing the host DNA contamination to produce
highly pure viral isolate. This technique has several drawbacks, including the fact
that it is not repeatable, labor-intensive, and biassed in isolating a specific type of
virus based on density range (Callanan et al. 2018; Shkoporov et al. 2018). Further-
more, attention was needed while using CsCl in quantitative virome studies (Kleiner
et al. 2015).

4.4.2.3 Precipitation with Polyethylene Glycol
This method is used when large sample volume is present. The polyethylene glycol
(PEG) was added to the sample followed by centrifugation, filtration, and dialysis.
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Precipitation approach is very useful and more effective than TFF in virome
extraction (Castro-Mejía et al. 2015).

4.4.2.4 Chloroform and Nuclease Treatment
This method favors small circular genome than large linear one and is more
successful with DNA viruses. Chloroform disrupts the lipid layer of a bacterial
cell; then the free bacterial genome is removed by the addition of DNase and
RNase to decrease sample contamination (McLaughlin et al. 2006). However,
chloroform alters the stability of some enveloped and non-enveloped viruses
(Conceição-Neto et al. 2015).

4.4.2.5 Flow-Cytometry-Based Methods
Flow cytometric analysis is used for counting the stained phage particles (Brown
et al. 2015) or to fractionate the phage from mixed microbial sample such as human
fecal sample according to its size and fluorescence intensity using fluorescence-
activated cell sorting (FACS) (Džunková et al. 2015). The main concept of flow
cytometry is using a fluorescent dye such as SYBR Green II for labeling of the VLPs
and then separation (Roux et al. 2016). This method decreases significantly the host
and bacterial contamination and is an added value to neglect the amplification step of
genome before sequencing (Shkoporov and Hill 2019). The main limitation here is
the low sensitivity in virus detection, thereby leading to great loss of many viruses
within the sample (Warwick-Dugdale et al. 2019).

4.4.3 Extraction and Amplification of VLP-Derived DNA

The nucleic acid of viruses was extracted after purification step/s, but with an
abundance level under the limit needed for sequencing. To overcome low viral
genome abundance, numerous amplification methods are used. Viruses with DNA
genome are the most prescribed gut virome in humans. In RNA viruses, the RNA
genome is converted to cDNA by reverse-transcription PCR (RT-PCR) with random
primers followed by PCR amplification (Emerson et al. 2018).

4.4.3.1 Multiple Displacement Amplification (MDA)
MDA is a fast and sensitive isothermal approach; it amplifies DNA viral genome
before sequencing using Phi29 polymerase and random hexamers (Angly et al.
2006). MDA amplifies large amount of the whole viral genome (WVG) of both
single-stranded DNA (ssDNA) and dsDNA. The limitation is the overamplification
of small circular ssDNA viruses but low presentation of high GC content viruses
(Kim et al. 2008). This method favors small circular genome than large linear one
and is more successful with DNA viruses (Chen et al. 2014a; Roux et al. 2016).

4.4.3.2 Linker Amplified Shotgun Library (LASL)
LASL is used to amplify DNA based on PCR. The viral DNA template is ligated
with dsDNA linker and then amplified using Vent DNA polymerase, ligated again
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into vector for cloning and finally electroporated. This approach overcomes the
problem of bactericidal genes within viral DNA and the use of modified nucleotides.
However, the main disadvantages of using PCR are as follows: only double-stranded
genome can be amplified, and large DNA concentration is required, which leads to
mixed amplification templates (Breitbart et al. 2003; Hindiyeh et al. 2019; Reyes
et al. 2012).

4.4.3.3 Random Amplified Shotgun Library (RASL)
RASL method, like LASL, is based on the use of thermal cycler but with the use of
random primers to amplify DNA in randomly amplified shotgun libraries. This
procedure is rapid, very useful to amplify nanograms of DNA with non-culturable
viruses, and suitable for shotgun sequencing (Rohwer et al. 2001).

4.4.3.4 Adaptase-Linker Amplification (A-LA)
A-LA is one of the most used genome amplification tools for both ssDNA and
dsDNA templates. This method involves the use of adaptase before the linker
amplification (Roux et al. 2016).

4.4.3.5 Virus Discovery cDNA-AFLP (VIDISCA) Technique
This method is a cDNA amplification approach that doesn’t require prior genome
sequencing (de Vries et al. 2011; van der Heijden et al. 2012). ViSeq, for example, is
one of these amplification techniques which is sensitive and give quantitative results
that uses adapter-specific primers to document the viral entire genome in humans
(Cotten et al. 2014).

4.4.3.6 Fully Automated Virus Extraction
MagNA Pure 96 and eMAG are automated, sensitive, and specific viral genome
extraction tools (Hindiyeh et al. 2019).

4.4.4 Sequencing Strategies

Next-generation sequencing method enables the sequencing and identification of
unculturable novel viruses. This technique represents the basic step in metagenomic
studies (Reyes et al. 2012).

4.4.4.1 Pyrosequencing
This technique is based on the detection of the released pyrophosphate by
pyrosequencing. This yields a long genome length of 400 to 500 nucleotides each
run (de Vries et al. 2011).

4.4.4.2 Illumina Sequencing
Based on the emitted fluorescent sequence unique to each base, Illumina sequencing
simultaneously identifies the DNA bases. The HiSeq2000 platform (Xie et al. 2016)
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and the MiSeq deep sequencing platform (Cotten et al. 2014) are two examples of
Illumina sequencing technique.

4.4.5 Quality Control

Quality control measurements should be applied to overcome the limitations of
different approaches and the absence of valid protocol to study virome. The main
boundaries during the study of human viromes are the contamination with host
genome, abundance of viral genome, and detection of prophages (Sutton and Hill
2019). For that, the quality of sequenced sample, based on the mentioned obstacles,
should be checked before the assembly and annotation.

4.4.5.1 Viral Quantification

Epifluorescence Microscopy
It is a rapid, simple, and reproducible tool to count the number of viruses. The
sample was stained by SYBR Gold after filtration; then the slides were examined
under the microscope, images were captured, and finally, the viral titers were
calculated (Patel et al. 2007; Thurber et al. 2009).

Transmission Electron Microscope (TEM)
Tem is an old but labor-intensive method. the samples are fixed and stained using a
negative staining technique, and then electron micrographs are taken to estimate the
number of virus particles (Hoyles et al. 2014).

4.4.5.2 Prophage Identification Applications
Many automated and computational applications are present to predict prophages in
host genome, and their main approach is to detect a sequence similar to known
sequence of viral genome. Phage-finder (Fouts 2006), other program was developed
based on the detection of prophages by analyzing the difference of dinucleotide
relative abundance (Srividhya et al. 2007), Prophinder (Lima-Mendez et al. 2008),
PHAge Search Tool (Zhou et al. 2011), PhiSpy application that identifies de novo or
known virome based on similarity and composition analysis (Akhter et al. 2012),
and VirSorter that can detect prophages in complete and fragmented (meta)genomic
databases (Roux et al. 2015).

4.4.6 Computational Approaches for Characterizing Sequenced
Viromes

Bioinformatics is the most used method to analyze the produced data. The choice of
annotation or assembly software had a great impact on virome analysis outcome
more than sequence technology used (Sutton et al. 2019). It could be divided into
similarity-dependent and similarity-independent approaches (Haynes and Rohwer
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2011). The main advantages of approaches are as follows: they are fast and simple
and no special reagents are needed. Furthermore, they are able to distinguish
between novel and known viruses by the conserved region on the genome (Delwart
2007).

4.4.6.1 Similarity-Dependent or Reference-Based Approach
This is the original and most used method to analyze the sequence data of
microbiome by database search for finding segment similarity. The limitations of
this tool in virome study are that they are not applicable in studying de novo viruses
and the high diversity of viral genome makes the virus not similar to any known
sequence (Brister et al. 2015). For similarity search, BLAST is the most used tool,
which is based on the sequence of nucleic acid and amino acid (McGinnis and
Madden 2004). In addition, microarray hybridization pattern is used to characterize
new viral nucleic acids by comparing the shared sequences (Urisman et al. 2005).

4.4.6.2 Similarity-Independent or De Novo Approaches
In this approach, there is no need for database search, while more focus on the viral
dark matter is applied. Phage Communities from Contig Spectrum (PHACCS) is a
program for the detection and modeling of de novo viral diversity by using the
spectrum of contig from the sequenced data (Angly et al. 2005). Numerous programs
are used in the assembly of human virome, while some approaches are used to
diagnose particular taxa based on GC % in the genome or dinucleotide combination
rate (Sutton et al. 2019; Willner et al. 2009). SPAdes (meta) software (Nurk et al.
2017) showed the best accuracy and genome recovery (Sutton et al. 2019). However,
the main limitation of de novo approaches is the finding of the lysogenic or silent
virome from host genome (Delwart 2007).

4.5 Virome-Associated Dysbiosis

Imbalances in the makeup of gut microbiome, also termed dysbiosis, are now
increasingly linked with a wide spectrum of diseases and disorders (both gut
associated and those relating to extra-intestinal organ systems). These range from
inflammatory bowel diseases, cancer, to metabolic disorders, obesity, and even
autism and Alzheimer’s (Lynch and Pedersen 2016). Emphasis is now being placed
on delineating whether dysbiosis of the microbiome is a cause or consequence of
some of these diseases and how manipulation of the gut microbiome may aid
prophylaxis, diagnosis, or treatment (Sommer et al. 2017). The large part of the
gut microbiota is composed of viruses and contracts both prokaryotic and eukaryotic
cells to form the gut virome (Santiago-Rodriguez and Hollister 2019). As the role of
the virome in the gut microbial community has been started to be uncovered,
evidences have highlighted that this viral community also reflects the driving
diversity and functionality co-evolution of host and microbe within the gut (Koskella
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and Brockhurst 2014). Recognition of the potential of phage to drive ecological
functioning and evolutionary change (Koskella and Lively 2009) has understandably
ignited interest in investigating the role of these prokaryotic viruses within the
human gut virome and as part of the human gut microbiome. The concept of
dysbiosis and the impacts of such perturbations on human health have begun to be
considered from the perspective of the virome or phageome. There is a growing
consensus that this concept should also be extended to the phage component of the
gut ecosystem (Dalmasso et al. 2014). Although translational animal models are
used to understand cause-effect relationships, virome analyses of the human gut are
providing evidence on the potential role(s) of viruses in maintaining homeostasis or
promoting disease (Fig. 4.2).

Fig. 4.2 Implications of gut microbiome on human health
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4.5.1 Type 1 Diabetes (T1D)

Type 1 diabetes (T1D) is a proinflammatory disease that targets beta cells of the
pancreatic islet, resulting in a loss of these cells. In this disease, the genetic and
environmental factors are incorporated, including complex genetic elements, patient
exposures, and the gut microbiome. Viral infections and broader gut dysbioses have
been identified as contributing factors or potential causes of T1D. However, human
studies have not yet identified microbial functional or compositional triggers that are
predictive of T1D or islet autoimmunity. T1D can be also known as the presence
of antibodies against beta-cell autoantigens including insulin, zinc transporter
8, and islet antigen 2 (Morahan 2012). Any changes in the lifestyle of the person
or changes in the dietary habits are known to alter the gut microbiome, suggesting
that altered gut microbiome composition might be associated with T1D progression
(Needell and Zipris 2016). In comparison to T1D patients, bacteria such
Prevotella, Faecalibacterium, Eubacterium, Fusobacterium, Anaerostipes, and
Subdoligranulum have been found to be common in healthy controls (Brown et al.
2011). In contrast, Lactobacillus, Lactococcus, Bifidobacterium, and Streptococcus
were more abundant in T1D subjects. Researchers found that viruses have been
implicated with T1D by triggering human T1D but the relationship between
infections and progression of disease has not been established (Zipris 2008;
Ghazarian et al. 2012; de Beeck and Eizirik 2016). Previous reports have
demonstrated that viruses and virus-specific antibodies can be found frequently in
a person with recent diabetes onset compared to a healthy person (King et al. 1983;
Dotta et al. 2007). The viruses with reported implication in human diabetes are
mumps virus, cytomegalovirus, rotavirus, rubella virus, Epstein-Barr virus, and
varicella zoster virus (Zipris 2009). Enterovirus and Coxsackie B virus play a
particular role in triggering the destruction of beta cell (Jaeckel et al. 2002; Jun
and Yoon 2003). A virus infection was observed to harm the pancreatic islets of
Langerhans in T1D murine models, suggesting a link between the virus and T1D
model (Filippi and Herrath 2008). In 1993, an increase in diabetes rate was observed
in young children notably after 2 years of released measles epidemic, suggesting that
the increased T1D rate might have been associated to the measles outbreak (Lipman
et al. 2002). To date, it is unknown how viral infections lead to T1D. It might be that
the viral infection leads to diabetes due to a number of mechanisms, including
molecular mimicry, bystander activation of T cells, beta-cell damage resulting in
autoantigen release and activation of autoreactive T cells, and the induction of stress
pathways in beta cells (Ghazarian et al. 2012) (Fig. 4.2).

4.5.2 Type 2 Diabetes Mellitus (T2DM)

Type 2 diabetes mellitus (T2DM) is a metabolic disorder distinguished by a high
blood glucose level due to insulin resistance (IS) (Karim et al. 2014). T2D progres-
sion is associated with many factors, especially both genetic and environmental
factors, in particular dietary habits, and most recently has been associated with
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change in microbiome composition (Larsen et al. 2010). Continuation studies
identified several Clostridium spp., as well as Bacteroides intestinalis, Akkermansia
muciniphila, and E. coli being enriched in subjects with T2D (Qin et al. 2012). Based
on these data, an association was found between specific members of the human gut
microbiome and T2D. Additionally, an association was observed between T2D and
those viruses belonging to the Siphoviridae family, including Lactobacillus, Pseu-
domonas, and Staphylococcus (temperate and some are strictly lytic) (Ma et al.
2018). Viral infection is one of the important causes of diabetes, liver damage,
neurological disorders, and several other diseases worldwide. The most important
viruses related to the T2DM are HSV, hepatitis viruses, West Nile virus (WNV),
influenza viruses (H1N1, H5N1 serotypes), picornavirus, cytomegalovirus (CMV),
enterovirus, and Borna disease virus (BDV) (Cadranel et al. 2008; Carter 2010).
Herpes simplex virus type 1 is a member of herpesvirus family. The HSV genome is
large, double stranded, containing 74 genes, and encased within an icosahedral
capsid protein, which is covered by an envelope (Mettenleiter et al. 2006; McGeoch
et al. 2006). Recent clinical and epidemiological studies have reported association
between HSV infection and T2DM (Cadranel et al. 2008; Ott 1999; Kroner 2009).
Chronic inflammation is closely and early involved in the pathogenesis of T2DM
(Pickup 2004; Helmersson et al. 2004). Cytomegalovirus (CMV) belongs to
Herpesviridae family, and it is extremely a cause of human infections (Sweet
1999; Koichi et al. 2007; Ryan and Ray 2004). Human CMV infects ~40% of the
world population, especially elderly people, without causing any specific symptoms
(Offermanns and Rosenthal 2008). Reports have showed that CMV harms cells in
the pancreas and causes T1D and T2D. Due to T1D, the immune system becomes
weak which favors more susceptibility to infection with CMV, and chances of
acquiring T2DM become 12 times higher (Rachael 2012; Sarah 2012).
Enteroviruses are members of the Picornaviridae family and cause infections to
humans and other mammals (Li et al. 2005). A study involving a group of patients
diagnosed with T2DM were compared to others without T2DM explored the link
between enterovirus infection and diabetes. It was observed that 40% of the pancreas
of people with T2DM contained the enteroviral protein. The presence of enterovirus
in the pancreas of people diagnosed with T2DM was three times higher than that in
those without it (Richardson et al. 2009) (Fig. 4.2).

4.5.3 Inflammatory Bowel Disease (IBD)

Inflammatory bowel disease (IBD) is an immune-mediated disease and also defined
as a chronic illness of childhood that causes inflammation to the gastrointestinal tract
and includes Crohn’s disease (CD) and ulcerative colitis (UC). IBD requires medi-
cation in some cases, and in extreme cases, surgery is required. Current research
suggests that several factors including genetic, environmental, autoimmune, dietary,
and microbial play a role in the pathogenesis of IBD (Adamiak et al. 2013; Eszter
Muller et al. 2014). Bacteria, fungi, and viruses are enteric microbiome purported
that play a role in the pathogenesis of IBD (Wang et al. 2015). Bacteria can differ
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based on the kind of IBD (CD versus UC) and the operation has been performed
(Halfvarson et al. 2017). In general, these bacteria include Faecalibacterium
prausnitzii, Roseburia spp., Bifidobacterium spp., and Lactobacillus spp., as well
as E. coli, Oscillospira, and unclassified Ruminococcaceae (Morgan et al. 2012;
Celiberto et al. 2018). Various studies have investigated the association between the
enteric virome and IBD. Early studies to estimate that link showed an increased
abundance of phages infecting bacterial orders in subjects with IBD, including
Alteromonadales, Clostridiales, and Clostridium acetobutylicum, and also elevated
viruses from the Retroviridae family (Pérez-Brocal et al. 2015). Another study
looked at the gut virome of the mucosa of a murine model of colitis and found
that the quantity of viruses from the Caudovirales order had increased, but the
variety had decreased (Duerkop et al. 2018). Interestingly, phages infecting
enterobacteria were safely more represented in mice with colitis. Increased abun-
dance and decreased diversity of phages are in agreement with a reduced number of
phage-related functions related with UC (Duerkop et al. 2018). These results are
totally opening the possibility of examining therapeutics to target the virome in IBD
subtypes. An interesting study reported by Norman et al. detected disease-specific
changes. The gut virome was less presented in both CD and UC. The primary
difference in the IBD-associated virome was the increased abundance of
Caudovirales phages on a taxonomic level; however, the exact viruses that may
perform such change were different in CD when compared to UC (Norman et al.
2015). All data obtained by Norman et al. was recently reanalyzed by Clooney et al.
The results confirmed IBD-specific changes in the virome, loss of the “core
phageome,” and the stimulated development of phages in patients with CD (Clooney
et al. 2019). Moreover, the changes in the structure of virome reflected shifts in
bacterial structure. Indeed, both virome and bacteriome alterations were more
obvious in patients with CD when compared to those with UC, which reflect the
disease severity. Hence, integrating both bacteriome and virome assessment offers
higher classification power between healthy and unhealthy states in IBD (Clooney
et al. 2019) (Fig. 4.2).

4.5.4 Cancer

Pioneering research studies that linked microorganisms and cancer have led to
enormous implications for public health. Helicobacter pylori and its relation
to gastric cancer helped to classify this bacterium as a class I carcinogen
(Santiago-Rodriguez and Hollister 2019). Hepatitis B virus, hepatitis C virus,
human papillomavirus (HPV), HIV-1, Epstein-Barr virus (EBV), and human
T-cell lymphotropic virus type 1 (HTLV-1) are viruses linked with different types
of cancer that are also classified as class I carcinogens (Chen et al. 2014b). Some of
these viruses are known as a part of the human virome due to their implications with
cancer. However, certain viruses, including HPV, may be known as a part of the
human virome as those are considered to be low and high risk, and those with
unknown pathogenicity have been identified with no symptoms (Santiago-
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Rodriguez and Hollister 2019). Furthermore, only a small percentage of those
subjects infected with high-risk HPV develop cancer (Van Dyne et al. 2018).
Other viruses can also cause cancer including human polyomavirus (Prado et al.
2018). Knowledge regarding eukaryotic viruses and disease might lead to under-
stand the relationship between disease and gut microbiome. This knowledge
provides key information regarding the mechanisms during which viral infection
could cause various cancer types, including chronic inflammation, immunodefi-
ciency, and virus oncogenes. Furthermore, a growing number of research
investigations have linked microorganisms and certain bacteria members to several
malignancies, including melanoma (Matson et al. 2018; Routy et al. 2018;
Gopalakrishnan et al. 2018), non-Hodgkin’s lymphoma (Montassier et al. 2015),
cervical cancer (Lam et al. 2018), acute lymphoblastic leukemia (ALL) (Chua et al.
2017), and colorectal cancer (CRC). CRC is characterized by decreased bacterial
variety in feces and mucosal samples (Wong et al. 2017). This decreased diversity is
related to the absence of bacteria that may be implicated in preserving a healthy state
and the detection of taxa associated with CRC and tumorigenesis, including
Desulfovibrio spp., Bilophila wadsworthia, Fusobacterium nucleatum, Parvimona,
Alistipes, and E. coli (Rubinstein et al. 2013; Veziant et al. 2016; Maisonneuve et al.
2017; Tilg et al. 2018). These bacteria are being considered as potential candidates
for therapeutic approaches (Matson et al. 2018; Routy et al. 2018; Gopalakrishnan
et al. 2018) and potential diagnostic. Although the eukaryotic viral infection of the
enteric virome has been associated with CRC to a lower extent, phage communities
have the potential to be the most effective in this context (Hannigan et al. 2018). Like
bacteria, viral infection has been identified in CRC, mostly being bacteriophages
from the Siphoviridae and Myoviridae families (Hannigan et al. 2018). Another
study that did not isolate viruses specifically found >20 viral genera that distinguish
between subjects with CRC and healthy controls (Nakatsu et al. 2018).
Orthobunyavirus, Tunavirus, Phikzvirus, Betabaculovirus, and Zindervirus are
eukaryotic viruses that were remarkably more represented in subjects with CRC
(Nakatsu et al. 2018). Other viruses such as Fromanvirus seemed to be represented
only in the healthy cohort. Also, the most abundant in subjects with CRC include the
phageome, Streptococcus phage SpSL1, Streptococcus phage 5093, Streptococcus
phage K13, Enterobacteria phage HK544, and Vibrio phage pYD38-A (Nakatsu
et al. 2018). Alterations in the gut virome represent the opportunity to elucidate
bacterial-viral-host interactions in promoting CRC (Fig. 4.2).

4.6 Communication Between Enteric Virome and Human Gut
Probiotics: Implication on Gut Health

It is well described that gut microbiomes have a duty in the modulation of the
immune system, keeping balance and preventing infections (Domínguez-Díaz et al.
2019). The prokaryotes, eukaryotes, archaea, and viruses (Laforest-Lapointe and
Arrieta 2018; Mukhopadhya et al. 2019) living coexist in the intestinal lumen that is
an optimal environment for microbial community interactions (Hillman et al. 2017).
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Hundreds or thousands of bacteriophage-bacteria pairs could interact at any time,
making this hard to study (Sausset et al. 2020). The very recent study unveiling these
interactions was reported by Marbouty et al. (2020) who used meta3C proximity
ligation to analyze the phage-bacteria interaction in healthy human guts. In this
study, they identified 6651 unique host-phage relationships. Half of the detected
phages seemed to be lysogenic phages, and one-fourth represented potentially active
phages (Marbouty et al. 2020). This outcome matches with previous reports that
stated that the predominant state of a bacteriophage in the gut is the lysogenic state
instead of the lytic state (Anthenelli et al. 2020).

At the moment, there is a sharp gap in interpreting the gut virome and gut
prokaryote interaction, because the current models are not enough to translate this
complex relation. However, some predictions have been done in this direction
(Beller and Matthijnssens 2019).

4.6.1 Probiotics and Bacteriophages

Probiotics are “live organisms that, when administered in adequate amounts, confer
a health benefit to the host.” Although traditionally probiotics, mainly Lactobacillus
and Bifidobacterium, have been obtained from the gut and fermented foods, the next
generation of probiotics (NGP) are based on commensal bacteria (Martín and
Langella 2019). These commensal bacteria are colonizing human mucosal surfaces
(Khan et al. 2019). The enteric virome might also be provided the health benefits of
probiotics (Łusiak-Szelachowska et al. 2017), and they probably have a stabilizing
role in the gut ecosystem (Draper et al. 2018).

The virome can interact with bacterial probiotics. For example, treatment with
lytic and lysogenic bacteriophages increases the abundance of Lactobacillus and
Bifidobacterium in mice (Bao et al. 2018). Also, the reduction of Lactococcus in
Parkinson’s disease patients is associated with a higher abundance of Lactococcus-
lytic phages in comparison to healthy controls (Tetz et al. 2018).

Lactobacillus reuteri is a probiotic that produces antibiotics and can shape the
commensal microbiota in the gut (Mu et al. 2018). Nearly all human strains of these
bacteria contain active prophages. Studies on an L. reuteri harboring two active
prophages from the Siphoviridae family showed that prophages reduce the fitness of
the bacteria during gastrointestinal transit. The phages are induced in the distal
intestinal tract rather than in small intestinal regions in an SOS-dependent manner.
The phage production provides a competitive advantage by killing a competitor
strain (Oh et al. 2019).

4.6.2 Strategies of Interactions Between Prokaryotes and Viruses
in the Gut

Bacteriophage predation and lysogenic conversion play an important role in the
regulation of bacterial biomass and microbial diversity (Shkoporov and Hill 2019).
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However, in the gut, there is no observation of biomass control from phages, and the
virus-to-microbe ratio remains low (Shkoporov and Hill 2019). This might be
explained by the recently proposed “piggyback-the-winner” strategy. This strategy
proposes that phages take advantage of the high microbial abundance and growth
rates of their hosts by remaining integrated in them (as a prophage) (Anthenelli et al.
2020; Guo et al. 2020; Silveira and Rohwer 2016). This strategy, observed in the gut
and mucosal surfaces, is different to the models explaining the interaction and
co-evolution between virus and hosts in other ecosystems, like the ocean where
the phage/bacteria ratio is 10:1 (Maurice 2019). These strategies are as follows: first,
“the arms race” model - in which the host acquires a mutation that makes it resistant
to the virus, but then the virus acquires a mutation that allows it to reinfect the new
resistant population (Avrani et al. 2012). Second, the “kill-the-winner” model in
which the growth of the most active bacteria population is controlled by a virus and,
therefore, there is an increase in the diversity of microbial communities (Maslov and
Sneppen 2017; Winter et al. 2010).

Guo et al. (2020) proposed that the interactions between phages and hosts follow
the piggyback-the-winner strategy (Guo et al. 2020). Research comparing the gut
virome of stunted and non-stunted children demonstrated that non-stunted children
had more temperate phages than stunted children. In the latter, microbial interactions
could be following the “kill-the-winner” strategy (Mirzaei et al. 2020). An alteration
in the abundance of lytic phages in comparison to temperate phages could lead to the
development of diseases such as Parkinson’s disease (Tetz et al. 2018).

4.6.3 Role of Lytic Phages in the Gut

Bacteriophages might control and regulate the abundance of bacteria in the gut (Bao
et al. 2018), but little is known about the dynamics of phage predation in the human
gastrointestinal tract (Hsu et al. 2018). Phages in the gut, apart from having an
impact (knockdown) on the population of susceptible bacteria, might also have an
impact on other microbial populations after a cascade effect caused by inter-bacterial
interactions (Hsu et al. 2018). Although Hsu et al. (2018)) worked with phages with
a narrow host range, recent studies pointed out that in the ecosystems, there are more
bacteriophages with a broad range of hosts than previously thought (de Jonge et al.
2019). In relation to this, Marbouty et al. (2020) found out that most gut phages are
specific to their host but nearly one-third of the identified phages showed contact
with more than one MAG (Marbouty et al. 2020).

To understand the bacteriophage-host interaction, it is necessary to know what
the host target of a bacteriophage. To predict this, several computation analyses have
been used such as sequence homology, CRISPR spacers, occurrence profiles
(Edwards et al. 2016), and abundance profiles (Stern et al. 2012). Recent research
has found out that the abundance of phages is related to the abundance of susceptible
bacteria (Oh et al. 2019). Programs such as VirHostMatcher (Ahlgren et al. 2017)
and WIsH (Galiez et al. 2017) have shown high accuracy with the predictions.
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4.6.4 Horizontal Gene Transfer Between Bacteriophages
and Bacteria

The viruses that inhabit the gut are involved in horizontal gene transfer to
prokaryotes (Mukhopadhya et al. 2019). This mechanism is determinant to shape
complex ecosystems, including the gut, and acquire important genes (Callier 2019;
Sutton and Hill 2019). The dynamics of how phage-mediated HGT occurs and
regulates the evolution of bacteria in this ecosystem have been recently studied by
Frazão et al. (2019)). Their experiment in a mice’s gut showed that in the presence of
a resident E. coli, the colonization of an invading E. coli can be successful if it adapts
via HGT followed by mutation. The invader E. coli showed a rapid evolution, and it
acquired two new genomic regions from the resident E. coli. They corresponded to
two complete prophage regions, named KingRac and Nef. Further studies to charac-
terize the process of inductions of each prophage responsible for the HGT revealed
that the prophages of resident and invader E. coli can form active phage particles.
The lysogenic invaders acquired phage-killing potential and a metabolic advantage
related to the uptake of carbon sources (Frazão et al. 2019).

The HGT of antibiotic resistance (AR) genes in the gut is of great interest;
however, how it works remains unknown (Kent et al. 2020). Górska et al. (2018)
suggested that phages could be involved in the HGT of AR genes. Their pilot
research has suggested that the abundance of phages carrying antibiotic resistance
genes increases in patients that are under antibiotic treatment. However, further
research is needed to know the insights of the integration of the phage in the bacterial
genome (Górska et al. 2018). Other genes acquired by horizontal gene transfer are
the Shiga genes that codify for the main virulence factors of some E. coli strains
(Krüger and Lucchesi 2015) and the cholera toxin that was transferred to Vibrio
cholerae (Faruque and Mekalanos 2012).

4.6.5 Pathogenic Interactions

There is evidence that enteric virome can cause significant diseases and could be
utilizied in the gut to promote infection. Apparently, infection with enteric viruses is
affected in the absence of gut microbiota because viral-bacteria mixed infections are
worse than viral infections alone. How bacteria could facilitate the viral co-infection
of cells is an active area of research and has been dug mainly in poliovirus and
norovirus (Berger and Mainou 2018; Huang 2020).

Poliovirus is a non-enveloped ssRNA virus, which was a major cause of paralysis
until 1950. It has been shown that polysaccharides of bacterial surfaces containing
N-acetylglucosamine, like LPS, could bind to poliovirus and stabilize the particles
by preventing the premature release of RNA. Also, LPS helps in the attachment of
poliovirus to the host cells (Robinson et al. 2014). Bacteria can, as well, enhance the
genetic recombination between two different viruses that helps them to increase the
viral fitness and drive adaptation (Erickson et al. 2018). Human norovirus (NoV)
causes viral gastroenteritis. The presence of commensal bacteria allows for efficient
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infection with that virus (Baldridge et al. 2015). It has been described that NoV binds
to histo-blood group antigens (HBGAs), expressed by several enteric bacteria such
as Enterobacter cloacae. This moiety is differing between bacterial strains (Almand
et al. 2019).

4.6.6 Gaps in Knowledge

The processes by which bacteriophages regulate the microbial community is multi-
factorial (Maronek et al. 2020). Current research is being carried out in phage-
bacteria interactions seeking to find out what conditions of the human gut can trigger
the lytic stage of prophages and how that influences the community. It is known that
if phages are released from bacteria, then the competition between them to infect
new hosts would increase. Also, the death of many bacteria would set free a niche for
many other bacteria to occupy (that could be pathogenic or commensal), and this
gives place to new interactions (Maurice 2019; Mirzaei and Maurice 2017). Finally,
it has been recently suggested that the interactions between phages and bacteria
could be age dependent (Mirzaei et al. 2020). Understanding and learning about
these interactions will lead to the potential use of the enteric virome in therapy
(Altamura et al. 2020).

4.7 Human Virome Therapeutic Implications and Future
Directions

Bacteriophages are the most abundant members of the microbiota and have the
ability to shape microbial communities (Garmaeva et al. 2019). It was suggested that
they play a role in dysbiosis (Lin and Lin 2019), which is the decline in the diversity
of the gut microbiome (DuPont et al. 2020). This microbial imbalance, alongside
genetics, immune responses, and functional microbial activity, is associated
with many gut diseases (Kostic et al. 2014). The study of the participation of the
enteric virome in the development of intestinal diseases could lead to the develop-
ment of a new diagnostic biomarker or antiviral drugs (Ansari et al. 2020). Also,
bacteriophage-based therapies could emerge as a particular treatment option for
microbiota-related diseases (Gogokhia et al. 2019).

4.7.1 Importance of the Enteric Virome in Fecal Microbial
Transplantation

FMT (fecal microbial transplantation) is the administration of fecal slurry from a
donor to the intestinal tract of a recipient, aiming to restore microbiota diversity and
composition and provide a health benefit. This treatment has been proven to be
effective against Clostridium difficile infection (CDI) (Gupta et al. 2016) with cure
rates up to 90% (Basson et al. 2020).
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The virome participation in the effectiveness of FMT treatment has been poorly
studied, but there are signs that bacteriophages might have a role in the FMT
outcomes (Broecker et al. 2017). For example, Ott et al. (2017)) showed that sterile
fecal filtrate transfer (without living organisms) is effectively eliminating the
symptoms of CDI. These results suggested that bacteriophages could be taking
part in the FMT results (Ott et al. 2017). Zuo et al. (2018) further studied the
differences in the phageome community between CDI patients and healthy controls
and their importance in FMT. They found that CDI patients have more abundance
but less diversity, evenness, and richness of Caudovirales compared to healthy
controls. When the Caudovirales richness of the donor was higher than that of the
recipient, the CDI patients achieved a positive response for FMT. Unlike the FMT
non-responders, the FMT responders after the treatment showed more donor-derived
Caudovirales contigs present in larger fractions in their enteric virome (Zuo et al.
2018). Recent research pointed out that the virome of the recipient after FMT ends
up being very similar to the donor and that this can last up to 12 months (Draper et al.
2018). These might indicate that phages could be used as disease treatment
(Manrique et al. 2017).

4.7.2 Phage Therapy

Bacteriophages can be used as biocontrol agents for specific hosts (Bao et al. 2018).
Based on that, phage therapy is reemerging due to the rising antibiotic resistance
problem. However, it is restricted for its use in humans because they can interact
with our immune system and evolve inside the body. Additionally, they could
influence the composition of the gut microbiome (Divya Ganeshan and
Hosseinidoust 2019). Several studies have been done to show their effectiveness
and specificity. For example, Hu et al. (2018) did an in vitro study with
SalmoFresh™, which is a mixture of six strictly lytic phages of Salmonella
(Zhang et al. 2019). They revealed that this phage cocktail can be used to target
that bacteria in a very specific way. In comparison to the antibiotic azithromycin,
phage treatment did not cause perturbation in non-targeted microbial communities
(Hu et al. 2018).

Llanos-Chea et al. (2019)) evaluated the effect of the bacteriophage Φ2457T,
which is a Shigella flexneri 2457 T-specific bacteriophage, in a human intestinal
organoid-derived epithelial monolayer model. Their results showed that Φ2457T
efficiently killed Shigella flexneri 2457 T in a highly specific manner (Llanos-Chea
et al. 2019).

Dissanayake et al. (2019)) used “Foodborne Outbreak Pill” (FOP) (a combination
of E. coli O157:H7, Salmonella spp., and L. monocytogenes-targeting lytic
bacteriophages) to combat pathogenic E. coli in mice. FOP was demonstrated to
be effective against E. coli O157:H7. They found out that FOP was highly specific
and was better to maintain the natural richness and diversity of the gut microbiome in
comparison to the control treated with ampicillin (Dissanayake et al. 2019). These
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results were consistent with those of Cieplak et al. (2018)) who used E. coli specific
bacteriophages against E. coli DSM 1058 (Cieplak et al. 2018).

Adherent-invasive E. coli (AIEC) may be correlated with sustaining inflamma-
tion in the preexisting inflammatory mucosa (Lee et al. 2019) and with the exacer-
bation of intestinal inflammation (Delmas et al. 2019). Regular treatments with
AIEC-bacteriophages isolated from the gut microbiome can reduce and control the
outgrowth of targeted bacteria in the intestine and protect from AIEC and invasive
bacteria-exacerbated colorectal cancer (Gogokhia et al. 2019). An important chal-
lenge to sort out when orally consuming bacteriophages would be to protect the
phages from low pH due to the gastric acids. Therefore, encapsulating them with
resistant material would make the treatment more effective (Vinner et al. 2019).

4.7.3 Enteric Virome Associated with Gastrointestinal Diseases

4.7.3.1 Inflammatory Bowel Disease (IBD)
Inflammatory bowel disease (IBD) is a convoluted, microbiome-driven immunolog-
ical inflammatory disorder. There are two subtypes of IBD: Crohn’s disease (CD)
and ulcerative colitis (UC) (Panaccione 2013). UC and CD patients have different
bacteriophage communities in comparison to healthy donors. The order of
Caudovirales increased in UC and CD patients. Also, it has been suggested that
the virome is specific for patients with UC and for patients with CD (Norman et al.
2015). As a therapy, FMT has proven to be not as effective as with CD (Basson et al.
2020). However, mixing donor products has been a way to expand the potential
value of FMT when treating chronic diseases (DuPont et al. 2020).

Since the disease phenotypes in adult and pediatric-onset IBD are different, a
study in children alone was necessary. Research in kids has shown that minor
patterns in gut virome differentiate IBD patients and healthy donors. Among the
differences they found was that Caudovirales were more abundant in CD (Crohn’s
disease) and UC (ulcerative colitis) patients than in healthy controls. It was also
found that the richness of Microviridae is higher in controls than in CD patients
(Fernandes et al. 2019). A study of virome transference in FMT between three
pediatric UC patients and a healthy donor confirmed that the transference of viruses
is mainly associated with temperate-phage replication, specially associated with the
group Siphoviridae. None of them can replicate in human cells (Chehoud et al.
2016).

4.7.3.2 Celiac Disease Autoimmunity (CDA)
Celiac disease autoimmunity (CDA) is an autoimmune disease that is triggered
mainly by genetics and dietary gluten. Recent reports indicated that microbiome
disturbance could be behind celiac disease pathogenesis. However, the role or the
virome participation in CDA is debatable (Akobeng et al. 2020). Recently, a study
with children carrying a genotype for increased risk of celiac disease suggested that
Enterovirus A and Enterovirus B are significantly associated with CDA. This
research, using longitudinal birth control analysis, also discarded the possibility
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that adenovirus is involved with CDA (Kahrs et al. 2019). Also, it seems that there is
a cumulative effect of enterovirus and high gluten intake for the development of
CDA (Lindfors et al. 2020). On the other hand, previous studies have pointed out
that the infection with reovirus could trigger CDA (Bouziat et al. 2017).

4.7.3.3 Enteric Virome Implication in Obesity and Diabetes
Obesity and type 2 diabetes are also related to gut microbiota dysbiosis (Maruvada
et al. 2017; Ridaura et al. 2013). Fecal virome transplantation (FVT) – where sterile
filtered donor feces that contain enteric viruses but not bacteria are transferred – has
proven to reduce weight gain and normalize blood glucose parameters in mice
(Rasmussen et al. 2020). In the case of type 1 diabetes (TID), differences between
the viromes of patients with TID and controls have also been reported. Zhao et al.
(2017)) found that the gut viromes of patients were less diverse than those of healthy
controls. For example, healthy patients were richer in the eukaryotic virus
Circoviridae and the bacteriophages Microviridae, Myoviridae, and Podoviridae
(Zhao et al. 2017). Park and Zhao (2018) found differences in the virome population
preceding initial signs of T1D (Park and Zhao 2018).

4.7.3.4 Enteric Virome Implication in Parkinson’s Disease
Enteric virome has been recently linked to Parkinson’s disease (PD) as a possible
factor for the development of this neurodegenerative disorder. In PD patients, there
is a significant reduction of Lactococcus and Lactobacillus. Lactococcus is involved
in the production of microbiota-derived neurochemicals such as dopamine and with
gut permeability. Their decrease could be involved with the triggering of PD. Tetz
et al. (2018) showed that the decline of Lactococcus was not accompanied by the
decline of their phages. The parallel decrease would have been normal in case the
bacteriophages were integrated as prophage. They correlated that to the higher
abundance of lactococcal lytic phages, especially the ones belonging to c-2-like
and group 936, in PD patients. This finding could be useful to use the virome
composition as a diagnostic tool or target for therapeutic intervention (Santos et al.
2019; Tetz et al. 2018).

4.7.4 Eukaryotic Viruses and Their Implications in Gastrointestinal
Diseases

Apart from bacteriophages, the gut virome has eukaryotic viruses. Although they are
considered as pathogens, they can live innocuously in the healthy human intestine
(Mukhopadhya et al. 2019). The differences in the eukaryotic virome between
patients and healthy controls have been reported. For example, Norman et al.
(2015) found more presence of sequences from the eukaryotic virus Anellovirus in
IBD patients (Norman et al. 2015). Also, Ansari et al. (2020) reported fewer
abundance and diversity of members ofMegavirales (Ansari et al. 2020). According
to Conceição-Neto et al. (2018), who studied the implication of eukaryotic viruses in
FMT treatment, healthy donors have a lower richness of eukaryotic virome than UC
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patients. Surprisingly, UC patients that responded to the FMT treatment already
presented lower viral richness than non-responders. This suggests that eukaryotic
virome richness could be important in UC and might lead to an increase in treatment
success (Conceição-Neto et al. 2018).

4.7.5 Challenges and Future Directions

There are several challenges that need to be overcome to understand the role of the
virome in human health. First is the inefficiency to identify all viruses due to the lack
of a universal viral sequence. Second, the detection of DNA viruses has an advan-
tage over RNA viruses because of inadequate sampling strategies that currently
focus only on sequencing DNA, leaving aside an important source of diversity.
Third is the absence of culture systems to propagate components of the virome and
perform the Koch’s postulate to know if the virome plays a causative role. Fourth is
the need to change from in vitro systems to experimental animal infection models
(Wang 2020). There are some gaps in knowledge for using FMT in IBD, such as
identifying the optimal route, dose, and frequency of FMT, as well as what makes an
optimum donor. Further studies to understand the potential contribution of the
virome to the efficacy of the FMT in IBD are needed (Yalchin et al. 2019). Also,
even though FMT has proven to be effective, there is a need to develop targeted
microbiome therapies (Russell et al. 2018). These will come out as more information
is generated on the mechanisms and diversity of human microbiome.
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Abstract

The various types of interactions between the gut microbes and the brain have
engrossed the interest of researchers in recent times in the context of precision
medicines for a variety of diseases. People infected by human immunodeficiency
virus (HIV) face neurocognitive fall in comparison to the general population, thus
disrupting the persistent composition of the gut microbiome, i.e., dysbiosis. The
signaling between the microbiota-gut-brain axis (MGBA) can occur through
various types of pathways that involve number of host neurochemical signaling,
immune system, direct enteric nervous system routes, vagus nerve, and various
types of secondary metabolites. Various neurological and psychiatric disorders
often occur due to the alteration in the gut microbial profiles. The cutting-edge
research highlights the concept of direct relationship between gut microbiota and
psychological status of a person and the role of probiotics on the regulation of
human neurocognitive health.
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5.1 Introduction

The microbiota existing within the gut comprise bacteria, protozoa, archaea, fungi,
and virus that live within the human gastrointestinal tract (GIT). It has been observed
that the number of bacterial cells found within the human body exceeds the number
of human body cells (Sender et al. 2016), and they play an important role in the
maintenance of physiological activities within the human being. It has been observed
that mitochondria, which are important for the generation of adenosine triphosphate,
originate from bacteria and related to Proteobacteria (Roger et al. 2017). The major
group of microbial species in the gut belongs to Bacteroides and Firmicutes, but
there exist a large number of individual microbial communities, and the terms
“dysbiosis” and “healthy gut microbiome” remain controversial (Moloney et al.
2014).

Intercommunication between GIT, peripheral and central nervous system (PNS
and CNS) and the microorganisms results in the development of MGBA and thereby
causes the transmittance and interpretation of information from periphery to the
brain and back. This complex system of communication helps in the maintenance of
coordination of gastrointestinal functions, which supports the physiological and
behavioral processes (Mörkl et al. 2020). The exact mechanism of gut-brain com-
munication helps in the coordination and maintenance of gastrointestinal functions
and various physiological processes. It also has its effect on behaviors, mood, and
other cognitive functions. The exact mechanism of communication is still under
various studies that involve endocrine pathways comprising cortisol and
hypothalamic-pituitary-adrenal (HPA) axis, nervous pathways comprising vagus
nerve and enteric nervous system, and immune pathways. Psychiatric disorders
often result in the alteration in these pathways.

Various types of microbial flora are inherited at the time of birth, and it shows
change depending on the dietary habits and various environmental signals (Gomez
de Aguero 2016. Koh et al. 2016, Wahlstrom et al. 2016). Changes in the gut
microbiome has severe effect on immune signaling, thus resulting in illness
associated with the intestine and distal organs comprising inflammatory bowel
diseases (IBD), various types of cancer, and autoimmune diseases (Blander et al.
2017; Roy and Trinchieri 2017). Various types of intrinsic and extrinsic
determinants play an important role in the maturation and development of the
CNS. It has been further observed that germ-free animals or animals’ exposure to
broad-spectrum antibiotics often has an effect on their CNS physiology and neuro-
chemical signal transduction (Smith 2015).

In recent times, the target for epigenetic modification is the gut microbiota
(Gomez de Aguero 2016) that can be used for treating psychiatric disorders to
improve symptoms. Administration of probiotics in adequate proportion provides
health benefits to the host (Butel 2014). Improvement in the microbiota-gut-brain
axis (MGBA) can be achieved by the use of prebiotics comprising diet rich in
nondigestible fibers and modified dietary components, antibiotics, synbiotics
(a combination of pre- and probiotics), probiotics comprising fermentation products,
and transplantation of fecal microbiota (Zmora et al. 2019). These are considered as
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the potent psychobiotics as they can be used for the purpose of mental health by
modifying the microbiota (Dinan et al. 2013; Sarkar et al. 2016). This review
highlights the role of brain-gut-microbiota axis on mental makeup and outlines the
new definition of psychobiotics, including both pre- and probiotics, which play a
pivotal role in influencing bacteria-brain relationships.

5.2 Profile of Gut Microbiota

The bidirectional communication existing between the gut and the brain is an
obvious process responsible for controlling safety signals, hunger, and the factors
responsible for the intake of food (Konturek et al. 2004). This type of communica-
tion is also responsible for maintenance of social behavior, stress response, and fear
expressions. Alteration in this behavior is due to illness associated with GI and
results in the discomfort associated with GI. It has been further observed that
anxiety, acute and chronic stress, and depression also bring about change within
the gut microbiota profile (Dinan et al. 2018). The colonization of microbiota occurs
within the gut which gets initially seeded from the maternal vagina (Dominguez-
Bello et al. 2010). The microbiota of infants delivered via cesarean section
(C-section) differs from those born via vaginal delivery. The microbiota of infants
delivered via cesarean section comprise of microbes seeded from the skin and
delivery suite (Ng 2000) and possess lesser amount of colonization by Bacteroides,
Bifidobacterium, and Lactobacillus. The microbiota thriving within the body of
infants born via C-section takes nearly 2 years to resemble the microbiota of infants
born via vaginal delivery (Hill et al. 2014), but the differential seeding mechanism
often results in the relative risk in childhood causing asthma (Metsala et al. 2015)
and obesity (Mueller et al. 2015). The microbiota composition in the early life is
dependent on various factors comprising the parent use of antibiotics, geography,
breastfeeding, and growth in early years of life (Vatanen et al. 2019). Diet plays a
vital role in the maintenance of the composition of the gut microbiome, and change
in diet alters the microbiota (David et al. 2014) (Fig. 5.1).

5.3 Signaling Mechanism Associated behind MGBA

Various mechanisms are associated with the signaling (Table 5.1) of MGBA
(Fig. 5.2). The microbiota associated with the gut is responsible for the production
of bioactive peptides comprising branched-chain amino acids, short-chain fatty acids
(SCFAs), gut hormones, and neurotransmitters and transformation of the secondary
bile acids. The short-chain fatty acids possess the ability to enter to the bloodstream
and act as a possible route for the signal to reach up to the brain (Sarkar et al. 2016).
Microbes are responsible to bring about metabolism of tryptophan, thus modulating
the serotonin signaling (Kennedy et al. 2017). Gut microbes are responsible for the
synthesis of acetylcholine, noradrenaline, dopamine, and GABA (Clarke et al.
2014). The walls of the gut comprise enteric nervous system that are mainly
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responsible for the motility of neurotransmitter and short-chain fatty acids (Rea et al.
2016). The gut also comprises immune cells that provide second line of defense
against the pathogens after the mucous layer of the gut epithelium, which acts as a

Fig. 5.1 Factors responsible for the maintenance of the gut microbiota

Table 5.1 Different signaling pathways influencing gut microbiota

Type of
communication Mechanism Reference

Inflammatory
signal pathway

Diverse groups of microbial and endogenous signals
are responsible for the activation of inflammasome.
NLRP6 is an inflammasome signaling that helps in
the modulation of the microbiota. Deficiency of
NLRP6 results in the distortion of colonization,
thereby leading to dysbiosis

Levy (2015)

Type I interferon
signaling pathway

Interferon I (IFN-I) plays an important role in the
modulation of microbiota. It has been observed that
Lactobacillus acidophilus possesses the ability to
induce antiviral response associated to TLR-2-
dependent INF-β. it has been also observed that
Clostridium orbiscindens helps in the protection of
mice from influenza through IFN-I signaling

Weiss (2010)
and Steed
(2017)

NF-kB signaling
pathway

Change in the composition of microbiota results in
various inflammatory diseases by the regulation of
innate immunity especially by NF-kB signaling. The
dysbiosis of the intestine resulting in the killing of
Campylobacter jejuni causes the activation of NF-kB
under the influence of various cytokines that further
results in the activation of various immune cells

Masanta (2013)
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physical barrier. Gut microbiota is also responsible for the production of anti- and
pro-inflammatory cytokines that act as a signal to the brain via the circulatory
system. The permeability of the gut is negatively affected at the time of stress
(Vanuytsel et al. 2014). The vagus nerve is regulated by the MGBA signaling
(Fig. 5.2), which helps in the maintenance of the communication taking place
between the brain and the gut (Fulling et al. 2019). For example, Parkinson’s disease
can be prevented by the mechanism of vagotomy, which is a surgical method to treat
peptic ulcer disease, thereby reducing the possibility of the implication of
Helicobacter pylori in this disease (Svensson et al. 2015).

5.4 Role of Gut Microbiota in the Development of Brain
Behavior

The understanding of the importance of gut microbiota (GM) in the development of
the brain and mental state brought about a total paradigm shift in the field of
psychology. GM is not only responsible for developing the function of gut-brain
but also has its impact on the brain and behavior (Kundu et al. 2017). The distur-
bance of the microbiota results in the development of mental and brain-associated
disorder (Dinan and Cryan 2017). The microbiota present within the infants
enhances phylogenetically after birth and resembles the adult form within a 3-year
period (Bokulich et al. 2016). The diversification of phylogeny of the microbiota
keeps on increasing, but adolescence has a great impact on the composition of the
microbiota (Kundu et al. 2017). Gut microbiota plays a vital role in the maintenance
of the behavior and mind of the host, but its relevance is often ignored (Vuong et al.
2017). It plays an important role in the perseverance of visceral and peripheral pain
response. It has been further observed that supplementation of probiotics after the
treatment of antibiotics often results in the suppression of pain sensitivity (Vuong

Fig. 5.2 Mechanism of communication between the brain and gut microbiota
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et al. 2017). Abnormal composition of gut microbiota often results in myalgic
encephalomyelitis/chronic fatigue syndrome, and its symptoms can be altered after
the supply of probiotics (Rao et al. 2009). Abnormal microbiota is also associated
with various pain-associated disorders like migraine, abdominal pain, and chronic
back pain (Gawronska et al. 2007). The learning capacity and memory are largely
associated to the microbiota being present within the gut (Manderino et al. 2017). It
has been often observed that administration of antibiotics often results in the damage
of spatial and working memory, which improves with the administration of
probiotics (Vuong et al. 2017). It has been often observed that infliction of patho-
genic infections results in the development of sickness behaviors with various
symptoms comprising social avoidance, fatigue, decreased appetite, and enhance-
ment in anxiety (Gur et al. 2015).

The character and temperament of a person are closely associated with the gut
microbiota that possesses the ability to get transplanted from one person to another
by the fecal microbiota transplantation (Kim et al. 2017). Management of stress is
also associated with the gut microbiota (Fig. 5.3), which plays a vital role in the
stress response (Luczynski et al. 2016). It has been observed that psychological
stresses help in the activation of neuroendocrine, nervous, and immune systems but
also bring about alteration in the mood and gut microbiota (Bharwani et al. 2016).
Healthy microbiota helps the host to cope up with stress, whereas alteration in the
microbiota enhances the susceptibility of the host to various types of disorders
(Vuong et al. 2017).

Fig. 5.3 Gut-brain microbiota interaction affecting human activities and management of stress
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5.5 Control of Microbiota on the Brain Through Nervous
Pathway

Microbiota affects the brain and behavior at a very fast rate via the nervous pathway
(Table 5.2). This entire mechanism comprises neural conduction, neurotransmitter,
neurogenesis, neurodegeneration, and apoptosis (Thion et al. 2017). Various neuro-
endocrine pathways are influenced by the gut microenvironment, which is actually
maintained by the microbiota.

5.6 Controlling of the Immune System by Gut-Microbiome

The microbiota plays an important role in the maintenance of the immune system.
The immunity associated gut mucosa is one of the important parts of the immune
system, and immune cells present within the gut-associated lymphoid tissue account
for 70–80% of the total immunologically active cells (Tlaskalova-Hogenova et al.
2005). Immune cells bring about regulatory effect upon our body in symbiotic
relationship with that of the microbiota. It has been observed that alteration or
absence of gut microbiota results in immune deficiency (Gensollen et al. 2016).
The gut microbiota helps in the development of adaptive and innate immunity, thus
influencing inflammation and neuroimmunity (Freestone et al. 2008).

Table 5.2 Nervous pathways and microbial interaction

Types of nerve pathways Involvement of microbiota Reference

Neural conduction The metabolites produced by the microbiota and its
types play a vital role in regulating the activities of the
cranial nerves. The microbiota possesses the ability to
affect the brain via vagus nerve. The primary afferents
possess the ability to first release the impulse, which
in turn activates the vagus nerve, thereby sending it to
the brain. The microbiota possesses the ability to
recognize the signal released by the host and enact
promptly

Liang
et al.
(2018)

Neurotransmitters Body alone is unable to bring about regulation of
neurotransmitter, but microbiota have an important
role in the maintenance of neurotransmitters within
the body. Gut microbiota possesses the ability to
produce a neurotransmitter by altering the
metabolism pathways of a neurotransmitter

Liang
et al.
(2018)

Neurogenesis,
neurodegeneration, and
apoptosis

The gut microbiota plays an essential role in the
maintenance of various physiological activities. The
pH concentration of the gut

Liang
et al.
(2018)
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5.6.1 Innate Immunity

GM plays a vital role in the functioning and maturation of the innate immunity. The
microbiota regulates the development and functioning of the immune barrier and
also helps in the regulation of innate immune cells and pattern recognition receptors
(Tlaskalova-Hogenova et al. 2005). The functioning of the blood-brain barrier
(BBB) and gut barrier is dependent upon the gut microbiota. Deficiency of the
barrier caused by microbiota enhances susceptibility toward various types of
diseases (Gensollen et al. 2016). Downregulation of the expression of tight junction,
permeability of the BBB, and induction of leaky brain are observed in the absence of
microbiota (Kelly et al. 2015). Abnormality in gut microbiota often results in the
induction of stress-related disorders and various neurodegenerative diseases
(Hoffman et al. 2017).

5.6.2 Adaptive Immunity

The development of adaptive immunity takes place at the time of exposure and
combating with microbiota. The process of differentiation and functioning of
lymphocytes is dependent on the gut microbiota that further influences the synthesis
and release of antibodies (Artis 2008). The immune system possesses the ability to
differentiate pathogenic and beneficial group of bacterial cells and possesses the
ability to tolerate self-components and harmless materials when exposed to
microbiota during early life (Knoop et al. 2017). The gut microbiota helps in
regulating the CD4+ T cells and differentiates them to T lymphocytes, which further
produce pro-inflammatory responses (Honda and Littman 2016).

5.7 Brain Disorder and Altered Microbiota

Alterations in the gut microbiota result in the development of diseases. Differences
in the microbial profiles result in the development of Alzheimer’s disease (AD) and
various psychological disorders (Table 5.3).

5.8 Therapeutic Target of Gut-Brain Axis

Probiotics are live microorganisms administered in adequate amounts within the host
body that have a beneficial effect on human health. The use of probiotics showed its
efficacy (Table 5.4) in reducing anxiety-like behavior, depression, and stress within
an animal model. Bacterial species like Bifidobacterium and Lactobacillus are used
as probiotics to a large extent. Probiotics do not reside within the gut, but the
probiotic formulation requires regular consumption to maintain its positive effect.
Probiotics act as components of food that are provided as supplement (O’Toole et al.
2017).
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Table 5.3 Microbiota and CNS-associated disorders

Name of the
disease Description Reference

Multiple
sclerosis

It is characterized by immune-associated
demyelination of neural axon. Pathogenesis of
this disease originates within the immune system
and possesses significant contribution of both
environmental and genetic factors. Gut
microbiota is associated with immune signaling
and physiological processes. Thus, it has a
control on the pathogenesis at the time of
multiple sclerosis

Berer et al. (2011)

Parkinson’s
disease

It is a neurodegenerative disorder that
predominantly occurs due to the malfunction of
the motor nerve comprising tremor, muscular
rigidity, gait abnormality, and slowness of
movement. The composition of bacterial species
predominantly regulates the disease. Abundance
of Enterobacteriaceae results in postural
instability and severity of symptoms. The
metabolites produced by the gut microbiota have
an essential role in the maintenance of
physiological conditions of both the immune
system and host

Scheperjans et al. (2015)

Major
depressive
disorder (MDD)

Alteration in the microbiota of the gut results in
the development of major depressive disorder. It
has been observed that altered microbiota is
observed in patients suffering from MDD

Valles-Colomer et al.
(2019) and Dinan and
Cryan (2019)

Alzheimer’s
disease (AD)

This disease is greatly influenced by the
presence of the gut microbiome. It has also been
observed that the difference in the ratio of
Firmicutes/Bacteroidetes forms a parallel link
between AD and diabetes mellitus. It has also
been observed that the different amounts of
microbiota have been observed in the serum of
patients suffering from AD

Zhuang et al. (2018) and
Arnold et al. (2018)

Schizophrenia Until now, a limited amount of literature is
available on the relationship of microbiota with
this disease, but it has been observed that males
suffering from schizophrenia possess Candida
albicans within their gut

Severance et al. (2017)

Autism
spectrum
disorder (ASD)

Patients suffering from this disease often
observed to possess gut-associated
comorbidities. Studies have shown that people
suffering from ASD show marked alterations in
their gut microbiota

Strati et al. (2017) and
Coretti et al. (2018)
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5.9 Conclusion and Future Aspects

The interaction among microbiome, gut, and brain plays an important role in the
maintenance of the physiology and psychology of humans. Although a considerable
number of researches are ongoing between gut microbiome and the CNS since the
last decade, the question that persists is the relevance of pathophysiology, pathogen-
esis, and treatment of human brain gut disorders. But in recent times, highly
controlled, large-scale, and longitudinal studies need to be performed to analyze
dysbiotic gut states and various degrees of psychological illness.
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Diet-Gut Microbiota-Brain Axis
and IgE-Mediated Food Allergy 6
Mahejibin Khan and Nidhi Sori

Abstract

Food allergy is a common chronic inflammatory disorder caused by abnormal
immune reactions of the body to certain food components. Emerging evidence
has correlated the prevalence of food allergy to the composition and population of
intestinal commensal microbiota. Microbial exposure during infancy and early
stages of life plays a major role in shaping the host commensal microbial
diversity. Further, nutritional status, diet, and microbial metabolites regulate
complex host-microbe interactions enhancing intestinal gut barrier, which
contributes to the development of the strong immune system and protection
from allergic disorders. This review focuses on the potentials of diet-gut
microbiome interaction to restore gut eubiosis for a scope through microbiome-
based food toward managing food allergy.
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6.1 Introduction

Gut-brain axis is defined as the bidirectional interaction between gut microbiota and
the central nervous system. Commensal microorganisms of the gut coordinate
communication between enteric and central nervous systems and regulate various
gastrointestinal (GI) functions such as digestion, nutrient absorption, motility,
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secretion, appetite, energy balance, and metabolism (Tremaroli and Bäckhed 2012;
Dockray 2014; Byrne et al. 2016; Cani 2018). These microbes produce a number of
neuroactive and immunomodulatory compounds including tryptophan,
γ-aminobutyric acid (GABA), serotonin, dopamine, acetylcholine, histamine, and
short-chain fatty acids (SCFAs) that are essential for the development of the immune
and nervous systems of the human host, thereby playing a crucial role in maintaining
intestinal homeostasis and host’s health (Macfarlane and Macfarlane 2012; Cryan
and Dinan 2012; Aziz et al. 2013; Lin and Zhang 2017). Alterations in gut
microbiota that cause imbalance in host-microbe interactions lead to dysbiosis,
which not only causes gastrointestinal disorders like irritable bowel syndrome
(IBS), inflammatory bowel disease (IBD), and Crohn’s disease but also affects the
maturation of the immune system leading to inflammatory diseases affecting cogni-
tive functions (Correa-Oliveira et al. 2016; VonMartels et al. 2017; Khan et al. 2020,
2021). Allergy, also referred to as hypersensitivity, is one such common pathological
response caused by abnormal immune reactions. When allergic reaction is elicited by
a particular food or food component (allergens) in susceptible individuals, it is
referred to as food allergy. While food intolerance is a condition that does not
involve any immunological mechanism and occur due to lack of certain enzymes
in the digestive tract, clinical immunological reactions elicited by IgE-mediated food
allergy are induced by food proteins that affect the gastrointestinal tract in response
to specific dietary antigens. In such reactions, sensitization and antigen re-exposure
through the gut are essential factors (Molloy et al. 2013; Allen and Koplin 2012).
Generally, IgE-mediated allergy is characterized by rapid symptoms that range from
mild itching to burning sensation of the lips and mouth, swelling, vomiting, skin
rashes to severe wheezing, breathing distress, rapid fall in blood pressure, and, in
extreme cases, loss of consciousness. In some instances, anaphylactic shocks have
also been recorded within minutes of consumption of the food allergen.

Primarily, eosinophils, mast cells, and basophils play a significant role in allergic
reactions due to the presence of high-affinity IgE receptor, also known as FcεRI, or
Fc epsilon. Crosslinking of the FcεRI via IgE-antigen complexes leads to degranu-
lation of mast cells or basophils and release of inflammatory mediators. In gut
mucosa, sensitization of the dendritic cells by the first exposure of the allergen
elicits Th2 response, provoking production of pro-inflammatory cytokines IL4, IL5,
IL13, and IL9, which trigger B cells to produce IgE antibody and their localization
on mast cells. Further exposure to the allergen results in crosslinking of the mast
cells’ surface IgE leading to degranulation and release of histamine and
pro-inflammatory cytokines that together cause allergic reaction (Wambre et al.
2017; Sampson et al. 2018; Schmiechen et al. 2019). Mechanism of food sensitiza-
tion and allergy is shown in Fig. 6.1.
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6.2 Food Allergy

Recent data show that incidences of food allergy, especially in young children, are
increasing rapidly in both developed and developing countries (Messina and Venter
2020). Over the last two decades, approximately 50% increase in food allergy
incidences and sevenfold increase in hospital admissions for anaphylactic reaction
have also been reported in children. Foods such as eggs, cow milk, nuts, peanuts,
fish, shellfish, soy, and wheat are among the most common food allergens (Pawankar
et al. 2011; Prescott 2013; Brosseau et al. 2019).

There are a number of theories explaining the rapid increase in food allergy
(Table 6.1). According to the most common hypothesis, environmental factors,
changes in lifestyle, more consumption of high-fat and low-fiber diets, fresh fruits,
and other fermentable foods, exposure to antibiotics, and rise in cesarean section
deliveries of babies are some of the factors that play a central role in allergic
sensitization (Hanski et al. 2012; David et al. 2014; Wypych and Marsland 2018).

The epidemiological data indicate high prevalence of allergic disorders in devel-
oped countries and urban population of developing countries. Low incidence of
allergic diseases among rural population was reasoned to “hygiene hypothesis”
(Strachan 2000) whereby exposure to low doses of infection by nonpathogenic
diverse environmental microbial diversity aided in the development of gut commen-
sal community for a robust immune system (Wills-Karp et al. 2001; Blaser 2011;
Djuardi et al. 2011; Jie et al. 2013; Mbow et al. 2014).

