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Preface

In 2006, neuroscientist Jane Foster and her team were working with two groups
of mice: one with a healthy gut microbiome, and the other that lacked a microbiome.
They observed that the mice without gut bacteria seemed less anxious than their
healthy equivalents. When these mice were placed in a maze with some open paths
and some walled-in ones, they preferred the exposed paths. They concluded that the
gut bacteria influence the brain and behaviour of these mice. When she tried to
publish this finding, it was rejected multiple times as people thought that this was an
artefact. Eventually, after 3 years and 7 submissions, her findings were published.

In recent years, however, the gut-brain axis has been established and numerous
publications over the past decade have revealed that the gut microbiome could have
profound effects on the brain and might be involved in neurological disorders.
Animal and preliminary human studies suggest that microbiome can trigger or
alter the course of neurological conditions like Parkinson’s disease and Autism.
Several therapies that modulate the gut microbiome have been reported to have
shown promising results and few of these therapies are already being tested in human
clinical trials.

The interaction between the gastrointestinal tract (GIT), gut microbiome, and
central nervous system (CNS) is complex and bidirectional, for example, a healthy
gut environment with diverse microorganisms ensures normal functioning of brain,
whereas the CNS modulates most aspects of GIT functioning and physiology. As a
result, the term microbiota-gut-brain axis (MGBA) was coined to stress the impor-
tance of these interactions. The interactions between MGBA occur by means of
neural, endocrine, immune, and humoral links. This book provides an overview of
bidirectional communication between gut-microbiome-brain, various pathways,
nutrients, metabolites, etc. involved in MGBA interactions, relevance of this axis
in context of neurological disorders and potential therapeutic interventions, involv-
ing gut microbiome or pro/pre-biotic, which can ameliorate neurological disorders.

Briefly, we have introduced microbiota-gut-brain axis, its interaction with immu-
nity and various metabolites. We have also discussed neurological disorders with
focus on neurodegenerative diseases and cerebrovascular diseases. We also provide

v



an overview of potential microbiome-based therapeutics interventions for neurolog-
ical disorders. Lastly, considering that microbiome is an evolving subject and with
an aim of continuous education process of students and researchers, this book
provides a detailed understanding of methodologies which can be instrumental in
studying microbiome. The text reflects the current state of evidence available in the
field of gut microbiome in context of neural health and disease and presents some
novel findings including reports on SARS-CoV-2 and COVID-19.

Greater Noida, India Amit Kumar Tripathi
Bangalore, India Malini Kotak
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Chapter 1
Gut Microbiome Brain Axis:
An Introduction

Santosh Anand, Sunil Kumar Mishra, and Jayam Samlin

Abstract Human gut is inhabited by diversified microorganisms that play a pivotal
role in the maintenance of health and development. The commensal microbes that
dwell in the intestine predominantly control host physiology at both local and
systemic levels. Human–microbiome connection can be regarded as a step toward
integration in the evolutionary process. Numerous emerging diseases are now linked
to the loss of one or more of the gut microbiome population. Variations of the gut
microbiome in relation to its microbial constitution and function have been intricated
in various conditions and diseases. Modulation of this microbiome by various
strategies including fortification of pre-, pro- and synbiotics, fatty acids, vitamins,
etc. can be employed as a plausible treatment for the management of gut dysbiosis.
In this chapter, systematic information has been provided with regard to the impact
of gut microbiota on the maintenance of human health.

Keywords Gut microbiota · Brain · Immune system · Aging · Fatty acids · Pre/
probiotics

1.1 Introduction

The human gastrointestinal tract is colonized by an array of microbes referred to as
microbiota. The gut microbial constitution varies between individuals and evolves
all through the host’s lifespan and influenced by intrinsic and extrinsic factors
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(Catalkaya et al. 2020). Even though microbes in the gut have been investigated to a
greater extent, explorations of the role of these entities in the human gut are limited.
Understanding the relatedness of the gut microbiome axis in the maintenance of
homeostasis and to the progression of ailments has become the recent focus of the
scientific community (Ghaisas et al. 2016). Owing to the multifaceted role of gut
microbiota axis and its association with several positive and negative health out-
comes, an attempt has been made to collect the information from various studies to
emphasize the impact, that these microorganisms have on human health.

1.2 Gut Microbiota and Brain

A growing body of literature revealed the influence of dynamic modulations in the
gut microbiota on brain physiology and behavior. It is now evident that several
unrelated factors to the nervous system, including the gut microbiota residing in the
gastrointestinal tract, play an important part in the regulation of cognitive anomalies
leading to neurodegenerative diseases (Gonzalez-Santana and Diaz Heijtz 2020).
Although the knowledge of the role and molecular machinery in establishing the
association between gut microbial community and the central nervous system is at its
infancy, clinical approaches have correlated the variation in the gut microbiota
constitution between stroke subjects and healthy individuals and found a close link
between the symbiotic gut microbes and stroke regulation. Also, dietary phytochem-
icals have a role in reversing stroke-induced neuronal cell death by reversing the gut
microbiota (Mukherjee et al. 2019; Zhao et al. 2022; Tripathi et al. 2022).

1.3 Gut Microbiota and Immune System

The gut microbiota has surfaced as a key regulatory component of the host immune
system by restoring intestinal homeostasis and suppressing inflammation (Dhanesha
et al. 2020). The diversified microbial population in the gut metabolizes complex
Biomolecules into metabolic products that orchestrate cross-talk between the gut
epithelia and cells of the immune system. Epithelial cells in the gut, as a part of
immunodefense mechanism, secrete a mucosal barrier to separate the host immune
cells and the gut microbes thereby lowering intestinal permeability (Zhang and
Frenette 2019). Any discrepancy in the interaction between intestinal microbiota
and the host immune cells has been found to enhance the vulnerability toward
infections (Yoo et al. 2020).

2 S. Anand et al.



1.4 Gut Microbiota and Aging

The global population of older adults is rapidly mounting and the health status of this
elderly population is therefore posing an alarming issue to be addressed. Aging is a
multifaceted process accompanied with several physiological changes affecting
metabolic, genomic, and immunological functions (Nagpal et al. 2018; Lewis et al.
2020). These physiological alterations lead to an augmented susceptibility to various
infections and diseases thereby increasing mortality. Despite the fact that, the
etiologies of age-associated ailments are relatively divergent, significant reports
suggest chronic, low-grade inflammation (inflammaging) among the most reliable
physiological alteration in age-linked diseases (Buford 2017; Varricchi et al. 2020).
The gut microbiota (GM) is modulated during the aging process in relation to
composition and functionality (Clements and Carding 2018; Ahmadi et al. 2020).
Several findings support the importance of a favorable GM behind healthy aging and
any alteration in physiological functions during the aging process has the ability to
influence the composition and functions of microbial species inhabiting GM
(Tiihonen et al. 2010).

1.5 Gut Microbiota and Diseases

The cross talk between the gut microbiota and the host has gained considerable
interest because of its participation in diverse ailments including renal, neurodegen-
erative, and cardiovascular diseases. The constant communication of the gut
microbes and vital organs of the host contributes to restore the host’s health and
homeostasis (Kumar et al. 2016; Yang et al. 2018). In the recent decade, prevalence
of chronic kidney disease is rapidly mounting owing to the aging population. It is
primarily caused by glomerulonephritis, hypertension, and diabetes mellitus, leading
to end-stage renal disease with high mortality rate linked to cardiovascular diseases,
irrespective of active medical strategies. The microbiota has also been documented
to influence the cognitive and physiological functions of the nervous system,
although the underlying mechanisms have not been established yet. The metabolites
synthesized by the gut microbiota have been found to be prognostic markers of
arterial thrombosis. Evidences from the preclinical studies have revealed the potency
of these metabolites in augmenting the thrombotic potential and in the induction of
platelet hyperreactivity (Kim and Song 2020).

1 Gut Microbiome Brain Axis: An Introduction 3



1.6 Gut Microbiota and Fatty Acids

Intake of a healthy diet is the major imperative factor influencing host nutrition and
metabolism. A well-balanced diet is a prerequisite to maintain healthy aging. Diet
enriched with high fat alters the homeostasis, metabolism, and gut commensal
microflora. Evidences suggest that, high fat diet (HFD) may lead to the development
of a wide array of health impediments such as obesity (Jansen et al. 2021), inflam-
matory diseases such as colitis (Black et al. 2013), gut dysbiosis (Ananthakrishnan
et al. 2014), and intestinal gut barrier impairment (Agus et al. 2016). The present
chapter highlights the impact of long- and short-chain fatty acids on gut microbiota
in ameliorating various gastrointestinal complications/gut dysbiosis. Long-chain
fatty acids, omega fatty acids, also known as polyunsaturated fatty acids and
essential fatty acids through fish oil have been documented to have a wide spectrum
of health benefits such as in cardiovascular disease (Mozaffarian andWu 2011; Rohr
et al. 2020; Tripathi et al. 2021) neurological disorders (Schunck et al. 2018),
pregnancy (Shrestha et al. 2020; Stavrinou et al. 2020), infant growth (Carlson
et al. 2013; Derbyshire 2018), aging (Schunck et al. 2018), and inflammatory
diseases (Simopoulos 2002; Lauritzen et al. 2016; Innes and Calder 2018).

1.7 Gut Microbiota and Pre/Probiotics

The role of probiotics, prebiotics, and synbiotics influence the healthy microbiota.
There is a strong experimental evidence to support this hypothesis. Probiotics
comprise lactic acid bacteria and bifidobacteria and prebiotics comprises
nondigestible oligosaccharides. It is observed that a combination of probiotics and
prebiotics reduced inflammation by reducing salt hydrolase activity and increasing
taurine abundance thereby enhancing lifespan by reducing adiposity and leaky gut
(Calder 2017; Chander et al. 2018; Kerry et al. 2018; Sanders et al. 2019).
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Chapter 2
Cross Talk Between Gut Microbiota
and Host Immune Cells

Ankit Verma, Awakash Soni, and Priya Gupta

Abstract It has been extensively recognized that large numbers of microorganisms
inhabit in our gastrointestinal tract. In recent years gut microbiota has attracted
considerable and significant attention due to its diverse and extensive impacts on
various aspects of the host’s pathophysiology. Numerous studies have approved that
vital communication between the intestinal microbiota and immune cells, performed
an essential role in the induction, development, training as well as the function of the
host’s immune response.

The gut microbial communities are essential and support to establish a mutualistic
relationship on various levels. This host–microbial relationship influences the host
immune system’s development and homeostasis. This combination of gut
microbiota and the immune system allows protective responses to pathogens and
is also linked to the maintenance of regulatory pathways that offer tolerance to mild
antigens.

Here, in this chapter, we review the latest research on the role of the interactions
between gut microbiota and immune system cross talk as well as the implications of
these findings on human health. We also confer microbiome modulation strategies
and ongoing studies as well as potential research areas that merit concentrated
research efforts.
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Keywords Gut microbiota · Immune cells · Immune system and homeostasis

Abbreviations

CD4 + T cells Cluster of differentiation 4 of T helper cells
DC Dendritic cells
GF mice Germ-free mice
GIT Gastrointestinal tract
IFN Interferon
IgA Immunoglobulin A
IL Interleukin
ILCs Innate lymphoid cells
ILCs Lymphoid cells
LPS Lipopolysaccharides
M cells Microfold cells
MLN Mesenteric lymph node
PSA Polysaccharide A
SCFAs Short-chain fatty acids
Th T helper cells
TLR Toll-like receptors
TNF-α Tumor necrosis factor
Treg Cells-Regulatory T cells

2.1 Introduction

A wide variety of commensal bacteria collectively called the microbiota populates
the human body. These microorganisms continue to live on within the human system
and exhibit symbiosis with the host for mutual benefits. The human gastrointestinal
tract (GI) system is one of the foremost alliances among the host, microbes,
environmental factors as well as antigens in the human body (Hooper et al. 2012;
Lynch and Pedersen 2016). Although the last two decades, the researcher has the
focus of intense studies on gut microbiota. Now, it’s well reported that microbiota,
has a close correlation with human health and the progression of diseases (Wang
et al. 2017; Durack and Lynch 2019; Zheng et al. 2020). The latest developments in
microbiota research have also revealed that gut microbes are not only a passive
onlooker but also actively participate in multiple host functions, such as dietary
responses, pathogen defense, immune functions, and regulating metabolic activities
(Zheng et al. 2020). Across all tissues and organs, the human immune system
includes a diverse network of innate and adaptive immune systems as well as
plays an active role in defending the host against various potentially harmful foreign
agents and endogenous homeostasis disruptions (Cho and Blaser 2012). Further, it
was recently revealed that the influence of the microbiota is not restricted to the GI
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tract, but it also plays an important and vital role in the bidirectional communication
between the host immune response and GI tract. The mammalian intestine acts as a
suitable habitat for host–microbiota interactions. From an ecological point of view,
mammals and their intestinal microbial ecosystem have evolved together toward
mutualism and hemostasis. This type of an intimate relationship includes the proper
functioning of the host’s immunity and the prevention of overexploitation of the
host’s resources, by commensals and the preservation of immune tolerance to
harmless stimuli (Hooper et al. 2012; Zheng et al. 2020). In the GI tract, gut
microbiota plays an effective immune response stimulator. Microbiota acts as a
vital role in the preparation, growth, and work of the host immune system’s major
components. Respectively, immune signals stimulated by the intestinal microbiota,
in effects, serve as potential tools for modulating the intestinal commensals and
protecting from an invasion of pathogens (Mao et al. 2018). It is important to know
the reciprocal and confounding contact communication between the intestinal
microbiome and the host immune system. This cross talk acts as a vital role on the
initiation and development of regulatory T cells (Treg cells), T helper (Th) cells that
account for the majority of effect on the intestine and innate lymphoid cells (ILCs) as
well as B cells that produce immunoglobulin A (IgA). On the other hand, gut
microbial metabolites like short-chain fatty acids, polysaccharides, and other mole-
cules play an important role in the host’s immune response.

Here, we discuss aspects of existing knowledge and recent evidence suggesting
that a beneficial partnership of the gut microbiome with the development and
functions of the immune system. We do need to better understand how our microbial
allies, as well as the nonbacterial members, contribute or defend against disease. The
ultimate goal of translating these findings into clinical applications is a key focus of
recent initiatives.

2.2 Gut Microbiota and Immune System Interaction
During Development

The gut microbiota, as we introduced in the preceding chapter, is the microbial
population of commensal bacteria that populates our gastrointestinal tract (GIT).
Recent studies and ongoing development of new tools in the field strongly describe
the link between gut microbiota and health and disease. Now question is that, why
gut microbiota is essential for a healthy immune system? Various approaches have
been used to validate that the cascade of signals generated by gut microbiota plays
important role in the professional development of the host’s immune system,
whereas the immune system coordinates and maintains the key characteristics
host–microbe symbiotic relationship. The immune system is essential during both
health and diseases because it’s responsible for the recognition, response as well as
adaptation to countless self and foreign molecules.
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However, it is classically assumed that the immune system has evolved as a shield
against microbial infection, but animals peacefully coexist with a large and complex
microbiota that interacts extensively with the immune system. It is generally recog-
nized that the starting thousands of days from pregnancy and after birth are the most
important timescales for intervention and whatever modulation performed at this
time has an enormous capacity to enhance the development and growth of the child
(Gordon et al. 2012). In normal conditions, the fetal GIT is considered sterile, when
the immune system is first exposed to commensals that arise during transit via the
birth canal. Such early exposures are deemed to set the long-term tone of the
systemic and mucosal immune system. It is still not well understood the mechanism
whereby neonate tissues respond to the difficult task of microbial colonization.

Although certain factors in breast milk are believed to describe some of those
early responses to commensals. Besides, this factor is associated with the develop-
ment of the GIT microbiota and the immune system (Belkaid and Hand 2014).
Breast milk and colostrum comprise live bacteria, metabolites, IgA, immune cells,
and cytokines, as they play a protective role in infants. These factors are synergistic
in the formation of the infant microbiota (fed with breast milk) and in the response of
the host to these microbes, which regulates the maturation of the newborn intestine
and the composition of microbial community (Field 2005). Furthermore, the ability
to tolerate the microbes can also be clarified by the relative immateriality of the
infant immune system at birth and by the tolerated surroundings conditions that
define the early existence of mammals. The evolving immune structure is also
considered for the production of inflammatory cytokine output and deform devel-
opment of T and B cells in favor of regulating the response (PrabhuDas et al. 2011;
Siegrist 2001). Recent studies indicated that a given population of erythroid cells
enriched in neonates helps sustain this immunoregulatory environment and limits
inflammation of the mucosa after colonization by microbiota (Papaioannou et al.
2019). Initial commensals exposure to the host can also suppress cells like invariant
natural killer T cells that are involved in the activation of inflammatory reactions,
which have long-term implications for the host’s ability to precede for inflammatory
diseases (Olszak et al. 2012; An et al. 2014).

The recognition of microbial associated molecular patterns contain numerous
bacterial antigens (e.g., capsular polysaccharides, LPS, muramic acid, flagellin, and
unmethylated bacterial DNA)] is one of the key means of cross talk between the host
and gut microbiota (Francino 2014). The innate neonate immune system combines
such signals as an exclusive tool to facilitate a healthy microbial population. Such as,
in the small intestine, epithelial and lymphoid cell membrane toll-like receptors
(TLRs) are involved in this differential recognition, which is responsible for the
normal development and growth of the mucosal immune system (Belkaid and Hand
2014). Furthermore, the response of molecular signals by microbial antigens and
metabolites induced TLR stimulation. Even though, signaling of TLR expression by
neonate innate cells and their sense to microbial ligands has appeared similar to
adults. But it’s diverse from mature cells with a prominent deficiency in the synthesis
of inflammatory moderators such as oxygen radicals as well as the development of
regulatory cytokines namely IL-10 (Chassin et al. 2010; Kollmann et al. 2012).
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Moreover, the activation of the immune response to various stimuli by NFκB is a
key signaling channel pathway and its representation as a significant “conversation
node” between microbes and intestinal epithelial cells. NFκB activates various genes
that code for cytokines, chemokines as well as other effectors of the humoral
immune response (Belkaid and Hand 2014; Thomas and Versalovic 2010). The
innate immune system participates in microbial signals, the function of which
remains unclear. However, some research findings revealed that epithelial cell
expression of enzymes that modify the epigenome may be necessary for the regu-
lation of commensal-dependent gut homeostasis (Thomas and Versalovic 2010;
Zhang et al. 2020). The study conducted in GF animals has shown that the gut
microbiota performed a significant role in the production and proliferation of
secondary and lymphoid structures (Kamada and Núñez 2013; Zhang et al. 2016).
These effects are especially evident in the GIT with a smaller patch size of Peyer and
decreased number of CD4 + T as well as plasma cells generating IgA (Zhang et al.
2020; Smith et al. 2007). Intestinal tertiary lymphoid structures, such as cytopathic
or isolated lymphoid follicles, are caused by commensal exposure after birth
(Ohnmacht et al. 2011; Bouskra et al. 2008). Furthermore, commensals can also
help to improve the intestinal barrier through several mechanisms, such as promot-
ing the maturation of epithelial cells and angiogenesis (Belkaid and Hand 2014).

The highly regulated process of the newborn’s immune system and the function
of commensals in the growth and training of this system, contribute to establishing a
long-lasting as well as host’s homeostatic and commensal relationship. Such impor-
tant interactions between the gut microbiota and the host’s immune organization
have significant and long-term human health consequences.

2.3 Translocation of Microbes in the Gastrointestinal Tract

The movement of viable microbes (bacteria) from GIT to other intestinal locations,
[mesenteric lymph node (MLN) complex, bloodstream, and remote organs and
tissues] is recognized as bacterial translocation. Three key methods facilitate the
migration of microbes from the GIT in animal models are recognized: (a) intestinal
bacterial overgrowth followed by the distraction of the GI microecology,
(b) increased the gut mucosal permeability, and (c) immune deficiencies and immu-
nosuppression (Berg 1985). There has been a very low rate of continuous translo-
cation of many microbial communities through the gut mucosa in healthy adults.
Also, host immune defense normally kills these spontaneously translocating bacteria
(Belkaid and Hand 2014; Takiishi et al. 2017). Therefore, it is very unusual for
viable indigenous gut bacteria to be cultured from the MLN or other extraintestinal
sites of a normal adult host with a healthy gut barrier and a proficient immune
system. The key path of the passage of native GIT bacteria into a host with the gut
barrier is intracellular via the intestinal epithelial cells (IECs) (Takiishi et al. 2017;
Tannock 2012). IEC can act as nonprofessional phagocytes that readily absorb any
microbes or particles that come into close contact with each other.
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Moreover, translocating bacteria move through the IECs lining in the GIT and are
transferred through the lymphatics to the MLN. The migrating bacteria may then
move from the MLN to other extraintestinal sites (Tannock 2012). Intestinal epithe-
lium tight junction protein (TJ) regulates the passage of micro- and macromolecules
from the intestinal lumen to the host. Various studies have shown that luminal
bacteria are tested by dendritic cells (DC) which are anchored between epithelial
cells via TJ receptors. It has been shown that dendrite protrusions can pass through
epithelial junctions to “catch” bacteria from the lumen (Farache et al. 2013;
Rescigno et al. 2001; Niess et al. 2005). Following capture by DC in the
subepithelial dome region, IgA response activation is activated locally and at sites
distant from the mucosa, which may be the desired outcome. It was further suggested
that due to the low degree of physiological losses in the epithelial barrier, DC can
translocate bacteria that invade the lamina propria (Corthésy et al. 2007).

Another way to pass the epithelium depends on bacterial adhesion to the
microfold cells (M cells) that cover the patches of Peyer. Under stable conditions,
M cells, macrophages, and DCs extend lumps that sample luminal content and allow
access to certain commensals as well as pathogens beyond the epithelial layer
without inducing damage (Corthésy et al. 2007; Mabbott et al. 2013). Such types
of machinery are essential for the normal stimulation of tolerance to T cells and IgA,
as well as for bacterial clearance. For example, live commensal Enterobacter
cloacae are absorbed by M cells and transported from DC to MLN for IgA responses
(Hooper et al. 2012). Furthermore, commensals with lymphoid tissues improve
tolerance by inducing IL-10 and IL-22 from DC and innate type 3 lymphoid cells,
respectively, which simultaneously inhibit the response of Th17 and encourage
bacterial colonization (Fung et al. 2016). In the presence of intact MLNs as well
as in the absence of host virulence or deficiencies, such commensals are prevented
from further spreading, partially due to effective killing by macrophages (Macpher-
son and Uhr 2004). On the other side, pathogens have built machinery to manipulate
such type of sampling cells and allow them to invade. The paracellular route is
attained by pathogens like Toxoplasma gondii, Entamoeba histolytica, and Strepto-
coccus (group-A), which disrupt tight and adherens to increase permeability and
assist their translocation. Salmonella typhimurium and Shigella flexneri target M
cells, leading to interruption of the intestinal epithelium and subsequently prompting
inflammation and cell death that leads to additional bacterial translocation (Ribet and
Cossart 2015; Cywes and Wessels 2001; Hawkins and Byrne 2015).

Therefore, it is evidenced that indigenous bacterial translocation is a crucial early
stage in the pathogenesis of opportunistic infections.
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2.4 Communication Between the Host’s Immune Cells
and the Intestinal Microbiome

The immune system is the host’s vital defense structure, consisting of a complex
network of innate and adaptive machinery in all tissues, which protect against
several destructive external agents. It is well recognized that the human GIT is
constantly in contact with antigenic load in the form of commensal microbes,
metabolites, and dietary antigens. These antigenic agents influence peripheral
immune cell populations and thereby modulate the immune system. Cross talk
between immune cells of host and the microbiota plays a vital role in maintaining
homeostasis in immune response to self and foreign antigen. Now, it is not surprising
that interplay between some gut bacteria and immune response has been connected
to autoimmune diseases. In this segment, we will try to understand, the relationship
between gut microbes and immune machinery (Fig. 2.1).

2.4.1 Dendritic Cell Relationship with Gut Bacteria

Dendritic cells (DC) are professional and frontline antigen-presenting cells which are
likely to be fundamental in the balance between tolerance and active immunity
against commensal microorganisms (Stagg et al. 2003). Lymphoid and intestinal
tissues are the core of a large network of innate immune cells with their role,
including macrophages, traditional DCs such as CD11c + DCs and plasmacytoid
DCs (Coombes and Powrie 2008). DCs are present throughout the gut-associated
lymphoid tissue (GALT) structures of the intestinal immune system, such as the

Fig. 2.1 Interaction between the intestinal microbiota and the host immune response
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Peyer patches and MLNs, and in the small bowel and the colonic lamina propria
(Varol et al. 2010). DCs interact with bacteria that have gained access to the GALT
via transcytosis across specialized enterocytes called microfold or M cells, and sense
these microbes through pattern recognition receptors such as TLRs (Mabbott et al.
2013). DCs coordinate the optimum balance between different types of effector and
regulatory Th cells in their development. DC can also contribute to immune
responses by generating interleukin (IL)-12, IL-18, and IL-23. Such cytokines create
a microenvironment that favors the production of nonresponsive IgA and T cells to
feed antigens (Macpherson and Uhr 2004). Various studies proved that cytokine
production by DCs depends on the nature of the environmental stimulus including
microbial metabolites. For instance, Bifidobacterium longum cell walls stimulate the
production of predominately IL-10 while LPS induced IL-12 and slightly IL-10
production (Stagg et al. 2003; Goldsmith et al. 2009).

Further details on how communications between immune cells and microbial
metabolites assist in the regulation of immune response, along with the possibility
that commensal organisms can be responsible for controlling gut immune homeo-
stasis, as outlined in the following section.

2.4.2 IgA and Gut Microbiome

Immunoglobulin A (IgA) is the most frequently occurring antibody isotype present
in mucosal secretions. Secreted IgA target to antigen, thereby preventing them from
direct interaction with the host’s epithelial cells. The variety of IgA functions on the
intestinal surface is a useful starting point when considering the role of IgA in
relation to the intestinal microbiota. Though, unlike IgG and IgA in serum, human
and murine intestines, IgA is expressed as polymeric IgA (pIgA). pIgA interacts with
the polymeric Ig receptor (pIgR) and interaction is essential for active transport as
well as secretion of IgA across mucosal surfaces (Pickard et al. 2017; Johansen and
Kaetzel 2011). Usually, secreted IgA (sIgA) is generated in a T cell-dependent
manner. In particular, bacterial antigen promotes the proliferation of IgA+ B cells
from Peyer’s patches to the intestinal stromal layer where IgA+ B cells develop IgA
and secrete it into the gut lumen (Honda and Littman 2016; Matsuo et al. 2018a).
Intestinal plasma cells can also produce IgA via an independent mechanism of T
cells. For example, the endoplasmic reticulum stress of IEC induces the proliferation
and activation of peritoneal B1b cells independently of T cells and microbiota,
leading to an intense barrier-protective IgA response. Mucosae-associated epithelial
chemokine plays an indirect role by promoting IgA secretion through inducing the
homing of IgA antibody-secreting cells (Grootjans et al. 2019; Matsuo et al. 2018b).

Furthermore, in the GF mice, a significant reduction of gut IgA-secreting cells
and failure to produce IgA has been reported. Interestingly, this defect was easily
recovered after bacterial colonization, suggesting that gut symbiotic bacteria provide
crucial stimulatory signals for local sIgA biosynthesis (Hapfelmeier et al. 2010).
Bacteroides fragilis is an important human gut commensal, that widely modulates its
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surface components to facilitate the IgA binding in mice, as well as IgA increased
mucosal colonization of multiple B. fragilis strains. It has also been reported that this
commensal has favorable effects that ameliorate inflammatory and behavioral symp-
toms in experimental animal models (Donaldson et al. 2018). Studies have shown
that IgA has raised the adhesion of Escherichia coli, Bifidobacterium lactis, and
Lactobacillus rhamnosus to epithelial cells, indicating that all these microbes could
also advantage from IgA to establish a mucosa-associated bacterial community
(Donaldson et al. 2018; Randal Bollinger et al. 2003; Mathias et al. 2010). Another
group of microbes like, prototypical, segmented filamentous bacteria are considered
to occupy an unusual niche near the ileal epithelium, where they stimulate the
production of IgA and CD4 + Th17 cells proliferation (Bunker and Bendelac 2018).

In addition to IgA antibodies, numerous studies have shown that IgM and IgG
antibodies are also capable of reacting to microbiota. There are practically no
detectable IgM or IgG-expressing plasma cells in the intestine of murine, although,
the IgM+ and IgG+ plasma cells are easily detected in the human intestine (Benckert
et al. 2011; Rios et al. 2016). While various aspect remains unclear regarding gut’s
IgG+ and IgM+ plasma cells, their specificity similar to IgAs indicates that these cells
can be derived from similar precursors (Bunker and Bendelac 2018; Magri et al.
2017). However, IgA helps to prevent possible harmful irritation of the mucosal
immune system through the coating and aggregating of the luminal antigens thus
firming the intestinal physical barrier (Zhang et al. 2019). Further, during health, IgA
fosters colonization of the microbiota in the mucosa with beneficial effects, while
pathological states can induce by IgA responses to pathogens that interrupt healthy
microbiome equilibrium (Donaldson et al. 2018).

Though IgA stimulates health by controlling the function and architecture of
intestinal microbiota, but again the molecular characteristics for this function of
homeostatic IgA remain unknown (Nakajima et al. 2018), thus needing more studies
in this prominent research area.

2.4.3 Microbiota-Mediated Regulation of Treg Cells, Th17
Cells, and Th1 Cells

T lymphocyte (T cell) is a type of leukocyte, which grows in the thymus gland and
acts as a key function in the immune system. As we know that T cells are clusters of
subsets based on their functions. In this connection Treg, Th17, and Th1 cells are
important subsets of T cells that have vital roles in numerous immune response
processes, including inflammation along with disease progression (Zhu and Paul
2010). The dynamic population of Tregs and Th17 cells have been found in
abundance in gut mucosa which is also known to possess the largest and most
diverse microbiota. Treg modulates the immune response by maintaining tolerance
to self and foreign antigens and thus helps in preventing autoimmune disease (Zheng
et al. 2020).
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FOXP3 (forkhead box P3) is a leading regulator of the regulatory pathway in the
progression and function of Treg cells. A prevalent human commensal, Bacteroides
fragilis in intestinal lamina propria, guides the development of Foxp3+ Treg.
Foxp3 + Treg, peripherally separated Treg (pTreg) cells which provide immunolog-
ical tolerance for nonpathogenic antigens (Round et al. 2011; Fournier and Parkos
2012). Adaptive immunity grows moderately in both antibiotic-treated mice and GF
mice. This is characterized by a lack of intestinal Treg cells and by susceptibility to
autoimmune responses mediated by Th1, Th2, or Th17 (Ohnmacht et al. 2011;
Campbell et al. 2018). Furthermore, IL-10 produce through a self-modulation
pathway of Th1 cells which transform pro-inflammatory Th1 cells into regulatory
T cells (Rutz et al. 2008).

The microbiome-derived short-chain fatty acids-induced signaling cascade that
potentially modulates the Th1 response that may provide novel possibilities for
therapeutic approaches in Th1-driven immune diseases (Sun et al. 2018). So, it is
evidenced that the gut microbiome has a positive regulatory impact on the initiation,
differentiation, and function of Treg cells (Ohnmacht et al. 2011; Fournier and
Parkos 2012).

2.4.4 The Gut Microbiome and Innate Lymphoid Cells

Innate lymphoid cells (ILCs) are newly defined innate immune cell that mirrors the
features and function of CD4+ T cell subsets. This is found in almost every tissue but
specifically enriched at mucosal surfaces, where they are thought to play a key role in
preserving epithelial barrier integrity and regulating innate immune responses. ILCs
lack antigen-specific receptors and assist as an arm of the innate immune system.
Moreover, it’s triggered through stress signals, microbial components, and the
cytokine microenvironment of the neighboring tissue, rather than via antigen. ILCs
are three subtypes ILC1s, ILC2s, and ILC3s, in which ILC3s play a key role in
communication between immune cells and gut microbiome as well as to form a
network that assists and manages gut homeostasis. ILC3, modulate local processes
by which mononuclear phagocytes capture commensal associated antigens in the
lamina propria (Pokrovskii et al. 2018; Emgård et al. 2018; Gury-BenAri et al.
2016).

Furthermore, it is well established that ILC3s act as pivotal regulators of adaptive
immunity. For instance, it is reported that disruptive adaptive immune responses to
the bacterial population were observed in the lack of ILC3 in conventional mice
(Hepworth et al. 2013). ILCs maintain intestinal homeostasis through interactions
dependent on the major histocompatibility complex II with CD4+ T cells that restrict
the adaptive pathological responses of immune cells to commensal bacteria (Sano
et al. 2015). However, macrophage-derived IL-1β through microbial sensing, trig-
gered the secretion of granulocyte macrophage colony-stimulating factor (GMCSF)
derived from ILC3. This factor facilitates the development of Treg and immune
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tolerance through the generation of IL-10 by DC and monocytes (Mortha et al. 2014;
Shi et al. 2006).

On the other hand, segmented filamentous bacteria induce secretion of IL22 from
ILC3, this cytokine further induces epithelial serum amyloid-A (SAA) generation in
a Stat3-dependent manner. IEC-derived SAA stimulates Th17 cell differentiation in
the microenvironment (Sano et al. 2015). Studies also indicate that the microbiome
and ILC3 association often include glial cells (non-neuronal cells in the CNS) in the
lamina propria for a healthy gut. The glia cell’s neuroregulatory receptor recognizes
pathogenic bacteria and produces neurotrophic factors that induce IL-22 secretion
derived from ILC3. This provides a significant description of the connection
between innate immune modulation and intestinal neurons (Zhang et al. 2019;
Ibiza et al. 2016; Bogunovic 2016). ILC3s are widely explored in the ILC family,
due to their dynamic roles in regulating the balance between immune tolerance to
nonpathogenic antigens and immune response to pathogenic stimuli (Zhang et al.
2019). Thus, the gut microbiome creates fine-tune cross talk with the host.

Numerous immune mechanisms work in parallel to the gut microbiota response
and contribute to intestinal homeostasis. Gut microbiota and metabolic factors
constitute the main antigen load of GIT. Macrophages and dendritic cells look
over intestinal luminal contents. The intestinal and metabolic factors affect the
activation and migration of DCs to MLN, where naive T cells are activated, and
subsequently, B cells are transformed into IgA-secreting plasma cells and inducing
the production of IgA antibodies. DCs prompt induction of Treg, which is liable for
the creation of IL-10. What’s more, the antimicrobial proteins discharged by the host
cells can balance the synthesis of the microbiota. ILC3 stimulates Th17 cell differ-
entiation by generating IL-22.

2.5 Microbial Metabolite-Mediated Modulation of Host
Immunity

The relatively slight consideration has been given to an additional cross talk between
the immune system and commensal bacteria, viz. the immune function effects of
microbial metabolites. Additionally, the intermediates of essential microbial metab-
olism, the structural components of the commensal microbes such as the secondary
metabolites can be involved within the communication between microbiota and the
host immune system. All these metabolites influence the immune cell metabolism
and stimulate immune cell subsets signaling which can trigger immunomodulatory
effects. The investigation of this additional communication has taken our interpre-
tation of the host–microbiota interactions to a new mechanistic stage.

Short-chain fatty acids (SCFAs) are aliphatic carboxylic acids (including acetate,
propionate, and butyrate) and fermentation end products of dietary fibers by the
anaerobic gut microbiota. Numerous favorable effects of SCFAs have been reported
on mammalian energy metabolism. Certain intestinal anaerobic bacteria, such as
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Roseburia intestinalis, Faecalibacterium prausnitzii, and Anaerostipes butyraticus
are effective in converting nondigestible carbohydrates into fermentation products
such as SCFA (Zhang et al. 2019). Studies have shown that SCFA derived from the
gut microbiota facilitated the regulation of Treg (Arpaia et al. 2013). The predicted
SCFA activity resulting from the modulation of the several cells participating in the
activation of regulatory reactions and therefore the impact of SCFA on both dendritic
and T cells has been related to this process (Mao et al. 2018). As for innate immune
functions, SCFA induces the release of prostaglandins E2 and anti-inflammatory
cytokine IL-10 expression via PTX-sensitive G-protein-coupled receptors, thus
inhibiting inflammatory reactions in human monocytes (Cox et al. 2009). There is
increasing evidence that in addition to SCFA, the microbial fermentation of dietary
fibers (in particular polysaccharides and oligosaccharides) may also produce succi-
nate, which acts as a precursor to propionate in microbial metabolism and as an
intermediate in the TCA cycle (Zhang et al. 2019; Koh et al. 2016). Furthermore,
succinate has drawn new attention due to its key role in immune modulation. For
instance, in the experimental mice model succinate raised by longan polysaccharide
administration, which can enhance the host’s immune function in the sense of stress,
that may be credited to favorable in the gut immune key like IgA, IFN-Δ, IL-6, and
transforming growth factor-β (Zheng et al. 2020; Zhang et al. 2017).

Moreover, the prominent gut commensal Bacteroides fragilis produced metabo-
lites like polysaccharide A (PSA) that act as a model symbiosis factor. Modulated
CD4 + T cell homeostasis and PSA-dependent development of cytokines have been
reported in GF mice colonized with B. fragilis, thus ameliorating intestinal inflam-
mation (Mazmanian et al. 2008; Round and Mazmanian 2010). The intestinal
recognition of a bacterial polysaccharide can also affect systemic immune regula-
tion, such as B. fragilis colonization enhances CNS inflammation and
neurodegeneration (Lee et al. 2011; Hsiao et al. 2013). The study of other commen-
sal carbohydrates for their related immunoregulatory effects on T cells has not yet
been studied.

Additionally, lactic acid (lactate), is the key component of milk which is a diet-
derived microbial metabolite, provides a various variety of metabolic and immune
activities like acts as a significant source of energy for cell regeneration and in
signalling molecules (Koh et al. 2016). Oral administration of lactate from
L. helveticus-derived induces DCs protrusion through GPR31 in intestinal
CX3CR1+ cells that take up antigens of gut lumen, which activates an intense
antigen-specific immune response to Salmonella infection (Morita et al. 2019). In
the same way, neonatal mice infected with the intestinal pathogen Vibrio cholerae
treated by L. lactis which reduces the infection of the pathogen and increases
survival (Mao et al. 2018). These findings have demonstrated that intestinal
lactate-mediated immunomodulation is beneficial for the decolonization of intestinal
pathogens. Furthermore, integration with lactate-producing microbes like
Bifidobacterium and Lactobacillus, which have increased lactate levels, facilitates
the proliferation of intestinal stem cells through Wnt/β-catenin signals of Paneth and
gut stromal cells. In particular, mice lacking GPR81 show reduced ISC-mediated
epithelial development, suggesting that lactate favorably regulates the role of the
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intestinal barrier in a GPR81-dependent manner (Lee et al. 2018). Such analyses
have revealed that the harmful or beneficial impacts of lactate possibly depend on
dosage, experimental model, and host’s immunocompetence. Several other
microbial-mediated metabolites facilitated immunomodulation, such as
desaminotyrosine (DAT), derived from flavonoids produced by the intestinal com-
mensal C. orbiscindens. Its metabolite is adequate for improving the development of
type I IFN and to protect against influenza infection (Kuss et al. 2011; Lobel and
Garrett 2017). Additionally, certain groups of rare bacteria like Bacteroidetes pro-
duced flowing metabolites such as mevalonate and dimethylglycine. Such metabo-
lites have been shown to promote systemic proliferation of CD8 + T cells, thus
fighting intracellular pathogens and improving the immune checkpoint inhibitor-
mediated antitumor immunity in melanoma mice (Tanoue et al. 2019; Reticker-
Flynn and Engleman 2019). These innovative findings have shown that members of
unusual microbiomes potentially show significant effects on host immunity. But in
contrast, some microbial metabolites appear to adversely affect host immunity. For
instance, microbiota-derived 1,2-propanediol enhances the expression of the viru-
lence factor in pathogens, stimulates gut colonization, and spread of pathogens like
C. rubentium (Zhang et al. 2019; Connolly et al. 2018).

In addition to all these microbial metabolites, several new molecules produced by
the intestinal microbiota act as messengers for the transmission of microbial signals
to different parts of the host. Transmission of these signals leads to vital communi-
cation between the gut microbiota and the host and exerts functional or adverse
impacts on the outcomes of a variety of diseases, like intestinal inflammation,
autoimmune, metabolic diseases, and tumors. Thus, more systematic investigations
are required to uncover the functions and mechanisms of these additional
metabolites.

2.6 Probiotics: An Immune Modulator

The beneficial effect of probiotics on human health and its immunomodulatory
effects are well established. With this, probiotics have the potential to prevent certain
pathologies. The deeper and better understanding of the immunomodulatory effects
of probiotics may give some new-gen to design an effective approach to prevent
inflammatory or allergic diseases (Sharma and Im 2018; Isolauri et al. 2001;
Klaenhammer et al. 2012).