Fig. 6.1 Mechanism of food sensitization and allergy
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6.3 Gut Microbiome and Allergy

Gut microbiome or microbiota of the gastrointestinal tract (GIT) predominantly
refers to bacterial and archaeal genome even though protozoa, viruses, and fungi
also occur in the GIT. Trillions of bacteria reside symbiotically in the gastrointestinal
tract. The human body hosts approximately 100 times more microbial genes than
self-genes. About 400–450 species of bacteria are present in a healthy human gut
(Steinhoff 2005; Qin et al. 2010). Of these, 80–90% belong to Firmicutes and
Bacteroidetes, and the remaining 10–20% are Proteobacteria and Actinobacteria
(Jandhyala et al. 2015). Gut microbiota co-evolved with the host from the time of
birth, and infant gut microbiome symbiosis shaped up commensal microbial com-
munity of the GIT. The co-evolution of host-commensal gut microorganisms is
regulated by complex interplay of host genetics, mode of delivery of babies,
nutritional status during development phase, exposure to antibiotics, and also envi-
ronmental factors such as hygiene and lifestyle.

During the last few years, several epidemiological studies have associated high
prevalence of allergic disorders to the gut microbiota composition and diversity

Table 6.1 Factors affecting the rising prevalence of food allergy

Factors affecting
FA Summary References

Environmental
factors/diet

• Lifestyle changes associated
with industrialization and less
exposure to farm and other rural
areas have altered exposure to
commensal and other
environmental strains
• Consumption of highly
processed, high-fat, low-fiber foods
causes shifts in microbial
communities

Riedler et al. (2001), de Meer et al.
(2005), Hanski et al. (2012) and
David et al. (2014)

Hygiene
hypothesis

• Low or non-exposure to
pathogens during childhood due to
the use of pasteurized and sterilized
milk, food products, water, etc.
• Small family size leads to
increase in the prevalence of
IgE-specific allergic disease

Strachan (2000) and Bloomfield
et al. (2006)

Use of antibiotics,
cesarean section
mode of delivery

• Use of antibiotics during
infancy/childhood age influences
colonization of gut microbiota and
disrupts microbial signaling and
immune response
• Birth by CS mode of delivery
disrupts the colonization of natural
microbial flora and leads to an
increased risk of developing allergy

Celedón et al. (2004), Noverr et al.
(2005), Ly et al. (2006) and
Wypych and Marsland (2018)
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(Sjogren et al. 2009; Hirata and Kunisawa 2017; Contijoch et al. 2019). Even though
the mechanism of association between gut microbiota and food allergy is not
completely understood in humans, commensal bacteria inducing mucosal IgA secre-
tion and activating regulatory T cell, Treg, have been demonstrated important for
host-microbe homeostasis (Maynard et al. 2012). In this regard, the observations of
Stefka et al. (2014) on gut microbiota colonization pattern at neonatal stages,
alteration or modification in gut microbiota during infancy stages of life affecting
immunity development that subsequently potentiate allergic response and influence
the risk of prevalence of allergy are also important. The study suggested a direct link
between early-stage intestinal commensal bacteria and the development of allergic
disorders. In mice, sensitization to a food allergen enhanced when treated with some
antibiotics. In another study, food allergy could be induced in allergy-resistant mice
when gut microbiota from allergic mice were transplanted (Yamashita et al. 2012).
Very recently, Iweala and Nagler (2019) proposed a mechanism on how gut
microbiota contribute to food tolerance and provide protection against food allergy
(Fig. 6.2).

Studies conducted at different time points with different populations have
reported variations in the gut microbial composition in the infancy stages of children,
who developed allergic disease in later growth stages. Penders et al. (2007) showed
that the use of antibiotics during infancy stages resulted in decreased population of
Bacteroides species and increased food allergen sensitization and risk of allergy
development later in life. Lower prevalence of Akkermansia, Faecalibacterium, and
Bifidobacterium in neonates that could modulate T-cell differentiation and suppress
Treg cell activation leading to allergy susceptibility was also reported (Fujimura
et al. 2016; Van Den Elsen et al. 2017). Excessive use of antibiotics before and
during pregnancy also contributes to increased incidence of allergic diseases.
Metsala et al. (2013) explored the association of cow milk allergy with the use of
antibiotics in 1 month-old infants and found a positive correlation. The effect of a
clinical dose of two different antibiotics, vancomycin and streptomycin, was also
analyzed in neonatal and adult mice in relation to gut microbial population and
disease severity. Data revealed a little effect of streptomycin on gut microbial
diversity and disease development in both neonatal and adult mice. On the other
hand, oral administration of vancomycin altered microbial diversity and affected
host immunity in neonatal mice. The reaction resulted in exacerbation of airway
allergic inflammation and serum IgE without significant changes in adult mice.
Vancomycin treatment also reduced Clostridium species (clusters IV and XIVa)
and Bacteroides. Since both the phyla are critical for induction and differentiation of
Treg cells, their depletion directly correlated with reduced cellular expression of
CD4+Foxp3+ Tregs and severity of allergy (Atarashi et al. 2011).

To study the early infantile microbiota and its effect on the development of
allergic disorders, Wang et al. (2008) analyzed the gut microbial diversity of
35 infants at the age of 1 week and found significantly lower microbial diversity in
the infants who later developed allergy by 18 months of age. Studies of Ismail et al.
(2012) on the association of microbial abundance in the early postnatal period and
development of allergic disorder in later stages of life, conducted with 98 infants,
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demonstrated lower microbial diversity in the first week of life that had direct effect
with the development of atopic eczema by 1 year of age. In infants, correlation of
allergic disorders with lower intestinal microbial diversity was shown by
Abrahamsson et al. (2012). It also revealed the importance of Bacteroides species
in preventing allergic disorders. Ling et al. (2014) analyzed fecal microbial diversity
of 34 infants who were diagnosed with IgE and non-IgE-mediated food allergy. Very
high counts of Firmicutes, Bacteroidetes, and Proteobacteria were found in allergy
groups. Also, Actinobacteria diversity was significantly lower in comparison to
healthy groups. The study resulted in the identification of signature microbial groups
that could distinguish infants with IgE-mediated and non-IgE-mediated food allergy.
Furthermore, higher proportion of Clostridium and Anaerobacter and decreased
levels of Bacteroides and Clostridium XVIII were correlated to IgE-mediated food
allergy. Ho and Bunyavanich (2019) also characterized 17 clostridia strains that
were capable of reducing the prevalence of allergic inflammation and protecting the
host from food allergy. Azad et al. (2015) studied the risk of food sensitization and
gut microbiota in a cohort of 166 infants. Higher Enterobacteriaceae/Bacteroidaceae
ratio and low gut microbial diversity were associated with a higher risk of food
sensitization at the later age of life. Colonization of commensal microbes at the
neonatal stage was critical in the development of mucosal immunity and protection
against allergic inflammation during later growth stages (Zhuang et al. 2019). Higher
accumulation of invariant natural killer T (iNKT) cells was observed in the colonic
lamina propria and lungs of germ-free mice. Exposure of gut microbiota prevented
accumulation of mucosal iNKT and airway inflammation at neonatal stages but not
in adult mice. Early commensal microbial diversity was also linked with serum IgE
responses and protection against sensitization to food allergens. Germ-free mice or
mice with less microbial exposure at early age expressed more IgE at mucosal sites
and induced systemic anaphylaxis (Cahenzli et al. 2013). The American Gut Project
of food allergy participants revealed marked difference in microbial richness for
alpha and beta diversity between the allergic and non-allergic groups. The study
suggested a positive correlation of allergy associated with Bacteroides fragilis and a
negative correlation with Clostridiales, Prevotella, and Ruminococcaceae (Hua et al.
2016). Clostridia, a mucosa-associated commensal, reportedly induced the produc-
tion of IL-22, important for maintaining epithelial barrier integrity, which plays a
pivotal role in preventing food allergen sensitization (Cao et al. 2014; Sabat et al.
2014). To understand the correlation of gut microbiome and exacerbation of food
allergy, Feehley et al. (2019) transplanted fecal samples of healthy human infants
and infants with cow milk allergy to germ-free mice. Those mice that received
samples from the allergic babies became sensitized to the milk protein
β-lactoglobulin (BLG) due to which allergic reactions arose upon repeated exposure
to the protein. Mice that had received transplants from healthy infants tolerated the
dietary antigen without any symptoms of allergy to the milk protein. From the
microbiome data, allergic response was correlated to a significant reduction of
Anaerostipes caccae. The team also showed that transferring this species to germ-
free mice was sufficient to protect against an allergic response to cow milk. Thus,
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appropriate gut microbiota at the early life is critical for the regulation of allergic
inflammation in the lung and GI tract.

Cesarean section delivery of babies increased the risk of developing
IgE-mediated food allergy (Koplin et al. 2008). Allergic disease was related to
imbalance of Th1/Th2 response with enhanced Th2 response. An enhanced Th2
immune response induces IL-4, IL-5, and IL-13 cytokines that contribute to trigger-
ing and maintenance of allergic inflammation. During pregnancy, Th1 immune
response of a fetus was suppressed to prevent excessive immune response to
maternal antigens, and therefore, immune response of the fetus was skewed toward
Th2. Immediately after birth, exposure of the infant to maternal gut microbiota
shifted Th1 response for immune tolerance and maintained a Th1/Th2 balance.
Jakobsson et al. (2014) showed that infants born through CS had reduced microbial
diversity due to less microbial exposure at the time of birth. CS infants also displayed
poor Th1 response which correlated with lower abundances of Bacteroidetes diver-
sity and development of allergic disorder at the later stages of life.

6.4 Diet-Gut Microbiota Interaction and Allergy

The development of molecular techniques during recent years has advanced our
knowledge about food-intestinal microbiota interactions and their crucial role in
immunity development for establishing healthy host status. Commensals residing in
the gut metabolize food and produce a variety of dietary metabolites that serve as
signaling molecules and influence the metabolic process of the host (Khan et al.
2013).

Dietary fibers are nondigestible plant polysaccharides. By fermentation, gut
bacteria converted these to short-chain fatty acids (SCFAs) such as acetate, propio-
nate, and butyrate. The type and amount of SCFAs produced depended on the
composition of microorganisms present in the Gut. SCFAs can shape the mucosal
immunological environment and influence the severity of allergic inflammation.
SCFAs are either utilized by the gut microbiota for their own metabolism or cross
the gut epithelium barrier for release into the lumen, where SCFAs interact directly
with the gut-associated lymphoid tissue (GALT) or modify cellular regulation for
innate/adaptive immune cells, gene expression, differentiation, proliferation, and
apoptosis. Different types of SCFA elicit anti-inflammatory reactions by interacting
with “metabolite-sensing” G-protein-coupled receptors (GPCR) that are important
for maintaining gut homeostasis and play a vital role in the regulation of Treg cell
biology and inflammatory responses. SCFA may activate signaling pathways
(Venegas et al. 2019) through GPR41 (free fatty acid receptor 3; FFAR3), GPR43
(free fatty acid receptor 2; FFAR2), and GPR109A (hydroxycarboxylic acid receptor
2; HCAR2). SCFAs also regulate inflammatory cytokine production by inhibiting
the transcription factor, the nuclear factor kappa B (NF-κB). Further, SCFAs pro-
mote mucous production by intestinal goblet cells that induce secretory IgA and
activate inflammasomes resulting in IL-18 secretion, which can recruit different
types of effector cells and coordinate the innate immune response. SCFA also
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helps in maturation of T cells into its subtype and activation of Treg cells that
provide oral tolerance and protection against food allergy. Increase in the total
number of Treg cells and reduced anaphylaxis also correlated with a higher propor-
tion of CD103+ DCs and retinal dehydrogenase activity in mice model (Tan et al.
2016). Comparative nuclear magnetic resonance–based metabolome analysis
disclosed a positive correlation between colonic Treg cell numbers and luminal
concentrations of SCFAs (Furusawa et al. 2013).

SCFA levels, specifically butyrate, can serve as metabolic signature to assess the
gut microbial diversity and distinguish healthy and diseased states in children with
asthma and lower atopic dermatitis or food allergy (Bottcher et al. 2000). Mice fed
with high-fiber diet increased the level of circulating SCFAs and were protected
against allergic inflammation. It was further observed that mice fed with propionate-
supplemented diet displayed higher macrophage count and reduced allergic inflam-
mation through GPR41 receptors since allergic inflammation is exacerbated in
GPR41- or GPR43-deficient mice (Trompette et al. 2014). Similar observation was
also reported in germ-free mice that were unable to produce SCFA due to lack of
commensal microbiota (Maslowski et al. 2009). A distinct microbial diversity and
high production of acetate, a type of SCFA, were reported in mice fed with high-fiber
diet (Thorburn et al. 2015). Elevated acetate production increased acetylation at the
Foxp3 promoter that downregulated certain genes and led to marked suppression of
allergic airway disease. It was also shown that high-fiber diet in pregnant mice could
suppress robust allergic response in their offspring.

Dysbiosis at the early age of life and shift in microbial composition increased the
risk of developing allergic disorders. Arrieta et al. (2015) compared gut microbial
diversity of 319 subjects, and higher-risk groups were characterized by reduced level
of fecal acetate and significantly lower abundance of Faecalibacterium,
Lachnospira, Veillonella, Rothia, and some other bacterial genera in their gut. It
was further demonstrated that inoculation of specific microbial genera in germ-free
mice could ameliorate allergic inflammation in the offspring, which confirmed the
role of these bacterial communities and their metabolite in reducing allergy suscep-
tibility. Faecalibacterium prausnitzii was identified as a key butyrate producer in
different studies.

Cait et al. (2019) also investigated the mechanism of SCFAs to declined allergic
inflammation and demonstrated that SCFA could ameliorate allergic disorder by
reducing T cells and dendritic cell stimulation. The reaction was reasoned to lessen
the levels of circulating immunoglobulin E (IgE) and reduce interleukin-4 (IL4)
producing CD4+ T cells. Bacteroides fragilis enhanced Treg function through
capsular polysaccharide A that promoted tolerance (Round et al. 2011). Similarly,
the presence of Clostridium species (clusters IV and XIVa) regulated Foxp3+
regulatory3+ T cells via short-chain fatty acid (SCFA) for allergic disease preven-
tion. In an infant cohort of 301 children of ~1 year age, a positive correlation
between diet intake, SCFA production, and prevention of food allergy was reported.
It was observed that children with low SCFA levels were prone to food sensitization
and were at higher risk of developing allergy at later age (Roduit et al. 2019;
Costanzo et al. 2020).
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Besides SCFA, other metabolites produced by commensal microorganisms such
as long-chain fatty acids (LCFAs) including omega-3 and omega-6, glycolipids, and
vitamins exert anti-inflammatory and anti-allergic effects. These metabolites
lowered Th2 response and reduced the severity of allergic inflammation (Hirata
and Kunisawa 2017; Suther et al. 2020).

The finding concludes that diet-gut microbiota interaction shapes mucosal immu-
nity and alleviates allergic inflammation severity through food supplements that
include defined microbiota.

6.5 Modulation of Gut Microbiota as a Preventive Measure

Latest research and several epidemiological studies have established the fact that gut
microbiota of allergic subjects, both in human and murine models, are distinct from
those of healthy controls. Moreover, it is also evident from various studies that
alteration of gut microbiota may help in the prevention of allergic diseases
(Bunyavanich et al. 2016; Chen et al. 2016). Dietary modifications are recognized
as a simple and promising method of modulating gut microbiota. Changes in diet
exert a short-term or long-term effect on the intestinal microbial population (Noval
Rivas et al. 2015; Nagata et al. 2017). Introduction of high-fiber-rich diet can
naturally increase the population of SCFAs producing bacteria in the gut. There
are growing evidences to support the protective and anti-inflammatory properties of
SCFAs. Underlining the importance of dietary fiber rich diets for the modulation of
gut microbiome suggested a correlation between butyrate producing bacterial groups
and preventing allergic inflammation. Enhancing the population of SCFAs produc-
ing bacteria naturally by intervention through a high-dietary-fiber-rich diet has
invoked a potential treatment for allergic diseases (Suther et al. 2020). High-fiber
diets used in mice were found to decrease allergic sensitization as well.

During the last few years, pre- and probiotic supplementation has been consid-
ered as an attractive and safe option for the modulation of the gut microbiota, which
influences the onset of food allergy (Brosseau et al. 2019). Synbiotics are a combi-
nation of pre- and probiotics to achieve a synergistic effect (Fox et al. 2019).
Prebiotics are nondigestible, small chains oligosaccharides that selectively stimulate
the growth and activities of specific groups of bacteria in the colon. Studies suggest a
correlation between prevalence of allergic diseases and prebiotics. It has been
reported that supplementation of fructo-oligosaccharide (FOS) in food allergy-
prone mice group reduced the activation of mast cells and inflammation in the
duodenum. In another study, FOS demostrated a regulatory role in activation of
naive CD4+ T cells and attenuation of the gut Th2 response (Fujitani et al. 2007;
Tsuda et al. 2017). An intervention review on “Prebiotics in infants for prevention of
allergy” published meta-analysis of four studies for claims toward significant reduc-
tion in eczema (1218 infants, typical risk ratio, 0.68; 95% CI 0.48 to 0.97; typical
risk difference, �0.04; 95% CI -0.07 to �0.00; number needed to treat to benefit
(NNTB), 25; 95% CI 14 to >100; P ¼ 0.03). Pectin-based prebiotics have been
shown to stimulate the growth of Faecalibacterium prausnitzii and Eubacterium
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eligens DSM3376. These bacterial species are known for their butyrogenic
properties and enhance in vitro secretion of the anti-inflammatory cytokine IL-10
(Nagata et al. 2017). In addition, other dietary fibers such as guar gum and cellulose
(35% crude fiber) along with vitamin A also protected mice against peanut allergy.
High-fiber diet reshaped the gut microbiota and stimulated the growth of SCFAs
producing genera such as Bacteroides, Lactobacillus, and Bifidobacterium and
inhibited the growth of Firmicutes (Tan et al. 2016).

Dietary intervention with probiotic supplementation effected prevention and
treatment of allergy. Lactobacillus rhamnosus GG (LGG), a well-characterized
probiotic, prevented the occurrence of cow milk allergy through the accumulation
of Treg cells in the intestine and other regulatory cytokines like TNF-α, IL6, and
IL-10. In addition, Lactobacillus rhamnosus GG influenced strain level bacterial
diversity in fecal samples of LGG-supplemented infant groups by increasing
demethylation of FoxP3 and DNA methylation of IL-4 and IL-5 (Canani et al.
2016, 2017; Paparo et al. 2019). In murine model, Bifidobacterium longum subsp.
infantis LA308 skewed the allergic response toward Th1 through the expression of
IL-10. In Zhang et al. (2016), meta-analysis that included 17 trials of 2947 infants,
combined probiotics supplementation in prenatal to pregnant mothers and postnatal
to infants reduced the risk of food sensitization, RR0.77; 95% CI 0.61–0.98. In a
later study by Zhang et al. (2017), oral administration of Clostridium butyricum
CGMCC0313–1 was found effective in inhibiting β-lactoglobulin (BLG)
induced intestinal anaphylaxis. C. butyricum stimulated secretion of the IgA and
expression of CD4+ CD25+ Foxp3 Treg that reversed the Th1/Th2 imbalance.
Canani et al. (2017), based on a large prospective study with randomly selected
220 infants of 5 month median age, with suspected IgE-mediated cow milk allergy,
found that the group fed with extensively hydrolyzed casein formula (EHCF) + LGG
exhibited less symptoms of allergic manifestation compared to the group fed with
only EHCF. Postbiotics (nonviable cells or cell fractions), when administered in
adequate amounts, conferred health benefits (Rad et al. 2021), thus showing another
strategy for protection against food allergy.

6.6 Conclusion and Future Prospects

Though literature has overwhelmingly supported the use of gut microbiome
components to treat the prevailing severity of food allergy, no specific curative
medicine or treatment is yet available. Since a vast community of symbionts and
commensal microorganisms inhabiting the gastrointestinal tract play a vital role in
the development of the immune system, nutrient processing targeting specific gut
microbiota in situ appears a strategy for combating food allergy. Current genomic
revolution and development of culture-independent methods, like metagenomics,
not only offer a scope and opportunity to identify the molecular foundations
deciphering gut-microbe relationships but can also decipher the complex interplay
between gut microbial compositions toward mucosal microbial diversity, essential
for immune homeostasis for microbiome-based diet formulations that stimulate
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different arms of immune response and prevent allergic disorders. Such formulations
should offset imbalances in microbial composition at the early stages of life to shift
microbial diversity leading to corrections in complex mucosal systems to overcome
allergic disorders in later stages of life. Hence, designing microbiome-based func-
tional foods appears to be a possibility for gut-immunity homeostasis, specifically
for protection against IgE-mediated allergic inflammation.
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Gut Microbiome Composition as the Key
Factor for Immunomodulation in the Host 7
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Abstract

Gut microbiota is an intricate assortment of microbes that naturally thrive in the
digestive tract of humans and other animals. These microbes are very critical for
host development, immunity and nutrition. Ample scientific evidences establish
the role of gut microbes in human health and diseases. Especially with respect to
host immunity, the interaction is highly interlinked with microbiota influencing
the induction, training and function of host immune cells, thereby regulating
immune homeostasis. In turn, the immune system has a central role in shaping
composition, diversity and distribution of host gut microbiota. When immune
system–microbiota alliance is operating optimally, a myriad of health benefits are
rendered to the host including protection against pathogens, intact intestinal
barrier integrity, immunohomeostasis and others. Any disturbance in this intricate
association is strongly associated with immunological dysregulation with aber-
rant immune responses that result in inflammation and tissue injury and subse-
quently can cause autoimmunity, allergy and cancer. This clearly reflects
interdependence of host immune system and their gut microbiota as well the
critical role of immune system–microbiota cross talk in the host health and
disease.
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7.1 Introduction

The gut microbiome is an intricate multifaceted network of about 100 trillion
microbes that constitute about 1000 different species (Gerard 2016). These microbes
naturally grow within length and breadth of different parts of the gastrointestinal
tract with their immaculate ability to get replenished within a short duration of time.
These gut microbes develop very quickly right from birth and just after 2–3 years, a
stable gut microbiota composition is established. The composition of these microbes
is dependent on age, environmental factors (diet, physical activity, etc.) and patho-
logical conditions. In healthy conditions, the microbial diversity and richness
enhance with age attaining the highest complexity during adulthood. Ample
investigations have demonstrated the role of gut microbiome in human health,
nutrition, disease as well as antibiotic resistance (Kau et al. 2011; Ley 2010;
Sommer et al. 2009). Due to the critical association between dysbiosed microbiome
and the development and progression of various ailments affecting the gut and other
visceral organs, microbiota has become a hot research area, especially to biomedical
research teams.

Based on various in vitro and in vivo animal models, it has been conclusively
revealed that a balanced microbiota composition is very critical for proper function-
ing of the individual (Pearce et al. 2018). The composition of gut microbiota does
change continuously throughout the growth and development of an individual even
under normal circumstance. Importantly, this gut microbial population can be
manipulated in a desired manner so as to have a better lifelong health benefits.
These microbes include archaea, bacteria, viruses, fungi and others that make an
intricate ecosystem along the gastrointestinal tract. The total collection of these
microbes along with their respective genomes constitutes the microbiome (Bhat
and Kapila 2017). Not only the gastrointestinal tract, microorganisms also colonize
other anatomical parts such as oral cavity, urogenital tract, mammary gland, skin,
mucosa and respiratory tract, but major contribution is from the microbes present
within the gut that harbours the densest microbes collectively called as gut
microbiota (Dekaboruah et al. 2020). The total number of these microbes is far
more than the total number of host cells reflecting that we are much more bacteria as
we are human (Sender et al. 2016). Both the microbe number and diversity are very
critical in determining healthy as well as diseased conditions of the body. However,
the composition of this microbial community is very much host specific that evolves
throughout an individual’s lifetime with modulations both due to external and
internal factors. Further, each bacterial strain harbours thousands of genes, and
hence, the collective bacterial genome is about 100 times more than what the host
possesses and therefore has a massive effect on host development and functions.
These microbes co-evolve and continue to live in the host. The microbes themselves
or their metabolites act as critical environmental stimuli and thus affect host
functions. Because of this intricacy and interdependence, gut microbiota is now
regarded as a virtual organ of the human body for its role in host health and disease
(Bhat and Kapila 2017).
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With the development of new tools and technique in recent years, the gut
microbiome composition, diversity and individual variations have been extensively
explored to know dynamic operations of commensal microbiota, though this
research area is still in infancy and comprehensive research efforts are still required
to know this critical gut microbiota–host interdependence. Further, the main focus is
to determine the different microbial species that are predominant during healthy and
unhealthy conditions as well as those species that are present during early and elderly
stages of development. The gut microbiota has enormous variations consisting of the
abundant Firmicutes, Bacteroidetes, Fusobacteria, Actinobacteria, Proteobacteria
and Verrucomicrobia with Firmicutes and Bacteroidetes together constituting
about 90% of gut microbes (Rinninella et al. 2019). The phylum Firmicutes alone
includes more than 200 different genera out of which 95% of total Firmicutes is
contributed by Bacillus, Clostridium, Lactobacillus, Enterococcus and
Ruminococcus. The highest microbial density lies in the colon (1010–1012/g) with
round about 400 bacterial species. In the lower part of the intestine, mostly anaerobic
microbes are found that include Bacteroides, bifidobacteria, Fusobacteria and
peptostreptococci compared to aerobes and facultative aerobes that include
enterobacteria and lactobacilli (Illiano et al. 2020) However, the microbiome com-
position is never the same, and this complex microbe aggregation changes both due
to genetic and environmental factors that may include diet, place of living and
exposure to environmental pollution such as toxin, carcinogens and antibiotics
(Hasan and Yang 2019). In fact, the microbial composition is used to indicate the
healthy or unhealthy status of an individual.

Besides, the gut microbiota is closely involved with numerous aspects of host
physiology that includes nutritional status, mental and behavioural patterns,
responses to variable stress factors as well as health and disease status of the host
(Kho and Lal 2018). The proper execution of various gastrointestinal tract functions
that include digestion, absorption as well as protection against colonization by
pathogens is largely dependent upon these microbes (Bhat and Kapila 2017). Gut
microbes are also essential reservoirs of vitamins like K and B, short-chain fatty
acids (SCFAs), cholesterol metabolism as well as digestion of dietary
polysaccharides that otherwise will remain un-metabolized. Importantly, gut
microbiota is closely linked with the development of the host immune system right
from the infancy to the elderly stage. Not only the intestinal mucosal immunity but
also the systemic immune systems heavily depend on the host microbiota for their
proper development and maturation (Zheng et al. 2020). In fact, various immuno-
logical pathologies, notably inflammatory bowel disease, celiac disease
(multisystemic autoimmune disorder), inflammatory bowel disease, psoriatic arthri-
tis, atopic eczema and others occur due to changes in gut microbial bacterial
diversity and functions (Valdes et al. 2018). Studies have shown the close intimacy
between the gut microbiota composition and immune system maturation and devel-
opment along with associated health complications that could develop due to
mismatches in the interactions of these two important components of an individual.
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7.2 Interdependence of Gut Microbiota and Host Immune
Functions

The gut microbiota and host immune system are two critical host components that
largely decide the overall functionality of an individual. Importantly both gut
microbiota and the immune system affect the functioning as well as the development
of each other. The host coexists with these microbes but simultaneously mount a
strong and rapid response to the pathogenic microbes (Pickard et al. 2017). The gut
microbial communities co-exist in dynamic relationships with the host through
intricate networks of interactions and signals. Investigation has shown the cell
surface or cytosolic pattern recognition receptors such as Toll-like receptors
(TLR), C-type lectin receptors (CLRs), AIM2-like receptors (ALRs), OAS-like
receptors (OLRs) and NOD-like receptors (NLR) mediated interactions between
gastrointestinal innate immune system and commensal microbes that are responsible
for effective defence mechanisms against pathogenic and non-pathogenic dangers
(Strowig et al. 2018). Gut microbiota maintains a proper balance between host self-
defence and immune tolerance that ultimately results in homoeostatic conditions
within the gut. In addition, a number of metabolites, short-chain fatty acids,
polyamines, polyphenols and vitamins are released in the gut with the help of gut
microbiota, which also influence the host immune functions (Table 7.1). An imbal-
anced communication between host immune cells and gut microbiota could there-
fore have many ill effects on host functions, especially with respect to gut immune
functions.

7.2.1 Gut Microbiota-Dependent Immune System Development
and Maturation

The human gastrointestinal tract (GIT) is home to a vast and most vivid microbial
community called microbiota that has a key role in shaping the integrity of host gut
immune functions. In fact, the gut microbiota is closely associated with many
developmental aspects of the adaptive immune system as well as innate immunity.
As reported previously, the early colonization of host’s mucosal surfaces in
mammals has a key role in the maturation of host gut immune system (Gensollen
et al. 2016). In a recent investigation, it was shown that pregnant women with IBD
and their offspring had lower bacterial diversity and altered bacterial composition
(Torres et al. 2020). When this altered microbiota was transferred to germ-free mice,
they showed immature intestinal immune system maturation with fewer class-
switched memory B cells and regulatory T cells in the colon as compared to control
women and their babies. The role of microbiota in immune system development can
be explored especially using germ-free (GF) and gnotobiotic animals. Using specific
receptors such as Toll-like receptors (TLRs), nucleotide-binding oligomerization
(NOD)-like receptors (NLRs), C-type lectin receptors and others, immune cell
system could sense these microorganisms (Thaiss et al. 2016). This receptor-based
interaction with microbial components, like LPS, flagellin, bacterial DNA, etc.,
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results in a cascade of signalling networks including the activation of transcription
factor NF-κB, which results in the release of various chemokines, cytokines and anti-
microbial proteins (Francino 2014). Members of the microbial community promote
pro- and anti-inflammatory responses in the host, which are critical mediators in the
maintenance of immune homeostasis (McDermott and Huffnagle 2014). In a recent
investigation, five NF-κB suppressive strains were identified belonging to Clostrid-
ium clusters IV, XIVa and XV that independently suppressed the secretion of the
chemokine IL-8 from blood mononuclear cells and gut epithelial organoids (Giri
et al. 2019). These NF-κB suppressive microbes suppressed the cytokine-driven
inflammatory responses and endoplasmic reticulum stress in gut epithelial organoids

Table 7.1 Microbiota-dependent host immunomodulation

Microbes/
metabolites/
components Role in regulation Consequences References

Faecalibacterium
prausnitzii

Induces high levels of IL-10
and reduces the levels of
IL-12 and IFN-γ; therefore,
it has anti-inflammatory
roles

Lower levels of
F. prausnitzii were
observed in Crohn’s disease
while levels increased
during psoriasis

Codoñer
et al.
(2018)

Polysaccharide A
from Bacteroides
fragilis

Induces regulatory T cells
(Tregs) to produce IL-10,
suppresses Th17 cell activity
and also protects the host
from Helicobacter
hepaticus-induced colitis

Loss of Bacteroides was
observed during IBD

Round
et al.
(2011),
Chiu et al.
(2014)

Butyrate Exhibits anti-inflammatory
activity by inducing
intestinal microbiota to
release IL-10

Decrease in butyrate
observed in IBD

Singh
et al.
(2014)

Bacteroides
thetaiotaomicron

Reduces the levels of
inflammatory cytokines by
increasing the nuclear export
of the RelA subunit of
NF-κB, which is responsible
for expression of
inflammatory genes

High levels of inflammatory
cytokines in inflammatory
diseases

Kelly et al.
(2004)

Bacterial flagellin Stimulates ILC3 cells to
produce IL-22, which
provides defence against
various pathogens via
inducing the production of
anti-microbial proteins

Irregular levels of IL-22
observed in human
intestinal mucosa in
helminth infection

Leung
(2013)

Clostridia Releases butyrate, stimulates
differentiation of colonic T
regulatory cells (Treg),
which have a role in the
suppression of inflammatory
and allergic responses

Reduced in IBD in
association with low
amount of butyrate

Furusawa
et al.
(2013)
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that was responsible for immunomodulatory effects, suggesting the extrinsic regula-
tor role of microbiome in host immunity.

Investigation has shown that gut microbiota plays an important role in the
differentiation of T cells into different types of cells including helper T cells (Th1,
Th2 and Th17) or regulatory T cells (Tregs) (Belkaid and Hand 2014). For example,
segmented filamentous bacteria promote the development of Th17 cells in the
intestine, which secrete IL-17 and IL-22, which increased inflammatory response
in the host against pathogenic bacteria such as C. rodentium (Ivanov et al. 2009).
Several studies explained the role of clostridia in the development of Foxp3+

regulatory cells in the intestine, which are anti-inflammatory in nature (Atarashi
et al. 2013). Other members such as Escherichia, Akkermansia, Bacteroides, Clos-
tridium, Lactobacillus and Streptococcus were also found to induce these regulatory
cells (Geva-Zatorsky et al. 2017). The microbial composition is also able to regulate
the generation of CD4+ and CD8+ T cells, which are activated in viral infections and
enhanced anti-tumour immunity (Ichinohe et al. 2011; Tanoue et al. 2019). In
addition to the regulation of T cell functioning, gut bacteria also stimulate the
migration of macrophages and neutrophils in the intestinal tissues for providing pro-
tection against pathogens (Kamada and Núñez 2014). Microbes of the gut regularly
stimulate the macrophages for IL-10 production, which can further induce Tregs that
control the unregulated development of Th17 cells (Rivollier et al. 2012). Recently
identified innate lymphoid cells (ILCs) are mainly dependent on the colonization of
microbiota for their proper functioning (Kim and Kim 2016). ILCs comprised
cytotoxic and non-cytotoxic cells (ILC1, 2 and 3), and most of the studies defined
the role of ILC3 in host–microbiota interactions. These lymphocytes restrict the
response of T cells to commensal bacteria and thus promote their colonization. Gut
microbes also stimulate innate lymphoid cells 3 (ILC3) that subsequently releases
IL-22 which acts as activating factor for the enzyme fucosyltransferase 2 (galactoside
2-α-L-fucosyltransferase 2) that protects from enteric pathogens (Thaiss et al. 2016).
The development and function of neutrophils are largely dependent locally as well as
systemically upon gastrointestinal microbiota. Further, the gastrointestinal tract
microbiota affects the differentiation of T cell populations either into the different
helper cells that include Th1, Th2 and Th17 or into regulatory T cells (Tregs)
(Francino 2014). Conclusively, it can be said that all branches of the immune system
are influenced by the microbiota, reflecting the immense role of these microbes in
shaping the host immune system.

7.2.2 Role of the Immune System in Shaping Gut Microbiota
Complexity

Just like gut microbes influence the immune system functions, the immune system in
turn has a key role in deciding the composition and diversity of gut microbiota. In
fact, the major proportion of the immune system, approximately up to 70%, resides
in the intestine. The host gut defence system includes a diverse array of mechanisms
including the multilayered mucus layer and secreted immunoglobulin (sIgA) along
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with the release of a number of anti-microbial peptides that on one side provide the
host defence but at the same time keep the microbiota in check and maintain a mutual
beneficial relationship with them (Dolle et al. 2016). At the same time, the mucosal
immunity fights out the potential danger that could result from microbiota-derived
antigens through the production of specific antibodies. The secretory immunoglobu-
lin (sIgA) in particular is known to play a vital role in deciding the microbiota
diversity and composition (Pabst and Slack 2020).

The immune system consists of lymphoid organs and immune cells such as
macrophages, dendritic cells, neutrophils and natural killer cells. In addition to
immune cells, epithelial cells of the gastrointestinal (GI) tract also have an important
role in maintaining the integrity of gut functionality (Zhang et al. 2015). They act as
a strong physical barrier to pathogens and toxins and also work along with other
components of the immune system in defence mechanisms. Underneath the epithe-
lial layer, antigen-presenting cells (APCs) and lymphocytes present in the lamina
propria and gut-associated lymphoid tissue (GALT), respectively, are components of
the gut immune system that respond in an antigen-specific manner (Takiishi et al.
2017). All components function synergistically to combat the pathogen invasion in
mucosal tissue. The GI tract is the first one to interact with external stimuli; the
epithelium of the GI tract is regularly exposed to several types of antigens like food
components, commensal bacteria, pathogens and toxins. Due to these continuous
exposures, it can distinguish between commensal bacteria and pathogens and
opposed the colonization of pathogenic organisms in the gut. In addition to its role
in defence against pathogenic microorganisms, the immune system also plays an
important role in shaping the commensal bacteria, which is beneficial for host health.
Bilateral interactions of gut microbiota with the immune system generate a number
of immune responses, and reversibly the immune system could sense and differenti-
ate commensal microorganisms and pathogens, thus developing tolerance (Zheng
et al. 2020).

A number of interactions between the two are characterized over the years. In
particular, the mucus layer in the intestine forms a double layer, which acts as a
primary barrier to the host’s defence. The outer layer of mucus supports the coloni-
zation of microorganisms and provides nutrition to them (Kashyap et al. 2013).
Some of the cytokines such as TGF-β and IL-10 released from host immune cells are
known to maintain mucosal tolerance and also support the colonization of commen-
sal bacteria through stimulation of secretory IgA and thus contribute to intestinal
homeostasis (Lazar et al. 2018). Intestinal cells have a pivotal role in maintaining
intestinal homeostasis as these cells express a range of immune receptors on their
surface. Previouly, it has beeen reported that NOD1 of epithelial cells is necessary
for the secretion of C-C motif chemokine 20 (CCL20) that has key role in the
developmemt of isolated lymphoid follicles (IFLs) responsible for the production of
antigen-specific intestinal IgA immunoglobulins (Bouskra et al. 2008; Fenton et al.
2020). NRLP6 in epithelial cells encourages the inflammasome-mediated IL-18
production as well as the secretion of mucus by goblet cells, which contribute to
homeostatic regulation of host–microbiota interface (Wlodarska et al. 2014). It has
also an important role in the regulation of anti-viral immunity (Wang et al. 2015).
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The role of the innate immune system in the development of the community of gut
microorganisms can be best studied in mice models having immune deficiencies.
The host’s innate immune system might promote the growth of microbiota during
dysbiosis. For example, in the case of intestinal infection, fucosylated proteins of
intestinal cells induced by ILC3 provide energy to commensal bacteria (Pickard et al.
2014). Signalling via TLR1 during Yersinia enterocolitica infection also has a role in
the maintenance of intestinal ecological homeostasis (Kamdar et al. 2016).

7.3 Microbiota Released Metabolite and Immune System
Modulation

Not only the gut microbes but their derived metabolites such as short-chain fatty
acids, polyamines, polyphenols and others have a significant outcome on the host
immune functions as shown in Fig. 7.1. Microbial metabolites interact with the
host’s immune system by interacting with stromal and epithelial cells. In the case of
microbial metabolites, short-chain fatty acids (SCFAs), like butyrate, acetate, propi-
onate, succinate and lactate, are the most studied (Morrison and Preston 2016).
These metabolites are produced through the action of gut microbiota by fermenting
non-digestible carbohydrates like dietary fibres and resistant starch (Bhat and Kapila
2017). These metabolites can get incorporated in intestinal epithelial cells or can
diffuse across the epithelium into the underlying intestinal lamina propria, thus
influencing different host’s immune system. For example, microbiota-produced
butyrate regulates transepithelial fluid transport along with reduction of mucosal
inflammation. Butyrate is considered an essential secondary metabolite that has a
key role in the development and functioning of several immune cell lineages (Man
et al. 2020). Previously, gut microbiota-derived butyrate was observed to impart
anti-inflammatory effects in the colon through increased histone acetylation of the
Foxp3 (forkhead box P3) locus in naive CD4+ T cells, which subsequently increased
Foxp3 expression that stimulates the differentiation of Treg cells (Furusawa et al.
2013). Similarly, butyrate-dependent colonic Treg differentiation was reported in
myeloid cells through histone deacetylase inhibition (Arpaia et al. 2013). Further,
SCFAs derived from gut commensal bacteria increased the naive CD4+ T cells,
Tregs and other immune cell populations.

In addition, microbial metabolism of dietary foods in the gut also produces
biologically active polyphenolic compounds and polyamines (Bhat and Kapila
2017). Polyphenolic compounds are transformed into various derivatives of aro-
matic SCFAs such as phenylacetate and phenylbutyrate through the action of
microbes such as Bacteroides species, Clostridium species, Eubacterium limosum
and Eggerthella lenta and subsequently bring out various health benefits. For
example, polyphenol fisetin is reported to modulate immune functions when
incubated with human monocytic THP-1 cells through the epigenetic inhibition of
the expression of NF-jB genes, IL-6 and TNF-α (Kim et al. 2012). Similarly,
polyamines have been reported to exert regulatory functions on immune cells
possibly by regulating transcription, protein translation, stress protein responses
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and cellular metabolism. Polyamines exert anti-inflammatory effects by suppressing
inflammatory T cells along with production of cytokines and nitric oxide (NO),
thereby having an immunomodulatory effect (Keough et al. 2011).

While the human gut microbiota are suspected to produce diffusible small
molecules that modulate host signaling pathways, few of these molecules have
been identified. Species of Bacteroides and their relatives, which often comprise.
Fifty percent of the gut community, are unusual among bacteria in that their
membrane is rich in sphingolipids, a class of signaling molecules that play a key
role in inducing apoptosis and modulating the host immune response. Although
known for more than three decades, the full repertoire of Bacteroides sphingolipids
has not been defined. Here, we use a combination of genetics and chemistry to
identify the sphingolipids produced by Bacteroides fragilis NCTC 9343. We
constructed a deletion mutant of BF2461, a putative serine palmitoyltransferase
whose yeast homolog catalyzes the committed step in sphingolipid biosynthesis.
We show that the D2461 mutant is sphingolipid deficient, enabling us to purify and
solve the structures of three alkaline-stable lipids present in the wild-type strain but
absent from the mutant. The first compound was the known sphingolipid ceramide
phosphorylethanolamine, and the second was its corresponding dihydroceramide
base. Unexpectedly, the third compound was the glycosphingolipid
a-galactosylceramide (a-GalCerBf), which is structurally related to a sponge-derived
sphingolipid (a-GalCer, KRN7000) that is the prototypical agonist of CD1d-
restricted natural killer T (iNKT) cells. We demonstrate that a-GalCer Bf has similar
immunological properties to KRN7000: it binds to CD1d and activates both mouse
and human iNKT cells both in vitro and in vivo. Thus, our study reveals BF2461 as
the first known member of the Bacteroides sphingolipid pathway, and it indicates
that the committed steps of the Bacteroides and eukaryotic sphingolipid pathways
are identical. Moreover, our data suggest that some Bacteroides sphingolipids might
influence host immune homeostasis. While the human gut microbiota are suspected
to produce diffusible small molecules that modulate host signaling pathways, few of
these molecules have been identified. Species of Bacteroides and their relatives,
which often comprise. Fifty percent of the gut community, are unusual among
bacteria in that their membrane is rich in sphingolipids, a class of signaling
molecules that play a key role in inducing apoptosis and modulating the host
immune response. Although known for more than three decades, the full repertoire
of Bacteroides sphingolipids has not been defined. Here, we use a combination of
genetics and chemistry to identify the sphingolipids produced by Bacteroides fragilis
NCTC 9343. We constructed a deletion mutant of BF2461, a putative serine
palmitoyltransferase whose yeast homolog catalyzes the committed step in
sphingolipid biosynthesis. We show that the D2461 mutant is sphingolipid deficient,
enabling us to purify and solve the structures of three alkaline-stable lipids present in
the wild-type strain but absent from the mutant. The first compound was the known
sphingolipid ceramide phosphorylethanolamine, and the second was its
corresponding dihydroceramide base. Unexpectedly, the third compound was the
glycosphingolipid a-galactosylceramide (a-GalCer Bf), which is structurally related
to a sponge-derived sphingolipid (a-GalCer, KRN7000) that is the prototypical
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agonist of CD1d-restricted natural killer T (iNKT) cells. We demonstrate that
a-GalCer Bf has similar immunological properties to KRN7000: it binds to CD1d
and activates both mouse and human iNKT cells both in vitro and in vivo. Thus, our
study reveals BF2461 as the first known member of the Bacteroides sphingolipid
pathway, and it indicates that the committed steps of the Bacteroides and eukaryotic
sphingolipid pathways are identical. Moreover, our data suggest that some
Bacteroides sphingolipids might influence host immune homeostasis.

The glycosphingolipid α-galactosylceramide (αGalCer) derived from human gut
microbe Bacteroides and their relatives serves as an important class of signalling
molecules that have a key role in inducing cellular apoptosis and modulating the host
immune response (Von Gerichten et al. 2019). It was reported that
α-galactosylceramide (αGalCer) binds to CD1d and activates both mouse and
human invariant natural killer T cells both in vitro and in vivo, suggesting the role
of Bacteroides sphingolipids in influencing host immune homeostasis. Further, it
was noticed that when α-galactosylceramide was presented to cluster of differentia-
tion 1d (CD1d) receptors on antigen-presenting cells, it was observed to efficiently
modulate immune responses against tumours, microbial and viral infections and
autoimmune diseases. Interestingly, decreased αGalCer production was observed in
mice when gut microbiota composition was altered due to colitis and influenza A
virus infection. Previously, α-galactosylceramide was also found to diminish inflam-
mation of the intestine in mice colitis model, which subsequently maintained
intestinal homeostasis (An et al. 2014). Collectively, these studies demonstrated
the critical role of microbiota-derived glycosphingolipid αGalCer in maintaining gut
homeostasis, thereby having a key role in mediating local and systemic immune
responses.

The microbial community is also a source of secondary bile acids having anti-
inflammatory properties and is found to repress the production of tumour necrosis
factor (TNF)-α and IL-12 from dendritic cells in addition to increasing the produc-
tion of IL-10 from macrophages (Fiorucci et al. 2018). One of the tryptophan
metabolites, indole-3-aldehyde, acts as ligands for the host receptors such as aryl
hydrocarbon receptor (AhR), which enhance the transcription of IL-22, which plays
a critical role in antibacterial immunity and mediates host defence through the
mucosal barrier (Zelante et al. 2013). Other than these metabolites, cell wall
components such as polysaccharide A (PSA) from Bacteroides species are responsi-
ble for the induction of Tregs and production of anti-inflammatory interleukin,
IL-10, which are known as major contributors to the maintenance of immune
homeostasis (Round and Mazmanian 2010). Similarly, the vitamin A lipid metabo-
lite retinoic acid has been reported to maintain the balance between
pro-inflammatory and anti-inflammatory immune responses. Further, it was found
that retinoic acid deficiency was found to affect both the composition of the
microbiota and immune system function that subsequently resulted in the decreased
number of T helper 17 (TH17) cells (Cha et al. 2010).
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7.4 Mechanistic View of Host Innate Immune System
and Microbiota Interaction

After understanding the intimate associations between gut microbes and host
immune functions, it is very exciting to know about these cellular and molecular
mechanisms responsible for these complex pathways. Though the mechanisms
involved in the interaction of gut microbiota and host immune cells are not fully
explored yet, it believed that these interactions are regulated both at transcriptional
and epigenetic levels. Regarding molecular studies, several genes involved in the
absorption of nutrients, gut barrier functionality, intestinal immunity and metabolism
of xenobiotics are studied over the years to exploit the interactions of the immune
system with commensals. The transcription programming of these genes mainly
depends upon the sensing of microbial components by intestinal cells (Sommer et al.
2015). These components regulate the expression of the above genes through the
regulation of ubiquitin signalling and translocation of p65 transcriptional factor to
activate NF-κB inflammatory pathway and also via vesicular trafficking (Thaiss et al.
2016).

Besides transcriptional regulation, host–microbiota interactions are also studied
by means of epigenetic modifications. Interactions of cells with microbes could
bring changes in the chromatin structure, which further affects the chromatin
accessibility to transcriptional factors. These epigenetic events might affect the
transcriptional programming of the cells. Takiishi et al. (2017) studied the role of
commensal bacteria on the host’s innate immune system via the epigenetic
pathways. High levels of methylation on the promoter region of TLR4 in colonized
mice suggested that commensal bacteria regulated the immune system by
suppressing the PRRs. Deletion of histone deacetylase (HDAC3) from intestinal
cells resulted in damage to the integrity of the intestinal barrier (Alenghat et al.
2013). Similarly, gut microbiota-dependent epigenetic regulations have been
reported to regulate the development of various types of immune cells including
CD4+ T cells, Tregs and other immune cells (Alenghat and Artis 2014). Microbiota-
derived metabolites such as short-chain fatty acids, polyamines and polyphenols
affect the host gut functions including immune functions through epigenetic
modulations involving DNA methylation and demethylation, histone acetylation
and deacetylation as well as RNA interference (Bhat and Kapila 2017).

7.5 Consequences of Mismatched Interaction Between Gut
Microbiota and Immune Cells

From investigation, it is quite obvious that balanced gut microbiota composition is
very critical for the overall functioning of an individual. Alterations in interactions of
the immune system and gut microbiota because of perturbation in gut microbiota
composition might result in faulty functions of the immune system, which could
further result in autoimmune and inflammatory diseases. The most common inflam-
matory diseases due to dysregulation of the microbiota-immune system are
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inflammatory bowel disorders including inflammatory bowel disease and ulcerative
colitis (UC), while autoimmune diseases include type 1 diabetes, multiple sclerosis
(MS) and rheumatoid arthritis (Gianchecchi and Fierabracci 2019).

In a recent investigation, it was reported that differential microbiota composition
exists in the small intestine of healthy and unhealthy children with inflammatory
bowel disease (IBD) symptoms (Rapozo et al. 2017). Microbial investigation
revealed that the children with IBD had decreased total microbial counts of
Collinsella, Lactobacillus, Bacillus, Firmicutes, Actinobacteria and Bacteroidetes
(Krogius-Kurikka et al. 2009). The dysbiosed intestinal microbe composition makes
these children more susceptible to malabsorption of micronutrient resulting in the
depletion of essential nutrients within their body, reflecting the interdependence of
gut microbiota and host functions. In fact, dysbiosed gut microbiota is associated
with the progression of metabolic disorders like obesity, type 2 diabetes mellitus
(T2DM), cardiovascular diseases and cancer (Li et al. 2019). Previous investigation
has showed the difference in the composition of gut microbiome even between
twins, which was later found to be related with the development of obese conditions
within one individual than the other (Harley and Karp 2012).

During the development of inflammatory bowel disease (IBD), a constant
decrease of microbes belonging to Faecalibacterium, Clostridium and Eubacterium
species in contrast to a consistent increase in members of Enterobacteriaceae,
Ruminococcus gnavus and Fusobacterium nucleatum was observed (Brown et al.
2019). In addition to these microbes, loss of PSA and sphingolipids producing
Bacteroides during IBD further hampers the immune homeostasis (Chiu et al.
2014). In the case of autoimmune disease, MS and a low count of Bacteroides and
Faecalibacterium are also observed (Miyake et al. 2015). Further, it has been found
that development of type 1 diabetes is correlated with high abundance of intestinal
bacteroids and lower numbers of Clostridiales (Giongo et al. 2011). Alterations in
microbiota in RA are mostly associated with an increase in Prevotella species, which
subsequently enhance the sensitivity for chemically induced colitis and can further
contribute to inflammatory diseases (Maeda et al. 2016). In diseased conditions,
activities of both innate and adaptive immune cells are debited from their normal
functions, especially T cells. T helper (Th) and natural killer T (NKT) cells are
known to further contribute to maintaining the inflammation.

7.6 Combating Mismatched Gut Microbiota and Immune
System Interactions

Gastrointestinal disorders are mainly associated with alterations in gut microbiota.
Therefore, restoration of normal gut microbiota could be one critical step in combat-
ing the problems associated with the gut or other visceral organs. At present, faecal
microbial transplantation (FMT), that is, a process of transferring faeces from a
healthy person to the intestine of the person having gut disorders, is very popular to
mediate intestinal homeostasis. The consumption of probiotics, which are defined as
live microorganisms, when consumed in adequate amounts, confers benefits to the
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host and could be one way to restore these mismatched interactions. These probiotic
microbes have been reported to have ample health benefits, especially with reference
to intestinal homeostasis in addition to their prophylactic and therapeutic effects in
various disease models. However, probiotics have strain-specific effects, and hence,
it is very imperative to decide the specific microbes for combating microbiota host
mismatches. The combination of these proved to be more effective in the treatment
of diseases in comparison to a single strain (Kim et al. 2017).

7.7 Future Perspectives

To know the precise mechanism involved in microbiota, dependent host immune
modulation needs to be explored. Epigenetic mechanisms appeared to have a critical
effect in mediation of the host gut microbiota immune system modulation but are
still in infancy and need to be elucidated further. Detailed investigations involved in
host–microbiome interactions could become a suitable target for investigators to
ponder upon for coming years.
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Gut–Brain Axis: Role of the Gut Microbiome
on Human Health 8
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Abstract

The gut microbiome is considered as an organ that contributes to the regulation of
host metabolism. Mammals possess an ‘extended genome’ of millions of micro-
bial genomes located in the intestine: the microbiome. To date, there is rapidly
booming evidence for host–microbe interaction at virtually all levels of complex-
ity, ranging from direct cell-to-cell communication to comprehensive systemic
signalling and engaging various organs and organ systems, including the central
nervous system. As such, the disclosure of differential microbial composition is
associated with alterations in behaviour, and cognition has consequently
subsidized to establish the microbiota–gut–brain axis as an extension of the
well-accepted gut–brain axis concept. Numerous exertions have been focused
on demarcating a role for this axis in health and disease, ranging from stress-
associated conditions such as depression, anxiety and irritable bowel syndrome
(IBS) to neurodevelopmental conditions such as autism. Besides this, the gut–
brain axis is also reported to influence brain disorders, e.g. Alzheimer’s disease,
Parkinson’s disease and schizophrenia. There is bidirectional communication
network that links the enteric and central nervous systems. This network is not
merely anatomical, but it encompasses endocrine, humoral, metabolic and
immune routes of intercommunication as well. The autonomic nervous system,
hypothalamic–pituitary–adrenal (HPA) axis and nerves within the gastrointesti-
nal tract all link the gut and the brain, allowing the brain to influence intestinal
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activities, including activity of functional immune effector cells, and the gut to
influence mood and behaviour, cognition and mental and reproductive health. In
this chapter, we have focused on how gut microbiomes influence physical and
mental health.

Keywords

Autonomic nervous system · Depression · Gut microbiome · Gut–brain axis ·
Health

8.1 Introduction: Gut Microbiome and Brain Broadcast

8.1.1 Composition and Dynamics of Healthy Adult Microbiota

Earlier it was depicted that the gut microbiota is comprised of 500–1000 species of
microbes (Ramakrishna and Krishnan 2007), but a large-scale study in 2007 has
estimated that the collective human gut microflora is made up of more than 35,000
bacterial species (Frank et al. 2007). Additionally, if well specified from a standpoint
of total bacterial genes, Human Microbiome Project and Metagenomics of the
Human Intestinal Tract studies reveal that there is a presence of more than 10 million
non-redundant genes in the human microbiome.

Considering the human body as an environment, human microbiota is the entire
assemblage of microorganisms living at the surface and inside of our body (Dewhirst
et al. 2010; Grice et al. 2006; González et al. 2014; Arumugam et al. 2011). These
communities of microorganisms are vital for many more important aspects of human
physiology, digestion, detoxification and immune system development. Some of the
microbes that live in the gut encode proteins that are essential for the host’s health,
such as enzymes that are required for the breakdown of indigestible food
components and vitamin production (Flint et al. 2012; Qin et al. 2010). So we
humans are having two genomes, one inherited from our parents and the other one
is acquired, i.e. ‘the microbiome’. This concept is the foundation for the characteri-
zation of humans as ‘superorganisms’ (Walsh et al. 2014). The most significant
difference between these two genomes is that the inherited genome remains nearly
stable during our entire lifetime, but the genome acquired from microbiome is
extremely dynamic and can be affected by numerous factors like age (Gajer et al.
2012), diet (David et al. 2014; Wu et al. 2011), hormonal cycles (Koren et al. 2012),
travel (Yatsunenko et al. 2012), therapies, treatments (Perez-Cobas et al. 2013) and
illness (Perez-Cobas et al. 2013).

8.1.2 Formation of Gut Microbiota During the Early Stages of Life

Infants who are fully term, vaginally delivered, breastfed, and not antibiotic-treated
have the best chance of developing a healthy gut flora (Alex et al. 2013). In these
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newborns, facultative anaerobes like enterobacteria, staphylococci and streptococci
are the most primitive microbes starting to colonize and further taking advantage of
the redox potential and available oxygen in the newborn gut. These initial colonizers
consume available oxygen in the gut; by this way, it creates an anaerobic ecosystem
and permits the proliferation of the strict anaerobes, Clostridium, Bacteroides and
bifidobacteria; after that, bifidobacteria become dominant and more numerous than
all other bacterial groups and species within the first few weeks of human life. The
newborn microbiota is extremely dynamic, and it is exemplified by low stability and
low variety. By the end of first year of life, newborns develop a microbial profile
different for each infant and attains the characteristic microbiota of an adult gut
microbiome, and by age of 2.5 years, the microbiota completely resembles that of an
adult in terms of composition (Lobo et al. 2014).

8.1.3 What Consists Gut Microbiota?

The adult microbiota has been reported to be relatively stable over time in addition to
being more complex than that of the neonate (Hamady and Knight 2009). Healthy
gut microbiota is mainly composed of phyla Firmicutes and Bacteroidetes. followed
by phyla Actinobacteria and Verrucomicrobia. Yet this general profile remains
persistent; gut microbiota displays both temporal and spatial differences in distribu-
tion at the genus level and beyond. There is a notable variation in the range and
quantity of bacteria from the oesophagus distally to the rectum, ranging from 101 per
gram of contents in the oesophagus and stomach to about 1012 per gram of insides in
the colon and distal gut (O’Hara and Shanahan 2006). Figure 8.1 shows the time-
based diversity of the gut microbiota from oesophagus distally to the colon. Strepto-
coccus seems to be the leading genus in the distal oesophagus, duodenum and also
jejunum (Pei et al. 2004; Justesen et al. 1984).

Helicobacter is the regulatory genus present in the stomach and regulates the
entire microbial population of the gastric flora; that is, when Helicobacter pylori
(H. pylori) populates in the stomach as a commensal, at that time, the gut attains a
rich diversity with another dominant genus like Streptococcus (most dominant),
Prevotella, Veillonella and Rothia (Blaser 1999; Andersson et al. 2008). This range
of microbes gets disturbed when H. pylori acquires a pathogenic phenotype. The
large intestine comprises more than 70% of all microbes that reside in our body. The
main phyla that inhabit in the large intestine are Firmicutes and Bacteroidetes.
Eventually, Firmicutes/Bacteroidetes ratio has been obtained in predisposition to
disease states (Ley et al. 2006).

The remarkable variability even in healthy persons that has been noticed in the
current studies makes the implication of this ratio controversial. Additionally, from
Firmicutes and Bacteroidetes, the human colon is similarly having primary
pathogens like Campylobacter jejuni, Salmonella enterica, Vibrio cholera,
Escherichia coli (E. coli) and Bacteroides fragilis, but with very less abundance
(0.1% or less of the entire gut microbiome) (Human Microbiome Project Consortium
2012; Gillespie et al. 2011). The phylum Proteobacteria is markedly low, and its
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deficiency along with high abundance of genera Bacteroides, Prevotella and
Ruminococcus suggests a healthy gut microbiota (Hollister et al. 2014). Moreover,
this longitudinal divergence, we do have axial discrepancy from the lumen to the
mucosal surface of the intestine. Although Enterobacteriaceae, Enterococcus, Clos-
tridium, Lactobacillus, Bacteroides, Bifidobacterium, Streptococcus and
Ruminococcus are the predominant luminal microbial genera (can be recognized
from stool analysis), solitary Clostridium, Lactobacillus, Enterococcus and
Akkermansia are the principal mucosa and mucus-linked genera (which can be
detected in the mucus layer and epithelial crypts of the small intestine) (Swidsinski
et al. 2005). These intestinal microbiotas are known to play a key role in several
metabolic, nutritional, physiological and immunological processes (O’Hara and
Shanahan 2006).

Throughout human life, the healthy gut microbiota composition increases in both
variety and richness (Scholtens et al. 2012) and gets maximum complexity in the
human adult, with several hundred species-level phylotypes dominated by the phyla
Bacteroidetes and Firmicutes (Rajilic-Stojanovic et al. 2012). Each human individ-
ual reaches a homeostatic climax composition, which likely remains relatively stable
during most of a healthy adult’s life. Although the individual microbial composition
has an ‘individual core’ that varies at the bacterial phylotype level and depends on
the lifestyle of that individual (Zoetendal et al. 2008; Jalanka-Tuovinen et al. 2011),
at the late stages of life, the microbiota composition becomes again less diverse and
more dynamic, characterized by a higher Bacteroides to Firmicutes ratio, increase in
Proteobacteria and decrease in Bifidobacterium (Biagi et al. 2010).

Establishment of the gut microbiota population in early life plays a key role in the
microbial makeup and disease predisposition throughout the entire life span
(Scholtens et al. 2012). Sometimes, a dissimilar microbiota composition is linked
with chronic intestinal disorders and the severity of distress during disease and
subsequent use of antibiotic (Sekirov et al. 2010). An additional important factor
in microbiota composition improvement is diet. In early life, diet already has an
effect on the gut microbiome. Breastfed babies has a microbiota that is more
heterogeneous than that of formula-fed babies and has a better taxonomic variety
(Schwiertz et al. 2010). In addition, food habits till the age of 3 years can also impact
gut microbiota composition; in a malnourished child, there is lower abundance of
Bacteroidetes; those are proven to be specific in breaking down of carbohydrates
from energy-rich western diet foods. Briefly, human gut microbiota is having a
symbiotic relationship with the gut mucosa and reveals significant nutrient meta-
bolic, xenobiotic and drug metabolism, antimicrobial protection and
immunomodulation and gut protecting jobs in the healthy person. And it obtains
its beneficial nutrients from host dietary components and shed epithelial cells. As a
result, it is an organ with wide metabolic competence and significant signals from the
brain that can affect the motor, sensory, and secretory systems of the gut and
functional smoothness.
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8.1.4 Gut–Brain Axis

An estimated 90 percent of cells found in the human body are not belongs to the
human after all but of mostly prokaryotic origin, derived from at least 40,000
bacterial strains in 1800 genera (Forsythe and Kunze 2013; Frank and Pace 2008;
Luckey 1972). Though considerably smaller in size, these approximately 100 trillion
cells add up to a mass of almost 1–2 kg in an adult individual (Forsythe and Kunze
2013)—approximately the weight of a full-grown human brain (1.5 kg).

The discovery that differential microbial composition is associated with
alterations in behaviour and cognition has significantly contributed to establish the
‘microbiota–gut–brain axis’ as an extension of the well-accepted ‘gut–brain axis’
concept. This concept is used to describe the bidirectional communication between
the central nervous system (CNS) and intestinal organs and was first introduced in
terms of ‘peripheral regulation of emotions’ by William James and Carl Lange in the
1880s and further challenged and refined byWalter Cannon in the 1920s as ‘primacy
of the brain in regulating gastrointestinal function’. So gut–brain axis is a bidirec-
tional interaction network that links both enteric and central nervous systems. This
correlation is not only anatomical but also extends to incorporate endocrine,
humoral, metabolic and immune paths of transmission as well. Furthermore, auto-
nomic nervous system, hypothalamic–pituitary–adrenal (HPA) axis and nerves
within the gastrointestinal (GI) tract all link the gut and the brain together, allowing
the brain to influence intestinal activities and activities of functional immune effector
cells; moreover, they influence mood, cognition and mental health. This host–
microbe interaction is present at all levels of complexity, ranging from direct cell-
to-cell communication to extensive systemic signalling and involving various organs
and organ systems.

Signals coming from the brain can affect motor, sensory and secretory sensory
systems of the gut, and on the other hand, visceral messages from the gut can impact
brain functioning with the help of this gut–brain bidirectional transmission network
(Grenham et al. 2011; Montiel-Castro et al. 2013). This correlation of brain func-
tioning with enteric gut microbiota is less extensively studied but increasingly
accepted and appreciated (Khanna and Tosh 2014). Gut microbiota predominantly
consists of bacteria but also contains archaea, protozoa, fungi and viruses, all of
which have co-evolved with the human host. Our colon harbours the largest numbers
of microorganisms in the gut; most of these native microbes are strict anaerobes in
nature (Eckburg et al. 2005). Synthesis and role of these intestinal microbiota have
constantly been the subject of intense study; primarily it was analysed using culture-
based microbiological methods (Grenham et al. 2011), and right now, culture-
independent 16S rRNA gene sequence-based techniques are in use, and these
techniques allow better understanding of microbial structure and assortment of this
complex study (Arboleya et al. 2008; Qin et al. 2010). With evolving improvements
in metagenomic technologies, we are able to disclose the composition of the human
gut microbiota from early childhood (Palmer et al. 2007) to elderly (Claesson et al.
2012). Although lesser is known regarding the physiological impact of these
microbiota on host health, comprising that of the brain, understanding the stimulus
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of gut microbiota on the host well-being has been portrayed as one of the most
exciting areas in entire medicine (Shanahan 2012).