It has been evidenced that host’s immune system is influenced by different
probiotic bacterial strains to wield their probiotic effects. Thus, it is clear that
probiotics can modulate the host immune response. Probiotic bacteria are most
often described as “live microorganisms which, if ingested or locally applied in
sufficient quantities, contribute health benefits to the host.” Probiotics like Lactoba-
cillus spp. and Bifidobacterium is commonly present in several dietary supplements
products or drugs (Valdes et al. 2018). Following human intestines, probiotic
microorganisms act symbiotically and stimulate, modulate, and regulate several
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functions, such as digestion, metabolism, epithelial innate immunity, brain–gut
communication, and competitive exclusion of pathogens. In the past few years,
probiotics have been widely explored for their humoral, cellular, and nonspecific
immune modulations, as well as for supporting the immunological barrier. Orally
administered probiotics could interact with GI mucosa and gut-associated lymphoid
tissue (GALT), where immune cells are localized. Probiotics also interact with IECs,
DCs, and macrophages diversely in the GI. DCS in lamina propria could contact
with probiotics in the gut lumen through the dendrites and then import them into the
lumen (Taverniti and Guglielmetti 2011). Studies demonstrated that administration
of a rationally selected mixture of probiotics (IRT5: B. bifidum, L. casei,
L. acidophilus, L. reuteri, and Streptococcus thermophiles) could upregulate iTregs
(CD41Foxp31) population through the generation of regulatory DCs in MLN (Kang
and Im 2015). Cell surface molecules of Lactobacillus strains have also been
reported to exhibit TNF-α inducing activity in macrophages through TLR2 signal-
ling (Mikelsaar et al. 2011).

Instead of these probiotics, bacteria may influence the gut microbiota by promot-
ing the growth of symbiotic bacteria such as bifidobacteria, or by inhibiting the
in vitro adherence of certain pathogens such as H. pylori (Myllyluoma et al. 2008).
Another research reported by the inactivation process, the target or model immune
system, may have a major effect on the experimental results. For instance, the heat-
inactivated strain of Lactobacillus casei Shirota was slightly less efficient in induc-
ing certain pro-inflammatory cytokines, like IL-12 and TNF-α, compared to viable
cells, while the induction of IL-10 was the same among the inactivated and viable
cells (Cross et al. 2004). Various studies are indicating that probiotics interact with
IECs and DCs in the GI tract and exert immune modulation. Numerous Lactobacil-
lus spp. have been shown to change the phenotype of DCs and their cytokine forms.
Moreover, it also observed that probiotics induce TReg cells, upregulate IL-10, and
transforming growth factor-β as well as an increase in local IgA production
(Campbell et al. 2018; Klaenhammer et al. 2012; Ding et al. 2017). Additionally,
it is also reported that regulation of immune responses by efficient probiotic bacteria
also depends on a complex communication between the host immune system and
various bacterial compounds, such as chromosomal DNA, cell wall components, and
soluble metabolites (Tannock 2012; Jijon et al. 2004).

Thus, altogether these findings highlight the impacts of probiotics on the host’s
immune system which is now already has been moved into a new and captivating era
of research. The growing probiotic research can offer a novel and useful way of
modulating host immunity to protect or treat a wide range of human and animal
diseases.
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2.7 Conclusion and Perspectives

The gut immune microenvironment is characterized by reciprocal correlations
between the immune structure and intestinal microbiota. To attain such a state,
host immune cells must learn to exhibit a tolerogenic behavior toward most micro-
bial antigens. The regulation of miscellaneous mechanisms by the commensal
microbiota reflects the strong symbiotic relationship with its host. The gut microor-
ganism communicates with the immune system at several levels and may be
involved in the pathophysiological functions of the host. This can also be used to
develop treatments for many immunological disorders, such as autoimmune and
inflammatory diseases, opportunistic infections, allergies, dysbiosis, and cancer.
Diversified gut microbiota is vital for a healthy life. Recognition of gut microbiota
and their specific occupations are essential and can provide the basis for the
development of safer and better strategies to establish host defense and block the
pathogens. The gut flora and their metabolites are well established for their immu-
nomodulatory properties in the host.

Further, the immunomodulatory effects of gut microbiota/microbiota-based mol-
ecules can be exploited as therapeutic interventions to rescue the host from different
disease conditions. Besides, the mechanistic details of microbial metabolites may
assist in the development of novel combating strategies for drug-resistant pathogens.
Also, gut flora can be further exploited for the identification of potential biomarkers
for different diseases which help in developing new screening tools that may further
support in prevention, identification, and treatment of several diseases.
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Chapter 3
Microbiota–Gut–Brain Axis
and Neurodegenerative Disorder

Awakash Soni, Ankit Verma, and Priya Gupta

Abstract Diverse and apt gut microbiota is a vital part of the human body and
obligatory to maintain a healthy life. Significant involvement of gut flora in the
central nervous system (CNS) development and its function has been revealed. The
communication of gut microbiome and CNS is bidirectional and thus a person’s
mental state can also be influenced by gut microbiome composition. Increased
intestinal permeability and impaired intestinal barrier are associated with gut
dysbiosis which in turn influence the structure and functions of CNS. Also, there
are resilient connections between the microbiome and neurological diseases. In this
chapter, we discussed the biological association of gut microbiome in the CNS
function and development including blood–brain barrier, myelination, and
neurogenesis. We also discussed the factors that influence the gut microbiome and
CNS including specific and nonspecific factors, age, probiotic, prebiotic, vegetarian
diet, Western diet, and antibiotics. We also tried to cast some light on the connection
between gut dysbiosis and neurodegenerative diseases/disorders with clinical evi-
dence and underlying mechanisms. New insights into factors influencing the gut
microbiota and CNS connections may be exploited as capable tools to tackle
neurological diseases.
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Neurological disorders
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Abbreviations

AD Alzheimer’s disease
AMPs Antimicrobial peptides
ANS Autonomic nervous system
ASD Autism spectrum disorder
BBB Blood–brain barrier
CNS Central nervous system
ENS Enteric nervous system
GF Germ-free mice
GI Gastrointestinal tract
IEC Intestinal epithelial cells
IgA Immunoglobulin A
IL Interleukin
NFκB Nuclear factor-kappa B
PD Parkinson’s disease
TLR Toll-like receptor
TNF-α Tumor necrosis factor

3.1 Introduction

Microbial communities including bacteria, archaea, fungi, and viruses coexist with
humans and other animals in the gastrointestinal tract known as microbiota (Ferreiro
et al. 2018). The beneficial effects of gut flora have been known for three decades
and have implications in both health and diseases (Maynard et al. 2012). Past decade
studies suggest a multifaceted and bidirectional communication between the gastro-
intestinal (GI) tract and the brain, which is known as the “Gut–Brain Axis” (GBA).
GBA works as a coordinator between the gut and the brain for different physiolog-
ical communications relayed from the immunological, endocrine, nutritional, and
neuronal systems. The autonomic nervous system (ANS), the enteric nervous system
(ENS), the immune system, as well as microbial metabolites, circulating hormones,
and other neuromodulatory molecules are vital to establish a connection between the
gut microbiome and the brain. This bidirectional cross talk plays a significant role in
maintaining gut homeostasis and influences the key processes of central nervous
system such as neurotransmission and behavior, including its cognitive functions
(Ferreiro et al. 2018; Maynard et al. 2012). Moreover, gut microbiome plays a
significant role in postnatal development and maturation of key systems that may
influence the programming of CNS with the immune and endocrine systems. Also,
many microbial metabolites, which are present in the peripheral blood, have pro-
found effects on the function of CNS. The neuroactive metabolites, synthesized by
gut microbes were found to be implicated with neurodegenerative disorders includ-
ing Parkinson’s disease (PD), Alzheimer’s disease (AD), multiple sclerosis, and
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amyotrophic lateral sclerosis (Bäckhed et al. 2005). Additionally, immunologic and
neuropsychiatric conditions such as schizophrenia, autism, and depression are also
found to be associated with dysbiosis (maladaptation of gut microbiome), thus gut
microbes are considered a key health regulator. Preclinical findings also support the
involvement of microbiota in behavioral abnormalities observed in different neuro-
logical conditions (Bäckhed et al. 2005). Additionally, understanding the mecha-
nisms underlying the influence of gut microbes and its influencing capabilities on the
brain may help to design a new strategy to treat different neurological disorders.

3.2 The Gut Microbiome and CNS Connection

Gut microbiota has coevolved with the host over thousands of years to form a
complex and mutually beneficial relationship (Neish 2009). It is roughly estimated
that ~60 tons of food passes through the human GI tract in the average lifetime of a
person, which contains plenty of microorganisms from the surrounding which
impose a huge threat on native gut microbiota (Bäckhed et al. 2005; Bengmark
1998). Recently, the estimated weight of bacterial content in the body is approxi-
mately 0.2 kg, and the ratio of human: bacterial cells are closer to 1:1 (Sender et al.
2016), but earlier studies cited it as 1:10 (Gill et al. 2006). There are six major
bacterial phyla present in the gut including Firmicutes, Bacteroidetes,
Proteobacteria, Actinomycetes, Verrucomicrobia, and Fusobacteria (Eckburg
et al. 2005). These gut bacteria offer several benefits to the host, including strength-
ening gut integrity or shaping the intestinal epithelium (Natividad and Verdu 2013),
harvesting energy from indigestible food (den Besten et al. 2013), protection from
pathogen (Bäumler and Sperandio 2016) and regulation of host immune response
(Gensollen et al. 2016). However, an imbalance in gut microbiota composition has a
potential risk to these vital processes.

There are clear connections between CNS function and gut microbiome, includ-
ing brain circuitry, neurophysiology, and behavior. Signals from gut microbes
support CNS functions (Heijtz et al. 2011; Sharon et al. 2016). Also, multiple
CNS diseases have a crucial connection with the gut–brain axis (Sharon et al.
2016; Hsiao et al. 2013; Kundu et al. 2017). The effect of gut microbiota on the
biosynthesis of host serotonin is known to affect multiple aspects of host behavior
both in mice and humans (Bravo et al. 2011; Desbonnet et al. 2015; Fröhlich et al.
2016). It has also been shown that gut microbiota regulates the permeability of the
blood–brain barrier (BBB) (Braniste et al. 2014; Hoyles et al. 2018). Furthermore, a
lifelong close correlation between the brain metabolome and the intestinal flora has
been recently recognized (Chen et al. 2018). Excessive stress response of germ-free
(GF) mice and association of gut dysbiosis in AD and autism spectrum disorder
(ASD) in animal models have also been proved (Heijtz et al. 2011; Sharon et al.
2016; Hsiao et al. 2013; Kundu et al. 2017; Bercik et al. 2011a). There are many
factors generated by gut microbiota that significantly affect the CNS functions. Thus,
these studies support the hypothesis of gut and brain connection.
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3.3 Development and Influence of Gut Microbiome

The development of gut microbiota seems to be initiated before birth, as certain
commensal bacteria (including Firmicutes, Tenericutes, Proteobacteria,
Bacteroidetes, and Fusobacteria phyla) are detected in the placenta of the mother.
But the general opinion is that gut microbiota establishment in infants begins at birth,
and different phyla of bacteria quickly colonize the child’s gut, and then continue to
grow and establish residency in the intestine (Aagaard et al. 2014; Rodríguez et al.
2015). Different events of life for instance illness, antibiotic treatment, and diet
changes are significantly associated with the change in the microbiota (Rodríguez
et al. 2015; Koenig et al. 2011). It has also been shown that the mode of delivery of
infants affects the composition of gut microflora. A high abundance of lactobacilli
has been found in the vaginally delivered newborn in the early days which may be
due to an abundance of lactobacilli in the vaginal flora (Rutayisire et al. 2016). While
infants delivered by C-section are inhabited by facultative anaerobes Clostridium
species that are later substituted by Bacteroides genus. It is noteworthy that there is
~72% similarity in the fecal microbiota of vaginally delivered infants with and their
mothers, while in C-section delivered infants and their mothers only ~41% such
similarity was observed (Martin et al. 2016; Milani et al. 2017). Thus, it is evinced
that the mode of delivery of infants also affects the infant gut microbiota during early
life. The diversity of gut microbiota is low in the early stages of development, as only
two main phyla Actinobacteria and Proteobacteria were reported to be dominant
(Senghor et al. 2018). During development, microbial diversity increases, and
around the age of 2.5 years, a child’s gut microbiota resembles adult microbiota
(Rodríguez et al. 2015). Reports indicate that gut microbiota diversity decreases in
the elderly population (Odamaki et al. 2016; Ogawa et al. 2018).

Many specific and nonspecific factors produced by the host influence the com-
position of microbiota. Intestinal epithelial cells (IEC) secrete mucus, antimicrobial
peptides (AMPs), and immunoglobulin A (IgA), which promote the growth of gut
native microbial species and inhibit others. IEC outer layer mucus occupied by
O-glycans serves as a nutrient source and a binding site for gut microbiota (Podolsky
et al. 1993; Artis et al. 2004). The presence of miRNA in feces was reported and the
main sources are IEC and Hopx-positive cells and considered as the specific host
factors which control gut microbiota. Many studies have indicated that miRNAs may
serve as potential markers for intestinal malignancy, and have the potential ability to
affect the gut microbiota composition. For example, miRNA-515-5P can stimulate
Fusobacterium nucleatum growth and miRNA-1226-5p induces E. coli growth
(Ahmed et al. 2009; Link et al. 2012; Liu et al. 2016).

Hippocrates, more than 2000 years ago said “Let food be thy medicine and
medicine be thy food.” This quote seems still germane, since there is a strong
connection between diet with healthy life and mental fitness (Gómez-Pinilla 2008;
Reza et al. 2019; Spencer et al. 2017; Beilharz et al. 2016). Structure and diversity of
the gut microflora are significantly shaped by diet. In fact, it has been observed that
the first effect on gut flora is caused by infant diet (Kumbhare et al. 2019).
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Lactobacillus and Bifidobacterium species are dominant in breastfeeding infants,
while Enterococcus, Enterobacteria, Bacteroides, Clostridia, and Streptococcus
phyla have been observed in infants fed the formula (Guaraldi and Salvatori 2012;
Groer et al. 2014; Yoshioka et al. 1983; Stark et al. 1982). These bacteria are also
connected with child immunity (Grönlund et al. 2000). Vegetarian diets and Western
diets are also reported as key contributors to the diversity of gut microflora. Healthy
and diverse gut microbiota is a characteristic feature of vegetarian diets, dominated
by Ruminococcus, Roseburia, and Eubacterium species, which are capable of
metabolizing insoluble carbohydrates (Walker et al. 2011; Tang et al. 2013), while
nonvegetarian diet has been linked with less diverse gut flora, an increase in
Bacteroides number and a decrease in Firmicutes (David et al. 2014). Plant-based
diet encourages growth of fiber fermenting microbes and their metabolites with
health benefits (O’Grady et al. 2019). Polyphenols consumed with foods are exten-
sively metabolized in the gastrointestinal tract and were shown to affect gut flora
(Neish 2009; Bowden and Ross 1965; Clemente et al. 2012). Polyphenols, present in
plants, increase Bifidobacterium and Lactobacillus species and have proven to have
anti-pathogenic and anti-inflammatory effects as well as to provide cardiovascular
protection (Tomova et al. 2019). Also, antioxidant, anticarcinogenic, antiadipogenic,
antidiabetic, and neuroprotective properties of dietary polyphenols suggest that they
may play a role in disease prevention (Cardona et al. 2013). Studies have also shown
that the route of administration of flavonoids determines their biological activity.
Oral route administration of flavonoids showed anxiolytic effect, while this effect
was absent in intraperitoneally administered animals (Vissiennon et al. 2012).

Antibiotics are magic molecules for the treatment of pathogenic infections. Yet,
they kill not only pathological agents but also beneficial microbes in the gut,
resulting in dysbiosis (Klingensmith and Coopersmith 2016). The antibiotics treat-
ment causes a diminution of gut microbiota and disturbs secondary bile acid and
serotonin metabolism in the colon, thus causing a delay in intestinal motility
(Ge et al. 2017). Antibiotics clindamycin, clarithromycin, metronidazole, and cip-
rofloxacin were reported to affect gut flora structure for an extended period of time
(Jernberg et al. 2007; Jakobsson et al. 2010; Dethlefsen and Relman 2011).

Probiotics have a beneficial effect on health by contributing to favorable gut
microbe’s growth (Sánchez et al. 2017). Lactobacillus, Bifidobacteria, and yeasts,
such as Saccharomyces boulardii are the most commonly used probiotic species
(Dinleyici et al. 2012). There are considerable shreds of evidence showing positive
effects of probiotics, which include preventing harmful bacterial species to adhere to
gut epithelial cells (Servin 2004), producing antimicrobial compounds (Cleusix et al.
2007), inducing host immune responses, and reducing inflammation (Belkaid and
Hand 2014) and total cholesterol (Wu et al. 2017). A mucin-degrading bacteria
Akkermansia muciniphila restores the gut barrier and has probiotic properties
(Everard et al. 2013; Zhou 2017). It has been reported that administration of
probiotic in diabetic and cardiac disease patients led to significant improvement in
health and insulin response (Akbari and Hendijani 2016; Hendijani and Akbari
2018). These accumulative evidences highlighted the impact of different factors on
the gut microbiota (Fig. 3.1).
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3.4 The Gut Microbes and Brain Development

Adolescence and early adulthood in humans are the main phases for the development
of the brain (Konrad et al. 2013). Both intrinsic and extrinsic factors are responsible
for the complex process of neurodevelopment (Calof 1995). Several studies
suggested that the gut and the brain cross talk in different neurological conditions
including depression, anxiety, cognition, and autism spectrum disorder (ASD)
(Du et al. 2020; Pulikkan et al. 2019). The key pre- and postnatal events, including
molecular signals from the gut microbiome, are important in the development of a
healthy and functional brain (Clarke et al. 2014). Several studies have strongly
suggested that gut microbiome is crucial for development of central nervous system
(Principi and Esposito 2016; Sharon et al. 2016). Microbiome supports the devel-
opment of blood–brain barrier, neurogenesis, myelination, and microglia maturation
(Abdel-Haq et al. 2019; Duncan and Watters 2019; Michel and Prat 2016). Animal
behaviors are also influenced by gut microbiota (Ezenwa et al. 2012). The molecular
universe of the gut is highly affected by various dietary components and is

Fig. 3.1 Schematic representation of factors (Antibiotics, diet, and probiotics) that influence the
Gut microbiota
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associated with brain development and functional alterations in the mature brain
(Chang et al. 2009; Zeisel 2004). Accumulating evidences suggest the involvement
of gut microbiome in brain developmental processes with long-term health implica-
tions (Forssberg 2019). Generally, gut microbiota absence, as demonstrated in germ-
free animals, is associated with several CNS developmental problems (Uzbay 2019;
Luczynski et al. 2016). Mice devoid of gut microbiota showed increased risk-taking
behaviors, hyperactivity, and displaying deficits in learning and memory (Sharon
et al. 2016; Clarke et al. 2013; Heijtz et al. 2011; Neufeld et al. 2011). In GF mice,
changes in expression of the 5-hydroxytryptamine receptor (5-HT1A), neurotrophic
factors (BDNF), and NMDA receptor subunits in the hippocampus have been
observed (Heijtz et al. 2011; Bercik et al. 2011a; Bercik et al. 2011b; Sudo et al.
2004). Together with this, high myelination in the prefrontal cortex and damaged
blood–brain barrier was also observed (Braniste et al. 2014; Hoban et al. 2016).
Lately, association of the gut microbiota with neuropsychiatric conditions including
depression and anxiety (Hsiao et al. 2013), ASD, schizophrenia, PD, and AD has
been established (Krajmalnik-Brown et al. 2015; Severance et al. 2016;
Keshavarzian et al. 2015).

In humans, after completion of gastrulation, the epiblast differentiates into neural
stem cells. This first step in brain development occurs during the third week after
conception and eventually would result in the brain. During cortical development,
immense neuronal expansion and migration happen, and through the final weeks of
maturation (38–41), ~50% of neurons undergo apoptosis. Survived cells that inte-
grate into networks are only those supported by neurotrophic signals (Ceni et al.
2014). Brain-derived neurotrophic factor (BDNF, a neurotrophin) supports neuron
survival, promotes maintenance and differentiation of numerous cell populations
(Bercik et al. 2011b; Ichim et al. 2012), as well as aids in neuronal circuitry
establishment (Ichim et al. 2012). One study observed increased neurogenesis in
the dorsal hippocampus of adult GF mice as compared to wild-type mice
(Ogbonnaya et al. 2015), which indicates that microbe’s presence may influence
neurogenesis.

The gut microbiome and its metabolites have a significant role in the formation of
the selective barrier found between the brain and circulation, also called the blood–
brain barrier (BBB), which is formed during gestation (Braniste et al. 2014).
Increased BBB permeability was found in animals devoid of gut flora as compared
to wild-type animals. Additionally, a defect in BBB can be rescued upon coloniza-
tion of GF animals or by the administration of the short-chain fatty acids (SCFA) like
butyrate, which is a metabolite produced during bacterial fermentation of dietary
fibers in the gut (Braniste et al. 2014). Dynamic change in gut microbiota is observed
during pregnancy (DiGiulio et al. 2015; Koren et al. 2012; MacIntyre et al. 2015;
Nuriel-Ohayon et al. 2016), which affects neurodevelopment and offspring behavior
(Jašarević et al. 2015). It has been found that non-absorbable antibiotics administra-
tion to pregnant rodent changes maternal and offspring’s gut microbiota and induces
hypoactivity and anxiety-like behavior (Degroote et al. 2016; Tochitani et al. 2016).
In addition, both the microbial population and the behavior of offspring are associ-
ated with maternal diet (Buffington et al. 2016). Social deficit and repetitive behavior
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have been found in the offspring of mice fed a high-fat diet, compared to the control
group fed normal chow. The replenishment of Lactobacillus reuteri (this bacterium
was deficient in high-fat diet offspring in their gut microbiota) causes a reversal of
social deficit in these mice (Buffington et al. 2016). Thus, these studies showed
evidences that maternal gut microbiota can affect offspring’s behavior. A fetus may
not owe a microbiome but necessarily experience microbial products like fermenta-
tion products, secondary metabolites, lipopolysaccharides (LPS), and peptidoglycan.
In mother GF mice, metabolites made by an auxotrophic strain of Escherichia coli,
have accessibility to developing fetus which can influence certain developmental
programs (Sharon et al. 2016). Peptidoglycan, which can access the fetal brain by
crossing the placenta, induces the neuron multiplication in the frontal cortex. This is
governed by high expression of the crucial neurogenesis regulator FOXG1 (Humann
et al. 2016). Therefore, the possible role of the gut microbiome in shaping offspring
neurophysiology, behavior, and neuropathology has been demonstrated in mice
(Sharon et al. 2016). Synaptic development and plasticity are associated with the
development of the postnatal brain (Paolicelli et al. 2011; Zuchero and Barres 2015).
Postnatal neurogenesis is highly restricted to the lateral ventricle subventricular zone
and hippocampal dentate gyrus sub-granular zone. Proliferation, migration, and
differentiation of glial cells occur continuously with postnatal development (Menn
et al. 2006). Diminished hippocampal neurogenesis was observed in adult mice after
long-term antibiotic treatment, and consequently, these mice were then found to be
deficient in the novel object recognition task. Interestingly, probiotic treatment and
voluntary exercise are enough to rescue these phenotypes (Möhle et al. 2016). Thus,
it is conclusive that neurogenesis may also be influenced and governed by gut
microbiota. Further research will give a clearer picture of the involvement of gut
microbes in brain development.

Accurate conductance in neuronal axons is indispensable to communication with
each other (axons), which is associated with myelination of neurons and is critical for
the development of a healthy brain (Davison and Dobbing 1966). Several studies
indicated that the gut microbiome modulates myelination of nerve cells (Hoban et al.
2016; Gacias et al. 2016). Similarly, to observations made with GF mice, antibiotic
treatment of nonobese diabetic (NOD) mice resulted in increased expression of
myelin-related genes in the prefrontal cortex (Hoban et al. 2016). The elevations
in myelin-related transcripts were also observed in C57Bl/6 mice by transferring gut
flora from antibiotic-treated NODmice (Gacias et al. 2016). A correlation was found
between beneficial bacteria and overall good mental health of animals which
includes improvement in cases of depression, stress, anxiety, cognitive function,
and decreased repetitive behavior (Bravo et al. 2011; Bercik et al. 2011a; Sudo et al.
2004; Ichim et al. 2012; Ait-Belgnaoui et al. 2012; Hsiao et al. 2013; Sun et al.
2016). It was also found that healthy human volunteers, who consume different
probiotic bacteria containing fermented milk products, showed different brain activ-
ity during an emotional face’s attention task in brain regions that control the
processing of sensation and emotion, as tested by fMRI (Tillisch et al. 2013).
Thus, these studies strongly suggest that there are close connections between gut
microbiome, CNS development, and behavior.
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3.5 The Gut Microbiota in Neurodegenerative Disorders

Human enteric nervous system (ENS) possesses approximately 200 to 600 million
neurons (Furness et al. 2014), categorized into different classes on the basis of their
morphology, electrophysiological chemical coding, and function-specific properties
(Abraira and Ginty 2013). The ENS’s interfaces close to luminal surface (the single
cell layer of epithelium lining the large and small intestines) and its complexity can
be imagined considering the size of the lumen and the exposure to the billions of
microbes in its surrounding. It is also well connected with enteroendocrine cells,
which secrete at least twenty hormones, and to the gut-allied immune system, which
represent ~66% of host immune cells. Afferent neurons, immune cells, and
enteroendocrine cells are encrypted to give sensory information in the gut. Hor-
mones secreted through enteroendocrine cells and intestinal mechanical stimuli form
the chief level association with CNS. Further, the ENS circuits optimize digestive
functions and endocrine and paracrine signalling to vagal afferent controls CNS
functions (Belkaid and Hand 2014; Mayer 2011). Thus, a balanced relationship
between lumen and brain plays an important role in balancing the body’s
homeostasis.

The global incidences of neurological disorders are rapidly increasing (Bengmark
2013). A robust connection between GBA and dysbiosis has been established.
Increased intestinal and BBB permeability is associated with a changed microbiome
(dysbiosis) induced by many factors like pro-inflammatory cytokines, LPS, and
immune cells. Dysbiosis promotes neuroinflammation, neural injury, and degener-
ation via misfolded proteins deposition, axonal damage, and neuronal demyelin-
ation. These processes further ease neurodegenerative disorders and related
pathogenesis ranging from PD and AD to multiple sclerosis and amyotrophic lateral
sclerosis (Sarkar and Banerjee 2019). A dysbiosis microbiome is thought to elicit
progressive deposition of α-synuclein in AD as well as in the characteristic neuro-
pathological features of PD due to the accumulation of misfolded amyloid-β in the
neuronal cell body. This has been reported for periodontal, oral, and nasal
microbiomes in AD and PD cases (Quigley 2017) and the presence of Helicobacter
pylori in the gastric mucus layer has been linked to PD (Shen et al. 2017).

There have been some evidences of the higher abundance of rising serum LPS by
Enterobacteriaceae (Forsythe et al. 2016) and increase in the inflammatory cyto-
kines such as toll-like receptor (TLR) 4, tumor necrosis factor (TNF-α), interleukin
(IL)-1β, IL-6, and nuclear factor-kappa B (NFκB) pathway, which further induce
systemic inflammation (Guo et al. 2013; Block et al. 2007; Sui et al. 2014). These
cytokines, in turn, critically affect the CNS (Hanke and Kielian 2011; Mousa and
Bakhiet 2013). Certain other factors may interact and increase the chances of
neurodegeneration, including aging and its attendant changes in the microbiota,
immunity, gut barrier, and BBB functions (Quigley 2017).

Diet is another critical factor; consumption of industrially refined or manipulated
diets is responsible for gut microbiome changes and could possibly influence mental
health and disease conations (Bengmark 1998; Elinav et al. 2011). There is a critical
connection between poor diet and decreased lumen microbial diversity with inflam-
mation recognized in the elderly (Claesson et al. 2012). Link of nutritional
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deficiencies, dysphagia, and other gastrointestinal issues has been found with neu-
rodegenerative disorders. Socio-personal factors like smoking were also found to
influence neurological disease conditions (Scheperjans et al. 2015).

3.6 A Clinical Connection Between the Gut Microbes
and Neurodegenerative Disorders

Neurodegenerative disorders have been linked to various types of infections.
H. pylori, cause of gut infection and peptic ulcer, was found to be associated with
PD through manipulating levodopa uptake (a medication for PD). The bacterium is
also involved in severity and development of the disease (Wang et al. 2015;
Pierantozzi et al. 2001; Dobbs et al. 2010; Tan et al. 2015). Although the literature
is currently limited, antibiotics targeting H. pylori have shown clinical improvement
in disease pathology (Hashim et al. 2014). Furthermore, increased growth of
microbes in the small intestine was also found to be connected with PD conditions,
which is indicated by a high prevalence of gut dysmotility (Cassani et al. 2015). The
high prevalence of gastrointestinal dysfunction in PD (Quigley 2017) highlights gut
functionality as an important factor in the onset and/or development of
PD. Therefore, the microbiota of PD subjects has got considerable attention (Felice
et al. 2016; Perez-Pardo et al. 2017). It has been also found that bacterial infections
and derived factors are coupled with AD and PD conditions (Andreadou et al. 2017;
Goldman et al. 2014). The technical advancement of molecular techniques like high-
throughput sequencing, and omics (metagenomics, metatranscriptomics,
metabolomics) has reformed the gut microbes and its derived metabolic products
exploration.

Severe change in gut microbes has been already established in neurodegenerative
diseased (AD and PD) individuals as compared to healthy volunteers. Elevation in
pro-inflammatory bacterial genera like Proteobacteria, Enterococcaceae, and
Enterobacteriaceae (Keshavarzian et al. 2015; Scheperjans et al. 2015; Hooper
et al. 2012) and decreased anti-inflammatory genera like Blautia, Coprococcus,
Roseburia, and Faecalibacterium (Quigley 2017) were found to be associated with
postural instability and gait difficulty. In another study, multiple system atrophy was
allied with an increase in pro-inflammatory microbes and damaged gut barrier
function and inflammation (Engen et al. 2017). Additionally, a rise in
pro-inflammatory cytokines and amyloid deposition in the brain of AD patients
has been observed and correlated with a decrease in anti-inflammatory taxa (Eubac-
terium rectale) and rise in pro-inflammatory genera (Escherichia and Shigella)
(Cattaneo et al. 2017). These evidences support the role of gut–brain axis in PD
and AD but have certain confines, such as small-size experimental subjects and
dependence solely on fecal sampling (Quigley 2017; Wu et al. 2016; Devkota 2016).
It is difficult to assess the relative contribution of depression and disease conditions
to the altered microbial patterns (Hill-Burns et al. 2017; Sherwin et al. 2016). Thus,
the change in gut microbiota and disease conditions are bidirectional and there is
possibility that disease conditions may change gut flora or vice versa (Quigley 2017;
Elinav et al. 2011; Levy et al. 2015).
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3.7 Routes of Communication

The precise molecular mechanistic details of the interactions between the gut
microbiota and the brain are still unclear. Although there is anatomical separation,
emerging evidence has indicated the existence of bidirectional communication
between gut microbiota, through the nervous system (gut brain’s neuroanatomical
pathway) and by the nutritional, endocrine, immune, and metabolic systems. This
bidirectional cross talk may have a vital impact during basic neuronal processes and
in neurodegenerative disorders (Bravo et al. 2011; Quigley 2017; Fung et al. 2017).
Several possibilities have been proposed regarding the gut microbes’ interaction
with CNS that influence neurochemistry brain and behavior. Information between
gut and brain may be exchanged directly through ANS and vagus nerve (VN) in the
spinal cord and/or via ENS in the gut and ANS and VN within the spinal cord.
Another route of communication is our central stress response system, i.e.,
neuroendocrine–hypothalamic–pituitary–adrenal (HPA) axis, which has been
reported to closely interact with the immune system, the intestinal barrier, and
BBB, as well as the sensory ANS and a variety of microbial metabolites and gut
hormones (Dinan and Cryan 2017; Farzi et al. 2018; Gao et al. 2020).

Many essential and vital neurotransmitters for the human host are produced by
gut microbiota (Dinan and Cryan 2017). Multiple direct (e.g., VN) and indirect (e.g.,
SCFA, cytokines, and key amino acids, such as tryptophan derivatives) pathways
exist for the gut–brain axis communication. These mechanisms involve interaction
of microbial metabolites and immune mediators and signalling to the CNS directly
via VN. The vagus nerve facilitates bidirectional pathway from the abdominal cavity
to the brain, and gut microbiota activates this pathway to mediate behavioral and
physiological effects on the brain. The VN is implicated in PD/AD, consequently,
the communication through the gut–brain axis also via microbial metabolites,
neurotransmitters, and neuromodulators, may be impaired (Bravo et al. 2011;
Forsythe et al. 2016; Dinan and Cryan 2017). Furthermore, SCFAs, a wide category
of microbially synthesized compounds, play a key role in psychological functioning,
including affective and cognitive processes and their neural basis as well as in neuro-
immunoendocrine regulation. Many metabolites synthesized by the host and essen-
tial amino acids such as tryptophan play a central role in the crosstalk between the
gut microbiota and the brain (Farzi et al. 2018; Gao et al. 2020). Thus, there are
numerous links between the gut and the brain and still a lot is needed to be identified.

3.8 Conclusions and Future Perspectives: A New Hope?

A healthy gut microbiome is critical for the normal physiological and metabolic
functions of the host. Gut microbes provide a lot of benefits, such as extraction of
energy from undigested food, synthesis of important metabolites, and prevention
from pathogens. Moreover, the gut microbes’ integrity is swayed by mental health
(stress) and by extraneous factors including diet, prebiotics, probiotics, and drugs
(antibiotics). Studies established a strong connection between gut microbiome and
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neurological diseases/disorders. The bidirectional interaction between gut
microbiota and the brain regulates neurophysiological function, which further reg-
ulates neurotransmission, cognition, and behavior through the immune, neuroendo-
crine system, and bacterial metabolites pathways. Gut dysbiosis and associated host
response were found to correlate with neurodegenerative disease conditions like AD
and PD. Lumen microbe composition crucially depends on diet. Preclinical investi-
gations of pre- and probiotics with other nutritional supplements have shown
promising benefits for different psychiatric conditions including depression and
anxiety (Pirbaglou et al. 2016). The microbiota–gut–brain axis may provide novel
targets for the prevention and treatment of neuropsychiatric disorders.

There is an association between functional/behavioral changes in animal hosts
and alteration in the normal gut microbiota. We have discussed above the interven-
tions on specific gut bacterial taxa that can restore health in the sick individual. Thus,
the identification of microbes, responsible or play a role, in diseases, can be further
exploited as a tool for therapeutic interventions. Similarly, gut microbe changes,
responsible for neurological disease and stress-related disorders, may be rescued by
replenishing healthy gut flora (selected taxa), with certain other therapeutic agents.
Since probiotics have already been recognized for benefits for anxiety/depression
conditions and metabolic disorders, thus both probiotics and prebiotics could be
further explored to address the problem of neurological and metabolic disorders.
Furthermore, because of the added benefits of a plant-based diet on human health, it
seems that a more rigorous effort is necessary to explore the welfare of the plant-
based diet therapeutically (Fig. 3.2).
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Fig. 3.2 Gut–brain axis: bidirectional talk between the gut flora and the brain which significantly
impact each other
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Chapter 4
Gut Microbiota Regulation of Cerebral
Stroke

Kaushlendra Kumar, Hema Kumari, and Amit Kumar Tripathi

Abstract Microbiome involvement in human health is a recently emerging field in
biomedical sciences. Biomedical research corroborations emphasize the significance
of the gastrointestinal tract (GIT) microbiome in cancer, diabetes, skin disease,
cardiovascular disease (CVD), neurodegenerative disorders (NDD), and stroke
pathophysiology. Importantly, transient focal cerebral ischemia-reperfusion injury
(TFCIRI) induced impairments of the gut microbiome regulated by the pleiotropic
microbial metabolites such as nitrites, flavanol, short-chain fatty acids, sulfinic
acid, and Trimethylamine N-oxide. These understandings speculate that targeting
and manipulating the gut microbiome can be better therapeutic opportunities
for various diseases, including cerebral stroke. In the present chapter, we will
provide the basics of the microbiome, psychobiotics, neuroprotective potential of
monobacteriotherapy, toll-like receptors (TLRs) such as TLR-2, TLR-4, and TLR-5,
Nucleotide-binding oligomerization domain-containing protein (NOD)-like recep-
tors (NLRs) such as NOD-1, NOD-2, and NOD-6, engineered microbiota for
therapeutics, Western diet a related risk factor for stroke, Stroke-induced gut
inflammatory immune response and microglial polarization (mainly M1 > M2)
under germ-free condition, the modulatory function of the gut microbiome in BBB
breakdown, intervention strategies (diet, probiotics, prebiotics, antibiotics, fecal
transplant, intragastric treatment) microbial metabolite, and seasonal changes (sum-
mer, winter, and raining) and environmental factors.
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Keywords Stroke · Microbiome · Neuroinflammation · Immunity · Short-chain
fatty acid · Microbial diversity

Abbreviations

AIS Acute ischemic stroke
BACCO Bilateral Common Carotid Artery Occlusion
BBB Blood–brain barrier
CIRI Cerebral ischemia–reperfusion injury
CVD Cardiovascular disease
GF Germ Free
GFM Germ-free mice
GIT Gastrointestinal tract
MGBA Microbiota gut–brain axis
NDD Neurodegenerative disease
SCFA Short-chain fatty acid
SDI Stroke dysbiosis index
TJ Tight junction
TMAO Trimethylamine N-oxide
TMAO Trimethyl amine oxide
TREM Triggering receptor expressed on myeloid cells
WD Western diet

4.1 Introduction

The human gut microbiota contains trillions of bacteria with more than three million
genes and is considered the second genome of the body (Zhu et al. 2010).
Microbiome characterization and analysis inspired the advancement of genomic
technologies and provided useful information as the basis of genetic diversity,
alteration in the pathophysiology of the disease, and a component of immunity
(Grice and Segre 2012). The first report on gut bacteria was carried out in the
nineteenth century (Winek et al. 2016a). This achievement was done when examin-
ing stool samples from healthy persons; Friedrich Escherich characterized Bacterium
coli commune, today popularly known as Escherichia coli, as “a workhorse of
molecular biology” (Shulman et al. 2007). Over the next few decades, thousands
of microorganisms were separated, isolated, and characterized using new culture
technologies such as sophisticated isolation culture methods. Human GIT contains a
broad-spectrum, dynamic microbial community that contributes significantly to
different biological processes in the host organism and reacts to variations in host
pathophysiology (Shulman et al. 2007; Mathewson et al. 2016; Kaur et al. 2021).
The microbial communities interact with the host organism via releasing different
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metabolites. Sometimes, these microbial metabolites are synthesized by carbohy-
drate fermentation inside the gut leading increase SCFAs concentration. Butyrate, an
essential SCFA microbial metabolite, may influence the host body system by
regulating histone-acetylation (Mathewson et al. 2016). However, TMAO, another
metabolite, plays a vital role in NDD, CVD, and stroke (Aron-wisnewsky and
Clement 2017).

Current theories unravel these microbiota–host interactions by releasing several
proinflammatory cytokines, neuroendocrine messengers, and bacterial waste product
help regulate many biological processes (Boziki et al. 2018). Biological molecules
and neuromodulators can enter the blood vascular systems and finally alter neural
connections carried by vagal and spinal afferent neurons to constantly communicate
with the brain, possibly regulating mood and behavior. The above line of evidence
suggests that microbiota influences mood behavior and alters the cognitive abilities
of individuals by releasing growth factors, cytokine, and activation of lymphocytic
cells.

The Human GIT microbiome consists of dominant bacterial species: Firmicutes,
Bacteroidetes, Actinobacteria, and Proteobacteria (Monira et al. 2011; Dubourg et al.
2013; Hanfrey et al. 2011). However, mainly two bacterial phyla Bacteroidetes and
Firmicutes consisting of the gut microbiota and Proteobacteria, Actinomyces,
Fusobacterium, and Verrucomicrobia are relatively small. The implication of the
gut microbiome for biomedical application, biomarker, and prognosis has been
widely applicable for future therapeutic interventions. The microbiome has been a
potential therapeutic target in neurological disorders such as Parkinson’s disease
(PD), Alzheimer’s disease (AD), amyotrophic lateral sclerosis (ALS), Traumatic
brain injury (TBI), autism, stroke, depression, and drug addiction (Wang et al. 2011;
Mulak 2018; Nguyen et al. 2018; Houlden et al. 2016; Rice et al. 2019; Chen et al.
2019a; Ahmed et al. 2019; Yarandi et al. 2016). From the above line of evidence, it
has been suggested that ischemic stroke alters gut microbiota composition and plays
a vital role in pathomechanisms and modified neurological outcomes. However,
Patients and experimental studies have reported that the gut microbiome is
connected with possible factors for stroke, hypertension, diabetes, and obesity
(Suzuki et al. 2017; Nam 2019). Worldwide scientific communities involved in
investigating novel microbiome biomarkers associated with the incidence of ische-
mic stroke are beneficial and advantageous and improve diagnosis before patients
arrive at the hospital. The emerging technology of metabolomics combining both
clinical and biochemical biomarkers is helpful for therapeutic intervention in the
growing field (Suzuki et al. 2017; Wang and Wang 2016; Sidorov et al. 2019).

The purposes of this chapter were as follows: first, providing the basic informa-
tion associated with microbiome studies; second, collecting data related to the gut–
brain axis in the context of cerebral stroke; third, to emphasize stroke-induced
microbiota regulatory T-cells alteration, interleukin and neutrophils infiltration in
brain, stroke dysbiosis index (SDI), and its relationship with BBB breakage; and
fourth, compile the information related tools involved in microbiota studies.
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4.2 Microbiota Gut–Brain Axis and Its Environmental Axis

The communicating messages between gut and brain through two neuroanatomical
pathways explained gut–brain axis. First known communication connects the gut
and brain via autonomic nervous system (ANS) and vagus nerves (VN) through
spinal cord. Bidirectional communication connects gut–brain through communica-
tion between enteric nervous system (ENS) in the gut and ANS and VN within the
spinal cord (Wang and Wang 2016). However, the underlying mechanism of this
bidirectional communication in MGBA remains, as yet, unresolved. Inspite of the
above facts, other communication such as neural mechanisms, immune response,
neurotransmitter and neuropeptide release, and microbial metabolite (Bercik et al.
2012).

Environmental factors such as smoking, anxiety, and inactive lifestyle can sig-
nificantly influence gut microbial diversity (Bressa et al. 2017). Smoking has an
excessive impact on gut microbial diversity by increasing bacterial counts of
Bacteroides-Prevotella (Guo et al. 2014). Stress and anxiety are other factors that
impact motor activity by gut–brain axis connecting neuroendocrine pathways. It is
associated with an altered microbiota profile suggesting potential decreasing counts
of useful beneficial bacteria Lactobacillus (Lutgendorff et al. 2008; Grenham et al.
2011). Other factors such as human diet containing protein, carbohydrates, and fat
are widely associated with microbiota diversity. Gut microbiota has a promising role
in degradation of dietary components and produces amino acids, amine, ammonia,
and SCFAs. Cysteine and threonine amino acid molecules can cause an incredible
increase in beneficial microbial communities such as lactobacilli or bifidobacteria
and a decrease in Clostridiaceae (Magee et al. 2000). A notable alteration in these
bacterial counts can be associated with different types of bowel disease.

4.3 Stroke-Induced Gut Dysfunction and Translocation
of Gut Microbiota

Emerging literature conferred gut microbiota has a significant role in pathological
conditions affecting the CNS and cognitive disability. According to Global Burden
of Disease (GBD) study, stroke remains to be an important disability with a high
impact predicted to increase due to increased life expectancy and population aging
(Murray and Lopez 2013). The major gut anomalies related to both ischemic and
hemorrhagic stroke patients exhibit dysphagia, dysbiosis, dysmotility, hemorrhage,
constipation, and gastrointestinal bleeding (Fig. 4.1) (Camara-Lemarroy et al. 2014;
Schaller et al. 2006; Harari et al. 2004).
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4.4 Western Dietary Pattern and Related Risk Factor
for Stroke-Induced Gut Microbiota Alteration

Dietary pattern, geographical differences, seasonal variation, and environmental
conditions have an insightful role in regulating the gut microbiome in real-time
manner. However, several studies reported that the abundance of gut microbiota is
independent of age, diabetes, cardiovascular diseases, hypertension, and environ-
mental factors (Pérez-López et al. 2009; Lindsberg and Grau 2003). The other
common cause of gut dysbiosis are antibiotics treatment, psychological stress,
aging, infection, alcohol intake, diet, reduced gut motility, and uses of NSAIDs
may also play important role in stroke pathophysiology. The triangle association
between microbiota, diet, and stroke injury suggests specific bacterial population
and release of metabolite has attention for future research. Psychobiotics help in
reestablishing the gastrointestinal microbiome, for example, bifidobacteria and
lactobacilli (Gibson and Roberfroid 1995). Western Diet (WD) is characterized by
a highly refined diet and energy dense and composed of animal protein, high amount
of saturated fats, and simple sugars but low amount of fiber-rich plant-based food
such as green vegetables. WD comprising a high-fat diet (HFD) associated with

Fig. 4.1 Stroke-induced intestinal microbiome complication and its brain–gut–immune signaling
pathway. Gut microbiome might contribute to the pathophysiology of vascular disorders and
potential therapeutic targets for preventing the stroke risk factors, proinflammatory (Th1, Th17,
and γδ T-Cells) and anti-inflammatory (Treg cells) and release of IL-10 responses and DAMP (Toll-
like receptors)
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obesity and related metabolic diseases tends to induce considerable alterations in the
composition of microbiota by increasing Rikenellaceae and decreasing
Ruminococcaceae (Daniel et al. 2014). The WD has a detrimental role on microbial
diversity by releasing several ROS and chemicals. High in Bacteroides and low in
Prevotella, count is found in individuals on a long-term habit of WD (Wu et al.
2011). Reverse association has been found with a plant-based diet rich in fiber
suggested that typical dietary routine and its changes the gut microbial diversity at
the genus and species level. However, studies conducted to explore the mice fed with
HFD having more choline as a substrate to increase TMAO formation, that increase
the levels of proinflammatory Ly6Chigh monocytes were higher (Haghikia et al.
2018). WD consumption is associated with specific increases in bacterial counts in
the gut that are characterized by Bacteroides (Clarke et al. 2012). Investigation of
fecal samples of 98 individuals characterized that protein and animal fat (high
Bacteroides) versus sugars (Prevotella) (Purushe et al. 2010). The microbiome
diversity changed noticeably within 24 h of initiating a high-fat/low-fiber or
low-fat/high-fiber diet. The microbiota composition diversity in plant-based diet
compared with individual habitual to WD differs in beneficial and detrimental
bacteria (Frank et al. 2007). The Mediterranean diet includes fruit, vegetable,
mono and polyunsaturated fats, and grains, is considered as a standard eating routine
for a healthy lifestyle. The Mediterranean diet has decreased counts of Bacillaceae
and Proteobacteria but higher Clostridium and Bacteroidetes populations
(De Filippis et al. 2016). Furthermore, vegetarian diets could decrease Clostridium
clusterXIVa, but undoubtedly increase the number of Faecalibacterium prausnitzii,
Clostridium clostridioforme, and Bacteroides Prevotella (Ferrocino et al. 2015).

4.5 Stroke-Induced Gut Inflammatory Immune Response
and Brain Infiltration

Gut inflammation and immune response play an important task in the pathophysi-
ology of cerebral stroke and may become a future therapeutic option for this
problem. The stroke-induced damaged brain tissue produces damaged-associated
molecular patterns (DAMP) to activate innate and adaptive immune responses
nearby and systemically through TLR. Following a cerebrovascular accident,
white blood cells related to innate immunity such as neutrophils, microglia, mast
cells, monocytes, eosinophils, basophiles, and NK cells within hours. The most
abundant intestinal commensal, symbiotic environment appeared as a potent regu-
lator of the lymphocyte population, including T regulatory (Treg) and Gamma delta
T-cells (γδ T-Cells) and involved in the invasion of the ischemic brain. γδ T-cells, a
significant lymphocyte subpopulation with innate immunity properties, are present
on intestinal digestive system epithelial surfaces (Prinz et al. 2013). These cells have
the property of infiltration in ischemic brain by releasing IL-17 and producing a
chemotactic signal for peripheral myeloid neutrophils and monocyte cells
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(Gelderblom et al. 2012; Shichita et al. 2009). According to Iadecola and another,
IL-23 and IL-17 have essential roles in expanding cerebral infarction and associated
neurological deficits (Shichita et al. 2009; Iadecola and Anrather 2011). However,
according to Benakis et al., IL-10 and IL-17 are required for the neuroprotection
afforded by intestinal dysbiosis (Benakis et al. 2016). Altered gut microbiota
suppresses the translocation of effector T-cells from the gut to the meninges after
stroke. Dysbiosis modulates the immune response in the intestine’s epithelial sur-
face, leading to an increased immunomodulator subpopulation of lymphocyte Treg
cells and a decrease in IL-17–positive γδ T-cells through altered dendritic cell
(DC) activity (Benakis et al. 2016; Winer et al. 2016). T-Cells play a role in
regulating stroke injury. Liesz et al. recommend that Treg cell invasion in the
brain contributes to inhibiting postischemic inflammation (Liesz et al. 2015). How-
ever, fecal microbiota transplantation (FMT) with normal gut microbiota induces a
proinflammatory T-cell polarization before filtering in the ischemic brain in mice
during ischemic stroke (Singh et al. 2016; Sadler et al. 2017). It has been reported
that 24 h after stroke injury, T- and B cell counts and IFNγ secreting lymphocytes are
reduced in the Peyer’s patches (Winek et al. 2016b; Schulte-Herbrüggen et al. 2009).
Studies also suggested that the signaling mechanism related to MGBA might be
connected to the highly innervated nature of the intestinal nerves by both extrinsic
and intrinsic nerve fibers (Mawe and Hoffman 2013).

4.6 SCFAs Contributes to Protection Against Cerebral
Ischemic Stroke

Gut microbes produce different microbial metabolites such as trimethylamine oxide
(TMAO), SCFAs, acetic acid, propionic acid, butyric acid, and n-valeric acid in a
fecal sample of stroke patients and a rodent model of stroke. Various techniques
were used to characterize and identify SCFA from a fecal sample of stroke patients
and a stroke animal model. The alteration in the functioning of the cardiovascular
system results in a change of SCFAs contributing to vascular dysfunction via
unknown mechanisms. SCFA concentration exacerbates neurological severity and
stroke outcomes (Tang et al. 2017). The variations in SCFAs concentration in the gut
resulted from the altered microbiota after stroke (Schroeder and Bäckhed 2016).
Inulin, fructooligosaccharides, and galactooligosaccharides are well-established pre-
biotic constituents that microbial enzymes can degrade into SCFA, a vital energy
resource for microbiota (Marchesi et al. 2016). The altered microbiota diversity after
stroke, evidenced by increased counts of Lactobacillus ruminis, positively correlated
with molecular microbial markers of stroke patients (Yamashiro et al. 2017). Reports
suggested that molecular signaling related to the action of SCFAs on Tregs was
mediated through GPCR43, a receptor for SCFAs, which is expressed on colonic
Tregs (Smith et al. 2013). However, it is also possible that stroke patients taking
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dietary supplements such as prebiotics and probiotics following hospital admission
may have contributed to the observed differences in microbiota and metabolite.

Another suggested that atherosclerotic stroke patients show both asymptomatic
and without carotid atherosclerotic deposition (Yin et al. 2015). It has been observed
that gut microbiome diversity is similar with and without atherosclerotic plaque. The
stroke and transient ischemic attack (TIA) altered the gut microbiota and exhibited
an increased abundance of various opportunistic pathogens and decreased abun-
dance of beneficial genera representing the unfavorable effects of stroke (Durgan
et al. 2019). Studies suggest that rodent animal models of cerebral stroke have
provided additional confirmation of stroke-induced gut impairment and provided
support for identifying molecular mechanisms through which stroke affects the gut
mucosal epithelium and residing microbiome (Wekerle 2017). Producing large
cerebral infarction by occluding blood flow at the base of the middle cerebral artery
(MCA) for 60 min had gut dysbiosis, intestinal paralysis, increased gut permeability,
a loss of cholinergic innervation in the ileum, and increased sympathetic activity
(Durgan et al. 2019; Stanley et al. 2018). Following proximal middle cerebral artery
occlusion (MCAO), gut permeability and bacteria translocation increased in young
and aged mice. Investigators reported that bacterial family members typically pre-
sent in the small intestine had been shown to shift in the lungs after the post-stroke.
The negative outcome is related to stress before the experimental stroke MCAO
model (Caso et al. 2009). Hayakawa et al. analyzed an unexpected reduction in
commensal organisms and an increase in harmful bacteria after the brain injury
(Hayakawa et al. 2011). Karlson et al. reported that atherosclerotic patients have
altered GIT microbiome and the richness of the Collinsella genus and decreased
plasma levels of β-carotene (Karlsson et al. 2012). Studies reported that MCAO, a
filament rodent stroke model, show more than 60% translocation of microbiota to the
lung (Wen and Wong 2017; Stanley et al. 2016a; Stanley et al. 2016b). However, all
studies have not observed augmented bacterial translocation following stroke inci-
dence from the gut to others (Singh et al. 2016).

Cerebrovascular incidence triggers microbiome alterations by enhancing patho-
gens and opportunistic bacteria such as Bacteroides, Escherichia, Shigella,
Haemophilus, and others (Chen et al. 2019a). In general, cerebral ischemic stroke-
induced gastrointestinal alteration seems to activate a signaling pathway that results
in bacterial infections, prolonged hospitalizations, and death. Various studies
reported considerable age-related changes in the gut bacterial population responsible
for developing vascular changes that activate inflammatory responses in various
NDD (Zapata and Quagliarello 2015; Langille et al. 2014). The gut microbiome in
aged people is rich in endotoxin-releasing bacteria such as Bacteroides and
Gammaproteobacteria, including Escherichia and Enterobacter (Claesson et al.
2012). Post-stroke GIT problems have altered patient improvement times and
increased mortality rates by worsening neurobehaviour outcomes (Crumeyrolle-
Arias et al. 2014). These gut microbiome-related issues are associated with an
increased hospital stay, advancement of complications, dependency on others,
poor neurological effects, and even increased mortality.
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Impaired GIT microbiome abnormalities display modified neurological problems
(Winek et al. 2016a; Wang et al. 2011; Yarandi et al. 2016; Wang and Wang 2016;
Wu et al. 2011; Winer et al. 2016; Winek et al. 2016b; Yamashiro et al. 2017; Yin
et al. 2015; Wekerle 2017; Wen and Wong 2017; Zapata and Quagliarello 2015),
which is confirmed in experimental rodent stroke models (Winek et al. 2016a; Singh
et al. 2016; Winek et al. 2016b). Winek et al. reported that the survival rate decreased
in the MCAO microbiota-depleted mice when the antibiotic cocktail was stopped
3 days before surgery (Winek et al. 2016b). Moreover, a depleted animal’s
microbiota in which antibiotic treatment was terminated develops severe acute colitis
(Schroeder and Bäckhed 2016). The above study raised essential questions about
whether microbial establishment or specific pathogen-free microbiota is critical for
stroke intervention. Stroke patients often display significant changes in microbial
diversity and bacterial counts in fecal samples independent of Comorbidities such as
age, hypertension, and type 2 diabetes. Emerging indication suggest that gut inflam-
mation and immune response plays a vital role in the pathophysiology of stroke and
may become a critical therapeutic target for its treatment. The studies to date
determining gut microbiota can impact stroke outcomes have been performed only
in rodent models. All these studies have been conducted to explore that gut
microbiota can be manipulated to either therapeutically recover or exacerbate stroke
outcomes. In general, a gut flora stabilizes the gut wall. It is significant in relation to
inflammation and so favorable influence on the gut microbiota ecosystem can be a
strategy to mitigate the inflammation.

4.7 Stroke Dysbiosis Index Scale for Diagnosis
and Prognosis of Stroke Incidence

The stroke severity and modified Rankin Scale were done using the National
Institutes of Health Stroke Scale (NIHSS) to assess the neurological outcome of
stroke patients. The associations between clinical outcomes and microbiota were
evaluated by an innovative tool popularly known as the stroke dysbiosis index (SDI)
(Xia et al. 2019). However, the microbiota is clinically associated with AIS, diag-
nosis, and prognosis. With extensive data and complex changes in one index, stroke
dysbiosis would greatly simplify the clinical application of gut microbiome results in
basic research and development of new therapeutic interventions and targets (Tan
et al. 2019). Xia et al. designed the mathematical formula as an SDI tool for stroke
patients based on their gut microbiota dysbiosis configuration. They confirmed
whether the index was associated with injury and early neurological outcomes
(Xia et al. 2019). Patients were divided according to the stroke severity into two
groups: mild stroke (NIHSS score < 8) and severe stroke (NIHSS score � 8).
Several studies confirmed that SDI was designed based on the analysis of gut
bacterial population from 104 human subjects with 94 AIS and compared with
90 healthy controls (HC) (Table 4.2). On the other hand, studies were conducted
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to analyze fecal bacteria counts, metabolites, and different biomarker samples of
40 stroke patients and 40 HC (Table 4.1) by using QRT-PCR and HPLC techniques
showing a positive correlation between gut dysbiosis and stroke incidence
(Yamashiro et al. 2017). Apart from these tools and other technologies of 16S
rRNA sequencing of the human gut microbiome, we can determine the incidence
of stroke and prognosis (Fig. 4.2).

Table 4.1 Basic terminologies used for stroke-induced intestinal microbiota complication

Microbiota The collection of microbes (bacteria, archaea, or lower eukaryotes,
etc.) in gastrointestinal tract. GIT microbiome is a multifaceted
diversified microorganism that helps to sustain active metabolic
ecological equilibrium

Microbiota diversity Genetic and species diversity of microbes present in intestine

Microbiome The totality of microbes (bacteria, algae, amoebas, viruses, fungi,
and protozoa) and their complete set of genes are called as
microbiome. The term microbiome was coined by Joshua
Lederberg

Metagenomics Genetic material and its encoded functional attributes of the gut
microbiome in humans or environmental samples is known as
metagenomics

Metabolomics Secreted metabolite composition of the microbiota community

Eubiosis Balanced gut microbial ecosystem

Dysbiosis Impaired gut microbial disproportion

Fecal microbiota
transplantation

Transplantation of fecal bacteria from healthy individuals into
recipient patients

Stroke Dysbiosis Index Stroke Dysbiosis Index in gut microbiome is associated with ische-
mic brain injury and prognosis of stroke

Germ-Free mice Germ-Free mice are produced by hysterectomy rederivation and
must be maintained in isolators under very stringent management to
keep them germ free

Short-chain fatty acids SCFA, a microbial metabolite and fermentation product of carbo-
hydrate and noncarbohydrate released by intestinal microbiota

Operational taxonomic
units (OTUs)

Most metagenomic examinations are done utilizing 16S rRNA
sequencing to assign operational taxonomic units (OTUs) in the
form of species, genera, or phyla

Alpha diversity Alpha diversity determines microbial diversity richness can be
performed based on the number of OTUs observed and the distance
between taxa.

Prebiotics, probiotics, and
postbiotics

Prebiotics—Molecules present in food that help in the growth of
beneficial microbes
Probiotics—Live microbes good for your health and digestive sys-
tem
Postbiotics—Consists of metabolites and cell wall components
released by probiotics

Microbiota–gut–brain
axis (MGBA)

Bidirectional communication between GIT microbiome and the
brain, which may provide a therapeutic intervention to protect
against CNS disorder in the coming future
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4.8 Regulatory Role of Gut Microbiome in Blood–Brain
Barrier Breakage After Stroke

Blood vessels are a critical component for oxygen and nutrient transfer, and their
vascularization around CNS possesses a unique property called Blood–Brain Barrier
(BBB). BBB performs as a watchman for foreign and unknown molecules to
infiltrate blood circulation (Stamatovic et al. 2008). The BBB architecture is made
up of endothelial cells, astrocytes, and pericytes, but these cells’ relative contribu-
tions are largely unknown (Daneman and Prat 2015). TJ proteins are present
between endothelial cells and prevent paracellular transport of molecules from
blood to the brain and its extracellular fluid (Zapata and Quagliarello 2015). Gut
bacteria and factors translocated into the circulation and microbiome can modify the
peripheral immune system to encourage communications between BBB and the
neurovascular unit (Logsdon et al. 2018). However, the critical impact of ischemic
stroke is the increased GIT permeability, altered gut barrier, and triggered microbial
translocation in the bloodstream (Krezalek and Alverdy 2016). Tight junction
(TJ) proteins such as claudin-5, occludin, and ZO-1 present in BBB show high-
level protein expression and negatively correlate to ischemic stroke injury (Wolburg
and Lippoldt 2002). However, an earlier report showed that germ-free mice showed
increased BBB permeability compared with pathogen-free with normal gut
microbiome (Braniste et al. 2014). The above evidence confirmed that GF mice
with removed microbiota have an essential role in regulating BBB integrity. Another
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study suggested that SCFA releasing by intestinal microbiota and absorbed by the
gut, and transported to the blood before crossing to BBB and modulates the 5-HT
(Sherwin et al. 2016). SCFAs have reversing property of BBB breakage and increase
the TJ protein expression. SCFAs have reversing properties of BBB breakage and
increase the TJ protein expression. The increased permeability was sustained in
germ-free mice and associated with the downregulated expression of BBB-related TJ
proteins (Ballabh et al. 2004). The combinatorial treatment of Puerariae Lobatae
Radix (PLR) and Chuanxiong Rhizoma (CXR) altered gut microecology and BBB
leakage by modulating gut microbiota whose anti-inflammatory effects may
decrease brain injury (Chen et al. 2019b). These altered endogenous bacteria are
Akkermansia, Oscillospira, Ruminococcaceae, Alloprevotella, and Megasphaera,
which protect the gut–brain barrier by upregulating the protein expression claudin-
5 and ZO-1 levels and decreasing gut microbiome translocation by decreasing
diamine oxidase, lipopolysaccharide, and d-lactate. Microbiota transplantation in
GF mice has been watched the reduce BBB penetrability due to reduced expression
of tight junction proteins (TJP) (Braniste et al. 2014).

Past examination recommended that intestine microbiota perform an essential
part in physicochemical keenness of BBB through discharge SCFA such as acetic
acid derivation, propionate, and butyrate (Luan et al. 2019). SCFA release by gut
microbiota plays an essential role in BBB integrity via increasing expression of TJ
protein (Delzenne et al. 2011). The authors suggested that the mucosal barrier
reacted with SCFA signaling molecules and altered functioning. Oral administration
of Clostridium butyricum, which is a butyrate producer bacterium, enhances the
integrity of BBB. Another Bacteroides thetaiotaomicron, releasing the acetate and
propionate SCFA, enhanced BBB integrity in the mice model (Braniste et al. 2014).
Moreover, it was well known that C. butyricum administrations led to alteration of
gut microbiota and given before stroke give rise to better neurological outcomes and
decreased cell death resulting from an animal model of stroke (Sun et al. 2016). The
beneficial effects of C. butyricum were correlated to increased butyrate levels and
reduced oxidative stress in the brain (Sun et al. 2016). The above study was
confirmed by TFCIRI, sodium butyrate a reversal of ischemic injury by decreasing
BBB permeability and MMP-9 activity (Grice and Segre 2012; Wang et al. 2011; Li
et al. 2016). Increased MMP-9 activity is associated with the degradation of several
TJ proteins present in the BBB structure. The over data proposed that a prevalently
set axis, the PGMBB axis, empowers neuroprotective metabolic impacts against
stroke by diminishing the irritation and oxidative push and modifying BBB. How-
ever, the exact role of many SCFA molecules in stroke signaling is still undefined.
These SCFA molecules transformed the mucosal gut barrier and improved BBB
breakage by unknown molecular mechanisms.
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4.9 Engineered Microbiota Used for Therapeutic
Treatment of Ischemic Stroke

Recent advances in therapeutic intervention have revealed the control and prevention
of diseases such as cancer, neurodegeneration, and stroke by using technologies of
FMT a method of microbiota manipulation (Kootte et al. 2012; Dinan and Cryan
2017; Roy and Trinchieri 2017). Microbial diversity in different pathological con-
ditions suggests a potential role in manipulating gut microbiota for future medicine.
The administration of prebiotic, probiotic, and dietary supplements has been shown
effective intervention of these disease conditions by regulating microbiota diversity.
The mechanism involved for preventing disease condition by regulating nutrients
absorption and production of microbial metabolite (Shimizu et al. 2018). These
microbial metabolites have the potential for regulating and interacting with the
immune system and translocation of these metabolites via an altered mucosal barrier
communicate with body organ by pleiotropic signaling mechanism. Furthermore, the
investigator conducted a long-term microbiome examination after stroke induction
and suggested that alteration of some bacterial counts may be necessary for FMT
technology, and bacterial monotherapy in NDD therapy, leading to a future scope for
neurological therapeutic intervention. There is a prominent decrease of
Bifidobacteriaceae bacteria found in probiotics up to 4-week post-stroke incidence.
Also, the bacteria Helicobacteraceae was increased post-stroke suggesting a specific
role of bacteria in neurological therapy (Longo-Mbenza et al. 2012). The
Bifidobacteriaceae can be used for the therapeutic role against stroke by attenuation
in infarction and neurological recovery.

Post-stroke patients suffer large changes in the Firmicutes to Bacteroidetes ratio.
It was reported that an altered ratio was seen in a variety of metabolic disorders
including diabetes and obesity (Longo-Mbenza et al. 2012). It was reported that
bacterial population was more worsened after 2 weeks of stroke incidence. Another
bacterium Clostridium butyricum has an important role to attenuate cognitive dis-
ability and histopathological alteration and decreases neuronal cell death. Further-
more, C. butyricum normalize the gut microbiome and re-established butyrate level
in the fecal sample of patients (Liu et al. 2015). It has been noticed and strongly
influences the specific role of C. butyricum in neuroprotection via unknown specific
mechanisms. Another group of bacteria such as Peptococcaceae and Prevotellaceae
were changes in gut during experimental stroke. Enterococcus spp., Escherichia
coli, and Morganella morganii are most common in stroke patients who developed
bacterial infections (Wekerle 2017; Stanley et al. 2016b). Studies reported that an
increase in the proportion of Peptococcaceae in the gut microbiome was associated
with stroke injury. The communication between gut microbiome and exacerbation of
stroke was correlated with the release of noradrenaline from ANS (Zhao et al. 2018).
Another study suggested that transient ischemic attack (TIA) patients had plenty of
Enterobacter,Megasphaera,Oscillibacter, andDesulfovibrio, and a smaller number
of beneficial genera including Bacteroides, Prevotella, and Faecalibacterium (Yin
et al. 2015). Interestingly it has been reported that microbial α-diversity is similar in
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both ischemic stroke patients and normal healthy individuals suggesting basic role of
microbiota is undisturbed. And stroke patients’ gut microbiota has more SCFA
producing bacteria such as Odoribacter, Akkermansia,
Ruminococcaceae_UCG_005, and Victivallis (Li et al. 2019). Several studies
reported that impact of microbiota has impact on acute stroke brain injury. The
studies reported that antibiotic-induced modification in the intestinal microflora
attenuated the ischemic brain injury (Benakis et al. 2016). Yoshida et al. demon-
strated that 16S rRNA sequencing of human fecal revealed that lower abundance of
Bacteroides vulgatus and Bacteroides dorei in patients with CAD (Yoshida et al.
2018). In describing this study oral gavage with live bacteria attenuate the athero-
sclerotic lesions in mice. Also suggested the fecal liposaccharide levels in CVD
patients were significantly higher.

Studies suggest that the oral administration of antibiotics decreased neurological
impairment and decreased serum triglyceride levels by altering the gut microbial
diversity (Chen et al. 2019a). The ischemic stroke condition decreases intestinal
SCFA. FMT is the method of administration of SCFA metabolites as a potent
treatment for these situations. Butyric acid showed the maximum negative connec-
tion with cerebrovascular accidents (Chen et al. 2019a). However, recently reported
that transplantation of young microbiome using technique of fecal microbiota
gavage into aged mice decreased the incidence of ischemic brain infarction
(Spychala et al. 2018). Inversely, an aged microbiota, when introduced in young
mice, produces increased infarction and decreased neurological outcomes after
stroke. Studies explore rational connection of microbiota and its immunological
response in different mice with same genetic background C57BL6J, implying
microbiota alteration between commercial breeders influences post-stroke immuno-
logical characteristics and neurological outcomes (Sadler et al. 2017). Furthermore,
the recent application of microbiome in biomedical research recommends that
targeting the specific microbiome through various interventions may be a potent
approach for treating neurodevelopment disorders, neurodegenerative diseases, and
stroke.

Fascinatingly, the microbiome can function as both a preventive and a harmful
role in various diseases. The percentage infarction after the MCAO in animal model
was more significant in germ free mice model than normal and single specific
pathogen-free (Singh et al. 2016). Spychala et al. swapped gut microbiota from
3-month young mice and transplanted them with 20 month aged mice suggesting a
specific role of immature microbiota in neuroprotection. However, aging is only a
single component of gut microbiome alteration (Spychala et al. 2018). A young
microbiome in gut mice shows increased survival, increased locomotor activity and
anxiety, and increased motor strength during recovery MCAO after the ischemic
insult. It is well established that MCAO-induced infarction in aged mice is smaller
than in young naïve mice. From the above studies, it is confirmed that microbial
monotherapy would be a better therapeutic opportunity for neuroprotective strategy
confirmed by another study, using Prevotella histicola for Multiple sclerosis patients
(Mangalam and Murray 2019). However, the cerebral infarction in aged mice was
similar regardless diversified microbiome and remained smaller than that in the

62 K. Kumar et al.



young mice after the MCAO surgery. Lee et al. established the supportive effect of a
young microbiome on the healing of stroke occurs even when the FMTs were
initiated 72 h after the MCAO surgery (Lee et al. 2020).

4.10 Tools for Regulating Microbiome Gene Expression

The microbiome study was principally focused on 16S rDNA sequencing and
shotgun metagenomics, allowing for the explanation of gut microbiota (Gevers
et al. 2012). A new method of using 1H NMR in microbiome profiling of fecal
samples as a tool to assess microbiome (Jacobs et al. 2008). On the other hand,
various studies are running to explore the regulation of the microbiome by exploiting
promoter and inducer interaction efficiency. Using promoter efficiency and transla-
tional tuning strategy attained an extraordinary level of gene expression that enables
the imaging of fluorescent tagged protein more accurate and reliable for microbiome
studies (Whitaker et al. 2017). The real-time gene expression studies will be
regulated by the inducible promoter which is a key tool for gene regulation
(Whitaker et al. 2017). Lim et al. developed the tunable expression platform for
the prominent genus Bacteroides in which gene expression is regulated by a
synthetic inducer (Lim et al. 2017). The bacterial mRNA expression inside the gut
can be regulated by an inducer which is provided in drinking water or diet for mice.
Sialidases an enzyme released by commensal microbes are used by their enzymatic
action on sialic acid released from gut mucosa [(Tailford et al. 2015). Sialic acid is a
nine-carbon atom sugar molecule present at the terminal residue of glycoprotein on
the cell surface. The major role of sialic acid is to accelerate the development and
repair of nerve cells, epithelial cells, and immune cells. Goodman elucidates that
Bacteroides spp. colonization in mice whose sialidase gene expression was con-
trolled by the artificial inducer. It can able to measure the relationship between
sialidase activity and changes in the host environment. Particularly, this method
enabled the researcher to quantify that sialic acid concentrations in the gut are limited
by substrate availability, and not by commensal sialidase activity (Quigley 2017).

4.11 Psychobiotics

The psychobiotics are live beneficial bacteria when taken in an appropriate quantity
to minimize neurological impairment by altering the host gut microbiota (Sarkar
et al. 2016). Psychobiotics exert anxiolytics and antidepressant effects shown by
changes in emotional, neurocognitive, and neural features. Psychobiotics exert the
neuroprotective effect on ischemic stroke via ENS. Several bacterial strains have
been used as a psychobiotic supplement. Psychobiotics strains will be used to
support the gut microorganism. Some examples of these bacterial strains are Lacto-
bacillus helveticus, Bifidobacterium longum, Lactobacillus casei, Lactobacillus
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Plantarum, Lactobacillus acidophilus, Lactobacillus delbrueckii subsp. Bulgaricus,
Bifidobacterium breve, and Bifidobacterium infantis.

4.12 Neuroprotective Potential of Monobacteriotherapy

Probiotics are a potential prospect for the interventions of different pathophysiolog-
ical impairments (Kazemi et al. 2020; Zhang et al. 2020; Bonfili et al. 2018; Bonfili
et al. 2017). A recent study confirmed that AD treatment by using Lactobacillus
lactis strain carrying a plasmid that contains eukaryotic p62 gene expression which
is similar to humans (Cecarini et al. 2020). Oral administration of L. lactis showed an
increased expression of endogenous p62 in the brain. A personalized diet and orally
treated beneficial bacteria can latest options for various treatments. However, there
are several other dietary supplements such as vitamins and phytochemicals that are
used to be a neuroprotective agents against stroke (Tripathi et al. 2022). It is strongly
postulated that stroke-induced gut impairment reflects the misbalance of microbial
diversity. This is a potential area of intervention in stroke and cardiovascular
diseases.

4.13 Fecal MicroRNA Regulation of Gut Microbiota

MicroRNA are normal constituents present in human feces and play a significant
role in between species gene regulation of host regulation of gut microbiome (Liu
et al. 2016). Major sources of miRNA present in human fecal samples are epithelial
cells present in the intestine and Hopx+ cells which are present in extracellular
vesicles. IEC-miRNA-deficient (Dicer1ΔIEC) mice show impaired gut microbiota
and exacerbated colitis. However, wild-type (WT) fecal miRNA transplantation
restores the gut microbiota and decreases the colitis.

4.14 Conclusion and Future Directions

This chapter has attempted to highlight the recent advancement in the field of stroke-
induced microbiome alteration in general including its microbiota manipulation for
therapeutic intervention, the role of beneficial and detrimental bacteria, and FMT for
treating ischemic stroke. Also, we are discussing the potential role of engineered
microbes used in the therapeutic intervention of stroke pathophysiology and SCFA
signaling in BBB integrity regulation. The brain-gut communication after stroke, it is
important to consider potential opportunities and pitfalls during the experimental
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investigation. In conclusion, microbiota dysbiosis is induced in mouse models of
ischemic stroke. The key questions that remain are (1) Comparative alteration in the
GIT tract morphology of the human and rodent that would not helpful and identical
for clinical and preclinical results, (2) Compositional differences in human and
rodent microbiome and immune system, (3) Growing instabilities in GF animals
because of other microbial populations, (4) Potential role of antibiotics in depletion
microbiota on CNS and immunology, (5) Regulatory impact of gut virome on
microbiota diversity. Potential role of housing condition and animal husbandry for
GF mice development, (6) Impact of genetic diversity between humans on gut
microbiota, and (7) Sample preparation and bioinformatics of gut metagenomics.
In nutshell, gut microbiome investigation is a fascinating area with rational exciting
discoveries and the potential role of gut bacteria in neurological impairment. Apart
from these inquiries, others are related to new beneficial bacteria involved in NDD
and stroke by releasing SCFA molecules.
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Chapter 5
Aging: Impact of Gut Microbiota

Santosh Anand, Ranoji Rao Narasinga Rao Lakshmikanth,
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Doddhakathanahalli Ramanath Jayashree, and Tekupalli Ravikiran

Abstract The worldwide population of elderlies is rapidly accelerating and the
health status of this elderly population warrants an immediate attention.
Age-associated gut microbiota modulations are linked to immunosenescence and
inflammaging which perturbs the gut microbiotal ecosystem. Several studies have
correlated the human gut microbiota with the aging process and found that various
factors are associated with variation in the gut microbial composition during aging.
Among them, the crucial role players are diet, geographical origin, and intervention
of pre/probiotics. To conclude with, the gut microbiota can be a potential target
contributing toward the health status of the elderly population. In this chapter, we
have attempted to highlight the updates regarding the possible factors associated
with changes in GM composition during the aging process.
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5.1 Introduction

The global population of older adults is rapidly mounting and the health status of this
elderly population is therefore posing an alarming issue to be addressed (Biagi et al.
2013). Aging is a multifaceted process accompanied by several physiological
changes affecting metabolic, genomic, and immunological functions (Nagpal et al.
2018; Varricchi et al. 2020). These physiological alterations lead to an augmented
susceptibility to various infections and diseases thereby increasing mortality.
Despite the fact that, the etiologies of age-associated ailments are relatively diver-
gent, significant reports suggest chronic, low-grade inflammation (inflammaging)
among the most reliable physiological alteration in age-linked diseases (Buford
2017; Clements and Carding 2018).

Healthy aging and microbes correlation was reported for the first time by Elie
Metchnikoff, one of the founding fathers of modern-day immunology and microbi-
ology (Bischoff 2016). The gut microbiota (GM) is modulated during the aging
process in relation to composition and functionality (Tiihonen et al. 2010). Several
studies support the importance of a favorable GM behind healthy aging and any
physiological functions alteration upon aging has the ability to influence the com-
position and activities of microbial species inhabiting GM (Kumar et al. 2016).
Maintaining a healthy living style and intake of nutritional diet have been considered
beneficial for healthy aging (Choi and Lee 2016). The dietary constituents play a
pivotal role in articulating the chemostatic environment in the gut. In recent days,
drastic processes undertaken during food processing have resulted in microbiome
alteration imparting harmful health consequences, particularly in elderly population
(Cotillard et al. 2013; Keenan et al. 2015). Alterations in physiological parameters
like appetite reduction, masticatory abnormalities, and constipation have been asso-
ciated with advancing age (Candela et al. 2014). In addition, variations in dietary
patterns associated with geographical region-specific differences may also influence
the GM constitution during aging. Escobar et al. (2014)) have highlighted the
significance of geographical origin as a chief factor governing the GM composition.
Despite factors associated with dietetic, lifestyle, and geographical status, supple-
mentation of pre- and probiotics have been suggested to curtail the variations in GM
in the elderlies (Bischoff 2016). Thereby, based on the above facts, managing
intestinal homeostasis in the aging process can help in prolonging life span (Clark
and Walker 2018). In this chapter, an attempt has been made to discuss the updates
regarding the factors associated with changes in GM composition during the aging
process.
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5.2 Aging Gut Microbiota: Composition

The gastrointestinal tract of the humans is inhabited by more than 100 trillion
microbes, comprising greater than 1000 species of identified bacteria (Clements
and Carding 2018; Gill et al. 2006). The microbial diversity in the gut mainly
consists of members of Firmicutes, Actinobacteria, Bacteroidetes, and
proteobacteria (Maukonen and Saarela 2015; Ple et al. 2015). Microbial diversifica-
tion of the GM is observed during different stages of life, wherein an increase in the
proteolytic and reduction in the saccharolytic members has been documented during
the aging process (Buford 2017; Bischoff 2016; Biagi et al. 2012; Odamaki et al.
2016). The dysbiosis of the gastrointestinal tract (GIT) leads to progression of
comorbidities in the aging population (Wu et al. 2020).

During the development of the fetus, the GM is usually sterile (Choi and Lee
2016; Bourlioux et al. 2003). Nearing the birth, it is inhabited by the microbes from
the diet, environment, and maternal origin as substantiated by the presence of
microbes in the placenta (Collado et al. 2016). In the early stages of life, diversity
and complexity are less, and the main members are the actinobacteria,
proteobacteria, and Firmicutes (Kumar et al. 2016; Clark and Walker 2018; Koenig
et al. 2011; Turroni et al. 2012). By the age of three years, an increase in the diversity
and complexity of GM has been observed (Koenig et al. 2011; Claesson et al. 2011;
Voreades et al. 2014). During adulthood, the GM composition varies with dominant
species being Firmicutes and Bacteroidetes (80–90%), and characterized by high
variability among individuals (Thomas and Percival 2009; Human Microbiome
Project Consortium 2012). Bifidobacteria, an actinobacterial member with many
species are widely habituated in the human gut (Backhed et al. 2005; Duranti et al.
2016; Arboleya et al. 2016).

GM diversity has been observed to be reduced in the elderlies, with low
bifidobacteria and augmented proteobacteria documented enhanced E. coli and
Bacteroidetes levels in the older population (Hopkins et al. 2002; Wilson 2005;
Mariat et al. 2009). Biagi et al. (Biagi et al. 2012) have reported the variation of GM
among the elderly population residing in different geographical regions. The com-
position of GM at different stages in human life is illustrated in Table 5.1.

In the late stages of life, a reduction in the density of advantageous bacteria and
increase in harmful bacteria have been reported (Biagi et al. 2013). The dysbiosis
and change in the density and composition modify the immune capacity and causes
inflammation of the organs associated with the gut (Belkaid and Naik 2013).
The fortification of beneficial bacteria in the form of pre/probiotics enhances the
health in the elderlies (Biagi et al. 2013). Tabouy et al. (Tabouy et al. 2018) have
demonstrated that supplementation of Lactobacillus reuteri has the ability to curtail
GM dysbiosis.
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5.3 Aging Gut Microbiota: Diet

Healthy GM has a significant recognition in the field of nutritional diet, metabolic
activity of human health, and a challenging influence on aging. The human GM
composition, diversity, function, modulation by environmental factors, and lifestyle
have been revealed in the established studies and with the modern Omics approach
(Lagier et al. 2015; Suzuki and Worobey 2014). In the last decade, GM has been an
important spotlight of many studies because it plays a vital role in the prevention and
treatment of various ailments (Turnbaugh et al. 2009; Qin et al. 2010; Karlsson et al.
2013). The symbiotic relationship between the host and GM is established during
birth and develops with age (Vemuri et al. 2018).