At the time of birth, our brain is extremely under-developed, and gut is generally
interpreted as completely sterile. As described in Sect. 8.1.2, preliminary coloniza-
tion is influenced by mother’s microbe environment and the environment of the
hospital. This colonization plays an important role in brain development in the early
post-natal period. The subsequent microbial arrangement of the newborn gut is
affected by several factors including diet, use of antibiotics, mode of delivery,
surrounding environment and the main maternal microbiota (Koenig et al. 2011;
Marques et al. 2010; Dominguez-Bello et al. 2010).

These properties of intestinal microbiota identified in healthy full-term infants are
distressed in preterm infants (Dennison 1976) that are commonly delivered via
caesarean section, take antibiotics and are sometimes not fed properly (Hoy et al.
2000). Moreover, preterm infants are having functionally immature or not properly
developed gut which has low levels of acidity in the stomach, because they are
lacking in gastric acid secretion and they need to be fed more frequently (Hoy et al.
2000; Sondheimer and Clark 1985; Sondheimer et al. 1985), and it leads to an
increase in the incidence of potentially pathogenic bacteria in the gastrointestinal
(GI) tract, and preterm infants have a smaller amount of microbial variety than full-
term infants (Arboleya et al. 2008; Chang et al. 2011; Jacquot et al. 2011). And these
characteristics, which have been linked to the development of cerebral palsy and
autism, have been the focus of research and ongoing controversy (Mangiola et al.
2016).

In the case of the elderly, when these microbiota compositions of elderly people
in nursing homes are compared with those living in the community with their
families, large-scale alterations were noticed. Those admitted in nursing homes
have a far less varied microbiota, and this can be a result of less diverse diet
(Claesson et al. 2012). It is also thinkable, sometimes, that pathological factors
lead to admission into nursing homes, likewise worsening cognitive functionality
and declining physical activity, might be having an important role in the reduced
microbial richness and not a less diverse diet. Current studies should explain this
issue, and this can be a challenge for the food industry to discover diets for the
elderly to help them sustain their microbial variety. What we can justify here is that a
dysregulated gut microbiota either in early childhood or in an elderly population
meaningfully increases the possibility of brain dysfunction.

8.1.5 How Gut Microbiota Communicates with the Brain?

There are various possible direct and indirect communication routes through which
the gut microbiota can communicate with the brain including neuroendocrine,
neuroanatomical immune and through neurotransmitters.
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8.1.5.1 Neuroanatomical Pathway
Human gut can interrelate with the brain with the help of two neuroanatomical
pathways. One is mutual information interchange straight between the gut and the
brain by autonomic nervous system (ANS) and vagus nerve (VN) in the spinal cord,
and the other one is a bidirectional signalling between the gut and the brain through
communication between enteric nervous system (ENS) within the gut and ANS and
VN; inside the spinal cord, information from the heart, lungs, liver, pancreas,
stomach and intestines is conveyed to the brain via sensory fibres in the vagus
nerve (Travagli et al. 2003). Sensory vagal inputs reach the nucleus of the solitary
tract (NTS) and are thence conveyed to extensive zones of the CNS and also the
cerebral cortex and medulla oblongata. Preclinical studies have implicated the vagus
nerve as a key route of neural communication between microbes of the gut and
centrally mediated behavioural effects, as confirmed with the elimination of central
Lactobacillus rhamnosus after vagotomy (Bravo et al. 2011), and those who
underwent vagotomy at an early age have a reduced risk of certain neurologic
disorders (Svensson et al. 2015)

8.1.5.2 Neuroendocrine-HPA Axis
Neuroendocrine-HPA axis provides the principal control of the stress reaction and
can have a considerable impact on the brain–gut–microbiota axis (Wang and Kasper
2014; Tillisch 2014; Scott et al. 2013; Moloney et al. 2014; O’Mahony et al. 2009,
2011, 2017). It is fair enough and maybe of significance in several pathologic
conditions psychological or physical stress can considerably dysregulate the HPA
axis and in result the brain–gut microbiota axis, e.g. in IBS (Dinan et al. 2006).
Human brain recruits these same methods to control the composition of the gut
microbiota, for example, in conditions of stress. The hypothalamic–pituitary–adre-
nal (HPA) axis controls cortisol secretion, and cortisol can in turn impact immune
cells (including cytokine secretion) locally within gut as well as systemically in
body. This cortisol level can also alter gut permeability and barrier function and can
in turn alter gut microbiota composition. Additionally, the gut microbiota and
probiotic agents can modify the levels of circulating cytokines, and this can be
effective on brain functioning.

Stress and HPA axis can also affect the formation of the gut microbiome. Initial
stress and separation of the mother may possibly lead to a long-term change of HPA
and had an extended effect on the microbial population (Desbonnet et al. 2008;
Barouei et al. 2012). When it is evaluated with rats not separated from the mother, an
assortment of 16S ribosomal RNA in adult rats, who have been through mother
separation for around 3 h/day starting from day 2 to day 12 after birth, unveiled that
stress extremely altered microbiome detected from faeces (O’Mahony et al. 2009). A
mouse that is exposed to a long-term stress microbiome configuration was compara-
bly different from a non-stressed mouse (Bendtsen et al. 2012). Recently, with the
use of the above theories, it can be concluded that repeated social interaction and
stress can diminish the number of Bacteroides in the caecum and augment the
number of Clostridium. Stress can also upsurge interleukin-6 (IL 6) and monocyte
chemoattractant protein 1 (MCP-1) levels in blood. MCP-1 was significantly related
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to the variations of three different kinds of stress-inducing bacterial strains, namely,
Enterococcus faecalis, Pseudobutyrivibrio and aerogenic bacteria Dorea.

8.1.5.3 Immunological Pathway
The development of gut immune system is dependent on the gut microbiota
(Furusawa et al. 2013; Mayer et al. 2014). Germ-free mice nearly had no immune
activity, but they were able to generate immunity when fed with certain microbiota.
For instance, the segmented filamentous bacterium in the gut can re-establish its full
functions of gut B and T lymphocytes (Umesaki et al. 1995, 1999; Talham et al.
1999). These bacteria can communicate with the host through a variety of routes, and
Toll-like receptors (TLRs) of a host cell play an important role in the broadcast
between bacteria and host. Currently, ten different types of TLRs are in the human
innate immune system; all of these have been identified as pattern recognition
receptors (Takeuchi and Akira 2010). And they are part of the innate immune
system, performs the initial step in the production of cytokine response, also widely
distributed on neurons (McKernan et al. 2011). Thus, neurons likewise respond to
bacterial and viral components. Thus, neurons likewise respond to bacterial and viral
components. Intestinal epithelial cells are able to transfer microbial composition or
metabolites in the internal environment and also with the nervous system (O’Brien
et al. 2004). The equilibrium of gut microbiota may alter the regulation of inflam-
matory response, and this method may also engage in the control of emotion and
behaviour.

Immune signalling from the gut to the brain facilitated by cytokine molecules is
an additional documented route of communication (El Aidy et al. 2014). Cytokines
produced at the level of the gut can penetrate bloodstream to the brain. Under normal
physiologic conditions, it is unlikely that they cross the blood–brain barrier (BBB),
but growing evidence implies a capacity to signal across the BBB and to affect brain
areas like hypothalamus, where the BBB is lacking. It is through the latter mecha-
nism the cytokines interleukin (IL)-1 and IL-6 activate the hypothalamic–pituitary–
adrenal (HPA) axis, bringing about the release of cortisol. This is the most potent
activator of the stress system.

8.1.5.4 Neurotransmitters Regulating Gut–Brain Axis
Gut microbiota likewise regulates important central neurotransmitters, such as
serotonin, with varying levels of precursors; for example, Bifidobacterium infantis
has shown to raise plasma tryptophan levels, and so it influences central serotonin
(5HT) transmission (O’Brien et al. 2004). Interestingly, some bacteria associated in
the synthesis and release of neurotransmitters have been already reported. Lactoba-
cillus and Bifidobacterium spp. can synthesize g-aminobutyric acid (GABA);
Escherichia, Bacillus and Saccharomyces spp. are able to produce noradrenaline;
Candida, Streptococcus, Escherichia and Enterococcus spp. have been synthesizing
serotonin; Bacillus can produce dopamine; likewise Lactobacillus can generate
acetylcholine (Lyte 2013, 2014). These neurotransmitters of microbial origin are
able to penetrate into the mucosal layer of the intestine, even though it is extremely
improbable that these bacterial species can directly affect brain function. Even if they
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enter into the bloodstream, which is by no means sure, they will be capable of
crossing the blood–brain barrier (BBB). That is why their effect on brain function is
almost indirect, by acting on the enteric nervous system (ENS). SCFAs (short-chain
fatty acids), which include butyrate, propionate and acetate, are indispensable
metabolic end products of gut microbial activity and may apply central effects
through G-protein–coupled receptors, even though such receptors are sparsely
concentrated in the brain. It is more obvious that they act as epigenetic modulators
through histone deacetylases (Stilling et al. 2014) SCFAs are also engaged in energy
balance and metabolism and able to regulate adipose tissue, liver tissue and skeletal
muscle and function (Canfora et al. 2015). Therefore, a lot of essential
neurotransmitters in the body are formed by the gut microbiota, employing impact
on the human body including the brain. Therefore, a lot of essential
neurotransmitters in the body are formed by the gut microbiota, employing impact
on the human body including the brain from which several neurotransmitters
produced by gut microbiota are defined as critical molecules.

8.2 Gut–Microbiome–Brain Implications on Physical Health

Generally, the intestinal microbiota composition of healthy individuals is compara-
tively stable; however, alterations in the microbiota community may lead to a
permanent imbalance known as dysbiosis (Lynch and Pedersen 2016). Numerous
factors such as antibiotics, diet (comprising specific probiotic and prebiotic intake),
the host immune system and acidic environment have been seen to influence the
microbiota composition of the gut. Perturbation to the gut microbiota ecosystem
resulting in dysbiosis can lead to gastrointestinal diseases. With current research
advising dysbiosis of gut microbiota is having potential implication not only in IBS,
but also in other disorders such as obesity (Turnbaugh and Gordon 2009), diabetes
(Qin et al. 2012), metabolic syndrome (D’Aversa et al. 2013), cardiovascular disease
and IBD as well as on reproductive health.

8.2.1 Irritable Bowel Syndrome (IBS)

Irritable bowel syndrome (IBS) is a common gastrointestinal (GI) disorder
categorized by persistent abdominal pain allied with alterations in bowel habits.
Aspects associated to IBS symptom development comprise history of enteric infec-
tion, deviations in the gut microbiota, immunomodulation, alterations in brain–gut
processing and vagaries in visceral sensation and motility (Ford et al. 2017). IBS can
be clinically subtyped into IBS with constipation (IBS-C), IBS with diarrhoea
(IBS-D) and mixed IBS (IBS-M). In addition, IBS patients seemed to have a higher
degree of psychosocial stress, a poorer quality of life and inferior levels of work
productivity. Alterations in the normal gut microbiota have been proposed as
etiologic factors in the development of functional gastrointestinal disorders such as
IBS and functional dyspepsia and shared GI disorders of unknown aetiology
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(Upadhyay et al. 2018). The pathogenesis and pathophysiology of IBS are incom-
pletely unstated, but abnormal GI motility, visceral hypersensitivity, altered brain–
gut function, low-grade inflammation and psychosocial factors are considered to
subsidize. IBS has been significantly associated with small intestinal bacterial
overgrowth (SIBO) (4–78%) (Ghoshal and Ghoshal 2017) and prior GI infection
(5–32%), suggesting that enteric dysbiosis (i.e. disrupted microbial homeostasis) is a
potential pathogenic mechanism of IBS. In recent years, many research groups have
engrossed on recognizing the gut microbiota composition of the large intestine of
IBS patients, using modern culture-independent techniques. Next-generation
sequencing has revealed that IBS patients, compared with healthy controls, show
significantly lower abundance in enteric Lactobacillus, Bifidobacterium and
Faecalibacterium prausnitzii (O’Mahony et al. 2005). During periods of dysbiosis,
the gut microbiome influences inflammation metabolism inside the GI tract, primar-
ily through the production of cytokines (such as interleukin [IL]-10 and IL-4) and
other cellular communication mediators, such as interferon-gamma. In irritable
bowel syndrome (IBS), atypical microbiota populations stimulate mucosal innate
immune responses, which increases gut epithelial permeability, triggers gut pain
sensory pathways and dysregulates the enteric nervous system (Mayer et al. 2014);
both brain–gut and gut–brain dysfunctions arise, the prior being dominant. Obstruc-
tion in the gut–brain axis affects intestinal motility and secretion, confers to visceral
hypersensitivity and leads to cellular alterations of the entero-endocrine and immune
systems (Kennedy et al. 2014).

8.2.2 Metabolic Diseases

The human gut microbiota has been studied for more than a century. Examination
that the gut microbiota, as an environmental factor, donates to adiposity and has
further increased curiosity in the field. The human microbiota can be altered by diet,
and macronutrients work as substrates for various microbial metabolites, such as
short-chain fatty acids (SCFA) and bile acids, and are able to modulate host
metabolism. Obesity predisposes towards type 2 diabetes and cardiovascular dis-
ease. The gut microbiota shows a significant role in the regulation of the host’s
metabolism and the extraction of energy from ingested food. Gut microbiotas have
not only beneficial roles for the host but also have pathophysiological relations with
the host, particularly in the case of obesity and related metabolic disorders. Recent
studies have revealed that changes in the gut microbiota may be associated in the
pathogenesis of obesity and diabetes. Obesity is the outcome of a long-term positive
imbalance between energy intake and expenditure, which is controlled by multiple
pathways comprising metabolites, hormones and neuropeptides (Upadhyay et al.
2018) Gut hormones seem to interconnect information from the gastrointestinal tract
to the regulatory appetite centres within the central nervous system (CNS) via the
so-called gut–brain axis. Such messages may be transferred to the CNS either via
vagal or non-vagal afferent nerve signalling or directly via blood circulation (Bueter
et al. 2009). Complex neural networks, distributed throughout the forebrain and
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brainstem, are in control of feeding and energy homeostasis (Schwartz et al. 2000).
Novel research shows that the gut microbiota is involved in obesity and metabolic
disorders, revealing that obese animal and human subjects have alterations in the
composition of the gut microbiota compared to their lean counterparts. Moreover,
transplantation of the microbiota of either obese or lean mice influences body weight
in the germ-free recipient mice, suggesting that the gut ecosystem is a significant
target for weight management (Harakeh et al. 2016). Native gut microbes may
regulate body weight by inducing the host’s metabolic, neuroendocrine and immune
functions. The intestinal microbiota, as a whole, offers supplementary metabolic
functions and regulates the host’s gene expression, improving the ability to extract
and store energy from the diet and contributing to body-weight gain (Ley et al.
2005). Inequalities in the gut microbiota and increasing plasma lipopolysaccharide
can also act as inflammatory factors linked to the growth of atherosclerosis, insulin
resistance and weight gain.

Onset of diabetes has increased rapidly and became a major public health concern
worldwide. Type 1 diabetes (T1D) is an autoimmune disease characterized by
insufficient insulin production because of T-cell-mediated destruction of insulin-
secreting pancreatic beta cells, while type 2 diabetes (T2D) is a condition in which
the body does not produce or use insulin well. Various factors are associated with the
development of diabetes, such as diet, genome and intestinal microbiota. Changes in
the gut microbiota can influence the levels of gut hormones involved in the regula-
tion of satiety and glycaemic control, such as glucagon-like peptide-1 (GLP-1),
which stimulates insulin secretion from the pancreas (Baggio and Drucker 2007;
Tolhurst et al. 2012)

In obese individuals and patients with metabolic syndrome, an increase in insulin
sensitivity is noted after 6 weeks of allogeneic or autologous faecal microbiota
transplantation from normal individuals (Vrieze et al. 2012). Same results were
observed earlier in mice as well (Bäckhed et al. 2004), which has become the trigger
point for the researchers to study gut microbiota in diabetes (Gravitz 2012).

Carbohydrates are an essential nutritional factor for all mammals and their gut
microbiota. These bacteria greatly influence glycaemic control. Undigested
polysaccharides and partially digested carbohydrates reach the gut microbiota in
the distal gut, where they are metabolized by bacterial enzymes (Musso et al. 2011).
It has been investigated that the genera Ruminococcus, Fusobacterium and Blautia
are positively associated with T2D, whereas the genera Bifidobacterium,
Bacteroides, Faecalibacterium, Akkermansia and Roseburia are negatively
associated with T2D (Mangiola et al. 2016).

The disrupted GDM (gestational diabetes gut microbiota) is very similar to gut
microbiota in individual patients with type 2 diabetes and associated intermediary
metabolic dysfunctions. Eight months postpartum, previous GDM women have
different gut microbiota than the woman with normal pregnancy. This microbial
dysbiosis may increase the risk of T2D, which needs to be investigated. Feeding of
probiotic dahi containing Lactobacillus acidophilusNCDC14 and L. casei NCDC19
has been tested to substantially reduce STZ-induced oxidative damage in pancreatic
tissues. Thus, the modulation of the intestinal microbiota by probiotics may be
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effective towards prevention and management of T1D and T2D. Supplements of
prebiotics improve Bifidobacterium abundance, which alters microbial dysbiosis and
improves glucose tolerance in mice (Cani et al. 2007).

There is much reasonable curiosity in the interplay of drugs and intestinal
microbiota. It is well known that anti-diabetic drugs can modulate microbiota and
improve diabetes. Improvements in fasting blood glucose, glucose tolerance and
insulin resistance were observed with the combined therapy of a prebiotic and
metformin in diabetic mice (Zheng et al. 2018). Multivariate research found that
there are significant discrepancies in gut composition between T2DM (Type 2 Dia-
betes Mellitus) and in metformin-untreated participants significant increases was
observed in Escherichia species and decreases in Intestinibacter following metfor-
min therapy (Harsch and Konturek 2018). But there is still some uncertainty in this
emerging field. Whether microbiota causes diabetes or diabetes affects intestinal
microbiota is not yet quite simple. Investigation of altered gut microbiota can help in
the early detection of diabetes even before serological tests (Nair et al. 2018).

8.2.3 Reproductive Health

As of today, researchers understand that residents in human gut form a symbiotic
relationship with the host and offer several benefits to the host. For example,
commensal microbes consistently provide a set of services to the host such as
modulation of the immune system, inhibition of pathogen colonization and releasing
nutrients from food (Kim et al. 2020). Reportedly, dysbiosis of gut microbiota has
been implicated in many disease states, including diabetes, obesity and cardiovascu-
lar disease (Razavi et al. 2019). Recently, a novel theory of ‘microgenderome’
associated to the potential bidirectional interaction roles between the sex hormones
and gut microbiota has emerged (Aguilera et al. 2020). It has been reported that the
composition of commensal microbes of male and female animals deviated at the time
of puberty, which imbedded that sex hormone levels put forth particular influences
on the composition of the microbiota. Abstraction of gut microbiota increased the
testosterone concentration in female mice but decreased the concentration in male
mice. Thus, the commensal gut microbiota also had effects on the production of male
sex hormone (Yuan et al. 2020).

Despite the advances in assisted reproductive technology (ART) in women as
well as in men, approximately 8–12% of the global population willing to conceive is
unable to do so. Available evidence advises that vaginal and uterine microbiota have
a close relationship with female infertility (Moreno et al. 2016). In fact, microbiota
analysis using the 16S rRNA amplicon sequencing of cervical swabs revealed
significant differences regarding the relative read count of the genus Gardnerella
between females diagnosed with infectious infertility and fertile controls (Benner
et al. 2018). Several mechanisms have been proposed to suggest that dysbiosis of gut
microbiota can be involved in the development of polycystic ovary syndrome
(PCOS). However, the data obtained from cross-sectional studies are insufficient
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to reveal the causality of the relationship (Zhao et al. 2020; Yurtdaş and
Akdevelioğlu 2020).

8.3 Gut–Microbiome–Brain Implications on Mental Health

The recently emerged concept of the bidirectional communication of the gut–
microbiota–brain emphasizes the relevance to study associations between neurode-
generative diseases and the gut microbiota. There exists growing evidence that gut
microbiota may affect the central nervous system through communication via the
vagus nerve, signalling mediators of the immune system, enteric hormones and gut
microbiota-derived products (Sherwin et al. 2016). Gut bacteria produce neuroactive
compounds and can modulate neuronal function, plasticity and behaviour. Further-
more, intestinal microorganisms impact the host’s metabolism and immune status
which in turn affect neuronal pathways in the enteric and central nervous systems.
Communication pathways between gut microbiota and the central nervous system
could include autonomic, neuroendocrine, enteric and immune systems, with pathol-
ogy resulting in disruption to neurotransmitter balance, increases in chronic inflam-
mation or exacerbated hypothalamic–pituitary–adrenal axis activity.

8.3.1 Stress/Depression

Depression is a major form of mood disorder characterized by depressed mood
and/or recurrent thoughts of death and/or loss of interest or pleasure in life activities
present over a period of at least 2 weeks. It results from neuro-psychiatric distur-
bance, immunological deregulation, genetic factors and environmental influences;
nevertheless, a correlation with gut microbiota is emerging (Mangiola et al. 2016).
Growing evidence links gut microbiome to the development and maturation of the
central nervous system, which are regulated by microbiota potentially through stress
response, neurotransmitter, neuroimmune, and endocrine pathways. The dysfunction
of such microbiota–gut–brain axis is implicated in neuropsychiatric disorders,
depression and other stress-related conditions (Kuo and Chung 2019). Bipolar
disorder and major depression are associated with substantial disability, morbidity
and reduced life expectancy. People with mood maladies have shown higher ratios
of unhealthy lifestyle choices, including poor diet quality and suboptimal nutrition
(Balanza-Martinez et al. 2020). Coello et al. (2019) found that gut microbiota
community association differed between patients with newly diagnosed bipolar
disorder and healthy individuals. Having a newly diagnosed bipolar illness was
related with the prevalence of Flavonifractor, even after controlling for age, gender,
physical activity, and waist size, and was mitigated by smoking status. The presence
of Flavonifractor may possibly influence oxidative stress and inflammation in its
host and could possibly link gut microbiota with illness pathology of bipolar
disorder (Coello et al. 2019).
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Sudo et al. (2004) demonstrated that the presence of gut microbiota modulated the
long-range hypothalamic–pituitary–adrenal reaction to stress. These experiments
showed that germ-free mice (mice raised in a sterile condition and lacking gut
bacteria) exhibited a higher stress response as measured by an increased
adrenocorticotropic hormone and corticosterone release compared to control mice
with gut microbiota. This exaggerated hypothalamic–pituitary–adrenal response was
reversed by the introduction of Bifidobacterium infantis and was somewhat reversed
with stool from orthodoxly raised mice. Germ-free mice also exhibit reduced
anxiety-like behaviour in addition to altered levels of brain-derived neurotrophic
factors and other neurotransmitters. In 2017, Meson et al. investigated that certain
gut bacteria were connected to mood symptoms in a clinical cohort of major
depressive disorder patients. In this study, species richness, or the total number of
detected gut bacteria, was predictive of insomnia and depression, while abundance
of Enterobacteriaceae was predictive of anxiety. In the same investigation, Lactoba-
cillus and Enterococcus abundance was also positively related to psychomotor
agitation. In 2015, Luna and Foster suggested particular administration of Lactoba-
cillus sp., Bifidobacterium sp., L. helveticus, B. longum, L. rhamnosus and Lactoba-
cillus farciminis in murine sample led to an improvement of depression and anxiety
symptoms.

8.3.2 Autism

Autism spectrum disorder (ASD) is a prevalent neurodevelopmental condition with
no known aetiology or cure. Several possible contributing factors, both genetic and
environmental, are being actively investigated. Amongst these, maternal immune
dysregulation has been identified as potentially involved in promoting ASD in the
offspring. An important role of gut microbiota in the maintenance of physiological
state into the gastrointestinal system is supported by several studies that have shown
a qualitative and quantitative alteration of the intestinal flora in a number of
gastrointestinal and extra-gastrointestinal diseases. Approximately 30–50% of chil-
dren and adults with autism spectrum disorders have chronic gastrointestinal
symptoms, typically constipation, diarrhoea and alternating constipation and diar-
rhoea (Adams et al. 2019); many of them also show abnormal behavioural patterns
such as aggression, anxiety and tendency to self-injure (Afroz and Alvina 2019). It
has been demonstrated that a large amount of species under the genus Clostridium
(ten times more) characterized the qualitative composition of faecal samples of
autistic children. The composition of microbiota has been characterized, showing
an imbalance of the phyla Bacteroidetes and Firmicutes (Mangiola et al. 2016).
Some of the microbial products, e.g. various metabolites of aromatic amino acids,
have the potential to be neuroactive and affect the functions of the enteric and central
nervous systems.

Moreover, ASD patients have significantly higher intestinal permeability which
causes leakage of lymphocytes and pro-inflammatory cytokines into the circulatory
system. Those inflammatory molecules eventually reach the brain and cause immune
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activation there (Alexeev et al. 2018; Ashwood et al. 2011). As gut dysbiosis is
responsible for the increased permeability of the intestinal epithelial cells, this
evidence supports the idea that there is an important effect of gut dysbiosis on
immune dysregulation and possibly on ASD (Afroz and Alvina 2019; Quigley
2016). Averina et al. (2020) using a whole metagenome sequencing approach
found that significant differences with decreases in average abundance in the
microbiota of ASD children were found for the genera Barnesiella and
Parabacteroides and species Alistipes putredinis, B. caccae, Bacteroides
intestinihominis, Eubacterium rectale, Parabacteroides distasonis and
Ruminococcus lactaris. They also noted decreases in the abundance of genes linked
to production of GABA, melatonin and butyric acid in the ASD metagenomes. In a
recent research with a mouse model of autism, Sutterella correlated with a low
performance in social and obsessive-compulsive disorder (marble burying) tests and
TNF-α levels (Coretti et al. 2017).

8.3.3 Parkinson’s Disease

Although Parkinson’s disease (PD) has been the most intensively studied, the
microbiome is of interest across a range of neurodegenerative disorders. PD pres-
ently is conceptualized as a protein aggregation disease in which pathology involves
both the enteric and the central nervous system, possibly spreading from one to
another via the vagus nerves. PD may be of particular relevance, given the high
prevalence of gastrointestinal disturbances that often precede the more well-
recognized motor symptoms. An overstimulation of the innate immune system due
to gut dysbiosis and/or small intestinal bacterial overgrowth, together with higher
intestinal barrier permeability, may provoke local and systemic inflammation as well
as enteric neuroglial activation, ultimately triggering the development of alpha-
synuclein pathology. The gut microbiota and its relevant metabolites interact with
the host via a series of biochemical and functional inputs, thereby affecting host
homeostasis and health. Indeed, a dysregulated microbiota–gut–brain axis in PD
might lie at the basis of gastrointestinal dysfunctions (Caputi and Giron 2018).

Although findings have been varied, there are some clear trends evident in the
microbiome composition of patients with PD. Several studies showed an increase of
Lactobacillus, Bifidobacterium, Akkermansia and Verrucomicrobiaceae in PD,
while Faecalibacterium, Coprococcus, Blautia and Prevotella appear to be under-
represented (Quigley 2017; Butler et al. 2019). Similarly, Scheperjans et al. (2015)
and Unger et al. (2016) found that PD patients showed a different gut microbiota
than healthy controls, which was characterized by lower abundance of
Prevotellaceae, Lactobacillaceae and the butyrate producer Faecalibacterium
prausnitzii, whereas Enterobacteriaceae and Bifidobacterium spp. were more
abundant.

Although most of the differences were associated with disease duration, lower
abundance in Lachnospiraceae was the only difference between de novo PD patient
and healthy control (remaining lower across almost all PD duration strata).
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Decreased Lachnospiraceae and increased Lactobacillaceae and Christensenellaceae
were associated with a worse clinical profile, including higher frequencies of
cognitive impairment, gait disturbances and postural instability. Gut microbiota
may be an environmental modulator of the pathogenesis of PD and may contribute
to the interindividual variability of clinical features (Barichella et al. 2019). Trace
amines and their primary receptor, trace amine-associated receptor-1 (TAAR1), are
widely studied for their involvement in the pathogenesis of neuropsychiatric
disorders despite being found in the gastrointestinal tract at physiological levels. A
therapeutic benefit of TAAR1 compounds in clinical trials is thoughtful manipula-
tion of the brain–gut–microbiome axis to modulate symptoms of neuropsychiatric
disease (Bugda Gwilt et al. 2020).

8.3.4 Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common form of dementia and one of the
major causes of disability and dependency in older people. The diversity of the gut
microbiota declines in the elderly and in patients with Alzheimer’s disease (AD).
Restoring the diversity with probiotic treatment alleviates the psychiatric and
histopathological findings. The three different linkages between the present gut
microbiome hypothesis and the other major theories for the pathogenesis of AD
are as follows: bacterial metabolites and amyloids can trigger central nervous system
inflammation and cerebrovascular degeneration; impaired gut microbiome flora
inhibits the autophagy-mediated protein clearance process; and gut microbiomes
can change the neurotransmitter levels in the brain through the vagal afferent fibres
(Bostanciklioglu 2019).

Moreover, impaired memory and learning involve the dysfunction neurotrans-
mission of glutamate, the agonist of the N-methyl-D-aspartate receptor and a major
excitatory neurotransmitter in the brain. Gut microbiota including Bacteroides
vulgatus and Campylobacter jejuni affect glutamate metabolism and decrease the
glutamate metabolite 2-keto-glutaramic acid. Meanwhile, gut bacteria with gluta-
mate racemase including Corynebacterium glutamicum, Brevibacterium
lactofermentum and Brevibacterium avium can convert L-glutamate to D-glutamate.
N-methyl-D-aspartate receptor (NMDAR)-enhancing agents have been found to
potentially improve cognition in AD or Parkinson’s disease patients. These findings
suggest that D-glutamate (D-form glutamate) metabolized by the gut bacteria may
influence the glutamate NMDAR and cognitive function in dementia patients
(Chang et al. 2020). Through metabolic activity of non-pathological microorganisms
and secretion of functional by-products that increase the permeability of the intesti-
nal mucosa, the gut microbiota influences both the production and absorption of
neurotransmitters (e.g. serotonin and GABA), increasing their bioavailability to the
CNS. It has been further shown some components of the gut microbiota—predomi-
nantly bacteria—synthesize and release amyloid peptides and lipopolysaccharides,
which in turn activate inflammatory signalling through the release of cytokines, with
potential effects on the pathophysiological cascade of Alzheimer’s disease (Vanessa
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et al. 2018). Depleting intestinal microbiota in AD animal models reduces amyloid-
beta (Abeta) plaque deposition. Age-related changes in the microbiota contribute to
immunologic and physiologic decline. Translationally relevant dietary
manipulations may be an effective approach to slow microbiota changes during
aging.

8.4 Conclusion

Due to the rapid pace of microbial science discovery, many additional functions of
the microbiome are likely to be discovered. Researchers are increasingly aware that
the gut and the brain communicate and are looking to leverage actions of healthy gut
microbiota to treat psychological conditions. Diversity in the gut microbiota is vital
not only for gut health but also for normal physiologic functioning in other organs,
especially the brain. Sometimes, an altered gut microbiota in the form of dysbiosis at
the extremes of life, both in the neonate and in the elderly, can have a profound
impact on brain functioning. The brain is reliant on gut microbes for essential
metabolic outcomes; it is not surprising that a dysbiosis can have serious negative
consequences for brain function both from neurologic and mental health
perspectives. However, the microbiome is a complex and dynamic ecosystem, and
understanding its role in host illness and its potential for the treatment of neurologi-
cal disorder will ultimately require more study.
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Functional Role of Prebiotic Supplement
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Abstract

Prebiotics are a class of nutrients, typically non-digestible fibre compounds
observed in food which may induce the growth of beneficial microorganisms
with greater influence in the gastrointestinal tract and gut microbiota. Prebiotics
may pass through the upper part of the gastrointestinal tract and stimulate
advantageous bacterial growth. The function and composition of gut microbiota
can be altered using prebiotics. Gut bacteria are involved in the physiological
processes including immunomodulation, adiposity, energy balance and electro-
physiological activity of the central nervous system. Prebiotics not only possess
its activity against infectious agents but also have actions on brain-derived
neurotrophic factors, neurotransmitters and synaptic proteins. Prebiotics hold
greater influence on cognition and psychiatric disorders. Prebiotics like wheat
fibre can be considered as a treatment option for autism. In this regimen, the
proposed book chapter will focus towards gut microbiota, probiotics, role of
prebiotics and its supplements in supporting gut microbial growth, brain signal-
ling, abnormalities in brain signalling, clinical and preclinical findings related to
psychiatric changes and in overcoming abnormal psychiatric changes.
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9.1 Introduction

The majority of microorganisms in the gastrointestinal tract are collectively known
as human gut microbiota (Xifra et al. 2016). Gut microbiota function as basic
physiological processes and at the same time alter the host susceptibility to diseases
(Yang et al. 2020). About three million microorganisms and thousands of bacterial
phylotypes are involved in a different function of host metabolism. The gut
microbiota consists of more than 150 genes. About 80–90% of the bacterial
phylotypes include both gram-negative bacteria (Bacteroidetes, Proteobacteria)
and gram-positive bacteria (Actinobacteria, Proteobacteria) (Xifra et al. 2016).

The gut microbiome comprises all microorganisms and their genome present in
the intestinal tract and contributes towards the development of the hypothalamic-
pituitary-adrenal (HPA) axis. Gut bacteria are greatly involved in the regulation of
various physiological processes such as immunomodulation, adiposity, energy bal-
ance and electrophysiological activity of the enteric nervous system (ENS) (Sarkar
et al. 2016). Gut microbiota composition can be altered in patients with both
metabolic and neuropsychiatric symptoms. Studies reported that the gut microbiota
has a major role in regulating the functions of the gut-brain axis. The functions of the
gut-brain axis include metabolism, inflammation, brain function and behaviour
(Fernandez et al. 2017).

A core gut microbiota was seen among family members, but there are inter-
individual variations in the presence of gut microbiota in each patient (Xifra et al.
2016). High-throughput and low-cost sequencing methods are an effective technique
to find the composition and structure of gut microbiota, and hypervariable regions
(V1–V9) of the ribosomal RNA present in bacteria may help to find the species
easily. It is reported that the microbiota of each individual is varying after birth
because the gastrointestinal (GI) tract is getting colonized rapidly and changes in the
microbiota occur due to disease, diet and drugs such as antibiotics. The presence of
lactobacilli is higher in the microbiota of vaginally delivered infants as compared to
caesarean section which slowed down and diminished the colonization of the
Bacteroides genus but colonized by facultative anaerobes like Clostridium species.
The development of microbiota in its initial stage is controlled by two phyla, such as
Actinobacteria and Proteobacteria, with low microbial diversity. The microbiota of
infants resembles that of adults, and the composition of the microbiota will be stable
in adulthood. The changes in microbiota are expected due to various life events. In
geriatric cases (age over 65), the presence of Bacteroidetes phyla and Clostridium
cluster IV is reported as compared to that of younger subjects. In elderly patients, the
metabolic process such as short-chain fatty acid (SCFA) production and amylolysis
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is reduced, and thereby the proteolytic activity gets increased (Elizabeth and
Nathalie 2017). The intestinal mucosa is vital for health management since it is
important in the growth and maintenance of the physiological system. Altered
intestinal mucosa significantly affects the development and functions of the brain.
Infections or paralytic ileus, prolonged hospitalization and death post stroke are the
major clinical complications reported for brain injury (Houlden et al. 2016).

The major beneficial gut microbiome are fructo-oligosaccharides (FOS) and
galacto-oligosaccharides (GOS) (Burokas et al. 2017). Some of the reported factors
which regulate the microbiota are prebiotics, probiotics, antibiotics, bacterial infec-
tion, genetically modified bacteria and faecal microbiota transplantation (Burokas
et al. 2015). Antimicrobials, prebiotics, probiotics and diet are some of the
modulators of the gut microbiome which function according to the type and phase
of the disease (Kao et al. 2019).

9.2 Probiotics

Probiotics are living microorganisms that support humans as well as animals when
administered adequately. The most commonly used probiotics are different species
of lactobacilli and bifidobacteria. They provide beneficial effects on CNS dysfunc-
tion during neurological disorders by increasing microbiota diversity and beneficial
bacteria compositions (Bagheri et al. 2019). Probiotics with various gut microbiota
such as strains of bifidobacteria and lactobacilli have shown anxiolytic and
procognitive effects in rodents and humans; therefore, this can be used for the
treatment of brain disorders (Alexandra et al. 2018). Probiotics are reported to
exhibit preventive activity against the neurodegenerative disease such as
Alzheimer’s disease. The probiotic mixture of L. acidophilus, B. bifidum and
B. longum and another combination of L. acidophilus, L. casei, B. bifidum and
L. fermentum has positive effects on the treatment of Alzheimer’s disease. A mixture
of probiotics (L. acidophilus, L. fermentum, B. lactis and B. longum) has shown
effects on modulating gut microbiota and improves memory deficits and oxidative
stress in β-amyloid (1–42)-injected rats (Yang et al. 2020). The abnormal reactions
were reversible through probiotic-induced bacterial recolonization (Sarkar et al.
2016). Thus, the probiotics can be used as an agent for regulating the gut
microbiome and thereby modifying the health (Kazemi et al. 2019a, b).

9.3 Prebiotics

Prebiotics are selectively fermented ingredients first defined in the mid-1990s.
Prebiotics help to improve the health of an organism by specific alterations in the
composition and/or activity of the gastrointestinal microbiota (Alexandra et al. 2018;
Brownawell et al. 2012). Glenn Gibson and Marcel Roberfroid in 1995 proposed the
concepts of prebiotics initially. Prebiotics were described as “a non-digestible food
ingredient that beneficially affects the host by selectively stimulating the growth
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and/or activity of one or a limited number of bacteria in the colon and thus improving
the host’s health”. Short- and long-chain fructans (FOS, inulin), lactulose and GOS
are some of the prebiotics classified under this definition. The sixth meeting of
International Scientific Association of Probiotics and Prebiotics held in 2008 had
defined “dietary prebiotics” as “a selectively fermented ingredient that results in
specific changes in the composition and/or activity of the gastrointestinal microbiota,
thus conferring benefit(s) upon host’s health”. The various types of prebiotics are
fructans (inulin and fructo-oligosaccharide or oligofructose), galacto-
oligosaccharides, starch, glucose-derived oligosaccharides, non-carbohydrate
oligosaccharides and other oligosaccharides. Small amounts of FOS and GOS are
present in foods. An ideal prebiotic should not be degraded in stomach pH and
enzymes, absorbed in the gastrointestinal tract and can also be fermented by the gut
microbiota (Davani-Davari et al. 2019). The salient features of prebiotics are shown
in Fig. 9.1.

9.4 Prebiotics Role in Supporting Gut Microbial Growth

Prebiotics are a group of beneficial nutrients which stimulate some of the bacterial
species in the gut microbiota to produce beneficial effects on the host. Its degradation
products (short-chain fatty acids) are released into the systemic circulation which
affects the functions of the gastrointestinal tract and other organs (Kazemi et al.
2019a, b). The carbohydrates which are not digested in the small intestine may
undergo fermentation in the large intestine by the gut microbiota and produce short-

Fig. 9.1 Salient features of prebiotics
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chain fatty acids and lactic acids which may stimulate the bacteria (bifidobacteria
and lactobacilli). These bacteria are beneficial to improve the health (Alexandra
et al. 2018). Several studies reported the effective role of prebiotics in reducing the
risk and severity of GI infections and inflammations such as diarrhoea, inflammatory
bowel disease, ulcerative colitis and bowel function disorders like irritable bowel
syndrome. Prebiotics promote mineral absorption and lower the risk of obesity
(Brownawell et al. 2012).

Prebiotics support the growth and activity of probiotics (Davani-Davari et al.
2019). The use of prebiotics is a better choice for the maintenance of brain health and
adjunctive treatment for neuropsychiatric disorders. The central expression of brain-
derived neurotrophic factor (BDNF) and N-methyl-D-aspartate receptor (NMDAR)
subunits is reduced in the absence of gut bacteria. The oral probiotics increase the
brain-derived neurotrophic factor (BDNF) and impart significant anxiolytic effects.
Prebiotics did not alter glutamate, glutamine, L-serine, L-alanine or D-alanine levels
in the brain. The effect of galacto-oligosaccharides on the components of central
NMDAR signalling was greater than fructo-oligosaccharides and reflects the
proliferative potency of galacto-oligosaccharides on microbiota (Savignac et al.
2013). Some disruptions in the normal gut microbiota may cause depression
(Kazemi et al. 2019a, b). Little amounts of prebiotics are usually present in our
daily diet, and they have an extensive role in improving health. FOS and GOS are the
main source for manufacturing prebiotics (Davani-Davari et al. 2019).

9.5 Brain Signalling (Microbiome-Gut-Brain Axis)

There are considerable interactions between the gut microbiota and the CNS through
the gut-brain axis which maintains the health of an organism (Tarr et al. 2015; Sarkar
et al. 2016). The mechanisms which are proposed for the effects of microbiota on the
gut-brain axis are the regulation of the functions of the autonomic nervous system,
the neuroendocrine system and the immune system (Yang et al. 2020). The
abnormalities associated with brain signalling are shown in Fig. 9.2.

Usually, the gut microbiome and the CNS get matured during the early period of
life; hence, this period is influential for the growth and development of normal
physiology of an individual. The gut microbiome helps to improve the
neurodevelopmental process through the regulation of neuronal, hormonal and
immunological pathways. Interruptions to the gut microbiome may cause
abnormalities in the responses of the HPA axis and brain-derived neurotrophic
factors which may crucially affect the normal behaviour of an individual (Loughman
et al. 2020). The gut microbiome has extensive effects on the functioning of the brain
such as psychological processing, behaviour, neurodevelopmental process and dur-
ing changes in gene expression in particular brain regions (Burokas et al. 2017).
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9.5.1 Neural Pathway

The enteric nervous system (ENS) has a significant role in controlling gut functions
to maintain the general homeostasis by regulating the neurotransmitters and thereby
acts as the “brain of the gut”. The active participation of the major parasympathetic
nerve (vagus nerve) is essential. With the help of the vagus nerve (a major nerve in
the parasympathetic system), dorsal root ganglia and somatosensory afferents, the
afferent signals from the GI tract are transmitted to the brain stem (periaqueductal
grey) and finally allow the distribution to the brain areas such as the hypothalamus,
thalamus, limbic system and somatosensory cortex. The efferent signals are sent
back to the enteric nervous system (ENS) through the spinal or vagal efferents
(Burokas et al. 2015). The mode of communication of the gut to the brain is through
vagus nerve innervation, immune system activation by cytokine/chemokine activity
and release of neuropeptides, hormone, cortisol secretion and microbial metabolites.
Studies have shown that the vagus nerve has effects on the bidirectional communi-
cation of the microbiota-gut-brain axis (Davani-Davari et al. 2019).

9.5.2 Hypothalamic-Pituitary-Adrenal Axis

The hypothalamic-pituitary-adrenal (HPA) axis is a group of structures which
include the paraventricular nucleus (PVN) of the hypothalamus, the anterior lobe
of the pituitary gland and the adrenal gland. The HPA axis plays a vital role in the
regulation of stress responses (Smith and Vale 2006). Alterations in the gut

Fig. 9.2 Brain signalling abnormalities
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microbiota activate the HPA axis by the release of various mediators
(pro-inflammatory cytokines, small bioactive molecules, prostaglandins, microbial
antigens, ileal corticosterone and short-chain fatty acids). Some bacterial species
interact with the vagus nerve and produce vagal signals which activate the HPA axis
that may lead to gut dysbiosis and altered permeability (Misiak et al. 2020).
Noradrenaline is the main neurotransmitter in the sympathetic nervous system
which can alter the goblet cell function and influences the gut microbiota indirectly.
The sympathetic nervous system is activated when nor-adrenaline is released and it
circulates in stroke conditions (Houlden et al. 2016).

9.5.3 Tryptophan and 5-Hydroxytryptamine Metabolism

Tryptophan is an essential amino acid usually present in protein-rich diet. It gets
absorbed from the gut to the systemic circulation and exists as free and albumin-
bound fractions through large amino acid transport, and it can cross the BBB easily
for participating in the biosynthesis of 5-hydroxytryptamine (5-HT). The mucosal
5-HT can activate the peristaltic movement of the gastrointestinal tract. Clostridium
bacteria have been reported for its active role in the activation of 5-HT synthesis and
the regulation of peristaltic movement of the GI tract (Golubeva et al. 2017). Both
probiotics and prebiotics or its combination can be used for curing GI symptoms and
autism spectrum disorder (ASD)-related symptoms. An increased level of Clostrid-
ium bacterial species with its corresponding increase in plasma 5-hydroxytryptamine
was reported in children affected with ASD, and the treatment with a combination of
probiotics and fructo-oligosaccharides (FOS) has shown marked reduction in the
5-HT level (Wang et al. 2020). The hippocampal monoamine neurotransmitter gene
plays an important role in regulating brain activities such as behaviour and its
functions. Derangements in the functions of monoamine neurotransmitter during
childhood alter the development of brain functions which leads to the development
of brain-related disorders such as neuropsychiatric disorders, pyramidal and extra-
pyramidal motor disorders, epilepsy, etc. A study with anxiety and depression-
induced germ-free mice models administered with commensal microbiota reported
a significant increase in the level of serotonin and dopamine in the striatum which
reveals the positive impact of probiotic role in modulating behavioural changes
(Pan et al. 2019). The presence of microbiota associated tryptophan metabolites
such as 5-hydroxy indoleacetate, melatonin, N-acetyl tryptophan, tryptamine, indol-
3-acetate, methyl indole-3-acetate, and methyl indole-3-propionate in urine has also
been linked to a direct role of the human metabolome in gut microbial metabolism
(Pavlova et al. 2017). An isoquinoline alkaloid, palmitin, is reported for its activity
against ulcerative colitis, protecting from gut microbiota dysbiosis and modulating
tryptophan catabolism (Zhang et al. 2018).
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9.5.4 Immune System

The development and functions of both innate and adaptive immune systems can be
regulated by the gut microbiota (Dhar and Mohanty 2020). After injury, a rapid
tissue reaction was seen, including the generation of reactive oxygen species, purine
metabolites, mitochondrial and polysaccharide components. These factors then bind
to pattern recognition receptors (PPRs) such as toll-like receptors (TLRs) and
nucleotide binding receptors (NODs), presenting innate cells with gut microbial
ligands that help defend against secondary infections (Sabin and Echeverri 2020).
TLRs can recognize the microorganism-associated molecular patterns and pathogen-
associated molecular patterns and activate the immune responses. Microorganisms
such as Bacteroides, Lactobacillus and Bifidobacterium may bind to the innate cell
receptors and secrete some metabolites such as short-chain fatty acids (butyrate,
acetate, propionate and secondary bile acids) (Dhar and Mohanty 2020). The mood
and cognition get altered directly (toll-like receptors) and indirectly (immune acti-
vation) through mechanisms involved in some bacterial products such as gram-
negative endotoxins (Beilharz et al. 2016). Brain-derived neurotrophic factor
(BDNF) which is widely distributed in the nervous system has effect on
pro-inflammatory cytokines and regulates the neuroplasticity and inflammation
and inhibits the cell apoptosis during gut inflammation. The reduced expression of
BDNF is related to inflammation and stress. Studies reported that gut microbiota
have effects on BDNF levels and behaviours in mice (Li et al.
2018). Lipopolysaccharides are toll-like receptor ligands that activate the nuclear
factor-k (NF-k) pathway, resulting in dysbacteriosis of the gut microbiota, associated
low grade chronic systemic inflammation during ageing, and cognitive impairment
(Yang et al. 2020). Toll-like receptors, NOD-like receptors (NLRs) and RIG-I-like
receptors are some of the pattern recognition receptors which can identify the cell
components of gut microbiota such as lipopolysaccharides, peptidoglycan and
flagellin and can activate cytokines, hormones and some molecular signals to the
CNS (Davani-Davari et al. 2019).

9.5.5 Gut Hormonal Response

The pancreatic hormone GLP-1 is classified as an incretin which can bind to its
receptor GLP-1R. in the enteric nervous system and stimulates the vagus nerve to
activate the gut-brain-periphery axis. As a result, insulin secretion is stimulated
while glucagon release is inhibited. GLP-1 has effects on both the peripheral and
central nervous systems. Dysbacteriosis of gut microbiota may lead to degeneration
of nerves and muscles in the digestive system and also shows that GLP-1 resistance
G proteins, adenylate cyclase, cyclic AMP (cAMP), protein kinase C (PKC), cAMP
response element binding protein (CREB), nitric oxide (NO) and NO synthase
(NOS) are the main signalling molecules responsible for GLP-1 intracellular action
for neurons and B cells (Grasset et al. 2017).
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9.6 Factors Affecting the Microbiome-Gut-Brain Axis

The factors affecting the microbiome-gut-brain axis are diet, age, sex and some
drugs such as antibiotics. Any changes in the structure of gut microbiota may affect
the normal functioning of the host (An et al. 2020).

9.6.1 Role of Diet in the Microbiome-Gut-Brain Axis

The composition of microbiota varies according to the daily diet (Fulling et al.
2020). Intake of high levels of saturated fats and processed sugars leads to obesity,
and its short-term exposure impairs memory and causes neurological diseases.
Varying diet is independent of hippocampal, hypothalamic and neuroplasticity
markers and brain-derived neurotrophic factors. However, it changes the microbial
composition in a variety of ways, including memory, inflammation-related hippo-
campus genes, and the gut microbiome (Burokas et al. 2015). The microbiota-colon-
brain axis plays an important role in the regulation of energy metabolism. A study
has also reported the importance of gut microbiota in the development of obesity and
the memory loss associated with the diet containing high saturated fatty acids (Zhang
et al. 2019). Feed deprivation in fish showed dangerous effects in their behaviour and
stress physiology, which consequently leads to disease outbreak. Functional
ingredients in diet affect the physiology and stress responses of host organism.
Feed deprivation in some cases influenced anxiety-like behaviours (Forsatkar et al.
2017). The role of macronutrients in the complete diet is greater and can be
considered as a better treatment option for diet-induced memory deficits (Beilharz
et al. 2016).

9.6.2 Role of Age in the Microbiome-Gut-Brain Axis

Any exposure to environmental factors causes permanent impact on brain function
during adolescence and early adulthood. Mental uneasiness due to the lack of gut
bacteria affects gut-brain communication and brain development which may cause
psychiatric disorders. A study has reported the effects of gut bacterial depletion from
weaning onwards on adult cognitive, social and emotional behaviours. Any deple-
tion in the gut microbiota affects the adult brain by reduced anxiety-induced
cognitive deficits, changes in the tryptophan metabolic pathway and reduction in
brain-derived neurotrophic factor (BDNF), oxytocin and vasopressin expression
(Desbonnet et al. 2015). Adolescence is a critical period of growth that is marked
not only by changes in behaviour and the neuroimmune system, and also based on
the development of gut microbiota (Fulling et al. 2020). Traumatic brain injury (TBI)
is highly reported in children and adolescents. The combination of resveratrol,
prebiotic fibre and omega-3 fatty acids can be used for the treatment of TBI which
may support to prevent injury-related deficits in medial prefrontal cortex (mPFC)
spine density (Salberg et al. 2017). Ageing may alter the composition of gut
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microbiota which may lead to inflammation and dementia through the suppression of
TLR4- and RIG-I-mediated NF-κβ signalling. Activation of microglia and neuro-
inflammation occurs not only due to neuronal loss and oxidative changes but also
due to age-related dementia (Yang et al. 2020). An increase in pathogenic bacteria
was observed in the gut microbiota of aged persons than beneficial microbiota. An
impaired microbiota may cause a chronic inflammation and enhance the
upregulation of neurotrophic factors such as neurotrophins and neuropoietic
cytokines. Both prebiotic and probiotic supplements can modulate gut microbiota
and improve the physiological state and thereby serve as a best therapeutic tool for
age-related cognitive impairment (Romo-Araiza and Ibarra 2020).

9.6.3 Role of Sex in the Microbiome-Gut-Brain Axis

Sex differences should be examined in neurogastroenterology and psychiatric
research with significant changes in behaviour due to changes in gut microbiota in
sex differences. Gut microbiota has a great influence in the expression of genes in the
medial prefrontal cortex. Any changes in the digestive system during childhood may
affect the composition of the gut microbiome, resulting in microbial imbalance,
improper functioning of the intestinal barrier and disruptions in brain development
owing to dysfunction of gut-brain axis(Rincel et al. 2019).

9.6.4 Role of Drugs in the Microbiome-Gut-Brain Axis

Antibiotics may alter the structure and composition of the gut microbiota (Desbonnet
et al. 2015). Triptolide, a plant constituent used for the treatment of autoimmune
disease, can produce major hepatic toxicity by destroying the Firmicutes and reduc-
ing the short-chain fatty acids. The triptolide toxicity can be reduced using the intake
of prebiotics, probiotics and short-chain fatty acids such as propionate (Huang et al.
2020).

9.7 Abnormalities in Brain Signalling

Both the central nervous system and the digestive system are interconnected with
neuroendocrine and humoral pathways (MacLaren et al. 2019). Studies reported that
stressor exposure and acid suppression significantly alter gut microbiota community
(Tarr et al. 2015). Early life stress is a widely reported risk factor for the development
of psychiatric disorders and may cause enduring changes in the gut microbiota that
lead to the development of abnormal neuronal and endocrine functions. The gut
microbiota influence the brain development and function by affecting inflammatory
mediators, the hypothalamic-pituitary-adrenal axis and neurotransmission. Early life
stress from social isolation can lead to alterations in gut microbiota, anxiety,
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learning/memory impairment, low levels of hippocampal IL-6, IL-10, and
neurogenesis (Doherty et al. 2017).

Gut bacteria can influence appetite by participating in the hunger pathway both
locally and centrally through the use of molecular derivatives generated during its
various phases of growth. A combination of altered social and feeding behaviours is
common in children with autism spectrum disorder (ASD). The α-melanocyte-
stimulating hormone (α-MSH) is a specific anorexigenic neuropeptide in the brain
acting on melanocortin receptor type 4 (MC4R) which is also involved in the feeding
behaviour. Oxytocin is another neuropeptide which is critically involved in the
social behaviour. The brain-derived neurotrophic factor (BDNF) signalling pro-
duced by the neurons has been observed in the pathophysiology of ASD and
contributes to the anorexigenic effects. It has been reported that the release of
β-endorphin independent of α-MSH in response to endocannabinoids blocks the
proopiomelanocortin (POMC) neurons. Leptin, obtained from adipose tissue and
stomach, can directly and indirectly trigger POMC neurons by controlling the energy
homeostasis and blocking the inhibitory γ-aminobutyric acid from adjacent neuro-
peptide Y of the arcuate nucleus (Fetissov et al. 2019).

Gut microorganisms have a major role in the biotransformation of phospholipids.
In the presence of the enzyme phospholipase D, certain bacteria in the gut may
hydrolyze phosphatidylcholine to choline, and the released choline will be converted
in to trimethylamine (Chittim et al. 2019). Trimethylamine (TMA) found in gut
microbiota may be oxidised to Timethylamine N-oxide, which can affect the inflam-
matory process and induce cardiovascular disorders. Choline, L-carnitine and
ergothioneine are the main precursors of TMA. Choline is present in many foods
in its free and combined forms such as phosphatidylcholine, phosphocholine and
sphingomyelin (Janerio et al. 2018). The neural excitation and inhibition balance can
be regulated by some neurotransmitters such as γ-aminobutyric acid (GABA) and
glutamate (Sarkar et al. 2016).

9.8 Disease Occurring Due to Abnormalities in Brain Signalling

Disorders affecting the microbiota-gut-brain axis are metabolic disorders (obesity,
diabetes), functional gastrointestinal disorders (irritable bowel syndrome), stress,
anxiety, depression, neurodegenerative disorders (Alzheimer’s disease, multiple
sclerosis, Parkinson’s disease), neurodevelopmental disorders (autism, schizophre-
nia) and also addiction (alcohol dependence) (Burokas et al. 2015). A drastic change
in the social and feeding behaviours of children having autism spectrum disorder
was reported. Some neuropeptides such as α-MSH and oxytocin have a pivotal role
in controlling the social and feeding behaviour (Fetissov et al. 2019). The human
infant gut microbiota has enduring significance in the neurodevelopmental process.
The cross-sectional connections between behaviour and gut microbiota in 77 human
babies aged 18–27 months revealed a link between phylogenetic diversity and
temperamental issues, especially in boys (Loughman et al. 2020). The correlation
between prebiotics role and brain signalling is shown in Fig. 9.3.
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Chronic Periodontitis (CP) is an infectious disease caused by inflammation in
periodontal tissues, which is followed by the invasion of bacteria, endotoxins, and
cytokines into the bloodstream with response to inflammation. Studies reported that
CP can alter the normal oral and gut microbiota through the generation of plaque
microorganisms and this may lead to the formation of various diseases in both the
digestive system and the central nervous system (Xue et al. 2020).

The microbiota-gut-brain axis is extensively involved in the pathology of major
depressive disorder (MDD) and regulates the functions of the brain. An increased
expression of immune-modulating microbiota such as Clostridia was reported in
experimental mice exposed to social defeat stress. An increased level of Lactobacil-
lus, Clostridium cluster III, Anaerofustis and Corynebacterium was also reported in
rats exposed to uncontrolled stress. The increased plasma adrenocorticotrophin and
corticosterone levels in response to restraint stress in germ-free mice establish the
direct link between the hypothalamic-pituitary-adrenal (HPA) axis and the
microbiota (Sarkar et al. 2016).

Traumatic brain injury (TBI) is highly reported in civilians, military personnel
and veterans and further aggravates to the symptoms of co-morbid post-traumatic
stress disorder (Brenner et al. 2017). Probiotics can be used to treat human allergic
diseases such as asthma and atopic diseases. Probiotics use has been shown to
minimise the need of antibiotics, improve immune-related illnesses such as inflam-
matory bowel disease, metabolic syndrome, and diabetes, and to have positive health
benefits on anxiety, depression, and gut discomfort (Davani-Davari et al. 2019).

Fig. 9.3 Prebiotics role and brain signalling
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The role of prebiotics in the management of metabolic and central nervous
system-related diseases is reported in many studies (Ahmadi et al. 2019). Gut
microbiota dysbiosis might be implicated in the pathophysiology of depression.
Hence, probiotics, prebiotics and synbiotics have been administered in clinical trials
with an attempt to relieve depressive symptoms (Vaghef-Mehrabany et al. 2020).
Recent studies reported the significance of gut microbiota in the management of
tumour growth (Li et al. 2020).

9.9 Clinical and Preclinical Findings Related to Psychiatric
Changes

The role of the microbiota-gut-brain axis in health and diseases such as neuropsy-
chiatric disorders is gaining much importance. The understanding on the composi-
tion of prebiotics and the microbiota-derived metabolites acting on signalling of
cellular pathways is much interesting (Neri-Numa and Pastore 2020). An altered
composition of caecal microbiota with specific changes in Peptococcaceae and
Prevotellaceae was observed in experimental stroke models, and the changes in
the gut microbiota were observed in traumatic brain injury. To treat individuals with
brain damage, altering the gut mucosa is a better alternative (Houlden et al. 2016). In
a preclinical experiment, the behavioural, physiological and caecal microbiota
profile of aged male mice was studied and reported the role of gut microbiota in
increasing gut permeability and peripheral inflammation that cause the deterioration
of behavioural, affective and cognitive functions in ageing (Scott et al. 2017).

Altered Schaedler flora (ASF) mice represent a unique model to elucidate
mechanisms governing microbiota-gut-brain communication. ASF mice displayed
marked anxiogenic behaviour as compared to conventionally reared mice (Lyte et al.
2019). A preclinical study reported the effects of stress and acid suppression on the
distribution of gastrointestinal microbiota. The cognitive functions are regulated
through several key biological processes in the hippocampus. Neurocognition may
alter due to dysbiosis caused by acid suppression during stress (MacLaren et al.
2019).

The cerebrovascular disease like cerebral ischaemic stroke can alter the normal
functions of gut microbiota including Bacteroides, Escherichia, Shigella,
Haemophilus, Eubacterium nodatum, Collinsella, Enterococcus, Proteus, Alistipes,
Klebsiella, Shuttleworthia and Faecalibacterium. The combination therapy for the
treatment of cerebrovascular diseases with Puerariae Lobatae Radix (PLR) and
Chuanxiong Rhizoma (CXR) has strong effects on the gut microbiome and cured
the cerebral infarction and modified the nerve functions (Chen et al. 2019). It has
been reported that child compound Endothelium corneum (CCEC) is effective for
the therapy of functional dyspepsia (FD). Further, CCEC significantly enhanced
gastric emptying and small intestinal transit of FD-affected rats and prominently
suppressed gastrointestinal microinflammation. CCEC supressed over-activated
POMC/Stat3/Akt pathway in the hypothalamus. CCEC enhanced gastrointestinal
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motility probably through rebalancing the homeostasis of the brain-gut-microbiota
axis (He et al. 2019).

Clinical investigations comparing standard enteral formula (SEF) against enteric
formula with prebiotic content (EFPC) in terms of nutrition treatment-related
outcomes in neurocritical care patients revealed the relevance of nutrition therapy
in preventing protein debt. The use of EFPC compared to SEF was associated with
significant higher total energy, carbohydrate, protein, lipid, enteral volume and fluid
intake during each day of nutrition therapy (Tuncay et al. 2018).

A double-blind clinical trial was conducted to compare the effect of probiotic
(Lactobacillus helveticus and Bifidobacterium longum) and prebiotic (galacto-
oligosaccharide) supplementation, and an improvement in the BDI score, a decline
in the kynurenine/tryptophan ratio and a rise in the tryptophan/isoleucine ratio were
observed in MDD subjects who are supplemented with probiotics for 8 weeks as
compared to the placebo who are not supplemented with probiotics (Kazemi et al.
2019a, b).

A double-blind placebo-controlled trial reported the effect of prebiotic and
probiotic on serum inflammatory cytokines (TNF-α, IL-1ß, IL-6 and IL-10). A
reduced BDI score in the prebiotic-treated group, a reduced cortisol level and an
equilibrium in the cytokine levels were observed in both groups which are treated
with prebiotics and probiotics. Probiotics have marked effects on improving the
symptoms of depression (Kazemi et al. 2019a, b).

9.10 Prebiotics Role in Overcoming the Abnormal Psychiatric
Changes

Prebiotics possess a greater role in overcoming the brain-related disease associated
with the gut microbiota. Sialyllactose is a prebiotic which can alter the colonic and
gut microbiota composition and reduce the stress and anxiety by regulating the
immune and endocrine functions. The prebiotic combination of FOS and GOS can
reduce the level of corticosterone and L-tryptophan in stress conditions (Burokas
et al. 2017). ProBiotic-4 is a probiotics product made up of Bifidobacterium lactis,
Lactobacillus casei, Bifidobacterium bifidum, and Lactobacillus acidophilus, which
have effects on the microbiota-gut-brain axis. A study reported that ProBiotic-4 can
be used for the management of cognitive impairments in senile mice having
impaired gut microbiota and can also reduce the age-related dysfunction of the
intestinal and blood-brain barrier (Yang et al. 2020).

It has been reported that there is a relationship between the effect of prebiotic
(oligofructose) treatment on dentate gyrus neurons and spatial memory but prebiotic
administration did not improve behavioural alterations and associated reduction of
hippocampal neurogenesis. Prebiotic administration improved excessive food intake
and glycaemic dysregulations (glucose tolerance and insulin resistance) (Fernandez
et al. 2017). Preclinical studies reported the beneficial effect of galacto-
oligosaccharide for improving learning and memory deficits. Probiotics can raise
the activity of anorexigenic gut hormones (peptide tyrosine tyrosine, glucagon-like
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peptide 1 and leptin) and can decline the level of orexigenic hormones (ghrelin).
Prebiotics are a better option for the treatment of schizophrenia (Kao et al. 2018).
Both prebiotics and probiotics can be used for the management of the enteric
nervous system (Davani-Davari et al. 2019).

9.11 Prebiotic Supplement in Overcoming the Psychiatric
Changes

The lactic acid bacteria present in yogurts can modify the memory deficits during
ageing (Scott et al. 2017). Resveratrol ameliorates the hepatic steatosis by
modulating the gut microbiota. It increases the gene expression of fasting-induced
adipose factor, decreases the expression of lipogenesis-related genes and proteins
(SREBP-1, FAS and ACC) and reverses high-fat diet (HFD)-induced gut microbiota
dysbiosis, with an increase in the relative abundance of Bacteroidetes and a decrease
in that of Firmicutes and Proteobacteria (Xiaohan et al. 2020). A dihydroquinoline
analog of agomelatine, N-(2-(7-methoxy-3,4-dihydroisoquinolin-1-yl)ethyl)
acetamide hydrochloride (NMDEA), has reduced the depression in chronic unpre-
dictable mild stress-induced mice models. NMDEA is involved in regulating the
neuro-inflammatory markers (IL-1β, IL-6 and iNOS) and gut microbiota by acting
on the microbiota-inflammasome-brain axis and can be used for the treatment of
dysbiosis of bacterial species (An et al. 2020). Milk oligosaccharides such as 30

Sialyllactose and 60 Sialyllactose support normal microbial communities and
behavioural responses during exposure to stress, potentially through effects on the
microbiota-gut-brain axis. Milk oligosaccharides helped to maintain normal
behaviour on tests of anxiety-like behaviour and normal numbers of DCX+ imma-
ture neurons (Tarr et al. 2015). The various prebiotic supplements in overcoming
psychiatric changes are shown in Table 9.1.

The role of chronic prebiotic (combination of fructo-oligosaccharides and
galacto-oligosaccharides) treatment (for 3 weeks) in anxiety, depression, cognition,
stress response and social behaviour using C57BL/6J male mice was evaluated in
plasma corticosterone, microbiota composition and caecal short-chain fatty acids
and reported for its efficient antidepressant and anxiolytic actions. Prebiotics can
regulate the gene expression in the hippocampus and the hypothalamus (Burokas
et al. 2017). Bimuno™ galacto-oligosaccharide (B-GOS) is a prebiotic that can
activate N-methyl-D-aspartate (NMDA) and promote the growth of useful gut bacte-
ria (Gronier et al. 2018). Bimuno™ galacto-oligosaccharide (B-GOS) can reduce the
weight gained through olanzapine intake and modify the memory (Kao et al. 2019).
Nutrient supplements are essential for the proper development of the brain.
Prebiotics and bioactive milk fractions are some of the agents which can act on the
microbiota-gut-brain axis and can supplement nutrients for the brain to enhance the
memory and maintain the emotional behaviours (Mika et al. 2018). Prebiotics which
are supplemented through food undergo biotransformation in the presence of colonic
microorganisms and release some metabolites such as short-chain fatty acids into the
lumen of the gastrointestinal tract and alter the composition of host (Neri-Numa and
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Table 9.1 Prebiotic supplements in overcoming psychiatric changes

Supplement name Mode of action Therapeutic benefit References

Prebiotics inulin or
mucin

Mucin fails to inhibit
tumour growth in germ-
free mice

For colon cancer Li et al.
(2020)

Inulin enhances the
efficacy of a MEK
inhibitor against melanoma

Resveratrol Increases the gene
expression of fasting-
induced adipose factor

Ameliorates the hepatic
steatosis

Xiaohan
et al.
(2020)

N-(2-(7-methoxy-3,4-
dihydroisoquinolin-
1-yl)ethyl)acetamide
hydrochloride

Regulating the neuro-
inflammatory markers
(IL-1β, IL-6 and iNOS)

Antidepressant action An et al.
(2020)

Soybean peptides
Maillard reaction
products (SMRPs)

Modulating gut microbiota
to alleviate ageing-related
disorders in D-galactose-
induced ICR mice

Flavour enhancer and
potential prebiotic which
retard the ageing process

Zhang
et al.
(2020)

Ethanol-precipitated
glycans from the
softwood
hemicellulose
autohydrolysate

Stimulate in vitro growth
of Bifidobacterium
adolescentis

Cardioprotective Deloule
et al.
(2020)

Bimuno™ galacto-
oligosaccharides
(B-GOS)

Activate N-methyl-D-
aspartate (NMDA) and
promote the growth of
useful gut bacteria

Memory enhancer,
treatment option for
neuro-inflammation

Gronier
et al.
(2018),
Kao et al.
(2019)

Water-soluble,
non-digestible
polysaccharides
isolated from sago
and acorn

Reduce high-fat diet-
induced defects

Type 2 diabetes mellitus Ahmadi
et al.
(2019)

Phenylethanoid
glycosides
(magnoloside A)

Modulate the composition
of gut microbiota

Used for abdominal
bloating, pain and
indigestion

Xue et al.
(2019)

Prebiotics and
bioactive milk
fractions

Enhance memory and
maintain the emotional
behaviours

Nutrient supplements for
brain development

Mika et al.
(2018)

Combination of
fructo-
oligosaccharides and
galacto-
oligosaccharides

Regulate the gene
expression in the
hippocampus and the
hypothalamus

Antidepressant and
anxiolytic

Burokas
et al.
(2017)

Lactic acid bacteria
present in yogurts

– Modify the memory
deficits during ageing

Scott et al.
(2017)

Psychobiotics Beneficial bacteria have
greater influence on the gut

Better anxiolytic and
antidepressant agents

Sarkar
et al.
(2016)

(continued)
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Pastore 2020). Water-soluble, non-digestible polysaccharides isolated from sago and
acorn have shown positive effects to reduce the high-fat diet-induced defects in the
biotransformation of glucose through the effect on the microbiota-gut-brain axis and
can be used as a better therapeutic tool against type 2 diabetes mellitus (Ahmadi et al.
2019). Soybean peptides Maillard reaction products (SMRPs) as a flavour enhancer
were reported as a potential prebiotic on modulating gut microbiota to alleviate
ageing-related disorders in D-galactose-induced ICR mice. SMRPs have been
reported to elevate the diversity of gut microbiota and ameliorate microbial commu-
nity structure (Zhang et al. 2020).

The ethanol-precipitated glycans from the softwood hemicellulose
autohydrolysate were able to stimulate in vitro growth of Bifidobacterium
adolescentis, but to a much lesser extent than that of adherent-invasive E. coli,
B. adolescentis was the best producer of SCFA. When mice were fed with the
ethanol-precipitated fraction, the relative abundance of Bacteroidetes raised while
that of Proteobacteria diminished, suggesting change towards a less obesogenic
microbiome. Following treatment, lipid analysis showed a decrease in cholesterol,
bile acids and free fatty acids, indicating a potential cardioprotective role (Deloule
et al. 2020). The importance of gut microbiota in anti-tumour immunity and the
potential therapeutic role for prebiotics were studied by the addition of the prebiotics
inulin or mucin to the diet of C57BL/6 mice. Mucin fails to inhibit tumour growth in
germ-free mice, indicating that the gut microbiota is required for the activation of the
anti-tumour immune response. Inulin limits tumour growth in syngeneic mouse
models of colon cancer and NRAS mutant melanoma and enhances the efficacy of
a MEK inhibitor against melanoma (Li et al. 2020). Magnoloside A, a
phenylethanoid glycoside, was isolated from the traditional Chinese medication
‘Hou Po,’ which is frequently used to alleviate stomach bloating, discomfort, and
indigetion. Magnoloside A can modulate the composition of gut microbiota. Pre-
clinical studies reported that magnoloside A has activity against functional dyspepsia
through the activation of peptide hormones such as gastrin, motilin and calcitonin
and reducing the rate of 5-hydroxytryptamine and nitric oxide synthase (Xue et al.
2019).

Psychobiotics are also beneficial bacteria that have greater influence on the gut
microbiome, the brain, the enteric nervous system and the immune system and can
be used as better anxiolytic and antidepressant agents (Sarkar et al. 2016).

Table 9.1 (continued)

Supplement name Mode of action Therapeutic benefit References

microbiome and the
immune system

Milk
oligosaccharides (30

Sialyllactose and 60

Sialyllactose)

Support normal microbial
communities and
behavioural responses
during exposure to stress

Maintain normal
behaviour on tests of
anxiety-like behaviour
and normal numbers of
DCX+ immature neurons

Tarr et al.
(2015)
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9.12 Conclusion

Prebiotics are selectively fermented non-digestible food ingredient that helps to
maintain the host’s health by stimulating the growth or activity of the gastrointestinal
microbiota. The gut microbiota has strongly interacted with the central nervous
system (CNS) through the gut-brain axis and maintains the health of an organism.
Prebiotics play a major role in overcoming the abnormal psychiatric changes such as
anxiety-like behaviour, impairment in learning and memory, depression, cognition,
stress response, social behaviour, synaptic injuries and neurodegeneration.
Non-digestible oligosaccharides with prebiotic properties are extensively used for
stimulating the beneficial bacteria such as bifidobacteria and lactobacilli. Several
studies have proven the effect of prebiotics in the central nervous system and its
effective role in the management of psychiatric disorders in connection with the gut
microbiota. Human microbiota is a potential diagnostic and therapeutic tool for
many disorders affecting the gut-brain axis, and the function of prebiotics in the
treatment of such diseases is now the most intensive area of study. The future works
should be required for understanding the mechanisms involved in microbiota and
brain functions, development of novel prebiotics for the regulation of altered gut
microbiota and treatment of neurological diseases.
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Probiotic Mechanism to Modulate
the Gut-Brain Axis (GBA) 10
Mrinal Samtiya, Tejpal Dhewa, and Anil Kumar Puniya

Abstract

Gut-brain axis (GBA) forms the complex network which connect gut-brain
bidirectionally (two-way communication). The gut bacteria regulate the brain
functions by modulating the gut microflora, which may advance the brain health.
Several probiotics are used to improve various health issues of the brain, like
stress, anxiety, and depression. “Psychobiotics” is the term used for those
probiotics which affect the brain functions. The gut and the brain are linked
through various biochemical signaling pathways between the enteric nervous
system, which is present in the intestinal region, and the central nervous system,
which includes the brain. The vagus nerve establish the primary connection
between the gut and the brain; it is also the longest nerve present in the body.
The ENS forms various neurotransmitters like the brain, i.e., dopamine, gamma-
aminobutyric acid (GABA), and serotonin, which all have functions in regulating
the mood. The bidirectional communication between the microbiota and the GBA
mainly regulates through the signaling between the gut and the nervous system
and from the nervous system to the gut via the nervous, endocrine, and immune
systems. Several successful results were observed in brain-related disorders
through using probiotics; however, the ultimate process of probiotic-aided
improvement of neural health is not completely described, although many studies
elucidated that metabolites produced by the different strains of probiotic like
neurotransmitter could be the potential moderator which controls the GBA by
regulating different signaling pathways of the neural system, the endocrine
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system, and the immune system. This chapter summarizes the possible probiotic
mechanisms concerning the GBA.

Keywords

Probiotics · Gut-brain axis · Psychobiotics · Neurotransmitters ·
Immunomodulation · Gut microbiota

10.1 Introduction

Probiotics are defined as the “living microorganisms that confer a benefit to the host
health when taken into an appropriate amount” according to the FAO/WHO (2002)
guidelines. The common genera of the probiotic strains are: Leuconostoc, Lactoba-
cillus (L. casei, L. johnsonii, L. paracasei, L. acidophilus, L. fermentum,
L. rhamnosus, L. brevis, L. plantarum, and L. delbrueckii), Bifidobacterium
(B. longum, B. animalis, B. bifidum, B. boulardii, B. breve, B. adolescentis,
B. infantis), Pediococcus, Saccharomyces bayanus, Streptococcus, Enterococcus,
and Bacillus (Fijan 2014). Probiotics have shown various attributes or properties,
which make them superior to other microorganisms, such as digestive improvement,
absorption of nutrients, maintaining microbiota, immunomodulatory effect, and
complement for metabolic conditions. However, several studies conclude that men-
tal health and brain functions of the host also improve through supplementation of
traditional functional foods that contain probiotics (Messaoudi et al. 2011; Gareau
et al. 2011). Probiotics modulate the physiology of the host, but the exact mechanism
of modulation is not fully explained; they may regulate the functions through
altering the immune system of the host (Bermudez-Brito et al. 2012). Previous
evidence specified that Kimchi isolates Weissella cibaria WIKIM28 improves the
atopic dermatitis signs by modifying the functions of regulatory T cell and
suppressing Th2 (allergic) action (Lim et al. 2017). This GBA concept is not so
new; bidirectional interaction between the gut and the brain has already been
recognized. Bidirectional concept concludes that the brain regulates the gastrointes-
tinal tract (GI) by modulating secretion, blood flow, absorption, and motility;
synchronously, the gastrointestinal tract also affects the brain functions (Grenham
et al. 2011). Probiotic bacteria create a healthy environment in the gut by
maintaining the microbiota of the gastrointestinal tract and also regulate the host
immune system. Probiotic consumption restores the beneficial bacterial concentra-
tion by controlling the microflora composition in the gastrointestinal tract (Choi et al.
2015; Mountzouris et al. 2007). Desired action and homeostasis of the body are
controlled by the brain. Significant changes and defects in the brain functions lead to
various kinds of emotional and physiological damage (Dantzer et al. 2008; Qureshi
and Mehler 2013). The mental loss is not only linked with degeneration in brain
functions but also associated with the improper functioning of the immune system as
well as variations in the microbiota. Microorganisms that reside in the human
gastrointestinal region have been denoted as intestinal microflora or gut microbiota.
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The symbiotic microorganisms have a multifaceted connective network which is
closely connected with the host system and influences their physical functionality.
Probiotics are gaining much attention recently from the perspective of nervous
function and mental health because of the reason that they modulate the GBA by
altering the gut microbiota toward the beneficial state (Bravo et al. 2012). The
framework of the GBA comprises the enteric nervous system, neuroendocrine
system, autonomic nervous system, central nervous system, immune system, and
gastrointestinal tract (Kim et al. 2018). Gut microbiota producing neurotransmitter
metabolites regulates the various functions of the brain (Dinan et al. 2015). A
previous study by Gareau et al. (2011) reported that gut microbiome and supple-
mentation of probiotics improve the memory or brain-related impairment. The
infection-mediated stimulation of cytokines changed the function of the brain and
directs the growth of several irregularities which are associated with the behavior
(Deverman and Patterson 2009). Numerous previous researches have discovered the
association of probiotics in neuroscience and cognition (Bravo et al. 2011; Selhub
et al. 2014). This chapter contained the information related to the role of intestinal
microbiota in the bidirectional interaction between the gut and the brain as well as
considers the recent discoveries related to the modulation of brain functions through
the use of probiotics.

10.2 Probiotics and GBA

A complex communication system revealed the gut-brain crosstalk, which is pri-
marily responsible for balancing the maintenance of the gastrointestinal tract and
regulating emotional and cognitive functioning. Even though in the last decades, the
gut and brain axis has been one of the foremost focus of the research and how-
ever, regulation of the signaling pathway by the effective functioning of microbiota
is quiet at its initial stages. Table 10.1 shows the possible mechanism(s) of bidirec-
tional communication between GBA. Bravo and colleagues conducted a study that
is one of the most prominent studies in this area, which exposed that the tenth
cranial nerve (vagus) is unique among the key pathways of the regulation amid the
GBA. A study conducted in vagotomized mice shown that continuous administra-
tion of Lactobacillus rhamnosus JB-1 exert benefits by decreasing anxiety and

Table 10.1 Possible mechanism(s) to modulate the GBA (Carabotti et al. 2015)

Gut microbiome to brain Brain to gut microbiome

Bacterial metabolites and mucosal immune regulation Modification in motility

Enteric sensory regulations Immune function regulation

Expression of neurotransmitters such as serotonin and gamma-
aminobutyric acid (GABA) and production of neurotrophic
factor (BDNF)

Regulation of biofilm and
mucus production

Intestinal epithelial barrier protection and regulation of tight
junctional integrity

Modification of intestinal
permeability
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depressive behaviors in these mouse models. In vagotomized mice, probiotics
change the GABA receptors expression due to reducing nervousness and depres-
sion in particular regions that entailed in pathogenesis (Bravo et al. 2011). Like-
wise, the supplementation of Bifidobacterium longum in the dextran sodium sulfate-
induced chronic colitis animal model was ineffective to decrease the anxiety
behavior in mice that experienced vagotomy before colitis initiation (Bercik et al.
2011). A key query in the research area is whether stress-associated ailments can be
restored by directing the gut-mind axis. To this end, numerous reports have proven
that food that modifies the microbiota, prebiotics, and probiotics can diminish
stress-associated behavior and HPA activation (Davis et al. 2017). Probiotics
works mainly through modifying intestinal microbiota composition, maintaining
intestinal epithelial barrier integrity, inhibiting bacterial translocation and
controlling local inflammatory response through immune system regulation that
presents in the gastrointestinal tract (Rios et al. 2017). Schnorr and Bachner (2016)
reported that food comprising of probiotics, at the third week could increase the
general time of sleep, which could lower down the chronic anxiety pressure, in the
second week it can reduce Beck Anxiety Inventory score, and suitable variation in
microbiota after 2 to 3 weeks, which increase in Lactobacillales and Bacteroides
members, and decrease the population of Clostridium and Actinomycetes. All the
outcomes signify that probiotic consumption could recover and alter the microbiota
species, which may get rid of anxiety-like activities (Cepeda et al. 2017). Previous
studies confirmed that gut microbiota could be altered through the consumption of
probiotics and/or antibiotics, which also supported that microbiota could affect the
GBA. All these investigations verify that microbiota influences mind neurochemis-
try by regulating anxiety and HPA machine (Saulnier et al. 2013). Similarly,
probiotics decrease the stress-stimulated release of cortisol, anxiety, and
depression-like behavior (Bravo et al. 2011). Moreover, probiotics associated
VSL#3 alter the microbiota composition, resulting in an increase in brain-derived
neurotrophic factor BDNF expression and reduction of age-linked adjustments in
the hippocampus (Distrutti et al. 2014). Evidence illustrates that microbiota
includes the vagus nerve during bidirectional communication with the brain,
which transfers information from the luminal milieu to the central nervous system.
Indeed, vagotomized mice no longer show neurochemical and behavioral effects,
figuring out that vagus nerve acts as a crucial modulatory pathway of communica-
tion between the microbiota and the mind (Bravo et al. 2011). An earlier evidence
stated that L. farciminis regulates various activities like hindering permeability,
endotoxemia, functioning of HPA axis, stress-induced neural inflammation, and
additionally producing a beneficial impact on the mucosal barrier (Kelly et al.
2015). Microbiota may additionally cooperate with the GBA via distinctive func-
tioning mechanisms, the important one possibly modulating the epithelial barrier of
the intestine, whose perturbation could affect the entire essential sections. Previ-
ously, a water avoidance stressed mice model study reported that probiotic
pretreatment improve the stress and also associated with reestablishment of intesti-
nal epithelial barrier and protection of tight junctions (Ait-Belgnaoui et al. 2014).
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Additionally, the immune system is the other competent pathway through which the
intestine and the brain are regulated to each other. Several probiotic strains which
belong to the Bifidobacterium and Lactobacillus groups revealed the proficiency to
re-establish the plasma concentration of adrenocorticotropic hormone (ACTH) and
corticosterone along with the reduction of hypothalamic corticotropin-releasing
factor (CRF), tumor necrosis factor (TNF)-α levels, and interleukin (IL)-6 which
were changed both by chronic stresses and subsequently by increased colonic
permeability (Laval et al. 2015; Ait-Belgnaoui et al. 2012; Gareau et al. 2007;
Smith et al. 2014). Furthermore, previous evidence signifies that probiotics can
have interaction with the GBA through the modulation of neurotransmitter signal-
ing. Indeed, it has been confirmed that Bifidobacterium infantis regulate the seroto-
nin (5-hydroxytryptamine) level by increasing the concentration of tryptophan in
plasma (Desbonnet et al. 2010). Metabolites produced from bacterial origin confirm
the additional pathway of interaction which joins the brain and the gut. Short-chain
fatty acids (SCFAs) are one of the main derivatives of bacterial metabolism along
with acetic, propionic, and butyric acids. It has been confirmed in rodent’s models
that SCFAs regulate the histone deacetylases which critically influence memory and
learning (Levenson et al. 2004; Ferrante et al. 2003; Silva et al. 2020). Even though
intensive understanding of signaling brought by way of SCFAs remains missing, it
is previously documented that SCFAs link to G-protein-coupled receptors (GPCR).
GPR43 and GPR41 have largely elucidated receptors of SCFA; in addition to
hydrocarboxylic acid receptor GPR109a/HCAR2 and GPR164, expressed in a
huge collection of cells from the intestinal mucosal layer to the nervous and
immune systems (Mohajeri et al. 2018; Bolognini et al. 2016). These receptors’
activation can be altered meaningfully according to the cells on which these are
expressed, such as SCFAs regulates the stimulation of the glucagon-like peptide
1 and peptide YY secretion by connecting through their receptors which presented
on enteroendocrine cells (Cherbut et al. 1998; Greiner and Bäckhed 2016). SCFAs
regulate the metabolic homeostasis as well as control the energy expenditure (body)
by binding particularly to GPR41 (G-protein-coupled receptors); it has been
revealed that probiotics also alter the levels of SCFAs in healthy adults (Kimura
et al. 2011; Ferrario et al. 2014). Besides, it has been previously revealed that
numerous strains of bacteria can alter the neurotransmitter precursor concentration
in the gastrointestinal tract and also individually produced several
neurotransmitters, including gamma-aminobutyric acid, serotonin (5-HT), nor-
adrenaline (NA), and dopamine (Sherwin et al. 2018; Fung et al. 2017; Calvani
et al. 2018). These neurotransmitters can potentially impact several cerebral
functions and microglial activation (Abdel-Haq et al. 2019). Figure 10.1 Depicting
bidirectional communications between GBA.
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10.3 Bidirectional Communications Within the GBA

The gut and the brain bidirectionally control each other via a number of mechanisms
and pathway including neural, neurotransmitters, neuroendocrine and metabolites,
and immunological markers. Here, various interaction pathways are highlighted,
which are useful for the critical functioning of the GBA.

10.3.1 Possible Mechanisms Through Which Probiotics Can
Modulate the GBA

10.3.1.1 Neural Regulatory Interactions Between the Gut and the Brain
The enteric nervous system (ENS) is the primary center of interaction, which
connects the intestinal microbiota of the host and the nervous system. The ENS
concluded as “the second brain” due to its exceptional capability and neuronal
complexity on the same level as the brain and has a distinct unit to control the linked
intestinal movements and the immune system’s reactions (Furness 2012; Breit et al.
2018). Gut microbiota exchanges signal bidirectionally with the brain through the
ENS by using humoral and neural paths (Luan et al. 2019). Neural information

Fig. 10.1 Bidirectional communications between GBA (Kim et al. 2018)
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transmits to the brain from the interior organs as well as from the gut through the
parasympathetic vagus afferents (Breit et al. 2018). Intestinal microflora controls the
thresholds of the electrophysiological neurons in the ENS (Sarkar et al. 2016). For
instance, calcium-dependent potassium channels in neurons are stimulated by Lac-
tobacillus reuteri strain within the colon myenteric plexus of the rat model (Kunze
et al. 2009). B. longum (NCC3001) produced metabolic compounds that provoked
the action potential reduction within the myenteric neurons, followed by electrical
stimulation (Bercik et al. 2011). Another neuronal pathway that is connected by the
vagus (tenth cranial nerve) nerve starts from the brainstem and ends up within the
abdominal region. It forms a bidirectional complex between the gut and the brain;
the vagus nerve plays both efferent and afferent functions. About 80% of sensory
vagal fibers are present, which transmit the information between the body’s organs
and the central nervous system (CNS) (Cryan and Dinan 2012; Thayer and Sternberg
2009). The vagus nerve regulates numerous essential features, consisting of bron-
chial contraction, motility of the gastrointestinal tract, and coronary heart rate.
Several recognized consequences have shown that different strains of probiotics
and gut microbiome depend on the vagus nerve activity (Goehler et al. 2008; Bercik
et al. 2011; Bravo et al. 2011). Studies confirmed that the vagus nerve works as a
critical modulator which regulates the L. rhamnosus signaling pathways. Due to the
L. rhamnosus intrusion, enteric neurons and vagus nerve function amplified in the
gastrointestinal tract of mice (Perez-Burgos et al. 2013, 2014). Furthermore, based
on experimentations, the vagus nerve becomes recognized as a primary modulator
within the gut-brain interaction (bidirectional) pathway in vagotomized mice (Bravo
et al. 2011).

10.3.1.2 Immune-Facilitated Communication Between the Gut
and the Brain

Microbiota residing in the gastrointestinal tract can impact the immune response; this
forms an indirect connection which implies the link within the gut microbiome and
the brain (Macpherson and Uhr 2004; Bengmark 2013). Lymphoid tissues present in
the human gastrointestinal tract form the most important organ of the immune
system; it entailed nearly 70% of the entire immune system of the body (Vighi
et al. 2008). When pro-inflammatory cytokines are peripherally administrated in
rodents, it could stimulate a range of anxiety behaviors, including unstable sleep,
loss of appetite, and exploratory behavior suppression, it jointly denoted as sickness
behavior (Bilbo and Schwarz 2012). Probiotic microbes endorse that immunoregu-
latory consequences arise due to regulatory T cells and anti-inflammatory cytokine
(IL-10) introduction (Dinan et al. 2013). A previous study suggested that oral
supplementation of B. infantis (35624) improved the expression of IL-10 in the
peripheral blood of human beings (Bilbo and Schwarz 2012). Numerous gastroin-
testinal and GALT cells, consisting of macrophages, T cells, and dendritic cells, can
easily move through the blood-brain barrier and influence the brain neurons and glial
cells (Diamond et al. 2011). Moreover, earlier research suggested that gut microbiota
regulates the immune response which controls the microglial activation and homeo-
stasis in the CNS of germ-free mice (Erny et al. 2015). Systemic circulation of
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chemokines, immune factors, and cytokines regulates the functioning of the brain
through the use of circumventricular organs and vagus nerve (Hosoi et al. 2002).
Inside the nervous system, pro-inflammatory cytokines can generate neural inflam-
mation, by this means affecting the BBB permeability (McCusker and Kelley 2013).
Breaching of BBB permeability leads to the infusion of immune cells, reactive
gliosis, and deterioration of inflammatory reactions, which ultimately cause
neurodegeneration (Obermeier et al. 2013). A research study by Palomar et al.
(2014) exhibited that L. casei strengthened the immune response of chronic stressed
adult mice by enhancing the production of IgA cells, CD4+ cells in the small
intestine and luminal secretion of IgA, and decreasing the levels of IFN-γ (Palomar
et al. 2014).

10.3.1.3 GBA Regulation by Neuroactive Compounds and Metabolites
Microflora of intestinal origin has the capacity of making a variety of
neurotransmitters, neuroactive compounds, and metabolites. GABA, serotonin, cat-
echolamine, and acetylcholine are the neurotransmitters and neuroactive compounds
which are produced by gut microbiota. Without a doubt, ENS neurons and entero-
chromaffin cells of the gut mucosa produce nearly 95% of 5-HT within the body.
Besides the point, 5-HT is also intricate in the gastrointestinal secretion, contraction,
and relaxation of smooth muscle as well as pain sensitivity (Costedio et al. 2007;
McLean et al. 2007), while existing evidence suggested that probiotics communicate
with the gut-brain axis through the instruction of neurotransmitter signaling,
although signaling pathways (5-HT) are associated with the regulation of the
cognition and mood-related behavior. Especially, it has been already proved that
B. infantis control the serotonin (5-HT) level through elevating tryptophan concen-
tration in plasma (Desbonnet et al. 2010). Gamma-aminobutyric acid can be formed
by numerous strains of Lactobacillus and Bifidobacterium; similarly, norepinephrine
can be produced by several species of Bacillus, Escherichia, and Saccharomyces;
likewise, dopamine can be formed by Serratia, Bacillus, Lactobacillus, Escherichia,
and Lactococcus. Indirectly gut microbiome controls the manufacturing of
neurotransmitters via modulating available neuro-active chemicals precursors or
by stimulating the neuroendocrine and enteroendocrine cells of the host (Desbonnet
et al. 2010; Yano et al. 2015). Probiotics synthesize neurotransmitters as well as
excite the host cells to produce these neurochemicals which could be used as
delivery vehicles for transferring neuroactive compounds (Lyte 2011). Furthermore,
bacteria produced short-chain fatty acid (SCFA) neuroactive metabolites such as
propionate, butyrate, acetate, and lactate (Horn and Klein 2013; Overduin et al.
2013). SCFAs communicated with the nervous system directly, thereby stimulating
sympathetic neurons, and can also cross via the blood-brain barrier (BBB), in this
manner stimulating behavior and neural signaling (Kimura et al. 2013; Frost et al.
2014; Ríos-Covián et al. 2016). Butyrate provokes the hypothalamic-pituitary-adre-
nal (HPA) axis and also acts as an active epigenetic modifier by hindering the
activity of histone deacetylases (HDACs) (Gagliano et al. 2014; Stilling et al.
2014). Especially, BDNF acts like neurotrophic constituents which are associated
with mood-related concerns; as a result, increasing BDNF concentration can be a
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proficient intervention. Several research studies address this problem; for example,
BDNF level increases in the hippocampus after administration of Bifidobacterium;
equally, Lactobacillus residing in the gastrointestinal tract can increase the BDNF
concentration (Rios et al. 2017). Previous studies established that certain strains of
gut microbiota, for instance, L. acidophilus, Streptococcus, Candida, and B. infantis,
secrete several neurotransmitters (catecholamine, GABA, glycine, 5-HT) which
have well-known therapeutic attributes in regulating psychological illness or
controlling endocannabinoid expression. Gut microbiota produces neuroactive
molecules that can influence the nerve signals and affect the neuropsychiatric
parameters along with sleep, urge for food, mood, and cognition (Kali 2016).

10.3.1.4 Central Nervous System Regulates Gut Microbiota
The central nervous system can transform the composition of the gut microbiota as
well as overall biomass by regulating satiety. Moreover, the nervous system plays a
significant role in regulating the working of the gut; for example, gastrointestinal
movement as well as acid, bicarbonate, and mucus secretion all have a prominent
role in biofilm and mucous layer protection (Rhee et al. 2009). Under the regulation
of the brain, the direct impact is aided by the secretion, neuron signaling molecules,
enterocromaffin, and immune cells, affecting the microbiota. Communication
between the microorganisms and the CNS is mainly based on the receptors of
neurotransmitters which are present in bacteria. Numerous studies stated that bacte-
ria contain the binding sites for the host enteric neurotransmitters and can stimulate
the role of microbiota components, promoting the susceptibility to inflammation and
infection stimuli (Hughes and Sperandio 2008). The brain may affect the composi-
tion and characteristics of microbiota by changing the intestinal permeability, due to
which bacterial antigens pass through the breached epithelium and excite an immune
reaction in the mucosal part of the intestine. As a result of acute stress, colonic para-
cellular penetrability is increased, which comprises interferon-γ overproduction and
reduction in ZO-2 (zona occludens) as well as occludin mRNA expression
(Demaude et al. 2006). Host neurons cause direct impact by producing
neurotransmitters and neurotransmitter receptors, which are displayed on intestinal
microbiota. Neurotransmitters which are prepared by hosts affect the function of
microbial components through binding, thereby stimulating susceptibility for infec-
tion and inflammation stimuli (Carabotti et al. 2015). The central nervous system
also directly or indirectly controls the release of antimicrobial proteins, cytokines,
and signaling molecules into the intestinal lumen by the enteroendocrine cells,
Paneth cells, neurons, and immune cells which are responsible for the secretion of
α-defensin. Microbial persistence and their surrounding milieu are influenced by
these secreted products (Carabotti et al. 2015). Gut microbiota composition is also
controlled by the nervous system by altering the penetrability of the epithelial
barrier, thereby permitting the diffusion of bacteria and enabling host and
microbiome communication in the mucosa. Under anxiety condition, the HPA axis
discharges a stress hormone known as cortisol; by this means, it regulates the
intestinal motility and immune responses through cells, secretory
immunoglobulin A, and cytokines (Kim et al. 2018).
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10.4 Modulation of the GBA by Probiotics

The gut microbiota-brain axis can interact through signaling which followed several
different mechanisms. Gut microbiota can form bioactive peptides, comprising
neurotransmitters, branched-chain amino acids, several intestinal hormones, and
SCFAs, and also cause secondary bile acid alteration. Lactate, butyrate, acetate,
and propionate are the SCFAs that are easily entered into the circulatory system, and
this may be the possible route through which it would be interacting with the brain
(Sarkar et al. 2016). Several health benefits were claimed by probiotics related to
psychological and physical disorders. Probiotics positively modulate the gut
microbiota as well as promote the nourishment of the commensal microbiota
composition (Chaiyasut and Sivamaruthi 2018). In vivo and clinical studies are
mentioned below which show that probiotic interaction and possible mechanisms
are followed to maintain the GBA.

10.4.1 In Vivo Studies

Previous studies reported that depressive behaviors decreased when L. rhamnosus
was orally supplemented in healthy mouse (Bravo et al. 2011) as well as chronically
stressed mouse models (McVey Neufeld et al. 2018). A study reported that
L. rhamnosus improved the behavior and physiology of vagotomized rats (Bravo
et al. 2011). This report authenticates that the vagus nerve is the key mediator in the
L. rhamnosus signaling pathway. In the gastrointestinal tract of mice, L. rhamnosus
intensified the rate of enteric neurons and vagus nerve firing (Perez-Burgos et al.
2013, 2014). Earlier studies indicated that L. rhamnosus interacted with the brain
through the signaling which followed neural pathways, and it might also manifest an
antidepressant effect via impacting the HPA axis and the central GABAergic system.
In a mouse model, intake of L. rhamnosus changed the mRNA expression of GABA-
A and GABA-B receptors and however decreased the depression- and anxiety-like
behaviors. Additionally, these properties were reliant on the undamaged vagus nerve
(Bravo et al. 2011). In rats, the consumption of L. casei reduced both actions as well
as the amount of corticotropin-releasing factor (CRF-expressing) cells in the
paraventricular nucleus (PVN) while stimulating the vagus afferents (Takada et al.
2016). Intragastric administration of L. casei downregulated the activity of the
sympathetic efferent in the adrenal glands and liver, and this effect did not occur
after vagotomy (Tanida et al. 2014). Another study reported that L. brevis-fermented
milk enhanced the GABA concentration when given to depressed rats and also
revealed an antidepressant potency on the same level with fluoxetine (Ko et al.
2013). In addition to this, the consumption of L. brevis enhanced sleep duration in
mice by producing GABA content (Han et al. 2017). L. reuteri treatment improved
the behaviors of depression in chronic stress (Marin et al. 2017) and immobilization
stress models of mice (Jang et al. 2019). Antidepressant effects are attenuated by the
administration of KYN, which specifies that L. reuteri improves depression by
decreasing the plasma KYN levels. In chronically stressed mice, supplementation
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of L. plantarum reduced depressive-like behavior (Liu et al. 2016; Dhaliwal et al.
2018). Additionally, earlier research explained the mechanism of L. reuteri involved
in the regulation of indoleamine 2,3-dioxygenase, a rate-limiting enzyme present in
immune cells that catabolizes tryptophan to kynurenine (Réus et al. 2015). When
L. rhamnosus JB-1 treatment was given to mice, it enhanced the glutamate, gamma-
aminobutyric acid, and N-acetyl aspartate levels in the brain, demonstrating that
brain activity could be controlled by probiotics through regulating the metabolic
pathways of probiotics, and it also put forward a probiotic approach into remedies
for nervous ailments (Janik et al. 2016). Probiotics regulate the inflammation by
improving the blood-brain barrier (BBB) integrity and by reducing the
neuroinflammation in patients with neural problems (Felger and Lotrich 2013;
Miller et al. 2013). Furthermore, expression of N-methyl-D-aspartate (NMDA)
receptor and brain-derived neurotrophic factor (BDNF) enhanced in germ-free
mice which were supplemented with B. infantis; in the hippocampus and cortex
region of the brain, these molecules perform an essential role in regulating the
learning and memory functions and reduced germ-free mouse expressions (Sudo
et al. 2004). A probiotic strain, L. acidophilus, which is isolated from a normal
human gastrointestinal tract when orally supplemented in the DSS-induced mouse
model of colitis inhibited the colitis-allied reaction of the IL-23/T17 axis and also
decreased the secretion of cytokines (pro-inflammatory) (Chen et al. 2015). When
female wistar rats were administered with L. farciminis (1011 CFU/day) for 15 days
before partial restraint stress. Results showed that L. farciminis supplementation
inhibited the stress, decreased the permeability in the colon, and phosphorylation of
colonocyte myosin light chain compared to the control group (Ait-Belgnaoui et al.
2006). B. longum (NCC3001) affects the vagal integrity when administered in the
DSS-induced colitis model of mice, without altering the immune responses as well
as brain-derived neurotrophic factors. The status of histopathology and functions of
myeloperoxidase had been no longer affected by the probiotic intervention (Bercik
et al. 2011). In rats’ model, anxiolytic-like activity was investigated for probiotics
L. helveticus (R0052) and B. longum (R0175) (PF). The conditioned defensive
burying test confirmed that 14 days of probiotic formulation (PF) supplementation
reduced anxiety-like behavior in rats (Messaoudi et al. 2011). Lactobacillus
metabolites (LM) (0.5–1.0%) (such as microelements, lactate, polypeptides,
enzymes, organic and amino acids) were administered in rats and also exposed
toward ratiometric Ca2+ imaging. The outcomes concluded that Ca2+ discharge
and absorption were improved when LM was supplemented continuously, due to
which brain intracellular signaling was stimulated, and these cognitive and psycho-
logical functions were improved (Sobol and Belostotskaya 2016). In Table 10.2,
recent in vivo studies of probiotic strains which regulated the brain-related functions
are mentioned.
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Table 10.2 Probiotic strains which regulated the brain-related functions in in vivo trials

Probiotics Model Effects References

Bifidobacterium
infantis

Specific
pathogen-free
(SPF) and
gnotobiotic mice

Normalized stress response Sudo et al.
(2004)

Male adult
C57BL/6J mice

Antidepressant effect, increased
5-HT and 5-HTP levels,
decreased anxiety, increased
BDNF levels

Tian et al.
(2019)

Bifidobacterium
longum

Male AKR mice Normalized anxiety behavior
and brain-derived neurotrophic
factor (BDNF) mRNA

Bercik et al.
(2010)

Faecalibacterium
prausnitzii (ATCC
27766)

Sprague-Dawley
male rats

Decreased anxiety and
depression, increased short-
chain fatty acids (SCFAs)

Hao et al.
(2019)

Lactobacilli (PP) Rat Increased Ca2+, stimulating the
intracellular signaling,
improvement of psychological
parameters and cognitive
functions of the brain

Sobol and
Belostotskaya
(2016)

Lactobacillus brevis Depressed
Sprague-Dawley
male rats

Decreased depression Ko et al.
(2013)

Lactobacillus
farciminis

Female Wistar
rats

Prevented stress-induced
hypersensitivity

Ait-Belgnaoui
et al. (2006)

Lactobacillus
helveticus MCC1848

C57BL/6J male
mice

Improved anxiety- or
depressive-like behaviors

Maehata et al.
(2019)

Lactobacillus
helveticus R0052 and
Bifidobacterium
longum R0175

Wistar rats Reduced anxiety-like behavior Messaoudi
et al. (2011)

Lactobacillus
helveticus R0052

Mice Decreased anxiety-like
behavior

Ohland et al.
(2013)

Lactobacillus
kefiranofaciens
CGMCC2809 (ZW3)

Mice Regulation of immune system-
mediated biochemical disorders
in the hypothalamic-pituitary-
adrenal axis and tryptophan
metabolism caused by stress,
improved depression-like
behavior

Sun et al.
(2019)

Lactobacillus
paracasei K71

Senescence-
accelerated
female SAMP8
mice

Increased protein expression of
BDNF, decreased
5-HT-degrading enzymes, and
increased 5-HT levels in brain
tissues and serum

Corpuz et al.
(2018)

Lactobacillus
paracasei PS23

C57BL/6J mice Reversed chronic
corticosterone-induced anxiety-
and depression-like behaviors

Wei et al.
(2019)

(continued)
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10.4.2 Clinical Studies

During and after the supplementation of probiotic L. casei Shirota (6.5 � 109 CFU)
containing yogurt, healthy human volunteers’ cognition behavior and mood were
estimated at the reference line. The obtained results of the study directed that
probiotic administration regulates the stress, tension, and depressive-like behaviors
of the volunteers. In general, probiotic yogurt advanced good behavior (Benton et al.
2007). During clinical cases, L. casei administration reduced the salivary cortisol
levels, stress feelings, and occurrence of intestinal and flu-related signs in stressed
peoples (Kato-Kataoka et al. 2016; Takada et al. 2016). These research studies
indicate that L. casei inhibits the overactivity of the HPA axis through the regulation
of the vagus nerve and successively decreases the stress-related feelings and
ailments; in addition to this, in vitro, GABA is also produced (Oleskin et al.
2014). In patients with major depressive disorder (MDD), Probiotic Sticks compris-
ing L. helveticus, along with B. longum, decreased the depressive-like behavior in
addition to clinical depression (Kazemi et al. 2019). Previous reports indicated that
L. helveticus may improve cognition by regulating the activity of the central nervous
system in addition to the HPA axis and also decrease the depression-like behavior by

Table 10.2 (continued)

Probiotics Model Effects References

Lactobacillus
paracasei PS23

Senescence-
accelerated male
and female
SAMP8 mice

Increased TNF-α, decreased
IL-10, delayed age-related
cognitive decline

Huang et al.
(2018)

Lactobacillus
plantarum MTCC
9510

Swiss albino
male mice

Improved gut and blood-brain
barrier integrity, prevented
stress

Dhaliwal et al.
(2018)

Lactobacillus
plantarum PS128

Mice Ameliorated anxiety- and
depression-like behaviors and
modulated neurochemicals
related to affective disorders

Liu et al.
(2016)

Lactobacillus reuteri Male BALB/cJ,
C57BL/6N, and
C57BL/6J mice

Reduction in stress-induced
increased abdominal IDO
expression, decreased stress-
stimulated increase in KYN
levels, decreased depression

Marin et al.
(2017)

Lactobacillus reuteri
NK33 and
Bifidobacterium
adolescentis NK98

C57BL/6 male
mice

Suppressed anxiety/depression,
NF-κB activation was
suppressed

Jang et al.
(2019)

Lactobacillus
rhamnosus

BALB/c male
mice

GABAergic system
modulation, depression and
anxiety reduction

Bravo et al.
(2011)

BALB/c male
mice

Reduced depressive behavior McVey
Neufeld et al.
(2018)
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modulating BDNF expression and 5-HT system (Liang et al. 2015). Mixed species
of probiotics that also contained L. casei when given to MDD patients can reduce
clinical depression symptoms and depressive-like signs (Akkasheh et al. 2016).
Probiotic supplementation containing 3 billion CFU of L. helveticus R0052 and
B. longum R0175 (PP) improved the psychological depression when given to human
volunteers; it is recorded by measuring the concentration of urinary free cortisol
along with Hospital Anxiety and Depression Scale and Hopkins Symptom Checklist.
During the study duration, no adverse effects were recorded (Messaoudi et al. 2011).
Acute psychological stress is certainly linked with cold or flu. The study had found
that L. helveticus (R0052), B. bifidum (R0071) and B. infantis (R0033) significantly
decreased the symptoms of cold or flu in academically stressed healthy students
when supplemented for six weeks. However, students who consumed
Bifidobacterium spp. showed higher protective results than other groups of students
(Langkamp-Henken et al. 2015). Random groups of healthy petrochemical
employees were administered for 6 weeks, with yogurt containing B. lactis (BB12)
and L. acidophilus LA5 or capsule containing probiotics (B. breve, L. Rhamnosus,
L. casei, Streptococcus thermophiles, L. bulgaricus L. acidophilus, B. longum), or
conventional yogurt or control. Furthermore, individual’s mental health was
recorded through a general health questionnaire, stress scale scores, and depression
anxiety. This study concluded that petrochemical workers’ psychological state was
improved after probiotic-containing yogurt and multispecies capsule administration.
In contrast, no health stimulating role was recorded in workers who consume
conventional yogurt (Mohammadi et al. 2016). After supplementation of L. casei
strain (109 CFU/day) Shirota for eight weeks, improved the cortisol level, and stress
level in academically stressed students (Takada et al. 2016). In Table 10.3, clinical
studies in which brain-related functions were regulated by probiotics are listed.

10.5 Conclusions

Nowadays, the GBA concepts have been enthusiastically explored, and many
research studies have established that gut microbiota modification and probiotics
administration have overcome several brain-related disorders. The disproportion of
the gut microflora composition can result in several illnesses. Probiotics can regulate
the gut microbiota composition, which could advance the bacterial population,
intestine epithelium barrier characteristic, and cytokine production. By examining
previous studies, it would be concluded that the gut microbiota and the brain
regulated bidirectionally to form the GBA using these links, i.e., microbial
metabolites, neuroendocrine and neurotransmitters, and neural immunomodulation.
The exact connection between gut microbiota, probiotics, and brain illnesses is not
entirely understood in clinical research. According to previous research, it is found
that supplementation of probiotics can positively control the gut microflora and brain
functions and also regulate the host immune system. In addition, probiotics maintain
the microbiota-GBA by secretion of neurotransmitters, metabolites (SCFAs, Ace-
tate, etc.), and promote the growth of beneficial commensal microorganisms. In this
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Table 10.3 Probiotic strains which modulated the brain-related functions in clinical trials.

Probiotic species Model Effects References

Bifidobacterium breve
A1

Elderly humans with
mild cognitive
impairment (mean age
� 83 years)

Improving cognitive
function and
maintaining the quality
of life of the elderly

Kobayashi
et al. (2019)

Patients with
schizophrenia

Significantly improved
anxiety/depression
score, IL-22 and
TRANCE expression
was significantly
increased

Okubo et al.
(2019)

Bifidobacterium longum
1714

Healthy human males
(mean age � 25 years)

Decreased salivary
cortisol output and
anxiety scores,
improvements in
hippocampus-dependent
visuospatial memory
performance, reduced
stress, and improved
memory

Allen et al.
(2016)

Clostridium butyricum
MIYAIRI 588

Treatment-resistant
major depressive
disorder (TRD) patients

Provided significant
improvement in
depression

Miyaoka
et al. (2018)

Lactobacillus
acidophilus LA5 and
Bifidobacterium lactis
BB12; multispecies
probiotic capsule

Seventy petrochemical
workers

Multispecies probiotic
capsule had beneficial
effects on mental health
parameters

Mohammadi
et al. (2016)

Lactobacillus casei
Shirota

Healthy medical
students (mean age �
23 years)

Increase in salivary
cortisol levels, relieved
stress-associated
responses of abdominal
dysfunction

Kato-
Kataoka
et al. (2016)

One hundred and
thirty-two healthy
members

Improved the mood of
those whose mood was
initially poor

Benton et al.
(2007)

Healthy medical
students

Prevented
hypersecretion of
cortisol and physical
symptoms under
stressful conditions,
possibly through vagal
afferent signaling to the
brain and reduced stress

Takada et al.
(2016)

Lactobacillus helveticus Healthy middle-aged
humans (mean age �
58 years)

Increased memory and
attention

Ohsawa et al.
(2018)

Lactobacillus helveticus
R0052, Bifidobacterium
longum ssp. infantis

Academically stressed
students

Prevented the onset of
stress-related cold/flu

Langkamp-
Henken et al.
(2015)

(continued)
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chapter, authors attempted to explain briefly psychobiotics possible mechanisms and
also focus on the presently known routes of interaction with the GBA.
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R0033, Bifidobacterium
bifidum R0071

Lactobacillus helveticus
R0052 and
Bifidobacterium longum
R0175

Healthy humans Reduced the cortisol
level and improved the
anxiety and depression

Messaoudi
et al. (2011)

Lactobacillus paracasei
MCC1849
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et al. (2017)
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Abstract

Microbial colonization commences during birth, and establishment of stable gut
microbiota takes place in the first 3–5 years of life. A diverse group of
microbiome including virome, facultative anaerobic bacteria (Proteobacteria),
microaerophilic bacteria (Lactobacillus) and anaerobic bacteria (Bifidobacterium
and Bacteroides) colonize the intestine. The gut comes across various different
types of components like diet, allergens, microbial toxins and infectious agents
and its interactions with endocrine, circulatory, neural and immune systems
resulting in host physiological responses. The autonomic nervous system
(NS) and the enteric NS play an important role in the neural control of gastroin-
testinal function. Probiotics are live microbes, which while administered in
adequate amounts provide a benefit to their host. The usage of probiotics along
with prebiotics improves intestinal health. In this chapter, we discuss probiotic
intervention for the management/control of behaviour disorders of the
microbiota-gut-brain axis.
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11.1 Introduction

The gut is an organ system, consisting of a hollow tube stretching from mouth to
anus which digests the food and the majority part of the gut of the animal body
consists of a diversified group of microorganisms that are living together known as
gut microbiota, they exert influence on host physiology, and therefore one’s disease
susceptibility is altered (Lozupone et al. 2012). In animals, even there is an influence
on their emotional behaviour due to the gut microbiota (Forsythe et al. 2010; Cryan
and Dinan 2012; Collins et al. 2012; Forsythe and Kunze 2013; Dinan et al. 2013).
Changes in the gut microbiome or intestinal specific bacteria often modulate the
central and peripheral nervous systems (NS) in the host that result in altered brain
function, and this suggests the existence of a microbiota-gut-brain axis (Gayathri and
Rashmi 2017, b). There is a bidirectional or two-way communication between the
brain and the gut which is called the gut-brain axis. Microorganisms reside as a
commensal organism on the skin and other internal surfaces, as normal microflora
and a co-evolutionary association with the mammals can be seen with huge
quantities around 1014 microbial load reside in an adult gastrointestinal (GI) tract,
which will be exceeding about 10 times more than the number of human cells in the
body. However, variability, and diversity among individual human beings through-
out the stages of development and majority of the gut microbiota belong to diverse
bacterial species varying from 500 to 1000 different species.

Initial microbial colonization normally occurs during birth and within the first
3–5 years of life, and adult-like composition continuously evolved to fairly stable
gut microbiota. Life begins with the colonization of gut microbiota, like facultative
anaerobic bacteria (Proteobacteria), microaerophilic bacteria (Lactobacillus), anaer-
obic bacteria such as Bifidobacterium species and, later, diverse bacterial community
among Bacteroides (Rodriguez et al. 2015). During the neonatal stage, one can get
severe infections due to pathogenic organism’s invasion as the neonate immature
immune system to fight against the pathogens, development of the immune system in
the neonates occurs through maternal interactions like breastfeeding which gives
passive immunity to the neonate (Walker 2017). Milk sugar lactose, a disaccharide,
promotes Lactobacillus growth and shapes up the gut microbiome in young ones
(Francavilla et al. 2012).

Gut environmental factors play a crucial role in the determination of the compo-
sition of gut microbiota by subsequent introduction of solid food (Rodriguez et al.
2015). The entire physiological and immunological protection restricts the invasion
of disease-causing agents and toxins into the circulation, and many other functions
are characterized by the gut-blood barrier. Even though environmental factors and
diet alters the gut microbiome, however still microbial functional metabolic
pathways remain quite stable (Schmidt et al. 2018).

In the elderly population alteration in the gut microbiota has been noticed, where
the reduction in the diversity of saccharolytic bacteria and Bifidobacterium is
noticed, in contrast, there is an increase in proteolytic bacteria and certain types of
Proteobacteria (Claesson et al. 2011). Due to the disruption of intestinal barrier
function, plasma markers have shown to increase intestinal permeability in old-age

262 D. Gayathri et al.



population (Qi et al. 2017). However, probiotics are functional foods to have healthy
lifespan-enhancing effects, which may include suppression of chronic low-grade
inflammations reported in a mouse model (Matsumoto et al. 2011), signifying the
importance of the gut microbiota in the maintenance of overall health. The gut
virome shows more inter-individual variation and is less affected by environmental
changes than the gut microbiome (Minot et al. 2011). The human gut environment
virome has a group of hypervariable sequences which has been thought to be a
repository for viral evolution or adaption to a fresh environment (Minot et al. 2012,
2013). Replacement of the gut virome in diabetes mellitus seems to precede the
expansion of autoimmunity (Zhao et al. 2017), reflecting a virome role in the disease.
A fungal group in the gut does not appear to initiate illness evidently but would
exhibit dysbiosis leading to systemic inflammation (Iliev and Leonardi 2017).

11.2 Gut Physiology

The small intestine is divided into three parts, viz. the duodenum, jejunum and
ileum, and the large intestine includes only the colon; both the small intestine and the
large intestine are distinct in structure as well as composition; in the proximal colon,
a large number of goblet cells exist, while Peyer’s patches are primarily sited in the
small intestine (Nguyen et al. 2015; Atuma et al. 2001); and the mucin layers are
thinner and the microvilli are numerous in the small intestine when compared to the
colon. About 70% of the immunological cells are localized in the gut; these cells help
in balancing immune activation and tolerance to the gut microbiome (McDermott
and Huffnagle 2014). The gut is the second most galvanizing organ, facilitating
communication with the brain (Furness et al. 2014). The main function of the
complex vascular layers of the gut is efficient absorption of nutrients and water
and also maintaining a gradient of oxygen along with the GIT (gastrointestinal tract)
(Zheng et al. 2015). The impact on host physiological response depends on the gut
interacting with environmental factors (diet, toxins and pathogens) and its
interactions with endocrine, circulatory, neural and immune systems.

11.2.1 Neural Control of the Gut

Neurodevelopment is a complex process dependent on both intrinsic and extrinsic
signals. The ANS (autonomic nervous system) and the ENS (enteric nervous system)
play an important role in the neural control of gastrointestinal function. The physio-
logical conditions of the gut like acidity, levels of nutrients, osmolarity and pain are
conveyed by the ANS to the brain (Berthoud et al. 2004). Submucosal plexus also
called as Meissner’s Plexus and Myenteric Plexus are the enteric nervous system,
which contributes to in situ neural communication in the intestine and the ANS
(Furness et al. 2014). The development of the brain depends on key pre- and post-
natal events that assimilate environmental cues, such as molecular signals from the
gut. These cues are mainly originated from the gut microbiome, as the gut is our
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largest portal to the molecular universe, numerous dilatory components directly
interact for the neurodevelopment and induce functional alteration in the mature
brain with long-term implication to health (Chang et al. 2009; Zeisel 2004).
Research in animal models and humans has inextricably linked gut bacteria to the
development and function of the immune system. Indeed, germ-free (GF) mice,
devoid of all associated microorganisms, exhibit increased risk-taking behaviours
and hyperactivity, while also displaying learning and memory deficits compared to
conventional (specific-pathogen-free (SPF)) mice (Clarke et al. 2013; Gareau et al.
2011; Heijtz et al. 2011; Neufeld et al. 2011). Further, GF mice show changes in the
expression of the 5-hydroxytryptamine receptor (5-HT1A), neurotrophic factors
(e.g. BDNF) and NMDA receptor subunits in the hippocampus (Bercik et al.
2011a; Heijtz et al. 2011; Sudo et al. 2004), while also displaying impaired blood-
brain barrier function, as well as increased myelination in the prefrontal cortex
(Braniste et al. 2014; Hoban et al. 2016). Treatment with the probiotic bacteria
Bifidobacterium longum reduced anxiety and decreased the excitability of the ileal
myenteric plexus neurons in mice with infectious colitis (Bercik et al. 2011b),
indicating communication of probiotics with the CNS via the ENS and the vagal
nerve. Further investigations are required to identify the neurons that are affected by
probiotics and the signals that are involved in this communication and to identify
other alterations in gut microbiota that may also affect the ENS. Also, the ENS sends
sensory signals from the gut to the nucleus tractus solitarii (NTS) in the CNS, and it
communicates bidirectionally with the brain through the vagus nerve. Changes in the
gut microbiota induced by an energy-dense diet have been associated with
alterations in brain-gut vagal communication in a rat model of obesity (Vaughn
et al. 2017), which may alter vagal satiety signalling and stimulate energy intake
(de Lartigue et al. 2011). There are many beneficial effects of treatment with
probiotics (Lactobacillus rhamnosus and B. longum) on stress and anxiety which
have been demonstrated to be vagus nerve dependent (Bercik et al. 2011a; Bravo
et al. 2011). There are many pieces of evidence studied in animal models for a
potential role of the microbiome in neuropsychiatric conditions, including depres-
sion and anxiety, autism spectrum disorder (ASD), schizophrenia and even
Parkinson’s disease (PD) and Alzheimer’s disease (AD). Mental disorders of the
gut-brain axis and bidirectional communication between the gut and the brain are
depicted in Figs. 11.1 and 11.2, respectively (Burokas et al. 2015; Mayer et al.
2015).

11.3 Role of the Gut in the Immune System

In human body, the immune system protects us from pathogens and other foreign
particles; our immune system comprises lymphocytes and different types of innate
immune cells, like macrophages and dendritic cells. Whereas the epithelial layer
provides mucosal immunity which is called as gut-associated lymphoid tissues
(GALTs) which forms a boundary between the gut and the blood, so the gut is
called as the largest immune organ having a complex mucosal immune system
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located at its inner surface and exposed to the lumen which interacts with the gut
microbiota to supply immune responses and tolerance (McDermott and Huffnagle
2014). Intestinal and systemic homeostasis ensures the physiological range of
harmonious immune responses. Therefore, the critical role of the gut microbiota is
not only influential in local immune outcomes but along with it is also maintaining
systemic physiology (Chow et al. 2010). Altered or deficiency of normal gut flora
will results in underdeveloped GALT, abnormal systemic and central immunity
(Erny et al. 2015). In germ-free animals there is a reduction in the levels of T helper
17 (TH17) cells, B cells, immunoglobulin A (IgA), plasma cells and an imbalance of
TH1 and TH2 responses and impaired Treg cell function is reported. Treg cells are
induced by a variety of bacterial groups (Atarashi et al. 2011) by the SCFA such as
butyrate which is a by-product of bacterial fermentation (Furusawa et al. 2013).
The germ-free mice when colonized with Lactobacillus (L.) rhamnosus LOCK0900,
L. rhamnosus LOCK0908 and L. casei LOCK0919 shows significant
alterations in enterocytes, wherein restoring of microfilaments, building up of apical
junction improves loose intestinal barriers (Kozakova et al. 2016). Different

Fig. 2 Bidirectional communication between the gut microbiota and the brain. The gut microbiota
can modulate the gut-brain axis through many direct and indirect pathways. They include immune
and neural pathways. (Adapted from Mayer et al. (2015))
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alterations in physiological parameters in germ-free animals include impaired blood-
brain barrier integrity (Braniste et al. 2014), an inflated hypothalamic-pituitary-
adrenal response to stress and adjusted neurotransmitter levels (Sudo et al. 2004;
Mayer et al. 2014; Yano et al. 2015).

11.4 Probiotics

Probiotics are live microbes, which while administered in adequate amounts provide
a benefit to their host (WHO). There are many research works that have been studied
to establish and check the importance and role of probiotics in behaviours (Bravo
et al. 2011; Desbonnet et al. 2010; Dinan et al. 2013). In the animal model, a variety
of probiotic bacteria are assessed for effectiveness in behaviour modulation. Two
genera of probiotics (Bifidobacterium and Lactobacillus) are investigated for useful
effects on health. L. helveticus R0052, when administered in control and Western
diet-fed mice, has shown to ease anxiety-like behaviour and improve reminiscence
dysfunction in the Barnes maze (Ohland et al. 2013). The dextran sodium sulphate-
induced colitis model, when treated with Bifidobacterium longum, showed
normalized anxiety-like behaviour (Bercik et al. 2011a). C57BL/6 mice when
infected with Citrobacter rodentium showed exaggerated acute stress resulting in
memory dysfunction. This was prevented and treated by the daily treatment of
infected mice with probiotics L. rhamnosus (R0011) and L. helveticus (R0052)
(Gareau et al. 2011). The visceral pain is alleviated by using probiotic treatment
(Rousseaux et al. 2007; Verdu et al. 2006). To study and understand the
consequences of probiotics on brain function in healthy humans, researchers used
magnetic resonance imaging to measure the function and response to an emotional
task, particularly in sensory and interoceptive regions which were seen to be reduced
in female patients who have been administered with used fermented milk product
which was fermented by four different probiotic strains like Bifidobacterium
animalis subsp. lactis, Streptococcus thermophilus, Lactobacillus bulgaricus and
Lactococcus lactis subsp. lactis in a consortium when compared to the control
female patient (Tillisch et al. 2013). The Hospital Anxiety and Depression Scale
(HADS) was used to conduct a study on two different groups: one group was
administered with Lactobacillus- and Bifidobacterium-containing probiotics, while
another group was administered with placebo as the control; it was found that global
psychological distress and anxiety symptoms were reduced significantly in the
treated group (Messaoudi et al. 2011). Importantly, an infant’s microbiota has
been altered by supplementation of probiotics to the mother during and after
pregnancy (Lahtinen et al. 2009; Mueller et al. 2015). In future studies, we need
to there is a need for further trials focused on testing the efficacy of prebiotics and
probiotics, timing and amount of probiotics to be used, combinations of probiotics
for the synergistic effect, understanding the mechanism of action of probiotics on
different organs of the human body by using more specialized techniques, compiling
the previous data and drawing a suitable way of treatment for different diseases
(Mueller et al. 2015).
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11.5 Prebiotics

Prebiotics are non-digestible dietary fibre food ingredients which induce growth
activity in probiotic bacteria (Saulnier et al. 2013). The usage of prebiotics stimulate
the colonization of probiotic bacteria like, Lactobacillus and Bifidobacteria in the gut
of the animal body. Prebiotics like galacto-oligosaccharides and fructo-
oligosaccharides with probiotic bacteria have numerous advantageous effects on
the immune system of the gut and on brain function, specifically, in mental health
and also help in the treatment of psychiatric disorders wherein increased brain-
derived neurotrophic factor (BDNF) expression and N-methyl-D-aspartate
(NMDA) receptor signalling, providing support in treating these disorders
(Drakoularakou et al. 2010; Savignac et al. 2013; van Vlies et al. 2012). A recent
study has confirmed that supplementing prebiotic galacto-oligosaccharides showed
an early anxiolytic-like profile which suppresses the neuroendocrine stress response
and a boost in the processing of positive versus negative attention towards vigilance
in the patients (Schmidt et al. 2015). Additionally, insulin-type fructans and
lactulose prebiotics are administered to patients which modulate gut transit, decrease
putrefactive activity within the gut lumen, which in turn prevent GI infections, and
inflammatory response diminish subsequently (Casellas et al. 2007; Lewis et al.
2005; dePreter et al. 2008).

11.6 Disorders of the Microbiota-Gut-Brain Axis

11.6.1 Stress, Anxiety and Depression

Despite well scientific advancement and a well-established association between
stress and psychiatric disorders, we lack an understanding on how the complex
processes by which stress mediates pathological changes that increase susceptibility
to disease are ongoing (Hornig 2013). Recently, due to better understanding and
intensive research on gut microbiota and GI disorders, great attention has been
towards microbiota-gut-brain axis dysregulation in stress-associated CNS disorders
(Bested et al. 2013; Bravo et al. 2012; Cryan and O’Mahony 2011; Foster and
McVey Neufeld 2013; Sherman et al. 2014). In the prefrontal cortex and other higher
cortical regions produce modulatory signals to other regions of brain-like amygdala,
the hippocampus and the paraventricular together through complex integration they
generate the stress response (Moloney et al. 2012, 2014). However, researchers
conducted in vivo studies on germ-free mice and rodents to ascertain the role played
through microbiota in the programming of the stress response, a germ-free mouse
that was colonized with Bifidobacterium infantis which reversed the exaggerated
hypothalamic-pituitary-adrenal (HPA) stress response in contrast to enteropatho-
genic Escherichia coli; this confirmed that more suitable HPA axis activity in germ-
free mice following acute psychological stress, providing first convincing evidence
of the critical role of probiotic bacteria in early development for the HPA system to
become fully susceptible to inhibitory neural regulation (Sudo et al. 2004).
Ait-Belgnaoui et al. (2012) found that acute stress in rats when treated with a
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probiotic strain, Lactobacillus farciminis, attenuates intestinal permeability and the
HPA axis.