Aging is accompanied with variations in the GM that are commonly associated
with GIT modifications, as well as, changing dietary habits, and concomitant
cognitive and immune system impairment resulting in frailty. Therefore, supple-
mentation of nutritional diet to restore the GM in the elderlies have to be considered
from a global point of view taking microbiota and extraintestinal targets into account
(Salazar et al. 2017). GM influences the host housekeeping function by metabolizing

Table 5.1 Factors affecting gut microbial composition during the aging process in humans

Phase Microbial species References

Factors
affecting
GM

Infancy Bifidobacteria " Duranti et al. (2016), Arboleya et al. (2016) Mode of
delivery
Gestation
age at birth
Type of
lactation

Children Bifidobacteria "
Enterobacter"

Thomas and Percival, (2009), Koenig et al.
(2011), Turroni et al. (2012), Biagi et al.
(2012), Bischoff (2016)

Type of
lactation

Adults Bacteroides "
Actinobacteria",
Firmicutes",
Proteobacteria"

Thomas and Percival (2009), Choi and Lee
(2016), Backhed et al. (2005), Clements and
Carding (2018)

Diet
Environment
Immunity
Sanitation

Elderly Veillonella #,
Bifidobacteria#
Clostridia",
Enterobacteria ",
Lactobacilli"
Bacteroides"
Bifidobacteria#,
Bacteroides",
Proteobacteria"
Gamma
Proteobacteria "

Wilson (2005), Odamaki et al. (2016),
Bischoff (2016), Biagi et al. (2012), Hopkins
and MacFarlane (2005), Choi and Lee (2016),
Claesson et al. (2011), Mariat et al. (2009),
Clark and Walker (2018)

Diet
Environment
Immunity
Sanitation

" increased levels; # decreased levels
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specific nutrients in the GIT. Healthier aging can be promoted by improving the
dietary constituents that can modulate GM (Ghosh et al. 2020). An increased uptake
of plant foods rich in proteins, vitamins, fibers, carbohydrates, and polyunsaturated
fatty acids with a synergistic reduction in alcohol, fat, and sugar forms the basis of
diet and health associated with advantageous alterations in the gut metabolism
(Berendsen et al. 2018).

Variation in diet and microbiome status between different countries at baseline
has been demonstrated by Ghosh et al. (Ghosh et al. 2020). The study reported that
intake of the Mediterranean diet by elderly individuals (65–79 years) across five
countries exhibited gender- as well as country-specific diversity with regard to
adherence, cognitive ability, and metabolism, with reduction in bone loss in osteo-
porotic individuals and augmented immunity and blood pressure (Ghosh et al. 2020).

Metagenomic findings have revealed changes in the composition of intestinal
microbiota with age and diet for the maintenance of a healthy microbial ecosystem
(Salazar et al. 2014). Functional metagenomics-based studies also suggested a
“functional core microbiome” having the ability to substitute another microbiome
to restore the functioning of various physiological pathways (Lozupone et al. 2012;
Lloyd-Price et al. 2016; Biagi et al. 2016). The core microbiome consists of
enterotypes and is distinguished by the predominant genera belonging to the
Bacteroidetes and Firmicutes phylum (Arumugam et al. 2011). An experimental
study revealed a functional core microbiome common among four different age
groups, young, elderly, centenarian, and semi-supercentenarian, from different geo-
graphical origins wherein similar core functions in their GM was evident, belonging
to enterotypes. Therefore, the importance of GM for healthy aging could be attrib-
uted to a compositional alteration in the functional core microbes (Kim and
Jazwinski 2018).

Nutrition is an important environmental aspect that interacts with the host genes
linked to nutrient signaling pathways, that orchestrate the host’s GM, connecting the
gut microbiome with the host genome, for instance, folate and choline (methyl
donors), can influence DNA methylation (Anderson et al. 2012). Health and life
span both can be extended by appropriate diet or caloric restriction as evidenced in
C. elegans and D. melanogaster models (Alic and Partridge 2011; Alcedo and
Kenyon 2004; Libert et al. 2006). Further, studies in C. elegans have documented
the relationship between the gut microbiome and the host IIS and TOR signaling
cascades influencing directly at the functional level to modulate the host’s health and
longevity (Kim and Jazwinski 2018). Based on these facts and reports, nutrition
remains the common factor interconnecting the gut microbiome and the host nutrient
signaling pathways.

Higher intake of plant-based diet (Mediterranean diet) has been accompanied
with low mortality in the elderly population preferably by elevating the abundance of
beneficial species and thereby preventing gut-related diseases (Kumar et al. 2016;
Bamia et al. 2007). Diets rich in fiber content supplement the Bacteroidetes loads and
reduces the Firmicutes abundance (De Filippo et al. 2010; Davenport et al. 2014).
Hence, consumption of fiber is very crucial for the elderlies as it substitutes pre-
biotics for maintaining a beneficial GM. Based on the effect of plant-based diets on
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GM and reported evidences, a healthy diet is considered as one of the approaches
employed to promote healthy aging and has invited researchers to design more
prospective natural supplements in regular diets to promote the existence of bene-
ficial bacterial species of GM (Roberfroid et al. 2010; Hill et al. 2014).

5.4 Aging Gut Microbiota: Pre/Probiotics

Humans contain 90% of bacteria, of which the microbiota is shown to cause
beneficial effects in many conditions like cancer, hypertension, and oral health.
The role of probiotics, prebiotics, and symbiotics influence the healthy microbiota.
There is strong experimental evidence to support this hypothesis. Probiotics are
composed of lactic acid bacteria and bifidobacteria and prebiotics are composed of
nondigestible oligosaccharides. Aging shows a reduction in microbiota biodiversity,
increased pathobionts, and increased interindividual viability. Figure 5.1 depicts the
schematic representation of the ways by which host GM aids in prolonging life span
and boosts healthy aging.

Studies in C. elegans revealed that E. coli breaks down mechanically prior to
entering the gut and becomes a source of nutrition and also secretes metabolites and
small RNAs which help healthy aging. In older animals, E. coli population sup-
presses the infection and helps to prolong lifespan (Zhang and Hou 2013). Some free
radicals like NO affect posttranslational modifications of proteins and also act as
signaling molecule and have been associated with functions such as immunity,
cardiovascular, and neurotransmission. Some organisms like C. elegans cannot
produce NO on their own since they lack NO synthase, hence they utilize NO
produced by the microbiota in their microenvironment (Gusarov et al. 2013).
Some experiments have shown that NO acts as a longevity signal. RNA sequencing
analysis of the worms supplemented with NO showed regulation of DAF-16/FOXO

Fig. 5.1 Interrelationship between Gut microbiota and Aging
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and HSF-1 transcription factors known for mediating the lifespan (Kenyon 2010).
These studies influence holobiome impact as key to gene manipulations on longevity
(Heintz and Mair 2014).

Studies in D. melanogaster fed with Lactobacilli show the inhibition of JAK/Stat
signaling helps gut homeostasis which intern prolongs lifespan. This happens due to
metaplasia of the gastric epithelium due to activation of JAK/Stat pathway. A low
level of inflammation boosts age-related pathophysiological changes, which shows
that gut compartmentalization reduces microbiota dysbiosis and helps in prolonging
lifespan (Li et al. 2016). Earlier studies have shown that age-related
immunosenescence has link with microbiota dysbiosis and loss of barrier function
thereby triggering mortality (Clark et al. 2015).

Experiments on mammalian model organisms like mice and rat have given
evidence that GM helps in healthy aging by improving muscle mass indirectly
helping to reduce the symptoms of sarcopenia. These experiments revealed the
association between GM-related parameters with measures like muscle mass, func-
tion in animal models and humans. Fecal bacterium and Bifidobacterium showed
improved grip strength. Studies on Parkinson’s patients have reported beneficial
effects of probiotics. Aging and gut microbial composition when coorelated, a
positive correlation has been noticed between the diversity of beneficial GM con-
stitution during aging responsible not only for improving physical strength but also
longevity (Ticinesi et al. 2019). There is a decline in diversity and homeostasis of
microbiomes and gut flora with aging which can be related to health deficit accu-
mulation. It is evident that gut dysbiosis leads to health deficits like sarcopenia and
physical inactivity. In these situations, usage of probiotics and prebiotics comes
handy, since it is cost-effective and widely available. Usage of synbiotics, which is a
combination of probiotics and prebiotics, have proved to be more beneficial in older
people. Synergistic effect is seen in different combinations in old age (Jayanama and
Theou 2020).

There is increased inflammation associated with increased intestinal epithelial
permeability (leaky gut) and abnormal (dysbiotic) GM in older adults (Rohr et al.
2020). Supplementation of a mixture of microbiota helps to reduce these complica-
tions in the older mice. It is observed that a combination of probiotics and prebiotics
reduced inflammation by reducing salt hydrolase activity and increasing taurine
abundance. Taurine is proven to be enhancing lifespan by reducing adiposity and
leaky gut (Chander et al. 2018; Kerry et al. 2018; Sanders et al. 2019; Ahmadi et al.
2020).

Alteration in the brain lipid metabolism is associated with aging which leads to
pathophysiological conditions. It is observed that GM has a positive effect by
influencing host metabolism by increasing fatty acid profiles (MUFA and PUFA)
in mice model (Varlamov et al. 2015; Tracey et al. 2018; Albouery et al. 2020).
Considerable evidences are available to prove that consumption of probiotics
improves brain aging. It helps in the reduction of cognitive and immune function
loss (Sivamaruthi et al. 2018). Changes in the microbiota in older people, who are
physically morbid suffer more negatively (Nagpal et al. 2018; O’Toole and Jeffery
2015). Benefits of probiotics in old age are prevention of diarrheal diseases, boosting
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immunity, and enhancing intestinal barrier function which indirectly helps in healthy
aging (Landete et al. 2017).

5.5 Aging Gut Microbiota: Diseases

The GM in humans constitutes a large community of microorganisms. The prospec-
tive role of aging GM in various etiologies has become a focus for present-day
researchers. Specifically, certain age-associated modulations in the phylogenetic
constitution of the GM can pose a threat to the elderlies in developing various
ailments via diverse mechanisms. A connection has been noticed between altered
GM composition and clinical status of the elderly population in terms of physical
infirmity, colorectal cancer, vulvovaginal complications, and atherosclerosis (Zapata
and Quagliarello 2015). Further, it has been documented that, in the elderlies, there is
a reduction in the gut microbial diversity with augmented prevalence of neurode-
generative ailments, namely Alzheimer’s disease, Parkinson’s disease, and dementia
(Choi et al. 2018; Tripathi et al. 2022). Ding et al. (Ding et al. 2019) reported the
involvement of the GM in cardiovascular disease. Therefore, modification of the GM
in the aging process holds a promising strategy to decipher the age-linked
comorbidities.

5.6 Conclusion and Future Prospects

The global population of the elderlies (�80 years) is expected to achieve the target of
370 million by 2050. The elderly population has been reported to be more vulnerable
to several age-associated ailments. At present, an important objective of the scientific
community is to investigate novel approaches for healthy aging, in order to prevent
age-linked etiologies. Advancing age can influence the constitution and metabolic
status of the gut microbiome leading to various gut-associated diseases. Interven-
tions like diet and pre/probiotics have been suggested to sequester normal microbial
species for healthy aging. Further studies are warranted on the relationship between
aging and gut ecosystem for better understanding to enhance health status and
longevity.
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Chapter 6
Gut Microbiome Regulation of Appetite
and Role in Neurological Disorders

Ankita Singh, Om Prakash Verma, and Rajavashisth Tripathi

Abstract All human beings need food for energy and survival. Leptin and ghrelin
are two of the most powerful peripheral hormones that manage your hunger and
consumption of vitality. The level of circulating leptin acts as an energy reserve
indicator and guides the nervous system to change food intake and consume energy.
Ghrelin’s functions include food intake, fat deposition, and growth hormone. To
provide the nutrients required for their development, intestinal flora relies entirely on
their moderator. The homeostatic pathway controls energy balance from energy
stored in our body by increasing food consumption. This chapter discusses how
bacterial growth is caused by nutrients, the dynamics of the gut bacteria population,
and the mechanistic effect of bacteria in the gut. This chapter centralized the
connections both the intestinal bacteria as well as the host are involved. This chapter
explores the evidence supporting intestinal microbes’ role in regulating human
hunger and proposes an integrated homeostatic model of appetite suppression that
takes both the host’s and intestinal microbe’s energy requirements into consider-
ation. It also provides information on how the Western diet influences the gut
microbiota. The Western diet encourages inflammation in the native intestinal
bacteria that occurs through both functional and structural alterations. This chapter
also attempts to present an outline of the bacteria of the gastrointestinal systems’
possible role in the etiology of neurological diseases.
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Abbreviations

5HT 5-Hydroxytryptamine receptors
ADI Acceptable daily intake
AgRP Agouti-related protein
ARC Arcuate Nucleus
ASD Autism spectrum disorder
CD1 Cluster of differentiation 1
CeA Central nucleus of the amygdala
CLpB Caseinolytic peptidase B homologous protein
CNS Central nervous system
E. coli Escherichia coli
EECs Enteroendocrine cells
GF Germ Free
GHSR1 Growth hormone secretagogue receptor 1
GLP1 Glucagon-like peptide 1
IL Interleukin
LHA Lateral hypothalamic region
MC4R Melanocortin 4 receptor
NP Nanoparticles
NPY Neuropeptide tyrosine
NTS Nucleus of Solitary tract
PBN Parabrachial nucleus
POMC Pro-opiomelanocortin
ppb Part per billion
PVN Paraventricular
PYY Peptide tyrosine tyrosine
SCFAs Short-chain fatty acids
TLR Toll-like receptor
VMN Ventromedial nuclei
VTA Ventral Tegmental Area
WT Wild type
α-MSH α-Melanocyte-stimulating hormone

6.1 Introduction

In the contemporary era, there has been a rise in interest in the microbial community,
particularly intestinal flora. The human microbiota is a collection of different types
of microbes such as archaea, eukaryotes, protozoa, and viruses mainly bacteria that
live symbiotically in our human gut or different parts of the human body (Zhao and
Lukiw 2018; Rowan-Nash et al. 2019). The oral cavity, genital organs, respiratory
tract, skin, and intestinal tract are sources of these communities (Lloyd-Price et al.
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2016). The human microbiota approximates between 1013 and 1014 microbes, with a
proportion of 1:1 microbes of human cells (Sender et al. 2016). These figures are
taken from the total count of microbes in the colon, which is 3.8 � 1013 microbes,
making it the organ with the most microbes (Sender et al. 2016; Sommer et al. 2017).
The gastrointestinal microflora consists mainly of three main phyla of bacteria, such
as Firmicutes, Bacteroidetes, and Actinobacteria (Tap et al. 2009). Due to techno-
logical drawbacks, particularly in trying to study non-cultivable bacteria and an
absence of information at the population level that describes the mixtures and roles
of the microbiota, the characteristics of the intestinal microbiota as well as the host–
microbiota relationships were largely unknown until recent decades (Tap et al.
2009). The homeostatic and hedonic circuits regulate food intake in a complemen-
tary way. When energy resources are exhausted, the homeostatic pathway increases
the interest in eating (Hartman et al. 2019; Lutter and Nestler 2009). This chapter
explores the evidence supporting the intestinal microbe’s role in regulating human
hunger and offers an integrated hunger homeostatic model for suppression that takes
both the host’s and intestinal microbe’s energy requirements into consideration. It
also discusses the relationships between appetite and the gut microbiome. Finally,
this chapter examines the symbiotic connections between intestinal microflora and
the host, as well as how the Western diet affects the intestinal flora and the gut
microbiome’s role in neurological disorders.

6.2 Roles of Intestinal Bacteria

The interrelationship within both the intestinal flora and the host is controlled and
stabilized via a huge system of metabolism, immunological, and neurological
interactions. It is theoretically mediated by metabolites synthesized by microbes. It
exhibits pleiotropic effects, including signalling molecules that regulate the
neuroimmune–inflammatory axes of the host that could connect the gut with other
organ systems physiologically (Zhao and Lukiw 2018; Roman et al. 2018).

6.3 Metabolism

For the study of human fecal samples by using 16S ribosomal RNA and
metagenomic sequencing methods, it shows richness in the metabolism of gut
microbial polysaccharides, amino acids, xenobiotics, and micronutrients, indicating
that these microbes promote the production of host energy and metabolic efficiency
(Gill et al. 2006; Tripathi et al. 2022). Germ-free (GF) animal experiments confirmed
the findings, revealing that mice without germs had 40 percent less epididymal fat
and needed an extra 10–30% of overall intake of food to keep their same body
weight as rodents having normal microbiota (Tripathi et al. 2022; Bäckhed et al.
2004). Gut flora is required for the decomposition of insoluble dietary fiber and
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soluble starch. Mostly in the presence of SCFAs, fermented end-products exist.
SCFA is an energy substrate for the host (together with butyrate, propionate, acetate,
and pentanoate) (Salminen et al. 1998). Microbially generated SCFAs account for
70% of colonic ATP synthesis, and butyrate is the preferred fuel for colonocytes
(Kong et al. 2021). They are quite important in the process co-metabolism of gastric
acid with human intestinal bacteria. To help digestion, cholesterol, and lipid metab-
olisms, these cholesterol compounds are synthesized in the liver, then conjugated
with taurine or glycine before being stored in the gall bladder and eventually secreted
through the intestine (Krishnan et al. 2015; He et al. 2016).

6.4 Resistance to Colonization

Colonization resistance is another key component of the human microbiome, in
which it defends against pathogenic colonization and inhibits pathogenic microbiota
members from overgrowing (Zhao and Lukiw 2018).

6.5 Appetite Control in Homeostatic Model

Some of the strongest peripheral hormones are ghrelin and leptin. Leptin is produced
by adipose tissue, and its level rises in ratio to body calories. Leptin rates are high
and restrict consuming meal and activate metabolism mechanisms to burn off stored
energy. Ghrelin, on the other hand, is an abdominal peptide whose levels increase in
reaction to an adverse energy equilibrium, promoting nutrition and energy conser-
vation (Zigman and Elmquist 2003).

6.6 Host Energy Homeostasis and Brain

The present perspective of appetite control is against gut microbes in host appetite
control, which offers microorganisms that are interconnected with the host (Fetissov
2017). A homeostatic model for appetite control was developed based on morpho-
logical, molecular genetics, and histological research (Schwartz et al. 2000). The
guideline of craving for all the particular genes put into code, basically peptide
couriers and their receptors are communicated by cells through neuroendocrine and
neuronal pathways (Hökfelt et al. 2003). The craving pathways in the cerebrum are
arranged around the circumventricular organs like the hypothalamic arcuate nucleus
(Langlet et al. 2013). The NTS, for example, gets vagal input (Lutter and Nestler
2009), and the afferent populations of the cranial nerves. Both ARC and NTS
participate in the various hypothalamus–brain stem and frontal brain sites, forming
a dynamic neural organization for autonomic desire regulation that is impacted by
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intellectual aspects (Gill et al. 2006; Tripathi et al. 2022; Waterson and Horvath
2015). The hypothalamic PVN and VMN, the LHA, the PBN, and the central
amygdala nucleus (CeA) have all been assigned important placements throughout
these regions (Waterson and Horvath 2015; Richard 2015; Berthoud 2002; McMinn
et al. 2000).

GABA-ergic neurons release orexigenic NPY and AgRP (Loh et al. 2015;
Ollmann et al. 1997; Hahn et al. 1998; Tatemoto et al. 1982). Another group is
made up of an adjacent collection of pro-opiomelanocortin (POMC) glutamatergic
neurons, an antecedent of alpha-melanocyte-animating hormone (alpha-melanocyte-
animating hormone, alpha-melanocyte-animating hormone), and anorexigenic neu-
ropeptides (Fan et al. 1997; Poggioli et al. 1986; Harris and Lerner 1957). POMC
neuron activation is also tracked by αMSH discharge and attached to the MC4R,
which promotes the passing of the pathway of melanocortin satiety (Harris and
Lerner 1957; Cone 2005; Broberger et al. 1998). In the ARC and in their down-
stream projections, these communities are anatomically and functionally
interconnected locally (Cone 2005; Broberger et al. 1998; Zhao et al. 2007), where
hunger-related signals from humoral pathways are integrated (Fetissov 2017).

Cholinergic vagal neurons that discharge glutamate to energize NTS neurons are
the basic concept of the neuronal flagging route in craving control, which can rotate
gut satietogenic signs toward other regions of the cerebrum also, involving PVN and
CeA (Zhao et al. 2007). Anorexigenic transmitters and peptides, as well as catechol-
amines, GLP1, and αMSH, are all considered by NTS neurons (Appleyard et al.
2005; Appleyard et al. 2007; Larsen et al. 1997). The connections between ARC,
NTS, and POMC neurons are equal, suggesting that humoral and neurological paths
in satiation are redundant (Wang et al. 2015; Mimee et al. 2014; Cone 1999).

Long-term hunger control involves the peptidergic hypothalamic network that
begins with the satiety route in the same ARC neurons (Wang et al. 2015; Mimee
et al. 2014; Cone 1999; Elmquist et al. 1998). The long-term discharge of peptide
hormones from gastric mucosa and power stores, for example, is the basis for this
movement. Leptin, a long-term anorexigenic sensor derived from body mass-
equivalent adipose tissue, induces adverse energy equilibrium and promotes ARC
and POMC (Hahn et al. 1998; Tatemoto et al. 1982; Friedman and Mantzoros 2015).
The levels of anorexigenic and orexigenic neuropeptide gene expression, as well as
their receptors, govern the action of this peptidergic network (Higuchi et al. 2008).

6.7 Hedonic Versus Homeostatic Regulation

The homeostatic model describes the enhanced hunger and food consumption
generated by energy shortages as well as the sense of satisfaction that comes with
feeding, which includes brain stimulation. It is present in all types of motivation,
especially food consumption. Bulimia nervosa can cause homeostatic signals to be
overwhelmed by an abnormal hedonic drive to eat (Higuchi et al. 2008; Simon et al.
2016; Avena et al. 2008). The mesolimbic dopamine framework which will begin in
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the VTA region includes the main pathways. The homeostatic craving host commu-
nicates with both the cerebrum and the dopamine, which is its source and in the
cerebrum’s target regions as well as its nerve center, the central frontal cortex, and
it’s also involved with both homeostatic and eating reactions (Friedman and
Mantzoros 2015; Higuchi et al. 2008; Simon et al. 2016; Avena et al. 2008; Jerlhag
et al. 2007). The blood–brain barrier secures VTA dopaminergic receptors from the
possible impacts of intestinal microscopic species inferred by flowing atoms on
dopamine should be handed over by other neurons like PBN (Meguid et al. 2000;
Legrand et al. 2015; Barson et al. 2011; Norgren et al. 2006).

6.8 Bowel Transmission to the Brain

Homeostatic and hedonic mind frameworks commanding hunger are initiated by
chemicals determined by organs and the tissues that give signal to different meta-
bolic measures which can conclude energy and healthful status (Broberger 2005;
Scott and of N and BSA 1992). In the gastrointestinal tract, mucosal endocrine cells
are included, which can secrete several peptide chemicals into circulation (Scott and
of N and BSA 1992; Wren and Bloom 2007; Janssen and Depoortere 2013).
Cholecystokinin, it contributes to satiation, and PYY, it encourages postprandial
satiety, are anorexigenic chemicals developed primarily in the small and inner
organs (Feinle-Bisset 2016; Degen et al. 2001; Batterham et al. 2002). As a
satietogenic chemical, GLP1, the result of the proglucagon quality, is reported in
enteroendocrine neurons to decrease postprandial blood sugar levels by promoting
insulin discharge (Drucker 2005).

The components responsible for craving control imply that the food status is
dependent on the discharge of appetite and satiety chemicals from intestinal flora,
including sensations related to cerebrum routes. Food taken is suggested to be set off
by an increase in ghrelin plasma levels, which happens while feeding, triggering the
promotion of NPY and AgRP cells that indicate GHSR1 (Drucker 2005; Nakazato
et al. 2001; Wynne and Bloom 2006). After this, the increment in plasma levels of
PYY initiated by a feast prompts the restraint of NPY and AgRP neurons by specific
binding of PYY to the type 2 neuropeptide Y receptor (Y2RRP) (Wynne and Bloom
2006; Cowley et al. 2001). This restraint of NPY and AgRP cells eliminates their
receptor GABA-ergic contribution to both the ARC and POMC cells, promoting the
melanocortin satiety route (Cowley et al. 2001).

6.9 Gut Microbiome Regulates the Appetite

Gut bacteria create peptides that mimic and interfere with normal appetite regulation,
causing food intake. Gut bacteria can also increase hunger by activating opioid and
cannabinoid and altering taste buds. Probiotics help in reducing hunger by increasing
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the diversity of gut bacteria. The gut microbiota influences all host immunity and
neural hunger, which, when combined, can affect human feeding behavior in
metabolism and disordered eating like obesity and anemia (Batterham et al. 2002;
Drucker 2005). Our hunger is related to the diversity of our microbiota. Satiety is
linked with an increase in the microbial population. The anorexigenic pathways in
our brain are active when we digest nutrients, and the intestinal satiety hormones
secreted in the stomach stimulate the anorexigenic pathways (de Clercq et al. 2016).
Microbes that affect our feelings of hunger and satiety have grown in number in
recent years. When receptors are active, hormones like cholecystokinin, for example,
regulate satiety and hunger by binding to bacterial products like lipopolysaccharides
and flagellin (Sun et al. 2020).

6.10 Bacterial Growth Caused by Nutrients

Living microscopic creatures can determine their own pace of development and
populace numbers. Microbial multiplication occurs during exponential growth,
which is a rate of division dictated by the amount of time required for replication
of DNA and cellular multiplication (Wang and Levin 2009) in case of Escherichia
coli to copy after arrangement of supplement time taken is 20 min. The microbial
growth enters a stationary growth process after microbial replication to a degree of
~109 cells per ml, which is characterized by supporting microbial count above a few
hours. Therefore, bigger the initial community of bacteria, the less time it takes to
arrive at the stationary. The stationary, or fixed, phase is preceded by a decline phase
in which the count of microbes belonging to the natural cell lysis action is contin-
uously reduced (Rice and Bayles 2008). There may be a connection between the
number and synthesis of gut microorganisms as well as the host’s craving for shorter
and longer durations (Fetissov 2017).

The development of 109 microbes in 20 min requires an initial density of 109

cells, as only a single division of each microscopic organism is sensible in the period
of 20 min, which depends on growth dynamics. As a minimum sum for acceptance
of the fixed stage or stationary process, this cell number age is filled in as higher
introductive amounts of E. coli also equivalent to ~109 per ml, which enhances
microbial load after that in vitro supplement arrangement. Then it was all replicated
in rodents in which the stationary process of intestinal microbes was initiated 20 min
after the implantation of supplements into their enormous digestive systems (Breton
et al. 2016). Previous studies (in 1983) indicated the doubling time of E. coli placed
into the little or enormous digestive tract of mice was 2 h with a primary microbial
convergence of 2.4 � 104 per ml cells (Freter et al. 1983). Supplement gives rise to
bacterial development; hence, it shows special dynamics that are characterized by
the strength of a microbial count (Kong et al. 2021).
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6.11 Host Control

In vitro, microbial production is regulated entirely by supplements given, and
bacterial population expansion is constantly impacted by diet (Flint et al. 2012).
The balance between positive and negative influences is determined by the relative
equilibrium of the microbial community in every region of the intestine (Fig. 6.1).
The antibacterial ability of both chemical and physical host-derived factors may be
reduced as the bacterial population gradient in the rostro-caudal gastrointestinal tract
increases. Peristalsis is absent in the colon with the highest bacteria density. The time
it takes for absorbed resources to reach the stationary stage after nutrient-induced
bacterial development is quicker than the time it takes for bacteria to reach that stage
(Table 6.1) (Fetissov 2017).

Fig. 6.1 A variety of bacterial cells in the gut are affected by the equilibrium between stimulation
and inhibition caused by host-related substances. In contrast to in vitro circumstances, the extension
of bacteria is controlled by the availability of supplements, the expansion of microbial pathogens in
the intestine is constantly influenced by nutrition, resulting in bacterial regulation. The particular
stability of each portion of a microbial species’ gastrointestinal system is determined by a balance of
positive and negative stimuli (Fetissov 2017)
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6.12 Mechanistic Impact of Bacteria from the Gut

With each nutritionally microbial replication, a steady rise in microbial activity
restricted by the stationary phase indicates that the intestinal sensory system can
perceive a simple and repeatable pressure gradient of many pathogen compounds
upstream to the channels of satiety. These microbial compounds that are made can be
more or less precise antimicrobial substances for bigger population organisms, such
as communities of gastrointestinal bugs. Usually, proteins’more complex signals are
transmitted by their derived peptides, as well as lipids and sugars (Fetissov 2017;
Wexler 2007).

Chemical sensory components located in the epithelium of the gut on
enteroendocrine cells or in vagal afferents, specifically intestinal intestines, should
be used to characterize bacteria molecules in this formation of short-term hunger
routes (Broberger 2005). Enteroendocrine cells produce hormones both systemically
and locally to cause vagal afferents. As a result of the intraluminal administration of
lactobacillus, vagal afferent activity is increased (Perez-Burgos et al. 2013).

The intestinal barrier requires the synchronized activity of the central nervous
system enabled by locally secreted transmitters like serotonin (Prins et al. 2007;
Neunlist et al. 2013). Microorganisms create a number of modulator neuroactive
chemicals, such as biological amines (Lyte 2014) that help the intestinal epithelium
produce 5HT (Yano et al. 2015; Reigstad et al. 2015). Microbes use an indole as a

Table 6.1. The presence of chemical and transit time along the digestive tract could explain the
rising rostro-caudal gradient of bacterial content. The travel time in the upper bowel is less than the
time required for the microbial community to reach the stationary growth phase (Stat), as calculated
using the formula: t (min)¼G (generation time, 20 min, assumed based on in vitro experiments and
in vivo infusions)� 3.3 log (minimal microbial count in the Stat phase, that is 109)/microbial count
before multiplication. Mucosal adhesion is one of the chemical factors that causes and prevents
bacterial lysis in digestive juices containing gastric and bile acids, as well as numerous digestive
enzymes (Fetissov 2017)

Host produces digestive
chemicals

Bacterial content (cells
per g)

Time to stationary
phase

Transit
time

Stomach HCl
pH ~1.4

Pepsin
Gastric lipase

Stomach 101 8.8 h 1–3 h

Liver
Bile acids

Duodenum 103 6.6 h 30–60 min

Pancreas
Trypsin
Amylase
Carboxypeptidase

Jejunum 104 5.5 h 1–5 h

Small intestine
Brush border
enzymes

Ileum 107 2.2 h 1–5 h

Colon
No host digestive factors

Colon 1012 20 min 10–60 h
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chemical indicator to insulate themselves from stress during the release of the
tryptophan receptor and 5HT during the formation of numerous bacteria, including
E. coli (Lee et al. 2010). Indole has been demonstrated to affect GLP1 secretion
based on its strength (Chimerel et al. 2014) and to be a ligand of the aryl hydrocarbon
channel that can send microbial instructions to the host via this intestinal immune
response (Hubbard et al. 2015). The existence of the route of the aryl hydrocarbon
regulates the role of bacterial-derived indoles in core food intake is indicated in the
hypothalamic NPY/AgRP and POMC neurons (Fetissov et al. 2004).

The most dominant bacterial compounds that could enable the TLRs (toll-like
receptors) generated by the epithelium in the intestine, like enteroendocrine cells
(Bogunovic et al. 2007; Palazzo et al. 2007). It was shown that lipopolysaccharide
synchronizes gene expression in the gut epithelium (Mukherji et al. 2013). The taste
response to sucrose was reduced and its ingestion (Zhu et al. 2014). Appearance in
the vagal afferents of the TLR4 lipopolysaccharide receptors. The function of
intestinal lipopolysaccharide is to indicate satiety, which is consistent with its
anorexigenic nature (Hosoi et al. 2005; Topping and Clifton 2001).

Bacteria expose their cell components as a result of the enzymatic conversion of
nondigestible and other resources from the host to metabolites. Butyrate, propionic
acid, and acetate are three of the more important ones. SCFAs are formed from a
variety of polymers, the majority of which are indigestible to gut microorganisms
(Topping and Clifton 2001). In addition, propionic acid can directly activate PYY
and GLP1 production from both in vitro L-cells and in situ in humans (Topping and
Clifton 2001; Chambers et al. 2015a; Chambers et al. 2015b; Samuel et al. 2008).

In relation to their enzymatic function in nutritional catabolism, due to their
molecular mimicry of cellular proteins, some microbial molecules can communicate
directly with their host role as adhesion pathways. In E. coli, the first such compound
was described as a conformational mimetic antigen of αMSH (Figure 6.2)
(Tennoune et al. 2014).

6.13 The Western Diet Influences the Gut Microbiota

Obesity and related metabolic problems are tightly linked to the nutritional pattern
that characterizes the Western diet, but the molecular mechanisms that underpin
these links are unknown. Inflammation of the native microbiota is caused by both
systemic and lifestyle diseases in the Western diet (Tripathi et al. 2022; Zinöcker and
Lindseth 2018). It has implications for future research into public health recommen-
dations and food production methods to better comprehend the function of the
microbiome in the development of diet-related ailments. According to food trend
research (Zinöcker and Lindseth 2018), whole foods appear to be a common diet
denominator linked to a reduced level of nutrition sickness.

Gut microbial alterations in rodents in the context of dietary changes showed that
the microbiota can change quickly and lead to negative health impacts (Zinöcker and
Lindseth 2018; David et al. 2014). These modifications may involve the dysbiosis of
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microbiota, contributing to inflammation and metabolic disorders (David et al. 2014;
Suez et al. 2014; Chassaing et al. 2015). Dietary variables that change the metabolic
activity of previously existing microorganisms can potentially have a substantial
impact. Gut flora alters their metabolism in response to compounds produced by
other microorganisms as well as the availability of nutrients, potentially affecting
metabolic and inflammatory pathways (Turnbaugh et al. 2008; Stecher et al. 2013).

The degradation of microbial diversity due to dietary changes has been proven in
recent animal and human research to be handed down to future generations with a
drastic diversity reduction (Sonnenburg et al. 2016). Microbes may be permanently
lost as a result of a Western diet. It is necessary for the microbiome’s function and,
through the epigenome, can cause heritable metabolic alterations. In conclusion, the
environment generated in the stomach by ultra-processed nutrients may operate as an
evolutionarily unique selection for pathogens, attracting various bacteria and disor-
ders related to inflammation (Thaiss et al. 2016; Krautkramer et al. 2016).

Fig. 6.2 Chemical signals derived from intestinal flora could cause intestinal routes of satiety.
Bacteria metabolize nondigestible fibers throughout their existence in the intestine. Many energy
substrates like ATP, lactate, and butyrate are provided by digestible nutrients. Bioactive substances
like lipopolysaccharide (LPS), on bacterial lysis proteins that continue their enzyme reactions, are
released by synthesizing bioactive metabolites such as 5HT, or by functioning directly as peptide
hormones such as CLpB. Both chemical signals originating from bacteria and including nutrients,
have direct interaction with the epithelium of the intestine that holds chemical agents. Bacterial
signal activation of enteroendocrine cells (EECs) directly or indirectly (via enterocytes) activates
systemic and local secretion of PYY and GLP1, then satiety signals occur. The paracrine behavior
of pathogen molecules on 5HT-producing EEC and enterochromaffin cells may promote the enteric
nervous system, controlling gastric microbiota and intestinal barrier permeability, including access
to the gastrointestinal tract and gut barrier to vagal afferents, which occur in microbial indications
(Fetissov 2017)
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A modern diet can boost endotoxin-producing microbes in the digestive systems
of humans and animals, contributing to metabolic endotoxemia (Palazzo et al. 2007;
Mukherji et al. 2013). Much of the research looking at the influence of heavy
diet alterations on rodent microbiota has employed high-fat and unhealthy diets.
Changes are also due to the fat content, like metabolic endotoxemia diseases
(Chambers et al. 2015b; Sonnenburg et al. 2016). Processed diet-induced inflamma-
tion may interact with balancing resource systems and trigger feelings of hunger and
hyperphagia. A diet in the Western style in mice triggered both anxiety and an
appetite for sweet, energy-dense diets (Thaiss et al. 2016; Krautkramer et al. 2016;
Ulrich-Lai et al. 2015).

6.14 Role of Gut Microbiome in Neurological Disorders

It’s vital to conduct more clinical and preclinical research on gut microbiome
therapeutics for neurological diseases such as Parkinson’s disease, Anxiety, Schizo-
phrenia, Autism spectrum disorders, Multiple sclerosis, Alzheimer’s disease, Epi-
lepsy, and Stroke.

6.15 Parkinson’s Disease

Parkinson’s disease is a CNS degenerative ailment that influences dopamine-
producing cells in the brainstem nuclei. Parkinson’s disease affects 7–ten million
individuals globally, with men 1.5 times more likely to have it than women. PD is
more common as people age, with roughly 1% of those aged 60 years and over
suffering from the disease (Dutta et al. 2019a). Akinesia, muscle stiffness, tremors,
bradykinesia, and difficulties walking and gait are some of the signs of the condition
(DeMaagd and Philip 2015). These motor traits are accompanied by symptoms such
as confusion, anxiety, and cognitive and autonomic dysfunction. Lewy bodies are
eosinophilic cytoplasmic inclusions that form when α-synuclein insoluble polymers
deposit inside the neural side as a result of synucleinopathy (Xu and Pu 2016).
Neurodegeneration and neuronal death are caused by these Lewy bodies (Wolters
and Braak 2006; Sulzer 2007). Certain abnormalities in the intestinal flora of people
with Parkinson’s disease have been discovered in certain studies, which could act as
biomarkers and trigger the conformational changes of α-synuclein, which causes
neurodegeneration in people with the disease (Dutta et al. 2019b). In PD patients,
gastrointestinal dysmotility, which includes delayed emptying of the stomach and
constipation, is prevalent (Goetze et al. 2005; Unger et al. 2011; Hardoff et al. 2001;
Noyce et al. 2012; Cersosimo et al. 2013).
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6.16 Anxiety

Anxiety is a mental illness marked by feelings of dread and terror, as well as physical
symptoms like palpitations and perspiration. Muscle tension, restlessness, weariness,
and attention difficulties are all common symptoms of anxiety. Anxiety symptoms
can be long-term (or widespread) or short-term (or specific), and they can cause
panic attacks. The quantity, strength, and frequency of symptoms can also vary from
individual to individual (Rynn and Brawman-Mintzer 2004). The presence of toxic
gut microbes was linked to anxiety, which causes oxidative stress once those germs
outcompete healthy ones. The vagus nerve can be triggered when harmful gut
bacteria gain control and cause inflammation, leading to cognitive problems (Breit
et al. 2018). Some microorganisms can also create peptides that deliver stress signals
to the brain, affecting gene expression and the CNS.

6.17 Schizophrenia

Hallucinations, delusions, apathy, recurring periods of psychosis, and profoundly
disorganized thinking are all symptoms of schizophrenia, a complicated and devas-
tating brain condition (Edition 2013; Owen et al. 2016). Mental illness affects over
21 million individuals globally and is linked to social and physical morbidity (Hjorth
et al. 2017; Marwaha and Johnson 2004). Schizophrenia symptoms typically appear
between the ages of 16 and 30 years, with males being more susceptible. In their
study (Nemani et al. 2015) Nemani et al. discovered a relationship between altered
intestinal flora and schizophrenia. Patients with first-episode psychosis had more
abundant Lactobacillaceae, Halothiobacillaceae, Brucellaceae, and Micrococcineae,
but Veillonellaceae were less abundant according to Schwarz et al. (Schwarz et al.
2018).

6.18 Autism Spectrum Disorder

ASD is a neurological ailment characterized by stereotyped behaviors, cognitive
deficits, and language or interactional difficulties (Williams et al. 2012; El-Ansary
et al. 2020). Patients with few symptoms are more able to manage freely, however,
those with serious complications will involve significant assistance in their everyday
tasks. It affects one out of every 68 children under the age of three and therefore is
four times higher popular in boys as compared to girls (Tillmann et al. 2018;
Rosenfeld 2015). Apart from its diversity, the disease is characterized by perplexing
pathophysiology and etiological pathways connected to a defective intestinal flora,
like glutamate excitotoxicity, oxidative stress, and neuroinflammation (El-Ansary
and Bhat 2020). Some of the physiology that seems to underline the intestinal
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microbe’s impact on autism are affective responses, meal responses, upper gastro-
intestinal illness, unusual stool, autistic enterocolitis, leaky gut syndrome, excessive
inflammation, aberrant glutathione levels, and irregular metal or mineral levels
(Jepson and Johnson 2007). In children with autism, increased intestinal permeabil-
ity can result in digestive problems, allowing neurotoxic substances to slip through
an inflammatory gut membrane and cause neurological issues (Wakefield et al. 2002;
Reddy and Saier 2015).