Due to the fast and demanding lifestyle, most of the individuals experience
chronic stress, depression and anxiety in early life (Burokas et al. 2014; Caspi
et al. 2003; Kendler et al. 2000). The major role in the regulation of mood, anxiety
and stress is played by microbiota which was proved by animal studies (Fond et al.
2015). Grigoleit et al. (2011) conducted an experiment using endotoxin
lipopolysaccharide, which when administered into healthy individuals results in
increased levels of pro-inflammatory cytokines, salivary cortisol and plasma norepi-
nephrine and exaggerated anxiety and depression. Another study proves that in
maternally separated rat offspring, the levels of corticosterone can be normalized
using a probiotic treatment (Gareau et al. 2007). Expression levels of GABA
receptor gene in the brain and the stress-induced corticosterone were significantly
reduced when the mice were administered with L. rhamnosus (Bravo et al. 2011).
Bifidobacterium can confer promising protection in individuals before stress expo-
sure by altering tryptophan, peripheral cytokine levels and concentrations of the
serotonin precursor (Desbonnet et al. 2008). A person who is suffering from major
depression and anxiety will have major alterations in the gut which is called as the
leaky gut phenomenon wherein intestinal permeability leads to translocation of
enteropathogenic bacteria as they cross the gut mucosal barrier and interact along
with the enteric nervous system and the locally residing immune cells, and many
reports state that activation of immune cells leads to inflammation which is mediated
by elevated levels of IgM and IgA in the serum lipopolysaccharide of enterobacteria
of highly depressed individuals when compared with healthy individuals (Gareau
et al. 2008; Maes et al. 2008). When considering to present antidepressant treatment
options, emerging and promising treatment option is psychobiotics which consist of
live organisms which provide a good healthy gut by producing neuroactive
compounds and reduce the HPA activity; along with this, they reduce the population
of harmful pathogenic microbiota which indirectly reduce the inflammatory
response and impact positively on behavioural, neurochemical and immunological
measures relevant to the brain-gut axis disorders (Dinan et al. 2013; Gayathri and
Rashmi 2017, b).

11.6.2 Alzheimer’s Disease

Alzheimer’s disease (AD) can be explained as dementia seen in elderly persons; it is
a sort of short-term memory loss or difficulty in remembering recent events
(Querfurth and LaFerla 2010). Many symptoms include behavioural issues, problem
with language, disorientation, mood swings, loss of self-care management and loss
of motivation (Burns and Iliffe 2009). AD patients suffer from slow degeneration of
neurons due to abnormality in inflammatory signals within the brain and deposition
of amyloid protein leading to dysfunction in the brain; this is strongly proved by
epidemiological and clinical evidence (Huang and Mucke 2012). Evidence from
previous studies has led to the belief that the mediators of neurodegeneration behind
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the cognitive decline and memory loss (Perry and Holmes 2014). Interestingly, when
in vivo experiments were conducted on mice, they were induced with AD and it
was found that AD pathogenesis was associated with an elevated inflammatory
response in the peripheral system, i.e. in the brain and blood of mice (Aso et al.
2015; Jiang et al. 2009). Dysregulation of serotonergic and kynurenine routes of
tryptophan metabolism influences the CNS pathological conditions of dementia,
Huntington’s disease and AD (Ruddick et al. 2006). In AD-affected cells, there is a
well-established scientific data about phosphorylation and expression of tau protein
which are intracellular tangles containing tau protein which is hyperphosphorylated
and are regulated by insulin and insulin growth factor signalling cascades and
therefore if patients have impaired insulin signalling which will be also the crucial
aspects for AD (de la Monte andWands 2008). The in vivo experiment conducted on
AD-infected C57BL/6 wild-type were compared to AppNL-G-F mice, wild type was
administered with vehicle (same solvent of th stock solution which is used for test
group) whereas test group with a commercial consortium of probiotics VSL#3 for
8 weeks, and they conducted faecal microbiome analysis and UPLC-MS/MS for
quantifying the amount SCFA in the serum and brain, and they found that there was
an increased level of lactate, acetate and c-Fos gene expression in AppNL-G-F mice
when compared to C57BL/6 wild type; this proves that there was increased neuronal
activity in AD mice (Kaur et al. 2020). Bonfili et al. (2020) found that AD-infected
mice (3xTg-AD) when treated with probiotics showed a sign of increased glucose
transporters and modulation of the pAkt and pAMPK pathways that lead to
decreased hyperphosphorylation of tau protein which in turn delayed disease pro-
gression and helped in maintaining glucose homeostasis.

11.6.3 Parkinson’s Disease

Parkinson’s disease (PD) is a progressive nervous system disorder that affects the
movement or motor system. Symptoms start gradually, starting with a barely
noticeable tremor in only one hand. Tremors are common, but the disorder also
commonly causes stiffness or slowing of movement. The death of dopamine-
generating cells within the substantia nigra (basal ganglia structure) plays a crucial
role in movements (Dickson et al. 2009). The important feature of PD may be a
broad range of non-motor symptoms as recognized by the olfactory (loss of smell),
gastrointestinal (GI), cardiovascular and urogenital systems (Mulak and Bonaz
2015). In another study, dysregulation of the brain-gut-microbiota axis in PD results
in GI dysfunction, which is observed in 80% of PD subjects (Cersosimo and
Benarroch 2012). The bidirectional brain-gut-microbiota axis interactions modulate
pro- and anti-inflammatory responses (Hollister et al. 2014). It has been suggested
that the gut microbiota changes associated with intestinal inflammation may contrib-
ute to the initiation of α-syn misfolding (Devos et al. 2013; Olanow et al. 2014). The
interesting concept of molecular mimicry involving the microbiota in
neurodegeneration has been proposed. Further, Friedland (2015) suggested that
bacterial proteins may elicit cross-seeded misfolding, inflammation and oxidative
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stress, and cellular toxicity in neurodegeneration, influencing the event of PD. In a
germ-free animal model, the gut microbiota influences the blood-brain barrier
permeability associated with reduced expression of the tight junction proteins in a
homological way as it affects the intestinal epithelial barrier (Braniste et al. 2014).
Sui et al. (2014) proved that a bidirectional transport of α-syn into and out of the
brain by the blood-brain barrier is feasible and suggested that LPS-induced inflam-
mation could increase α-syn uptake by the brain by disrupting the blood-brain
barrier. In an animal model of PD, inducing the microglial complement pathway
to damage dopaminergic neurons results in inflammation (Bodea et al. 2014). More
research into a new therapeutic approach for Parkinson’s disease based on changing
the gut microbiota with probiotics, prebiotics, or maybe faecal microbiota transplan-
tation is needed.

11.6.4 Multiple Sclerosis

Multiple sclerosis (MS) is a destructive autoimmune disorder that is characterized by
the progressive deterioration of neurological function. This damage leads to
symptoms like disrupting the power of nervous system parts to communicate,
including physical, mental and sometimes psychiatric problems (Compston and
Coles 2008). Recent studies suggested that the gut microbiota may have a role in
MS (Berer et al. 2011); in germ-free mice, it has been manifested that the induction
of experimental autoimmune encephalomyelitis (EAE), by myelin oligodendrocyte
glycoprotein (MOG) peptide, was greatly attenuated. In germ-free animals, it shows
the reduced immune responses to MOG due to this relative resistance (Lee et al.
2011); further, the gut microbiota shows the effect on CNS function via the immune
system. In another study, a similar effect is shown in which mice that were geneti-
cally predisposed to spontaneously develop EAE were housed under germ-free or
specific-pathogen-free conditions and, as a result, remained fully protected from
EAE throughout their life, and this protection degenerates upon colonization with
conventional microbiota in adulthood. There are some pieces of evidence of infor-
mation demonstrating a key role of the gut microbiota in immunomodulatory
mechanisms underlying MS, and further research studies should also investigate
whether other aspects of MS pathophysiology, especially at the spinal cord level, and
the beneficial role of the gut microbiota towards MS.

11.6.5 Autism

Autism is a neurodevelopmental disorder characterized by impaired social commu-
nication (verbal and nonverbal communication) and constrained and recurring
behaviour. Microbiota dysbiosis and GI abnormalities have been identified in
children with autism symptoms (Finegold et al. 2010; Williams et al. 2011). The
gut profile of the children suffering from autism reveals that, increased levels Clos-
tridium, Bacteroides and Desulfovibrio species and incontrast decreased levels
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of Firmicutes and Bifidobacterium species (Song et al. 2004). Some studies showing
high intestinal permeability in autistic subjects may be involved in the pathogenesis
of the disease rather than in the consequences of autistic behaviours (Finegold et al.
2010; Yap et al. 2010). However, a recent study demonstrated that microbiota of the
animals play a crucial role in social behaviours they used two different types of mice
group among them one was germ-free mice characterized by social avoidance and
deficits in social cognition additionally to increases in repetitive rooming
behaviours, on the contrary, another group of germ-free mice was colonized with
specific bacteria this group showed improved social behaviours which prove that gut
microbiota has an indirect role in reducing autism (Desbonnet et al. 2014). These
studies provide promising evidence indicating a more direct role of the microbiota-
gut-brain axis in the pathogenesis of autism.

11.6.6 Schizophrenia

Schizophrenia is a serious neuropsychiatric ailment that has been identified for over
a century, yet the disease’s mechanism remains unknown. Its symptoms consist of
false viewpoint, uncertain or perplexed thinking and auditory, visual, olfactory and
gustatory hallucinations and usually respond well to medication (Picchioni and
Murray 2007). Recent clinical studies demonstrated an unregulated immune and
inflammatory status in patients with schizophrenia and a correlation between the
extents of inflammatory markers (Hope et al. 2013). It occurs due to the action of
pro-inflammatory cytokines that results in uncontrolled neuroinflammation involved
in the pathogenesis of schizophrenia (Dennison et al. 2012; Nemani et al. 2014).
Recently, a human virus called Chlorovirus (family Phycodnaviridae) has been
identified that affects cognitive function relevant to schizophrenia in animal models
(Yolken et al. 2014). On the other hand, animal models used for the clinical study of
schizophrenia demonstrated that the gut microbiota profile is linked to memory
performance, signifying an influence of the microbiota on cognition in the model,
which was supported by the restoration of cognition through oral ampicillin admin-
istration (Jorgensen et al. 2015). In some results, the alternation of microbiota in
schizophrenia includes structural damage to the GI tract, a heightened immune
reaction to infectious pathogens and food antigens and other neuropsychiatric
disorders (Nemani et al. 2014).

11.6.7 Alcohol Dependence

Alcohol dependence is a kind of disorder wherein the individual shows psychologi-
cal dependency on alcohol. In preclinical trials, alcohol was administered to mice
and rats, which caused microbial dysbiosis and gut profile revealed a decrease in
Firmicutes while increasing Bacteroidetes levels (Mutlu et al. 2009; Yan et al. 2011).
Stool cultures of alcoholic individuals when compared with healthy individuals
showed a significant decline in the Bifidobacterium and Lactobacillus (Kirpich
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et al. 2008). Individuals with the habit of chronic alcoholism suffer from dysbiosis
and overgrowth of pathogenic bacteria which leads to gut mucosal damage and
intestinal permeability (Keshavarzian et al. 2009; Leclercq et al. 2012; Yan et al.
2011). Alcoholic individuals with high alcohol-craving scores have upregulated
pro-inflammatory pathways, especially IL-8 and IL-1β, which possibly will initiate
inflammation in the gut (Leclercq et al. 2014a, b). There is a connection between the
gut microbiota, depression and anxiety, and that connection leads to negative
reinforcement of drinking tendency in actively drinking alcohol-dependent subjects
(Koob and Le Moal 2005). These factors and disorders are strongly related to the
urge of drinking; without doubt, the gut microbiota seems to be a previously
unidentified target in the management of alcohol dependence, but recent develop-
ment with regard to gut microbiota concerning stress and anxiety management leads
to a new possibility towards the treatment of alcohol dependence (deTimary et al.
2013; Leclercq et al. 2014a, b).

11.6.8 Cognition/Behaviour

Cognition is “the mental action or process of acquiring knowledge and understand-
ing through thought, experience, and the senses”. These processes include thinking,
knowing, remembering and judging. These are higher-level functions of the brain
and encompass language, imagination, perception and planning. The gut microbiota
is essential for normal cognitive development in germ-free mice (Gareau et al. 2011).
An in vivo study conducted using L. rhamnosus (JB-1) showed marked increase and
alteration of expression of GABAB1b in the different regions of the brain and found
increased expression in prelimbic and cingulate regions present in the cortical region
of the brain; alternatively, there was marked decrease of expression in the locus
coeruleus, hippocampus and amygdala; besides, another gene (GABAAα2) responsi-
ble for regulating many physiological and psychological processes was also
assessed, which showed increased expression in the hippocampus but decreased
expression in the amygdala and prefrontal cortex when compared with control-fed
mice; it also found that there was a significant reduction in corticosterone which is
produced during stress, anxiety and depression-related behaviour (Bravo et al.
2011). In humans, administration of a probiotic consortium (composed of
L. helveticus and B. longum) impacted normal behaviour to healthy human
volunteers significantly. This suggests that administration of probiotics may poten-
tially provide benefits on overall mood and cognition in a healthy control population.
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Probiotic: A Sustainable Approach Towards
Healthy Food 12
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Abstract

Probiotic microorganisms play a very important role in food and medicines.
These microorganisms improve the food quality, enhance bioavailability of the
nutrients, produce antimicrobial and antioxidant compounds, degrade toxic
compounds such as phytic acid and mycotoxins, and improve the digestion
process. Probiotic microorganisms are extensively used in food and food products
such as in yogurt, cheese, kefir, kimchi, formula milk, fermented food, medicines,
and many other applications. There are two most important genera of the probi-
otic bacteria such as Lactobacillus and Bifidobacterium which are widely used in
food products. Probiotic microorganisms help to cure many diseases such as
irritable bowel syndrome and inflammatory bowel disease, reduce allergy and
diarrhea, and reduce the saturated fatty acid level from the bloodstream. They
reduce the chances of occurrence of breast cancer in females. These bacteria
compete for the necessary nutrients and leave a very small amount of nutrients for
the pathogenic bacteria and bind to the intestinal epithelium through adhesion
sites and colonize and prevent the pathogenic bacteria to bind by reducing the
surface area. Probiotic bacteria boost the immune system through signaling
mechanism by releasing the cytokines for the destruction of pathogenic bacteria.
Although there have been remarkable uses and application of probiotics from the
last three decades, it still needs a lot of research to ensure the safety and stability
of these food products.
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12.1 Introduction

As population is increasing, the demand for the food is also increasing day by day.
Thus, the food industry is the biggest one which generates largest profits in the world
above $500 billion per year (Granato et al. 2011). The importance of the food
industry is to produce a diversity of foods that contains those constituents which
are beneficial for human health (Granato et al. 2011). The use of beneficial bacteria/
bacterial products in foods is called as probiotics or useful foods and is one of the
rapidly developing domains of the food manufacturing industry. A lot of research
has been carried out on probiotics that helped researchers to identify, isolate, and
characterize probiotic bacteria and their benefits on human health (Denkova et al.
2013; Hill et al. 2014; Chakraborty and Bhowal 2015; Rahman 2015; Wang et al.
2017; Raghuwanshi et al. 2018). Probiotic bacteria are considered as a sustainale
source for food industry and can play an important role in the food security of a
country.

The word probiotic means “for life” and was first coined by two scientists:
Kollath and Vergin (Rijkers et al. 2011; Hill et al. 2014; Wedajo 2015). Elie
Metchnikoff at Pasteur Institute in France was the first Russian scientist who
documented the suitable properties of Lactobacillus in fermented dairy products
(Tripathi and Giri 2014). The present definition of probiotics is that these are live
microorganisms such as Lactobacillus and Bifidobacterium species which when
added to the food in sufficient quantity are beneficial for human health and amelio-
rate the intestinal stability (FAO/WHO 2002). Elie Metchnikoff stated that the
Lactobacillus bacteria in acrid milk have the ability to prevent the progression and
noxiousness of anaerobic, spore-forming bacteria in the alimentary canal (Tripathi
and Giri 2014). The two most important genera of probiotic bacteria include
Lactobacillus and Bifidobacterium that can be used in fermented food products
and help in the digestion of food (Swain et al. 2014; Ashraf and Smith 2015;
Begum et al. 2017).

Lactobacillus is a Gram-positive, non-motile, and rod-shaped fermentative bac-
terium that survives well in anaerobic conditions and is moderately acid resistant and
is able to effectively survive passage through the stomach. Moreover, the lack of
lipopolysaccharides in their cell wall virtually eliminates the risk of endotoxic shock
(Khalil and Anwar 2016).

On the basis of fermentative capability, Lactobacillus can be divided into two
groups: homofermentative and heterofermentative species (Halasz 2011). The sec-
ond most important genus of probiotic bacteria includes Bifidobacterium which is a
Gram-positive and anaerobic bacterium and has the capability to grow well at the pH
ranging from 4.5 to 8.5. Bifidobacterium breve plays an important role in curing
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constipation in toddler stage (Afzaal et al. 2013). Other species of probiotic bacteria
include Lactococcus, Leuconostoc mesenteroides, Lactobacillus acidophilus, Sac-
charomyces boulardii, and Streptococcus thermophilus (Fijian 2014; Adeniyi et al.
2015; Sornplang and Piyadeatsoontorn 2016; Begum et al. 2017). The main sources
of probiotic bacteria include fermented dairy products such as fresh yogurt, milk,
and cheese. Yogurt and cheese are the main transporters of probiotic bacteria in
humans which are beneficial for human health and balance the intestinal microflora
(Pyar and Peh 2014; Yadav et al. 2015; Ashraf and Smith 2015).

Other fermented dairy-based products that serve as transporters of probiotic
bacteria include chocolates, mousse, and ice cream (Begum et al. 2017).
Supplements in the form of capsules and tablets also contain probiotic bacteria
(Granato et al. 2011; Raghuwanshi et al. 2018). According to Granato et al.
(2011), probiotic foods include fresh fruit and vegetable juices such as pineapple
juice, orange juice, carrot juice, cabbage juice, and ginger juice as well as pickles,
probiotic beverages, and meat products. Kitchen waste can also be used as a main
source of probiotics (Yin et al. 2013).

Probiotics have beneficial effects in curing diseases like inflammatory bowel
disease (IBD) and irritable bowel syndrome (IBS) and minimize the levels of
saturated fatty acids in the blood (Fox et al. 2015; Raghuwanshi et al. 2018).
Some strains of Lactobacillus such as Lactobacillus acidophilus have the ability to
take up lipids from the blood. Probiotics also play an important role in preventing
diseases like diarrhea and reducing allergy symptoms in children (Kaur et al. 2014).
Probiotic bacteria termed as “friendly or useful bacteria” are also used in food
industries in order to improve the taste of fermented food products in a diversity
of means (Kaur et al. 2014). These beneficial bacteria are used in preservation of
different fruits and vegetables and as appetizers of different fermented dairy products
by food manufacturing industries to improve the taste and shelf life of these products
which when consumed by humans are beneficial for their health and reduce the
occurrence of different stomach diseases (Chen et al. 2013).

12.2 Characteristics of Probiotic Bacteria

Probiotics are anti-oxidative in nature. When oxidative stress arises, abnormal
amount of reactive oxygen species such as superoxide anion radicals, hydroxyl
radicals, and hydrogen peroxide are produced, which results in cell and DNA
damage. These free oxygen radicals accumulate in the abdominal tract of humans
and damage the lining of the abdominal wall and thus cause the state of chronic
infection/disease (Kushugulova et al. 2014). According to Wang et al. (2017),
Lactobacillus and Bifidobacterium strains have been observed to limit the progres-
sion of oxygen free radicals in the abdominal tract of humans by producing the short-
chain fatty acids such as acetate and butyrate. These molecules have antioxidant
properties that limit the growth of reactive oxygen species (ROS) and aid to lessen
the chronic inflammation and repair the lining of the abdominal wall that has been
damaged by ROS. According to Park et al. (2011) and Abubakr et al. (2012),

12 Probiotic: A Sustainable Approach Towards Healthy Food 283



fermented food products such as kimchi and yogurt also have antioxidant activities
like DPPH (2,2-diphenyl-1-picrylhydrazyl) and ABTS (azino-bis-3-
ethylbenzothiazoline-6-sulfonic acid) radical scavenging activities that limit the
accumulation of active free radicals in the abdominal tract of humans and prevent
the progression of different diseases like diarrhea, food poisoning, and systemic and
enteric infections.

Probiotics are also antibacterial in nature. The antibacterial nature of probiotics
depends upon the production of active metabolites which are accountable for
preventing and killing the human pathogenic bacteria (Tonekabon 2013). These
active antibacterial metabolites include end products of sugar fermentation such as
acetic acid and lactic acid that in the presence of low pH have antibacterial activity.
The low molecular weight organic compounds such as acetaldehyde, ethanol,
acetoin, reuterin, and carbon dioxide produced also prevent the growth of bacteria
by disrupting their membrane. Production of peptides such as bacteriocin also has
direct antimicrobial activity as it interferes during the cell wall synthesis of target
pathogenic bacteria and causes the pore formation in its cell wall and thus inhibits
the expression of its virulence gene (Raghuwanshi et al. 2018). According to Pundir
et al. (2013), the activity of probiotic bacteria leads towards the development of
fermented food products such as yogurt that inhibit or kill the pathogenic bacteria
and aid in the safety and improvement of intestinal microbiota and play an important
role in the health of consuming community (Fig. 12.1).

Antibiotic susceptibility test is one of the major selection criteria for probiotics.
The bacterial strains that should be used as probiotic bacteria in fermented food
products should be precisely checked for antibiotic resistance which could be useful

Fig. 12.1 Characteristics of probiotic bacteria. (Modified from Afzaal et al. 2013)
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for restoring the gut micrbiota after the treatment of antibiotic (Gueimonde et al.
2013). Beneficial bacteria such as Lactobacillus and Bifidobacterium have natural as
well as acquired antibiotic resistance which seems to be safe for use in functional
foods for the health of consuming community (Gueimonde et al. 2013) (Fig. 12.1).

The important characteristic feature of probiotic bacteria is that it should be able
to tolerate the harsh conditions of the human gut such as high osmotic salt (NaCl)
concentration. This feature gives an indication of the osmotolerance level of the
probiotic bacteria such as Lactobacillus strains. The bacterial cells which are
cultured in high salt concentration could lose their turgor pressure which in turn
affects their physiology, enzymatic activity, and metabolism (Menconi et al. 2014).
The high osmotic tolerance of NaCl is one of the most important requirements for
probiotic bacteria such as Lactobacillus to be used as commercial strains or in
probiotic foods. The reason behind is that when lactic acid is produced by these
bacteria, the alkali would be pushed into the broth to avoid an excessive decline in
pH and the free acid would be transformed into salt, thus increasing the osmotic
pressure on bacterial cells (Menconi et al. 2014) (Fig. 12.1).

Another important feature of probiotic bacteria is that it should be able to survive
in an acidic environment of the human gut. Probiotic bacteria such as Lactobacillus
are able to survive in an acidic environment due to its capability to produce lactic
acid and ferment lactose (Mishra and Sharma 2014). The survival of probiotic
bacteria in an acidic environment is a prerequisite for the colonization of the
intestinal epithelium and to perform its metabolic activity efficiently in the intestine
of humans. Moreover, by the consumption of probiotic foods such as yogurt, cheese,
kimchi, and kefir, the probiotic bacteria reach the abdominal tract of humans where
they survive in an acidic environment and play an important role in balancing the
normal microbiota, thus preventing from different stomach diseases as well as from
systemic and enteric infections (Yepez and Tenea 2015) (Fig. 12.1).

12.2.1 Species of Probiotic Bacteria

Some of the most important probiotic bacteria that are beneficial for human health
and are most commonly used in food products are given below.

12.2.1.1 Lactobacillus acidophilus
Lactobacillus is a Gram-positive, non-motile, and rod-shaped fermentative bacte-
rium that survives well in anaerobic conditions and is moderately acid resistant.
They are able to survive effectively in the stomach; moreover, the lack of
lipopolysaccharides in their cell wall virtually eliminates the risk of endotoxic
shock (Khalil and Anwar 2016).

Lactobacillus acidophilus is one of the most commonly used beneficial bacteria
in the fermentation of yogurt (Sornplang and Piyadeatsoontorn 2016). These bacteria
can also be obtained by eating yogurt in an adequate amount that contains the live
cultures of these bacteria which plays an important role in the assimilation process in
the gut (Ashraf and Smith 2015). During the assimilation process, it plays an
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important role by creating the unfavorable circumstances for the development of
pathogenic bacteria by producing lactic acid and hydrogen peroxide (Sornplang and
Piyadeatsoontorn 2016). Lactobacillus acidophilus also lowers the blood pressure in
people and relieves the signs of IBS (irritable bowel syndrome). In the case of
children, it also minimizes the symptoms of diarrhea triggered by different
antibiotics (Prasanna et al. 2014; Fox et al. 2015).

12.2.1.2 Lactobacillus rhamnosus
Lactobacillus rhamnosus is a Gram-positive, anaerobic, non-motile, and
heterofermentative bacterium that is a portion of ordinary gut microbiota in human
beings. It is a probiotic bacterium that can be obtained by eating fermented food
products in an adequate amount such as simple yogurt (Segers and Lebeer 2014;
Yadav et al. 2015). It is generally regarded as safe (GRAS) and is effective in
decreasing the virus-related respiratory damage caused by the pulmonary viruses
(Fijian 2014). It reduces obesity in women and is useful for the treatment of bacterial
vaginosis in females. It is also useful for the treatment of stomach infections and
minimizes the risk of diarrhea triggered by different antibiotics in patients
(Toiviainen et al. 2015). Lactobacillus rhamnosus also reduces the feelings of
nervousness and depression in people (Bravo et al. 2011).

12.2.1.3 Leuconostoc mesenteroides
Leuconostoc mesenteroides is a lactic acid bacterium that is present in naturally
fermented food products. It is a Gram-positive, non-spore-forming, facultative
anaerobic, catalase-negative, and rod-shaped bacterium (Shukla et al. 2014).

It is usually present on the peels of fruits and vegetables and is accountable for
starting the fermentation of different food products such as sauerkraut, cheese,
sausage, yogurt, buttermilk, and pickles. It is also used in making bread dough
(Shukla et al. 2014). It has the ability to survive at low pH and in the presence of bile
salts and pepsin (Benmechernene et al. 2014). Leuconostoc mesenteroides also
produces an environmental-friendly polymer of glucose (dextran) that has numerous
applications in food and cosmetic industries (Aman et al. 2012). It is beneficial for
human health and has the ability to endure passage through the digestive track of
humans and significantly raises the quantity of probiotic bacterial cells in the gut
(Milani et al. 2015).

12.2.1.4 Weissella confusa
Weissella confusa (W. confusa) is a member of lactic acid bacteria. It is a Gram-
positive, catalase-negative, non-spore-forming, heterofermentative, and rod-shaped
bacterium. It is present in numerous habitats such as on the skin and the gastrointes-
tinal tract of humans, milk, peels of fruits and vegetables, and in fermented food
products such as in European sourdough (Fusco et al. 2015).

W. confusa also produces biodegradable polymers that have numerous
applications in food, clinical, and cosmetic industries (Abriouel et al. 2015; Kamboj
et al. 2015). Antimicrobial activity of W. confusa and its useful role in fermentation
of food make it as a probiotic. It is resistant to vancomycin. It can also be used as a
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probiotic for oral health, preventing the glucan biofilm creation of Streptococcus
mutans (Fusco et al. 2015).

12.2.1.5 Bifidobacterium bifidum and breve
Bifidobacterium is the second most important probiotic bacterium that is a Gram-
positive and anaerobic bacterium and has the capability to grow well at the pH
ranging from 4.5 to 8.5 (Afzaal et al. 2013). Bifidobacteria have the ability to survive
in the gastrointestinal tract of humans and considerably increase the number of
probiotic bacterial cells in the stomach (Milani et al. 2015). The two most important
species of Bifidobacteria that act as probiotic bacteria include Bifidobacterium
bifidum and Bifidobacterium breve. Bifidobacterium bifidum helps in overhauling
the stomach ulcers caused by pathogenic bacteria (Helicobacter pylori), whereas
Bifidobacterium breve plays an important role in curing constipation in toddler stage
and reduces the menace of kidney stones (Afzaal et al. 2013).

12.2.1.6 Streptococcus thermophilus and salivarius
During the fermentation process of dairy products, Streptococcus thermophilus is
used as a starter culture to initiate the process of fermentation (Ashraf and Smith
2015). Streptococcus thermophilus prevents the stomach ulcers and reduces the risk
of kidney stones. It is also found to relieve the pain of abdominal cramps, nausea,
and diarrhea triggered by different antibiotics (Prasanna et al. 2014; Fox et al. 2015).
One of the most important probiotic bacteria of the Streptococcus genus is Strepto-
coccus salivarius which is found to ameliorate the symptoms of halitosis, a bad sniff
caused by the bad microorganisms that reside in the mouth (Sornplang and
Piyadeatsoontorn 2016).

12.2.1.7 Bacillus coagulans
Bacillus coagulans is also the most important probiotic bacterium that is a Gram-
positive bacterium and is given to patients having severe immune disorders. It is
available in the market in the form of different dietary supplements (Ashraf and Shah
2014). This probiotic bacterium is used to treat stomach disorders such as diarrhea
triggered by different antibiotics and cures constipation in toddler stage. Moreover, it
is also used to treat irritable bowel syndrome (Sornplang and Piyadeatsoontorn
2016). Bacillus coagulans in the form of dietary supplement is also useful in
preventing lung infections and boosts up the immune system of patients (Ashraf
and Shah 2014).

12.2.1.8 Bacillus subtilis
Bacillus subtilis is a Gram-positive, facultative anaerobic, spore-forming, and
rod-shaped bacterium that is found in the gut of human beings (Kubo et al. 2011).
It is a useful bacterium and is added in the formula of probiotic supplements (Kubo
et al. 2011). It is generally regarded as safe and useful for the consumption of
humans both by the Food and Drug Administration of the United States and by
the EFSA (European Food Safety Authority). It reduces stress and improves gut
microbiota in humans (McKenney et al. 2013). It aids in digestion and stimulates the
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immune system (Khatri et al. 2016). It is also used to treat the symptoms of nausea,
fatigue, irritable bowel syndrome (IBS), and urinary tract infections in people
(McKenney et al. 2013). Bacillus subtilis can also be added with other beneficial
bacteria in probiotic supplements which create a competitive environment for
pathogenic bacteria in the intestine (Bermudez-Brito et al. 2012; McKenney et al.
2013).

12.3 Mode of Action of Probiotics

Probiotics compete against the pathogenic bacteria for the same necessary nutrients
and in turn leave a very small amount of nutrients for pathogenic bacteria to utilize.
Probiotic bacteria bind to the adhesion sites of the intestinal epithelium and thus
prevent the pathogenic bacteria to bind to these sites and colonize by reducing the
surface area as shown in Fig. 12.2.

Probiotic bacteria then activate the immune system cells by signaling mechanism
which releases various cytokines for the destruction of pathogenic bacteria. Finally,
probiotic bacteria attack the pathogenic bacteria by releasing the bacteriocins that are
toxins and thus kill them directly (Bermudez-Brito et al. 2012).

12.3.1 Mechanism of Action of Probiotics in the Human Gut

Probiotic bacteria compete with microbial pathogens in the human gut for a limited
number of receptors present on the surface of the intestinal epithelium. Probiotics
affect the bacterial groups of the abdominal tract and suppress their growth by
inducing the production of β-defensin and IgA (Hemaiswarya et al. 2013). Probiotic

1. Competition for
nutrients

2. Adhesion
sites blockage

4. Direct 
antagonism

Mode of action of
probiotics

3. Stimulation of
immune system

Fig. 12.2 Mode of action of probiotic bacteria. (Modified from Bermudez-Brito et al. 2012)
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bacteria then strengthen the gut barrier by maintaining the tight junctions and induce
the production of mucin. Probiotic-mediated immunomodulation then occurs
through arbitration of cytokine secretion through signaling pathways such as
NF-κβ (nuclear factor-kappa β) and MAPK (mitogen-activated protein kinase)
pathways (Hemaiswarya et al. 2013).

Modulation of the immune system takes place through immune modulatory cells
such as dendritic cells and the induction of protective cytokines such as IL-10
(interleukin-10) and TGF-β (tumor growth factor-β) and suppresses
pro-inflammatory cytokines such as TNF (tumor necrosis factor). In the last step,
the induction of T regulatory cells and T cell apoptosis takes place in the mucosal
immune section to prevent inflammation (Hemaiswarya et al. 2013).

12.3.2 Stability and Sustainability of Probiotic Strains

The stability and sustainability of probiotic strains depend upon the following
aspects:

• The probiotic strains must have the capacity to endure and sustain themselves in
storage without the forfeiture of viability (Shewale et al. 2014).

• The probiotic strains must have the capacity to develop and propagate to utmost
amount in an inexpensive fermentation medium (Shewale et al. 2014).

• The probiotic strains must have the capacity to develop and propagate in
microaerophilic and oxygen-consuming conditions (Shewale et al. 2014).

• The probiotic strains must have the stability in food products and should be able
to produce antimicrobial compounds (Ashraf and Smith 2015).

• The probiotic strains should be nonlethal and should have the ability to resist
physical treatment without substantial forfeiture of viability (Ashraf and Smith
2015).

12.3.3 Probiotic Foods

Some of the probiotic foods that are consumed worldwide are given below
(Fig. 12.3).

12.3.3.1 Yogurt
Yogurt is one of the natural sources of the probiotic bacteria that is made by the
fermentation of milk through beneficial bacteria such as Lactobacillus and
Bifidobacterium (Damunupola et al. 2014). Yogurt is also beneficial for human
health as it lowers the blood pressure in people and relieves the signs of IBS (irritable
bowel syndrome). Moreover, in children, it also minimizes the symptoms of diarrhea
triggered by different antibiotics (Fox et al. 2015; Prasanna et al. 2014).
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12.3.3.2 Cheese
Yogurt and cheese are the main transporters of probiotic bacteria in humans which
are beneficial for human health and balance the intestinal microflora (Pyar and Peh
2014; Yadav et al. 2015; Ashraf and Smith 2015). Different kinds of cheese such as
mozzarella, cheddar, and Gouda contain probiotic bacteria such as Lactobacillus and
Bifidobacterium that have the ability to survive in the gastrointestinal tract of
humans and considerably increase the number of probiotic bacterial cells in the
stomach (Milani et al. 2015). Cheese is a highly rich source of vitamins, minerals,

Yogurt

Kefir Kimchi

Green olivesMiso soup

Cheese

Fig. 12.3 Probiotic foods that are consumed worldwide. (Source: https://www.eatthis.com/best-
probiotic-foods)
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and proteins and lowers the risk of osteoporosis if taken in reasonable amounts
(Bonjour et al. 2013).

12.3.3.3 Kefir
Kefir is a Turkish term meaning “feeling good” after ingestion (Leite et al. 2013). It
is a fermented dairy drink that contains Lactobacillus and Bifidus bacteria and is
produced by mixing the fermented kefir grains in milk (Leite et al. 2013). As
compared to yogurt, it is a healthier source of probiotic bacteria and reduces a lot
of stomach problems (Ritchie and Romanuk 2012).

12.3.3.4 Kimchi
Kimchi is a fermented peppery cabbage food that is commonly consumed by Korean
people (Park et al. 2014). It is the best source of probiotic bacteria such as Lactoba-
cillus kimchii which is a new strain of probiotic bacteria isolated from this food.
Kimchi is also composed of some other strains of lactic acid bacteria that are
beneficial for human health and ameliorate the intestinal stability (Park et al. 2014).

12.3.3.5 Miso Soup
Miso soup is prepared by mixing soybeans, rye, barley, and rice in order to make a
paste, and then this paste is added to a bowl containing hot water to make a soup that
is used as a medicinal soup by the Japanese people. It is a rich source of probiotics
such as Lactobacillus and Bifidus bacteria (Tripathi and Giri 2014).

12.3.3.6 Green Olives
Fermented green olives are a rich source of lactic acid bacteria which give them a
unique taste (Bautista-Gallego et al. 2013). The two most important probiotic
bacteria that have been used in the fermentation process are Lactobacillus plantarum
and Lactobacillus pentosus which provide aroma and flavor to the food.

12.3.4 Storage of Probiotic Bacterial Supplement

The probiotic bacterial supplement should be stored at 4–5 �C in refrigerator to retain
the viability of bacteria and should be used before the expiration date of supplement
(Shewale et al. 2014).

There are some other probiotic supplements or products available in the market
that are shelf stable according to their industrialists, and their packing and delivery
requirements must be encountered (Shewale et al. 2014).

12.3.5 Health Benefits of Probiotics

Probiotics have a lot of health benefits, comprising the capability to adjust the gut,
improve assimilation, and diminish the painful side effects of severe antibiotics
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(Syngai et al. 2016). Among the numerous advantages of consuming probiotics,
some are listed as follows (Fig. 12.4).

12.3.5.1 Cure of Stomach Problems
Probiotics reduce the symptoms of irritable bowel syndrome in people through the
coordination of immune responses. Probiotics help in the digestion of food, increase
the lactose tolerance, and reduce a lot of stomach problems (Ritchie and Romanuk
2012; Corgneau et al. 2017).

Probiotic foods containing bacteria such as Lactobacillus rhamnosus and Lacto-
bacillus casei and the yeast Saccharomyces boulardii are most frequently associated
with minimizing the symptoms of diarrhea triggered by different antibiotics (Fox
et al. 2015; Prasanna et al. 2014).

12.3.5.2 Reduce Anxiety and Stress
According to the research that has been conducted by Akkasheh et al. (2016),
consuming probiotic supplements containing the strains of Lactobacillus acidophi-
lus, Lactobacillus casei, and Bifidobacterium bifidum regularly for 8–10 weeks
reduces the symptoms of anxiety, stress, and depression in patients with major
depressive disorder (MDD).

Fig. 12.4 Health benefits of probiotics. (Modified from Kitamoto 2015, Fox et al. 2015, Akkasheh
et al. 2016, Corgneau et al. 2017)
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12.3.5.3 Reduce the Risk of Breast Cancer
Probiotic foods/supplements also reduce the risk of breast cancer in women
(Kitamoto 2015). This potential has been confirmed by animal experiments and
human breast cancer cell trials. Probiotics have property to enhance the systemic
immune system, have anticancer property, and can be used to control the progression
of breast cancer (Mendoza 2019).

12.3.5.4 Reduce Bad Cholesterol
Probiotics protect the heart from different heart diseases by reducing the levels of
low-density lipoprotein called as “bad” cholesterol in the blood and modestly reduce
the blood pressure in people (Fox et al. 2015). The supplements containing
probiotics proved to be potent novel nonpharmacological alternative to reduce the
risk of cardiovascular diseases. A meta-analysis was conducted to explore the effects
of different probiotics on serum total cholesterol, which showed a potential role of
probiotic bacteria in reducing cardiovascular diseases (Wang et al. 2018).

12.3.5.5 Reduce Allergy
The quality of life has been affected by the prevalence of allergic disorders world-
wide and has created interest to explore the role of probiotic bacteria to treat such
allergies. Probiotics also provide defense against diseases such as common cold and
flu and reduce the menace of certain allergic inflammations such as eczema in
teenagers (Kang et al. 2013; Cuello et al. 2015). Literature showed that probiotics
are being studied to cure diseases like asthma, food allergy, atopic dermatitis, and
allergic rhinitis (Wang et al. 2019).

Since the last two decades, a remarkable increase has been seen in the use of
probiotics and their applications in food manufacturing industries. Probiotics still
need a lot of research as simply adding the beneficial bacteria to the different food
products cannot be predicted that either they will be helpful in transferring the health
benefits to humans or not. New research must be carried out to discover more ways
in order to ensure safety and stability of probiotic bacteria in different food products
(Wedajo 2015, 2015).
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Production and Biofunctionality
of Milk-Derived Bioactive Peptides 13
Hiral Chaudhari and Subrota Hati

Abstract

Milk is known as a source of macro- and micronutrients. Milk proteins comprise a
wide range of bioactive peptides. The bioactive peptides have specific amino acid
sequences in the form of hydrolysates. These types of bioactive peptides are vital
for proper bodily function. Bioactivities of milk proteins depend on the release of
various fragments of peptides with specific amino acid sequences. In the gastro-
intestinal tract, peptides are digested by the proteolytic enzyme, or during fer-
mentation and food processing, to liberate and activate encoded bioactive
peptides from the native protein. Milk proteins encrypted with bioactive peptides
exhibit various biofunctionalities, such as antibacterial, antioxidative, opioid-like,
antihypertensive, immunomodulatory, antithrombotic and cytomodulatory
activities. Diarrhea, thrombosis, dental carries, oxidative stress, hypertension,
mineral malabsorption, and immunodeficiency diseases can be treated by these
types of bioactive peptides. These bioactive peptides are used in the formulation
of functional foods, natural drugs, and nutraceuticals because of their beneficial
health effects.

The food industry is particularly interested in bioactive peptides extracted
from milk proteins because of the functional and physiological roles they play.
This current chapter summarizes the production of milk-derived bioactive
peptides along with their general characteristics, physiological functions, and
potential applications in functional health food developments.
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13.1 Introduction

The fragments of protein known as bioactive peptides are gaining worldwide
recognition for their physiological health benefits. It is acknowledged that milk
proteins contain all fundamental amino acids; however, in specific occasions, it
has been affirmed that milk proteins perform various functionalities in vivo through
the aid of bioactive peptides (Ricci-Cabello et al. 2012).

Milk proteins are known as precursors of bioactive peptides. Proteolytic enzymes
are responsible for the production of hydrolysates that contain unique amino acid
sequences known as bioactive peptides and that can provide potential benefits to
human health. Bioactive compounds have numerous health benefits that can help
prevent disease. There is a rising interest in the helpful capabilities of bioactive
peptides (Ricci-Cabello et al. 2012). Currently, many researchers in the scientific
community are exploring new studies on bioactive peptides released from milk and
their derivatives.

According to Fitzgerald and Murray (2006), bioactive peptides are characterized
as peptides with chemical or useful action that affects physiological function. They
interact with explicit receptors on track cells prompting the occurrence of physio-
logical reactions. Bioactive peptides are classified according to their functional
properties, such as opioid, immunomodulatory, antimicrobial, antithrombotic, anti-
hypertensive, mineral binding, and antioxidative. These peptides perform an impor-
tant role in human health.

13.2 Bioactive Peptides

The word “bioactive” is composed by two words: bio- and –active. In origin: bio-
comes from the Greek (βίo-) “bios,” meaning life, and –active from the Latin
“activus,” meaning dynamic (Guaadaoui et al. 2014). Bioactive peptides are protein
portions created through specific alterations or breaks from parent proteins. These
bioactive peptides are known as dynamic peptides or physiological dynamic
peptides and are equipped to perform distinctive body functions. The size of
bioactive peptides ranges from 2 to 20 amino corrosive buildups, and it relies on
the kind, creation, and nature of bioactive peptides (Wijesekara and Kim 2010).
There are several factors on which activity of bioactive peptides depend, such as
amino acid sequences of protein, pre-treatment, enzyme specificity on action, con-
dition of hydrolysis (e.g., pH, temperature, degree of hydrolysis), enzyme inactiva-
tion treatment, separation, and purification (Korhonen and Pihlanto 2006).

Milk peptides are obtained from milk proteins through an enzymatic breakdown
by stomach-related enzymes or by Lactobacilli that produces proteinases catalysts
during the fermentation of milk (Jauhiainen and Korpela 2007). Bioactive peptides
obtained from milk proteins are dynamic when these are delivered from the anteced-
ent proteins. Bioactive peptides are created by processing or proteolysis both in vivo
and in vitro.
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Bioactive peptides may act as regulatory compounds with hormone-like activity
when they are liberated from the protein chain, as reported since 1979, and numerous
peptides exhibit various activities such as opioid-like, antithrombotic or anti-
hypertension activity, immunomodulation, or mineral utilization properties. Milk,
plant, and animal proteins are the main wellspring of bioactive peptides. Antimicro-
bial peptides are the main naturally dynamic peptide found in milk followed by
immunomodulatory peptides (Sharma et al. 2011).

13.2.1 Production of Bioactive Peptides

Bioactive peptides produced from milk are present in both casein (α-, β-, and
γ-casein) and whey proteins (β-lactoglobulin, α-lactalbumin, serum albumin,
immunoglobulins, lactoferrin, and protease-peptone fractions) and can be released
from their parent proteins by four ways:

(1) Enzymatic hydrolysis using digestive enzymes, such as alcalase, trypsin and
pepsin, (2) fermentation by starter cultures by release of proteolytic enzyme,
(3) hydrolysis using enzymes obtained from proteolytic microorganisms, and
(4) fusion of fermentation and hydrolysis by adding specific enzymes (Phelan
et al. 2009) (Fig. 13.1).

Digestive
 enzymes

Caseins (αs-casein, 
β-casein, κ-casein)

Whey proteins (α-lactalbumin, β-
lactoglobulin, Lactoferrin)

Fermentation 
(in vitro)

Starter cultures

Probiotics
Hydrolysis 

(in vitro)

Digestion (in vitro)
GMOs

OpioidAntioxidative

Antimicrobial

CytomodulatoryImmunomodulatory

Mineral carrying

Vasoactive

Bioactive peptides

Fig. 13.1 The generation of bioactive peptides is depicted in a schematic diagram
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13.2.1.1 Enzymatic Hydrolysis
In gastrointestinal digestion, enzymes such as pepsin, trypsin, or chymotrypsin are
significant and responsible for protein breakdown (Korhonen and Pihlanto 2003).
Numerous bioactive peptides are delivered from milk proteins through the activity of
pepsin, trypsin, and chymotrypsin enzymes (Gobbetti et al. 2007), and other proteo-
lytic catalyst such as alcalase, thermolysin, and subtilisin are also used to produce
bioactive peptides (Korhonen 2009). Preheating is utilized to improve the hydrolysis
of whey protein (Reddy et al. 1988; Guo et al. 1995). When whey protein is heated at
a temperature of 65 �C, a partially unfolded conformation occurs, known as a molten
globule state, and is characterized by the presentation of hydrophobic clusters. These
alterations permit more prominent access of the enzymes to specific sites, which are
already out of reach to the enzyme action (Hirose 1993).

Alcalase is utilized for the mechanical creation of whey protein hydrolysate
(WPH) using the enzymatic hydrolysis strategy because of its endoprotease with
wide particularity and minimal effort requirement. Alcalase is a serine alkaline
protease created by the bacterial strain of Bacillus licheniformis. It has an ideal pH
between 8 and 9 for action and wide pH dependability. Alcalase has high specificity
for aromatic (Phe, Trp, and Tyr), acidic (Glu), sulfur-containing (Met), aliphatic
(Leu and Ala), hydroxyl (Ser), and basic (Lys) residues (Doucet et al. 2003).

13.2.1.2 Microbial Fermentation
Bioactive peptides are created by the proteolytic activities of starter and non-starter
bacteria used for the formation of fermented dairy items. Lactic acid bacteria
generate bioactive peptides through their proteinases and peptidases. Extracellular
proteinases generate oligopeptides from longer chains of protein. Intracellular
peptidases produced bioactive peptides from oligopeptides (Christensen et al.
1999; Williams et al. 2002). Hati et al. (2015) studied milk fermented with
Lactobacilli isolates to investigate ACE-inhibitory and antimicrobial activity pro-
duced by milk-derived peptides (Table 13.1).

13.3 Bioactive Peptides Obtained from Milk Proteins

Milk protein includes 80% casein and 20% whey proteins. The milk casein is
additionally partitioned into αs1, αs2, β, and κ-casein. β-lactoglobulin and
α-lactalbumin are significant whey proteins, comprising approximately 75% of
complete outright whey proteins. Most bioactive peptides are acquired from the
significant milk proteins, for example, 36% β-casein, 13% αs1-casein, 11%
β-lactoglobulin, 10% κ-casein, 8% αs2-casein, and 5% α-lactalbumin. Out of the
minor milk proteins, lactoferrin comprises 15% of the database, and under 2% are
obtained from other minor proteins, for example, serum albumin. Once the peptide
synthesis is completed, distinguished bioactive peptides can be efficiently altered to
enhance the peptides bioactivity (McClean et al. 2014).

A few bioactive peptides are encoded in the essential groupings of milk proteins
(Fig. 13.1). A segment of these bioactive peptides nominally affects gastrointestinal
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capacities. For instance, phosphopeptides improve gastrointestinal exploitation of
calcium and p-casomorphins to limit gastrointestinal compression and liquid
emission. Immuno-stimulating peptides and antihypertensive peptides (ACE
inhibitors) effectively affect general well-being (Meisel 1997; Schanbacher et al.
1998; Clare and Swaisgood 2000; Park et al. 2010; Mohanty et al. 2016a, b). These
bioactive peptides encoded in milk protein may be delivered during the regular
hydrolytic measure in the gastrointestinal lumen or during food handling, and may
likewise have significant organic and well-being impacts (Fig. 13.2 and Table 13.2).

13.4 Biofunctional Properties of Bioactive Peptides

13.4.1 Effect on Cardiovascular System

13.4.1.1 Antihypertensive Peptides
Hypertension (blood pressure greater than 140/90) is linked to coronary artery
disease and stroke, and it is responsible for causes of mortality in developing
countries (Lin et al. 2012). Protein hydrolysates are likewise a wellspring of bioac-
tive peptides that are not active in the original native protein but become active when
hydrolysis occurs. These peptides have numerous beneficial activities in human
health, for example, antihypertensive properties (Hartmann and Meisel 2007).
Angiotensin converting enzymes (ACE) perform a vital function in the balancing

Table 13.1 Proteolytic enzymes from various organism species that release bioactive peptides

Microorganism Peptide sequence
Protein
precursor Bioactivity

Lactobacillus helveticus
and Saccharomyces
cerevisiae

Val-Pro-Pro, Ile-Pro-Pro β-casein,
α-casein

ACE inhibitor,
antihypertensive

Lactobacillus GG and
enzymes + pepsin and
trypsin

Tyr-Pro-Phe-Pro, Ala-Val-Pro-
Tyr-Pro-Gln-Arg, Thr-Thr-Met-
Pro-Leu-Trp

β-casein,
αs1
casein

Opioid, ACE
inhibitor,
immunostimulating

Lb. helveticus CP90
proteinase

Lys-Val-Leu-Pro-Val-Pro-
(Glu)

β-casein ACE inhibitor

Lb. helveticus CPN 4 Tyr-Pro Whey
proteins

ACE inhibitor

Lb. delbrueckii ssp.
bulgaricus IFO13953

Ala-Arg-His-Pro-His-Pro-His-
Leu-Ser-Phe-Met

α-casein Antioxidative

Lb.
rhamnosus + hydrolysis
with pepsin and Colorase
PP

Asp-Lys-Ile-His-Pro-Phe,
Tyr-Gln-Glu-Pro-Val-Leu,
Val-Lys-Glu-Ala-Met-Ala-Pro-
Lys

β-casein ACE inhibitor,
antioxidative

Lb. delbrueckii ssp.
bulgaricus
+ pepsin and trypsin

Ser-Lys-Val-Tyr-Pro-Phe-Pro-
Gly-Pro-Ile

β-casein ACE inhibitor

Dziuba and Dziuba (2014)
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of blood pressure by converting angiotensin I into angiotensin II, a powerful
vasoconstrictor, and by concurrently inactivating bradykinin, a vasodilator (Guyton
et al. 2006). Peptides obtained from milk proteins may show this activity (IA) against
ACE. In this way, these proteins could be brought into the eating regimen as another
non-pharmacological way to prevent and treat blood vessel hypertension (Costa
et al. 2007; Miguel et al. 2009; Otte et al. 2007).

Milk proteins are a wellspring of bioactive peptides, and ACE inhibitory peptides
form through the enzymatic hydrolysis and fermentation with lactic acid bacteria
from milk protein. A few milk peptides deterred ACE in vitro (Hati et al. 2018). The
antihypertensive impact of hydrolysates is normally investigated in vitro by their
ability to impede ACE. This enzyme is a key part of the blood pressure regulation
cycle, and its hindrance helps control hypertension (Espejo-Carpio et al. 2013). The
renin–angiotensin system (RAS) and the kinin–nitric oxide system (KNOS),

1            10                                       20

R---P---K---H---P---I---K---H---Q---G---L---P---Q---E---V---L---N---E---N---L---L---R---F---F---V--
-

30 40                                          50

A---P---F---P---Q---V---F---G---K---E---K---V---N---E---L---S---K---D---I---G---S---E---S---T---E---

60                                                         70

D---Q---A---M---E---D---I---K---Q---M---E---A---E---S---I---S---S---S---E---E---I---V---P---N---S---

80 90                                                                      100

V---E---Q---K---H---I---Q---K---E---D---V---P---S---E---R---Y---L---G---Y---L---E---Q---L---L---R--

110                                                                 120

L---K---K---Y---K---V---P---Q---L---E---I---V---P---N---S---A---E---E---R---L---H---S---M---K---E--
-

130 140                                                                   150

G---I---H---A---Q---Q---K---E---P---M---I---G---V---N---Q---E---L---A---Y---F---Y---P---E---L---F--
-

160                                                                  170

R---Q---F---Y---Q---L---N---A---Y---P---S---G---A---W---Y---Y---V---P---L---G---T---Q---Y---T---
N---

180 190                                                           199

A---P---S---F---S---N---I---P---N---P---I---G---S---E---N---S---E---K---T---T---M---P---L---W---

Antibacterial peptide: 1-23.   ACE inhibitors: 23-34; 194-199.

α- Casomorphin: 90-96. Immunostimulating peptide: 92-94.
Bitter peptides: 23-34; 91-100.                    

Fig. 13.2 The primary structure of bovine αs1-casein and the position of bioactive peptides derived
from αs1-casein (Schlimme and Meisel 1995)

302 H. Chaudhari and S. Hati



involving different metabolic pathways, are the two main systems responsible for
high blood pressure (Martínez-Maqueda et al. 2012) (Fig. 13.3).

In the RAS, the conversion of angiotensin I (Ang I) to angiotensin II (Ang II)
(Vasocostrictory peptide) is catalyzed by renin and ACE during intermediate steps.
Accordingly, inhibition of ACE considerably prompts blood pressure reduction
(FitzGerald and Meisel 2000). In the KNOS, ACE deactivates the vasodilatory
peptides, i.e., bradykinin and kallidin. Bradykinin binds to β-receptors and stimula-
tion of nitric oxide synthase (NOS) produces vasodilation (FitzGerald and Meisel
2000). Consequently, renin inhibitors prevent the formation of Ang I and Ang
II. Angiotensinogen is the main known substrate of renin. Renin inhibitory peptides

Table 13.2 The roles of the major biologically active milk components

Milk precursors or
components

Bioactive
compounds Bioactivities observed

α-, β-caseins Casomorphins Opioid agonist (decrease gut mobility, gastric
emptying rate; increase amino acids and
electrolytes uptake)

α-, β-caseins Casokinins ACE inhibitory (increase blood flow to intestinal
epithelium)

α-, β-caseins Phosphopeptides Mineral binding (Ca binding; increase mineral
absorption, i.e., Ca, P, Zn)

α-, β-caseins Immunopeptides Immunomodulatory (increase immune response
and phagocytic activity)Casomorphins

Casokinins

αs1-casein Isracidin Antimicrobial

αs2-casein Casocidin Antimicrobial

κ-casein Casoxins Opioid antagonist

κ-casein Casoplatelins Antithrombotic

α-lactalbumin (α-La),
β-lactoglobulin (β-La)

Lactorphins Opioid agonist

Serum albumin Serorphin Opioid agonist

α-La, β-La and Serum
albumin

Lactokinins ACE inhibitory

Immunoglobulins IgG, IgA Immunomodulatory (passive immunity)

Lactoferrin Lactoferrin Immunomodulator, antimicrobial

Lactoferrin Lactoferroxins Opioid antagonist

Oligosaccharides Oligosaccharides Probiotic (increase growth of Bifidobacteria in GI
tract)

Glycolipids Glycolipids Antimicrobial

Oligosaccharides Oligosaccharides

Prolactin Prolactin Immunomodulatory

Growth factors IGF-1, TGF-α,
EGF, TGF-β

Organ development and functions

Parathromone-P PTHrP Increase Ca2+ metabolism and uptake

Schanbacher et al. (1998), Clare and Swaisgood (2000), and Park et al. (2010)
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are more specific (Staessen et al. 2006; Udenigwe et al. 2012). Calcium channel
blockers are associated with voltage-gated calcium channels (VGCCs) in cardiovas-
cular muscle and vein dividers, decreasing intracellular calcium and therefore
bringing down vasoconstriction. Several studies have indicated that peptides can
work as calcium channel blockers. His-Arg-Trp peptides were shown to have a
vasorelaxation effect on the phenylephrine-contracted thoracic aorta (Tanaka et al.
2009).

To date, peptides derived from milk proteins are considered as the best
characterized ACE inhibition elements and have shown antihypertensive activity
in vitro (Escudero et al. 2014) and in vivo (Fitzgerald and Murray 2006). The first
ever identified and characterized ACE inhibition peptides were Val-Pro-Pro (VPP)
and Ile-Pro-Pro (IPP) that were isolated from L. helveticus fermented milk products
(Nakamura et al. 1995), followed by the identification of other milk-derived antihy-
pertensive peptides such as Ser-Lys-Val-Tyr-Pro (SLVTP) from Streptococcus
salivarius ssp. thermophilus and Lactococcus lactis biovar diacetylactis fermented
milk (Ashar and Chand 2004).

NK9 (L. casei) used for goat milk fermentation (10 kDa permeates) showed
peptide sequence AFPEHK, which has been indicated to promote ACE inhibitory
activity (Parmar et al. 2019). Solanki and Hati (2018) studied the potential of
Lactobacillus rhamnosus for producing angiotensin I converting enzyme (ACE)
inhibitory peptides in fermented camel milk (Indian breed) and identified a
QTDIMIFTIGPA peptide sequence, which has been confirmed to have ACE inhibi-
tory activity.

Goat milk fermented with M5 (L. fermentum) (3 and 10 kDa permeates) showed
peptide sequences LARPKHPINHRGLSPE and TEEEKNRLNFLKKISQY, respec-
tively. When using M16 (L. paracasei) to ferment goat milk (3 and 10 kDa

LIVER KIDNEY LUNGS

Angiotensinoge

Angiotensin I

Angiotensin II

Increased vasoconstriction, increased 
aldosterone and ADH secretion

HYPERTENSION

Renin

Angiotensin Converting 
Enzyme (ACE)

Antihypertensive 
Peptides

Bradykinin

Inactive bradykinin 
components

Fig. 13.3 The kinin–nitric oxide (NO) system and the renin–angiotensin system
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permeates), the peptide sequences of ENSGKTTMPLW and
PEEIKITVDDKHYQKALNEI were found, respectively, which had ACE inhibitory
activity confirmed by Protein Information Resource (PIR) and Antihypertensive
Inhibiting Peptide Database (AHTPDB) (Parmar et al. 2019).

The type of enzyme, enzyme:substrate (E:S) proportion, and the utilization of
ultrafiltration (UF) influenced the peptide profiles and the ACE inhibitory activity of
the whey protein concentrate (WPC) hydrolysates. The best peptide profile was
acquired by utilizing papain with an E:S ratio of 2:100 and UF, though pancreatin
delivered the best ACE inhibitory activity with an E:S ratio of 0.5:100 (Silvestre
et al. 2012) (Table 13.3).

13.4.1.2 Antioxidative Peptides
Oxidation metabolism is fundamental for the endurance of cells; however, it
produces free radicals and other reactive oxygen species (ROS) as a result, which
can cause oxidative damage (Fig. 13.4). The body has its assurance system against
ROS; oxidative pressure occurs when ROS overburden the body’s cell reinforce-
ment safeguard component, which may be a primary causative factor of several
lifestyle-caused disorders (Hernandez-Ledesma et al. 2005). Dairy products and
their fragment are antioxidative, e.g., milk, skim milk, whey, casein, and lactoferrin
(Steijins and Van 2000; Cervato et al. 1999; Colbert and Decker 1991; Taylor and

Table 13.3 Antihypertensive peptides and their functions

ACE inhibitory peptides Functions References

DVWY, FQ, VVG. DVWY, VAE,
WTFR, DPYKLRP, PYKLRP,
YKLRP, GILRP

Inhibits ACE in thoracic aorta tissue
and suppresses angiotensin
II-mediated vasoconstriction.

Koyama et al.
(2014)

VPP, IPP, GAAGGAF LIVTQ, LIVT,
LLKPY, AHLL, FISNHAY, AAATP,
LGL, SFVTT, IIT

Competitively bind and inhibit ACE
and results in blood pressure
reduction

Xu and Gao
(2015), Li
et al. (2012)

ADVFNPR, VVLYK, LPILR, VIGPR Lower endothelia-1 levels
significantly

Zheng et al.
(2017)

Free 
radicals

Oxidative 
changes

Antioxidative
 peptides

Fig. 13.4 Schematic demonstration oxidative changes and action of antioxidative peptides

13 Production and Biofunctionality of Milk-Derived Bioactive Peptides 305



Richardson 1980). Antioxidative peptides from milk proteins play a fundamental
role in the support of cell reinforcement safeguard frameworks by preventing the
development of free radicals or by scavenging free radicals and dynamic oxygen
species, which initiate oxidative harm to biomolecules and cause aging, cancer, heart
disease, stroke, and arteriosclerosis. So far, many antioxidant peptides obtained from
both casein and whey proteins have been portrayed (Power et al. 2013).

Whey protein hydrolysates (WPHs) have shown a wide scope of cancer preven-
tion agent movement in an iron-catalyzed liposome oxidation framework or a
copper-catalyzed liposome emulsion (Colbert and Decker 1991), dependent upon
the proteases used. Adriena et al. (2010) uncovered that on hydrolysis with microbial
proteases (alcalase, flavourzyme, protamex, and neutrase), the cell reinforcement
action of whey protein extended from 7–19.8 to 40–54.2%. There are questions
about the potential prosperity effects of manufactured cancer prevention agents, and
thus the interest for characteristic cell reinforcements has as of late been extended
(Park et al. 2001).

A peptide derived from the β-lactoglobulin Trp-Tyr-Ser-Leu-Ala-Met-Ala-Ala-
Ser-Asp-Ile, has more radical-scavenging activity than synthetic antioxidants such as
butylated hydroxyanisole (BHA) (Ricci-Cabello et al. 2012). Mann et al. (2015)
reported the antioxidant activity of whey protein hydrolysates in the milk beverage
system showed maximum antioxidant activity with corolase enzyme (1.42 μM
Trolox/mg of protein) as compared to enzyme flavourzyme and alcalase (0.81 and
1.16 μM Trolox/mg of protein respectively).

Padghan et al. (2018) presented a process for purification and characterization of
antioxidative peptides derived from fermented milk (lassi) by lactic cultures. To
achieve this, they prepared lassi by utilizing standard dahi culture NCDC-167(BD4)
and the other one was made with the equivalent dahi culture joined with Lactobacil-
lus acidophilus NCDC-15 as an adjunct culture. They observed that lassi
manufactured by utilizing the dahi culture in addition to adjunct culture (0.66 μM
Trolox/mg of protein) showed a greater antioxidant activity than dahi culture alone
(0.20 μM Trolox/mg of protein). Panchal et al. (2019) also reported the production
and characterization of novel antioxidative peptides obtained from fermented goat
milk by using L. fermentum (M4), and they discovered maximum antioxidant
activity (ABTS assay) (52.27%), hydroxyl free radical scavenging activity
(55.73%), and superoxide free radical scavenging activity (43.03%) at 37 �C after
48 h. They also found the sequences of SPAQTLQWQVLPNTVPAK (2D-PAGE),
YIPIQYVLSR (2D-PAGE), and IAKYIPIQYVLSR (10 kDa permeate) were some-
what similar with YQEPVLGPVRGFPIL (query sequence), and sequences
VPLFVQVGEVIK (2D-PAGE), SCQDQPTTLAR (2D-PAGE),
HPHPHLSFMAIPPK (2D-PAGE), MASFISLSSK (2D-PAGE), YIPIQYVLSR
(2D-PAGE), IAKYIPIQYVLSR (10 kDa permeate), and
SPAQTLQWQVLPNTVPAK (2DPAGE) were somewhat matched with
VQSWMHQPPQPLSPT (query sequence), which serves as an antioxidant.
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13.4.1.3 Hypocholesterolemic Peptides
It is necessary to maintain an appropriate ratio of blood lipids, as it is one of the most
significant danger factors leading to cardiovascular diseases (CVD) (Claas and
Arnett 2016). Milk proteins, particularly whey proteins hydrolysates or peptides,
have been shown to apply hypocholesterolemic impacts in various animal models.
Whey protein fragment f (71–75) with sequence IIAEK, known as lactostatin, was
the main factor responsible for the observed effect (Nagaoka et al. 2001). Another
peptide, β-lactotensin, obtained from chymotrypsin β-lactoglobulin hydrolysate,
diminished complete cholesterol, LDL, and VLDL cholesterol content in mice fed
a cholesterol enhanced eating routine (Shin et al. 1998). An epic peptide (Ile-Ile-Ala-
Glu-Lys) from tryptic hydrolysate of β-lactoglobulin showed hypocholesterolemic
impact (Nagaoka et al. 2001).

13.4.1.4 Antithrombotic Peptides
Thrombosis is local coagulation of blood in the circulatory system, leading to CVD
(Grundy et al. 1998). Thrombosis is caused by fibrinogen and thrombin; they both
react with blood platelets and give bold platelet coagulation. Antithrombotic
peptides are characterized by their ability to inhibit platelet aggregation and fibrino-
gen binding (Hanjaya-Putra et al. 2018).

Fibrinogen (factor I) is a glycoprotein complex that occurs in the blood of
vertebrates. During tissue and vascular injury, it is converted enzymatically by
thrombin to “fibrin” (fibrin is a stringy, non-globular protein associated with blood
coagulation) and afterward to a fibrin-based blood cluster. Fibrin clusters work
fundamentally to block veins with blood clots to prevent blood loss.

The known antithrombotic peptides obtained from milk proteins are casoplatelin
(MAIPPKKNQDDK) from κ-casein, peptide YQEPVLGPVRGPFPIIV from β–
casein, and KRDS peptide from lactoferrin (Rutherfurd and Gill 2000; Erdmann
et al. 2008; Rojas-Ronquillo et al. 2012) (Fig. 13.5). Fractions corresponding to
k-CN f (152–160) and f (155–160) isolated as ACE inhibitors may also possess
antithrombotic activity (Gobbetti et al. 2007). Guzmán-Rodríguez et al. (2019)
found iron restricting and antithrombotic peptides delivered during the fermentation
of milk by Lactobacillus casei shirota that produced antithrombotic action by
hindering fibrin cross-connecting, which is required for the coagulating movement,
utilizing the technique reported by Zhang et al. (2008) and observed that fermenta-
tion with pH 6.0 and incubation temperature 39.5 �C for 12 h presented the highest
antithrombotic activity, with a value of 79.1%, as compared to other pH and
temperatures.

13.4.2 Effect on the Gastrointestinal System

13.4.2.1 Mineral Binding Peptides
Mineral deficiencies are crucial nutritional problems worldwide. In this specific
circumstance, mineral fortification is truly an outstanding and basic procedure to
forestall this deficiency (Zimmermann and Hurrell 2007). It has been suggested that
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the phosphorylated areas are passed from casein during digestion. CPPs refer to
casein-derived phosphorylated peptides, which have single and multiple phosphoryl
residues, and these phosphopeptides are delivered by enzymatic hydrolysis of α-, β-
and κ-caseins both in vitro and in vivo (Clare and Swaisgood 2000). Because of the
high amount of negative charges, these peptides productively bond divalent cations
and go about as biocarriers for minor components, for example, Fe, Mn, Cu, and
Se. CPPs generally refer to peptides created after enzymatic treatment with trypsin
and which upgrade the ingestion of calcium over the distal small digestive tract
(Pfeuffer and Schrezenmeir 2000). Casein phosphopeptides (CPPs), which may
function as carriers for different minerals, especially calcium, are utilized in the
food industry as ingredients or fortifiers in some low mineral containing foods and
beverages. It has been proposed that CPPs, which form soluble complexes with
calcium phosphate in vitro, may lead to enhanced calcium absorption by limiting the
precipitation of calcium in the distal ileum (Meisel and FitzGerald 2003).

13.4.2.2 Antidiabetic Peptides
Diabetes is a chronic disease that happens either when the pancreas does not deliver
enough insulin or when the body cannot successfully utilize the insulin it produces.
Insulin is a hormone that manages blood sugar. Hyperglycemia, or high blood
glucose (blood sugar), is a typical impact of uncontrolled diabetes and after some
time induces serious damage to a considerable portion of the body’s frameworks,
particularly the nerves and veins. There are two significant kinds of diabetes: type
1, which results from a failure to convey insulin; and type 2, which results from
insulin resistance (Ensor et al. 2014). Results from one study demonstrated that
peptides with inhibitory property against α-glucosidase activity can be generated
from the peptic digestion of whey proteins (Lacroix and Li-Chan 2013).

Thrombin Fibrin

Antithrombotic peptide
Treatment for thrombosis

Blood platelets
Blood platelets coagulation

Fibrinogen

Fig. 13.5 The antithrombotic peptide’s mechanism of action
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Different peptides were identified for the dipeptidyl peptidase-IV (DPP-IV)
inhibitory activity from the Gouda-type cheese of the water-soluble fraction. The
β-casein peptide residue 70–77 (β-CN f70–77; LPQNIPPL) demonstrated the maxi-
mum DPP-IV inhibitor activity (Uenishi et al. 2012). Trypsin-derived camel milk
protein hydrolysates have displayed potent DPP-IV inhibitory properties in vitro
(Nongonierma et al. 2018). To check the potentiality of Lactobacillus cultures on the
production of milk-derived bioactive peptides with antidiabetic activity, ten Lacto-
bacillus isolates were evaluated using three methods, including (1) α-amylase inhib-
itory activity, (2) α-glucosidase inhibitory activity, and (3) pancreatic lipase
inhibitory activity, and it was reported that the highest α-amylase inhibition activity,
α-glucosidase inhibitory activity, and pancreatic lipase inhibitory activity were
observed in Lb. rhamnosus (M9) culture, Lb. fermentum (M7), and Lb. casei
(NK9), respectively, as compared to other cultures. Likewise, bovine milk fermented
with M2 (3 kDa permeate) indicated peptide sequence LFVPALLSLGALGLCLAA,
which is obtained from lactotrasferrin, and milk fermented with M2 (10 kDa perme-
ate) indicated peptide sequence NAGPFTPTV, which is obtained from αs2 casein
encoded in the antidiabetic peptides (ALG) (Kinariwala et al. 2019).

13.4.2.3 Antiobesity Peptides
In the regulation of food intake, satiety plays an important role and has significance
in the control of obesity. It is widely acknowledged that protein is the most satiating
part of food. The satiating impact of whey protein is fundamental because of a high
grouping of branch chain amino acids, especially L-leucine. As to the casein portion
of milk, it was recommended that peptides from casein hydrolysates activate the
peripheral opioid and cholecystokinin receptors and block the antagonist receptors,
which diminishes their impact on food entry (Hernández-Ledesma et al. 2014).
Several studies showed that the whey protein-derived peptide, i.e.,
glycomacropeptide (GMP), stimulates the release of cholecystokinin (CCK),
which may advance satiety in rodents (Pedersen et al. 2000). Mudgil et al. (2018)
studied characterization and identification of novel antidiabetic and antiobesity
peptides from camel milk protein hydrolysates. Antiobesity activities of camel
whey protein hydrolysates (CWPHs) were investigated according to (1) pancreatic
lipase inhibition activity and (2) cholesteryl esterase inhibition activity, and it was
found that pepsin generated hydrolysates showed the highest pancreatic lipase
inhibitory activity at each hydrolysis time in contrast with the unhydrolyzed camel
whey (CW) (4.3%); 6 h of pepsin hydrolysis produced CWPH (P6), which was the
most elevated (21.3%� 0.2) cholesteryl esterase inhibition, 6 h of trypsin hydrolysis
created CWPH (T6) (17.9 � 0.5), and 3 h of chymotrypsin hydrolysis generated
CWPH (C3).

13.4.2.4 Antimicrobial Peptides
The antimicrobial activity of milk is due to the synergistic action of naturally
occurring peptides and defense proteins other than immunoglobulins, for example,
lactoferrin, lactoperoxidase, and lysozyme. The first antimicrobial peptide isolated
from milk through rennet, named lactenin, was recognized by Simmes and Jones in
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1930. This peptide displayed antimicrobial activity against pathogenic strains of
streptococci. Antimicrobial peptides (AMPs) are increasingly recognized as a critical
first line of defense against many pathogens (Mulero et al. 2008). Most antimicrobial
bioactive peptides act either by penetrating and disrupting microbial membrane
integrity or by translocating across the membrane and acting on internal targets
(Steinstraesser et al. 2011).

The peptide called casecidins from chymosin-treated casein hydrolysates showed
antimicrobial activity against pathogenic Staphylococcus aureus and a few
lactobacilli (Mohanty et al. 2016a, b). The antimicrobial action of the peptides
may be because of interruption of microbial membranes, prompting particle and
metabolite spillage, depolarization, disturbance of membrane coupled respiration,
and eventually cell demise (Phadke et al. 2005). Hati et al. (2018) studied the
influence of whey protein concentrate on the production of antibacterial peptides
derived from fermented milk by lactic acid bacteria and found skim milk
supplemented with 1.5% WPC fermented by Lactobacillus rhamnosus MTCC
5945 (NS4) produced ETVPYMFEN peptide sequence, identified as lactoferrin,
which is a multifunctional, iron-binding glycoprotein that contains various antimi-
crobial peptides.

13.4.3 Effect on the Immune System

13.4.3.1 Immunomodulatory Peptides
Milk protein hydrolysates and peptides enhance immune cell functions (Horiguchi
et al. 2005). Caseinomacropeptide (CMP) promotes the growth of bifidobacteria or
lactobacilli that help to prevent enteric disease (Bruck et al. 2003). Several peptides,
including f63–68 and f191–193 from bovine β-casein and f194–199 from bovine
αs1-casein have been identified as stimulating phagocytosis in mice and humans
in vitro and protecting mice in vivo against Klebsiella pneumonia infection (Tidona
et al. 2009) (Tables 13.4 and 13.5).

13.5 Conclusions and Future Directions

Scientific studies imply that milk has a plethora of bioactive peptides that can
emphatically affect human well-being. The enthusiasm for bioactive milk peptides
is expanding because milk proteins are accessible in incredible amounts with a high
level of purity at a low cost. These bioactive peptides can be created and made
bioavailable by proteolysis, which is caused by digestive enzymes, or through
fermentation, which is caused by bacteria.

Further work is required to make a mixture of modified peptide sequences to
discover pharmacologically active peptides with more strength and longer activity
duration. In addition, there is a need to create advanced technologies for the
production of peptide-improved functional foods with explicit health claims.

310 H. Chaudhari and S. Hati



Table 13.4 Biological activities of bioactive peptides obtained from fermented milk

Biological activity
Name of
product Name of starter

Bioactive
compound References

ACE inhibitory Cheese Lactic acid FFVAP Korhonen
(2009)

ACE inhibitory Fermented
camel milk

Lb. rhamnosus
(NS4)

QTDIMIFTIGPA Solanki
and Hati
(2018)

Lipid lowering Fermented
milk

Lc. Lactis NRRL
B-50571

YPSYGL,
SLPQNIPPL,
TVQVTSTAV

Galland
et al.
(2017)

Immunomodulation Fermented
milk

Lb. helveticus
R389

Peptide not
characterized

LeBlanc
et al.
(2002)

Antimicrobial Sodium
caseinate
fermented

Lactobacillus
acidophilus
DPC6026

VLNENLLR,
IKHQGLPQE

Hayes et al.
(2006)

Table 13.5 Bioactive peptides are used in commercial dairy products and additives to make health
foods

Brand name Country Bioactive peptide Health claims

Evolus Finland VPP, IPP from β-CN
and k-CN in calcium-
enriched fermented
milk

Blood pressure reduction

Calpis Japan VPP, IPP from β-CN
and k-CN in sour milk

BioZate USA Β-lg from hydrolyzed
whey protein

BioPUREGMP USA k-CN f(106–169) Prevention of dental caries,
influences the clotting of blood,
protection against viruses and
bacteria

PRODIET
F200/lactium

France αs1-CN (91–100) in
flavored milk and
confectionery

Reduction of stress effects

Cysteine
peptide

Netherlands Milk protein-derived
peptides

Aids to raise the energy level and
sleep

C12 peptides Netherlands Casein-derived peptides Reduction of blood pressure

Vivinal Alpha Netherlands Whey-derived peptides Aids for relaxation and sleep

PeptoPro Netherlands Casein-derived peptides Improve muscle recovery and
athletic performance

Capolac Sweden Casein-derived peptides Improve mineral absorption

Korhonen and Pihlanto (2006)
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Role of Probiotics in Allergic Diseases 14
Swati T. Gadhe and Vipul P. Patel

Abstract

The prevalence of allergic disorders has been increasing worldwide and signifi-
cantly impacts the quality of life of the atopic individual. There has been an
increased interest in the role of probiotics for the prevention and treatment of
allergic disorders, given the recent evidence that atopy risk may be associated
with a dysbiosis of the gut microbiome. Research in this area is ongoing with
some studies showing possible benefits of probiotics, with seemingly little to no
risk. While these studies suggest that there may be a promise in probiotic use for
the prevention or treatment of allergy, further evidence is needed to determine its
efficacy, optimal dosing, and strains needed for treatment. In this review, we
discuss recently published studies examining the benefits, risks, and role of
probiotics in preventing atopic dermatitis, asthma, allergic rhinitis, and food
allergy.
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14.1 Introduction

Allergic diseases are increasing in prevalence globally and cause a significant burden
on society both economically and physiologically (Pawankar et al. 2013). Despite
their universality, the etiology of allergic disorders remains unknown. In 1989, it was
hypothesized that reducing exposure to microbes resulted in an immune system
variation, favoring a shift toward an allergic response. This hypothesis was based on
an observation of reduced incidence of hay fever and eczema in children living with
older siblings within greater families resulting in increased microbial exposure. In
more recent times, it has been demonstrated that dysbiosis of the gut microbiome can
be associated with an increased risk of atopy (Lambrecht and Nhammad 2017).
Increasingly, probiotics (the “good bacteria”) have been used in an attempt to correct
this. Probiotics are defined as “live microorganisms which confer a useful effect on
the host” according to the World Health Organization (WHO) (Pawankar et al.
2013). Probiotics in allergic diseases affect phagocytosis and synthesis of
pro-inflammatory cytokines and thus have been proposed as modulators of the
allergic response and advocated as therapeutic and preventive medications for
allergic diseases. It has been suggested that probiotics may prevent the allergic
response due to their anti-inflammatory effects, although this area remains contro-
versial. The intestine is the body’s largest immune organ; most of the antibody-
producing cells reside in the intestine (Brandtzaeg 2002). The intestinal microbiota
represents the body’s greatest microbial exposure by a substantial extent and in part
works to provide stimulation of the immune system. The specific composition of the
intestinal microbiota may affect the risk of developing allergic diseases (Wang and
Anvari 2019; Penders et al. 2007).

Allergic diseases are complex multifactorial disorders, with interactions of
genetic, environmental, and socioeconomic factors determining disease expression
and leading to different phenotypes.

TYPES OF ALLERGY  

Allergy 
in 

Children

Asthma 

Atopic 
eczema 

(dermatitis) 

Drug 
allergy  

318 S. T. Gadhe and V. P. Patel



14.2 Probiotics

Probiotics are live microorganisms aided with a demand that they give health
benefits when consumed, generally by enhancing or replacing the gut flora (Lvory
et al. 2008). Probiotics are considered generally harmless to consume but may cause
bacterial-host interactions and unwanted side effects in rare cases. A microorganism
introduced into the body for its useful qualities is complete sentence.

14.2.1 Characteristics of Probiotics

There are several generally accepted characteristics that define probiotic bacteria:

• Are microbial organisms.
• Remain inconstant and reliable after culture, manipulation, and storage

before use.
• Survive gastric, biliary, and pancreatic digestion.
• Are able to produce a host response once they enter the intestinal microbial

ecosystem.
• Yield a functional or clinical use to the host when administered.

14.2.2 Mechanisms of Action of Probiotics in Allergic Disease

The most important probiotic mechanisms of action include enhancement of the
epithelial barrier, increased adhesion to intestinal mucosa, concomitant inhibition of
pathogen cohesion, competitive exclusion of pathogenic microorganisms, produc-
tion of antimicrobial substances, and attenuation of the immune system. Allergic
disorders are related with a move of the Th1/Th2 cytokine balance leading to
activation of Th2 cytokines and the release of interleukin-4 (IL-4), IL-5, and IL-13
as well as IgE manufacturing (Tang 2005; Coskun and Klinikleri 2007). Probiotics
can potentially modulate the toll-like receptors and the proteoglycan recognition
proteins of enterocytes, leading to activation of dendritic cells and a Th1 response
(Flinterman 2007). The resulting stimulation of Th1 cytokines can suppress Th2
responses. Pediatric studies suggest that probiotic use in children with atopic
conditions such as atopic dermatitis results in the increase of IFN production and
decrease of IgE- and antigen-induced TNF-α, IL-5, and IL-10 secretion (Prescott
2005; Kalliomäki et al. 2001) (Fig. 14.1; Table 14.1).

14 Role of Probiotics in Allergic Diseases 319



Fig. 14.1 Mechanism of action of probiotic

Table 14.1 Application of probiotics in various allergies

Disease Probiotics Timing Dose Result References

Atopic
dermatitis

LGG
LGG

Prenatal +
postnatal
Childhood

�109-10
�109-10

Decrease with
effect
Decrease with
effect

Kalliomäki et al. (2003), Kopp
et al. (2008), Kalliomäki et al.
(2007), Kim et al. (2014)

Nutritional
allergy

Various
LGG

Prenatal +
postnatal
Infancy

�109-10
�109-10

Ineffectiveness
Decrease with
effect

Osborn (2007), Majamaa and
Isolauri (1997), Kim et al. (2014),
Tang (2005), Majamaa Hand
Isolauri (1997)

Allergic
rhinitis

Various
Bifidobacterium

Prenatal +
postnatal
Early
childhood

�109-10
�109-10

Ineffectiveness
Decrease with
effect

Kalliomäki et al. (2003), Kopp
et al. (2008), Kalliomäki et al.
(2007), Lvory et al. (2008), Wang
et al. (2004)

Asthma Various
Lactobacillus

Prenatal +
postnatal
Game
child

�109-10
�109-10

Ineffectiveness
Ineffectiveness

Kalliomäki et al. (2003), Kopp
et al. (2008), Kalliomäki et al.
(2007), Miraglia Del Giudice
et al. (2012), Van De Pol et al.
(2011)
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14.2.3 Role of Probiotic in Atopic Dermatitis

Atopic dermatitis is the most common chronic inflammatory skin disease and is
often the primary step in the atopic march. The two primary theories on the origin of
atopic dermatitis are the “inside-out” hypothesis, which speculates that instability in
the enteric microbiota results in inflammatory processes, and the “outside-in”
hypothesis, which suggests that the disrupted skin microbiome is the primary
triggering event for atopic dermatitis (Giovannini et al. 2007). Numerous animal
and in vitro studies, as well as several human trials, suggest a useful effect of
probiotics in allergic diseases. Various randomized studies demonstrated that when
Lactobacillus GG or placebo was given to pregnant mothers with a strong family
history of eczema, allergic rhinitis, or asthma and to their infants for the first 6 months
after delivery, the frequency of developing atopic dermatitis in the offspring was
decreased in 2 years, 4 years, and 7 years by 50%, 44%, and 36%, respectively

14 Role of Probiotics in Allergic Diseases 321



(Taylor 2006; Kalliomäki et al. 2001). The idea of probiotic supplementation to
restore balance in the microbiome of humans is the foundational argument for the
use of probiotics in primary prevention of atopic dermatitis. Three systematic
reviews have so far investigated probiotic supplementation regarding eczema pre-
vention (Slattery et al. 2016) (Table 14.2).

Probiotics  

• Reverse increased intestinal permeability.
• Enhance gut-specific IgA responses.
• Promote gut barrier function.
• Modulation of immune response.
• Enhance production of IL-10 and cytokines that promote production of IgE

antibodies.

Table 14.2 Prevention of sensitization and allergic diseases

Study
type Probiotic type Conclusion References

R, C,
DB

L. reuteri Decreased IgE-associated eczema Abrahamsson (2007)

R, PC,
DB

LGG Decreased atopic dermatitis Kalliomäki et al. (2007)

R, PC,
DB

LGG, LC705
L. rhamnosus

Lower IgE-associated disease Kukkonen (2007)

R, PC,
DB

L. acidophilus
LAVRI-A1

No change in atopic dermatitis Taylor (2006)

R, PC,
DB

L. acidophilus
LAVRI-A1

No change in atopic dermatitis Taylor (2006)

C E. coli Decreased long-term influence of
allergy

Lodinova et al. (2004)

R, PC,
DB

LGG Decreased atopic dermatitis Kalliomäki et al. (2003)

R, PC,
DB

E. coli Decreased allergic development Lodinova-Zadnikova et al.
(2003)

R, PC,
DB

LGG Decreased atopic dermatitis Kalliomäki et al. (2001)

R, PC,
DB

LGG Decreased atopic dermatitis Rautava et al. (2002)
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Beneficial in allergy 
and Atopic disease  

14.2.4 Role of Probiotic in Asthma

A small number of studies happen that try to address the efficacy of probiotic
supplementation in the treatment or prevention of asthma. A study using fermented
milk containing L. casei and studying its effect on the number of parts of asthma and
allergic rhinitis found no statistical difference between intervention and control
groups of asthmatic children. However, the number of rhinitis parts was lower in
the probiotic group, leading the authors to conclude that L. casei may be useful for
children with allergic rhinitis but not asthmatic children (Coskun and Klinikleri
2007; Food and Agriculture Organization 2001). Atopy is a common precursor for
asthma, a chronic inflammatory condition of the airways that, when uncontrolled,
can result in a poor quality of life or even death. The indication for use of probiotics
as a preventive or therapeutic agent for respiratory allergies shows less. The efficacy
of probiotics in asthma as a preventive measure has not been evaluated and may be
worthwhile studying. However, to date, there is no evidence to justify the use of
probiotics for the treatment or prevention of asthma.

• Preventive vital for asthma and allergic disorders have been introduced in 2014:
– General health education: escape of tobacco smoke exposure during preg-

nancy and after birth.
– First prevention for infants at higher risk: several longitudinal birth-associated

studies have clearly demonstrated an increased harm of allergic expression if
one or two parents are or have been affected themselves.

– Secondary prevention strategies for children who have already developed
allergic sensitization or the first indication of allergic diseases: these strategies
aim to reduce the incidence of clinical indication, such as rhinitis, food allergy,
or asthma.

14.2.5 Role of Probiotic in Allergic Rhinitis

The efficacy of probiotics in treating allergic rhinitis is incompatible (Tang and Chen
2001). According to Wang and colleagues, where Lactobacillus paracasei 33 was
given for 30 days to 80 children with perennial rhinoconjunctivitis, the quality of life
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questionnaire score significantly improved relative to placebo (Coskun and
Klinikleri 2007). In seasonal and perennial allergic rhinitis in addition to those
who state that probiotics are ineffective in the treatment of periodic and persistent
allergic rhinitis, there are also researchers who state that probiotics are effective. In a
study of probiotic infuse bed quilt/pillow cases, an improvement was found in the
symptoms of the patients with allergic rhinitis, and the quality of life increased
(Wang et al. 2004).

14.2.6 Role of Probiotic in Food Allergy

Recent studies propose that probiotics may have a role in the treatment of food
allergy by maintaining the intestinal epithelial barrier integrity, overcoming intesti-
nal inflammatory responses, and inducing mucosal IgA production and tolerogenic
immune response (Lvory et al. 2008; Bering et al. 2007). Hol et al. found no effect of
L. casei CRI 431 and B. lactis Bb12 supplements for 12 months on the procurenment
of tolerance in 119 infants with cow’s milk allergy. In another study on children with
egg, peanut, or cow’s milk allergy who were treated with a probiotic mix for
3 months showed that the treatment did not impact sensitization or ex vivo immune
responses. This would further desire that the confirmation as to whether probiotics
can induce tolerance in allergy is currently lacking (Giovannini et al. 2007).

The most common types of food allergens include eggs, milk, peanuts, tree nuts,
fish, shellfish, wheat, and soy.
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Probiotics Suppress the Depression: A Look
at the Possible Mechanisms of Action 15
Leila Khalili and R. Z. Sayyed

Abstract

Manipulating the intestinal microbiota for the benefit of the mental health is a
concept that has become widely acknowledged. Emerging evidence suggests that
modifying the composition of the gut microbiota via probiotic supplementation
may be a viable adjuvant treatment option for individuals with depression. The
aim of this chapter is to illustrate the possible pathways through which gut
microbiota may influence depression. PubMed, Scopus, and Web of Science
databases were searched by using “probiotics”, “depression”, and “mechanism”

key words for searching the studies aiming the application of probiotics and the
beneficial effects of them in depression control and/or treatment. Findings of
relevant studies suggest that probiotics could be considered as a promising
adjuvant treatment to improve depression. The results of previous investigations
suggest that modulation of inflammation, affecting the hypothalamic-pituitary-
adrenal (HPA) axis, and interference with neurotransmitter signaling are the
potential pathways through which probiotics may influence depression.
Probiotics can alleviate depressive symptoms through several mechanisms; how-
ever, additional studies are necessary.
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15.1 Introduction

Depression is a common mental disorder, which can be long-lasting or recurrent,
substantially impairing an individual’s ability to function in their daily life (Vilagut
et al. 2016). In recent years, there has been major interest in exploring the link
between the health of the gut and mental health (Schmidt 2015a, b). Several
pathways have been identified that describe how gut microbiota may influence
depression (Uher and McGuffin 2010). Altered microbiota has been linked to
neuropsychological disorders such as depression. Traditionally, depression has
been treated with a range of therapies including antidepressants and talking
therapies; however, research has started to emerge which suggests that probiotics,
live microorganisms that exert health benefit on the host when ingested in adequate
amounts, may significantly reduce the symptoms of depression. Fortunately, studies
have indicated that gut microbiota may be modulated with the use of probiotics,
antibiotics, and fecal microbiota transplants as a prospect for therapy in microbiota-
associated diseases. Probiotics are regulated as dietary supplement foods and now
are available in capsules, tablets, packets, or powders and are contained in various
fermented foods, most commonly yoghurt or dairy fermented drinks. The primary
rationale for using probiotics involves restoring microbial balance. The administra-
tion of probiotics which contains beneficial bacteria may restore the microbial
balance in the gastrointestinal tract (Li et al. 2020). It has been argued that gut
microbiota may play a role in bidirectional communication between the gut and the
central nervous system (Arneth 2018). The aim of this chapter is to illustrate the
possible pathways through which gut microbiota may influence depression.

15.2 Neurological Disorders and Gut-Brain Axis

The gut is closely connected to the brain via 200–600 million neurons (Furness
2006). Bidirectional communication between the gut and the brain has long been
recognized; that is, signals from the brain can influence the motor, sensory, and
secretory modalities of the gastrointestinal (GI) tract and, in turn, visceral messages
from the gut can influence brain function (Grenham et al. 2011; Tabrizi et al. 2019)
(Fig. 15.1). Recently, there is expanding evidence for the view rethinking the
gut-brain axis as the concept of a gut microbiota-brain axis due to the crucial role
of gut microbiota in the bidirectional gut-brain axis (Cryan and Dinan 2012). It is
now well recognized that the organisms of the gastrointestinal tract make important
contributions to health and disease, including mood and cognition, and psychopa-
thology. Nevertheless, we are still a long way from understanding the potential
mechanisms underlying this connection complexity.

Although it has long been recognized that major disturbances in gut flora can
affect central nervous system function, it is only now emerging that “normal” gut
microbiota might have a role in mood and psychopathology (Forsythe et al. 2010).
Both endocrine and neural pathways are involved in signaling gut immune responses
to the brain. The neural pathways involved in the microbiome-gut-brain axis include
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the sympathetic and parasympathetic autonomic nervous system and the local enteric
nervous system.

Modulation of gut microbiota through consumption of probiotics might improve
health by replacing harmful microbes with useful ones (Hemarajata and Versalovic
2013). It is believed that the primary mechanisms of action of probiotics are to
contribute to modify the composition and function of the gut microbiota. The effect
of gut microbiota on the brain can be established through several mechanisms. One
of these involves the inhibition of histone deacetylase activity induced by the short-
chain fatty acids (SCFAs) which are the end products of prebiotic fermentation by
intestinal microorganisms. This may be responsible for the imbalance in histone
acetylation levels and transcriptional dysregulations observed in neurodegenerative
disorders (Dinan and Cryan 2017). Another proposed mechanism of interconnection
of the gut and the brain is related to a direct effect of SCFAs on GI cells. This induces

Fig. 15.1 The bidirectional communication between the gut and the nervous system (Grenham
et al. 2011)
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the production of hormones, such as leptin, which have a beneficial impact on the
central nervous system and, consequently, on memory and cognition (Rea et al.
2016). Another mechanism to be considered when linking gut microbiota and brain
activity involves the interference of gut microbiota in the levels of different
neurotransmitters and neuromodulators, particularly serotonin, γ-aminobutyric
acid, and dopamine (Dinan and Cryan 2017). Dysregulation of brain activities
promoted by dysbiosis may have a tremendous impact on a number of diseases,
notably in mood disorders (Umbrello and Esposito 2016). The hypothalamic-
pituitary-adrenal (HPA) axis is another interesting mechanism that makes the bridge
between the gut and the brain (Berding and Donovan 2016). The HPA axis regulates
the adaptive responses to stressors, such as environmental stress or systemic
pro-inflammatory cytokines, in vertebrates. Activation of the HPA axis leads to
the secretion and release of the corticotropin-releasing factor (CRF) from the hypo-
thalamus and of the adrenocorticotropic hormone from the pituitary gland, resulting
in the production of cortisol from the adrenal glands (Carabotti et al. 2015). It has
been reported that gut microbiota may modulate the HPA axis, which, in turn, may
regulate gut microbiota (Carabotti et al. 2015). However, the routes of communica-
tion between the gut microbiota and the brain are not fully elucidated, possibly
through neural, endocrine, and immune pathways, which could be affected by gut
microbiota or microbiota-generated metabolites.

15.3 Probiotics and Depression

Several studies have used an overall diet approach to evaluate the association
between nutrition and mental health (Akbaraly et al. 2009; Sánchez-Villegas et al.
2009), but there is also considerable research looking at isolated nutrients and their
impact on mental health. Central to this research are probiotics (Dinan and Quigley
2011). Probiotics are transient entities that colonize the GI tract and influence
various pathways. It has been well established that probiotics have therapeutic
effects on many GI disorders (Elangovan et al. 2019); however, with the emergence
of the gut-brain axis, it has been discovered that their therapeutic effects extend
beyond the gut and into the central nervous system (Mörkl et al. 2020). In recent
years, there has been major interest in exploring the link between the health of the
gut and mental health (Schmidt 2015a, b). Modulation of inflammation, affecting the
hypothalamic-pituitary-adrenal (HPA) axis, and interference with neurotransmitter
signaling are the potential pathways through which gut microbiota may influence
depression (Uher and McGuffin 2008). It has been found that treatment with
probiotics may improve symptoms associated with MDD (major depressive disor-
der) by increasing neurotransmitters’ availability and/or decreasing levels of inflam-
matory markers. The potential of probiotics to be used as a novel treatment for MDD
could have a major impact on those seeking antidepressant treatment by reducing the
stigma, latency, and side effects associated with typical antidepressants (Wallace and
Milev 2017). Despite extensive preclinical data, the clinical effects of probiotics on
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mental health have yet to be studied comprehensively in a sample of depressed
patients.

15.4 Mechanisms of Probiotics’ Antidepressant Effect

15.4.1 Modulation of Inflammation

During the past decade, there has been renewed interest in the relationship between
the brain, gut microbiota, and immune system, as well as in the study of microbiota
changes as a possible source of inflammatory activity in mood disorders. In other
chronic conditions, such as irritable bowel syndrome (IBS), inflammatory bowel
disease (IBD), diabetes, and obesity, the association between gut microbiota com-
position, inflammation, and depressive symptoms has been attributed to a process
known as intestinal dysbiosis (Pflughoeft and Versalovic 2012). Intestinal dysbiosis
is conceptualized as a state in which there is an alteration of normal intestinal
microbiota and has been highly associated with chronic low-grade inflammation in
humans (Cani and Delzenne 2009). Consequently, it has been hypothesized to be
involved in the pathophysiology of MDD (Rogers et al. 2016).

The results of animal studies, particularly those involving manipulation of the
microbiota, support the association between microbiota abnormalities and
depressive-like behaviors. Such studies have opened up new avenues of investiga-
tion for the pathophysiology of MDD as well as for the development of novel
treatment interventions. The cumulative evidence suggests that modifying the com-
position of the gut microbiota, for example, using a probiotic, might be a viable
treatment option for individuals with MDD (Park et al. 2018).

One possible pathway through which probiotics initiate their psychotropic effects
is the link between gut bacteria and immunity. Immunoglobulin A and immuno-
globulin M mediate inflammation and responses to lipopolysaccharide which have
been shown to be elevated in depressed patients (Maes 2011). Moreover, a link has
also been made that implicates higher inflammatory interleukin-6 (IL-6) and tumor
necrosis factor-alpha (TNF-α) in depressed patients (Dowlati et al. 2010). Research
within an animal model has shown that gastrointestinal inflammation appears to
induce anxious behavior and cause alterations to the central nervous system bio-
chemistry (Bercik et al. 2011).

Previously, the effects of probiotic supplementation on the biomarkers of inflam-
mation have been reported (Badehnoosh et al. 2018). As the circulating levels of
inflammatory biomarkers might be reduced by modulating gut bacteria composition,
the therapeutic application of probiotics in mood disorders would seem a reasonable
proposition. It has been demonstrated that fecal microbiota transplantation (FMT)
from depressed humans to germ-free (GF) mice increased depressive-like behavior
in recipient mice (Zheng et al. 2016). The findings from this study provided the
rationale for an ongoing clinical trial with the primary aim of evaluating the effect of
FMT capsules versus placebo on depressive symptoms in patients with MDD. One
clinical trial has been conducted that examined the effects of probiotic
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supplementation on symptoms of depression in patients with MDD (Akkasheh et al.
2016). The study was an 8-week randomized, double-blind, placebo-controlled trial
that included 40 patients with DSM-IV-defined MDD. The probiotic capsule
contained three viable, freeze-dried strains of Lactobacillus casei, Lactobacillus
acidophilus, and Bifidobacterium bifidum. The results indicated that patients receiv-
ing the probiotic intervention had significantly lower Beck Depression Inventory
scores compared to placebo. Notably, the researchers also found significant
reductions in inflammatory marker, serum hs-CRP, in the probiotic intervention
group compared to placebo.

An anti-inflammatory mechanism is underlying the antidepressant effects of
probiotics (Park et al. 2018). There is adequate evidence supporting that (1) inflam-
mation is implicated in the pathophysiology of depression and (2) probiotic con-
sumption reduces inflammation. Considering the potential link between peripheral
and brain inflammatory activation, a corollary of the finding that probiotics reduce
peripheral inflammation is that probiotics also reduce brain inflammation. As such, it
could be conjectured that probiotics have therapeutic efficacy in other disorders
characterized by brain inflammatory activation. However, brain inflammation is a
complicated notion with disparate etiological roots and therefore overlapping etiol-
ogy may be a prerequisite in this regard. The anti-inflammatory mechanism was
evaluated in a recent study conducted by Abildgaard et al. (2017). In the study, rats
treated with a probiotic mixture containing eight different Bifidobacterium and
Lactobacillus species displayed significantly reduced depressive-like behaviors
compared to rats treated with a vehicle control. Importantly, this reduction in
depressive-like behavior was correlated with a reduction in the level of circulating
pro-inflammatory cytokines (i.e., TNF-α, IL-6) (Abildgaard et al. 2017). Consider-
ing the anti-inflammatory properties of probiotics, it is possible that probiotic
treatment may be effective in a subgroup of depressed individuals with elevated
inflammation. However, continued research in this domain is warranted.

15.4.2 Hypothalamic-Pituitary-Adrenal (HPA) Axis
and Neurotransmitter Signaling

The hypothalamic-pituitary-adrenal (HPA) axis principal purpose is to maintain
homoeostasis to physical and psychological stress. Disruption of the HPA axis has
been implicated in the pathogenesis of mood disorders (Cleare 2004). Research
using rats has found that probiotics are able to interfere with the HPA response to
acute physiological stress, and according to Naseribafrouei et al. (2014), this would
indicate a mechanistic connection linking the gut microbiota, HPA, and mood
disorders.

Increased expression of pro-inflammatory cytokines (IL-1β, IL-6, TNF-α, inter-
feron gamma (IFN-γ), and C-reactive protein (CRP)) is repeatedly observed in
patients suffering from depression and has been associated with specific symptoms
of depression (Wallace and Milev 2017). This overall increase in inflammation
contributes to depressive symptoms by activating the HPA axis, as well as reducing
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the availability of neurotransmitter precursors and altering neurotransmitter metabo-
lism. This inflammation can be caused by increased intestinal permeability. When
the tight junctions of the gastrointestinal lining become compromised and perme-
ability increases, it allows toxins and other forms of waste to leak into the blood-
stream. Namely, gut-derived endotoxins called lipopolysaccharide (LPS) molecules
are found in the outer membrane of gram-negative bacteria. These endotoxins trigger
immune activation through Toll-like receptor 4 (TLR4) (Kawai et al. 2001), causing
the body to mount a global immune response. It is hypothesized that probiotics may
exert their therapeutic effects on the central nervous system by improving the
integrity of the gastrointestinal lining, reducing the ability of endotoxins to leak
into the bloodstream, and, in turn, decreasing global inflammation. The reduction of
this inflammation may result in improved regulation of the HPA axis and neuro-
transmitter activity.

Direct interference with transmitter signaling may also be linked to depressive
states. Gamma-aminobutyric acid (GABA), an inhibitory neurotransmitter, can be
produced by intestinal bacteria, and probiotics can modify depressive behavior from
GABA signaling, at least in the rat model (Bendtsen et al. 2012). These findings
appear to indicate the potential benefits of the normalization of intestinal microbiota
in the regulation of mood and suggest that probiotic bacteria may serve as a
therapeutic treatment for depression. Moreover, there is robust evidence that
demonstrates probiotics’ ability to change behavior and improve the mood, anxiety,
and cognition of rodents by altering neurotransmitter activity. Findings suggest that
probiotics have a positive impact on the central nervous system by regulating critical
neurotransmitters implicated in depression.

Serotonin, a monoamine neurotransmitter, is biosynthesized from the essential
amino acid tryptophan, both in the central nervous system and the gastrointestinal
tract. In the central nervous system, it is involved primarily in regulating stress and
emotions, appetite, and sleep. In the gastrointestinal tract, it is responsible for key
functions such as gastrointestinal motility and intestinal secretions. Alterations in the
microbiome have been shown to profoundly influence neurotransmission of seroto-
nin in both the peripheral and central nervous systems. It is hypothesized that
probiotics in the GI tract improve central nervous system symptoms associated
with MDD by increasing production of free tryptophan and, in turn, increasing
serotonin availability (Wallace and Milev 2017). This increase in serotonin may
facilitate regulation of the HPA axis and reduce depressive symptoms caused by a
depletion of the neurotransmitter.

15.5 Conclusion

Probiotics are proposed to have a range of health benefits. There is an increasing
body of research which has reported that the microbiota of the intestines may
function beyond the gut. And it is clear from research that probiotics might have
favorable effects on mood and psychological problems. Through normalizing basal
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intestinal microbiota, applications of particular probiotics appear to improve
immune response and reverse the behavioral effects of depression.
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Role of Probiotics in Diabetes Control 16
Leila Khalili, Khadijeh Eslamnezhad, Ali Barzegar, Azadeh Dehghani,
Nazanin Zakeri, and Esmat Mehrabi

Abstract

Diabetes mellitus, a metabolic disorder recognized by high blood glucose, is
caused by insufficient production of insulin and/or insulin resistance. A natural
and safe solution is needed for controlling the vast increase in the prevalence of
this disorder. Intestinal microbiota can affect the host pro-inflammatory status,
insulin resistance, and body weight. Moderating gut microbiota by the use of
prebiotics, probiotics, and antibiotics can provide positive effects on insulin
resistance and glucose metabolism. The live microorganisms present in probiotics
provide beneficial effects on the host health. This chapter highlights the current
evidences in probiotic effectiveness and future prospects for exploring probiotic
therapy in the prevention and control of diabetes. Probiotics can improve insulin
sensitivity and reduce autoimmune responses through modulating intestinal
microbiota and then decreasing oxidative stress and inflammatory reactions.
Probiotics affect the host by modulating intestinal permeability and mucosal
immune response, managing eating behaviors by appetite-regulating hormones,
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and regulating inflammatory-associated disorders. Moreover, probiotics control
host metabolism by affecting food intake through biochemically converting
molecules derived from the host or from gut microbes themselves. Previous
evidences support the hypothesis that the modulation of the gut microbiota by
probiotics could be effective in the management of several types of diabetes.

Keywords

Chronic diseases · Diabetes · Gut microbes · Intestinal microbiota · Probiotics

16.1 Introduction

Diabetes mellitus (DM), a group of metabolic disorders, is recognized by increased
blood glucose level. Patients with DM have a higher risk of morbidity and mortality
than the general population. The worldwide prevalence of DM has been increasing
over recent decades. In 1964, it was estimated that 30 million people had DM. Less
than 40 years later, the WHO estimated that there were 171 million people living
with DM. The international diabetes federation (IDF) estimated the global preva-
lence to be 151 million in 2000, 194 million in 2003, 246 million in 2006,
285 million in 2009, 366 million in 2011, and 382 million in 2013. The dramatic
increase in DM has occurred in all countries, and in rural as well as urban areas. The
prevalence of DM in adults aged 20–79 years was estimated to be 8.8% in 2015 and
has been predicted to rise to 10.4% in 2040 worldwide (Ogurtsova et al. 2017).

Controlling this serious global health-related problem by natural food without
side effects is a challenge for medical nutrition therapy (MNT) of DM. Intestinal
microbiota can affect the host by influencing pro-inflammatory status, insulin resis-
tance, bile acid metabolism, body weight, and modulating the gut hormones.
Modulating gut microbiota by consumption of prebiotics, probiotics, and antibiotics
can provide positive effects on improvement of glucose metabolism and insulin
resistance. According to the findings of animal studies, probiotics can improve
insulin-binding potential, inhibit damages of Langerhans islets’ β-cells, and increase
insulin sensitivity by improving the glucose transporter 4 (GLUT-4) transcription
(Lin et al. 2014). Most of the studies showed improvements in at least one of the
blood glucose markers (Razmpoosh et al. 2016). More studies are needed to improve
our knowledge about the complex relationship between intestinal microbiota and
hosts with DM. This chapter is conducted on the mechanisms of probiotics’ action in
preventing or managing DM.

16.2 Gut Microbiota

The human distal gut harbors nearly 1.5 kg microorganisms that provides important
functions for the human hosts (Allin et al. 2015). Gut microbiota is known as an
important factor linking genes, the environment, and the immune system (Musso
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et al. 2010). The genome size of human gut microbial organ, named microbiome, is
twice the size of the human nuclear genome and carries vital biological and meta-
bolic functions (Musso et al. 2010). The human gut microbiota is mostly dominated
by Bacteroidetes and Firmicutes (Turnbaugh et al. 2006). The variety of bacteria in
the infant gut is primarily very low (Adlerberth and Wold 2009). By way of growing
and changing from infancy to old age, the microbiota will be changed (Fig. 16.1)
(Clemente et al. 2012). Babies are exposed to a vast of microbes from various
environments from birth and are rapidly colonized by the microbes they first met
by chance, either from the microbes of skin or vagina of their mothers, depending on
delivery mode (Dominguez-Bello et al. 2010). Vaginally born babies have microbe
communities similar to their mothers’ vaginal microbiota. However, infants deliv-
ered by cesarean section have a microbiota characteristic of skin that is mainly
consists of Propionibacterium and Staphylococcus spp. (Dominguez-Bello et al.
2010). The neonates with cesarean delivery have delayed microbial colonization by
Lactobacillus, Bifidobacterium, and Bacteroides; therefore, the incidence of type
1 diabetes (T1DM) has been shown to happen more frequently in this condition
(Vehik and Dabelea 2012). Other factors including the antibiotic therapy in the
newborn and non-breast-milk diets are also connected with changes in the gut
microbiota (Dominguez-Bello et al. 2010). Some factors affect the composition of
gut microbiome species in adult life such as dietary pattern, use of antibiotic in early
life, luminal pH and osmolarity, and environmental factors (Blaser 2011). Despite
the vast inter-individual variability in the gut microbial composition, most
individuals harbor microbiota that can be categorized into one of these three main
genera: Bacteroides, Ruminococcus, or Prevotella (Arumugam et al. 2011). Inges-
tion of probiotics—“live microorganisms which, when administered in sufficient
amounts, present health benefits to the host”—is a way to modify gut microbiota

Fig. 16.1 Factors affecting gut microbiota
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composition (Homayouni 2009; Jafar-Abadi et al. 2020). Dairy products such as
fermented foods, yogurts, and some cheeses contain various amounts of probiotics.
However, it is not clear to what degree these food sources can alter the gut
microbiota and provide beneficial biological effects outside research settings
(Allen et al. 2010).

16.3 Diabetes and Probiotics

Diabetes, a chronic disease that affects several systems, contains important
complications and involves several molecular mechanisms connected with the
intestinal microbiota (Gomes et al. 2014). According to recent studies, the use
of probiotics can be connected with stimulation of the immune system, reduction
of inflammation, protection against intestinal and respiratory disorders, reduction of
blood cholesterol levels, and anti-tumorigenic effects (Jafar-Abadi et al. 2020).
These beneficial effects originate from the probiotics’ ability in producing antimi-
crobial substances, improving the intestinal barrier function, combating against the
other pathogens, and modulating the immune system (Markowiak and Śliżewska
2017). It has been revealed that the therapeutic effects of probiotics on blood glucose
could be associated with alteration of the intestinal microbiota composition in
patients with diabetes (Larsen et al. 2010). There are growing interests in the
prevention and control of diabetes by probiotic interventions. Current studies sup-
posed probiotic bacteria as antidiabetic agents, since consumption of probiotics has
been found to normalize glucose homeostasis in diabetic animal models (Bonfili
et al. 2020). The probable mechanisms are summarized in Fig. 16.2. As probiotics
are found in foods such as dairy products and consumed in vast amounts worldwide,
such beneficial effects may have a huge influence in clinical practice, particularly
with regard to dietary recommendations to both healthy subjects at risk of diabetes
and patients with diabetes (Yadav et al. 2008). Probiotics can modulate gut
microbiota and are known as effective treatment for insulin resistance (Moroti
et al. 2012). The most frequently used strains of probiotics in functional foods and
dietary supplements are Lactobacilli and Bifidobacteria. It has been shown that the
consumption of L. casei, L. lactis, and L. acidophilus can improve the glycemic
response and HbA1c (Yadav et al. 2007). L. plantarum DSM15313 is also proposed
to decrease glycemia, reduce insulin resistance, and promote glucose tolerance
(Andersson et al. 2010). Here, we are going to highlight the effects of probiotics
on different types of diabetes separately.

16.3.1 Gestational Diabetes Mellitus (GDM)

Gestational diabetes mellitus (GDM) is known as a complication of pregnancy and is
characterized by glucose intolerance. Throughout pregnancy, the gut microbiota
undergoes significant changes. From the first (T1) to the third trimester (T3), the
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species richness of the gut microbiome decreases (Koren et al. 2012), although this
has not been observed in all studies (DiGiulio et al. 2015). There are an increase in
Proteobacteria and Actinobacteria phyla and a reduction in the beneficial bacterial
species Roseburia intestinalis and Faecalibacterium prausnitzii (Koren et al. 2012;
Tilg and Moschen 2015). These changes in gut microbial composition cause inflam-
mation and correlate with increases in fat mass, blood glucose, insulin resistance,
and circulating pro-inflammatory cytokines in the expectant mother (Gohir et al.
2015). This “diabetic-like” state observed during the later stages of all healthy
pregnancies is thought to maximize nutrient provision to the developing fetus
(Wang et al. 2016). However, increased insulin resistance combined with an inabil-
ity to secrete the additional insulin required to maintain glucose homeostasis can
result in the development of gestational diabetes mellitus (GDM) in the mother and
macrosomia in the baby. GDM is a potential risk factor for short-term and long-term
morbidity of mothers and babies (Rad et al. 2017). In the short term, women with
GDM may experience preeclampsia and delivery by cesarean section (Dempsey
et al. 2005). Moreover, GDM raises the risk of adiposity, macrosomia (a birth weight
of >4000 g), shoulder dystocia, admission to the neonatal intensive care unit
(NICU), and neonatal hypoglycemia (Wendland et al. 2012). In the long term,
GDM is connected with high risk of obesity and metabolic and cardiovascular
disorders in both mother and baby. About 7% of all pregnancies in the United States
are complicated by GDM, and its prevalence in Iran is approximately 6% of
pregnancies (Harlev and Wiznitzer 2010; Almasi and Salehiniya 2014).

Safe and inexpensive interventions for the prevention and treatment of GDM are
needed. Considering that certain microorganisms in the gastrointestinal tract can
produce a positive effect on host metabolism, probiotic supplements can help
maintain bacterial diversity and homeostasis in people with metabolic disorders
(Sekirov et al. 2010; Gregor and Hotamisligil 2011). Probiotics can control GDM
through changing metabolism (Barrett et al. 2014). Diet can change the gut
microbiota composition and gene expression along with affecting host metabolism.
Modifying the gut microbiome has several beneficial effects on the host, such as
altering nutrient absorption and influencing inflammatory pathways and lipid and
glucose metabolism (Rad et al. 2017). Several studies showed benefits of probiotic
use for improving blood glucose control in patients with GDM. The effect of
consumption of 300 mg/day probiotic yogurt containing 106 CFU Lactobacillus
acidophilus and Bifidobacterium lactis on glycemic response and the outcome of
pregnancy in GDM patients was evaluated by Ebrahimi et al. (2019). They found
that using probiotic yogurt caused a significant improvement in blood glucose levels
and reduced the risk of macrosomia (Ebrahimi et al. 2019). Asemi et al. evaluated the
effects of daily consumption of probiotic yogurt on insulin resistance and levels of
insulin in the serum of pregnant women in the third trimester of gestation (Asemi
et al. 2013). The probiotic yogurt used in their study was enriched with a probiotic
culture of L. acidophilus LA5 and B. animalis BB12 with at least 107 CFU. Daily
consumption of probiotic yogurt for 9 weeks was effective in maintaining normal
serum insulin levels in pregnant women and thus contributing to prevent the
development of insulin resistance, which usually develops during the last trimester
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in pregnant women. The study demonstrated an improvement in glycemic control
during the last trimester of pregnancy, extending in the postpartum period for
12 months. In the study conducted by Badehnoosh et al. on 60 subjects with
GDM, they found that consumption of probiotic capsule containing
L. acidophilus, L. casei, and B. bifidum (2 � 109 CFU/g each) for 6 weeks had
beneficial effects on glycemic response and serum inflammatory and oxidative stress
biomarkers (Badehnoosh et al. 2018). Luoto et al. found that a combined dietary/
probiotic supplementation decreased the rate of GDM from 34% to 13% in pregnant
women with normal weight (Luoto et al. 2010). Pregnant women receiving dietary
counseling and probiotic supplement containing L. rhamnosus GG and B. lactis
BB12 showed better glucose response and HbA1c levels compared with the control
group receiving only healthy diet (Luoto et al. 2010). Similarly, another study
showed that dietary recommendations together with probiotic supplementation,
during pregnancy and up to 12 months after delivery, improved insulin sensitivity,
decreased blood glucose, and reduced insulin concentrations and was more effective
than dietary recommendations alone (Laitinen et al. 2008). The safety of probiotic
use for pregnant women was examined in a trial in which 1 � 1010 CFU probiotic
supplement containing two strains of Lactobacilli (Lactobacillus paracasei CUL08
and Lactobacillus salivarius CUL61) and Bifidobacteria (Bifidobacterium bifidum
CUL20 and Bifidobacterium animalis subsp. lactis CUL34) was consumed daily by
women during the last month of pregnancy and by infants aged 0–6 months (Allen
et al. 2010). The findings support the safety of probiotic consumption during
pregnancy and early infancy. So, probiotics can be used as a safe method for
GDM prevention and/or control in the high-risk overweight and obese pregnant
women (Nitert et al. 2013).

16.3.2 Type 2 Diabetes Mellitus (T2DM)

Type 2 diabetes mellitus (T2DM), a metabolic disorder known by high blood
glucose, is caused by the combination of insufficient secretion of insulin and insulin
resistance (Hassanalilou et al. 2017; Khalili et al. 2019a, b). This metabolic illness
along with three other diseases (cardiovascular diseases, cancer, and respiratory
diseases) accounts for over 80% of all premature noncommunicable diseases’
deaths. Around 425 million people worldwide (approximately 9% of adults aged
20–79 years) were estimated to have diabetes in 2017 (IDF estimates) (Forouhi and
Wareham 2019). Obesity and T2DM are linked with the gut microbiome alteration
(Larsen et al. 2010). It has been shown that the gut microbiome diversity reduced in
obese animal models and humans, with a rise in Firmicutes and a drop in
Bacteroidetes (Turnbaugh et al. 2008). Plasma glucose levels in patients with
T2DM are positively correlated with the ratio of Bacteroidetes/Firmicutes (Larsen
et al. 2010). Probiotics may effectively and safely modify the composition and
function of human gut microbiota to lessen the adverse metabolic effects associated
with pathogenic microbial communities (Sun and Chang 2014). The outcomes of a
randomized controlled trial showed that 8 weeks of 108 CFU L. casei
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supplementation improved glycemic response in patients with T2DM (Khalili et al.
2019a, b). Razmpoosh et al. revealed that consumption of probiotic supplement
consisted of Lactobacillus, Bifidobacterium, and Streptococcus strains caused a
significant decrease in FPG concentration in patients with T2DM (Razmpoosh
et al. 2019). Raygan et al. showed that after a 12-week intervention, probiotic
supplementation containing Bifidobacterium and Lactobacillus strains had beneficial
effects on glycemic control (Raygan et al. 2019). In another trial, improvement of
insulin sensitivity was observed through a 4-week supplementation with the probi-
otic strain Lactobacillus acidophilus NCFM™ in men with T2DM (Andreasen et al.
2010). Moroti et al. found a significant reduction in FPG and rise in HDL cholesterol
in T2DM patients who received a daily dose of 200 mL of a symbiotic drink
containing 108 CFU/mL Lactobacillus acidophilus, 108 CFU/mL Bifidobacterium
bifidum, and 2 g oligofructose over 30 days (Moroti et al. 2012). It has also been
revealed that consumption of probiotic yogurt containing B. lactis BB12 and
L. acidophilus LA5 for 6 weeks reduced FPG and HbA1c levels and improved the
activity of superoxide dismutase and glutathione peroxidase in individuals with
T2DM (Ejtahed et al. 2012). Considering the results of several studies in this field,
probiotics, mainly Bifidobacteria and Lactobacilli, arose as the potential
bio-therapeutics with confirmed efficiency in the prevention and treatment of
T2DM (Markle et al. 2013).

16.3.3 Type 1 Diabetes Mellitus (T1DM)

The gut microbiota modulates the autoimmune pathogenesis of type 1 diabetes
mellitus (T1DM) via mechanisms that remain largely unknown. T1DM is caused
by autoimmune destruction of pancreatic β-cells (Burrack et al. 2017). Environmen-
tal factors cause the disease through numerous mechanisms that may either trigger
the initial autoimmune response in genetically susceptible individuals or modify the
destructive processes at several points throughout the history of the disease (Lin et al.
2014). The inflammatory components are innate immune sensors that are highly
influenced by the gut environment and play pivotal roles in maintaining intestinal
immune homeostasis. In humans, T1DM susceptibility has been linked to composi-
tional changes in the gut microbiota and, specifically, with a significant increased
representation of bacteria of the Bacteroidetes phylum and a decrease in the number
of Bifidobacterium, Lactobacillus, and Clostridium strains (Murri et al. 2013).
Studies in preclinical models of T1DM have indicated that the gut microbiota
plays a key role in controlling disease onset and severity. For example, the absence
of MyD88 (myeloid differentiation factor 88), an adaptor molecule involved in TLR
signaling, protects NOD (nonobese diabetic) mice from autoimmune T1DM by
inducing a protective microbiota profile characterized by a low Firmicutes/
Bacteroidetes ratio and Lactobacillus strain enrichment (Wen et al. 2008). The gut
microbiota, a complex microenvironment, is connected with the immune system and
can regulate the immune responses (Yue et al. 2019). Microbiome intervention in
young T1DM-prone rodents protected the islet autoimmunity and disease (Markle
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et al. 2013). According to evidences, microbial therapy can provide protection of
individuals with high genetic risk of T1DM. Calcinaro et al. showed that diabetes
development in NODmice was prevented by oral consumption of VSL#3 (Calcinaro
et al. 2005). Moreover, the rate of β-cells destruction and insulitis was decreased in
protected mice. The prevention was due to the enhanced expression and production
of IL-10 in the pancreas, where IL-10-positive islet-infiltrating mononuclear cells
were detected. Dolpady et al. demonstrated that administration of the Lactobacillus-
enriched VSL#3 probiotic prevents T1DM in NOD mice by enriching the local
microbiota with Lactobacillus strains and by inducing substantial modifications in
the microbiota composition (Dolpady et al. 2016). Ljungberg et al. evaluated the
effect of probiotic consumption during the first 6 months of life on the emergence of
T1DM-associated autoantibodies in children with genetic risk for T1DM. Moreover,
they did a pilot study on 200 subjects to show the safety and feasibility of the use of
probiotics during the first 6 months of life. They showed that the concentration of
autoantibodies at 6, 12, and 24 months of age was at expected levels. No subject was
detected positive for autoantibody at 12 months of age. Although one subject was
recognized positive for autoantibody at 6 and 24 months of age, no sample was
detected positive for more than one autoantibody (Ljungberg et al. 2006). Therefore,
we can conclude that probiotics can inhibit the production of autoantibody against
the pancreases cell. More studies are needed to examine the effectiveness of probi-
otic combination on pathogenesis and improvement of T1DM in animal models or
potential clinical trials. Most of the studies in this field are done on animal models;
so, the need for clinical trials evaluating the efficacy of probiotic use in preventing or
controlling autoimmune responses against β-cells is remaining.

16.4 Mechanisms of Probiotics’ Action

16.4.1 Modulation of Inflammation and Oxidative Stress

Probiotics have the ability to improve insulin resistance and decrease the blood
glucose by improving inflammation (Zhang et al. 2016). Probiotics can improve
function of intestinal barrier and reduce the microorganisms and their derivatives
(e.g. lipopolysaccharide (LPS)) transmission (Cui et al. 2017) to the systemic
circulation, so decrease the release of pro-inflammatory cytokines via Toll-like
receptor-4 (TLR-4) signaling (Yang et al. 2017). The TLRs, a vast group of cell
membrane proteins existing in various types of cells, can detect microbe-associated
molecular patterns (MAMPs) during inflammatory responses (Gomes et al. 2014).
TLR-4 can be found in insulin target tissues. These actions could be settled by
stimulation of TLR-4, through activation of cytokine signaling cascades together
with increased reactive oxygen species (ROS) concentration (Cristofaro and Opal
2006). This chronic low-grade inflammation with high levels of pro-inflammatory
cytokines is known as the main pathogenic factor of insulin resistance and diabetes
(Shoelson et al. 2006). Therefore, the antidiabetic capability of probiotics may be
due to their immunomodulatory effects. Furthermore, probiotics have antioxidant
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efficacy through mechanisms that could be related to enzyme inhibition, reactive
oxygen species hunting, metal ion chelation, and inhibition of ascorbate autoxidation
(Milind and Jyoti 2014). Previously, the effects of probiotic supplementation on the
biomarkers of oxidative stress and inflammation have also been reported (Vehik and
Dabelea 2012). The study conducted by Badehnoosh et al. demonstrated that the
6-week intervention of probiotic supplements among women with GDM had bene-
ficial effects on FPG, serum hs-CRP, plasma TAC, MDA, and oxidative stress index
(Badehnoosh et al. 2018). Mohamadshahi et al. showed that consumption of probi-
otic yogurt containing B. Animalis and L. acidophilus caused a significant decrease
in HbA1c and TNF-α levels in the intervention group (Mohamadshahi et al. 2014). It
has been revealed that VSL#3 modulated the reduction of hepatic natural killer cells
and minimized the activation of NFκB in high-fat-diet-fed male C57BL6 mice
(Ma et al. 2008). Other similar studies showed improved activity of the antioxidant
enzymes including superoxide dismutase, glutathione peroxidase, and catalase
(Kleniewska et al. 2016; Mirmiranpour et al. 2019). So, regulation of inflammation
and oxidative stress can be considered as one of the potential mechanisms of
probiotics’ action in metabolic management.

16.4.2 Probiotics and Endocannabinoid (eCB) System

Inflammation and diabetes are proposed to be connected with the endocannabinoid
(eCB) system (Cani et al. 2014). It has been shown that intestinal microbiota
regulates gut eCB expression that can modify gut permeability and plasma LPS
levels through CB1 receptor (Muccioli et al. 2010). Gut microbiota modification
could decrease gut permeability in obese mice. Blocking CB1 receptor in obese mice
progressed gut barrier function by increasing distribution and localization of tight
junction proteins (ZO-1 and occludin). So, the eCB system can modulate the gut
permeability via the mentioned mechanism (Cani et al. 2012). Activation of CB2
receptor moderates glucose tolerance in rats, and CB1 receptor blockade mimics the
effects of CB2 receptor agonists (Bermudez-Silva et al. 2007). Modulation of
glucose homeostasis by the eCB system is due to the interaction of CB1 and CB2
receptors. The alterations in CB2 receptor expression are positively associated with
intestinal quantity of Lactobacillus and negatively with counts of Clostridium
(Aguilera et al. 2013). It has been shown that modulation of the gut microbiota by
probiotics, especially strains belonging to Lactobacillus, can upregulate CB2 recep-
tor expression in rodents (Rousseaux et al. 2007). Considering the available evi-
dence, the host biological systems can be regulated by specific gut microbes that can
lead to the control of energy homoeostasis, glucose metabolism, and inflammation in
obesity and T2DM (Cani et al. 2014). So, probiotics may be used as an alternative
preventive approach and a complementary treatment method to control diabetic
complications (Mohamadshahi et al. 2014).
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16.4.3 Appetite-Regulating Hormones and Eating Behavior

The challenge to resist desires for high-sucrose and high-fat foods is part of many
people’s daily life. Unhealthy diet is one of the main reasons of metabolic problems
such as obesity (Muccioli et al. 2010), heart disease, cancer, diabetes, and sleep
apnea (Anderson et al. 2003; Calle and Kaaks 2004). Although unhealthy diet has
harmful effects on health, it is often difficult to be changed. There are several
cognitive modules for control over eating behavior (Kurzban and Athena Aktipis
2007). Evolutionary encounter between host and gut microbes leads them to diver-
gent desires over host eating behavior. Gut microbes can affect eating behavior in a
way that improves their fitness at the expense of host fitness. Some other hypotheses
suggest that microbes may influence eating behaviors, though not in the context of
evolutionary conflict and competing fitness interests (Lyte 2011). Conflict over the
achievement of resource can happen as a result of conflict between different genetic
interests within an organism. Meta-genomic conflict between microbiome and host
can be known as an extension of this genetic conflict context. The microbial control
is managed by the vagus nerve; so, microbial signals may interfere with the
physiological regulation organized by the vagus nerve. Food preferences will be
modified by blocking the vagus then reducing microbial signaling via the vagus
nerve. It was shown that weight loss could be achieved by blocking the vagus nerve
(Sarr et al. 2012). Microbial communities with low alpha (intra-sample) diversity
overgrow by one or more species with improved capability to produce behavior-
altering neurochemicals and hormones. However, any single microbial species in
microbial communities with high alpha diversity will have a tendency to occur at
lower abundance. Highly diverse gut microbiota will try to be more resistant to
pathogenic invasions in comparison with the less diverse microbiota (Ursell et al.
2013). Probiotics that can increase microbiota diversity in humans are expected to
decrease craving compared to control interventions. The higher microbial diversity is
the fewer cravings will be. Another potential way for management of the mammalian
eating behavior is through appetite-regulating hormones. Supplementation with
VSL#3, containing Lactobacillus strains, in mice decreased appetite-inducing
hormones neuropeptide Y and AgRP (agouti-related protein) in the hypothalamus
(Yadav et al. 2013). Moreover, the levels of leptin, cholecystokinin, and other satiety
peptides, which regulate hunger and food intake by affecting vagus nerve signaling,
were reduced. Commensal and pathogenic bacteria produce peptides similar to
mammalian hormones such as ghrelin, neuropeptide Y, peptide YY, and leptin
that control satiety and hunger (Duca et al. 2012). As shown by Batra et al., insulin
sensitivity was improved by Bifidobacterium adolescentis by increased production
of glucagon-like peptide 1 (GLP-1) (Batra et al. 2013). GLP-1 improves glucose
tolerance by several mechanisms involving modulation of food intake, insulin
secretion, and pancreatic cell mass (Kawai et al. 2018). Moreover, antibodies
produced by humans and other mammals may be essential in maintaining the fidelity
of host signaling systems. These antibodies also act as autoantibodies against
mammalian hormones; so, microbes can manage human eating behavior (1) directly
with peptides that are similar to satiety-regulating hormones or (2) indirectly by
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motivating production of autoantibodies interfering with appetite regulation (Duca
et al. 2012). The antibody response confirms the hypothesis that the regulation of
eating behavior would be affected by conflict between host and microbiota. A
randomized controlled trial on patients with T2DM showed that L. casei supplemen-
tation could affect dietary intake and body weight in a way that improved glycemic
response (Khalili et al. 2019a, b). So, affecting dietary intake is one of the important
mechanisms of probiotics’ action in diabetes management.