6.19 Multiple Sclerosis

Multiple sclerosis is a neurodegenerative state that causes persistent inflammatory
conditions and demyelinating plaques in the brain and spinal cord (Peng et al. 2019;
Wingerchuk et al. 2001; Calvo-Barreiro et al. 2018; Bhargava and Mowry 2014).
Tiredness, coldness, lack of coordination, dizziness, visual loss, disorientation,
discomfort, bladder and bowel problems, or even depression are all markers of this
illness (Mielcarz and Kasper 2015). MS affects over 2.1 million individuals globally.
MS also increases the number of CNS-targeting autoreactive immune cells (Zhang
et al. 1994). It’s fair to relate gut commensal flora to MS risk since the gut microbiota
aids in body’s defense education and has a critical role in a variety of autoimmune
and metabolic illnesses. Vartanian et al. demonstrated person bowel colonization by
Clostridium perfringens type B in a patient with her first relapse of MS, and this
revealed that the epsilon toxin released by this pathogen caused microangiopathy;
similar studies showed that this can further disrupt the BBB, causing neuronal and
oligodendrocyte damage (Rumah et al. 2013; Mete et al. 2013; Dorca-Arévalo et al.
2008; Lonchamp et al. 2010; Finnie et al. 1999). Antibodies against epsilon toxin
were shown to be more common in Multiple Sclerosis patients. In Jhangi et al., they
found an increase inMethanobrevibacter levels in MS patients (Jhangi et al. n.d.). In
MS patients, concentrations of Butyricimonas, Lachnospiraceae, and
Faecalibacterium were shown to be lower than in controls, and Faecalibacterium
was shown to be less abundant in the patients with inflammatory bowel illness
(Mowry et al. n.d.; Machiels et al. 2014).

6.20 Alzheimer’s Disease

Alzheimer’s disease is a neurological disorder marked by memory loss and the
accumulation of abnormal amyloid-beta (Aβ) protein, mostly in the intermembrane
space of dopaminergic neurons (Hu et al. 2016; Querfurth and LaFerla 2010). AD
affects around 44 million individuals worldwide, with adults over 65 being the most
affected. Language issues, disorientation, mood swings, motivation, and self-care
management are all signs of Alzheimer’s disease that are known to increase over
time. Modifications in intestinal flora can cause effects on the brain, which in turn
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can cause changes in host behavior (Sampson and Mazmanian 2015). AD has been
the leading form of dementia, with 36 million cases reported in 2010, with forecasts
of 66 million patients by 2030 and 115 million by 2050 (Prince et al. 2013).
Alzheimer’s disease is originated from a combination of inherited and environmental
causes (Xu and Wang 2016). Because it promotes overactivity of the innate and
adaptive immune cells, which induces inflammation and promotes intestinal absorp-
tion and microbial overgrowth, aging is a vital risk agent for AD (Vogt et al. 2017;
Franceschi 2007; Ulluwishewa et al. 2011; Tran and Greenwood-Van Meerveld
2013).

6.21 Epilepsy

Epilepsy is a chronic issue that impacts more than 50 million people all over the
world, accounting for 0.5% of all disease burdens (World Health Organization
2019). It’s a brain disorder characterized by a long-term proclivity to produce
seizures (Fisher et al. 2014).

Every year, over 2.4 million people suffer from epilepsy. Seizures can be caused
by diseases that affect connections between neurons, ionic channel function, and
neurotransmitter reception, among other things (Stafstrom and Carmant 2015).
While the WHO estimates that 70% of people with epilepsy might become
seizure-free with adequate medication, less than half of epileptic patients in devel-
oping countries have access to anti-epileptic drugs. In animal models, the
microbiome takes part in an important role in brain growth and neurobehavioral
function (Vuong et al. 2017).

6.22 Strokes

Variations in the makeup and activity of the intestinal flora have been connected to
the development of both intestinal and extraintestinal illnesses, and all of these
changes have an impact on cardiovascular risks like obesity, immune disorders,
and atherosclerotic (Levy et al. 2017). The gut microbiota is important in bilateral
intestine-brain connections. This connection is related to the microbiome–gut–brain
axis (Cryan et al. 2019). New research reveals that the microbiome–gut–brain axis
acts as a critical immunological controller following an acute ischemic stroke.
Dysbiosis can have systemic negative consequences when the systemic inflamma-
tory process develops after such an ischemic stroke (Battaglini et al. 2020).
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6.23 Conclusion

The molecular processes of gut microbial life, satiety, and hunger in a novel method
were the focus of this chapter. From this chapter, we can say that the gut microbiota’s
nutrient-induced growth dynamics may act in the host’s control of appetite on a
regular daily basis to preserve bacterial immune function. The energy required for
intestinal bacterial multiplication could account for a significant portion of a healthy
person’s daily energy requirements. Chemical signals produced by bacteria that can
tell the host about the gut microbiota’s energy state provide biological pathways for
appetite control. The microbiota’s composition could influence how the host’s
energy metabolism is regulated. They provide a conceptual framework for future
research into the impact of microbial messages on the maintenance of host energy
balance. Among the neurological illnesses treated with the gut microbiota are
Parkinson’s disease, multiple sclerosis, anxiety, schizophrenia, Alzheimer’s disease,
autism spectrum disorders, epilepsy, and stroke.
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Chapter 7
Human Diets, Gut Microbiome,
and Neuroinflammation

Jyoti Singh, Zoya Khan, and Tripathi Rajavashisth

Abstract A healthy diet provides the fluid, macronutrients, and adequate calories
that help to maintain or improve overall health. Our gut harboring a variety of
microbiota-a complex network of bacteria, viruses, protozoans, and fungi to sustain
a symbiotic association with host body and regulate the immune system, metabo-
lism, and gut physiology. Apart from normal physiology microbiota appears to
contribute to behavioral and stress responses. Any modification in composition or
absence of any specific species in gut microbiota could lead to the inflammatory
response that causes or promotes cardiovascular, renal, neurodegenerative diseases,
and many cancers. Alteration in gut microbiota is probably caused by lifestyle, diet,
antibiotic treatment, environmental stress, and psychological stress. Growing evi-
dence suggests that diet is a prominent factor in promoting the gut microbiota
dysbiosis. In this chapter, we have focused on the critical links among gut
microbiota, diet, and inflammation leading to neurodegenerative diseases. We
discussed gut microbiome-based studies which include dysbiosis or absence of
specific microorganisms induced neurodisorders, introduction of healthy diet-
induced modification of gut microbiota to prevent neurological diseases.
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IBD Inflammatory bowel disease
LPS Lipopolysaccharide
MS Multiple sclerosis
SCFAs Short-chain fatty acids
TMAO Trimethylamine-N-oxide

7.1 Introduction

Gut microbiota collectively involves bacteria, viruses, fungi, archaea, and protozoa.
Microbial communities reside in the human intestine and stomach count higher than
100 trillion cells (~4 � 1013) preferentially in a symbiotic manner and play an
important role in host metabolism (Collins et al. 2012; Sousa et al. 2008). Gut
microbiota differs from human to human and appears to be in a complex composi-
tion influenced by mode of childbirth, infancy, method of infant feeding, lifestyle,
diets, and drugs (Voreades et al. 2014). A number of studies have shown that a
healthy human gut possesses a diverse and abundant amount of microbiota
(Maukonen and Saarela 2015). Gut microbiota in humans secrete enzymes that
contribute to digestion and metabolism releasing diverse metabolites including
vitamins, short fatty chain, and amino acids (Koh et al. 2016; Rowland et al.
2018). Alterations in the quantity and quality of microbial communities in human
gut often lead to a disturbed homeostasis referred to as dysbiosis that causes or
promotes gastroenteric, neurologic, respiratory, metabolic, hepatic, renal, and car-
diovascular disorders (Kashtanova et al. 2016).

Diet is an important factor affecting the composition and function of human gut
microbiota. In general, the use of dietary fibers, micronutrients like vitamins,
minerals, and live beneficial bacteria (probiotics) can be the best way to maintain a
balanced intestinal microbiota population. Dietary nutrients could be a possible
reason for the distribution of intestinal barrier protective role in such a way that
altered host–microbiome interfaces and induced gut microbiota dysbiosis, leading to
neuroinflammatory processes and bestowing downstream implications on the host
(Maukonen and Saarela 2015).

7.2 Impact of Diet on the Gut Microbiota

Proteins are necessary nutrients for the human body and are important building
blocks of tissues that critically contribute to balanced coordination of body function
and metabolic reactions. Apart from that, they play vital roles in functioning of
human immune system. Dietary proteins also modulate the microbial composition
and production of metabolites, with amino acids providing gut microbes with
essential carbon and nitrogen (Zhao et al. 2018). Hentges et al. were first reported
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that proteins affect the gut microbiota by observing that counts of Bifidobacterium
adolescentis decrease with consuming high beef diet (Hentges et al. 1977) and
Bacteroides and Clostridia counts were increased with a meatless diet. Recent
studies have shown that the composition of gut microbiota is associated with the
consumption of protein source types, such as animal-based protein (meats, eggs, and
cheeses), whey proteins, and plant-based proteins (Singh et al. 2017; Cotillard et al.
2013; Clarke et al. 2014). A large body of evidence has highlighted that intake of pea
and whey proteins increased the population of Bifidobacterium and Lactobacillus,
while reducing the numbers of pathogenic Bacteroides fragilis and Clostridium
perfringens (Romond et al. 1998; Meddah et al. 2001; Dominika et al. 2011).
Other experimental data showed that mice on high-fat diets with whey-isolated
proteins have amplified counts of Lactobacillaceae and reduced counts of
Clostridiaceae compared to mice fed on a regular diet (Guerville and Boudry
2016). Furthermore, dietary protein degradation typically occurs at the lower part
of the colon which appears to be optimal for bacteria promoting protein degradation
into ammonia, amino acids, short-chain fatty acids (SCFAs), and amine (Yao et al.
2016; Diether and Willing 2019).

Intestinal SCFAs are used as an anti-inflammatory product that contributes to the
protection of the mucosal barrier (Voreades et al. 2014). Gut bacteria play a vital role
in the regulation of mucosal barrier function (Huang 2013). Human gut microbiome
participates in the most energy-efficient process by digesting and degrading peptides
to amino acids. Consumption of red meat or dairy products may promote enhanced
number of bile-tolerant anaerobic bacteria such as Alistipes, Bacteroides, and
Bilophila (Rinninella et al. 2019; David et al. 2014). The alteration of these gut
microbiota has been shown to induce proatherogenic compounds like
trimethylamine-N-oxide (TMAO) that cause the risk of cardiovascular diseases
(Barrea et al. 2019). Moreover, a high intake of animal proteins can increase the
count of sulfate-reducing bacteria like Desulfovibrio spp. from sulfate amino acids,
suggesting the risk of inflammatory bowel diseases (Barrea et al. 2019).

7.3 Dietary Fat and Carbohydrates

Various studies have demonstrated that high-fat diets significantly influence the gut
microbiota composition and metabolic activity in the host. Researchers found that a
high-fat diet inhibited Bacteroidetes growth while increasing the growth of
Firmicutes and Proteobacteria in rodent experiments (Ramos-Romero et al. 2018;
Hildebrandt et al. 2009). While a randomized study of human omnivores using either
high- or low-fat diets observed slight effects on the gut microbiota composition.
Apart from that, a high-fat diet had overall unfavorable effects. High-fat diets cause
increased circulating levels of bacteria-derived lipopolysaccharide (LPS) into the
bloodstream, that likely results in increased intestinal permeability (Mörkl et al.
2018; Conlon and Bird 2014; Nicholson et al. 2012). LPS, the cell wall component
of the Gram-negative bacteria, is a modulator of the immune system and a potent
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inflammatory agent associated with the development of common metabolic diseases.
Increased levels of circulating LPS generate low-grade chronic inflammation
(Nicholson et al. 2012). A recent study has concluded that LPS decreased
butyrate-producing and anti-inflammatory Faecalibacterium and increased
Bacteroides and Alistipes, the former of which was positively correlated with
blood lipid markers, including total cholesterol (Wan et al. 2019). The effects of
fat on the host microbiota may be passed through bile salts/acids by influencing
anaerobic bacteria genera (Bacteroides, Eubacterium, and Clostridium) and involv-
ing deconjugation of taurine- and glycine-conjugated bile acids (Tripathi et al.
2022). This deconjugation and 7ab-dehydroxylation of bile salts enhance their
hydrophobicity and absorption, which has also been correlated with increased
pathological effects on human gut (Conlon and Bird 2014; Nicholson et al. 2012).
Further research is required on the relationship among the dietary fats, amount, and
type of bile salts, and the quantity, variety, and efficacy of the microbial communi-
ties. The phytochemicals are also important to regulate the gut microbiota by
modulating the good/bad bacterial diversity (Wan et al. 2019; Tripathi et al. 2022).

Furthermore, gut microbiota promotes carbohydrate digestion and fermentation
happened by a process of energy efficient and storage, which illustrate symbiotic
relationship between humans’ microbiota interface (Murphy et al. 2010). Basically,
carbohydrates are classified as digestible and indigestible. Digestible carbohydrates
such as sugars, starches, galactose, and fructose can be degraded by intestinal
enzymes, and released as glucose in the host circulatory system (Murphy et al.
2010). While, indigestible carbohydrates especially dietary fibbers not easily
digested in intestine (Murphy et al. 2010). Dietary fibers involve on digestible
oligosaccharides and non-starch polysaccharides are digested by gut microbes.
Ruminococcus, a species relating to Firmicutes, may act as one of important
degraders of nondigestible starch in the human colon (Murphy et al. 2010). Another
Bacteroides species have ability to degrade diverse plant polysaccharides (Murphy
et al. 2010).

Dietary carbohydrates have the potential to modify the gut microbiome. Intake of
high levels of dietary carbohydrates can increase the Bifidobacteria and reduce
Bacteroides (Eid et al. 2014). It was also observed that children who feed on
plant-based polysaccharides-rich diet had a significantly increased number of
Xylanibacter, Firmicutes Prevotella, and Bacteroidetes (De Filippo et al. 2010).
Another randomized controlled trial stated that the diversity and function of the host
gut microbiota altered immediately when carbohydrates were removed from the diet
(David et al. 2014).

Gut microbiota creates an essential capacity for the fermentation of dietary fibers
(complex carbohydrates). This fermentation encourages the formation of main
metabolites of SCFAs such as n-butyrate, propionate, and acetate. SCFAs are mostly
produced by Bacteroidetes and Firmicutes. Studies have shown that several other
gut bacteria produced these metabolites by the fermentation of nondigestible carbo-
hydrates (Feng et al. 2018; Levy et al. 2016). SCFAs play a vital role in the
maintenance of health and development of diseases by providing a source of energy
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in the colon (n-butyrate) or peripheral tissues (acetate and propionate) as well as by
altering the diversity of the microbiota promoting metabolite disorders (Sonnenburg
and Bäckhed 2016; Xu et al. 2020). Butyrate has a key role in protecting the tissue
barrier, genetic integrity, maintaining immunoregulation, and defending against
inflammatory effects (Zmora et al. 2019; Mudgil and Barak 2013). Additionally,
SCFAs can directly affect the composition of gut microbiota by serving as a carbon
source for intestinal microbiota. High-concentration SCFAs show adverse effects on
certain virulence microbe of gut microbiota (Sun and O’Riordan 2013). For instance,
at high concentrations and low levels of pH, SCFAs might be inhibiting the
Salmonella spp. growth, a common foodborne pathogen, by downregulating the
expression of invasion genes (El-Gedaily et al. 1997). Apart from that, the types and
quantities of SCFAs are primarily determined by the ratio of intestinal microbiota
and intake of carbohydrates (El-Gedaily et al. 1997).

7.4 Probiotics and Prebiotics

Probiotics are living microorganisms that provide numerous health benefits. Human
probiotic microorganisms belong to various genera such as Lactobacillus,
Bifidobacterium, Enterococcus, Lactococcus, and Streptococcus. Furthermore,
Bacillus and Saccharomyces are widely used in probiotic products (Fijan 2014).
Several studies have shown that probiotic strains have several beneficial effects in
subjects affected by metabolic syndrome as well as intestinal inflammation (Shaaban
et al. 2018). A study based on a dietary trial has shown that probiotics might be a
beneficiary agent for the treatment of autistic children (Shaaban et al. 2018). The
combination of two strains (Lactobacilli and Bifidobacterium) even with low bacte-
rial abundance strengthened both behavioral and GI manifestations (Shaaban et al.
2018). Various studies have investigated that probiotics treatment is useful for
lactose intolerance, colitis, irritable bowel syndrome, and the prevention of colorec-
tal cancer as well as peptic ulcers (Markowiak and Śliżewska 2017). Furthermore,
there is little evidence of the role of probiotics as modulators of human intestinal
microbiota. A latest data indicate that even additional amounts of probiotics have
limited effects on human intestinal ecology and may even be harmful to the
recolonization of microbiota after antibiotic usage (Markowiak and Śliżewska
2017).

Prebiotics are nondigestible food substrates that are actively consumed by intes-
tinal microorganisms conferring a good effect on host’s intestinal tract. Carbohy-
drates sources like seasonal fruits, green vegetables, variety of cereals, and other
edible plants are potential prebiotics. Some artificially developed prebiotics include
Lactulose, Galactooligosaccharides (GOS), Fructooligosaccharides (FOS), and
Lactosaccharose. There are a number of database studies reported on the beneficial
effects of prebiotics via stimulating the growth of gut bacteria. The most studied
prebiotics are fructans like inulin and different forms of fructo-oligosaccharides that
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promote the growth of probiotics, such as Bifidobacteria or Lactobacilli (Markowiak
and Śliżewska 2017; Festi et al. 2014). Prebiotics decreased the intestinal inflam-
mation promoted by the enhancing gut barrier integrity and reducing the release of
pro-inflammatory cytokines. Likewise, observations have been made by studies
conducted on human subjects (Festi et al. 2014). Furthermore, prebiotics leads to
the change in gut microbial diversity, stimulate the development of Bacteroides,
Bifidobacteria, Roseburia, and Prevotella and encourage the relative reduction of
Firmicutes (Festi et al. 2014; Neyrinck et al. 2011; Parnell and Reimer 2012).

7.5 Micronutrients and Gut Microbiota

Micronutrients such as vitamins and minerals play a significant role in the develop-
ment of gut microbiota, which, in turn, is an effective mediator of their protective
health effects. They regulate metabolism, growth, and differentiation at cellular
level, and immune system (Rinninella et al. 2019). Vitamin B family such as
riboflavin, thiamine, niacin, pantothenic, biotin, and vitamin K, can also be produced
by the fecal or gut microorganisms (Biesalski 2016; Tripathi 2013; Dwivedi et al.
2013; Tripathi et al. 2014). On the other hand, it has been shown that vitamin D can
have an effect on the composition of intestinal microbiota. Vitamin D had a positive
impact on inflammatory bowel disease (IBD) patients by modulating the gut
microbiota and increasing the abundance of potentially beneficial bacterial strains
(Sun 2018). In addition, a recent analysis of infant intestinal microbiota found that
vitamin D was correlated with increased Lachnobacterium but decreased
Lactococcus. These associations may have potential long-term consequences for
immune system regulation and the incidence of asthma/allergic disease (Sordillo
et al. 2017). On the other hand, vitamin A had a significant impact on the structure
and meta-transcriptome of a gut intestinal bacterial population, such as Bacteroides
vulgatus (Sordillo et al. 2017).

Moreover, several bacterial physiological processes are processed by metals like
vitamins, able to influence the intestinal microbiota. For example, zinc deficiency, a
strong risk factor for potentially fatal childhood diarrhea in developing countries,
increases the populations of pathogenic bacteria (Sordillo et al. 2017). Iron is also a
core component that acts as a cofactor in iron-binding proteins for metabolic
pathways, redox reaction, and electron transport chain processes (Frawley and
Fang 2014). Human breast milk transmits an iron-binding glycoprotein, i.e.,
lactoferrin, that protects the undeveloped infant gut from colonization of pathogen
(Jaeggi et al. 2015). A study in mice has shown that heme-rich diet decreases
microbial diversity, increases the abundance of Proteobacteria and reduces the
abundance of Firmicutes (Constante et al. 2017).
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7.6 Gut Microbiota and Neuroinflammatory Diseases

Our immune system is composed of a highly complex network of innate and
adaptive immune components showing an immense ability to face and react toward
external and internal challenges and maintain the host homeostasis. According to the
previously reported study, it has been proved that gut microbiota maintains symbi-
osis relationship, promote and calibrate all aspect of host immune system (Lobionda
et al. 2019). A change in the microbial gut flora is connected to a range of
neurological disorders by involving inflammatory proteins. Neuroinflammation
involves inflammation found in the nervous system, which is now considered a
defining feature in many neurological disorders. Multiple sclerosis (CNS autoim-
mune disease) is characterized by a prominent infiltration of immune cells from the
periphery into the CNS, resulting in demyelination and neuronal damage. It has been
observed that the level of inflammatory proteins increases with the infiltration of
immune cells in neuro-disorder diseases such as Parkinson’s and Alzheimer’s, brain
injury, and anxiety. A plethora of evidence implicates the close relationship between
the neural system and gut microbiota, involving neurological networks, endocrine
systems, immunological communication, etc. Gut microbiota metabolites reach the
CNS via blood transportation and modulate the CNS and immune cells, which lead
to the development of neurological disorders, which we will discuss in the section
below.

7.7 Alzheimer’s Disease

Amyloid beta and tau proteins are found in extracellular plaques and intracellular
neurofibrillary tangles in Alzheimer’s disease, respectively, along with synaptic and
neuronal loss. Memory loss, personality, and behavioral disorders, and aphasia are
phenotypical features of Alzheimer’s disease. Inflammation outflow between neu-
rons, tau protein, amyloid beta proteins, and microglia all play important roles in
Alzheimer’s disease pathology. There is limited research evidence that investigates
the microbiota composition in AD patients, and there is little knowledge about any
bacterial species that alleviate the pathology of AD. The murine model confirmed
that the microbial community of non-AD and AD patients is not quite the same,
which is an important step in finding out the correlation between AD and gut
microbiota. The microorganism-free AD mouse model showed a lesser magnitude
of AD pathology than the conventional mouse model, which showed lower levels of
Aβ protein, less activated microglial cells, and so on (Harach et al. 2017). According
to a diet pattern study based on patients’ diets and risk of developing AD, it was
discovered that a healthy diet rich in fruits, vegetables, whole grains, fish, and
low-fat dairy was associated with a lower risk of developing AD than an unhealthy
diet (Berti et al. 2015). According to an experimental report, it has been found that
diet and a few important nutrients can alter the work of the gut microbiota,

7 Human Diets, Gut Microbiome, and Neuroinflammation 113



influencing the synthesis and/or deposition of amyloid proteins. Similarly, pome-
granate active alkaloid urolithins have been shown to have neuroprotective effects as
well as the ability to prevent Aβ fibrillation, which has been investigated in the
in vitro study (Yuan et al. 2016).

Parkinson’s disease (PD) is the most common neurodegenerative disease. Grow-
ing research studies prove that α-synucleinopathy starts in the enteric nervous
system during the early stages of disease, which has a connection with digestive
system disorders later in the CNS system (Cussotto et al. 2018). Several research
studies (both in vitro and in vivo) have found a link between the onset of Parkinson’s
disease and the gut microbiota (Sampson et al. 2020). In addition, other studies show
the relationship between gut dysbiosis and the severity of PD disease, such as gait
abnormality and balancing issues, associated with a change in the composition and
population of Enterobacteriaceae (Cussotto et al. 2018). For example, an ASO
(Alpha-synuclein overexpressing) mouse model with complex gut bacteria showed
impaired motor activity, loss of motor control, and striatal function dysfunction. As
per a recent study, curli, an amyloid protein secreted by gut microbial E. coli, has the
ability to trigger the aggregation of α-synuclein I in both the gut and the brain,
resulting in GI dysfunction and motor loss, respectively. However, it was found that
supplementation with a probiotic cocktail containing Bifidobacterium animalis L.,
rhamnosus GG, lactis, and Lactobacillus acidophilus induced the secretion of
butyrate, which consequently reduced nigral dopaminergic neurons’ degeneration
from MPTP and rotenone-induced mouse mode (Cussotto et al. 2018). Dietary
changes are the most widely used method for preventing the onset of Parkinson’s
disease and restoring healthy gut microbiota. A Mediterranean-style diet high in
fruits, green vegetables, and grains was found to have a lower risk of PD pathogen-
esis than a diet high in oil, butter, sweets, and so on (Alcalay et al. 2012).

7.8 Autism Spectrum Disorder

Autism spectrum disorder (ASD) is another neurologic disorder that manifests
abnormal social behavior as well as anxiety and cognitive difficulties. There is
mounting evidence that there is a link between the severity of ASD and the resident
gut microbiota. This hypothesis is primarily based on clinical studies showing that
children with ASD have gastrointestinal problems/symptoms such as constipation
and diarrhea (Liu et al. 2019). Further surprising results were observed in ASD
children treated with antibiotics, who had lower ASD severity and improved behav-
ioral symptoms, implying that gut bacteria may play a role in ASD pathology.
Prevotella, Desulfovibrio, and Bifidobacterium species were more common in
ASD patients than in normal patients. Changes in dietary patterns and probiotics
can improve the disturbance and modification of gut flora composition in ASD
patients (Lee et al. 2018).
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7.9 Multiple Sclerosis

It is an inflammatory disease characterized by the immune-mediated demyelination
of the neural axon. Furthermore, scientific evidence suggests that changes in specific
microbial populations play a role in the onset of Multiple Sclerosis (MS). In support
of this, it has been found that MS patients showed an increase in Methanobrevibacter
and Akkermansia and a decrease in Butyricimonas. Additionally, probiotic VSL3
treated MS patients show enrichment of specific microbial species in the intestine
and inhibit peripheral inflammation mediated by monocytes. A study on relapsing-
remitting RR-MS patients revealed that they have a different microbiota population
of Haemophilus, Anaerostipes, Coprobacillus, Bacteroides, Prevotella, and Lacto-
bacillus than healthy controls, who have a higher proportion of Acinetobacter
Pedobacteria, Akkermansia Dorea, and Blautia. Furthermore, the microbial popula-
tion recovery in RR MS patients seems to decrease the inflammation process and
activate the immune system (Schepici et al. 2019). A recent study found a link
between a few specific bacteria populations (Methanobrevibacter (Euryarchaeota
phylum) and Akkermansia (Verrucomicrobia phylum) and gene expression of
inflammatory proteins like interferon signaling, progenitor cells, NF-κB, and T
cells (Jangi et al. 2016). Dietary habits can influence microbial composition. It
has been discovered that the level of vitamin D in the gut microbes of MS
patients is altered, and that it can be restored by increasing vitamin D consumption.
Vitamin D is an important nutrient for maintaining healthy gut microbiota
(Chu et al. 2018).

7.10 Conclusion

Every human being has a unique gut microbe that matures throughout early child-
hood, remains stable, but is prone to change in adulthood. Microbe variations in each
person are heavily influenced by genetic and environmental factors such as exposure
to hormones, diet, geographical location, and seasonal variations. Dysbiosis in gut
microbial communities represents an imbalance in gut microbial diversity and
function, promotes distortion of the intestine barrier and an inflammatory response
that precipitates a variety of neurological disorders. Fermented foods, high fiber
foods, and foods containing oligo- and polysaccharides could all help to improve
human gut dysbiosis and helps in reducing the severity of the neuro diseases.
Possibilities for improving gut dysbiosis through microbiota-based approaches
could be an intriguing way of preventing diseases and maintaining human mental
health.
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Chapter 8
Dietary Fatty Acids, Gut Microbiome,
and Gut–Brain Communication: A Current
Perspective

Santosh Anand, S. K. Sukrutha, B. R. Shilpa, and A. Nagarathna

Abstract Globally, the significance of gut microbial composition in alleviating
several intestinal complications has gained tremendous clinical consideration.
Increasing lines support the evidence that, healthy lipids such as omega fatty acids
and short-chain fatty acids play a pivotal role in orchestrating the composition and
shaping the host microbial population in the gastrointestinal system by producing
protective derivatives, restoring intestinal gut barrier, modulating gut microbial
community, nervous, and immune system, attenuating inflammation, insulin resis-
tance, and fat accumulation. In the above context, the present chapter uncovers the
recent advancements carried out in the recent past on the impact of long- and short-
chain fatty acids on gut microbiome–brain communication.

Keywords Gut microbiome · Fatty acids · Gut dysbiosis · Derivatives · Clinical
implications
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GM Gut microbiota
HDACs Histone deacetylases
HFD High-fat diet
HYA 10-Hydroxy-cis-12-octadecenoic acid
LCFAs Long-chain fatty acids
LPS Lipopolysaccharide
MCFA Medium-chain fatty acid
MUFA Monounsaturated fatty acid
OFAs Omega fatty acids
PUFAs Polyunsaturated fatty acids
SFA Saturated fatty acid
TLR Toll-like receptor

8.1 Introduction

A plethora of microorganisms such as bacteria and eukarya inhabiting the gastroin-
testinal tract are collectively designated “Gut microbiome” (GM) and has been
evolved and adapted within the human body for many years (Milisavljevic et al.
2013). Human GM encompasses about 100 trillion microorganisms, with 35,000
bacterial species. Oral cavity, genital organs, respiratory tract, skin, and gastrointes-
tinal system (GIS) harbor a wide array of microorganisms.

Until recent decades, knowledge about the microbiota composition, identifica-
tion, characterization, distribution, and host–microbiota interactions was
understudied due to limited technologies. Of late, due to the advancement in high
throughput robust sequencing technologies and Omics approaches, identification,
and profiling of microorganisms through culture-independent techniques accompa-
nied by large-scale funded projects such as the Human Microbiome Project consor-
tium and Metagenomics of the Human Intestinal Tract consortium have paved a
breakthrough in deciphering the commensal microbial gut community and its inter-
action with the host (Human Microbiome Project Consortium 2012).

The association between microbes and healthy aging was first documented by
Elie Metchnikoff (Bischoff 2016). With advancement in age, the GM is modulated
with regard to its constitution and functionality (Tiihonen et al. 2010). A large body
of evidence supports the significance of a favorable GM behind healthy aging, and
any physiological function alterations upon aging has the ability to influence the
composition and activities of microbial species inhabiting GM (Kumar et al. 2016).
Maintaining a healthy living style and intake of nutritional diet has been considered
beneficial for healthy aging (Choi and Lee 2016). Diet plays a chief role in articu-
lating the chemostatic niche of the gut. Recently, various processes undertaken
during food processing and preservation have manifested microbiome alteration
imparting harmful health consequences, particularly in elderly population (Cotillard
et al. 2013; Keenan et al. 2015). Alterations in physiological parameters like appetite
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reduction, masticatory abnormalities, and constipation have been associated with
advancing age (Candela et al. 2014).

Intake of a healthy diet is the major imperative factor influencing host nutrition
and metabolism. A well-balanced diet is a prerequisite to maintaining healthy aging.
Diet enriched with high fat alters the homeostasis, metabolism, and gut commensal
microflora. Evidences suggest that, high-fat diet (HFD) may lead to the development
of a wide array of health impediments such as obesity (Black et al. 2013), inflam-
matory diseases such as colitis (Ananthakrishnan et al. 2014), gut dysbiosis (Agus
et al. 2016), and intestinal gut barrier impairment (Rohr et al. 2020). The present
chapter highlights the impact of long- and short-chain fatty acids on GM in amelio-
rating various gastrointestinal complications/gut dysbiosis.

8.2 Role of Long- and Short-Chain Fatty Acids

Long-chain fatty acids (LCFAs), omega fatty acids (OFAs), also known as polyun-
saturated fatty acids (PUFAs), and essential fatty acids through fish oil have been
documented to have a wide spectrum of health benefits such as in cardiovascular
disease (Mozaffarian and Wu 2011; Schunck et al. 2018), neurological disorders
(Stavrinou et al. 2020), pregnancy (Shrestha et al. 2020; Carlson et al. 2013), infant
growth (Derbyshire 2018; Lauritzen et al. 2016), aging (Stavrinou et al. 2020), and
inflammatory diseases (Simopoulos 2002; Innes and Calder 2018; Calder 2017). In
the recent past, evidences support that, PUFAs play a pivotal role in maintaining the
harmony of GM and gut homeostasis. Diet enriched with PUFAs promotes the
growth and maintenance of a healthy bacterial community in the intestine and
influences the GM to synthesize biologically important metabolites, which helps in
amelioration of the complications in both in vitro and in vivo conditions. The above
evidences suggest that, GMwith supplementation of PUFA enriched diet embodies a
new target for personalized therapeutic management for attenuating various
age-linked gastrointestinal ailments. Furthermore, it may also serve as an ancillary
platform for potential clinical implications in the development of targeted treatments
associated with GIS.

Unlike LCFAs, short-chain fatty acids (SCFAs) specifically propionate, acetate,
and butyrate, are synthesized by the gut microbial community which participates in
multifaceted functions like maintaining low pH environment, augmenting nutrient
absorption, nurturing the development of advantageous bacterial ecosystem, migra-
tion of mucosal cells, managing gut barrier integrity, thereby aiding in gut homeo-
stasis with advancing age (Nagpal et al. 2018). Influences of SCFAs are confined not
only to the intestines but also to distant tissues (Milligan et al. 2017). They are also
gifted with anti-inflammatory and antineoplastic functions. SCFAs can maintain the
epithelial barrier integrity by regulating the levels of tight junction proteins, the
reduction of which would assist bacterial translocation and lipopolysaccharides to
stimulate inflammation (Wang et al. 2012; Feng et al. 2018). In addition, SCFAs
inhibit histone deacetylases (HDACs) that are associated with the regulation of
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genes responsible for promoting pathogenesis in various ailments. HDACs
upregulation leads to decline in histone acetylation and finally results in gene
silencing (Ratajczak et al. 2019). Higher levels of SCFAs, on the other hand, have
been reported to display toxic effects on certain beneficial species of the
GM. Among the SCFAs, butyrate is the chief energy source for the colonocytes
and thereby responsible for maintaining colon health (van der Beek et al. 2017).
Endowed with this vast range of activities, SCFAs combat against intestinal ailments
including colorectal cancer, Crohn’s disease, and ulcerative colitis (Shao et al. 2019;
Neurath 2020).

8.3 Alterations in the Gut Ecosystem

Commensal microorganisms are believed to colonize in humans from birth and their
composition is influenced by course of birth. Infants delivered through vaginal route
harbors a large population of Lactobacilli (Avershina et al. 2014; Aagaard et al.
2012). Conversely, birth by C-section results in fewer and late colonization of
Bacteroides genus and Clostridium species, respectively (Jakobsson et al. 2014).
Within a year, the microbial community gets diversified and the compositions are
unique to each infant (Palmer et al. 2007). The microbial population pattern resem-
bles the adult microbiota by 2.5 years of age (Rodriguez et al. 2015; Koenig et al.
2011). As age advances, shaping of microbial population in general and gut in
particular is influenced by various factors such as gender, age, diet, stress, antibiotic
therapy, and environmental conditions (Donaldson et al. 2016).

Microflora in the small intestine are predominantly anaerobic in nature and small
intestine consists of 107–108 bacterial cells, whereas, the large intestine constitutes
1010–1011 cells per mL (Lloyd-Price et al. 2016; Sekirov et al. 2010; Lecocq et al.
2013). It comprises three predominant phyla, namely Bacteroidetes (Prevotella and
Porpyromonas) (9–42%), Firmicutes (Eubacteria, Clostridium, and Ruminococcus)
(30–52%), and Actinobacteria (Bifidobacterium) (1–13%) and in which 2% is
composed of phylum Lactobacillae (Enterobacteria and Streptococci) (Bourlioux
et al. 2003; Rajoka et al. 2017). In older adults, a significant increment in
Bacteroidetes phyla and Clostridium cluster IV is more prevalent (Vemuri et al.
2019). Owing to the enormous gut microbial diversity, these commensals deliver
protection against pathogenic microorganisms, maintain mucosal barrier integrity,
and supply nutrients such as vitamins during the course of aging. In addition, the
interface between commensal microbiota and the mucosal immune system is a
prerequisite for smooth working of the immune system (Claesson et al. 2011).

124 S. Anand et al.



8.4 Impact of Fatty Acids on Gut Microbiome

8.4.1 Effect on Immune System

Intestinal immunity is influenced by dietary intake and gut microbial community.
Healthy lipids produce immunoprotective metabolites and enzymes which support
the GM and the host to regulate various ailments such as allergy, infection, and
inflammation. Intake of a diet enriched with n-3 fatty acid in BALB/c mice (5 months
old) modulated GM by resulting in a remarkable increment in the microbial com-
position of Blautia, Oscillibacter, Clostridales, Robinsoniella, Lactococcus, and
Eubacterium and significant alleviation in the number of Lachnospiraceae,
Anaerotruncus, and Roseburia members. In colon and spleen tissue, altered micro-
bial composition augmented the production of IL-10, an anti-inflammatory cytokine
and protected against peanut oral allergy with minor alterations in the serological
parameters (Myles et al. 2014). Excessive multiplication of invariant natural killer T
cells is inhibited in the colon by means of intestinal Bacteroides fragilis-derived
from glycosphingolipids and confers protection from cell-mediated, oxazolone-
induced colitis in neonatal mice (An et al. 2014). 17,18-epoxyeicostetraenoic acid
(17,18-EpETE), an anti-allergic metabolite, synthesized from alpha-linolenic acid
(ALA) metabolism mitigated allergic diarrhea in the mice gut supplemented with a
ALA-enriched diet (Kunisawa et al. 2015).

In 2018, Ohue-Kitano et al. (2018) for the first time reported that, G protein-
coupled receptor 40 and PPAR-g play a pivotal role in anti-inflammatory M2
macrophage differentiation by the influence of gut lactic acid bacteria-derived
ALA metabolites such as 13-oxo-9(Z),15(Z)-octadecadienoic acid (13-oxo) and
13-hydroxy9(Z),15(Z)-octadecadienoic acid (13-OH) in male C57BL/6 mice. In
another study, intestinal gut microbe-derived butyrate, remarkably increased anti-
inflammatory M2 macrophage, M2 macrophage-associated protein, Arg1 protein
expression, and promoted M2 macrophage polarization in mice with dextran sulfate
sodium (DSS)-induced colitis. M2 macrophage significantly reduced intestinal
inflammation and encouraged wound healing. After treatment with the butyrate,
colons expressed increased levels of Arg1 protein, reduced levels of mucosal injury,
pro-inflammatory cytokines including IL-6, IL-1β, and TNF-α in the serum com-
pared to control mice (Ji et al. 2016). In a similar study, 10-hydroxy-cis-12-
octadecenoic acid (HYA), a derivative of linoleic acid and synthesized by the gut
microbes reduced epithelial barrier impairment in Caco-2 cells and ameliorated gut
inflammation in DSS-induced colitis in mice (Miyamoto et al. 2015).

Experiments conducted by Souza et al. (2020) on male Nile tilapia fish fed with
alga (1.2% Schizochytrium sp.) for 105 days led to a significant enhancement in the
microbial community of Bacillus, Alphaproteobacteria, Betaproteobacteria, and
Gammaproteobacteria (Proteobacteria), whereas, Erysipelotrichia, Negativicutes,
Bacteroidia, and Caldilineae were dominant in the GM of the control group. Further,
a superficial decrease in lymphocyte count and white blood corpuscles was evident.
Overall, these results suggest that, algal diet apparently modulates the gut
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immunosystem in male Nile tilapia fish without disturbing the overall structure and
integrity of the intestinal villi. A bioactive PUFA, 10-oxo-trans-11-octadecenoic
acid (KetoC) significantly inhibited NF-κB signalling pathway, pro-inflammatory
markers such as TNFα, IL-6, and IL-1β via NF-κB p65 through GPR120 receptor
and demonstrated anti-inflammatory property in RAW 264.7 cells stimulated with
Porphyromonas gingivalis lipopolysaccharide (Sulijaya et al. 2018).

8.4.2 Effect on Gut Ecosystem

Supplementation of 600 mg of omega-3 PUFA for 2 weeks in healthy 45-year-old
individuals exhibited a reduction in Faecalibacterium genus, increase in
Coprococcus, Ruminococcus, Roseburia, Blautia, Roseburia eubacterium rectale,
and Subdoligranulum genera (Noriega et al. 2016). In 2012, Liu et al. (2012))
reported that, diet enriched with SCFAs and Omega-6 PUFAs for 14 weeks signif-
icantly reduced the proportion of Bacteroidetes phylum, Porphyromonadaceae, and
Lachnospiraceae in wild-type rats compared to n-3 PUFA diet. Results from the
studies with milk, lard fat, or PUFAs (38% fat) diet for 3 weeks in C57BL/6 germ-
free mice suggested that, milk fat favors the growth of sulfite-reducing bacteria,
Bilophila genus of Proteobacteria phylum. However, PUFAs augmented
Bacteroidetes phylum, and lowered the abundance of Firmicutes (Devkota et al.
2012).