16.5 Conclusion

The dynamic interactions between diet and the gut microbiota and their metabolic
consequences play a key role in the pathogenesis of diabetes. Modulating the gut
microbiota by probiotics is expected to improve glycemic response and insulin
resistance. Probiotics are believed to have beneficial effects on improving several
metabolic disorders such as nonalcoholic fatty liver disease, hyperlipidemia, and
diabetes as well as some other complications including cancer and immune-related
diseases. The collective evidence revealed that probiotics may act as an important
mediator of environmental factors triggering diabetes. Future studies will probably
unravel the underlying mechanisms by which probiotics can prevent or improve
diabetes. More researches are needed to study the effects of different probiotic
strains on the prevention or improvement of several types of diabetes. In addition,
the host-gut microbiota dynamics and their metabolic consequences are important
issues to be addressed for the design of intervention studies aimed at preventing or
improving diabetes.
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Role of Probiotics in Autism Spectrum
Disorders 17
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Abstract

Autism is a spectrum of conditions leading to challenges in speech, non-verbal
communication, repetitive behaviour and social skills. Autism has many subtypes
predominantly influenced by environmental and genetic factors. The develop-
ment of autism is associated with sensitive sensory, gastrointestinal disorders,
depression and sleep disorders. Autism predominantly affects children, of age
2 or 3, early diagnosis leads to potential outcomes. Children with autism are
affected by gastrointestinal problems such as abdominal pain, constipation and
diarrhoea. Microbial communities of the gut can influence many aspects of
human physiology and gut-linked disorders. In addition, fermented foods
consisting of probiotics have shown to reduce the impacts on neurology in
humans. In this chapter, we will discuss the role of probiotics in combating
autism. Further, the mode of action of gut microbes and their interaction with
the disease to reverse the physiology, neurology and immunological disorders is
discussed.
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17.1 Introduction

Human body constitutes many microbial communities, bacterial cells present in the
system, nearly over number the human cells. It is broadly understood that highly
diverse and stable microbiota encourage overall human health. In particular, gut
microbes emerge as a major factor influencing the host’s health status (Ghaisas et al.
2016). The diverse consortia of microorganisms inhabiting the gastrointestinal tract
(GIT), collectively known as gut microbiota, profoundly influence host physiology
through resistance to infection, nutrient metabolism and immune system develop-
ment (Fung et al. 2017).

The gut microflora is necessary for maintaining health, and many studies have
reported to treat several chronic disorders such as diabetes, obesity, metabolic
syndrome and neurodegenerative-related disorders via bacterial cell-based
biotherapies. Probiotic ingestion is believed to form a healthy gut environment by
keeping a balance between bacterial populations and encouraging their favourable
metabolic actions. The gut microbiome interacts with the host by a number of
biochemical and functional associations and hence by and large influencing host
homeostasis and health. The composition of gut microbiota is established early
during the development of host and experience a myriad of changes throughout
the lifetime.

Gut flora inhabited with the harmful pathogenic bacteria leads to a condition
called dysbiosis. Gut dysbiosis is a major factor responsible for several GI disorders
that may enhance T-helper cells, inflammatory cytokines and monocytes inducing
elevated intestinal and blood-brain barrier (BBB) permeability through the
microbiota-gut-brain axis. Microbial dysregulation has been observed in various
neurological conditions including Parkinson’s disease, Alzheimer’s disease and
autism spectrum disorder (ASD). In addition, depletion of gut microbiota can have
an influence on the criticality of the fundamental pathology or behavioural issues
seen in various brain disorders. However, the mechanisms involved for such effects
are very slowly unfolding. This reveals an indirect or direct interaction among gut
microbes and the central nervous system.

The complex interactions of host and gut microbiota lead to prevention of various
gut-linked disorders including ulcerative colitis (UC) and other central nervous
system (CNS) diseases. Furthermore, many recent clinical and preclinical studies
proposed that focusing the gut microbiota via probiotic, prebiotic or nutritional
interventions may be an effective “psychobiotic” approach for dealing with the
symptoms in NDD (Sherwin et al. 2018). Thus, strategies including maintenance
and regulation of healthy intestinal microbiota could potentially lower the preva-
lence and individual risk of neurodegenerative diseases.
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17.2 Gut-Brain Axis

The gut-brain axis is gaining popularity in recent times, and the microbiome plays a
key role in physiological and biological basis for age-related neurodevelopment and
neurodegenerative disorders. The interaction between the gut and the brain initiates
on birth and acts as a considerable factor in profiling how the brain is structured. The
gut is also known as the second brain due to its involvement in the brain activities,
and the similarities within the two systems are in terms of their structures,
mechanisms and biochemical pathways: the gut immune barrier (GIB) and the
BBB (Vojdani et al. 2016). Although there is structural separation, recent findings
have demonstrated the presence of two-way communication between the gut micro-
flora and the brain.

The interactions greatly influence neurodegenerative processes initially in NDD
and tumours of the CNS (Ma et al. 2019). The gut-brain axis has demonstrated a
critical role of gut microbes in orchestrating behaviour and brain development where
the immune system regulates these interactions. Gut microbes modulate the
functions and maturation of immune cells residing in the tissues in the CNS. They
also influence peripheral immune cell activation, regulating responses to autoimmu-
nity, brain injury, neuroinflammation and neurogenesis. Consequently, the immune
system and gut microbiota are implicated in the etiopathogenesis of
neurodevelopmental diseases, such as Alzheimer’s disease, autism spectrum disor-
der and depression (Fung et al. 2017). Studying the communication between the
CNS and the GIT (brain-gut-microbiome axis) can provide insights into why the GIT
disorders are more common in children with ASD (Fig. 17.1) (Luna et al. 2016).

Fig. 17.1 The two-way interactions of the gut and the brain modulating the microbial flora to
alleviate neurodegenerative diseases
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Over the past decade, gut microbiome as a modulator for brain activities has been
a hot topic of research particularly in animal models. Besides, rising preclinical and
clinical studies proved that gut microbiome acts as a potent factor for neurological
diseases such as AD, PD, ASD, IBS and stroke (Zhu et al. 2020). However, further
studies including randomized controlled trials in humans are required to formulate
novel therapeutics using specific microbes. Therefore, this chapter discusses the
significant relationship between gut microbiome and brain activities that play an
important role in neurological diseases with an emphasis on autism. Further, it
highlights the role of probiotic supplementation in harnessing neuronal disorders
through the interactions of the gut-brain axis.

17.3 History of Autism and Causes

The popular Swiss psychiatrist Eugen Bleuler describes the indifferent and reserved
conditions of some people with the word called autism. The term autism was coined
in 1908. Later, Leo Kanner in 1943 described 11 children by saying “an autistic
distraction of perceptual contact”. Similarly, in 1944, Hans Asperger used the term
“autistic psychopaths” to described the disorder in his study. In both studies, there
was sheer resemblance to schizophrenia. Patients suffering from ASD have a
different neural network (Liu et al. 2019). The main cause of this disorder was
assumed to be impaired relationships, abnormality in verbal communication and
behaviours, but presently they are regarded as signs of this problem. These features
should be viewed as an acclimatization rather than a problem, indicating distinct
structural nervous systems in the body. In spite of the fact that aloofness is not
distinct to the complex developmental disorders of ASD, it has become common to
exterminate individuals having impairments in social development, communication,
distinguished and rigid selection of interest and behaviours (van der Gaag 2017).

At one point in time, ASD was so rare that other than clinicians, it was not known
to the general public. Currently, the cases of ASD have been observed in 1 in every
59 children in the United States (Nazeer et al. 2019). Moreover, the prevalence of
ASD in the general population is increasing at an alarming rate which is directly
influencing the structure of child psychology, education and family life. The role of
the environment in ASD is still highly unknown. Every day, psychologists and
educators associated with both general and special education are facing issues to
recognize and treat kids having autism. Technologies in the past decade on assess-
ment and treatment are greatly advanced. However, development of new and
effective therapeutic strategies is the need of the hour to combat the devastating
disease. Models including unicellular organism to complex animals prove to be
useful tool to illuminate the mechanisms of neurodegenerative diseases and their
promising therapeutics.
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17.3.1 Neurodegenerative Disorders (NDDs)

Neurodegenerative disorders are characterized by the depletion of neurons within the
brain and spinal cord. The distinct type of neurological disorders and its clinical
symptoms depend on the region of the CNS involved. These influence about 10% of
the old-age population around the world, making it one of the most crucial medical
and social concerns. The common NDDs include Parkinson’s disease (PD),
Alzheimer’s disease (AD) and autism spectrum disorder (ASD) (Westfall et al.
2017). NDDs pose a set of pathological conditions initiating loss of neurons and
irreversible dysfunction that determine clinical presentation and course. The neuro-
degenerative mechanisms are multifactorial mainly caused by environmental,
genetic and endogenous factors of the host (Jellinger 2009). NDDs are currently
referred to the genetic mechanism relating to protein deposits, designated as
proteinopathies or “protein misfolding” based on critical conformational changes
of proteins.

The common pathogenic mechanisms of NDDs include:

1. Abnormal protein dynamics, aggregation, defective degradation and mutations in
molecular chaperones

2. Formation of free radicals (ROS) and oxidative stress (OS)
3. Mitochondrial dysfunctions, impaired bioenergetics and DNA damage
4. Dysfunction of neurotrophins
5. Neuroinflammatory processes

The secondary effects of the disorders include disruption of cellular/axonal
transport and fragmentation of neuronal Golgi apparatus. However, these
mechanisms are interconnected, leading to abnormality and cell death.

Neuroanatomical changes frequently observed in the brains of autistic individuals
are the overgrowth of the brain termed macrocephaly and abnormal neuronal
connectivity. The defects in synaptic proteins are also known to influence ASD
through changes in synaptic function, structure and neural circuits. This suggests
“synaptopathy” is an important component of ASD.

Abnormalities in cell organization of autistic brains are observed early during
brain development in the regions including the cerebellum, the frontal lobe and
subcortical limbic structures. The cerebellar activation is significantly reduced
during selective attention tasks, whereas the activity is elevated during motor task
(Allen et al. 2004). However, the potential role of the cerebellum in NDD is
restricted to motor and sensory dysfunctions. Nevertheless, it is distinct that core
symptoms of autism are associated with the cerebellum.

Genes with functions of epigenetic modulations are involved in ASD susceptibil-
ity. The analysis of 215 putative genes identified 19.5% of genes are epigenetic
regulators and suggests that few pathogenic variants have potential for diverse
disease phenotypes (Duffney et al. 2018). The high risk genes with high penetrance
are present in the nucleus and involved in harnessing expression, protein-protein
interactions important in CNS developmental patterning (Casanova et al. 2016).
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In vivo studies in mouse models for genetic implications observed a variety of
neuronal proteins in the development of ASD (Won et al. 2013). The selective
deletion of Tsc1 (tuberous sclerosis 1) in cerebellar Purkinje cells sufficiently caused
core autism-like behaviours including reduced excitability in Purkinje cells of mice
(Tsai et al. 2012). In addition, mice lacking the neuroligin-3 gene (Nlgn3�/� mice),
identified in autistic patients, showed occluded metabotropic glutamatergic receptor
(mGluR)-dependent long-term depression (LTD) at synapses between parallel fibres
and Purkinje cells along with motor coordination deficits (Baudouin et al. 2012).
Purkinje cell-specific Nlgn3 in mice can rescue both synaptic and behavioural
perturbations, suggesting the potential to rectify the neural circuits even after
complete development.

Studies have also identified NEUROD2 pathogenic mutations associated with
ASD. During embryogenesis, cortical projection neurons (CPNs) relocate and hence
cause impaired thickness and laminar positioning of layers of cortical. In children,
dendritic spine change and internal extractability show an upward trend in L5 CPNs.
This elucidates the significance of Neurod2 in overall cortical development and
activities, whose modifications can also be related to ASD and associated signs in the
novel NEUROD2 mutation syndrome (Runge et al. 2020).

Although genetic causes of ASD are significantly determined, the mechanism of
pathogens regulating the genetic susceptibility is unclear. Same variants of
pathogens exhibit heterogeneous diseases and levels of disability. The heterogeneity
may possibly be caused due to the presence of second modulating variants which
interact with other susceptibility loci. To date, germline second hits have been
primarily found as genetic evidence supporting a multiplex theory of autism.

17.3.2 Role of Microbes Present in Autistic Patients

It has been already noted that ASD leads to modifications in human behaviours
including verbal interactions and various hand stereotypes. With various genetic
impairments, there is a difference in the composition of microbiome in normal
individual and an ASD patient.

The analysis of faecal microbiota of children suffering from ASD identified
eminent gut dysbiosis and nomenclatures consisting of a higher relative myriad
of families: Bifidobacteriaceae, Lactobacillaceae and Veillonellaceae. On the
other hand, the gut microbiome of children without ASD showed higher rates of
abundance of the family Prevotellaceae, Roseburia belonging to the family
Lachnospiraceae and Faecalibacterium of the family Clostridiaceae. The ratio of
probiotics in healthy and diseased individuals needs to be analysed (Pulikkan et al.
2018).

Comparative analysis among healthy and ASD subjects revealed low abundance
of Erysipelotrichaceae, Enterococcaceae and Desulfovibrionaceae in healthy chil-
dren in comparison to children with ASD. Similarly, children with ASD were found
to have abundant Butyrivibrio and Coprococcus from the family Lachnospiraceae,
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Klebsiella from the family Enterococcaceae and Ruminococcus from the family
Ruminococcaceae (Pulikkan et al. 2018).

In another study, ASD group was determined to have a downward trend in the
relative abundance of Bacteroidetes belonging to the genera Bilophila, Alistipes,
Parabacteroides, Dialister and Veillonella and a considerable increase in Firmicutes
belonging to the genera Corynebacterium, Collinsella and Dorea. This shows
autism is related to alteration in intestinal microbial community structure. Autistic
patients are also identified by the signs of constipation. The characteristic relates to
the presence of higher-level bacterial taxa belonging to the genera Escherichia,
Shigella and Clostridium (Strati et al. 2017).

Interestingly, protein digestion and absorption pathway although not directly
related to the disease progression is upregulated in valproic acid-injected mice to
determine environmental risk factors causing ASD. This pathway implicates the
serotonin production from enterochromaffin cells is stimulated by the production of
short-chain fatty acids (SCFAs) (Reigstad et al. 2015). The comorbidity in ASD is
observed to be elevated serum serotonin and increased SCFA levels which h is
attributed to the presence of Clostridia class of bacteria including Clostridiales,
Tissierellaceae and Sporanaerobacter (Lim et al. 2017).

The autistic disease severity is associated with the higher occurrence of Clostrid-
ium spp. in the gut (Iovene et al. 2017). Especially, the production of beta2-toxin by
Clostridium perfringens is significantly enhanced in autistic children, and the abun-
dance of the gene is related to the occurrence of ASD (Finegold et al. 2017). The
study also suggests that Clostridium spp. inducing sub-acute tetanus infection might
be the cause in some cases of ASD (Srikantha and Mohajeri 2019). The infection
with Clostridium tetani occurs in dysbiotic GI tract. It produces tetanus neurotoxin,
which permeates the intestinal barrier and enters the nucleus solitarius via the vagal
nerve and subsequently the CNS entirely. The release of synaptic vesicles consisting
of neurotransmitters is inhibited by tetanus neurotoxin through cleaving of the
membrane-associated protein synaptobrevin significant for the stability of vesicles.
The presence of cleaved synaptobrevin in synapses reduces and degenerates synaptic
activity thereby diminished social behaviour is observed in ASD patients.

Similarly, studies have also identified a higher relative number of mycobiota in
patients including the genus Candida, especially Candida albicans, in the faecal
samples when compared to neurotypical subjects. Reportedly, Candida is associated
with some autistic behaviour as it proliferates and produces ammonia and toxins.
These also cause malabsorption of carbohydrates and minerals significant in ASD
pathophysiology. However, 60% of healthy populations are assessed to be asymp-
tomatic carrier of Candida spp. (Kantarcioglu et al. 2016). The reduced levels of gut
microbiota and mycobiota are also associated with ASD, paving further research for
novel strategies to combat neurological disorders.
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17.3.3 Role of Probiotics in Overcoming the Disease

Generally, all the cognitive activities are regulated by the CNS, which is further
regulated by the brain. Any type of injury to the neuronal system leads to the severe
abnormality to the host as it may further cause NDD.

The overall physical and mental health of humans is directly associated with
eating habits and brain health. Many recent studies have reported the critical role of
intestinal microbiota in the regulation of the neuroimmune system, the central
nervous system and the neuroendocrine system. The consumption of food including
probiotics positively amends gut microbiota, confers health benefits and signifi-
cantly regulates mental health of the host (Fig. 17.2) (Sivamaruthi et al. 2019).
The aberrance in the gut-brain axis leads to serious diseases. The significance of
probiotic intervention in children with ASD has been considered as a complementary
and alternative therapeutics in ASD treatment.

The probiotic supplementation to ASD subjects demonstrated the severity of
ASD is positively linked to GI dysfunction and decreased levels of TNFα (Tomova
et al. 2015). Parracho et al. (2010) studied the supplementation of L. plantarum
WCFS1 to ASD children and observed significant alterations in the faecal
microbiota. Observed significant alterations in the fecal microbiota through
increased lactobacillus and reduced clostridum cluster XIVa. Probiotic intake also
improved bowel function compared to placebo feeding.

Supplementation of live mixture of L. helveticus, L. acidophilus, B. breve,
B. longum, L. paracasei, B. infantis, L. plantarum and S. thermophilus (VSL#3)
for 4 weeks showed significant improvement of GI symptoms in children with

Fig. 17.2 The mechanism of probiotics to combat autism spectrum diseases in the human host
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cognitive function disability and ASD (Grossi et al. 2016). Similarly, supplementing
5 g/day consortia of probiotic strains (L. acidophilus, L. rhamnosus and B. longum)
for 3 months substantially altered the faecal microbiota in ASD children. The levels
of Lactobacilli and Bifidobacteria were also found to be increased in comparison to
the baseline (Shaaban et al. 2018).

Supplementation of L. acidophilus Rosell-11 (twice a day) to autistic children for
2 months showed reduction in d-arabinitol levels and the ratio of d-arabinitol/l-
arabinitol. The metabolite produced by pathogenic Candida spp. and the ratio of
d-arabinitol/l-arabinitol in urine is the biomarker of candidiasis. The probiotic
intervention reduced the occurrence of candidiasis and improved the hosts’ ability
to respond to ASD (Kałużna-Czaplińska and Błaszczyk 2012).

The treatment in rats with probiotics identified reduced astrocyte reactivity by
decreasing GFAP protein synthesis in posterior brain hemisphere and alleviated
motor behaviour of rats after 2 months demonstrating probiotic potential in
preventing neurological disease (Ushakova et al. 2009). The beneficial effects on
astrocytes disappeared after 6 months treatment suggesting the supplementation of
Lactobacillus for prolonged period may not be effective because of adaptation to the
gastrointestinal and immunological systems.

A randomized controlled trial was performed in humans and animals,
supplementing Bifidobacterium (B. breve, B. infantis and B. longum) and Lactoba-
cillus (L. rhamnosus and L. helveticus) with the doses between 109 and 1010 CFU for
2–4 weeks. The results demonstrated the effect of probiotics in improving psychiat-
ric behaviours including anxiety, depression and ASD (Wang et al. 2016).

Children with ASD show considerable reduction in relative abundance of
Bifidobacteriales and Bifidobacterium longum, leading to dysbiosis state in the gut
microbiota. Probiotic supplementation with fructoligosaccharide (FOS) in the host
increased the levels of Bifidobacteriales, B. longum and mitigates Clostridium sp.
and reduced the occurrence of autism and GI symptoms. Besides, there were high
SCFAs, reduced serotonin, elevated homovanillic acid and reduced concentrations
of acetic acid, butyric acid and propionic acid in ASD children compared to healthy
children (Wang et al. 2020). The severity of ASD assessed by Autism Treatment
Evaluation Checklist (ATEC) has revealed that supplementation of probiotics
influences the levels of short-chain fatty acids in ASD children (Adams et al.
2011). This suggests the appropriate consumption of probiotics may improve ASD
symptoms; however, further research is necessary.

17.4 Conclusions

There are mounting evidences that confirm the aberrations in the gut microbial
communities of children suffering from ASD. However, the heterogeneity in patients
needs to be assessed, and the unique profile of microbiome has to be fully
characterized. Intestinal disorders including GI tract inflammation and bowel dys-
function are frequently observed in most cases of ASD. The amendments of gut
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microbiota are reported to improve ASD symptoms and reveal beneficial effect of
probiotics in the improvement of ASD.

Further studies have recommended dietary regulations may enhance therapeutic
advancement in ASD treatment. More research should focus on optimization of
probiotic supplementation such as dose and duration for the treatment of ASD,
which helps in developing efficient strategies to alleviate ASD symptoms. In addi-
tion, the mutual and moral support from parents and society is required for the
improvement of the quality of life of ASD children.
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Abstract

Humans are consuming probiotic microorganisms through traditionally
fermented food since thousands of years, unknowingly. Probiotic
microorganisms are usually lactic acid bacteria, are generally recognized as
safe, and play a significant role in human health by producing a variety of
metabolites. The list of their health benefits is pretty long, but despite of it,
probiotics have some limitations to use for therapeutics mainly due to being
live. Hence, in the recent past, the focus of health benefits of microorganisms is
being shifted from viable live probiotics to nonviable paraprobiotics or probiotic-
derived postbiotics. Postbiotics are nonviable metabolic products of probiotic
bacteria possessing biological activity in the host. These metabolites are noted to
have equivalent health potential as that of probiotics and additionally have
advantages over limitations of probiotics that are discussed in this chapter.
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18.1 Introduction

Probiotics have been defined as live microorganisms which when administered in
adequate amounts confer health benefit to the host (Markowiak and Slizewska
2017). Though the concept of probiotics has been elaborated in modern science
lately, humans have been unknowingly consuming beneficial microorganisms since
thousands of years through traditionally fermented foods, which are main sources of
probiotic microorganisms (Linares et al. 2017). Probiotic microorganisms are lactic
acid bacteria (LAB) and belong to the genera Lactobacillus, Bifidobacterium,
Pediococcus, etc. There are many evidences indicating that LAB play a vital role
in human health by producing various metabolites (Xu et al. 2019). They are
generally recognized as safe and hence important not only in the food sector but
also in the pharmaceutical industry.

Thus, LAB are functional components for foods; moreover, their metabolic
products like lactic acid and bacteriocins offer property of natural preservative and
antimicrobials against contaminating microorganisms (Chuah et al. 2019). Their
benefits are reported and include prevention of various infections,
immunomodulation, and amelioration of clinical conditions like irritable bowel
syndrome (IBS), hypercholesterolemia, various types of cancers, etc. These effects
are intervened through mechanisms like alteration of gut microflora, boosting
immune response, antiproliferative, anti-oxidative, apoptosis, modulating gut
microbiome, etc. The list of health benefits is still incomplete, and despite of it,
probiotics have some drawbacks due to their viability status that imparts main
limitations for their applications in food and pharmaceutical industries (Nataraj
et al. 2020). The limitations include (1) unknown or poor mechanisms at a molecular
level, (2) strain-specific effect, (3) threat of antibiotic resistance through horizontal
gene transfer, (4) maintaining viability, (5) threat of opportunistic infections,
(6) inflammatory responses, and (7) systemic infections (endocarditis, sepsis, etc.).
Consequently, though probiotics are nonpathogenic microorganisms offering bene-
ficial effects, carefulness is required when administering in patients with inflamma-
tion and severe pancreatitis, and some probiotic strains may result harmful in
irritable bowel syndrome (Cicenai et al. 2014).

Fermented foods are important for the gut health, even though the benefit does not
characteristically result from the colonizing microbes, but the ferment itself. During
fermentation, bacteria form many biomolecules/metabolites (postbiotics) that are
beneficial to the gut and immune mechanism (Maguire and Maguire 2019).

Probiotics also maintain and restore the skin microbiota as in the gut, but the use
of live bacteria on skin poses some limitations (Majeed et al. 2020). Though since
the last four decades or so, the use of probiotics found place in reducing load of
common infections in children, scientific community does not hold up probiotic
involvement in pediatric diseases due to case findings of probiotic-associated
infections like necrotizing enterocolitis, pneumonia, meningitis, bacteremia and
their rising trend of adherence, invasion, and cytotoxicity, etc. (Rojas et al. 2020).

In addition to the above-stated disadvantages of probiotics, many physicians are
still doubtful in the use of probiotics for pediatric practice because of unusual cases
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of probiotic unpleasant effects. On the contrary, more reports suggesting that the
probiotic strains need not be live to offer benefits to the host, a report indicated
inactivated strains can adhere better to the mucosa of the intestine than viable one
(Mantziari et al. 2020).

Therefore, recently, the focus of health benefits is progressively displacing from
viable probiotic bacteria in the direction of nonviable paraprobiotics or probiotic-
derived postbiotics. Postbiotics known to be physiologically rich, with defined
chemical structures, safety dosing, and extended shelf life (till 5 years) make them
therapeutically appealing. Also, their features include suitability in absorption,
synthesis, excretion, and sharp signaling potential with host tissue responses
(Puccetti et al. 2020).

18.2 Postbiotics: Definition and Concept

Although, viability is an integral part of definition to label the microbe as probiotics,
it is not all the time obligatory to pursue health benefits. The nonviable probiotics
that retain their health benefits are generally termed as paraprobiotics, while the term
postbiotic is applied for soluble bioactive factors secreted by probiotics or freed after
rupture of their cell (Anderson 2019). In recent years, there is emergent attention in
probiotic effects shown by these microbial metabolites, also called bioactive
postbiotic metabolites (PM), especially in intestinal health and general immunity
(Chuah et al. 2019). These metabolites (PM) are reported to be of equivalent
potential with probiotics and encompass soluble or secreted factors, metabolites,
cell-free supernatant, bacteriocin, etc. The role of these PM in intestinal health and
being safer alternative in contrast to live bacteria is well documented (Chuah et al.
2019).

Postbiotics being nonviable bacterial products from probiotic organisms are
nontoxic, nonpathogenic, and resistant to hydrolysis by mammalian enzymes
(Kerry et al. 2018). The various metabolites of microorganisms claimed for their
postbiotic status are shown in Fig. 18.1.

Though several researchers have proposed various terminologies to express
postbiotics and paraprobiotics with the relatively similar perception about these
terms, as mentioned by Nataraj et al. (2020), the widely accepted definitions are as
follows:

• Paraprobiotics (also called as ghost probiotics or inactivated probiotics): nonvia-
ble microorganisms (either intact or broken) or crude cell extracts which when
administered in adequate amounts confer benefit to the host.

• Postbiotics: Nonviable bacterial metabolic products having biological activity in
the host. As mentioned by Gutierrez et al. (2020), postbiotics (also called as
metabiotics, pharmacobiotics, or heat-killed probiotics) are bioactive substances
produced by probiotic microorganisms, generally LAB. Moreover, many
components present in probiotics that are released before death are also
recognized as postbiotics. Rojas et al. (2020) mention postbiotics as bioactive
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substances produced during the process of fermentation which maintain health
and well-being.

As Rossoni et al. (2020) cited, postbiotics can also be defined as probiotic
bacterial products with bioactive property in the host and may include metabolites,
cell fractions, fatty acids, proteins, polysaccharides, cell lysates, peptides of pepti-
doglycan, and adhesion structures like pili.

The recognition of such entities may present an opening to keep away hazards
associated with the administration of live microorganisms (Cicenai et al. 2014).
Moreover, these things continue offering functional properties to the fermented food
those have biogenic benefits resulting from the microbial production of bioactive
metabolites during the process of fermentation. Postbiotics comprise extended shelf
life safety and hold multiple health benefits (Majeed et al. 2020).

18.3 Sources of Postbiotics

From the discussion above, it is quite clear that postbiotics are products of probiotic
microbes, thus the source of postbiotics is probiotics, generally LAB. From these
LAB, various cellular components can be the source or origin for postbiotics, as
shown in Table 18.1.

Fig. 18.1 Representative postbiotic metabolites
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18.4 Forms or Types of Postbiotics

There are varieties of postbiotic biomolecules consisting of secreted metabolic
products of probiotic microorganisms like cell-free supernatants (CFS)—vitamins,
short-chain fatty acid, organic acid, proteins, bacteriocins, amino acids and their
complex or derivatives, etc. Furthermore, the paraprobiotics constituents, i.e.,
inactivated or dead and nonviable microbial cell preparations containing intact or
ruptured cell components like teichoic acids, peptidoglycan, etc., can also be used to
evaluate beneficial effects. Usually, paraprobiotics include a broad array of
biomolecules like peptidoglycans, surface proteins, and cell wall polysaccharides,
whereas postbiotics comprise secreted proteins, peptides, bacteriocins, organic
acids, etc. (Teame et al. 2020). Since postbiotics are nonliving entities, their
processing and maintenance are easy compared to probiotics. Compiled work out
for some representative postbiotic metabolites from source microorganisms with
their effects is depicted in Table 18.2.

18.5 Production Methods of Postbiotics

As postbiotics contain inactivated microorganisms or their structures or metabolic
products (which are released or secreted during fermentation or poured after ruptur-
ing); in many postbiotic preparations used for study, fermented broth is filtered, or
heated and the resultant material called cell-free supernatant (CFS) (Mantziari et al.
2020). Alternatively, probiotic cultures are inactivated by heat treatment, filtration
(mostly 0.2μm), cell lysis by sonication, followed by centrifugation, and are often
exposed to UV. These procedures result in break opening of bacterial cells pouring
intracellular biomolecules that can be used as postbiotics. Chuah et al. (2019)
mentioned a series of procedures: growth (24 h)—centrifugation (10,000 g,
10 min), CFS—pH adjustment—filtration-storage. Compare et al. (2017) obtained

Table 18.1 Postbiotics and their location in bacterial cell

Location Postbiotics References

Cytoplasm Enzymes, proteins, vitamins, lipids Gutierrez
et al. (2020)

Cell structure
Pili
Cytoplasmic
membrane

Components of pellicle capsule or cell wall
Adhesins
Glycerophospholipid

Rojas et al.
(2020)
Rossoni et al.
(2020)
Singh et al.
(2018)

Secreted
products

Organic acids, EPS, SCFA, bacteriocins, polysaccharides,
immune modulators, neurotransmitters, etc.
Ethanol, diacetyl, acetaldehydes, H2O2

Gutierrez
et al. (2020)
Kerry et al.
(2018)
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postbiotic preparation for study by growing probiotic culture followed by centrifu-
gation only. Haileselassie et al. (2016) have removed cells from culture broth by
centrifugation and the supernatant was filter-sterilized and the preparation stored at
pH maintained 7.2–7.5.

18.6 Applications/Benefactions of Postbiotics

One can correlate the benefaction of postbiotics to that of probiotics, since it
becomes clear that postbiotics are metabolic products of probiotics. We have enough
discussion to convey the limitations of probiotics and how postbiotics can eventually
have all those advantages being nonliving. The benefaction of postbiotics has
multifaceted coverage as depicted in Fig. 18.2.

Fig. 18.2 Postbiotic effects
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18.6.1 Immune Modulation

One of the immune defense responses of the body is inflammation; however,
excessive inflammation can harm vital tissues of the organ. Many probiotics are
studied to have immunomodulatory effects. Postbiotics are able to fuel the immune
system, also involving the intestine, and bowel anti-inflammatory,
immunomodulators (Tomasik and Tomasik 2020). Kwon et al. (2020) have shown
the immunomodulatory effect of postbiotic EPS isolated from L. plantarum. In their
study, they found that EPS inhibited pro-inflammatory mediators- NF-8 and MAPK
pathways by repressing TLR4 and MyD88 signaling. Diverse postbiotic fractions
obtained from Bacillus coagulans can provoke anti-inflammatory cytokine produc-
tion and thus support T helper-dependent immune mechanisms (Jakub et al. 2020).
Hence, such properties of postbiotics can bring limitations to TH1-induced immune
effects and enhance Th2-arbitrated reactions which are generally seen in persons
prone to atopic disease.

18.6.2 Anticancer Properties

Cancer is a global health issue and a chief cause of death affecting many organs by
rapidly creating and proliferating transformed cell. GABA (gamma-aminobutyric
acid) is one of the postbiotics produced in gut microorganisms, shown to be
associated with breast cancer by a prognostic value (Gutierrez et al. 2020). Higher
the GABA better is the survival prognosis and GABA was found to restrain colon
cancer cells. In the study with PM of L. plantarum, Chuah et al. (2019) have noted
that apoptosis against cancer cells shows selective toxicity by suppressing prolifera-
tion thus indicating potential of anticancer therapeutic value of postbiotics. Induction
of apoptosis against cancer cells was observed by SCFA propionate obtained from
P. freudenreichii (Jakub et al. 2020). The suppression of oncogenes is controlled by
these SCFAs.

18.6.3 Luminal and Mucosal Effects

The gut epithelium is considered as the foremost defense line against the huge
number of microbes entering the body. A disturbance in this line barrier is called
as leaky gut, and the resultant inflammatory reaction poses many clinical conditions
of the gut as well as other parts of the body (Anderson 2019). With this concern, a
report depicts protein secreted (postbiotic) by L. rhamnosus reduced LPS-provoked
liver damage through progressing gut uprightness. Gao et al. (2019) observed a
promising protective effect on intestinal barrier with a postbiotic protein HM 0539
revealed by stimulating intestinal mucin expression and combating against TNF-α/
LPS-induced gut wound that comprised of disturbed veracity and mucin downward
regulation. Haileselassie et al. (2016) have shown a postbiotic CFS of L. reuteri
influenced retinoic acid forced mucosal like DCs and its effect on regulatory cells
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with higher IL-10, CD 103, and CD1d expression while suppression of inflamma-
tory genes.

18.6.4 IBS/IBD and Other Conditions

Irritable bowel syndrome (IBS) is one of the commonest GIT problems universally
affecting the quality of life of patients. With this concern, postbiotics of L. casei have
been evaluated and found a promising protective effect in the IBS organ culture
model. In the study, TLR4 protein expression and IL-1α, IL-6, and IL-8 mRNA
levels were found to be elevated; on the contrary, IL-10 mRNA levels were
decreased in both the ileum and the colon (Compare et al. 2017). The postbiotic
significantly decreased pro-inflammatory cytokines and provoked the protective
effect.

Inflammatory bowel disease (IBD) is a multifaceted chronic inflammatory condi-
tion of the GIT, and the intestinal microbiota seems to be the chief etiological factor
for its development. Also, studies revealed the role of postbiotics in the reconstruc-
tion of impaired interactions of gut microbiota and immune cells. In a mouse model,
it was seen that SCFAs and tryptophan postbiotics activated immunomodulatory
mechanisms by ordering immune cell generation, trafficking, and functioning
(Russo et al. 2019).

18.6.5 Neural Diseases

Experimental reports indicated that metabolites of intestinal microbiota govern the
integrity and pathophysiology of the nervous system and thus are associated with
neuroimmune clinical conditions. Also, negotiation of integrity of the intestinal tract
lining adversely affects the nervous system (Maguire and Maguire 2019). Gutierrez
et al. (2020) stated that hypoxic-ischemic actions during fetal development can
trigger memory-related shortfall because of neurotransmission disturbance by dam-
age in GABA (postbiotic from Lactobacillus spp.) function.

18.6.6 Diabetes

Diabetes has become a great threat to human beings since its occurrence is signifi-
cantly rising all over. It is due to dysfunctional pancreatic cells that do not produce
insulin and result in abnormal glucose levels in the blood. With this connection, it
was noted that the therapeutic action of GABA and the found progression of
prediabetes and inflammatory response can be inhibited (Gutierrez et al. 2020).
This is due to regulatory action of GABA molecule on cells of islets, stressing the
depression of insulitis and inflammatory cytokine production. Cavallari et al. (2017)
noted that bacterial cell wall-derived muramyl dipeptide (which needs NOD2) is an
insulin-sensitizing postbiotic and further showed in obese mice that bacterial cell
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wall muropeptide can function as postbiotic by improving insulin resistance and
metabolic tissue inflammation.

18.6.7 Antimicrobial Potentials

The indiscriminate use of antibiotics for general infections is resulting in antibiotic
resistance among pathogens. The surfacing of antimicrobial resistance is alarming
and leading to therapeutic failure; hence, there is a need for a new approach to deal
with. Many postbiotics from probiotics like bacteriocins, enzymes, organic acids,
and small molecules are reported to have antimicrobial activities, for instance, nisin
A from Lactococcus lactis (Puccetti et al. 2020).

Mantziari et al. (2020) noted important observation: (1) EPS from Lactobacillus
and Bifidobacterium showed protective action against enterotoxigenic E. coli,
(2) CSF of B. bifidum in supplemented medium induced the expression of virulence
genes in E. coli, (3) postbiotics from B. bifidum have shown inhibitory effect against
E. coli, and (4) CSF from breast milk commensals showed activity to limit HIV
infection in vitro. Rossoni et al. (2020) have studied the antifungal activity of
postbiotic (crude extract and fraction) of L. paracasei and found to inhibit the growth
of Candida auris.

18.6.8 Miscellaneous Applications

Wegh et al. (2019) reported important findings: (1) a clinical study on postbiotic
preparation of B. breve revealed that it was well tolerated in infants and decreased the
incidence of diarrhea and abdominal distention, (2) postbiotic effect of L. paracasei
against placebo in adults with atopic dermatitis found better skin severity scores after
12 weeks but not in placebo group, and (3) in old age group study, postbiotics of
L. pentosus reduce the frequency of common cold compared to placebo on the
incidence of common cold. Vandenplas et al. (2020) have also studied in infants
(less than 14 days) and found infant formula safe with postbiotics linked prebiotic
(ss GOS) from Lactofidus fermentation process.

In a mouse model experiment, infant formula of postbiotics obtained from a
specific fermentation process coupled prebiotic study revealed increased functional
and morphological intestinal maturation much similar as the mother fed conditions
than infant formula lacking postbiotic-prebiotic combination (Salminen et al. 2020).

In addition to the applications and their underlying mechanisms, postbiotics can
be exploited vastly with some other areas such as nutrition and health. Postbiotics
have potential properties like anti-obesity, antihypertensive, hypocholesterolemic,
and many more (Tomasik and Tomasik 2020). Also, in nutrition point of view, food
biofortification with postbiotics can be achieved especially for B group vitamins, and
this could be an elegant strategy to combat the universal problem of its deficiency-
related clinical conditions. Obesity is the chief health concern worldwide that can be
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dealt with postbiotics through dietary supplements to combat and improve host
metabolism (Reynés et al. 2019).

Acne vulgaris is a universal skin disorder generally at peak at puberty and may be
now treated with postbiotic formulation LactoSporin as seen in an open-label
randomized study (Majeed et al. 2020). It is found that LactoSporin is equally
efficient in treating acne lesions in comparison of benzoyl peroxide. The study
also revealed the mechanism of amelioration of the condition. The pathology may
be associated with the excessive secretion of sebum as the study indicates and
LactoSporin could inhibit the 5-alpha reductase enzyme and thus reducing the
secretion of sebum.

18.7 Future Prospects as Concluding Remarks

Though the term postbiotics is new compared to the popular terms probiotics and
prebiotics, the promising potentials of postbiotics as therapeutics and obvious
advantages over probiotics alarm near future pharmaceutical markets to be called
for postbiotics. We can find preparations and formulations available easily for
probiotics and prebiotics but not for postbiotics. There may be pharmacological,
biochemical, and medicolegal aspects to be sorted out for making postbiotics avail-
able and useful as therapeutics, but we can certainly expect it in practice to treat a
variety of clinical conditions in future.
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Effect of Probiotics on Gut Microbiota
and Brain Interactions in the Context
of Neurodegenerative
and Neurodevelopmental Disorders
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Abstract

The bidirectional communication between the gut and the brain links emotional
and cognitive centers of the brain with peripheral intestinal functions. This
interaction between the gut microbiota and the gut-brain axis (GBA) involves
signaling from the gut microbiota to the brain and from the brain to the gut
microbiota through neural, endocrine, immune, and humoral links as evidenced
by germ-free animal models and association of dysbiosis with central nervous
system (CNS) disorders (i.e., autism, anxiety-depressive behaviors) and func-
tional gastrointestinal disorders. Probiotics have been reported to influence this
interaction by facilitating the colonization of beneficial microorganisms and
suppressing the growth of harmful microorganisms, thus improving the
gut-brain interactions. Psychobiotics being a novel class of probiotics hold
special significance as these affect the central nervous system-related functions
and behaviors mediated by the gut-brain axis (GBA) via immune, humoral,
neural, and metabolic pathways to improve not only the gastrointestinal
(GI) function but also the antidepressant and anxiolytic capacity. In the past
few years, some of the psychobiotic strains have been proven scientifically
beneficial in suppressing inflammation and reducing cortisol levels, thus improv-
ing anxiety and depression. In addition to that, psychobiotics have shown
promising results in neurodegenerative and neurodevelopmental disorders, such
as Alzheimer’s disease (AD), Parkinson’s disease (PD), and autism spectrum
disorder (ASD). Initial clinical studies have shown that psychobiotics can
improve overall GI function, improve symptoms of ASD, and regulate motor
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functions of PD patients and cognition behavior in AD patients. This chapter
primarily focuses on the effect of psychobiotics on interactions between the gut
microbiota and the brain in the context of neurodegenerative and
neurodevelopmental disorders.

Keywords

Anxiety · Central nervous system · Depression · Probiotics · Psychobiotics

19.1 Introduction

Human body is home to trillions of bacteria, fungi, parasites, and viruses (collec-
tively named microbiota) that mostly reside on our skin and gut mucosa and do not
cause any adverse health issues. Indeed, some of these bacteria are extremely useful
to maintain a healthy life. In fact, the human gut contains one of the most complex
ecosystems composed of approximately 1013–1014 microorganisms belonging to
500–1000 different species. The number of these microbes is one to ten times greater
than the number of eukaryotic cells in the body (Qin et al. 2010). The mutual
symbiosis between the host and the gut microbiome can be partially attributed to
the nutrients present in gut that favor microbiota selection and colonization (Leung
and Thuret 2015). The selection and colonization of gut microbiota that begins at
birth and establishes within the first 3 years of life is crucial for regulating the
development of intestinal physiology, maturation of the nervous and immune system
(Palmer et al. 2007), and modulation of the angiogenesis (Andriessen et al. 2016). In
addition to that, these microorganisms provide natural biocontrol against the patho-
genic microorganisms by their antimicrobial activities which play an important role
in maintaining the stability of the gut ecosystem (Bercik et al. 2012). Studies have
shown that changes in the microbial colonization of the human gut during early life
increase the risk of disease and have a significant impact on the host neurophysiol-
ogy, behavior, and function of the nervous system (Kamada et al. 2013; Collins and
Bercik 2009; Moustafa et al. 2018). Furthermore, these gut microorganisms possess
immunomodulatory properties that mediate brain functions and behavior and con-
tribute to etiopathogenesis in various neurodegenerative and behavioral disorders
such as anxiety, depression, autism spectrum disorders (ASD), Alzheimer’s disease
(AD), and Parkinson’s disease (PD) (Collins et al. 2012; Fung et al. 2017).

As mentioned above, the gut microbiota starts to colonize the gut during devel-
opment and continues later on in life. At first, it is mostly composed of Lactobacillus
sp. and Bifidobacterium; however, at later stages in life the microbiome becomes
densely populated by the Bacteroidetes and Firmicutes phyla, and in small propor-
tion of Proteobacteria, Verrucomicrobia, Actinobacteria, and Cyanobacteria phyla.
In addition, the Fusobacterium genus can also be found in gut microbiota (Xu et al.
2019). There are several factors that affect the composition of gut microbiota such as
genetic diversity, diet, environment, season, and overall health status, and it is
extremely difficult to define a “normal” microbiome for the average human
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population (Gibson and Roberfroid 1995; Wen and Duffy 2017). In addition to that,
the microbial communities in the gut are shaped by the bacteriophages that inhabit
this niche (Naureen et al. 2020) and are independent of environmental components
such as age, body mass index, gender, and geographic location (Huttenhower et al.
2012; Bajinka et al. 2020).

In addition to these bacteria that colonize our gut by the passage of time, millions
of bacteria transit through our gut every day. These bacteria are mostly present in our
food and upon entering the gut interact with the gut microbiota in either a healthy or
a pathological context. These live microorganisms that provide health benefit to us
are termed as probiotics (Hill et al. 2014). Probiotics are the biotic organisms that can
alter the gut microbiota composition while having a beneficial effect on the host’s
health and well-being. These probiotics naturally occur in food items such as olives
and dark chocolates and in fermented foods such as sauerkraut, yogurt, cheeses, etc.
These microorganisms not only improve the gut microbiota but also help in
eliminating the harmful pathogenic microorganisms and improve the overall health
(Hemarajata and Versalovic 2013).

19.2 History of Probiotics

The word “probiotic” is derived from the Latin words “pro,” meaning to promote,
and “biotic,” meaning life. In 1907, Élie Metchnikoff observed that the regular
consumption of lactic acid bacteria (LAB) in fermented dairy products, such as
yogurt, led to enhanced health and relatively longer life in people living in Bulgarian
villages (Metchnikoff and Mitchell 1907). However, the evidence on the beneficial
effects of microbes was provided by Tissier (1899) when he compared the stool of
children suffering from diarrhea with that of the healthy children. Tissier (1899)
observed that the concentration of bacteria responsible for diarrhea was low in the
stool of healthy children, and this gave him the idea of giving the infected children
Bifidobacteria, which he had successfully isolated in 1988 from the feces of infants
fed on breast milk, in order to rehabilitate the normal gut flora. The distinguishable
work done by Henry Tissier led to the modern definition of probiotics by Havenaar
and Huis In’t Veld (1992) who describe probiotics as “an applicable bacterial culture
that grant positive effects to the humans or animals by enhancing the native floral
properties, when administered.”However, to term a certain bacteria as probiotic, lots
of scientific evidence proving its safety for consumption is required. This is
extremely important as these live microorganisms have a direct impact on human
health. It is worth mentioning here that when probiotics gained popularity, many
food and drug companies started to designate bacterial species as probiotics without
providing any scientific evidence, thus ending up in banning the word probiotics in
the European Union by the European Food Safety Authority (EFSA) (Katan 2012).

However, now there is a huge repertoire of scientific evidence that shows the
potential benefits of living microorganisms that are safe for human consumption,
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e.g., Lactobacillus and Bifidobacterium, and are beneficial in certain medical
conditions, such as irritable bowel syndrome (IBS), dermatitis, high cholesterol
levels, eczema, and liver disease. In the past two decades, probiotics have gained
much attention with respect to brain health and cognitive function and its effects on
the central nervous system (CNS) and mood (Cryan and Dinan 2012). Additionally,
probiotics have an important role in improving memory abilities (spatial and non-
spatial memory rodents) of rodents and the human beings. Also, probiotics have a
dynamic effect on relieving stress, anxiety, and depression. However, to understand
this further, we need to first understand the gut-brain microbial axis (Crumeyrolle-
Arias et al. 2014).

19.3 Gut-Brain Microbial Axis: Connection of the Gut
and the Brain

Probiotics are widely being studied for their role in improving brain health and
mental behavior. However to understand that how the microbes living inside the gut
influence the brain activity we need to cosider the connection between the gut and
the brain. The brain, communicates with the gut through a complex system compris-
ing of the enteric nervous system (division of the peripheral nervous system
controlling the gastrointestinal behavior independent of the CNS), the vagus
(a large nerve of the central nervous system responsible for sending signals between
the brain and the intestine), and the hypothalamus-pituitary axis. All of these
components make immunological, neurological, and endocrine bridges allowing
the information relay between the brain and the gut (Chandran et al. 2019). The
microbes in the gut produce molecules that include neurotransmitters, short-chain
fatty acids, and amino acids which travel through this complex system and a
communication between the brain and the gut takes place (Fig. 19.1). Moreover,
the presence of the gut-brain microbial axis (GBMA) links the emotional and
cognitive centers of the brain with peripheral functions of the intestine and also
provides communication between the enteric nervous system and the central nervous
system. The gut bacteria will influence the brain and the central nervous system by
regulating the inflammation and hormone production (Sommer and Bäckhed 2013;
Bermúdez-Humarán et al. 2019).

19.4 Role of Microbiota in the Gut-Brain Microbial Axis

There are plenty of clinical and experimental evidences suggesting the importance of
gut microbiome interactions with intestinal cells and the enteric nervous system
(ENS) and direct involvement with the CNS through neuroendocrine and metabolic
pathways (Fig. 19.2). Perhaps the most compelling evidence of GBM interactions
comes from the dramatic improvement of patients suffering from hepatic encepha-
lopathy (Bercik et al. 2012). This indicated the involvement of gut microbiota in
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maintaining the health and well-being and highlighted that the gut dysbiosis results
in disease. Recent studies have shown that these microorganisms play a role in
anxiety and depression (Collins and Bercik 2009; Kamada et al. 2013) and an
imbalance in the gut microbiota results in several diseases, specifically autism
(Kamada et al. 2013; Collins and Bercik 2009; Moustafa et al. 2018; Fung et al.
2017).

19.5 Gut Dysbiosis and Human Health

Gut dysbiosis refers to a condition in which the physiology of gut microbiome is
altered owing to changes in diet, stress, or administration of antibiotics (Clemente
et al. 2012). As a result, the intestinal permeability increases and results in leakage of
bacteria, bacterial metabolites, and molecules through the mucosa into the systemic
circulation, a condition termed as leaky gut syndrome. This in turn has a detrimental
impact on the host immune system as demonstrated in diseases such as diabetes,
asthma, inflammatory bowel disease (IBD), and psychiatric disorders including
depression, anxiety, and autism (Sarkar et al. 2016; Shaaban et al. 2018a, b).

Fig. 19.1 Gut-brain-microbial axis revealing the regulatory interactions established between the
gut microbiota, the intestine, and the brain. It includes the communication through vagus and
sympathetic nerves; SCFAs, short-chain fatty acids; activation of hypothalamic-pituitary-adrenal
(HPA) axis and release of gut peptides (Rogers et al. 2016)
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Although a huge repertoire of such studies has been focused on bacteria residing in
the gut, some studies have emphasized the significance of other microbes such as
yeast. For instance, it has been observed that the gut colonization with Candida
species results in a decrease in carbohydrate and mineral absorption and excessive
buildup of toxins that might contribute to development of autism spectrum disorder
(Shaaban et al. 2018a, b). Dysbiosis also occurs in functional gastrointestinal
disorders (FGID) that are linked to a disruption of the gut-brain axis and leading
to mood disorders (Enck and Mazurak 2018). Similarly, in IBS, both brain-gut and
gut-brain dysfunctions occur that eventually result in changes in intestinal motility
and secretion, causing visceral hypersensitivity and cellular alterations of the
enteroendocrine and immune system (Padhy et al. 2015). Recent studies report
that probiotics are helpful in restoring microbiota to a healthy state and also in
reducing various disease symptoms (Carabotti et al. 2015). The gut and the brain are
interrelated in which the gut bacteria produce metabolites and have a major effect on
the brain. Probiotics have a beneficial role in the brain and mental health and are
called as psychobiotics (Dinan et al. 2013).

19.6 Psychobiotics and Their Role in Mental Health

Psychobiotics are novel types of probiotics used for the treatment of psychiatric
distress (Dinan et al. 2013). Psychobiotic researches are conducted on the model
organisms for behavioral assessments such as anxiety, depression, motivation, etc.

Fig. 19.2 The two-dimensional interactions between the gut microbiota and the brain
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(Sarkar et al. 2016). This kind of probiotics can regulate neurotransmitters and
proteins (GABA, serotonin, glutamate, and BDNF) and are helpful to regulate the
neural excitatory-inhibitory balance, mood, cognitive functions, and learning and
memory processes (Lu et al. 2008; Heldt et al. 2007; Martinowich and Lu 2008). The
gut microbiota has a major role in stimulating the activity of the hypothalamic-
pituitary-adrenal (HPA) axis (Sudo et al. 2004). Studies with the germ-free
(GF) mice have shown that they release excess of corticosterone and
adrenocorticotropic hormone as compared to specific pathogen-free (SPF) mice
upon administration with psychobiotics (Sudo et al. 2004). The activation of the
HPA axis by pro-inflammatory cytokines increases the blood barrier permeability
which leads to reduction in serotonin level resulting in psychiatric distresses such as
depression (Hammitt et al. 2019; Dowlati et al. 2010). Lactobacillus brevis, Lacto-
bacillus plantarum, and Bifidobacterium dentium are able to secrete GABA and
serotonin inside the gut (O’Mahony et al. 2015; Schousboe and Waagepetersen
2007; Barrett et al. 2012). The acetylcholine is secreted in the gut by the Lactobacil-
lus spp. such as L. plantarum and Lactobacillus odontolyticus (Roshchina 2016). A
recent study reports that microbes can regulate the serotonin synthesis in the gut. In
additon the spore-forming bacteria present in gut microbiota can produce serotonin
in enterochromaffin cells (Yano et al. 2015). The studies indicate the psychobiotic
potential of pseudobiotics in improving the psychiatric conditions by secretion of
neurotransmitters that can in turn alleviate stress.

Psychobiotics have been reported to exert psychotropic effects on various mental
and psychological disorders, depression, anxiety, and stress; however, their applica-
tion to improve mental health requires precision strategy. Animal studies have
shown that many probiotics in fact act as psychobiotics. For instance, the adminis-
tration of Lactobacillus plantarum PS128 supplements reduces anxiety and stress in
mice as well as inflammation and the levels of corticosterone. As compared to the
control mice, PS128 supplements can enhance the dopamine and serotonin levels in
the prefrontal cortex and striatum (Liu et al. 2016, 2015). Similarly, the administra-
tion of Lactobacillus helveticus NS8 supplements is beneficial for the reduction of
anxiety, cognitive dysfunction, and depression. These L. helveticus NS8
supplements can enhance the levels of serotonin, norepinephrine (NE), and brain-
derived neurotrophic factor (BDNF) in the hippocampus (Liang et al. 2015). Fur-
thermore, Bifidobacterium longum 1714, B. longum NCC3001, Bacterium infantis
35624, and Lactobacillus rhamnosus (JB-1) administration can reduce stress,
depression, and anxiety (Savignac et al. 2014; Bravo et al. 2011; Bercik et al.
2010; Desbonnet et al. 2010). The intake of the JB-1 supplements can cause
region-dependent modifications in the expression of GABA receptors resulting in
the reduction of plasma corticosterone level (Bravo et al. 2011). The administration
of B. longum NCC3001 upregulates the BDNF expression in the hippocampus
(Bercik et al. 2010). The 4-week-long treatment of B. longum 1714 was effective
in improving memory and reducing stress (Allen et al. 2016). Recipients who were
administered with both probiotic yogurt (Lactobacillus acidophilus LA5 and
Bifidobacterium lactis BB12) and probiotic capsules (Lactobacillus casei,
L. acidophilus, Lactobacillus rhamnosus, Lactobacillus bulgaricus, Bifidobacterium
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breve, Bifidobacterium longum, and Streptococcus thermophilus) have shown an
improvement in mental health (Mohammadi et al. 2016). The combination of
L. helveticus R0052 and B. longum R0175 can reduce stress and depression.
Along with that, these combinations can decrease the levels of urinary free cortisol
(Messaoudi et al. 2011). The effects of probiotic supplements such as L. plantarum
PS128, L. plantarum 299v, L. rhamnosus GG, Bifihappy, Vivomixx®, Probio’Stick,
etc. on depression and anxiety is under investigation (Cheng et al. 2019; Rucklidge
2013).

The brain-gut interaction involves immunoregulatory, neuroendocrine, and vagus
pathways (Li et al. 2018). These interactions are mediated by secretion of many
metabolites by the microorganism in the gut which in turn depends upon the
diversity of microbes residing in the gut. Probiotics can help improve these
interactions by maintaining a healthy microbiota which ultimately results in overall
health improvement. For instance, the levels of inflammatory cytokines can be
reduced by the treatment with the probiotic strains of Lactobacillus,
Bifidobacterium, and Enterococcus (Vanuytsel et al. 2014). The probiotic anti-
immunoregulatory effects can trigger T regulatory cells which lead to the secretion
of IL-10 (Dinan et al. 2013). Moreover, the interaction of probiotics with gut
epithelium enteroendocrine cells (EECs) results in secretion of neuropeptides and
neurotransmitters such as peptide YY (PYY), neuropeptide Y (NPY), substance P,
serotonin, glucagon-like peptide-1 and peptide-2 (GLP-1 and GLP-2), and chole-
cystokinin (Cani and Knauf 2016; Foster et al. 2017). About 95% of the serotonin is
secreted from the gut enterochromaffin cells and ENS neurons along with the control
of GI secretion and motility (Costedio et al. 2007). The effective brain serotonin
pathways regulates the cognition and mood while the ineffective brain serotonin
pathways leads to disorders in GI and mood (Wrase et al. 2006).

19.7 Psychobiotics in Neurodegenerative
and Neurodevelopmental Disorders

19.7.1 Alzheimer’s Disease (AD)

Although there is scarce evidence regarding the effectivity of probiotics in neurode-
generative disorders like AD and it has been reported that patients having severe AD
are insensitive to probiotics; yet, one study using multiple strains of L. casei W56,
Lactococcus lactis W19, L. acidophilus W22, B. lactis W52, L. paracasei W20,
L. plantarum W62, B. lactis W51, B. bifidum W23, and L. salivarius W24, on
subjects with AD reported that the composition of gut microbiota and tryptophan
metabolism were affected by the administration of probiotics (Kumar and Singh
2015; Agahi et al. 2018; Leblhuber et al. 2018). Another study reported significant
probiotic-mediated reduction in oxidative stress by induction of SIRT-1-dependent
mechanisms in transgenic AD mouse models (Bonfili et al. 2018). Administration of
probiotics comprising of L. acidophilus, Lactobacillus fermentum, B. lactis, and
B. longum significantly decreased the coliform and increased Bifidobacterium spp.
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and Lactobacillus spp. in the stool of AD animal models suggesting the efficacy of
probiotics in maintaining healthy gut microbiota. Additionally, probiotics have been
reported to improve learning and memory deficits in AD rats as compared to control
rats probably because of the reduction in the number of amyloid plaques, inflamma-
tion, and oxidative stress (Athari Nik Azm et al. 2018). Furthermore, supplementing
AD mice with cow’s milk fermented with L. fermentum or L. casei enhanced
learning, memory behavior, and antioxidant levels while reducing
pro-inflammatory cytokines, malondialdehyde (MDA), and AChE as compared to
the control (Musa et al. 2017). In addition to that, certain probiotic strains such as
L. plantarum MTCC1325 prove beneficial in improving the cognitive and gross
behavioral activities and restoration of acetylcholine (ACh) levels in D-galactose-
induced AD rats (Nimgampalle and Kuna 2017). In yet another randomized, double-
blind, and controlled clinical trial, consumption of probiotic-treated milk
(L. acidophilus, L. casei, B. bifidum, and L. fermentum) led to decreased plasma
MDA and serum high-sensitivity C-reactive protein (hs-CRP) levels while changing
the insulin resistance, beta-cell function, and insulin sensitivity. Remarkably, the
mini-mental state examination (MMSE) score in AD group was significantly
improved after probiotic treatment (Akbari et al. 2016).

Based on the abovementioned findings, it can be stated that probiotics, specifi-
cally psychobiotics, can help improve the cognitive behavior, memory deficit, and
overall mental health in AD animal models while reducing inflammation, possibly
through SIRT-1 pathways, and thus hold promise in the treatment of AD in humans;
however, this needs further confirmation by carefully designed, double-blind clinical
trials considering other factors such as age and severity of AD to better elucidate the
role of psychobiotics.

19.7.2 Parkinson’s Disease (PD)

Another important neurodegenerative and neuropsychiatric disorder that affects
nearly 2% of the elderly population is PD (De Rijk et al. 1997). Besides other
problems, one of the major symptoms in these PD patients is constipation (Barichella
et al. 2009; Fasano et al. 2015; Berg et al. 2015). Hence, most of the clinical studies
related to probiotic administration in PD patients focus on gastrointestinal function
(Barichella et al. 2016; Georgescu et al. 2016; Cassani et al. 2011). For instance,
three studies have reported that probiotics containing L. acidophilus and B. infantis
improved gastrointestinal function, regulate bowel movement, improve stool con-
sistency, reduce abdominal pain and recipients with PD who were using probiotics
exhibited improved gastrointestinal functions. Furthermore, PD patients exhibited
improved bowel habits after 5 weeks of administration of milk fermented with
L. casei Shirota (Cassani et al. 2011).

Results obtained from a randomized, double-blind, placebo-controlled clinical
trial suggest that probiotic supplementation of PD patients with L. acidophilus,
B. bifidum, Lactobacillus reuteri, and L. fermentum for 12 weeks decreases the
overall score on the Unified Parkinson’s Disease Rating Scale (UPDRS) as
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compared to the placebo group. Besides that, probiotic supplementation increased
the glutathione (GSH) levels, remarkably decreased the hs-CRP and MDA levels,
and significantly improved the insulin function in contrast to the placebo (Tamtaji
et al. 2019).

Patients suffering from PD have increased oxidative stress and inflammations that
increase with the severity of disease (Taylor et al. 2013). Psychobiotics have shown
promising results in reducing oxidative stress and the inflammations in patients with
PD. For instance, probiotic interventions in PD patients for 12 weeks significantly
upregulated the expression of transforming growth factor beta (TGF-β) and peroxi-
some proliferator-activated receptor gamma (PPAR-γ) while downregulating the
expression of interleukin-1 (IL-1), IL-8, and tumor necrosis factor alpha (TNF-α)
as compared to the placebo control in a randomized controlled study focusing on the
effect of probiotic administration on inflammation, insulin, and lipid-related genes in
peripheral blood mononuclear cells (PBMCs). However, no effect of probiotic
administration was observed on the expression of markers of inflammation and
oxidative stress, vascular endothelial growth factor (VEGF), and low-density lipo-
protein receptor (LDLR) in the same study (Tamtaji et al. 2017). These studies depict
the importance of probiotic administration in improving the overall health of PD
patients; however, as with the case of AD, more studies are required to emphasize
the role of psychobiotics in alleviating symptoms of PD. For instance, probiotics
might prove useful in folding of α-synuclein produced in enteroendocrine cells
eventually reducing the Lewy bodies formation of dopaminergic (Shults 2006;
Liddle 2018; Chandra et al. 2017); however, this needs to be unrevealed by further
research.

19.7.3 Autism Spectrum Disorder (ASD)

Although quite rare, ASD is a neurodevelopmental disorder characterized by inabil-
ity to communicate socially, restrictive behavioral pattern, and limited activities and
interest. ASD is prevalent in 0.1–1.8% of the population, and these patients fre-
quently complain of gastrointestinal problems (American Psychiatric Association
2013; Wang et al. 2011) with interesting correlations between severity of behavioral
and gastrointestinal symptoms. Evidence indicates that patients with ASD have
varying levels of alteration in gut microbiota and this implicates the importance
of considering the gut-brain axis in its treatment. Several species of bacteria are
being evaluated as probiotics in improving the gastrointestinal and behavioral
problems in ASD patients such as L. acidophilus DSM24735™, L. plantarum
DSM24730™, Lactobacillus paracasei DSM24733™, L. helveticus
DSM24734™, Streptococcus thermophilus DSM24731™, B. lactis DSM24736™,
B. breve DSM24732™, and Lactobacillus delbrueckii subsp. bulgaricus DSM
24734 and B. lactis DSM24737™ (Arnold 2019; Cheng et al. 2019; Shaaban et al.
2018a, b)

A recent trial conducted in Egypt reports that administering probiotics for
3 months improved the severity of autism and GI symptoms as compared to control
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(Shaaban et al. 2018a, b). Different trials using different bacterial strains as
psychobiotic formulations are being investigated, and their results are still awaited.

A previous placebo-controlled trial conducted in the UK in 2012 evaluated the
efficacy of the single probiotic strain L. plantarum WCFS1 in an ASD (Cheng et al.
2019). In this study, ASD patients reporting GI problems were given L. plantarum
WCFS1 as compared to placebo for 6 weeks; however, the results of this study are
not available. This study recruited patients with ASD presenting with GI problems
for a 6-week intervention with either probiotics or placebo. Another trial conducted
in the UK in 2010 reports that the administration of L. plantarum WCFS1 in ASD
patients for 3 weeks altered the gut microbiota (Parracho et al. 2010). Currently,
limited data are available that reveal the effects of probiotics on patients with ASD.
However, numerous trials are under progress for which results are awaited to provide
scientific evidence for the efficacy of these probiotics in the management of
ASD-related GI and behavioral symptoms.