In a double-blinded randomized crossover clinical study, named as COMIT
(Canola Oil Multicenter Intervention Trial), the effect of supplementation of 60 g
of one of the following five different unsaturated dietary oils: DHA-enriched high
oleic canola oil (37.95 g oleic acid and 3.48 g DHA/60 g oil), conventional canola oil
(35.17 g oleic acid/60 g oil), high oleic canola oil (42.88 g oleic acid/60 g oil), a
blend of 60:40 flax/safflower (22.48 g linolenic acid and 19.19 g ALA/60 g oil), and
a blend of 25:75 corn/safflower oil (41.61 g linolenic acid/60 g oil) for 30 days on
GM were evaluated in 25 volunteers with a risk of metabolic syndrome. Findings
displayed variations in GM at the genus level rather than the phylum level. High
oleic canola oil revealed maximum level of Faecalibacterium among all other oils
that were tested. Conversely, the lowest level was evident in high oleic canola oil
enriched with DHA. Evaluation between canola and canola/DHA indicated that
canola was linked to Coprobacillus and Blautia, whereas DHA fortified with canola
oil was connected with the family Lachnospiraceae of the phylum Firmicutes.
Instead, the comparison between all the canola oils and the PUFA-rich oils (i.e.,
corn/safflower and flax/safflower) exposed a correlation between the genera
Parabacteroidetes, Turicibacter, Enterobacteriaceae, and Prevotella family with the
first group versus Isobaculum genus, associated with the second group. The authors
further speculated that, differences in the distribution of GM between canola and
DHA enriched with canola oil could be attributed to an interaction between the GM-
and DHA-derived metabolites (Pu et al. 2016).
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Kaliannan et al. (2015) demonstrated that, ratio of n-6/n-3 PUFA in the tissues
influenced GM profile. A high tissue n-6/n-3 PUFA ratio has the ability to augment
the proportions of lipopolysaccharides (LPS)-producing and/or pro-inflammatory
bacteria such as of the phylum Proteobacteria and decrease those of LPS-suppressing
and/or anti-inflammatory bacteria including Bifidobacterium, Lactobacillus (primar-
ily L gasseri), Akkermansia muciniphila, Clostridium clusters IV, XIVa, and Entero-
coccus faecium. In contrast, low n-6/n-3 PUFA ratio exhibited the opposite effect.
Impact of dietary ALA on the gut microbiome was studied in adult C57BL/6 J mice
for 4 weeks. Microbial composition in the intestine indicated that, diet enriched with
ALA remarkably increased the abundance of Prevotella and Parabacteroides. Con-
versely, a significant reduction in Firmicutes phylum such as Lactobacillus, Clos-
tridium cluster XIVa, Lachnospiraceae, and Streptococcus were observed compared
to the control diet (Todorov et al. 2020).

Dietary intake of Cucumis melo var. agrestis seed oil for six weeks has signifi-
cantly amplified the synthesis of fecal SCFAs and reduced plasma cholesterol levels
in hypercholesterolemic hamsters. Further, it enhanced the abundance of
Streptococcaceae, Eubacteriaceae, Ruminococcaceae,
Clostridiales_vadinBB60_group, and Desulfovibrionaceae family in the intestine
(Hao et al. 2020). Impact of HFD-PUFA (mixture of fish oil and safflower oil) and
standard nutritional therapy was evaluated in a randomized control study on 16 pre-
mature infants with enterostomy. Results revealed differences in the composition of
intestinal microbiota in treated and control groups. Reduction in the population of
Streptococcus, Clostridium, and many pathogenic genera within the
Enterobacteriaceae family in the treated group was evident. Presence of E. coli,
Pantoea, Serratia, and Citrobacter was documented in the control group. Neverthe-
less, these pathogenic bacteria were not reported in the treated group (Younge et al.
2017).

Sea buckthorn seed oil alleviated the population of SCFA-producing bacteria
such as Bacteroidales_S24-7_group, Ruminococcaceae, and Eubacteriaceae and
also enhanced blood cholesterol levels in hypercholesterolemia hamsters (Hao et al.
2019). Influence of high-saturated fat diet (HFD) and its supplementation with a
commercial fish oil (HFO) on lipid profile, GM and blood glucose level was studied
in zebrafish adults. In all the experimental groups (control, HFD, HFO), relative
copiousness in the phyla of Fusobacteria, Proteobacteria, Cyanobacteria, and
Tenericutes was observed. In HFD group, the body lipid profile, population of
Pseudomonas and Acinetobacter were elevated while Tenericutes exhibited decre-
ment. Contrastingly, a remarkable decrease in body lipid profile, blood glucose
level, Pseudomonas and Acinetobacter population and increase in Tenericutes
ck1c4-19 was noticed. Overall these results suggest that, fish oil supplementation
alleviates the effect of high-saturated fat diet in zebrafish adults (Arias-Jayo et al.
2019).
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8.4.3 Effect on Gut Inflammatory Diseases

Disruption of intestinal tight junction barrier function, intense infiltration of inflam-
matory cells, and intestinal mucosal injury are influenced by increase in the com-
munity of E. coli, Clostridium spp., and decrease in Lactobacillus and Bacteroides
spp., in intestinal allografted CR rat. However, dietary intake of fish oil remarkably
enhanced the population of Lactobacillales spp. and reduced the abundance of
Clostridium, E. coli, and Bacteroides spp., respectively. Furthermore, fish oil ame-
liorated inflammation, reduced mucosal injury, and restored epithelial integrity and
intestinal tight junction barrier function (Li et al. 2011). In a two rat cohort study,
Acorn-fed ham animals promoted the growth of a plethora of gut bacteria having
anti-inflammatory properties such as Blautia, Dorea, Parasutterella, Bilophila,
Parabacteroides, Alistipes, and others such as Bacteroides, Butyricimonas, Staph-
ylococcus, Enterococcus, Absiella, and Phascolarctobacterium. It reduced the pro-
portion of Prevotella, Mucispirillum, Lactobacillus, Clostridium,
Lachnoanaerobaculum, Ruminococcus, Oscillibacter, and Desulfovibrio. Further-
more, oleic acid in acorn-fed ham diet displayed anti-inflammatory property and
presented a protective role by effectively mitigating the symptoms of ulcerative
colitis, compared to the rats kept on diet enriched with conventional vegetable rat
feed (Fernandez et al. 2020).

In a 6-week randomized control study, the impact of omega-3 fatty acid, probiotic
(VSL#3), and a mixture of omega-3 and probiotic on blood lipids, insulin sensitivity,
and inflammation was investigated in 60 overweight (BMI > 25), 40–60 years old
healthy adults. Results indicated that, groups supplemented with omega-3 fatty acid
and VSL#3 had a profound impact on HDL, insulin sensitivity, and C-reactive
protein. Decrease in the level of inflammatory markers such as pro-inflammatory
cytokines, IL-1β, TNF-α, and IL-6 was observed. Further, it increased the population
of Bifidobacteria, Lactobacillus, and Streptococcus in the intestine (Rajkumar et al.
2014). In another study, diet enriched with omega-6 fatty acids resulted in elevated
metabolic endotoxemia and systemic low-grade inflammation. Nevertheless, trans-
genic conversion of tissue from omega-6 to omega-3 fatty acids significantly
increased intestinal alkaline phosphatase enzyme. This resulted in alteration in the
GM composition resulting in alleviated growth of lipopolysaccharide-producing
E. coli and Gram-negative bacteria and increase in lipopolysaccharide-suppressing
and/or anti-inflammatory bacteria such as Bifidobacterium. A significant reduction in
decreased metabolic endotoxemia and inflammation was evident (Kaliannan et al.
2015).

In a pilot study, supplementation of eicosapentaenoic acid (EPA) as free fatty acid
(FFA) at 2 g/daily for 90 days increased the abundance of Porphyromonadaceae and
decreased Ruminococcaceae in the feces. Further, it attenuated the population of
mucosal-adherent members of the Bacteroidaceae, inflammation, and increased the
goblet cell population in ulcerative colitis patients (Prossomariti et al. 2017). In
2015, Caesar et al. (2015)) reported that, dietary intake of lard oil for 11 weeks
induced the activation of Toll-like Receptor (TLR) such as TLR2 and TLR4,
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promoted gut microbiota-induced white adipose tissue (WAT) inflammation by
recruitment of CD45+ cells and reduced insulin sensitivity in mice. In addition,
increase in the expression of genes for CCL2, a chemokine mediator for accumula-
tion of macrophage during WAT inflammation was observed in lard fed than fish
oil-fed mice. Furthermore, lard oil increased the microbial population of the genera
Bacteroides, Turicibacter, and Bilophila. Contrastingly, fish oil reduced inflamma-
tion and significantly increased the microbial diversity of Actinobacteria
(Bifidobacterium and Adlercreutzia), lactic acid bacteria (Lactobacillus and Strep-
tococcus), alpha-, and delta-proteobacteria. Overall these results indicate that, lard
oil, enriched with saturated fatty acids promotes inflammation through gut microbial
interaction, whereas fish oil, rich in PUFAs alleviates the inflammation and modu-
lates the GM composition.

8.4.4 Effect on Obesity

Growing body of evidences on animal models suggest that, diet enriched with
medium chain fatty acids (MCFA) and PUFA has an impact on GM which further
influences obesity and associated etiologies. Zhou et al. (2017)) studied the effect of
high-fat diet (HFD) containing 20% (w/w) rapeseed oil in combination with MCFAs
(10–30%) in healthy male C57BL/6 J mice (7 weeks old) for a duration of 6 weeks.
Findings reported an increase in the population of Bacteroidetes, Allobaculum,
Lachnospiraceae, and decrease in Helicobacter spp. Proteobacteria. Furthermore,
30% (w/w) MCFA decreased the body weight and optimized the serum lipid profile
and liver triacylglycerol concentration. Gene expression levels for enzymes
encoding fatty acid degradation increased noticeably, whereas the enzymes for
fatty acid synthesis reduced significantly in the liver. Many studies have demon-
strated that, SCFA production favored the growth of Bifidobacterium,
Ruminococcaceae, and Lactobacillus which are linked with and are correlated in
reducing effects of obesity, type 2 diabetes mellitus, inflammatory bowel disease,
and cardiovascular diseases in the hosts (Zhang et al. 2015; Sanmiguel et al. 2015;
Ossa et al. 2018; Yang et al. 2019).

In a similar study, supplementation of HFD with different PUFA ratios (P/S), on
development of metabolic syndrome was studied in C57Bl/6 J mice for 8 weeks.
Results demonstrated that, saturated fat consisting of palm oil increased weight gain
and hepatic lipid accumulation than unsaturated fat diet consisting of olive oil and
safflower oil (Wit et al. 2012). An increase in the number of Bacteroidetes,
Bifidobacterium spp. (Actinobacteria), Enterobacteriales (Proteobacteria), Lactoba-
cillus spp. (Firmicutes), and reduction in Clostridial cluster XIVa (Firmicutes)
followed by decrease in weight gain was observed in 8-week-old healthy female
ICR Swiss mice, with HFD of n–3 PUFAs (EPA + DHA) for 19 weeks (Mujico et al.
2013). Ghosh et al. (2013)) in their studies highlighted that, n-6 PUFA-rich diets
caused dysbiosis, infiltration of inflammatory mediators, and weight gain. In
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contrast, fish oil enriched with n-3 PUFA reversed effects in aged mice and favored
regulatory T-cell recruitment.

Patterson et al. (2014) showed that, dietary saturated fatty acid (SFA) intake
(palm oil) for 16 weeks in C57BL/6 J mice resulted in increased body weight, body
fat mass specifically subcutaneous fat mass with a notable reduction in the
populations of Bacteroidetes at the phylum level compared to monounsaturated
fatty acid (MUFA, olive oil) and control (high maize starch) fed diet. Further,
fortification of PUFA-enriched diet (flaxseed/fish oil) remarkably enhanced the
intestinal population of Bifidobacterium at the genus level, EPA and DHA concen-
trations in the tissues. Overall, these results imply that, consumption of diet rich in
MUFA and PUFA is generally beneficial when compared to SFA. Maternal PUFA
production during gestation or lactation markedly reduced weight gain and markers
of metabolic disruption in male transgenic murine C57BL/6 WT offspring (4 weeks
old) fed with HFD. However, in female offsprings, maternal fatty acid status
revealed no alteration in terms of body weight. Decreased maternal n-3 PUFA
exposure led to reduced abundance of Epsilonproteobacteria, Bacteroides,
Akkermansia, and higher relative abundance of Clostridia (Robertson et al. 2018).

Dietary metabolism of PUFA by gut microflora resulted in 10-hydroxy-cis-12-
octadecenoic acid (HYA) production and attenuates HFD-induced obesity in mice
and improves glucose homeostasis through conversion of linoleic acid to HYA and
thus reducing the adipose inflammation. Further, HYA activates GPR40 and
GPR120 receptors and stimulates GLP-1 secretion promoting intestinal peristalsis,
thereby, suppressing lipid absorption (Miyamoto et al. 2019). Transplantation of n-3
PUFA altered GM of fat-1 mice to wild-type littermates protecting against obesity,
glucose intolerance, and hepatic steatosis (Bidu et al. 2018). In a parallel study,
Bacteroides population was significantly higher in male Sprague–Dawley rats,
supplemented with the combination of D-fagomine and n-3 PUFA or both for
23 weeks. However, Lactobacillales and Bifidobacteriales population were higher
in independent n-3 group and D-fagomine, respectively. Nevertheless, in control
group, populations of both the bacterial genera were significantly lower. Further-
more, complementary effects of D-fagomine and n-3 PUFAs in the rat intestinal tract
resulted in reduced weight gain, lowered the amount of acetic acid and total SCFAs
in the feces (Hereu et al. 2019).

8.4.5 Impact on Type 2 Diabetes Mellitus

Type 2 diabetes mellitus (T2DM) is a type of metabolic disorder, characterized by
deficiency of insulin hormone due to the non-functioning of beta cells of Langerhans
in the pancreas (Stumvoll et al. 2005). In a pilot randomized trial, 6 months intake of
100 g of sardines, 5 days/week in 35 drug naive type 2 diabetes patients resulted in
decrease in the phylum Firmicutes and increase in the abundance of E. coli in both
the control and sardine groups. However, in the sardine group, a decrease in
Firmicutes/Bacteroidetes ratio and high population of Bacteroides-Prevotella phyla
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was evident. Furthermore, in the control group, Firmicutes/Bacteroidetes ratio was
found to be reduced. In both the groups, glycemic control was not significant and
sardine group exhibited high omega-3 index, in relation to controls. Nevertheless,
sardine group revealed an increase in adiponectin levels in the plasma (Balfego et al.
2016). Overall Fig. 8.1 illustrates the influence of GM on various factors leading to
pathologies.

Supplementation of 36 g/kg EPA for 11 weeks in male C57BL/6 J mice prevented
saturated fat-induced insulin resistance and reversed inflammatory conditions in the
adipose tissue (Kalupahana et al. 2010). In a randomized controlled trial, a study
group with supplementation of omega-3 fatty acid increased insulin sensitivity and
reduced inflammation, whereas, GM was not affected. However, the population of
total aerobes, total anaerobes, Lactobacillus, bifidobacteria, and Streptococcus was
abundantly present in the probiotic group and probiotic supplemented with omega-3
supplemented groups. Significant improvement in high-density lipoprotein, insulin
sensitivity, and inflammation attenuation was observed in probiotic fortified with
omega-3 fatty acid group than probiotic alone (Rajkumar et al. 2014). Intake of diet
enriched with flaxseed oil attenuated T2DM, inflammation in male Sprague-Dawley
rats through a remarkable reduction in fasting blood glucose level, glycated hemo-
globin, blood lipid, and plasma lipopolysaccharide than control and corn oil-treated
groups. Metabolites synthesized by GM namely acetic acid, propionic acid, butyric
acid, and populations of Bacteroidetes and Alistipes were significantly elevated in
flaxseed oil-treated rats. Furthermore, pro-inflammatory markers such as IL-1β,

Fig. 8.1 Diagrammatic representation of human gut microbiome and its therapeutic relation
relation with diabetes, obesity and inflammation
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IL-6, IL-17A, TNF-α, and malondialdehyde were reduced compared to other exper-
imental groups (Zhu et al. 2020). Table 8.1 depicts the updated findings in relation to
the influence of fatty acids on animal and human GM.

8.5 Dietary Fats–Gut Microbiota: Brain Communication

Dietary habits as well as dietary constituents are considered to be the most powerful
factors influencing brain health. Although this concept is well recognized as
longstanding fact, it is only made possible by the understanding of the gut–brain
reciprocal talk and the molecular machinery underlying the beneficial impact of
several dietary nutrients on neurological disorders. Several findings have
documented a strong correlation between dietary lipids, their derivatives and
improper lipid metabolism, and the susceptibility and pathogenesis to brain diseases.
A growing body of literature in the recent decade has begun to explore the chief role
of these in numerous bacterial populations dwelling in the gut, and also to decipher
the interplay between dietary fatty acids, gut microbiome, and neurodegenerative
diseases. Several findings have documented that the dynamic gut–brain communi-
cation is orchestrated through multifarious communication pathways that include
autonomic nervous system, enteric nervous system, immune system, and the
hypothalamic–pituitary–adrenal axis of the endocrine system (Lynch and Pedersen
2016). Secretion of various hormones by the enteroendocrine cells namely chole-
cystokinin, peptide-YY, serotonin, and glucagon-like peptide have been found to
influence appetite, metabolism, and nutrient absorption (Marrone and Coccurello
2019). Therefore, the gut–brain axis assimilates neuronal, hormonal, and immune
signals wherein the microbial population along with the dietary fatty acids impacts
the brain.

8.6 Conclusion

Interaction between the gut microbiome and humans has evolved for ages. Assembly
of diversed gut microbiome at early stage of life is now considered crucial for a
healthy life. In the recent past, several attempts have been made to delineate the gut
microbiome composition and its influence on gut immunity and various pathophys-
iological disease conditions. Intake of diet enriched with fatty acids such as SCFA
and PUFAs help in the synthesis of mediators and derivatives to counteract the
dysbiosis and aids in the modulation of obesity, insulin resistance, and inflammation
in the gut. Further, it embraces an ancillary therapeutic platform for resolving and
restoring the gut immunity and altered gut microbial community. Although com-
prehensive research on dosage of fatty acids has been conducted so far, animal
studies and clinical trials are much warranted to establish these evidences leading to
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Table 8.1 Influence of Omega fatty acids on animal and human gut microbiota

Host Diet Main outcome References

Imprinting
Control Region
mice

Natural saline group, high-
dose fish oil group (10 mg/
kg), and low dose fish oil
group (5 mg/kg) for 2 weeks

Decrease in Firmicutes phy-
lum, Helicobacter,
Uncultured bacterium clone
WD2_aaf07d12 (GenBank:
EU511712.1), Clostridiales,
Sphingomonadales,
Pseudomonas

Yu et al.
(2014)

C57BL/6 mice Corn oil diet or corn oil + fish
oil diet for 5 weeks

Corn oil increased the popu-
lation of Enterobacteriaceae
family Fish oil diet enriched
microbiota with Lactobacil-
lus and Bifidobacteria genera
of Firmicutes phylum

Ghosh et al.
(2013)

C57Bl/6 Wild-
type germ free
mice

High fat diet (45%) for fish oil
or lard

Increased levels of Lactoba-
cillus genera and
Akkermansia muciniphila
species with fish oil and lard
diet increased levels of
Bilophila genus of
Proteobacteria phylum

Caesar et al.
(2015)

C57BL/6 and
Resisting-like
molecule
knockout mice

High-fat diet (45% fat) for
21 weeks

Decrease in Bacteroidetes
phylum and an increase in
both Firmicutes and
Proteobacteria phyla

Hildebrandt
et al. (2009)

Pig 6.0% soybean oil (SBO),
6.0% palm oil (PO), and 7.5%
encapsulated palm oil (EPO,
contains 80% palm oil)

Diet with PO, increased
abundance of Proteobacteria
and decreased Firmicutes
Diet with EPO and SBO
decreased abundances of
Proteobacteria and increased
abundance of Firmicutes

Yang et al.
(2019)

Pregnant
women

high intake of omega-3
PUFAs

Increased level of
F. prausnitzii species and a
lower abundance of
Bacteroides genera

Mokkala
et al. (2016)

Male C57BL/
6NCrl mice/6
mice

HFD (60% of fat) or high-
carbohydrate (11% of fat) for
12 weeks

HFD diet increased
Firmicutes and decreased
Bacteroidetes

Daniel et al.
(2014)

Drug-naive
patients with
type 2 diabetes

Standard diet (control group:
CG), or a standard diet
enriched with 100 g of sar-
dines 5 days a week (sardine
group: SG) for 6 months

Decreased phylum Firmicutes
and increased E. coli popula-
tion observed in both the
groups
SG decreased Firmicutes/
Bacteroidetes and increased
Bacteroides-Prevotella

Balfego
et al. (2016)

Healthy volun-
teers aged
�50 years, male
and female

4 g daily mixed EPA/DHA for
8 weeks

Reversible increase in
Bifidobacterium,
Oscillospira, Roseburia and
Lachnospira, Lactobacillus

Watson
et al. (2018)

(continued)
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a therapeutic strategy in relation to short- and long-chain fatty acids maintaining a
healthy gut ecosystem.
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Chapter 9
Role of Short-Chain Fatty Acids from Gut
Microbiota in Neuroendocrine Pathogenesis
Management

Neha Sahu, Prabhat Upadhyay, and Sunil Kumar Mishra

Abstract Short-chain fatty acids (SCFAs) are important beneficial molecules pro-
duced as a result of microbial fermentation and are currently researched for their
action against various diseases such as cancer and diabetes. Dietary fibers (DF) are a
major source of SCFA. DF affects gut microbial composition which eventually
stimulates the microbial metabolite production, i.e., SCFAs. Soluble DFs (pectin,
inulin, arabinoxylan, and hemicellulose) are rich sources of SCFAs. 90–95% of
SCFAs present in the colon constitutes acetic acid, propionic acid, and butyric acid.
Among these, butyrate has been the most potent showing effects against colon
cancer. These data suggest that the antiproliferative, apoptotic, and differentiating
properties of the various SCFAs are linked to the degree of induced histone
hyperacetylation, miRNA-106b regulation, histone deacetylation, and p21 gene
regulation. SCFA also modulates hunger, inflammation, and is potentially linked
with the maintenance of type 2 diabetes. The mode of action of SCFAs involves
various mechanisms such as regulation of GPCR receptors, inhibition of histone
deacetylase (HDAC), and secretion of gut hormones such as peptide YY (PYY) and
glucagon-like peptide 1 (GLP-1). The metabolites also cross the blood–brain barrier,
involve in neurogenesis, brain homeostasis, and synthesis of neurotransmitters
(serotonin). The chapter highlights the role of SCFAs as a critical factor in the
maintenance of gut and immune homeostasis. SCFAs with potential activity and vast
effects could prove to be the future target for therapy of diseases.

N. Sahu
Department of Botany, Govt Post Graduate College, Bina, India

P. Upadhyay (*)
Molecular Science Lab, National Institute of Immunology, New Delhi, India
e-mail: upadhyayprabhat@nii.ac.in

S. K. Mishra
Department of Pharmaceutical Engineering and Technology, Indian Institute of Technology
(Banaras Hindu University), Varanasi, India
e-mail: skmishra.phe@iitbhu.ac.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
A. K. Tripathi, M. Kotak (eds.), Gut Microbiome in Neurological Health
and Disorders, Nutritional Neurosciences,
https://doi.org/10.1007/978-981-19-4530-4_9

139

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-4530-4_9&domain=pdf
mailto:upadhyayprabhat@nii.ac.in
mailto:skmishra.phe@iitbhu.ac.in
https://doi.org/10.1007/978-981-19-4530-4_9#DOI


Keywords Dietary fibers · Gut hormones · Cancer · GLP-1 · Neurogenesis · ROS ·
MicroRNA

9.1 Introduction

Fats are categorized into different classes of compounds such as mono, di and tri-
glycerides, phosphatides, cerebrosides, sterols, terpenes, fatty alcohols, and fatty acids
(Fig. 9.1a). Structurally fatty acids (FA) are made up of long aliphatic chains consti-
tuting carbon, hydrogen, and oxygen, arranged in a linear manner. There are two types
of fatty acids (a) saturated FA containing no double bond and (b) unsaturated FA
containing one or more double bonds (Chow 2007). Fatty acids are the building blocks
of fats in the human body. They are a source of energy, and are part of cellular
machineries such as plasmamembrane and receptors. These fatty acids have been used
by mankind since ancient times as soap, detergents candles.

On the basis of the presence of number of double bonds, FA has been further
divided into two types, i.e., monounsaturated type where one double bond is found
and polyunsaturated type FA containing 2 or more double bonds. Both are abbrevi-
ated as MUFA and PUFA, respectively. Fatty acids are further categorized on the
basis of length of the carbon chain namely short, medium, long, and very long FAs
containing carbon chains C2–6, C8–14, C14–28, and C > 28, respectively
(Fig. 9.1b).

Among these, short-chain fatty acids (SCFAs) are basically saturated fatty acids.
These are formed by gut microbiota as a metabolic end-product of fermentation.
Their production in the gut microbiota is dependent on the nature of food intake.
SCFAs play a major role in gut health maintenance through different mechanisms
(Arango et al. 2003). In recent years, the importance of the SCFA in human well-
being has been discovered and many publications have highlighted its role against
different diseases such as cancer, diabetes, and inflammation (Martin-Gallausiaux
et al. 2021). Therefore, SCFAs have been the subject of numerous investigations

Fig. 9.1 (a) Diagrammatic representation of different types of fats. (b) Classification of fatty acids
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(Den Besten et al. 2013). In this book chapter, the effects and mode of action of
SCFAs on human health are discussed in detail.

9.2 Occurrence

The gut microbiota represents a rich population of microorganisms in the gastroin-
testinal tract of humans and other mammals. Most of the microbiota constitute a
bacterial population and a few strains of archaea, fungi, and protozoa, in a symbiotic
relationship with their host species. Gut microbiota protects the gut against infec-
tions, builds strong immunity, and plays a critical part in nutrient utilization and
metabolism (Brestoff and Artis 2013; Belkaid and Hand 2014; Bindels et al. 2015).
These have the ability to ferment residual carbohydrates and proteins of small
intestine during digestion. SCFAs are mainly produced by these microbiota (Ríos-
Covián et al. 2016). The proximal part of the colon is the main region where
microbial fermentation of residual oligo- and polysaccharides takes place. Gut
microbial composition fluctuates as a result of dietary changes which eventually
affects the microbial metabolite production (Den Besten et al. 2013). The major
source of SCFAs is dietary fiber (DF) as host enzymes in the upper gastrointestinal
tract are unable to perform degradation of DF. Therefore, DF reaches intact to the
colon, where gut microbiota through fermentation process (Fig. 9.2), produce a
number of metabolites, SCFAs being a major product (Bugaut 1987). Soluble
dietary fibers (pectin, inulin, arabinoxylan, and hemicellulose) are rich sources of
SCFAs.

Probiotics, as the name suggests, are live beneficial microorganisms specifically
bacteria and are administered in limited amounts to host for health benefits. The most
common beneficial bacteria used in probiotics are namely Lactobacilli and

Fig. 9.1 (continued)
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Bifidobacteria. Yogurt and lassi are Indian probiotics used by common people in
India. Probiotic food has the ability to increase SCFAs and hydration in the colon
(Sanders et al. 2019). Another term prebiotics are a class of nondigestible food
ingredient, which have the ability to promote the host health through nutrient
metabolism in gastrointestinal tract by stimulating the activity of beneficial bacteria
in the colon (Gibson and Roberfroid 1995). Prebiotics have been used to manipulate
microorganisms in the host to improve measurable health outcomes. The concept of
prebiotics has attracted a lot of attention in the field of gastrointestinal microbiology.

Both Probiotics and Prebiotics serve to increase the community of beneficial
microorganisms and their byproducts such as SCFAs in the host.

9.3 Chemistry of SCFAs

SCFAs (C2–C6) can be steam distilled at atmospheric pressure due to presence of a
simple short aliphatic chain hence called volatile fatty acids (VFAs). Majority of the
SCFAs are saturated but some of them are unsaturated too. These are water soluble
compared to other fatty acids with longer aliphatic chains (Chow 2007). SCFAs
backbone contain a carboxyl group (COOH) attached to chains of 1–5 additional

Fig. 9.2 Overview of SCFAs and their role
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carbons and is designated C2 (acetic acid), C3 (propionic acid), C4 (butyric acid), C5
(valeric acid), and C6 (caproic acid) (Enciu et al. 2018). SCFAs present in the colon
constitute acetic acid, propionic acid, and butyric acid. These are the most abundant,
representing 90–95% of SCFAs (Ríos-Covián et al. 2016).

9.4 Role of SCFA and Its Mode of Action in prognosis
of diseases

9.4.1 Anticancer Activity

SCFAs have been shown to be protective in regard to colon carcinogenesis. A study
focused on anticancer role of SCFA against human colon carcinoma (Hinnebusch
et al. 2002) showed that among all the SCFAs, butyrate (C4) is the most potent
followed by Propionate (C3) and valerate (C5) as potential anticancer agent. Buty-
rate exerts its cellular effects through induction of histone hyperacetylation, eventu-
ally activating the transcription of genes which caused growth arrest and
differentiation in human colon carcinoma. The link between SCFA and histones
was further supported by SCFA-induced transactivation of the differentiation marker
gene, intestinal alkaline phosphatase (IAP), which was blocked by histone
deacetylase (HDAC). Butyrate also enhanced cellular apoptosis. These data suggest
that the antiproliferative, apoptotic, and differentiating properties of the various
SCFAs are linked to the degree of induced histone hyperacetylation.

Yusuf et al. explored the potential relation between SCFA and the incidence of
colorectal cancer in patients. Results showed that the SCFA level is decreased
significantly in colorectal cancer patients compared to noncancerous patients
(Yusuf et al. 2019). A research by Khan et al. (2019)) revealed that SCFA induced
from edible mushroom profoundly improved the colon health by downregulating
oncogenic signalling molecules. The mechanism involved stimulation of G-protein-
coupled receptors accompanied by modulation of histone deacetylases. Addition-
ally, in another study by the same group, the extract of flower buds showed
antiproliferative activities against colon cancer by changes in gut microbiome. The
16S Sequencing data revealed a marked decrease in pathogenic bacteria, however, a
significant increase in SCFA-producing bacteria. These findings provide strong
evidence of the vital role of SCFA against cancer (Yang et al. 2020).

Majority of the study indicates that butyrate plays an important role in the cellular
differentiation of mucosal epithelial cells in colon further decreasing the chances of
colorectal cancer (Stein et al. 2000).

Butyrate had differential effects in colon cells at different stages of cancer
development (Fig. 9.3). The role of SCFA specifically butyrate in inducing
glutathione-S-transferase activity and reducing the risk of colon cancer has been
reviewed by (Scharlau et al. 2009). The chemopreventative effects of the SCFA
butyrate are, in part, mediated through induction of tumor suppressor genes, i.e., p21
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expression. Butyrate modulated expressions of MicroRNAs of cancerous cells. The
miRNAs are short noncoding RNAs that function in regulating the expression of
tumor suppressors genes or oncogenes and their expression alters significantly in
several tumor tissues and cancer cell lines, e.g., miR-106b (Sagar 2021). The
miR-106b directly targets genes involved in tumorigenesis, proliferation, invasion,
migration, and metastases. Butyrate-induced p21 protein expression was dampened
by treatment with a miR-106b mimic. It was concluded that SCFAs play part in the
prevention of carcinogenesis through modulation of miRNAs (Lee et al. 2011).

Further in a different study role of SCFA in modulating apoptosis, cell cycle,
intracellular redox state, and glucose metabolism was investigated in the Caco-2
human colon cancer cell line. Butyrate-induced apoptosis and G2-M arrest. SCFA
treatment led to reductions in glutathione availability and increase in levels of
reactive oxygen species (Matthews et al. 2012).

GPR43 is a GPCR receptor of SCFA and found in abundance in normal colon
tissues but was markedly reduced in most colon cancer tissues. Tang et al. (2011))
investigated the effect of SCFA against colon cancer by monitoring the expression of
GPR43. Result revealed loss of GPR43 in colon cancer cells, however, when treated
with SCFAs, restoration of GPR43 expression was observed. The increased GPR43
expression further increased apoptosis. In conclusion, GPR43 suppress tumor
through SCFA-induced apoptosis and cell growth arrest in colon cancer.

Research shows that the level of SCFA-producing bacteria was lower in the mice
suffering from colon cancer compared to healthy mice which suggest a decline in
SCFA level as well. After giving a high-fiber diet to mice with colon cancer, SCFA-
producing bacteria as well as SCFA levels were increased. Remarkably, an increase

Fig. 9.3 Mode of action of SCFAs as an anticancer agent
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in SCFA butyrate receptor and decrease in cancer tissue was observed (Bishehsari
et al. 2018).

Some carbohydrates, e.g., Inulin-type fructans promote microbial production of
SCFA, which further affects cancer cell proliferation in other organs of host. When
these inulin-type fructans were given as treatment to mice suffering from liver
cancer, it showed a reduction in inflammation and cancer cell growth possibly
through a cAMP level-dependent pathway. Furthermore, the activation of propionate
receptor GPR43 was also observed which reduces cancer growth. This was the first
report of the effect of SCFA transformed from nutrients against liver cancer (Bindels
et al. 2012).

Another role of SCFAs is in maintenance of the intestinal barrier by regulating
intestinal P-glycoprotein (P-gp) and breast cancer resistance protein (BCRP). Rats
treated with SCFAs showed reduced expression and function of intestinal P-gp, but
increased expression of intestinal BCRP. Butyrate exhibited the strongest induction
or inhibitory effect. In conclusion, SCFAs show contrasting results on intestinal P-gp
and BCRP (Qiu-shi et al. 2021). Further in breast cancer research, significant
changes in the interaction of intestinal flora were observed in premenopausal breast
cancer women when compared to healthy premenopausal women. In women suf-
fering from breast cancer, very low level of SCFA-producing bacteria and SCFA-
producing enzymes was observed. Moreover, the in vitro testing of propionate and
butyrate showed positive result to inhibit breast cancer cell growth (He et al. 2021).

9.4.2 Gut and Brain

Multiple modes decoded now (immunological, endocrine, neuronal, and so on)
through gut are involved in the communication of the brain and this happened due
to production of SCFAs by gut microbes. These pathways are now being explored by
researchers all over the world for pathophysiology of different neurological diseases
(Silva et al. 2020).

In a few years, through many studies it was found that the gut bacteria mediate the
level of neuronal transmitters (for example, γ-aminobutyric acid (GABA), gluta-
mate, oxytocin, dopamine, acetylcholine, and serotonin (5-hydroxytryptamine
(5-HT))). It has also shown that SCFAs cross the blood–brain barrier, increase
neurogenesis, improve neuronal homeostasis, and function and contribute to sero-
tonin biosynthesis. The level of these chemicals is mediated by the microbes through
the production of various short-chain fatty acids. These fatty acids influence symp-
toms of various neurological disorders like Alzheimer’s disease, Parkinson disease,
Autism spectrum and others (Chen et al. 2021).
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9.4.3 Diabetes

Diabetes is a metabolic disorder with abnormal glucose metabolism generating
various long-term complications (Cooper et al. 2001). Research shows that one of
the most prominent reasons for onset of diabetes is dietary changes. Recent research
has confirmed that, in diabetic patients, dietary fiber plays a positive role in manag-
ing plasma glucose and insulin and also shows hypocholesterolemic effect (Giacco
et al. 2002; Chandalia et al. 2000; Plazonić et al. 2009). A recent study by Reynolds
et al. (2020) examined the effect of dietary fiber intake on glucose levels in diabetes
patients and found a dose response relationships between dietary fiber and glucose
level. Often a high dietary fiber intake is responsible for changing the pH of gut and
eventually enhances the level of SCFA-producing microbiota in diabetic humans
(Zhao et al. 2018). The SCFAs produced by the microbiota are being studied with
respect to their effect against diabetic complications. Results revealed that SCFA
modulates hunger, inflammation, and is potentially linked with maintenance of type
2 diabetes. When a disease occurs, it affects the gut microbiota of the particular
patient, which further affects the SCFA levels.

The mode of action of SCFAs involve various mechanisms such as regulation of
GPCR receptors, inhibition of histone deacetylase (HDAC), and secretion of gut
hormones. Extensive research led to identification of four GPCR receptors of SCFA
namely GPR43, GPR41, GPR109A, and Olfr78 (Hwang et al. 2014). Among these
SCFA receptors, GPCR 41 and GPCR43, are specifically expressed by immune
cells, gut epithelia, and adipose tissue (Castro-Barquero et al. 2018). SCFA activates
these GPCRs, which further activate the production of immunity-related cytokines
such as IL-1, IL-6, and IL-12 (Kim et al. 2013). SCFA also follows another
mechanism that is independent of GPCR which means it can work on cells devoid
of GPCR. These molecules can pass through the cell using simple diffusion or carrier
proteins (Kim et al. 2015). Once inside the cell, these intracellular SCFAs inhibit the
HDACs as their main function is to regulate proteins, particularly histones. This
suggests that dietary fiber can produce a SCFA profile that could have anti-
inflammatory effects on the body. Moreover, SCFAs enhance important physiolog-
ical processes such as glycolysis and oxidative phosphorylation in actively dividing
lymphocytes throughout immune responses. In addition, SCFAs boost fatty acid
biogenesis, which is important for cell proliferation and differentiation (Lee et al.
2011; Kim 2018).

The maximum SCFA production takes place in the cells of distal region of colon.
Research by Larraufie et al. (2018) shows that propionate and butyrate strongly
increased the expression of appetite-suppressing molecules viz. gut hormones pep-
tide YY (PYY) and glucagon-like peptide 1 (GLP-1) in the same region suggesting a
strong correlation between PYY and GLP-1 production and SCFA. Both GLP-1 and
PYY have potential antidiabetic and anti-obesity effects (Fig. 9.4). GLP-1 stimulates
SCFA receptors eventually increasing insulin level and lowering glucagon level.
Psichas et al. (2015) examined the correlation of the PYY and GLP-1 with SCFA
receptors and free fatty acid receptor 2 (FFA2 also known as GPR43) present on
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cells of the colon using in vitro and in vivo mice models. Results revealed that
propionate remarkably enhanced the secretion of both PYY and GLP-1 in wild type.
However, in FFA2-deficient (FFA2�/�) mice no significant increase was observed.
Intra-colonic infusion of propionate elevated PYY and GLP-1 levels in jugular vein
plasma in rats and in portal vein plasma in both rats and mice. However, propionate
did not significantly stimulates gut hormone release in FFA2�/� mice indicating
that FFA2�/� deficiency in primary colonic cultures impairs GLP-1 secretion to
SCFAs (Tolhurst et al. 2012; Karaki et al. 2006; Christiansen et al. 2018). The above
findings were supported by the research of (Wang and Xie 2020) where probiotics
showed antidiabetic effect mediated by an increase in the production of SCFA-
producing bacteria and GLP-1. In conclusion, the available data clearly shows that
SCFAs are effective in treating diabetes through various mechanisms, e.g., stimu-
lating pancreas via a receptor on pancreatic cells.

9.4.4 Inflammatory Regulation

During inflammation, leukocytes from the bloodstream reach the location of injury
or inflammation. The recruitment of leukocytes involve a multistep process of

Fig. 9.4 Mode of action of SCFAs against diabetes
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transcription and translation of several proteins (Luster et al. 2005). SCFAs help in
the process by promoting the recruitment of circulating leukocytes to the inflamma-
tory site (Maslowski et al. 2009; Vinolo et al. 2011). SCFAs also promote cytokines
production such as TNF-α, IL-2, IL-6, IL-10, eicosanoids, and chemokines. In an
experiment where mice (exposed to dust mites) were administered with a high-fiber
diet showed lowered levels of inflammation in the lungs. Propionate treatment also
reduced dust mites-induced hepatic inflammation in wild-type and GPR43 receptor-
deficient mice (Maslowski et al. 2009). In summary, the above findings support the
positive role of SCFAs in the reduction of inflammation.

9.4.5 Gut Health

SCFA production by fermentation shows a considerable positive effect on gut health
of host. It could be due to a significant reduction in the pH value leading to a mildly
acidic condition in the proximal colon compared to distal region. Colonization of
pathogenic bacteria is inhibited in such mild acidic conditions, however, favors the
flourishing of SCFAs producing bacteria (Fattahi et al. 2020). SCFAs produced by
gut microbes have prominent effects on the metabolic activities of tissues outside of
the intestines, e.g., liver and adipose tissue through modulation of fat and carbohy-
drate homeostasis (Delzenne et al. 2011). SCFAs specifically acetate and butyrate
protect the gut epithelia by favoring mucus production and decreasing the interaction
with luminal microorganisms and toxins in the gastrointestinal tract (Allen et al.
2015).