19.7.4 Attention Deficit Hyperactivity Disorder (ADHD)

ADHD is a neurological illness categorized on the hyperactivity, inattention, and
impulsivity. The infants administrated with L. rhamnosus GG during the first
6 months after birth may have a reduced risk for ADHD (Pärtty et al. 2015). The
Truehope GreenBAC capsules are administered to the ADHD patients to improve
energy level and the mood (Rucklidge 2013). Moreover, L. acidophilus food
supplements can recover the ADHD children with the self-control and the attention
(Harding et al. 2003).

19.7.5 Tourette Syndrome (TS)

Tourette syndrome (TS) is a neurological disorder that is initially observed in
childhood (Rampello et al. 2006). There are various TS clinical treatments such as
behavioral treatments, α2-adrenergic agonists, antipsychotics, and deep brain stimu-
lation (DBS) (Murphy et al. 2013; Weisman et al. 2013). The fecal microbiota
transplantation (FMT) improves the TS after 8 weeks of treatment (Zhao et al. 2017).

19.7.6 Insomnia

Insomnia refers to the sleep disorder which causes illness such as depression,
memory loss, and allergy (Kaneita et al. 2006; Grundgeiger et al. 2014; Cohen
et al. 2009). Recent reports show that the usage of fermented products can improve
sleep (Kitaoka et al. 2009). The studies suggest that the heat-killed L. brevis
SBC8803 (SBL88™) improves sleep in mice and humans. Also, it improves walk-
ing sleep journal scores in healthy males (Nakakita et al. 2016) and increases delta
power values in adults aged 40 years as compared with placebo control. Similarly,
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the heat-killed L. brevis SBC8803 can increase the duration of wakefulness and
nighttime wheel-running activity (Miyazaki et al. 2014). The administration of
probiotics leads to the reduction in non-rapid eye movement (NREM) sleep during
the active phase and improves NREM sleep during resting phase (Miyazaki et al.
2014). However, no significant effect can be found in the heat-killed L. brevis
SBC8803 treatment in the sleep quality according to the electroencephalograms
(EEG) and the Athens Insomnia Scale (AIS) (Nakakita et al. 2016). Based on the
study reports, the consumption of L. helveticus CM4 containing fermented milk can
improve the efficiency of sleep and wakening episodes in aged individuals
(Yamamura et al. 2009).

19.8 Conclusion

In the past few years, the human gut microbiota and effect of probiotics on it have
received considerable attention in the context of the relation between microbiota and
health or disease. Association of gut dysbiosis with many health conditions has
revealed the importance of healthy gut flora on overall human health. Animal studies
have revealed that the gut-brain interaction is a two-way traffic with signals coming
from the brain to the gut microbes and similarly response and feedback from the gut
microbiota to the brain. These interactions are particularly important in maintaining
brain health and that ultimately requires a balance of microbial structural and
functional diversity in the gut. Probiotics, specifically psychobiotics, hold special
significance in the sense that they can maintain a healthy gut microbiota, thus
maintaining general brain health and alleviation of anxiety, stress, and behavioral
problems. In addition to that, preliminary studies have revealed that these
psychobiotics can prove beneficial in improving the symptoms of neurodegenerative
and neurodevelopmental disorders.

Thus, psychobiotic treatments might be used as a promising strategy to improve
the quality of life for people suffering from neurodegenerative and
neurodevelopmental disorders; however, further studies in this arena are required
to evaluate the effectiveness of psychobiotics as an alternative therapeutic regimen
for alleviating stress, anxiety, cognitive function, and brain health.
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Impact of Probiotics in Modulation of Gut
Microbiome 20
Roghayeh Nourizadeh, Bita Sepehri, Amin Abbasi, R. Z. Sayyed, and
Leila Khalili

Abstract

Gut health refers to a number of physiological, microbiological, and physical
functions that work together to maintain intestinal homeostasis. The gut provides
a platform for the growth of a diverse microbiota that not only provides a barrier
against colonization by pathogens but also regulates immune development and
maturation and provides metabolites for host well-being. Disruption of the
balance of gut microbiota is one of the major etiological factors associated with
several gastrointestinal and infectious diseases, metabolic disorders such as
obesity and diabetes, and inflammatory disease. Probiotics are live microbial
supplements that beneficially affect the host by improving its intestinal microbial
balance. This chapter summarizes the evidence available in literature for the
beneficial effect of probiotics in modulating gut microbiota in favor of beneficial
microbiota and then promoting host health. Considering the results of several
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investigations, probiotic consumption can affect the gut microbiota and gut
barrier integrity, so the diseased state, caused due to gut microbiome imbalance,
will regain homeostasis and health. Several mechanisms for probiotics’ actions
are revealed; however, the gut microbiota modulatory effect is one of the main
mechanisms through which the probiotics can affect the host. By knowing the
benefits of gut microbiota balance, it would be wise to manipulate the composi-
tion of the gut microbiota through probiotic consumption.

Keywords

Gut microbiome · Intestinal microbiota · Probiotics · Modulation

20.1 Introduction

Human intestinal microbiota, a highly diverse population of microbes, mainly
consists of bacteria, viruses, protozoa, and fungi and has a major contribution to
human health. Changes in the microbiota composition, diversity, and temporal
stability (microbiota dysbiosis) have been associated with some gastrointestinal
and systemic conditions (Lavelle and Hill 2019). So, modulation of the intestinal
microbiota to maintain a favorable balance in the ecosystem and to improve human
health is of great interest.

The luminal microbiota can be modulated during a probiotic treatment. Probiotics
are defined as “live strains of selected microorganisms that confer a health benefit on
the host when administered in adequate amounts.” The most commonly used
probiotic strains belong to the genera Bifidobacterium and Lactobacillus, but also
Enterococcus, Lactococcus, Streptococcus, and Bacillus spp., and some yeast strains
belonging to the genus Saccharomyces have been included in probiotic products for
human nutrition (Markowiak and Śliżewska 2017). The use of probiotics in food
products is based on their safety records for human use, and most of the used species
have Generally Regarded as Safe (GRAS; FDA, US) or Qualified Presumption of
Safety (QPS; EFSA, EU) status. According to the results of several studies,
probiotics have clinical benefits, but more clinical research should be done to
confirm their efficacy. Moreover, probiotics’ effects may depend on the strain,
dose, and components used to produce a probiotic product (Markowiak and
Śliżewska 2017; Jafar-Abadi et al. 2020).

20.2 Probiotic and Gut Microbiota

For decades, the health benefits of probiotics have prompted increasing scientific
interest. The therapeutic effect of probiotics has been evaluated in a wide range of
diseases, particularly in gastrointestinal and metabolic disorders where the results
have supported the potential use of probiotics as therapeutic agents (Ford et al. 2014;
Ebrahimi et al. 2019; Khalili et al. 2019).
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The potential mechanisms of probiotics’ action include improving intestinal
barrier function through effects on the epithelium and mucus lining; manipulating
intestinal microbial communities; producing antimicrobial substances; competing
with pathogenic bacteria; regulating luminal acidity; immune modulation;
stimulating epithelial cell proliferation and differentiation; and fortification of the
intestinal barrier (Thomas and Versalovic 2010; Hou et al. 2020).

Previous investigations have revealed positive effects of probiotic consumption
on several health outcomes. Most of the published studies have focused on
populations with specific health pathologies; moreover, some evidence supports
the health-promoting effects of probiotics in healthy adult (Kristensen et al. 2016).
Hou et al. found that Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, and
Tenericutes were the main phyla in the fecal microbiota of healthy participants
(Hou et al. 2020). The F/B (Firmicutes/Bacteroidetes) value is the common indicator
for the composition of gut microbiota. The healthy adults’ gut microbiota composi-
tion and the differences in their responses to intervention with the same probiotic are
important in determining their roles in human health and well-being.

In recent years, the gut microbiota has received much attention as a potential
determinant for disease development that has the potential to be modified by
probiotic consumption. Some gut microbiota are associated with metabolic diseases
such as obesity and diabetes and the occurrence and development of gastrointestinal
diseases (Tilg and Kaser 2011; Fallucca et al. 2014; Mayer et al. 2014; Kim et al.
2015). Other gut microbiota are involved in functional processes that are essential
for homeostasis, such as digestion of indigestible nutrients, and production of
vitamins and micronutrients (Nicholson et al. 2012).

In summary, the composition and changes in the gut microbiota are closely
related to human health. Therefore, the health effects of probiotic consumption on
gut microbiota could be used as a tool for the maintenance and promotion of host
health.

20.3 Modulation of the Intestinal Microbiota by the Use
of Probiotics

The concept of probiotics to the scientific community was introduced by Nobel
laureate Elie Metchnikoff. He published an important report linking the longevity of
Bulgarians with drinking fermented milk products containing viable Lactobacilli
(Metchnikoff 1907). This finding proposed that ingestion of certain microbes could
be beneficial for human health. Since then, probiotics had been extensively marketed
and consumed as functional foods or dietary supplements. Intestinal microbiome has
important effects on the integrity and function of the gastrointestinal tract, immune
homeostasis maintenance, and host energy metabolism (Pflughoeft and Versalovic
2012). Intestinal dysbiosis—perturbations of microbial composition—may result in
disrupted interactions between microbes and host. These changes in microbiome
composition and function may contribute to disease susceptibility (Frank et al.
2011). Several investigations have shown associations between intestinal dysbiosis
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and chronic low-grade inflammation and metabolic disorders resulting in metabolic
syndrome, obesity, and diabetes, infections in the gastrointestinal tract, irritable
bowel syndrome (IBS), and inflammatory bowel disease (IBD) (Cani and Delzenne
2009; Jumpertz et al. 2011; Pflughoeft and Versalovic 2012).

Treatment methods to manipulate and restore the balance in the richness and
diversity of intestinal microbiome are being explored (Sonnenburg and Fischbach
2011). Probiotics can play a beneficial role in the gastrointestinal tract and improve
the functionality of existing microbial communities. Probiotics can also affect the
function and composition of microbial communities by competition for nutrients,
production of growth substrates or inhibitors, and modulation of intestinal immunity
(O’Toole and Cooney 2008). This concept is supported by results of several
randomized controlled clinical trials showing the benefits of probiotics during the
treatment of gastrointestinal disorders (Preidis and Versalovic 2009; Thomas and
Versalovic 2010; Hemarajata and Versalovic 2013; Maleki et al. 2015).

20.4 How Probiotics Modulate the Intestinal Microbiota?

The potential mechanisms of probiotics’ action include effects on the composition
and function of the intestinal microbiome. Probiotics suppress the growth of other
microorganisms by producing antimicrobial or metabolic compounds; moreover,
they compete for receptors and binding sites with other intestinal microbes on the
intestinal mucosa (Collado et al. 2007; O’Shea et al. 2012). Lactobacillus strains
enhance the integrity of the intestinal barrier, which can result in the maintenance of
immune tolerance, reduced translocation of bacteria across the intestinal mucosa,
and disease phenotypes such as IBD, IBS, and gastrointestinal infections (Lee and
Bak 2011). Furthermore, probiotics can modulate the intestinal immunity and alter
the responsiveness of the intestinal epithelia and immune cells to microbes in the
intestinal lumen (Bron et al. 2012).

The effects of probiotics on the function, composition, and diversity of the gut
microbiota have been studied using different tools and techniques. An investigation
showed decreased pain and flatulence in patients with IBS that received a 4-week
treatment with a rose-hip drink containing 5 � 107 CFU/ml of L. plantarum DSM
9843 per day (Nobaek et al. 2000). This improvement in clinical symptoms was
associated with the presence of L. plantarum in rectal biopsies of patients and the
reduced amounts of enterococci in fecal specimens. Another intervention on patients
with diarrhea-dominant IBS (IBS-D) showed symptomatic relief in patients treated
with a probiotic mixture of L. acidophilus, L. rhamnosus, L. plantarum,
Bifidobacterium breve, B. longum, B. lactis, and Streptococcus thermophilus.
Analyses of the fecal microbiota of these patients using denaturing gradient gel
electrophoresis (DGGE) revealed that the similarity of the microbial composition
was more similar in probiotic-treated patients than that of the placebo group. This
finding revealed that microbial community composition was more stable during the
period of probiotic treatment (Cha et al. 2012). Recent technological innovations in
DNA sequencing and progressions in bioinformatics have provided scientists with
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tools to explore research questions about the human microbiome and how treatment
modalities affect changes in the composition and function of the microbial
communities. A recent research using a high-throughput, culture-independent
method analyzed the fecal microbiota of 6-month-old infants treated with daily
supplements of L. rhamnosus (LGG) (Cox et al. 2010). The findings revealed an
abundance of LGG and an increased index of evenness in the fecal microbiota of
these infants, suggesting ecological stability. Probiotics’ ability in inducing changes
in intestinal microbial communities was demonstrated in a recent study, which
explored the effects of L. reuteri on microbial community composition in a neonatal
mouse model using 16S rRNA metagenomic sequencing. The results demonstrated
an increase in community evenness and diversity of the distal intestinal microbiome
in animals treated with L. reuteri compared with that of vehicle-treated animals
(Preidis et al. 2012). The diversity in microbial communities was shown to be
associated with increased ecological stability (Eisenhauer et al. 2012). So, probiotics
can induce changes in the intestinal microbiota and stabilize microbial communities.

In addition to direct effects on the composition of the intestinal microbiota,
probiotics can also modulate the global metabolic function of intestinal microbiome.
Fermented milk products containing several probiotics did not alter the composition
of intestinal bacterial communities in gnotobiotic mice and monozygotic twins
(McNulty et al. 2011). However, fecal meta-transcriptomic analysis of probiotic-
treated animals showed significant changes in the expression of microbial enzymes,
mainly enzymes involved in carbohydrate metabolism. Moreover, mass spectromet-
ric analysis of urinary metabolites demonstrated altered abundance of several carbo-
hydrate metabolites. These observations suggested that probiotics may affect the
global metabolic function of the intestinal microbiome.

20.5 Modulation of Gut Microbiota-Brain Axis by Probiotics

The gut is closely connected to the brain via 200–600 million neurons (Furness
2006). Bidirectional communication between the gut and the brain has long been
recognized. Signals from the brain can affect the motor, sensory, and secretory
modalities of the gastrointestinal (GI) tract, and, in turn, visceral messages from
the gut can affect brain function (Grenham et al. 2011; Tabrizi et al. 2019). There is
growing evidence for the view rethinking the gut-brain axis as the concept of a gut
microbiota-brain axis due to the central role of gut microbiota in the bidirectional
gut-brain axis (Gareau et al. 2011; Neufeld et al. 2011; Cryan and Dinan 2012;
Dinan and Cryan 2013; Wang et al. 2013). However, the routes of communication
between the gut microbiota and the brain are not completely clarified, probably
through endocrine, neural, and immune pathways, which could be affected by gut
microbiota or microbiota-generated metabolites (Moloney et al. 2014). Results of
investigations have revealed that the bidirectional interaction between the gut
microbiota and the brain can be modulated by probiotics which exert beneficial
impacts on brain activity and behavior (Kanauchi et al. 2013). The probiotic strains
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used for human consumption must survive gastrointestinal transit with human origin
and nonpathogenic feature (Hardy et al. 2013).

Although the relationship between gut microbiota and mental disorders is com-
plex, it is possible to improve the mentioned disorders through modulation of gut
microbiota by probiotic consumption. Bercik et al. showed that Bifidobacterium
longum normalized anxiety-like behavior induced by the noninvasive parasite
Trichuris muris infection (Bercik et al. 2010). Similarly, Bravo et al. indicated that
chronic treatment with Lactobacillus rhamnosus (JB-1) reduced the anxiety- and
depression-related behavior in the Trichuris muris-infected mice (Bravo et al. 2011).
Ingestion of selected probiotics also showed effects on brain activity in humans. Rao
et al. showed that administration of Lactobacillus casei strain Shirota for 2 months
significantly decreased anxiety symptoms among patients with chronic fatigue
syndrome compared with controls (Rao et al. 2009). The oral administration of
L. helveticus R0052 and B. longum R0175 for 2 weeks was shown to alleviate
anxiety and depressive symptoms in healthy volunteers, as measured by the Hopkins
Symptom Checklist (HSCL-90) and the Hospital Anxiety and Depression Scale
(HADS) (Messaoudi et al. 2011). Similarly, after 4 weeks of consumption of a
fermented milk containing probiotics (FMPP) (containing Bifidobacterium animalis
subsp. lactis, Streptococcus thermophilus, Lactobacillus bulgaricus, and
Lactococcus lactis subsp. lactis) by healthy women, Tillisch et al. found that
FMPP intake affected the activity of brain regions that control central processing
of emotion and sensation, including affective, viscerosensory, and somatosensory
cortices (Tillisch et al. 2013).

Several studies have spurred better understanding of the acting mechanisms of
probiotics involved in gut-brain axis signaling. Abnormalities of brain function are
associated with the altered composition of the gut microbiota. The use of probiotics
can partly or completely reverse the dysbiosis in the microbiota caused by some
brain disorders. Multiple pathways are involved in the modulation of the gut
microbiota-brain axis: vagus nerve-mediated pathways, immune response-mediated
pathways, and metabolite-mediated pathways. A deeper understanding of the rela-
tionship between the gut bacteria and their hosts is implicated in developing
microbial-based therapeutic strategies for brain disorders.

20.6 Conclusions

It is possible to manipulate the composition of the gut microbiota in infants and
adults through dietary supplementation. Probiotics have been proposed as preventive
and therapeutic measures, in order to restore the healthy composition and function of
the gut microbiome. However, data from human microbiome studies may lead to
identification of novel indigenous microbial species and tools to positively induce
alterations in the gut microbial communities. Well-designed experiments in appro-
priate experimental models (in vitro or in vivo) may yield insights into the biology
and potential manipulation of the microbiome in the human host. New types of
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probiotics or medicinal compounds derived from the microbiome may be used as
future strategies to promote health, prevent disease, and treat different disorders.
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Potential of Probiotics in Improving Gut
Health 21
Vipul P. Patel and Manoj K. Chaudhari

Abstract

To maintain nutrition and health, presence of needful bacteria in the gut plays a
crucial role. When there is condition like imbalance in human natural microflora,
mostly in the gut results in ill conditions known as dysbiosis. Recent advance
study on the human gut suggests that misbalance of microbial flora may result in
predisposition to different disease phenotypes. The use of probiotics as mediators
in health and diseases has been raised in recent years. The human gut has the
ability to act as home to over 100–1000 species of microbes, where the internal
environment is modulated, which plays an important role in host health. In this
chapter, we have tried to explain some of the applications of probiotics on the
human as well as animal gut and how they are beneficial. Points such as
probiotics and its current value in the market, gut microbiota and its effect on
the immune system, and several diseases are explained. Information related to
microorganisms and their role is encoded.

Keywords
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21.1 Introduction

Joshua Lederberg introduced the concept of human microbiome to scientific com-
munity. Probiotic is modern era’s phrase, and it is going to play an important role in
the effect of human as well as animal health with the help of bacterial associations.
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The symbiotic connection between the human host and its bacterial residents has
obtained extensive research interest in recent years. These bacteria are predomi-
nately showing their presence in the gastrointestinal system with their mutual
genomes, known as the gut microbiome (Marchesi and Ravel 2015). Based on
published literature and their positive results advice that in the human host homeo-
stasis, health, and disease, there is an important role of gut microbiome. Some of
the positive result of research associated with appetite, GIT function, and immune
responses (Thaiss et al. 2016) are well documented. This chapter tries to explain
collected current knowledge and research in probiotics in gut health. Metchnikoff in
the early 1990s revealed probiotics in scientific circumstances as moderation of
floral diversity in animal and human bodies and substitute harmful microbes with
useful ones. Afterwards, Henry Tissier observed that the stool of children suffering
from diarrhea contains less concentration of particular bacteria compared to the stool
of healthy children. He also suggested oral administration of live organism that is
Bifidobacterium to patients with diarrhea. Modern definition of probiotics is a viable
mixed or mono bacteria culture when its application is done to man or animal helps
to maintain and improve properties of indigenous flora is given by Havenaar and
Huisin’t Veld (1992). In the year 2000, Government of Argentina has requested to
food and agriculture expert panel for evaluation of health and nutritional properties
of probiotics. After that grammatically corrected definition of probiotics is “living
microorganism, when administered in required amounts, gives benefit on health of
host” (Hill et al. 2014). It can also define as probiotics as substitute of
microorganisms in host to which play an important role in enhancing measurable
health outcomes. In 2017, updated definition of probiotics exists as “a substrate that
is selectively utilized by host microorganism conforming benefit to health”. The
main cause for dysbiosis is when there is disturbance or changes in collection of
bacteria, bacteria, and viruses which help to form gut microbiota, threat to gut
integrity is imposed by normal microbial homeostasis. Until now, for healthy gut
exact number of microbes require is not found or defined. Microbes play an
important role in maintaining regulatory and metabolic networks. Shaping of the
gut epithelium is also mostly depending upon the microbiota present in the gut
(Sender et al. 2016). Streptococcus,Clostridium, Lactobacillus, and Bifidobacterium
are currently the major strains used as probiotics, but in recent study in culturomics
and metagenomics related to disease lead to increase knowledge related to microbial
composition and their role in health benefit (Fig. 21.1).

21.2 Probiotics: Current Importance and Future

It is better to select probiotic strains for the preparation of products based upon the
evidence of phenotype. In recent years, there has been an increased use of probiotics
as a medicine to treat diseases and maintain better health. This condition leads due to
evidence of effect of gut microbiota on their effect on health. Current consideration
gives rise with industries and academia to do research and develop probiotics with
success along with develop technologies. There is expansion of global market
related to probiotics. Recently, there is still a need to study the interaction of
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microbiota with supplementation. A more in-depth study of single and combined
strains is to be done and ongoing. A lot of research is done related to probiotics, but
health claim is yet to be done. Among the research activities done, near about 19,000
results have been found for literature survey (Chamberlain and Lau 2016). The
National Institutes of Health funded project entitled “Human Microbiome Project
(HMP1)” which was performed on 250 healthy volunteers. This project concluded
that human microbiome is constituted between 3500 and 35,000 species (Morgan
et al. 2013). In the human body, a lot of microorganisms are present, and
microorganisms present at different sites vary in number. The sequence of amount
of microorganisms present in oral and colonic cavity have large amount compared to
vagina. Hadza in Tanzania in one survey it was found that diversity of GIT
microorganisms in hunter-gatherer populations (Clemente et al. 2015). Among colo-
rectal cancer, IBS, Crohn’s disease, and obesity are observed in persons with a low
diversity of microorganisms in the lower GIT (Mosca et al. 2016). In the biological
basis and mechanisms of action of probiotics, with diverse biological functions and
mechanisms apparent across different bacterial strains, it is important for researchers
and probiotic product developers to understand the properties of each strain and
apply these proactively to target a preferred physiological interaction/response. For
example, it is likely to be important and beneficial for probiotic strains that exhibit
anti-inflammatory properties to be applied to research in health conditions associated
with an augmented inflammatory response (e.g., Crohn’s disease). In clinical probi-
otic research, an early and consistent research focus on gastrointestinal diseases is

Fig. 21.1 A diagrammatic overview of the positive influence of gut bacteria
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now resulting in inclusion of probiotics into evidence-based guidance for clinicians.
Beyond the gut, the scope of clinical conditions amenable to probiotic management
seems almost limitless. However, although the results from research in new
indications, such as neurological pathologies, are very promising, a substantial
amount of further work is required to provide healthcare providers with the confi-
dence to embrace probiotics into regular practice. The probiotics industry is an ever-
growing entity with continual expansion of products being taken to market. This has
driven scientific research with the aspirations to uncover probiotic strains that
provide conclusive evidence of improvements in health and disease outcomes.
These opportunistic endpoints have not currently been met, evidenced by the fact
that no certified health claims credited to probiotic products are currently in place.
This is likely owing to the wide interpersonal variations in commensal bacteria as
well as fundamental differences between probiotic strains. The further application of
advanced omics technologies will provide an improved understanding of the com-
plex host-bacteria interactions.

21.3 Gut Microbiota and Their Effect on Human Health

Since the project named as Human Microbiome Project (HMP) exists, a lot of study
has been published related to the composition of microbiota in the human gut along
with analysis of normal and diseased persons. There was also one study performed in
which fecal study of two twins was performed in which characterization of fecal
microbial community for obesity and leanness was carried out. The result of study
concluded with sharing of an identifiable core set and pathways in human
microbiome and it was observed that person with changes in microbiota at the
phylum level having obesity problem. Metagenomic analysis study was also
performed, and its study revealed that microbial biomarkers of obesity take part in
lipid, amino acid, and carbohydrate metabolism. A recent metatranscriptomic analy-
sis determined the distribution of functional roles of human fecal microbiota. This
study demonstrated the distribution of Clusters of Orthologous Groups (COGs)
categories across each of the 10 metatranscriptomes (A, B, C, D, E, F, K, L, N,
and O) that were sequenced. The following are activities related to human health in
which gut microbiota plays an important role: energy production and conservation,
amino acid transport and metabolism, nucleotide transport and metabolism, carbo-
hydrate transport and metabolism, transcription, cell mobility, defense mechanism,
signal transduction mechanism, etc. Luminal conversion by intestinal microbes may
play an important role in host-microbiota interactions. Orally consumed nutrients
may be converted by intestinal microbes into bioactive compounds that could affect
the health of the host and the intestinal microbiota (GABA, gamma-aminobutyric
acid; SCFAs, short-chain fatty acids). Probiotics may manipulate intestinal microbial
communities and suppress growth of pathogens by inducing the host’s production of
β-defensin and IgA. Probiotics may be able to fortify the intestinal barrier by
maintaining tight junctions and inducing mucin production. Probiotic-mediated
immunomodulation may occur through mediation of cytokine secretion through
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signaling pathways such as NFκB and MAPKs, which can also affect proliferation
and differentiation of immune cells (such as T cells) or epithelial cells. Gut motility
and nociception may be modulated through regulation of pain receptor expression
and secretion of neurotransmitters (APRIL, a proliferation-inducing ligand; HSP,
heat shock protein; IEC, intestinal epithelial cell; Ig, immunoglobulin; MAPK,
mitogen-activated protein kinase; NFκB, nuclear factor-kappaB; pIgR, polymeric
immunoglobulin receptor; STAT, signal transducer and activator of transcription;
Treg, T regulatory cell) (Fig. 21.2).

21.4 Probiotics as Nutritional Aid for Human

In the twentieth century, Elie Metchnikoff proposed the concept of probiotics, which
means “for life.” According to him, as we get older, essential microbes in our gut
decrease, and this can be prevented by taking beneficial bacteria orally, and our
health can be improved (Metchnikoff 1908). Every person wants good health and
happy life and good food quality; in accordance to this, there has been increasing
demand in requirement of probiotics as nutritional aid in the past few years. The
increasing demand of probiotics is seen along with food and meals (Markova and
Sheveleva 2014). Foodstuff consists of beneficial bacterial culture which is added

Fig. 21.2 Factors that control gut motility, the gut luminal environment
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during the manufacturing process. Most of these products are manufactured in the
form of frozen powder (Saarela et al. 2000). Most of the time, production of acetic
acid as secondary metabolites during production of Bifidobacterium results in
change in taste during fermentation and storage. It is necessary to get assured that
foodstuff not get adversely affected due to culture inoculation. After preparation of
probiotics, packing material used in it and its storage condition are the two main
crucial steps. Until now, with positive result, more than 500 promising probiotic
food supplements are in the market. Most of the probiotic foods include fermented
cereals, fruits, vegetables, and meat foodstuff that are gaining popularity among
consumers. The most successful examples are cheese and dips, mayonnaise, edible
spreads, ice cream, milk, juices, oat, etc. (Ranadheera et al. 2017).

21.5 Probiotics in Constipation and Gastric Motility

Constipation is the most common problem seen in persons in our community which
is mostly result in problem of gastric motility. While studying the effects of
probiotics on humans as well as animals, there have been promising and positive
results seen. Only problem of uncertainty related to mode of action of probiotics on
gut motility and constipation. The immune system, nervous system function, bile
acid mechanism, and mucus secretion are vital factors to gut motility, and imbalance
or dysfunction related to these factors results in gut motility. The use of certain
probiotic strains can help in modifying the gut luminal environment and provide a
benefit for patients with constipation and motility (Dimidi et al. 2017). The central
nervous system, the immune system, and the enteric nervous system are some of the
factors that affect gut motility, and disturbance in these factors results in constipation
(Tables 21.1 and 21.2).

21.6 Implications of Probiotics on the Maternal-Neonatal
Interface: Gut Microbiota, Immunomodulation,
and Autoimmunity

Treatment of autoimmune disease is also done with probiotics; it is possible by
rebalancing dysbiosis inducing changes in the immune system. Autoimmune disease
can also occur during pregnancy, and it is concerned with both mother and child. In
literature, probiotics have obtained a lot of significance same with marketing.
Microbiota significantly get changed in the mother’s GIT, and it can be balanced
with the help of probiotics, but interaction between probiotics changes during the
period of pregnancy, and normal condition is not clearly observed. There is existing
evidence that gut microbiota in the mother’s GIT influences the offspring’s
microbiota and directly affects the health of neonates. Microbiota are directly gets
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influence on the immune system. Dysbiosis directly results in immune dysregulation
and autoimmunity. Probiotics are considered safe during pregnancy (Brianna
Swartwout et al. 2018).

Table 21.1 Recommendations for use of probiotics in childhood intestinal diseases

Diseases Probiotics
Treatment/
prevention References

Helicobacter
pylori infection

L. casei DN-114001 Treatment Cameron
et al.
(2017)

Inflammatory
bowel disease

VSL#32 Treatment Cameron
et al.
(2017)

Infantile colic L. reuteri DSM 17938 Treatment Cameron
et al.
(2017)

Functional
intestinal
disorders (IBS)

L. rhamnosus GG
L. reuteri DSM 17938

Treatment Cameron
et al.
(2017)

Traveler’s
diarrhea

S. boulardii Prevention Cameron
et al.
(2017)

Nosocomial
diarrhea

L. rhamnosus GG
B. lactis Bb12+
S. thermophilus

Prevention Cameron
et al.
(2017)

Acute
gastroenteritis

S. boulardii, L. rhamnosus GG, Indian Dahi Treatment Cameron
et al.
(2017)

Clostridium
difficile-
associated
diarrhea

S. boulardii Prevention Cameron
et al.
(2017)

Antibiotic-
associated
diarrhea

S. boulardii; L. rhamnosus GG, B. lactis
Bb12 + S. thermophilus, L. rhamnosus strains
E/N, Oxy and Pen

Prevention Cameron
et al.
(2017)
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Table 21.2 List of probiotic strains and their potential effects

Probiotic
strain Features Potential effect References

Wheat
bran

Arabinoxylan
oligosaccharides

Increases Bifidobacterium levels relative
to total fecal microbiota and reduces
colonic protein fermentation

Kleessen
et al.
(2007)

Yacon root Fructooligosaccharides
(FOS) and inulin

Improves the growth of Bifidobacterium
in the colon, enhances mineral
absorption and gastrointestinal
metabolism, and plays a role in the
regulation of serum cholesterol

Kim et al.
(2009)

Chicory
root

Inulin Potential substrate for gut bacteria, helps
in increasing bile production

Barszcz
et al.
(2016)

Dandelion
greens

Inulin Diuretic, antioxidant, and cholesterol-
lowering effects

Samal
et al.
(2012)

Jerusalem
artichoke

Inulin, high in thiamine
and potassium

Potential substrate for gut bacteria and
promotes proper muscle function

Ning et al.
(2018)

Garlic Inulin and
fructooligosaccharides
(FOS)

Increases the growth of Bifidobacterium
and reduces the growth of disease-
promoting bacteria

Kolida
et al.
(2002)

Oats Beta-glucan Reduces serum cholesterol and LDL
cholesterol

Delaney
et al.
(2004)

Apples Pectin Increases the population of butyrate-
and beta-glucuronidase-producing
Clostridiales

Delaney
et al.
(2004)

418 V. P. Patel and M. K. Chaudhari



Flow chat for beneficial effect of probiotics for mother and offspring

21.7 Probiotics for Animals’ Gut Health

For proper absorption and digestion of dietary nutrients, the gut should remain
always healthy, which helps inefficiency of animals. Presence of balance microbiota
that is healthy micro-ecosystem will definitely result in healthy gut. When probiotics
administered to animals in adequate amounts will result in conformation of healthy
gut. Animals eat a lot of things, so probiotics can result into reduction of diarrhea-
like condition and act as antitoxin. There is lots of literature survey and research
have been done in conditions of animals where antibiotics are also ban for some
treatments where these probiotics can play an active role. Lots of research has been
done and going on related to safety issue of probiotics and there has been positive
result coming out (Huang et al. 2019) (Table 21.3).
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21.8 Safety of Probiotics

Does it overstimulate the host immune system, does it cause sensitization of human
sensitive areas, has it any association with infection, does it harbor transferable
antibiotic gene, does it produce emesis after administration, and can it be identified at
the strain level are some of the questions which arise during safety concern of
probiotics.

21.9 Modulation of Brain Function via the Gut-Brain Axis

Via the gut-brain axis, probiotics show their action, and it involves multiple routes.
Blood circulation, immune system, and humoral pathway are involved in brain
functions and influence was observed between stress person and normal person
(Okada et al. 2010). Probiotics play an important role in maintaining homeostasis
of the neuroendocrine and immune system by preventing disturbance of gut
microbiota. It was found in one study that medical student who was under stress
used to administer Lactobacillus casei to get suppress stress-related problems. Daily
intake of Lactobacillus gasseri CP2305 has ability to reduce stress-related problems
(Nishida et al. 1859). Stress, sociability, cognitive function, anxiety, depression, and
autism are some of the problems which are associated due to shifts in gut microbiota
diversity. Most of the time, age factor also can be considered in the unbalance of gut
microbiota. Diet is also the most considered factor in gut microbiota. SCFAs are
neuroactive metabolites of microbiota which constitute flow of information (Oleskin
and Shenderov 2019). Brain-Derived Neurotropic Factor (BDNF) is maintained by
butyrate which levels and neurogenesis in the hippocampus and improves behavior
by reducing depression where bacterium known as Clostridium butyricumMIYAIRI
588 has been active role in butyrate production (Kim et al. 2009). In addition,

Table 21.3 List of microorganisms used as probiotics for animals

Genus Species References

Aspergillus A. oryzae; A. niger Yirga (2015), Bajagai et al. (2016)

Bacillus B. licheniformis
B. megaterium
B. mesentericus

Yirga (2015), Bajagai et al. (2016)

Streptococcus S. intermedius
S. salivarius subsp.
thermophilus

Pollmann et al. (1980), Azizpour et al.
(2009)

Lactococcus L. lactis Azizpour et al. (2009)

Saccharomyces S. boulardii
S. cerevisiae

Bajagai et al. (2016)

Prevotella P. bryantii Bajagai et al. (2016)

Lactobacillus L. acidophilus
L. amylovorus

Yirga (2015), Bajagai et al. (2016)
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mucosal barrier plays an important role in signaling pathway of microbiota-gut-brain
interactions (Fig. 21.3).

21.10 The Feature Ahead of Probiotics, Ecobiotics

It is observed that decrease of infection in developing nations and increasing risk of
allergic reaction and autoimmune diseases seen in developing countries (Liao and
Nyachoti 2017). Most of the time, main reason for decrease in number of microbial
content due to administration of broad spectrum an antibiotic, encountering of
pathogen Clostridium difficile occurs. This pathogen colonizes in the large intestine.
It results in diarrhea to life-threatening complications such as pseudomembranous
colitis (PMC), toxic megacolon, and colonic perforation (Bartlett et al. 1978). In the
USA, most healthcare associated problem is infection of C. difficile treated with
antibiotics such as vancomycin, metronidazole, and fidaxomicin. There is alternative
treatment comes in occurrence known as fecal microbiota transplantation (FMT) has
risen in prominence during the recent past (Van Nood et al. 2013). Techniques are
very efficient but there was always risk when we transfer unknown pathogen, it
needs to insert healthy microbiota in the gut. Recently, developers are trying to
develop an alternative method for FMT known as ecobiotics. Ecobiotics involve
therapeutic dose formulations delivered orally based on gut ecology. And the clinical
efficiency of this concept has also been seen. Seres Health plans (SER) also grant
permission for trials ecobiotics alternative for FMT in C. difficile infection. Many of

Fig. 21.3 Modulation of brain function via the gut-brain axis
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the microbe-related therapies can be used in the treatment of diseases related to the
gut (Khanna et al. 2016).
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Probiotic and Prebiotic Interactions
and Their Role in Maintaining Host
Immunity
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Abstract

The interaction between probiotics and prebiotics is essential in maintaining the
host immune system. Prebiotics are food for probiotics, and their constant supply
to the gut ensures the viability of probiotics and production of various beneficial
metabolites like short-chain fatty acids that modulate the immune response. The
beneficial effects of probiotics and prebiotics are dependent on their mutual
presence in the gut. The combination of probiotics and prebiotics enhances
their mutual effect and termed as synbiotics. Synbiotics play a vital role in
maintaining the host immune system and management of various ailments and
infectious diseases. Various benefits associated with synbiotics are maintenance
of gut microflora, increase in mucus production, production of anti-inflammatory
cytokines, and production of various antimicrobial metabolites. Various delivery
systems have been used for the delivery of probiotics and prebiotics; however,
food serves as an ideal system for delivery of probiotics and prebiotics.
Synbiotics also play an important role in reducing the incidence of health
disorders such as inflammatory bowel disease (IBD), cancer, and cardiovascular
diseases.
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22.1 Introduction

The history of probiotic began with the consumption of fermented foods, particularly
in Greeks and Romans. The word “probiotic” is derived from the Greek word “pro
bios,” which means “for life.” Probiotics play a vital role in maintaining host health
by contributing to their intestinal microbial balance. Different definitions of
probiotics have been evolved over the years. According to the World Health
Organization (WHO) and the United Nations Food and Agriculture Organization
(FAO), probiotics are defined as viable microorganisms which exert several health
benefits to host when ingested in sufficient amounts (FAO/WHO 2002a, b). Wan
et al. (2019) reported that the most common probiotics include species of the genera
Lactobacillus, Enterococcus, Bifidobacterium, and Leuconostoc. Other non-lactic
acid probiotics include yeasts such as Saccharomyces sp. (Table 22.1). Probiotics
exert several health benefits mainly by maintaining the normal intestinal microflora.
Several studies have reported the anti-pathogenic activity of probiotic. Probiotic
bacteria provide protection against pathogenic bacteria by interfering their coloniza-
tion and producing anti-pathogenic compounds such as bacteriocins, organic acids,
and hydrogen peroxide (H2O2) (Islam 2016). According to Grover et al. (2012), type
2 diabetes can be managed by modulating gut hormones via probiotic and prebiotic
intervention. Several studies have reported the anticancer activity of probiotic. In
vitro studies have revealed the ability of probiotic strains such as Lactobacillus
fermentum to suppress colorectal cancer cells (Kahouli et al. 2015). Probiotics are
found to have anti-inflammatory activity against the chronic inflammatory diseases
of the GIT such as Crohn’s disease (CD) and ulcerative colitis (UC) (Cammarota
et al. 2015). Several studies have suggested the strong relationship between con-
sumption of fermented dairy products and reduction of serum cholesterol level and
blood pressure (Kumar et al. 2012). There are several evidence supporting potential
application of probiotic bacteria against lactose intolerance, antibiotic-induced diar-
rhea, constipation, gastroenteritis, and genitourinary tract infections (Iannitti and
Palmieri 2010).

Prebiotic can be defined as “a non-digestible food component which upon
ingestion provides nutritional support and stimulates the growth of pre-existing gut

Table 22.1 Lactic acid and non-lactic acid bacteria used as probiotics (adapted from Holzapfel
et al. 2001; Tripathi and Giri 2014)

Probiotic bacteria Species

Lactobacillus sp. L. acidophilus, L. casei, L. delbrueckii ssp., L. cellobiosus, L. curvatus,
L. fermentum, L. lactis, L. plantarum, L. reuteri, L. brevis

Bifidobacterium
sp.

B. bifidum, B. adolescentis, B. animalis, B. infantis, B. breve,
B. thermophilum, B. longum

Streptococcus sp. S. cremoris, S. salivarius, S. diacetylactis, S. intermedius

Enterococcus sp. E. faecalis, E. faecium

Non-lactic acid
bacteria

Bacillus cereus var. toyoi, Escherichia coli strain Nissle,
Propionibacterium freudenreichii

Yeast Saccharomyces cerevisiae, S. boulardii
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microbiota in humans or animals” (Bindels et al. 2015). In recent years, prebiotics
have been receiving considerable attention due to their symbiotic relationship with
probiotics (Bindels et al. 2015; Shanahan 2015). For a compound to be considered as
prebiotic, it should be acid tolerant to survive the acidic pH of the stomach, should be
easily fermented by gut microbiota, and should be able to selectively stimulate the
growth and activity of gut microbiota to improve host’s health (Gibson et al. 2010).
Common prebiotics include insulin, fructooligosaccharides (FOS) (synthetically
obtained from sucrose), oligofructose, and galactose-containing and xylose-
containing oligosaccharides (Hukins et al. 2016). Several prebiotics with different
origins and chemical properties have been classified by Stowell (2006) on the basis
of common criteria. Insulin, galactooligosaccharides (GOS), lactulose,
fructooligosaccharides (FOS), and polydextrose are categorized as established
prebiotics, while isomaltooligosaccharides (IMO), lactitol, and xylooligosaccharides
(XOS) are labeled as emerging prebiotics (Table 22.2).

The main purpose of the prebiotic is to enhance beneficial bacteria’s growth and
activity, present in the gastrointestinal tract, to exhibit health benefit to host. Some
prebiotic improves the immune function by producing short-chain fatty acids
(SCFAs), such as acetic acid, butyric acid, and propionic acid, as a result of
carbohydrate fermentation which are then utilized by host as an energy source
(Schley and Field 2002). Due to fermentation, probiotic bacteria such as
Bifidobacterium or Lactobacillus produce antimicrobial compounds to inhibit path-
ogenic growth in the gastrointestinal tract (GIT) and lowers the intestinal pH as well
(Gibson and Wang 1994; De Vrese and Schrezenmeir 2008). Probiotic bacteria are
tolerant to SCFAs and lower pH, thus prebiotics participate with probiotic to inhibit
the growth of gastrointestinal pathogens by creating an unfavorable environment
(Stinson et al. 2017). Studies have reported that lactulose fermentation caused the
acidification of the intestine and inhibited the pathogenic growth (Bovee-
Oudenhoven et al. 1997).

Symbiotic can be defined as “a mixture of probiotics and prebiotics which
improves the growth and activity of beneficial microorganisms in the GIT and
confers health benefits to host” (Tufarelli and Laudadio 2016). In synbiotics, prebi-
otic compounds improve the probiotic’s growth and their metabolite production. The
major probiotic strains utilized in synbiotics are Lactobacillus, Bifidobacterium sp.,
S. boulardii, B. coagulans, etc., whereas prebiotics used include oligosaccharides

Table 22.2 Established and emerging prebiotics

Types of
oligosaccharides

Recognized
prebiotics

Fructooligosaccharides (FOS), inulin, lactulose, galactooligosaccharides
(GOS), galactooligosaccharides (GOS)/transgalactosylated
oligosaccharides (GOS/TOS), isomaltooligosaccharides, pyrodextrins,
soy oligosaccharides (SOS)

Emergent
prebiotics

Genti-oligosaccharides, lactosucrose, gluco-oligosaccharides,
isomaltooligosaccharides (IMO), xylooligosaccharides (XOS), levans,
pectic oligosaccharides, resistant starch, sugar alcohols
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like xylooligosaccharide (XOS), fructooligosaccharide (FOS), GOS, inulin, and
prebiotics from natural sources such as yacon roots and chicory (Zhang et al. 2010).

22.2 Probiotics

The term probiotic derived from the Greek word meaning “for life.” Probiotic refers
to the live microorganisms which maintain gastrointestinal microbiota balance.
According to the FAO/WHO, probiotics are living microorganisms which survive
passage through the intestine and confer health benefits to humans and animals when
administered in a sufficient quantity (FAO/WHO 2002a, b). The normal concentra-
tion of probiotic should be 106 viable cells (colony-forming unit, CFU/g) in the
product for its declaration as a probiotic food (Sornplang and Piyadeatsoontorn
2016). Several strains of microorganisms have been categorized as probiotic, but
the major group of probiotic bacteria which have been commonly used in humans
and animals are lactic acid bacteria (LAB) (Nousiainen and Setala 1998). Among
LAB, Lactobacillus and Bifidobacterium are most common (Schouten et al. 2009).
Streptococcus thermophilus and Lactococcus lactis are the two most commercially
important LAB, which have been utilized in the food industry, especially dairy
products (Felis and Dellaglio 2007). Other probiotics include genera and species
of Streptococcus, Leuconostoc, Propionibacterium, Saccharomyces cerevisiae,
Pediococcus, Candida pintolopesii, Enterococcus, Aspergillus niger, and
A. oryzae (Goldin and Gorbach 1992). Spore-producing LAB belonging to the
genus Bacillus have also been used in both animals and humans as probiotics. The
most common Bacillus strains with probiotic potential include Bacillus
licheniformis, B. clausii, B. cereus var. toyoi, B. laterosporus, B. pumilus,
B. coagulans, and B. racemilacticus (Hyronimus et al. 2000; Bayane et al. 2010).

22.2.1 Sources of Probiotics

Probiotics are found in both dairy and nondairy food products (Fig. 22.1). However,
dairy-based products are the main product found in the market which includes milk,
ice cream, milk powder, cheese, buttermilk, and yogurts (Stanton et al. 2001).
Nondairy source of probiotic includes nutrition bars, soy-based products, cereals,
variety of juices, fruits, and vegetables (Ewe et al. 2010; Kumar et al. 2015).

22.2.2 Health Benefits of Probiotics

Several studies have suggested the health benefits of probiotic, some of which are
well documented, while others need additional research. The health benefits exerted
by probiotics are strain specific. Studies have found the strong relationship between
treatment with probiotics such as L. rhamnosus, L. casei, and S. boulardii and
reduction in antibiotic-associated diarrhea (McFarland 2006; Hempel et al. 2012).

428 M. B. Sadiq et al.



According to Salminen and Gueimonde (2004), consumption of probiotics
(S. thermophilus and L. delbrueckii subsp. bulgaricus) containing fermented foods
results in alleviation of lactose intolerance due to high activity of bacterial
β-galactosidase enzyme. Several researchers have studied the in vivo and in vitro
effect of probiotic on the immune system. There is evidence that probiotics, such as
Bifidobacterium longum, L. acidophilus, L. casei subsp. rhamnosus, and
L. helveticus, used in dairy products can modulate the immune system (Ouwehand
et al. 2002).

Studies have found that certain probiotic bacteria, including members of Lacto-
bacillus and Bifidobacterium sp., play a major role in reducing cancer onset by
decreasing the levels of carcinogenetic enzymes and producing antimutagenic
organic acids (Hirayama and Rafter 1999; Kumar et al. 2010). According to
research, L. acidophilus showed anticancer activity against induced colon tumors
in rats (Goldin and Gorbach 1992). Various studies have shown that food products
containing probiotic bacteria can prevent an increase in serum cholesterol level as
well as blood pressure, thus preventing coronary heart disease (Sanders 1999;
Pereira and Gibson 2002).

Fig. 22.1 Dairy and nondairy sources of probiotics and applications of probiotics in various food
systems
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Studies have found that probiotics, such as L. rhamnosus, can be used in the
treatment of food allergy (Tan-Lim and Esteban-Ipac 2018). Several studies have
also reported the anti-inflammatory activity of Bifidobacterium, Kluyveromyces
marxianus, and L. plantarum against inflammatory bowel disease (Devi et al.
2018; Chopade et al. 2019).

22.3 Prebiotics

The term “prebiotic” was first introduced by Gibson and Roberfroid (1995) as a
non-digestible food ingredient which stimulates microbial growth in the gastrointes-
tinal tract and confers health benefits to host. Prebiotics are short-chain
carbohydrates (SCCs), also referred to as non-digestible oligosaccharides. Prebiotics
are resistant to digestive enzymes of the GIT (Quigley et al. 1999). The criteria for
the selection of a non-digestible carbohydrate as a prebiotic include resistance to
gastric acidity and digestive enzymes, fermentation by gut bacteria, and ability to
improve the growth and activity of beneficial microbiota (Leach et al. 2006). The
commonly used prebiotics in human diet include lactulose, fructooligosaccharides,
galactooligosaccharides, inulin and its hydrolysates, resistant starch, and
maltooligosaccharides (Table 22.3). Inulin and inulin-type fructans are generally
known as soluble dietary fibers, while GOS, a non-digestible derivative of lactose,
consists of chains of galactose monomers and is found naturally in mammalian milk
(Roberfroid 2005). Other prebiotics include non-starch polysaccharides including
dextrins, cellulose, pectins, waxes, beta-glucans, and lignin (Napolitano et al. 2009).

Different sources of prebiotics include onion, asparagus, chicory, garlic, arti-
choke, bananas, leek, tomatoes, etc. (Crittenden and Playne 1996). Short-chain fatty
acids such as acetic acid, propionic acid, and butyric acid are the end products of
carbohydrate metabolism which are utilized by host as an energy source.

22.3.1 Health Benefits of Prebiotics

Several health benefits have been associated with prebiotics. Several studies have
reported the involvement of prebiotic in the prevention of gastrointestinal infections
such as acute and antibiotic-associated diarrhea (Lomax and Calder 2009). A strong
association has been found between prebiotic and reduction in the incidence of
inflammatory bowel diseases, irritable bowel syndrome, and ulcerative colitis
(Hedin et al. 2007; Spiller 2008; Steed et al. 2008; Brownawell et al. 2012). There
is evidence that ingestion of prebiotics leads to an increase in the absorption of
essential minerals, particularly calcium and magnesium (Roberfroid et al. 2010).
Studies have found an increased absorption of calcium and magnesium in rats by
ingesting galactooligosaccharides (GOS), while an increase in magnesium absorp-
tion is observed in humans by intake of fructooligosaccharides (FOS) (Roberfroid
2002; Bornet et al. 2002). Prebiotics may also be involved in the reduction of cancer
(Liong 2008). A close association has been found between AXOS-supplemented
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Table 22.3 Prebiotics and their sources

Types of prebiotic Source

Fructooligosaccharides Asparagus, sugar beet, garlic, chicory,
onion, Jerusalem artichoke, wheat,
honey, banana, barley, tomato, and rye

Sangeetha et al.
(2005)

Inulin Present in a range of natural foods,
including chicory, onion, garlic,
Jerusalem artichokes, tomatoes, and
bananas

Crittenden and
Playne (1996)

Xylooligosaccharides Bamboo shoots, fruits, vegetables, milk,
honey, and wheat bran

Vazquez et al.
(2000)

Isomaltulose Honey, sugarcane juice Lina et al. (2002)

Cyclodextrins Water-soluble glucans Singh et al. (2002)

Fructans Naturally occurring oligosaccharides
found in onions, bananas, wheat,
artichokes, garlic, and other whole foods.
They are also extracted from chicory or
manufactured from sucrose for use in the
food industry

Chow (2002),
Anadón et al.
(2010)

Galactooligosaccharides Legumes, nuts, soybeans and soy
products, peas, rapeseed meal, lentils,
chickpeas/hummus, green peas, lima
beans, kidney beans

Human’s milk and cow’s milk Niba et al. (2009)
and Iacovou et al.
(2015)
Alander et al.
(2001)

β-Glucans Oats and barley Arena et al. (2016)
and Shigwedha
et al. (2016)

Resistant starch granules Raw potatoes, bananas Niba et al. (2009)

Psyllium Psyllium husk (plant) Shigwedha et al.
(2016)

Pectin Apple, sugar beet pulp Niba et al. (2009)

Soybean oligosaccharide Soybean Mussatto and
Mancilha (2007)

Lactosucrose Lactose Kawase et al.
(2001)

Lactulose Lactose (milk) Villamiel et al.
(2002)

Palatinose Sucrose Lina et al. (2002)

Isomaltooligosaccharides Starch Kaneko et al.
(1994)

Maltooligosaccharides Starch Kaneko et al.
(1994)

Enzyme-resistant dextrin Potato starch Barczynska et al.
(2012)

Arabinoxylooligosaccharides Wheat bran Eeckhaut et al.
(2008), Grootaert
et al. (2007)
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diet and reduction in preneoplastic wounds in the rat’s colon (Femia et al. 2010).
Studies have suggested that prebiotics are associated with reduction in cholesterol
level (Mandal et al. 2009), occurrence of coronary heart disease (Harris and Kris-
Etherton 2010), and obesity rate (Tucker and Thomas 2009).

Currently, prebiotics have been utilized as food stabilizers to improve the growth
of beneficial gut microbiota. It has been found that inulin supplementation resulted in
an increased growth rate of Streptococcus thermophilus and Lactobacillus acidophi-
lus (Oliveira et al. 2011).

22.4 Types of Immune Cells in the Gut

22.4.1 Cells of Innate Immunity

Cells of innate immunity involve phagocytic cells such as monocytes, neutrophils,
macrophages, and NK cells. These cells are not target specific and provide first line
of defense against pathogenic bacteria.

22.4.2 Cells for Antigen Absorption

M cells are involved in the transport of macromolecules, inert particles, and
microorganisms across the lymphoid tissue (Snoeck et al. 2005). Dendritic cells
(DCs) capture luminal antigens with the help of their dendrites moving across
epithelial junctions (Neutra and Kraehenbuhl 1993). The transport of antigenic
molecules across the intestinal barrier activates the innate and adaptive immune
response.

22.4.3 Cells of Adaptive Immunity

Macrophages, monocytes, and DCs act as a bridge between innate and adaptive
immune systems.

IL-12
IL-12 is involved in the differentiation of naïve T cells into Th1 lymphocytes which
are involved in the production of inflammatory cytokines such as IL-2 and IFN-γ to
stimulate the defense mechanism of host (Mosmann et al. 1986).

IL-4
T cells differentiate into Th2 lymphocytes by IL-4. Th2 cells activate B lymphocytes
by the production of cytokines (IL-4 and IL-5). The B lymphocytes stimulate IgE
production involved in atopy, allergic reactions, and parasite defense mechanisms
(Bell 1996).
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TGF-β, IL-6, and IL-1
TGF-β, IL-6, and IL-1 enable the production of Th17 cells which are involved in the
regulation of tissue inflammation by secreting IL-17 and IL-22 (Park et al. 2005).
Th17 cells contribute to autoimmune response and provide protection against bacte-
rial and fungal infections (Reiner 2007).

22.5 Effects of Synbiotics on the Gut Immune System

Probiotics improve the immune system of humans by providing protection against
pathogenic bacteria. Probiotics induce their beneficial effects by various
mechanisms such as, secretion of antimicrobial metabolites, compete with pathogens
for adhesion sites and nutrition, immunomodulation and by improving intestinal
protective barrier (Wan et al. 2019). Probiotics secrete several antimicrobial
compounds such as organic acids, bacteriocins, and hydrogen peroxide which inhibit
the growth of both Gram-positive and Gram-negative bacteria by either destructing
their cell wall or inhibiting cell wall synthesis (Hassan et al. 2012). Probiotics
prevent the growth of pathogenic strains such as Salmonella sp. by the production
of organic acids and their acidification. The organic acids acidify the cytoplasm to
disturb the transport of nutrients (Russell and Diez-Gonzalez 1997; De
Keersmaecker et al. 2006).

Another mechanism by which probiotics inhibit pathogenic growth is by compet-
itive exclusion for adhesion sites and nutrients. Gut microbes and probiotics have
similar host receptor binding sites (Mukai et al. 2002). Probiotics also inhibit
pathogenic adhesion by disrupting receptor by production of enzymes, receptor
analog, and biosurfactant secretion (Wan et al. 2019; Oelschlaeger 2010).

By maintaining intestinal barriers and initiating reparative process after damage is
another way by which probiotics provide protection against pathogenic bacteria.
Streptococcus thermophilus and Lactobacillus acidophilus inhibit the growth,
adherence, and invasion of enteroinvasive Escherichia coli by enhancing cytoskele-
tal and protein phosphorylation and HT29 and Caco-2 cells’ upregulation (Wan et al.
2019). Probiotics also exert immunity by producing mucin glycoproteins to keep the
intestinal barrier intact (Mattar et al. 2002; Collado et al. 2008) (Fig. 22.2).

22.6 Immunomodulatory Properties of Probiotics
and Prebiotics

Studies have reported several immunomodulatory benefits of probiotics (Hachimura
et al. 2018). Probiotic bacteria such as LAB enhance antibodies like IgG and IgA and
stimulate the expression of polymeric immunoglobulin receptor (pIgR) (Kikuchi
et al. 2014; Sakai et al. 2014). Some of the LAB enhance the production of
interleukin-6 (IL-6) or TGF-β from dendritic cells with the help of Toll-like receptor
2 (TLR2) (Nakamura et al. 2012). LAB also stimulate host defense by enhancing
interleukin-12 (IL-12) production to stimulate natural killer (NK) cell activity
(Hachimura et al. 2018).
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Probiotics not only provide immune-boosting benefits but also have anti-
inflammatory activity. They act with both monocytes and lymphocytes which are
involved in innate and adaptive immunity as well as dendritic and epithelial cells
(Adam et al. 2010).

In in vitro cell models, it has been found that probiotics have the ability to
stimulate cytokine production by intestinal APC which in turn initiates adaptive
response. Studies have demonstrated that Lactobacillus johnsonii enhances TGF-β
(anti-inflammatory) expression, while Lactobacillus sakei stimulates the production
of IL-1β, IL-8, and TNF-α (proinflammatory) (Haller et al. 2000). Furthermore, in
animal models, probiotics have been found to regulate the Th1/Th2 balance towards
either proinflammatory effect (Th1 activation) or anti-inflammatory effect (Th1
inhibition). A study about Th2 response in mice found that administering L. casei
Shirota enhanced serum IL-12 levels and a drastic shift from Th2 to Th1
(proinflammatory effect) of cytokine profile (Shida et al. 2002). Vidal et al. (2008)
reported the ability of Lactobacillus paracasei to enhance Th1 cell-dependent
immune responses in a mouse model. Several studies have reported the involvement
of probiotics in anti-inflammatory cytokine IL-10 production which inhibits inflam-
matory responses produced by several cell types such as Th2 cells, DCs, B cells, and
monocytes (Moore et al. 2001).

Prebiotics enhance gut immunity by SCFAs produced by gut microbiota. The
most studied SCFA is butyrate, which modulates histone tail acetylation and hence

Fig. 22.2 Effect of
synbiotics on the host immune
system
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improves the genes’ accessibility to transcriptional factors (Dangond and Gullans
1998). SCFAs, other than butyrate, are produced by Lactobacillus and
Bifidobacterium genera, while butyrate is produced by Clostridium, Ruminococcus,
and Eubacterium genera. Several in vitro studies, enterocytes (upregulation of
NOD2 expression in Caco-2 cells) (Leung et al. 2009), neutrophils (Vinolo et al.
2009), and DCs (impact on DC maturation) (Wang et al. 2008), have evaluated the
transcriptional effect of butyrate to improve gut immunity. In enterocyte models, it
has been found that butyrate regulates the tight junction protein’s assembly and thus
stimulates intestinal barrier (Peng et al. 2009). Another study demonstrated that
butyrate enhances the gene transcription of energy metabolism and inflammation cell
(TNF-α signaling) (Vanhoutvin et al. 2009).

22.7 Role of Synbiotics in Various Diseases

22.7.1 Cancer

Several studies have shown a strong association between probiotics and reduction in
the onset of cancer. Andrews and Tan (2012) found that administering
L. acidophilus in feeding milk reduced the tumor proliferation by 16–41%. It has
been reported that other than L. acidophilus, L. bulgaricus also showed antitumor
activity against solid Ehrlich ascites and sarcoma-180 tumors (Lee et al. 2012). Other
than probiotics, prebiotics are also involved in preventing carcinogenesis such as
GOS, which reduces the nitroreductase activity to prevent the production of
genotoxic metabolites (Macfarlane 2006).

The symbiotic relationship between prebiotics and probiotics can be utilized to
prevent or reduce cancer onset. In rats’ model, administration of Bifidobacteria
along with FOS inhibited mammary and liver tumors (Fotiadis et al. 2008). Simi-
larly, a symbiotic association of B. longum and oligofructose and inulin prevented
the formation of preneoplastic lesions (Kaur and Gupta 2002). Several in vitro
studies support the evidence regarding antineoplastic effects of synbiotics (Fotiadis
et al. 2008).

22.7.2 Anti-allergic Effect

Several research studies have evaluated the probiotic and prebiotic administration to
prevent allergic diseases in both human and rat models. Several studies found that
intake of probiotics resulted in reduced level of incidence of atopic eczema
(Kalliomäki et al. 2001; Niers et al. 2009).

In an animal study by Schouten et al. (2009), a reduction in anaphylactic and
allergic skin reactions was found when mice were fed a symbiotic mixture of
B. breve and GOS/inulin. In human trials, Kukkonen et al. (2007) found that
synbiotic formulations of four probiotics and GOS were significantly effective in
reducing childhood eczema. A mixture of L. rhamnosus and prebiotic was
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administered to allergic children, and the results showed a reduction in atopic
dermatitis (AD) (Passeron et al. 2006).

22.7.3 Inflammatory Bowel Disease (IBD)

Inflammatory bowel disease (IBD) is a gastrointestinal disorder which is
characterized by inflammation of the gastrointestinal tract resulting in abdominal
discomfort and pain and severe diarrhea. Pouchitis is a type of IBD where inflam-
mation of ileal pouch occurs. Different studies suggested the use of probiotic mixture
to prevent pouchitis (Veerappan et al. 2012).

Studies have also analyzed the effectiveness of prebiotic in controlling IBD.
Leung et al. (2009) reported that the reduction in pouchitis symptoms was found
when the patient was treated by inulin. Several studies have reported that symbiotic
is highly effective in the management and reduction of inflammatory bowel disease
(Peña 2007).

Ulcerative colitis (UC) is the common form of IBD. Several studies have been
done to analyze the effects of probiotic on UC symptoms (Tursi et al. 2010;
Chapman et al. 2011).

A symbiotic formulation of Bifidobacterium longum and prebiotic administered
in patients with ulcerative colitis was found to be highly effective. Inflammatory
markers and presence of mucosal microbiota were considered effective parameters to
be evaluated. The treated patients were reported to have reduction in inflammatory
markers as compared to the placebo group (Furrie et al. 2005).

22.7.4 Cardiovascular Disease and Lipid Metabolism

One of the leading causes of human death is cardiovascular disease (CVD), which
affects 23.6 million people worldwide (WHO 2017). Studies have reported that
consumption of fermented milk with probiotic is involved in the significant decline
of blood serum cholesterol (Sudha et al. 2009; Preedy 2010). Some of the probiotics
with hypocholesterolemic effects involve L. bulgaricus, B. coagulans, and
L. reuteri. The consumption of low-fat yogurt containing B. longum BL1 was
found to reduce total serum triglycerides, and LDL cholesterol level along with an
increase in HDL cholesterol level in hypercholesterolemic patients (Homayouni
et al. 2012).

Studies have also analyzed the effect of prebiotic on serum cholesterol level and
found that inulin enhanced the reduction of triglycerides and total cholesterol by
63% and 29%, respectively (Nguyen et al. 2007). Similarly, in rats, using XOS as
prebiotic resulted in a 27% reduction in triglycerides (Hsu et al. 2004).

Synbiotics have also been reported to enhance hypocholesterolemic activity. In a
study with hypercholesterolemic male pigs, a symbiotic mixture of FOS, inulin,
mannitol, and L. acidophilus showed positive results (Liong et al. 2007).

436 M. B. Sadiq et al.



Oberreuther-Moschner et al. (2004) reported that lipid profile was controlled by
feeding rats with bran rice fermented with L. acidophilus.

22.7.5 Necrotizing Enterocolitis (NEC)

Necrotizing enterocolitis (NEC) is an acute inflammatory disorder which causes the
necrosis of the intestinal tract of infants. Several studies have been done to evaluate
the probiotic effect to prevent NEC. Bifidobacteria and other probiotic mixtures
have been reported to be highly effective in the prevention of NEC in infants (Aceti
et al. 2015). Furthermore, effects of probiotic and prebiotic mixture, B. lactis and
inulin, were evaluated in infants, and the results showed a reduction in the rate of
NEC and of clinical nosocomial sepsis (Dilli et al. 2015).
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