9.5 Conclusion

SCFAs are the key metabolites that connect dietary fibers and gut microbiota to the
intestinal health. Fats or lipids are a class of macromolecules containing carboxylic
acids as a functional group at one end of the aliphatic chain. An alteration in both the
abundance and function of gut microorganisms (named dysbiosis) has now been
shown to be a trait that is common in multiple pathogenesis. Among SCFAs,
butyrate has been studied extensively owing to its potent activities against critical
diseases, e.g., cancer and diabetes. The report namely “Food, Nutrition and the
Prevention of Cancer: A Global Perspective” a new dimension of the field came
into view because the accumulated evidence was showing that cancer and diet were
strongly interrelated. SCFAs act as a ligand for its specific cell surface receptors such
as GPR41, GPR43, and GPR109A, and further activate and inhibit the intracellular
target proteins such as HDAC. The chapter highlights the role of SCFAs as a critical
factor in the maintenance of gut and immune homeostasis. SCFAs with potential
activity and vast effects, could prove to be the future target for therapy of diseases.
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Chapter 10
Potential Role of Probiotics on Gut
Microbiota in Neurological Disease

Jovel Varghese Jose and S. Aliya

Abstract Increasing research evidence cites that the gut microbiota and its compo-
sition in the gastrointestinal tract greatly influence the host’s physiological and
neuronal functions, immune and circulatory systems. A bidirectional communication
or cross-talk comprising the microbiome and host exists between the brain and
intestinal microbiota called microbiota-gut-brain (MGB) axis and neurological dis-
eases have been thought to progress via the same. It serves various functions such as
the production of neurons and neurotransmitters, maintenance of neuroendocrine
system and also controls our response to stress and memorization. Any dysfunction
in the axis impacts an individual’s behavior and disease pathogenesis eventually
affecting the central nervous system. Pre-clinical and clinical data of microbiota-
directed therapies using probiotics which are non-pathogenic live microorganisms,
showed a significant association of gut microbiome dysbiosis and its increasing
potential on the development of mental disorders in a host. Animal model studies
have elucidated the significance of MGB axis though in humans, more substantial
evidence is required. This chapter primarily outlines the associated benefits of the
gut-microbiota axis and how a dysbiosis affecting the same is capable of triggering
neurological disorders, often causing a defective development in brain function and
molecular mechanisms of the gut-brain axis. A paradigmatic shift with the focus on
microbiota-targeted therapy involving the modification of an individual’s gut
microbiome with the aid of probiotics offers promising future prospects.
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10.1 Introduction

The gastrointestinal (GI) tract’s surface epithelium covers 32 m2 and stretches over
5 m in length (Helander and Fändriks 2014), anatomically GI organs are mesentery
sectioned with each organ being composed of the mucosa, submucosa, muscular
layer, and serosa. A pathogenic microorganism is an infectious, disease-causing
agent which in the case of neurological disorders, negatively impacts the functioning
of brain inducing both neurological and mental defects. Infectious diseases like HIV
(caused by human immuno-deficiency virus) and Lyme disease (caused by Borrelia
burgdorferi) can cause serious psychiatric and neurodegenerative effects on the host.
Also in late stages of the parasitic infection, brain toxoplasmosis (triggered by
Toxoplasma gondii) has indicated a possible link leading to a suicidal nature
(Coccaro et al. 2016). These expressions of neurological infectious diseases are
caused by the direct hindrance of neurotransmitter signaling by pathogens. Charac-
terization of the gut microbiome has revolutionized our perception of gastrointestinal
and metabolic processes. All bacteria are not pathogenic invaders, instead may have
a potential function in maintaining immunity and homeostasis, this notion has
impacted a major shift in neuroscience and neuropsychiatric research. The gastroin-
testinal (GI) microbiome is a distinctive assortment of commensal microorganisms
inhabiting in diverse niches in the GI tract which substantially help both in the
advancement and improvement of psychiatric and neurological disorders.

Probiotic microorganisms belong to diverse groups and play multiple roles for
example short-chain fatty acid (SCFA) production, ferment undigested carbohy-
drates, synthesize vitamins and metabolites (Quigley 2013). Gestational age, deliv-
ery mode, diet, and antibiotic exposure regulate the influence the composition in
gastrointestinal colonization by microorganisms (Fouhy et al. 2012). The important
potential phyla present in human gut are Bacteroides and firmicutes (Bäckhed 2011).
The other beneficial and opportunistic bacterial gut flora including Lactobacillus sp.,
Bifidobacterium sp., Propionobacteria, Enterococci, Peptostreptococci, etc. are a
beneficial group but those such as Actinobacteria, Bacteroides sp., Clostridia,
Peptococci, Enterobacteria, Streptococci, Staphylococci, and yeasts are of the
opportunistic group (Joshi et al. 2018). The MGB axis is referred to as a bidirectional
system of communication by the gut microbiome with the central nervous system
(CNS) sending signals to the brain and vice versa (Fung et al. 2017). Behavioral
factors like stress accelerate the corticotrophin-releasing hormone production in the
hypothalamus, further activating the hypothalamic–pituitary–adrenal (HPA) axis
(Belmaker and Agam 2008). The synthesis of neuroactive metabolic molecules by
gut microbiota modulates the pathogenesis of several neurological diseases such as
amyotrophic lateral sclerosis, Parkinson’s disease, multiple sclerosis, etc. (Girolamo
et al. 2017). This chapter focuses on the cross-talk-mediated signaling of gut
microbiota to the brain that impacts its functional development, summarizes the
involvement of the gut-intestinal microbiota in the progression of neuropsychiatric
disorders while making remarks on the potential therapeutic benefits of probiotics
particularly in their actions against neurological disorders.
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10.2 Microbiome-Gut-Brain Axis: A Bi-directional
Communication System

10.2.1 Role and Developmental Role and Mechanism
of Action of Gut-Brain Axis

The early life microbial colonization in an individual right after birth proceeds
through a rapid development of unique site-specific microbial niches, and change
in the microbiota composition from primitive in earlier life to mature form
(Dominguez-Bello et al. 2016). “Barker Hypothesis” (1993) stated that the devel-
opment of a fetus and its sensitivity to neurological and metabolic diseases is
substantially affected by its intrauterine habitat in life. The GI tract instantaneously
develops and facilitates for the colonization of microbiota. The pathogen Campylo-
bacter jejuni stimulates behavioral abnormalities in early life, decreased motor
function and increased anxiety (Forsythe et al. 2010). DNA methylation due to
prenatal stress affects functional advancement of the HPA axis leading to hypersen-
sitivity and glucocorticoids hypersecretion also decreased the binding capacity of the
hippocampal glucocorticoid receptor (Murgatroyd et al. 2009). The cholinergic
signaling synchronized with the HPA axis blocking nicotinic and muscarinic recep-
tors causes the defect in barrier function which prevents an increase in macromo-
lecular permeability (Gareau et al. 2007). Development in the womb is initially
established and continued after the birth period but the emotions and storage of
memories are controlled by the limbic system.

The process of new neuron formation known as neurogenesis takes place in
specific regions of the brain throughout life (Fig. 10.1). Neurogenesis and memory
endurance level have a complementary relationship between plasticity and the ability
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Fig. 10.1 The development of brain and gut microbiome. During the prenatal stage brain and gut
microbiota begins, in first 3 years is critical developmental stage. Disturbance in development can
impact communication between these systems and it can also facilitate pathogenesis of neural
development disorders for instance autism, IBS, attention-deficit hyperactivity disorders (ADHD),
anxiety, and obesity (Ogbonnaya et al. 2015).
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to encompass new information without deteriorating stored knowledge (Zhao et al.
2008). Microbiota communicates with CNS through neuronal pathways of the vagus
nerve belonging to the parasympathetic division of ANS which regulates various
functions such as gut motility, heart rate, and constriction of bronchi (Forsythe et al.
2010). Probiotic Lactobacillus rhamnosus sp. induces alteration in expression of
GABA receptors in the brain resulting in reduced corticosterone and in an anxiolytic
effect through signaling from the vagus nerve (Bravo et al. 2011). Probiotic mixture
comprising B. animalis subsp. and Propionibacterium jensenii restored the imbal-
ance in gut microbiota and attenuated activation of neonatal stress pathways in HPA
axis. Presence of fatty acid composition also influences neurophysiologic conditions

Table 10.1 Summary of microbiome observed in human studies of different neurological disorders

Neurological
disorders Gut microbiota References

Parkinson’s
disease

Lactobacillus, Bifidobacterium, Akkermansia;
Prevotella, Lachnospiraceae, Faecalibacterium

Qian et al. (2018), Petrov
et al. (2017)

Multiple system
atrophy

Bacteroides, Proteobacteria, Prevotella Tan et al. (2018)

Alzheimer’s
diseases

Ruminococcaceae, Enterococcaceae,
Lactobacillaceae; Firmicutes, Bifidobacterium,
Lachnospiraceae

Zhuang et al. (2018)

Amyotrophic
lateral sclerosis

Dorea, Oscillibacter, Anaerostipes,
Lachnospira

(Mazzini et al. 2018)

Multiple
sclerosis

Akkermansia, Clostridial clusters Cekanaviciute et al.
(2017)

Autism spectrum
disorders

Betaproteobacteria, Sutterella,
Bifidobacterium, Firmicutes, Lactobacillus,
Clostridium, Candida, Bacteroidetes

Tap et al. (2017), Zhang
et al. (2018)

Depression and
anxiety

Proteobacteria, Bacteroides, Oscillibacter,
Alistipes, Lachnospiraceae, Faecalibacterium,
Bifidobacterium

Lin et al. (2017b)

Chronic fatigue Firmicutes, Faecalibacterium Nagy-Szakal et al. (2017)

Schizophrenia Helicobacter pylori, Lachnospiraceae,
Ruminococcaceae, Lactobacillaceae,
Firmicutes, Halothiobacillaceae, Brucellaceae,
Micrococcineae, Bacteroidetes, Actinobacteria,
Veillonellaceae

Breban et al. (2017)

Eating disorders
(anorexia
nervosa)

Firmicutes, Bacteroidetes, and Actinobacteria Kleiman et al. (2015)

Dementia L. helveticus, L. pentosus, Saccharomyces
cerevisiae

Yeon et al. (2010), Jung
et al. (2012), Lee et al.
(2007)

ADHD Firmicutes, Bacteroidetes, Proteobacteria,
Actinobacteria and Faecalibacterium

Lynch and Pedersen
(2016)

Epilepsy Firmicutes and Bacteroidetes Thursby and Juge (2017)
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(Forsythe et al. 2010) which was observed in the immune conditions of stressed
animals while experiencing neonatal maternal separation (Wall et al. 2012).

Antibiotics fundamentally show detrimental effects on neurodegenerative and
neurodevelopment diseases disrupting gut microbiota involved in neuro-modulatory
signaling. SCFAs derived from microbiota have an essential role in the functioning
and promotion of microglial maturation (Barouei et al. 2012). When the levels of
neurogenesis are low after birth, memories become more resistant to remodeling and
a rise in the stability of memories dependent on the hippocampus (Erny et al. 2015).
Decrease in neurogenesis due to cortex proliferative subventricular zone and
microglia phagocytose neural precursor cells (NPC) arising a change in neural
development (Akers et al. 2014) impacting memory formation and cognitive
function.

These microglial cells are involved in CNS development at an early stage, and
also in phagocytosis, antigen presentation, and regulation of inflammation during
their lifetime. The amalgamation of bromodeoxyuridine (BrdU) in the hippocampus
accentuated neurogenesis in adult germ-free mice (Cunningham et al. 2013).

The increased volume and modified morphology of dendrites indicated that, for
amygdala and hippocampus, normal morphology and ultrastructure requirement of
microbiota is significant (Borre et al. 2014). Probiotic Bifidobacterium longum and
Lactobacillus helveticus combination can prevent a decrease in neurogenesis in the
hippocampus region when influenced by stress (Luczynski et al. 2016). Astrocytes
are various operational groups of glial cells, having functions such as neurotrans-
mitter clearance, ion homeostasis, glycogen storage, maintenance of blood–brain
barrier, and neuronal signaling additionally to their distinguished neuroinflammatory
function (Ait-Belgnaoui et al. 2014). Toll-like receptor (TLR) signaling controls
hippocampal neurogenesis in mice signifying the potential regulatory role of micro-
bial components in neurogenesis. TLR4 KO mice demonstrated the formation of
spatial reference memory and fear of learning and enhanced neurogenesis (Okun
et al. 2012), whereas TLR2 inadequacy diminished both hippocampal volume and
neurogenesis (Rolls et al. 2007).

Prenatal oral administration of probiotics to pregnant maternal indicated that
lactation normalized high glucocorticoid (cortisol) secretion and restored
corticotrophin-releasing hormone (CRH); for example, oral intake of genetically
modified Enterococcus faecium to pregnant mice indicated offspring possessing the
specific bacterial species in meconium and amniotic fluid (Jiménez et al. 2008)
confirming that maternal microbial transmission in mammals is possible and mater-
nal tryptophan along with serotonin (5-HT) neurotransmitter hormone is essential for
neurodevelopment conversion led by the placenta that influences fetal brain devel-
opment. Serotonin [5-hydroxytryptamine (5-HT)] is a biogenic amine neurotrans-
mitter in the CNS and in gut where synthesis depends on the availability of its
precursor, and tryptophan synthesis maintains cognitive activity and also regulates
gastrointestinal secretion (Costedio et al. 2007). Tryptophan metabolism and avail-
ability depend on enteric microbiota and consequently impact the central serotonin
concentrations as well as kynurenine, whereas the activity of tryptophan and
indoleamine-2,3-dioxygenase enzymes induced altered enzyme activity in irritable
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bowel syndrome (IBS) (Schwarcz et al. 2012) and downstream neuroactive metab-
olites in the brain. The probiotic Bifidobacterium infantis sp. affects tryptophan
metabolism along this pathway (Desbonnet et al. 2010). The gut communicates
through hormonal signaling pathways to the brain resulting in the release of peptides
in gut from entero-endocrine cells (such as orexin, ghrelin, and leptin), circadian
pattern, sexual behavior, and anxiety (Cameron and Doucet 2007). Saresella M and
colleagues (2017) (Saresella et al. 2017) reported that on MS patients where data
supported the chance that diet would probably be utilized as a tool to regulate the
immune system in anti-inflammatory way as a significance of changes in the gut
microbiota.

Present results of this trial study show that a skewing of the constitution of the
microbiota characterized by the plenty of Lachnospiraceae family, a diminish of
IL-17-producing T CD4+ lymphocytes and PD-1 expressing T CD4+ lymphocytes,
and an enhance of PD-L1 stating monocytes was considered in those individuals
following a HV/LP diet. In these same patients, positive correlations between
Lachnospiraceae and anti-inflammatory IL-10- and TGFβ-producing CD14+ mono-
cytes, as well as between Lachnospiraceae and CD4+/CD25+/FoxP3+ T-reg lym-
phocytes were also observed. The concurrent development during initial postnatal
life of the microbiota, gastrointestinal tract maturation, and neurogenesis of the
hippocampus simultaneously forms the MGB axis. Identification of pathways and
mechanisms of this complex interconnectedness has substantial therapeutic effects
for several diseases.

10.2.2 Effects of Human Microbiome and Probiotics on ENS,
ANS, and CNS

10.2.2.1 Effect of Human Microbiome and Probiotics on ENS

The enteric nervous system (ENS) or the “second brain” is a part of the peripheral
and autonomic nervous system which tends to control GI tract functioning (Turner
2009). It is located within the GI tract wall, hence it remains protected from the
intestinal luminal contents, and is composed of ganglia and millions of neurons. It
serves several diverse functions such as the secretions from the gut and pancreas,
reflexes, blood flow, gastrointestinal motility and physiology, GI-endocrine modu-
lation, and protective reactions (Yan and Polk 2011). The gut microbiome helps in
the overall development and maintenance of the intestinal barrier, prevents patho-
genic production of emetic toxins, and also protects the intestinal sensory nerves
from pathogenic invasion (Borthakur et al. 2008; Kamm et al. 2004). The excitatory
irregularity of the ENS often caused as a result of gut dysbiosis has also been
considerably reduced with the aid of probiotics (Bercik et al. 2011).
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10.2.2.2 Effects of Human Microbiome and Probiotics on ANS

The autonomic nervous system (ANS) comprises the sympathetic and parasympa-
thetic systems and is also composed of both motor and sensory neurons that
transverse between the various internal organs and the central nervous system
(CNS) (Azpiroz 2005). The sympathetic and parasympathetic systems together
constitute the autonomic nervous system (ANS) which is also composed of both
motor and sensory neurons that transverse between the various internal organs and
the central nervous system (CNS) (Azpiroz 2005). The sympathetic nervous system
prepares and aids the body in triggering the fight or flight response and subsequent
reflexes, whereas the parasympathetic system on the other hand aids in returning the
body functions adjusted by the former, from the excited/activated state to its normal
stature (O’Mahony et al. 2011). Both prebiotics and probiotics regulate the gener-
ation of pro-inflammatory cytokines, thereby sustaining the intestinal barrier, pro-
moting the ideal functioning of the brain-gut axis (although the supporting evidence
is still under scrutiny), and exerting anti-inflammatory effects when administered in
combination with certain fatty acid supplements (Desbonnet et al. 2010; Clarke et al.
2010; Wall et al. 2010).

10.2.2.3 Effects of Human Microbiome and Probiotics on Central
Nervous System

The central nervous system (CNS) is majorly composed of the brain and spinal cord.
It has a network of millions of neurons that transverse the comprehensive length of
the body (Neufeld et al. 2011). One of the best examples for a CNS output includes
human behavior and few studies have indicated the possible correlation between an
individual’s neurochemical characteristics with that of his/her behavioral constitu-
tion (Heijtz et al. 2011). The crucial role of the gut microbiome on an individual’s
CNS and corresponding mental status is already quite evident from several studies
based on animal and human models (Galland 2014). The administration of probiotics
has not only been found to positively impact the functioning of the human brain but
has also shown to modify its neurochemistry both directly and indirectly. It has also
markedly helped to decrease anxiety and depression with prolonged treatment
(Bravo et al. 2011).

The mechanisms involved in the effect of probiotics on CNS include (Sharma and
Kaur 2020):

(a) Restoration of the functioning of the hypothalamic-pituitary-adrenal (HPA) axis
that plays an essential role in our response to stress (Varghese and Brown 2001).
Indirectly, it can act as a mediator in a number of neurological diseases such as
anxiety, depression, IBS, etc. (Smith and Vale 2006). Increased activity of the
HPA may be induced in conditions of prolonged stress and anxiety as reported in
patients suffering from bipolar or depression associated disorders (Guilliams and
Edwards 2010). Probiotic interventions that focus on the normalization of the
HPA axis in patients experiencing psychotic disorders via regulating the levels
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of cortisol (CORT) or adrenocorticotropic hormone (ACTH) have given encour-
aging results (Savignac et al. 2015).

(b) Regulation and production of brain-derived neurotrophic factor (BDNF) and
SCFAs; neuronal factors such as BDNF are mostly proteins that aid in control-
ling the functioning of neurons including their differentiation, integrity, and
survival (Edelmann et al. 2014). Neurodegenerative diseases are frequently
accompanied by an impaired or abnormal expression of neurotrophic factors
(Rao et al. 2007). A study by Ranuh et al. (2019)) demonstrated the direct
linkage between the increased BDNF levels in the brain after probiotic admin-
istration and their corresponding stimulation of the gut-brain axis. When it
comes to SCFAs, their increased production by the gut microbiome was
shown to alleviate the oxidative stress induced during neurological disorders
(Hamer et al. 2008).

(c) Proto-oncogene activation and expression are likely to be enhanced in patients
suffering from psychiatric disorders in particular Alzheimer’s disease and
dementia (Lu et al. 1998). According to Smith et al. (2014)), probiotic admin-
istration can directly reinstate the expression of proto-oncogenes.

(d) Stimulation of the vagus nerve, a major constituent of the parasympathetic
nervous system by probiotic intervention, can help in the treatment of several
neurological disorders like depression, anxiety, schizophrenia, IBS, etc. (John-
son and Wilson 2018). Enhanced activity of the vagus nerve helps to decrease
the liberate pro-inflammatory cytokines such as TNF-α in stress-related disor-
ders (Herman et al. 2016) (Fig. 10.2).

II. Brain-gut axis 

3. Microbial effect on CNS

2. Microbial effect on ANS and 

humoral system
1. Microbial effect on ENS

I. Gut-brain axis 
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Fig. 10.2 (a) Effect of neurogastroenterology due to the gut microbial impact in gastrointestinal
tract. (b) Representative image of the effect of probiotics on CNS, ENS, and ANS
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10.3 Neurological Diseases Influenced by Imbalance
of Gut-Brain Axis

10.3.1 Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a sequential neurodegenerative disorder. The
symptoms include cramping, muscle spasm, weakness, muscle twitching, and stiff-
ness, problems with coordination, speaking, breathing, and swallowing difficulties,
weight loss, gastroparesis, and an increase in metabolic rate, relating to the death of
motor neurons, spinal cord, and eventually the brain. Neuroinflammation is recog-
nized as a disease driver for the development of ALS disorder (Skaper et al. 2018).
Immune pathway de-regulation is a principal feature in the brain and spinal cord
tissue affected with ALS (D’Erchia et al. 2017). ALS is of two types: (i) Sporadic
ALS, signifying the most general form although causation is unknown, (ii) Familial
ALS, occurring due to genetic changes (Steyn et al. 2018; Toepfer et al. 2000).

Modifications in monocytes, neutrophils, CD4+, CD8+, and natural killer T cells
have been observed in patients with ALS causing progression in the disease rate
(Perner et al. 2018; Zhou et al. 2017). Association of the gut microbiome and ALS in
a transgenic mouse model with G93A genetic mutation of the superoxide dismutase
gene (SOD1/SOD1 G93A) disclose disrupted BBB and increased permeability of
the gut, reduced amount of butyrate-producing bacteria Peptostreptococcus and
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Butyrivibrio fibrisolvens resulting in an elevated level of serum and IL-17 (intestinal
pro-inflammatory cytokine) as well as damaged intestinal wall due to decreased
expression of E-cadherin and zonula occludens (ZO-1) (Wu et al. 2015). Further-
more, the mutant mice SOD1G93A treated with 2% butyrate in drinking water,
improved intestinal barrier function by bacteria B. fibrisolvens as well as delayed
symptoms like weight loss and even death, in comparison to control mice (Zhang
et al. 2017). Butyrate-producing bacteria like Lachnospira, Anaerostipes, and
Oscillibacter were in reduced levels in feces of ALS patients and indicated increased
levels of Dorea spp. which synthesizes harmful end product ethanol in glucose
metabolism (Fang et al. 2016). The therapeutic potential of probiotics for the
improvement of the ALS condition is yet to be fully explored.

10.3.2 Epilepsy

It is a neurological globally prevalent disease. Symptoms like epileptic seizures are
often experienced by the affected individuals and lack of proper medical care during
severe seizures can even prove to be fatal (Gómez-Eguílaz et al. 2018). Although
multiple therapeutic alternatives are in practice, their benefits remain limited or
short-termed. The use of probiotics for the treating of pharmaco-resistant or refrac-
tory epilepsy (that often involve highly convulsive seizures) is already undergoing
trials (Iannone et al. 2020). Such studies have revealed promising results by reducing
the symptomatic seizures by over 50%, thus eventually contributing to a better
quality of life among the patients (Krauss and Sperling 2011).

10.3.3 Autistic Spectrum Disorder

Autism or autistic spectrum disorder (ASD) comprises an extensive range of neuro-
psychiatric disorder exhibited mainly during infancy wherein affected children tend
to experience numerous neurodevelopmental disabilities along with stereotypical or
repetitive actions, communicational, and social interaction difficulties and intestinal
problems (Lord et al. 2000; Horvath et al. 1999). Real-time PCR meta-analysis
studies indicated autistic children have a lower copiousness of bacterial phyla
comprising Proteobacteria, Bacteroidetes, Firmicutes, Bifidobacteria spp. and espe-
cially A. muciniphila mucolytic bacterium in their feces with comparison to controls
(Cao et al. 2013; Wang et al. 2011). A probiotic consortium of Lactobacillus,
Streptococcus, and Bifidobacterium showed considerable changes in fecal cytokine
levels of ASD patients (Tomova et al. 2015).

Gut microbiota produces metabolites such as acetate, valerate, and propionate in
lower levels in autistic patients. Also, ASD animal model MIA mouse resembles
characteristics of ASD in mouse offspring which are caused due to gut-intestinal
barrier defects and exhibited changes in significant microbial metabolite 4-ethyl-
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phenyl-sulfate (4EPS) associated with anxiety behaviors (Adams et al. 2011) and
Bacteroides fragilis reverses gut-intestinal barrier non-regulation in the MIA mouse.
Alternative ASD mouse model strain BTBR T+ Itpr3tf/J is directed by multiple
genetic modifications inducing autism-like behavior leading to change in gut
microbiota with a reduction in SCFAs, tryptophan, and bile acid metabolism
(Meyza and Blanchard 2017). Simultaneously, these presymptomatic and symptom-
atic data substantiate the conception of a MGB axis dysfunction in ASD.

10.3.4 Dementia

It is a term collectively used to describe the various signs and symptoms of both
cognitive and psychological impairment, often characterized by difficulties associ-
ated with communication, coordination, visual perception, memory loss, etc. Many
conditions can contribute to dementia such as Alzheimer’s disease, Parkinson’s
disease, brain injury, and traumas (Bachstetter et al. 2015). The administration of
probiotics and prebiotics helps in stimulation of the functioning of the gut
microbiome, in turn affecting the MGB axis (Cryan and Dinan 2012). With the
advancement in age, the composition of gut microbiome changes denoted by the loss
of a few beneficial microbes reduced heterogeneity and a possible increase of
pathogenic microbes. Aging is probably one of the major risk factors that lead to
the development of dementia and hence the microbiome-gut-brain axis is also likely
to be a crucial factor in the development of dementia (as per the ongoing study
references from Medical University of Graz, probiotics in dementia-undergoing
clinical trials).

10.3.5 Multiple Sclerosis (MS)

Multiple sclerosis (MS) is a chronic autoimmune neurological disorder of the central
nervous system. The neuropathological characteristics of MS include axonal dam-
age, demyelination, progressive neurological disability, neurodegeneration, and
abnormal T-cell-facilitated immune responses triggered against myelin antigens
(Ota et al. 1990). The clinical disclosures include dizziness, vision loss, vertigo,
motor dysfunction, pain, numbness, impaired coordination, fatigue, and depression.
MS is mainly divided into four: (i) Progressive-relapsing MS (PRMS), (ii) Primary
Progressive MS (PPMS), (iii) Secondary Progressive MS (SPMS), (iv) Relapsing-
Remitting MS (RRMS) (Noseworthy et al. 2000).

Neuropathogenesis of MS is dependent upon important environmental factors
like gut dysbiosis (Mowry and Glenn 2018). RRMS is distinguished by a reduction
in bacteria responsible for generating T regulatory cells (Tregs) which are immune
cells accountable to anti-inflammatory reactions, CD4+ T cells that generate
tolerogenic dendritic cells, regulatory B cells, IL-10, and macrophage suppression.
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CD4+ T cells, dendritic cells, monocytes, or B cells produce pro-inflammatory
reactions due to the increase in specific bacteria (Shahi et al. 2017). Germ-free
mice having autoimmune encephalomyelitis (EAE) develop a substantially weak-
ened pathology while the commensal microbiota in experimental mice stimulates
CD4+ T cells which are myelin-specific and also obtained autoantibodies produced
to myelin oligodendrocyte glycoprotein by B cells (Berer et al. 2011).

MS patient’s fecal gut microbiota has a different bacterial composition in com-
parison with controls (Shahi et al. 2017). Presence in increased concentration of
Proteobacteria species like Acinetobacter calcoaceticus (Cekanaviciute et al. 2017),
Pseudomonas, Mycoplasma, (Chen et al. 2016), Bilophila (Miyake et al. 2015) in
white matter lesions; Akkermansia, Acinetobacter, Prevotella, Clostridium,
Bacteroidetes, and Lactobacillus bacterial genera in MS patients gut microbiota
induces production of SCFAs (Berer et al. 2011; Branton et al. 2016) and helps in the
maintenance of immune cell for producing an anti-inflammatory reaction. The
importance of bacteria Faecalibacterium in MS patients is its production of butyrate
which increases the production of Tregs (Arpaia et al. 2013). Colonization of
Clostridium perfringens type B in the human GI tract increases epsilon toxin level
which deteriorates the blood–brain barrier (BBB), dominating oligodendrocyte and
neuronal damage and also activating autoimmune demyelinating action (Rumah
et al. 2013).

Oral administration of various combinations of probiotics like Lactobacillus
species increased regulatory T cells and increase in IL-10 production and decreased
IL-17 and (Takata et al. 2011), Streptococcus thermophiles, Bifidobacterium bifidum
in both rat and mouse models improved clinical score of EAE and showed a decrease
in Th1 and Th17 cells together with Tregs development (Kwon et al. 2013). Clini-
cally, it was indicated that laboratory mice colonizing with MS patients gut
microbiota increased the severity of experimental autoimmune encephalomyelitis
(EAE) in MS animal models which can be reduced by the oral administration of
Bifidobacterium animalis (Ezendam et al. 2008). An anti-inflammatory bacterium
Prevotella histicola from human celiac disease patients has immunomodulatory
potential which suppresses disease in EAE models through the initiation of
tolerogenic dendritic cells, and FoxP3+ regulatory T cells and a decrease in
pro-inflammatory Th1 and Th17 responses (Mangalam et al. 2017). Lactobacillus
sp., Bifidobacterium bifidum, and Streptococcus thermophiles enhanced regulatory T
cells, producing increased IL-10 and decreased TNF-α, IFN-c, IL-17, and reduced
Th1 and Th17 cells along with the development of Tregs (Ezendam et al. 2008).
These results produce evidence that the microbiome present in the human GI tract
has a substantial impact on CNS-specific autoimmunity.

10.3.6 Alzheimer’s Disease

Alterations occurring to the gut microbiome have the ability to influence the
advancement of neurological diseases such as Alzheimer’s Disease (AD), often
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recognized with a gradual decrease in cognitive abilities and memory and eventually
in most cases, cause dementia (Mangalam et al. 2017). Although age is regarded as a
notable risk factor for AD, the causative factors that majorly trigger it are still unclear
(Kohler et al. 2016). There are several crucial factors that accompany the degener-
ative process of AD such as an impaired immune response, markers or signaling
processes (Bhattacharjee and Lukiw 2013). Currently, no cure or treatment protocol
is available for AD and the ways of disease progression by plaque and tangle
formation or its further propagation in the brain still remain unknown (Aisen and
Davis 1994). Probiotics possibly modulate and prevent the cognitive impairment in
AD by the production of metabolites and neurotransmitters such as SCFAs and
GABA. They help maintain a state of eubiosis, promote inflammatory responses and
reduce cell damage caused by oxidative stress (Balin and Hudson 2014).

10.3.7 Anxiety and Depression

Anxiety is a psychological state of an individual characterized by apprehension or
intense fear, associated with a lack of response of adaptation by the subject in a
particular situation often commonly experience psychiatric disorders. Depression is
a psychological state characterized by unhappiness or irritability and joint from
various psycho-physiological alterations such as appetite distortions, sleep, consti-
pation, and inability to experience work pleasure. Due to the intervention of the
ANS, the two disorders generate alteration in the stability and constitution of the gut
microbiota causing changes in colon mobility.

These patients exhibit increased inflammatory levels, dysfunction of the HPA
axis, and neurotransmitter signaling. MDD patients showed significantly reduced
Firmicutes and an increase in Bacteroidetes, Proteobacteria, and Actinobacteria but
compared with controls confirmed the constitution of the altered gut microbiome.
MDD patients also had increased Enterobacteriaceae, Prevotella, Klebsiella, Strep-
tococcus, Clostridium, and Alistipes, decreased levels of Faecalibacterium,
Bifidobacterium, Lactobacillus, Prevotellaceae and increase in
Thermoanaerobacteraceae revealed that gut microbiota dysbiosis is significantly
linked with metabolic changes of bile acids and tryptophan against the controls (Lin
et al. 2017a). Desbonnet et al. 2008 (Desbonnet et al. 2010) observed peripheral
HPA levels and concentrations of the serotonin precursor, tryptophan altered due to
B. infantis for development of protective mechanisms preceding stress disclosure.

Germ-Free (GF) mice present an excessive liberation of adrenocorticotropic
hormone (ACTH) and corticosterone resulting in stress. GF mice exhibit low anxiety
suggesting that the intestinal microbiota affects the developmental behavior
(Neufeld et al. 2011). Supplementing GF mice with Bifidobacterium infantis
enhanced HPA stress response, comprising a reverse in an increase of plasma
(ACTH) and corticosterone (Sudo et al. 2004). L. rhamnosus reduced stress-induced
corticosterone and changed GABA receptor gene expression levels in the brain also
signifying modulatory communication pathway as vagus nerve between the gut

10 Potential Role of Probiotics on Gut Microbiota in Neurological Disease 165



microbiome and the brain (Bravo et al. 2011). When fecal microbiota of MDD
patients was transplanted to GF mice, induced metabolic disturbances in host and
induced depression indicating dysfunctionality of gut microbiota playing a signifi-
cant role in MDD.

Individuals with depression indicated higher levels of cytokines and immuno-
globulins IgA and IgM, resulting in inflammatory processes and gastrointestinal
disorders (Lima-Ojeda et al. 2017). Enteropathogens disturb mood through the
immune system in humans. Reichenberg et al. (2001) indicated that following
intravenous infusion with endotoxins from Salmonella abortus equi to healthy
volunteers underwent an increase in anxiety, and depression levels. Alterations in
the neuroendocrine pathways and several neurobiological mechanisms involving
serotonin neurotransmitter reduction, reduction of dopamine in anxiety and nor-
adrenaline in depression. The low doses of Campylobacter jejuni through oral
administration can stimulate anxiogenic effects in mice (Lyte et al. 2006). The intake
of probiotics has anti-inflammatory and antioxidant effects on depressed patients and
their ability to regulate BDNF growth factor levels (Logan and Katzman 2005).

Lactobacillus rhamnosus JB-1 and combination of Lactobacillus helveticus
R0052 and Bifidobacterium longum R0175 improved anxiolytic activity in specific-
pathogen-free (SPF) rat and GF mice, reduced extreme HPA, changing GABA
receptor level in particular brain regions, restored serotonin and norepinephrine
levels in inflammatory stress response, and also promoted potential psychological
properties in humans (Liang et al. 2015). The enteric microbiota shows a significant
impact on potential therapeutic approach, modifying the host’s gut microbiota
affecting neurochemical, behavioral, and immunological parameters appropriate to
the brain-gut axis disorders provided health benefits to the host with psychobiotics as
emerging treatment (Petschow et al. 2013).

10.3.8 Schizophrenia

Schizophrenia is a mental illness that disturbs the human mind’s functioning with
severe occurrences of psychosis and passivity, followed by periods of normal mental
activity (Grover et al. 2019). The prevalence of schizophrenia and autism has been
correspondingly higher in patients suffering from C. difficile infection, possibly
because the organism is known to synthesize a phenylalanine derivative in the gut
that in turn regulates the levels of catecholamine in the brain (Argou-Cardozo and
Zeidán-Chuliá 2018).

Further evidence from genetic studies focusing on twins and their adoption also
suggests a linkage between the gut microbiome and schizophrenia. Patients suffering
from schizophrenia often experience both mental and inflammatory stress, poor
nutrition, and lactose sensitivity. These symptoms can be relieved with sufficient
and proper probiotic administration (Ledochowski et al. 1998).
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10.4 Psychobiotics

Probiotic microorganisms that may positively impact the psychological condition of
a host upon adequate administration are referred to as psychobiotics (Dinan and
Cryan 2013). The correlation of the gut microbiome with an individual’s psycho-
logical condition via the gut-brain axis is increasingly gaining importance. Hereby,
gut microbiota has found to exert an anti-inflammatory effect along with a modula-
tory reaction on the functioning of neurotransmitters (Beck et al. 2019). It has often
been implied that a healthy mind means a healthy body vice versa possibly indicat-
ing their close relationship and also the fact that the gut microbiome can have both a
direct and indirect connection with the mental status of a host (Dinan et al. 2013).

The gut microbiome has the ability to shape and alter one’s thinking and mental
abilities proving why it has been termed as the second brain. Dinan et al. (2013))
referred psychobiotics to some psychotropic bacteria colonizing the gut which could
either positively or negatively influence the mental status of a host. Gut microbiota
dysbiosis has also been associated with an unstable mental status of the host often
leading to neurological disorders such as depression (Luczynski et al. 2016), autism
disorders (Critchfield et al. 2011), schizophrenia (Grover et al. 2019), Parkinson’s
disease (Holmqvist et al. 2014), Alzheimer’s disease, dementia (Kohler et al. 2016),
etc. Psychobiotics are capable of releasing hormones and modulating the functioning
of neurotransmitters which in turn act upon the gut-brain axis in Table 10.2 below
(Ho et al. 2015). Studies reveal that the cytokines such as INFα and TNF-α have the
ability to cause depression depending on their circulation and production levels,
therefore a therapeutic dosage of psychobiotics is likely to alleviate such conditions
and even improve mood swings (Petschow et al. 2013). Psychobiotics offer prom-
ising results in the treatment of various neurological diseases; targeting the gut
microbiome and alteration of the same in a positive manner would greatly benefit
the host (Rooks and Garrett 2016).

10.5 Therapeutic Manipulation, Implications, and Future
Prospects

The significant functional and structural alteration of central nervous system can be
concomitant with gut dysbiosis directing to the assumption that manipulation of gut
microbiota is potentially a sensible method to confine clinical complications in
neurological disorders. Certain treatments with antibiotics active against specific
species are used to control intestinal flora of children with ASD and their GI tract
showed a considerable negative impact on CNS with a reduction of pathogenic
bacteria (Critchfield et al. 2011), but this method has only been partially successful
and was found to follow a significant development in neurological disorder only
during the administration of adequate drug dosage (Sandman et al. 2012). However,
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soon after treatment with certain phytochemicals reverses the neurological impair-
ment in its initial phase (Tripathi et al. 2022).

A probiotic is defined as living microorganisms that aid in recovering the gut
microbiota balance, with improvement in the integrity of the gut mucosal barrier and
immunomodulation, ensure health benefits to the host, and IgA mucosal response to
the benefit of the host when governed in acceptable amounts (D'Mello et al. 2015).
Administration of probiotic bacteria modifies the bacterial composition of the gut,
with an increase in protected positive strains and a reduction in negative strains.
Furthermore, the concentration of specific bacterial products which causes immune
system alterations, anti-anxiety effects (Curran et al. 2016), memory and learning
improvements (Adler and Wong-Kee-You 2015), inflammation, modification of the
CNS function and structure, and modulation of gene expression is reduced by
probiotics when it exceeds the intestinal wall (Murgatroyd et al. 2009). This bene-
ficial effect is different and strain-dependent.

Many presymptomatic and animal research investigations indicated the probiotic
potential for treatment and prevention of numerous diseases, comprising of CNS and
GI diseases, mainly using genera Lactobacillus and Bifidobacterium bacteria
(Sánchez et al. 2017). Across the MGB axis, probiotics initiate brain function, for
example anxiety and depression normalization (Wallace and Milev 2017); the brain
neurological processing is influenced by the mechanism of probiotic supplements,
for depression and anxiety in particular. For instance, chronic therapy with the
probiotic Lactobacillus rhamnosus diminishes anxiety, depression, and stress
responses merely in the existence of an intact vagus nerve, by reducing mRNA
expression of GABAAα2 in the amygdala and prefrontal cortex, however, enhanced
GABAAα2 mRNA expression in the hippocampus, therefore, vagus nerve identifi-
cation plays a significant role in modulatory communication pathway between the
gut, which is susceptible to probiotics or bacteria, and the brain (Bravo et al. 2011).

Table 10.2 Representative table of gut microbiota producing neurochemicals within the
human gut

Genus Neurochemical References

Bacillus, Lactobacillus Acetylcholine Kawashima et al.
(2007)

Bacillus, Escherichia, Lactobacillus, Lactococcus,
Streptococcus

Dopamine Shishov et al.
(2009)

Bifidobacterium, Lactobacillus GABA Barrett et al. (2012)

Enterococcus, Lactobacillus, Lactococcus,
Streptococcus

Histamine Thomas et al.
(2012)
Landete et al.
(2008)

Bacillus, Escherichia Norepinephrine Tsavkelova et al.
(2000)

Enterococcus, Escherichia, Lactobacillus, Lactococcus,
Streptococcus

Serotonin Shishov et al.
(2009)
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Bercik et al. (2011)) demonstrated a chronic administration of Bifidobacterium
infantis in rats which was restricted by early age from maternal contact and pos-
sessed stress-related mood and gastrointestinal disorders resulting in immune nor-
malization, reversal of behavioral deficiencies, and rehabilitation of basal
noradrenaline concentrations in the brainstem. Moreover, Bifidobacterium longum
NCC3001 and Bifidobacterium longum 1714 normalize anxiety-like behavior, with
beneficial effect on cognition, Bifidobacteria infantis raised serotoninergic precur-
sors and weakened inflammatory immune response, further indicated an antidepres-
sant effect (Quigley et al. 2012) and hippocampal brain-derived neurotrophic factor
(BDNF) in mice with infectious colitis (Bercik et al. 2011). In rats, the administra-
tion of Lactobacillus helveticus, Lactobacillus farciminis, and Lactobacillus
rhamnosus can prevent chronic-stress-induced intestinal abnormalities and
decreases psychological distress (Zareie et al. 2006). Lavasani et al. (2010))
observed that instead of administrating monostrain probiotic strains, three Lactoba-
cillus strains such as L. paracasei DSM 13434, L. plantarum DSM 15312, and
L. plantarum DSM 15313 in mice showed therapeutic efficiency on development of
experimental autoimmune encephalomyelitis (EAE), by inhibiting disease progres-
sion (Boksa and El-Khodor 2003), gut microbiota modulation and improved destruc-
tive antisocial behavioral pattern, communication and anxiety problems in patients
(Cai et al. 2015). Hsiao et al. (2013) described oral administration of Bacteroides
fragiliswhich is a human commensal by a maternal immune activation (MIA) model
of ASD in mouse offspring; modified the gut permeability, changed the composition
of gut microbiota, and ameliorated the defects in communicative, stereotypic, with
improved anxiety-like and sensorimotor communicative behaviors also Bacteroides
thetaiotaomicron administration has also substantially improved abnormal behav-
iors and signifies that modulating therapies utilizing probiotics is a safer and efficient
treatment for autism spectrum disorder (Cai et al. 2015).

Fecal microbiota transplantation (FMT) is used for the treatment of gastrointes-
tinal diseases by introducing the enteric bacteria from healthy donor’s feces to
affected/diseased individuals with the sole purpose of restoring gut microbiota
balance or to effect in eubiosis. This is done through oral administration of capsules
comprising of donor microbiota sample in freeze-dried form. So far the results have
been promising without any adverse effects and hence maybe considered as a safe
alternative strategy for the treatment in organ transplant recipients (Bajaj et al. 2017)
and cancer patients (Hefazi et al. 2017). Although this mode of treatment would be
most ideal for gut dysbiosis-related diseases for instance inflammatory bowel dis-
eases, metabolic syndromes, etc. (Sayar and Cetin 2016).

Clustered and regularly interspaced short palindrome repeats (CRISPR) technol-
ogy can be utilized to make genetic changes in probiotic microorganisms via gene
editing. This technology in association with the bacterial neuroimmune and meta-
bolic systems can be used to engineer genes through upregulation and
downregulation of their expression via therapeutic signaling molecules and blocking
exopolysaccharides produced by the bacteria (Petimar et al. 2019). CRISPR-CAS
targets the bidirectional gut-brain axis changing the neurological and intestinal
effects leading to neurodegeneration (Aliev et al. 2008). Also, CRISPR technology
suppresses or silences the expression of bacterial inflammatory signaling molecules
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and endotoxins. CRISPR-CAS9 is also used to target antibiotic resistance through
phage-specific 16 s sequences of Gram-negative bacteria; these CRISPR antimicro-
bials can be tailored to treat patient-specific dysbiosis without changing bacterial
populations, yet help in achieving effective therapeutic potential (Martella et al.
2019; Konermann et al. 2015)

Daily consumption of a fermented milk product containing probiotics such as
Bifidobacterium animalis subspp. sss, Lactobacillus bulgaricus, Streptococcus
thermophilus, and Lactococcus lactis subspp. showed significant alteration of the
activity of CNS and brain regions that control the treatment of sensation and emotion
(Tillisch et al. 2013), and HTLV-1-associated myelopathy/tropical spastic
paraparesis (TSP/HAM) patients were treated with oral administration of Lactoba-
cillus casei strain Shirota and exhibited development of motor function due to
improved activity of NK cell (Finegold et al. 2002). Furthermore, probiotic admin-
istration in early age could lower the neuropsychiatric disorder risk development
subsequent in infancy and the structured neurological evaluation in children admin-
istrating probiotics disclosed a substantially lower prevalence of neurological abnor-
malities (Pärtty et al. 2015).

10.6 Conclusion

The potential probiotics existing in the gut microbiota of the human intestinal tract
are composite and live microorganisms that perform well in microvilli advancement,
maintaining homeostasis, immune-potentiation, prevention of pathogen colonization
in the GI tract, and gut-brain axis regulation. It could be utilized as a neuroprotective
nutraceutical for treating or preventing a wide range of neurological diseases. The
probiotic development emphasizes on microbial psychobiotics to potentially treat
and prevent psychiatric disorders. Postbiotics which are gut microbial signaling
molecules should be exploited to identify targets for therapeutic benefits. Dysbiosis
in gut microbiota can cause impairment of gut barrier function and inflammation in
the gut-brain axis leading to mental disorders. The gut microbiota dysbiosis and
neurological dysfunction have aroused its importance in several fields, including
neuroscience, immunology, bioinformatics, and microbiology, which provide poten-
tial treatment approaches for a diverse set of neurological disorders. Clinical research
on the potential impact of probiotic mechanism and manipulation can positively
improve the understanding of neurodevelopmental disorders and also may help
evaluate the microbial effect on the gut-brain axis, this should be comprehended
more in the future. It remains unclear whether the genetic modification of gut
microbiota is capable of resulting in neurological diseases as there still exists only
a limited amount of information concerning such protective or beneficial bacteria.
The therapeutic role of psychobiotics has been studied in animals but more efficient
human clinical trials are required to confirm their roles in microbiome-targeted
therapies for treating gut-brain disorders. Probiotics have also shown to play a
prominent role in the neuropathogenesis of neural disorders by altered gut-brain
axis function.
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Chapter 11
Reversal of Metabolic Disorder Through
the Restoration of Gut Microbiota

Prabhat Upadhyay, Diya Kalra, Sarika Gupta, and Sunil Kumar Mishra

Abstract Dysbiosis is a condition in which the makeup of the gut microbiota varies
as a result of food habits and lifestyle changes caused by external or internal
influences. This metabolic disorder is associated with a variety of etiologies,
depending on age, immune system, and other associated triggers. Phytochemicals
can modulate gut microbiota and reduce short-chain inflammation by inducing
microbial fermentative metabolites, thereby preventing inflammation-related degen-
erative and chronic diseases. The function of phytochemicals in the modulation of
the gut microbiota, which has implications for the prognosis of a variety of metabolic
aliments, including obesity, Alzheimer’s disease, and diabetes, is discussed in this
chapter.

Keywords Phytochemical compound · Short-chain fatty acid · Metabolites

11.1 Introduction

With widespread westernization of dietary patterns and lifestyles, changes in intes-
tinal microbial composition caused by extrinsic or intrinsic factors can lead to
dysbiosis in the host and promote the development of metabolic disorders. There
is, in particular, mild inflammation stimulated by metabolic disorders occurred after
dysbiosis. The microbial organelle is two orders of magnitude larger than the
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microbiota in the host’s nuclear genome, and it controls the host’s key pharmaco-
logical functions (Ribeiro et al. 2020).

Long-term symbiotic host associations of good bacteria are involved in gene
regulation, intestinal barrier endothelial function, nutrition, metabolism, neurotrans-
mitter release, and regulation of the host immune system. Obesity, Alzheimer’s
disease, and diabetes are all diseases that start with dysbiosis. Probiotics, prebiotics,
fecal microflora transplantation (FMT), metabolic surgery, modern medicine, and
botanicals are now considered current approaches to gut microbiota healing. Alter-
natively, traditional plant-based formulations represent an effective form of inter-
vention to ameliorate metabolic disorders (Illiano et al. 2020). Herbal medicines
(HM) are mostly classified according to their pharmacological activity. Large
amounts of phytochemicals are biosynthesized in plants that function to be present
in natural laboratories (Upadhyay et al. 2018a).

Phytochemicals or auxiliary metabolites showing natural properties as a dynamic
fixing, e.g., alkaloids, glycosides, tannins, triterpenes, flavonoids, sterols, against
creepy crawlies, microbes, organisms and their metabolites are detailed for different
restorative exercises such as antioxidant, anti-inflammatory, neurotransmitter con-
trol, homeostasis of metabolic activity.(Raju et al. 2013; Upadhyay et al. 2018b). As
of late, inquire about is coordinated towards the distinguishing proof of unused
dynamic substances of common beginning, which have tremendous restorative signs
for a number of irresistible and systemic illness in people and creatures. Genetically,
mutations can be observed today after the long-term use of synthetic substances in
terms of side effects. Therefore, many researchers point to the need to redirect the
preparation of natural products as substitutes or adjuvants to the discriminated use of
antibiotics and their antimicrobial potential (Upadhyay et al. 2019). At present,
however, it remains unclear how phytochemicals exert multifunctional activity in
the human body when multiple metabolites are present. The part of the intestine
microbiota is to preserve the astuteness and work of the gut. Dysbiosis causes severe
systemic and local lesions. In healthy individuals, bacterial strains Bacteroides and
Actinomycetes predominate. Clostridium leptum and Clostridium coccoides seeds
are clearly predominant in the life of a one-year-old child. There are several
secondary metabolites called phytochemicals that can bolster the development of
microscopic organism within the digestive tract beneath solid food materials or
have unhealthy conditions (Yin et al. 2019).

The most reason of this chapter is to deliver short-chain fatty acids and increment
colonies of solid microbes to reestablish the intestinal vegetation of obsessive
conditions such as Alzheimer’s illness, weight, and diabetes through metabolites
or herbs or nature. It is to characterize the part of the item. Endotoxin levels in the
digestive system have decreased.
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11.2 Role of Phytochemicals in the Gut Restoration

In adults, the microbiota, already present in the gut, has different physiological roles
such as supplement retention through food fermentation and the production of
several metabolites that help to regulate the immune system, cytokines at different
axes in the host against pathogens. The very stable adult gut microbiota is Lactoba-
cillus, which predominates in the Bacteroidetes and Firmicutes groups, with the
coccoides Clostridium leptum and Clostridium being the most common. E coli is
considered a predominant species in infants and a predominant population in adults,
but the GIT is estimated to contain 5,001,000 different species of microorganisms,
with the most elevated concentrations within the intestine (up to 1 gram of stool per
gram). Bifidobacterium spp. maintain the stumbling block activities of the intestinal
epithelium and health. Lipopolysaccharide (LPS) (endotoxin) produced by popula-
tion reduction of the bacterial genus causes persistent low-grade aggravation. Fur-
thermore, in the elderly, a host health problem arises since a critical diminish within
the composition of Bacteroidetes and Bifidobacterium leads to a diminish in
Lactobacilli. The composition of mutable anaerobic bacteria shows variations in
the elderly and in adults, highlighted by several authors (Yin et al. 2019).

Dysbiosis caused by species of bacteria that are the associated flora of the gut, and
by other highly pathogenic species such as Enterobacter spp., Shigella dysenteriae,
Salmonella Enteritidis, Salmonella heidelberg, Salmonella enterica, Clostridium
difficile, Helicobacter pylori, Yersinia pestis, Vibrio spp., Proteus spp., Bacillus
cereus, Campylobacter coli, Campylobacter jejuni, and enterotoxigenic Escherichia
coli. Various pathogens that cause GI disorders are activated by these microorgan-
isms. The toll-like receptor (TLR) is a critical immunoreceptor for lipopolysaccha-
ride (LPS), which is an important part of Gram-negative bacteria’s cell wall. These
mechanisms are involved in causing harm to the intestinal barrier and the immune
system of this organ (Figs. 11.1, 11.3, 11.4, and 11.5) (Ley et al. 2006).

Many diseases are associated with multifactorial pathogens and require their
treatment with a multi-targeted approach. Phytochemicals have the ability to act
on multiple targets in a single dose. Most diseases have common factors such as
inflammation and oxidative stress. However, most plants have flavonoids that act
directly against them (Mukherjee et al. 2019) (Table 11.1).

Several researchers have published detailed reports showing the effects of phy-
tochemicals against microbial pathogens in terms of bactericidal and microbial
inhibition. Metabolites produced by the microbiota as a by-product have also
shown pharmacological effects for the treatment of diseases. These phytochemicals
(Fig. 11.2) serve to protect genetic material by preventing harmful germs from
growing and regulating signal translation or gene expression in cell membranes
(Singh et al. 2019).

11 Reversal of Metabolic Disorder Through the Restoration of Gut Microbiota 181



11.3 Restoration of Gut Microbiota in AD Via
Phytomolecules

The gut-brain axis is decoded by the bidirectional interaction between the central
nervous system (CNS) and the enteric nervous system (ENS) in the gastrointestinal
tract, which results in the creation of active peptides with biological properties as
well as various hormones. The ENS, also known as the “second brain,” has roughly
the same number of nerves as the spinal cord and is involved in the restoration of gut
functions such as intestinal permeability, peristalsis, endocrine signaling and immune
activity. The gut via mucosal activity share brain biogenic amines and signaling
molecules to the brain (Semar et al. 2013). The brain communication with the GI
through the sympathetic and parasympathetic divisions of the hypothalamic-
pituitary-adrenal (HPA) axis, the autonomic nervous system (ANS), and the para-
sympathetic adrenocortical axis (Ranjana and Da 2019).

Communication from the gut to the brain is most not unusual place via vagus
muscle fibers and transfer for 80–90% of all vagal fibers. Vaginal afferent fibers also
play an essential function in talking to the HPA axis for stress response control and
anti-inflammatory activities. Immune system activation, such as inflammatory
marker signaling triggered by microbial LPS or peptidoglycan, is also an example
of brain communication. The translocation of these metabolites to the periphery can
lead to changes in intestinal barrier integrity, leading to downstream bacterial cell
activation as well as neuroinflammation (Carabotti et al. 2015).

Hormonal secretion by enteroendocrine cells (EECs) is influenced by synergistic
metabolites of the intestinal microbiota and influences processes. The interplay
among the EEC and intestinal glial cells, which is important for protective, possibly

Fig. 11.1 Dysregulation of gut microbiota in Alzheimer’s disease (AD), diabetes, and obesity
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regulates hormone secretion and enteric nervous system (ENS) signaling (Yu et al.
2020).

In a recent study involving the pathogenesis of E. coli, Staphylococcus aureus
and Candida albicans were shown to actuate amyloidosis, the metabolites and
discharge of several cytokines in human immunodeficiency consciousness compared
with the control group. The Salmonella brain infection model used during the
development of AD in mice shows the formation of Aβ plaques in the hippocampus
and temporal cortex after infection, which were permeabile BBB and Salmonella
were recouped from these plates (Endres 2020; Upadhyay et al. 2020).

The role of the intestinal microbiota in regulating complex brain functions, such
as those related to behavior and effects, has been extensively reported in the
literature. In view of this, probiotic supplementation to combat dysbacteriosis and
other restoration in the gut microbiota has recently been the subject of clinical
studies and is now considered an effective and alternative approach. Potential to

Fig. 11.2 (a–p) Phytochemicals/metabolites basic structures and their names
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prevent combat emotional or cognitive disturbances in both healthy individuals and
in AD subjects (Angelucci et al. 2019).

There are a number of phytochemicals found in medicinal herbs that have
significant prebiotic effects on the gut microbial community. Phenols, triterpene
flavonoids, sterols, etc. have therapeutic potential for the nervous system. The range
of phytochemicals listed have tremendous therapeutic effects in modulating gut
microbial communities by inducing metabolites. These metabolites produce
neurotrophins such as epinephrine, serotonin, etc. and reduced the LPS level.
Phytochemicals are thought to counteract the beginning and progression of AD
through different mechanisms, such as their propensity to scavenge free radicals,
promote cellular stress reactions, and enhance learning ability and memory (Prakash
Reddy et al. 2020). Reduced bioavailability after intake and extremely low levels in
tissues, including the central nervous system, are important limitations that have
hampered the therapeutic use of these herbal medicines in AD patients. Coffee
supplementation showcasing neuroprotective properties is mainly due to two mech-
anisms; polyphenols having antioxidant activity as well as the imapctofcoffee bean
fibers contributing to decreasing the ratio of Firmicutes to Bacteroidetes, associated
with inflammation was reduced. Even nutraceuticals, notably polyphenols found in
fruits, vegetables, and some beverages, have been shown to be neuroprotective.
Another innovative study of polyphenols in people with moderate cognitive decline,
often known as the prodromic stage of vascular dementia or early AD, showed a
sliver of strong evidence that they can positively affect gut bacteria. It’s important to
be aware of potential interactions between botanical medicines and drugs for
Alzheimer’s disease or other concomitant diseases. Flavonoids can easily modulate
the activity of drug-metabolizing enzymes (Serra et al. 2020) (Figs. 11.3, 11.4, and
11.5).

Several studies have reported that ashwagandha and bacopa have been used to
restore the gut microbiota by increasing Bifidobacterium colonies and similarly
supplementing Bacteroides spp. For example, B. vulgatus and B. Uniformis.
Kapikacchu uniquely chose Ruminococcus bromii, an organism having resistant
starch degradation potential. Bacopa also chose a few dominant advantageous
species, including Bacteroides xylanolyticus, B. uniformis, and Butyrivibrio
crossotus. These three HM species followed the SCFA pathways, which may affect
the production of luminal butyrate followed by an increase in the quantity of
neurotransmitters and diminishing in neuroinflammation in AD. In the analysis of
psychoactive herbs, the ability to strongly modulate the microbiome and simulta-
neously reconstruct metabolic preferences and products was observed. Signaling
through the ENS may be attenuated by gut microbiota modulation by these psycho-
active herbs. However, further studies are needed to confirm these expectations and
their effects on subjects’ health (Peterson 2020).
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Fig. 11.3 Plants/plant-based diets make contribution in the prevention of Alzheimer’s disease
through the restoration of the gut microbiota: mechanistic pathways. CAT catalase, SOD superoxide
dismutase, SCFA short-chain fatty acids, Aβ beta-amyloid

Fig. 11.4 Plants/plant-based diets contribute to diabetes prevention through restoration of gut
microbiota: mechanistic pathways
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11.4 Restoration of Gut Microbiota in Diabetes Via
Phytomolecules

Diabetes, one of the twenty-first century’s global health issues, continues to grow
very rapidly. In 2019, diabetes affects 463 million people globally, with the figure
estimated to increase 0.7 billion by 2045. Insulin is considered an important hor-
mone responsible for regulating blood sugar levels and in a healthy state. The
pancreas secretes this chemical under normal circumstances, which lowers glucose
synthesis by the liver and enhances glucose absorption by skeletal muscle. This
condition is known as hyperglycemia—a coorelation between insulin absorption and
insulin secretion. However, elevated systemic glucose levels are caused by
pancreatic-cell failure, hyperglycemia, skeletal muscle, or insulin resistance in
liver (Sirdah and Reading 2020).

The number and composition of the gut microbiota differs between people with
diabetes and non-diabetic, according to the research, and blood glucose levels are
substantially associated with diabetes prevalence. Bacteroidetes: Firmicutes as well
as the ratio Bacteroides: Prevotella: Clostridium: coccoides group of rectal bacteria.

Furthermore, the percentage of the phylum Firmicutes and the Clostridia group
showed a significant decrease in the diabetic group. In type II diabetics with the
metabolic syndrome chronic kidney disease, another study found an improvement in
the amount of Clostridium clostridioforme opportunistic bacteria, a drop in butyrate
amount, and a further improvement in insulin sensitivity. The significant improve-
ment in metabolic syndrome-related markers, including insulin sensitivity in a model
induced by a high-fat diet, was credited with the polyphenol-rich extract and positive

Fig. 11.5 Plants/plant-based diets contribute to obesity prevention through gut microbiota resto-
ration: mechanistic pathways. CHO cholesterol, SCFAs Short-chain fatty acids
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effects attributed to the relative growth in the proportion of Akkermansia spp. gut
microbiota, by reducing inflammation and oxidative stress. Baicalein as a metabo-
lite, the major flavone glycoside, shows significant effects on diabetes by restoring
the gut microbiota. Blackberries have higher antidiabetic activity by generating
metabolites during microbial fermentation. Several phytochemicals and herbal med-
icines have been reported (Fig. 11.2) to induce anti-inflammatory markers from
metabolites, modulate glucose uptake mechanisms, and reduce insulin resistance by
restoring the microbiota intestinal flora (Gurung et al. 2020).

11.5 Restoration of Gut Microbiota in Obesity Via
Phytomolecules

Overweight or obesity condition is characterized as a body mass index (BMI) of
thirty kilogram per meter square or higher, which has gained popularity, especially
in developed countries, due to the adoption of the Western lifestyle, in which people
engage in less physical activity and consume fat-rich foods. The inequality between
the energy obtained, and the energy expended in the body is profoundly caused by
the consumption of high-energy foods and a restrictive lifestyle, so that excessive
storage of body fat occurs due to excess energy. Obesity is thought to be the result of
an intersection of environmental, genetic, and physiological factors that disrupt
energy acquisition and consumption. Central obesity, a debilitating medical condi-
tion, is linked to a few metabolic issues, including hypertension, hyperglycemia, and
dyslipidemia. Obesity is caused by a complicated interaction between heredity,
hormones, and the environment, which is known as a multifactorial etiology.
Although many candidate genes are involved in the pathogenesis of obesity, these
results are unreliable. Various hormones, including intestinal hormones, adipokines,
and others, are related in the regulation and etiology of obesity (Blüher 2019).
Ghrelin, the only identified peripheral activity-directing hormone, is a cyclic peptide
hormone produced in the stomach. It aids in the stimulation of hunger. PYY (peptide
YY) is released by L-cells in the distal small intestine and colon, and it is found in
increasing amounts throughout the gut, with the highest concentrations in the colon
and rectum. PYY is produced after a meal and sends messages to the brain, delaying
stomach emptying and decreasing gastric output. Reduced feed consumption due to
the usage of PYY before meals. In reaction to dietary fats, the gallbladder, pancreas,
and stomach create cholecystokinin (CCK), which is concentrated in the small
intestine. Gallbladder contraction, stomach emptying, exocrine pancreatic secretion,
and intestinal motility are all controlled by it. CCK regulates satiety signaling
through CCKA accessory receptors on brain afferent vagal fibers, and works cen-
trally by enhancing fullness and decreasing hunger (Kaila and Raman 2008). Similar
observations are also observed for glucagon-like peptides, i.e., the 29 amino acid
fragments of glucagon. Intravenous management in people complements satiety and
decreases meal intake. Adipocytes produce a variety of hormones known
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collectively as adipokines. Important secretory molecules include interleukin-6
(IL-6), adiponectin, tumor necrosis factor-alpha (TNF α-), and leptin. TNF-α is
linked to insulin resistance in obesity by releasing free fatty acids, decreasing
adiponectin production, and decreasing insulin signaling. On activation of nuclear
factor-kappa B via TNF-α, a collection of inflammatory alterations in vascular tissue
occurs. The higher the visceral fact, the higher the levels of IL-6, TNF-α, and
C-reactive protein, and the lower the levels of adiponectin and interleukin-10,
leading to a proinflammatory environment that causes endothelial dysfunction and
insulin resistance, culminating in metabolic syndrome, diabetes, and atherosclerosis.
Visceral fat calms these essential inflammation-controlling organs and has anti-
inflammatory action equivalent to or greater than macrophages. Drugs and neuro-
endocrine illnesses (hypothalamic, pituitary, thyroid, and adrenal) are thought to be
secondary causes of weight issues (Oussaada et al. 2019).

The gut microbiota will be one of the environmental elements that contribute to
obesity progression. The gut microbiota has been linked to the formation of fat mass
and energy homeostasis. Firmicutes are on the rise: The Bacteroidetes ratio was
shown to be lower in obese people compared to lean people after they lost weight on
both types of calorie-restricted diets (Bouter et al. 2017).

Several research groups have used phenolic compounds to target the gut
microbiota in obesity to have better understanding of interrelationships among
phenolic chemicals and the microbiome. Dietary polyphenols and their metabolites
improve health by modulation of the gut bacteria. The consumption of green and
black tea polyphenols changed the composition of the gut microbiota, with an
increase in Bifidobacterium spp., Lactobacillus spp., and Enterococcus spp. and a
decrease in phylogenetics of Prevotella, Bacteroides, and Clostridium histolyticum.
The phenolic extract in plums helps to regulate the growth of particular bacteria in
the gut microbiome, which helps to reduce weight gain. Quercetin, one of the
flavonoids, has been shown to reduce body weight increase and lower Firmicutes:
Bacteroidetes ratio by reducing the growth of related bacteria such as Eubacterium,
Tenericutes, Bacillus, and Erysipelotrichaceae. Obesity caused by diet. Thus, colon
polyphenol fermentation may decrease obesity-related inflammatory markers while
simultaneously promoting Bifidobacterium spp. growth (Castro-Barquero et al.
2018).

11.6 Conclusions

The significance of phytochemicals in gut microbial community restoration is the
subject of this chapter. Microbial fermentation produces metabolites from phyto-
chemicals. These metabolites protect against bacteria, insects, and fungi, and their
metabolites have been linked to several medicinal benefits, such as antioxidant, anti-
inflammatory, and regulatory properties. Metabolic activity, transporters, neuro-
transmitters, in blood balance by increasing a manifestation of Bifidobacterium
spp. and Lactobacillus spp., which helps alleviate dysbacteriosis, bacterial
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translocation, intestinal barrier damage, and gastrointestinal problems. Various
pathogenic bacteria are involved in the disruption of epithelial membrane, leading
to several diseases pathogenesis. Through numerous biochemical and physiological
routes, beneficial chemicals meet the requirement to prevent the growth of harmful
bacteria present in the GI.
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Chapter 12
Gut Microbiome and Diet: Promising
Approach for Treatment of Cognitive
Impairment

Awakash Soni, Priya Gupta, and Ankit Verma

Abstract Human gastrointestinal microbiota is a key regulator of the brain and
behavior in both healthy and disordered conditions. Neurotransmitters, change in the
intestinal barrier and enteric sensors, bacteria-derived short-chain fatty acids, and
immune regulators support in bidirectional cross-talk between brain and gut. Gut
microbiota and their derived metabolites elicit host immune response by inducing
cytokines and chemokine production, which further cause inflammation in the
central nervous system and associated with the pathogenesis of brain disorders for
instance pain, anxiety, depression, and age-associated neurodegenerative disorders
with cognitive impairment. An increase in proinflammatory microbes and a decrease
in anti-inflammatory microbes in the microbiome cause gut dysbiosis and strongly
reflected in numerous disease conditions including neurological diseases with cog-
nitive impairment. The treatment availability of these diseases is limited. Here, in
this chapter, we are discussing different ways to improve gut microbiome compris-
ing high-fiber diet, probiotics, genetically modified probiotic bacteria (GMP), fecal
microbiota transplantation (FMT), and physical workout and exploring their thera-
peutic potential to cure neurological diseases including cognitive impairment.
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12.1 Introduction

A diverse array of microbes is the inhabitant of our gastrointestinal tract, together
called gut microbiota. The effects of these microbes on gastrointestinal physiology
and different biological processes are well established. Many studies have proven
that gut microbiota contributes to the proper brain functions and its development.
The disturbances in the microbiome composition increase the host susceptibility to
different diseases including neurological diseases (Bienenstock et al. 2015; Collins
and Bercik 2009; Collins et al. 2012; Cryan and Dinan 2012; De Palma et al. 2015;
Sampson and Mazmanian 2015). Even though gut microbiota and brain communi-
cation are still poorly understood, host metabolic, immune, endocrine, and neuronal
host functions are believed to interact with the gut microbiome and, in turn, affect
brain functions (Collins et al. 2012; Cryan and Dinan 2012; Sharon et al. 2014).
Trouble in learning new skills, recalling, concentrating, and making decisions is
known as cognitive impairment. Risk of age-related diseases, including cognitive
impairment, also emerged with a higher percentage of elderly people in the popula-
tion around the globe. Accumulating evidence suggests that cognitive impairment
suffering people have an additional occurrence of functional disability and poor
quality of life (Schmidt et al. 2018; Panza et al. 2018). It was also reported that
cognitive impairment has been experienced in clinical settings in higher proportion
(~11–40%) compared to the general community setting (1.0–12%) (Schmidt et al.
2018). It has been predicted that ~5.1 million elderly people in the United States may
be suffering from cognitive impairment (Alzheimer’s disease) and assumed number
may rise ~13 million by 2050 (Hebert et al. 2003). The increasing population of
elderly people with cognitive impairment will demand huge medical expenses and
harshly affect the economy of several countries around the world. To prevent social
and economic damage, the development of new therapeutic interventions to treat
cognitive impairment is essential.

The gut microbes are vital for many physiological processes in the human body
including energy generation from undigested food (Canfora et al. 2015), synthesis of
vitamins and neurotransmitters, regulation (Yano et al. 2015), metabolism of bile
salts (Devlin and Fischbach 2015), the host immune response (Fulde and Hornef
2014), the swaying of host-cell proliferation and vascularization (Kamada et al.
2013), regulation of endocrine functions,, and neurologic signaling (Neuman et al.
2015). As listed, gut flora is crucial to maintain functional homeostasis in the body.
Mental health, cardiovascular, metabolic and inflammatory diseases are found to be
associated with dysbiosis (loss of balance of healthy gut microbiome) and more
interestingly they have also been connected to cognitive impairment (Panza et al.
2018; Sender et al. 2016). The gut microbiome and brain interactions are known as
the gut-brain axis. This consists of the communication among the central nervous
system, the enteric nervous system, the autonomic nervous system, the endocrine
system, and the immune system. Cognitive centers of the brain and peripheral
intestinal function happen in tightly regulated loop (Foster and McVey Neufeld
2013; El Aidy et al. 2015) and this bidirectional cross-talk between brain and gut is
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assisted by neurotransmitters, enteric sensors, alteration in the intestinal barrier,
bacterial short-chain fatty acids, and immune regulators (Forsythe et al. 2014;
Calvani et al. 2018; Kennedy et al. 2017). The majority of neurological and
metabolic diseases/disorders (i.e., Parkinson’s disease, Alzheimer’s disease, cardio-
vascular diseases, diabetes, cancer, arthritis, and others) are characterized by a
chronic low level of inflammation. This chronic inflammation can serve as a
connecting link between gut flora and cognitive impairment. Taken together, as
proven in studies, the gut microbiome fairly affects nearly all biological processes in
the human body and is associated with many disease conditions. In this regard, given
valuable connections between gut and brain, the hidden potential of healthy gut
microbes could be exploited to develop new therapeutic interventions for many
conditions, including cognitive impairment. The conceivable details about the same
are discussed below.

12.2 Potential of Modified Diet for Treatment of Cognitive
Dysfunction

Accumulating evidence suggested a strong link between one’s food habit (diet) and
cognitive functions both in short term and long term (Spencer et al. 2017; Davidson
et al. 2019; Dominguez and Barbagallo 2018; Beilharz et al. 2016). The beneficial
effect for diets has already been explored in different disease conditions including
neurological disorders (Lichtwark et al. 2014; Reddel et al. 2019). High-fiber,
low-fermentable and gluten-free (GFD) diets help to maintain healthy gut flora,
thus improving cognitive functions. Mediterranean diet (MeDi) which includes fish,
vegetables, fruits, nuts, olive oil, etc. has proven role to diminish cognitive impair-
ment (Kim and Yun 2018). The experimental evidence of use of probiotic microbes
(B. longum, B. breve, B. infantis, L. casei, and others) have been found to improve
cognitive functions and also useful in improving CNS function as well as amelio-
rating CNS disorders’ symptoms (anxiety, depression, stress) (Tsai et al. 2019;
Wang et al. 2016). TLR receptors mediate pathways in neurological disorders and
the microbiota-gut-brain axis is widely explored (Ma et al. 2019). Many studies
indicate the beneficial role of probiotics in preventing the growth of pathogenic
microorganisms by helping the restoration of the disrupted intestinal barrier and the
stimulation of the human mucosal immune system. Furthermore, probiotics-derived
TLR ligands seem to induce the production of anti-inflammatory cytokines (Thomas
et al. 2017; Caputi and Giron 2018).
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12.2.1 High-Fiber Diet

The portion of plant-based food which can’t be digested by human enzyme but by
gut microbes is known as dietary fiber. The addition of dietary fiber in the diet is the
most extensively used diet modification to improve gut microbiota (Mailing et al.
2019a). The lumen microbes process dietary fiber into short-chain fatty acids
(SCFAs) which have several health benefits. Children taking a high-fiber diet
displayed better performance on a cognitive task, indicating the importance of diet
in cognitive function (Khan et al. 2015). Mice on a high-fiber diet have shown
attenuated inflammation in microglia which contributes to 15% of total cells in the
brain. High-fiber diets and their fermentation product SCFAs reduce the risk of many
inflammatory diseases such as colon cancer, obesity, and cardiovascular disease,
thus emphasizing the capability of gut microbes in maintaining homeostasis and
anti-inflammatory effects (Mailing et al. 2019a). It has been reported that a high-fiber
diet alters the gut microbiota by enhancing the population of acetate-producing
bacteria (Marques et al. 2017). And separately in another study that both fiber and
acetate or colonization with butyrate-production bacteria decreased gut dysbiosis
and restored blood–brain barrier permeability (Marques et al. 2017; Braniste et al.
2014). GABA supplementation also enhances the concentrations of acetate, propi-
onate, and butyrate and total SCFAs in colonic, cecal contents and thus lowers
colonic pH. Acetate, propionate, and butyrate individually have also been linked to
gut health. Moreover, butyrate promotes several neurotransmitters (gamma-
aminobutyric acid and serotonin) synthesis, confers neuroprotective activity, and
highlights the anti-inflammatory effects of SCFAs in the brain (Xie et al. 2017).
Hence, these pieces of evidence signify the importance of a high-fiber diet and
further can be exploited for managing cognitive impairment.

12.2.2 Potential of Probiotics for Cognitive Impairment
Therapy

Probiotics are live microorganisms, possessing health benefits through improving
gut microbiota after consumption (Reid 2016). Nobel laureate Élie Metchnikoff was
the first to notice the positive impact of certain bacteria on health in the year 1907.
Gut microbes benefit the human body in several ways and play an indispensable role
to maintain homeostasis. Therapeutic efficacy of probiotic bacteria has been tested to
treat many gastrointestinal diseases including antibiotic-associated diarrhea, infec-
tious diarrhea, Clostridium difficile colitis, ulcerative colitis, Crohn’s disease, irrita-
ble bowel syndrome, and others. The mechanistic details regarding communications
between the microbiome and the host are still under investigation. It is proposed that
probiotics exert their beneficial effect by preventing gut dysbiosis (Ng et al. 2009).
The neurological and metabolic diseases have a key feature of low chronic inflam-
mation and probiotic bacteria support to reduce the inflammation (Hakansson and

198 A. Soni et al.



Molin 2011), thus probiotics seem to have great potential for the treatment of
cognitive impairment. Tryptophan, an essential amino acid, catabolizes into
kynurenine metabolites (kynurenine pathway). These metabolites regulate several
biological processes including immune response, inflammation, host-microbiome
signaling, and neurotransmission (Cervenka and Agudelo 2017). With this, the
expression of kynurenine pathway enzymes is regulated through nutritional and
inflammatory signals and found to be associated with depression and schizophrenia.
A study showed that gut microbes produce tryptophan metabolites which equate
mucosal reactivity. It was found that when mice switched from sugar to tryptophan
for energy source, increased lactobacilli content in gut microbiome which produces
an aryl hydrocarbon receptor (AhR) ligand, indole-3-aldehyde which in turn leads
AhR-dependent IL-22 transcription. Subsequent IL-22-dependent balanced mucosal
response permits the existence of mixed microbial societies and protects the mucosa
from inflammation (Zelante et al. 2013).

The beneficial effect of probiotics on cognitive impairment is still under investi-
gation. But there are many shreds of evidence where beneficial effects of probiotics
on different age-related diseases have been established which include AD (Yang
et al. 2020; Nimgampalle and Yellamma 2017; Bonfili et al. 2017),
neuroinflammation (Musa et al. 2017), diabetes (Davari et al. 2013), and vascular
dementia (Liu et al. 2015). Probiotic bacteria Bifidobacterium breve strain A1 has
shown to prevent cognitive dysfunction in the AD mice model. In addition, bacterial
metabolite acetate also partially improved cognitive decline. The repressed hippo-
campal expressions of inflammation and immune-reactive genes after consumption
of B. breve A1 have proven its beneficial effect (Kobayashi et al. 2017). It has also
been established that probiotic L. plantarum MTCC1325 displayed anti-Alzheimer
properties. L. plantarum MTCC1325 treatment not only ameliorates cognitive
deficits in diseased rats but also restored the level of acetylcholine and histopatho-
logical features (Nimgampalle and Yellamma 2017). Another investigation with
probiotic agents Lactobacillus acidophilus, L. fermentum, Bifidobacterium lactis,
and B. longum in rat found to improve memory and inhibit the AD pathology (Azm
et al. 2018). Thus, probiotic bacteria B. breve, L. plantarum, L. acidophilus,
L. fermentum, B. lactis, and many others appear to have therapeutic potential for
cognitive impairment.

Many animal studies strongly support the beneficial use of probiotic bacteria in
different disease conditions but the limited data on humans is available to support the
hypothesis. A human trial with probiotic species such as Lactobacillus acidophilus,
Lactobacillus casei, Bifidobacterium bifidum, and Lactobacillus fermentum showed
a positive impact on cognitive function and metabolic homeostasis in AD patients
(Akbari et al. 2016). In another human study, the supplementation of multispecies
probiotic to AD patients leads to an increase in Faecalibacterium prausnitzii in gut
flora and influenced tryptophan metabolism in serum (Leblhuber et al. 2018). Thus,
studies showed the potential of probiotic bacteria as an additional treatment for
cognitive impairment but still needs to go long ways to establish its effect on
humans.
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12.2.3 Potential of Genetically Modified Probiotics (GMP)
for Cognitive Impairment Therapy

By using genetic engineering tools, probiotics can be modified into Genetically
Modified Probiotics (GMP) to deliver drugs, therapeutic proteins, and even genes
with better site-specificity. GMP with anti-inflammatory and other specific proper-
ties could be exploited to benefit human health. Thus, bioengineered probiotics may
become a therapeutic strategy to cure/manage neurological diseases. The engineered
cytokine IL-10 secreting probiotic bacteria Lactococcus lactis (L. lactis) has shown
to improve colitis in mice. The bacteria not only reduced the therapeutic dose of
IL-10, but also caused a 50% reduction of colitis in mice (Steidler et al. 2000). In
another study, Bifidobacterium longum, engineered to secrete human IL-10
(BL-hIL-10), was administered into dextran sulfate sodium-induced ulcerative coli-
tis mice model, and resulted in alleviation of symptoms of colitis syndrome (Yao
et al. 2011). These supportive effects of GMP on animal diseases are encouraging for
investigating deeper GMP safety for human administration. In a study with human
subjects, human IL-10 secreting genetically altered Lactococcus lactis (LL-Thy12)
was used to treat patients of Crohn’s disease and found innocuous and effective.
Further, the effect of GMPs on other age-related diseases has also been determined in
some studies. The binding of angiotensin II to its receptor angiotensin II receptor
type 1 (AT1) has proposed to control the blood pressure through the renin-
angiotensin system (RAS). Lately, the alternate RAS axis has obtained more atten-
tion, where angiotensin-converting enzyme 2 (ACE2) converts angiotensin I to
angiotensin (1–7). With this, anti-inflammatory effect with other favorable physio-
logical effects of ACE2/Ang (1–7)/MAS axis has been reported (Simon et al. 2015).
Furthermore, Lactobacillus paracasei (LP) was genetically modified to synthesize
Ang (1–7) (LP-A) as a fusion protein with a transepithelial carrier and given orally to
diabetic mice. Improved glucose tolerance by enhancing insulin level, reduced retina
and kidney damage were observed in LP-A-treated diabetic mice (Li et al. 2018).

Recently, the involvement of RAS in aging has been established (Carter et al.
2020). It has also been found that the treatment of altered L. paracasei (LP-A) which
can secrete Ang (1–7) in mice model of aging increases RAS metabolites with
elevated levels of Ang (1–7) in circulation. This study gives clues on how GMPs
can be further explored to treat age-related neurological diseases (Carter et al. 2020).
There is a strong association between hypertension and cardiovascular diseases
(Weber 1994; Escobar 2002). In two independent studies, antihypertensive effects
of Lactobacillus plantarum (Lb. plantarum) and Escherichia coli expressing
angiotensin-converting enzyme inhibitory peptides (ACEIPs) have been determined
on the spontaneously hypertensive rats (SHRs) model. Oral administration of
recombinant Lb. plantarum and E. coli showed promising antihypertensive effects
(Yang et al. 2015; Huang et al. 2012). Given all the previous points, there is
supporting evidence for GMPs to hold the promising therapeutic potential to treat
neurological and metabolic diseases. Still, more research is needed to unfold its full
competence.
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12.3 Fecal Microbiota Transplantation (FMT)
as a Cognitive Impairment Therapy

Because of the strong involvement of gut dysbiosis in different diseases, improve-
ment in the content of gut microbiota may reverse the disease phenotype. Infusion of
stool in the colon from a healthy individual to a diseased individual who has an
unhealthy gut microbiome (gut dysbiosis) is known as fecal microbiota transplanta-
tion (FMT) (Brandt and Aroniadis 2013; Bakken et al. 2011). FMT was first
described in 1958, but it is receiving more attention and rapid approval in modern
science (Eiseman et al. 1958; Chin et al. 2017). Endoscopy, nasogastric and
nasoenteric tubes, and capsules are few routes for delivering FMTs. Administering
a new healthy gut microbial community helps with achieving normal gut functions
and restoring its colonization resistance (Gerding 2005; Wenisch et al. 1996;
Sadowsky and Khoruts 2016). Clostridium difficile infection (CDI) has been suc-
cessfully treated by repopulating the gut with a healthy microbiota through FMT for
six decades. Because of proven safety, efficacy, and high success rates (92%) of
FMT in treatment of recurrent CDI (rCDI) in several randomized clinical trials, now
FMT has been recommended as a second-line treatment (Cammarota et al. 2014;
Kelly et al. 2016; Van Nood et al. 2013; Youngster et al. 2014; Trubiano et al. 2016;
McDonald et al. 2018). Given the increasing success of FTMs, it has been also
recommended for the treatment of other diseases like inflammatory bowel disease
(IBD), allergic diseases, metabolic disorders, and autoimmune disorders (Choi and
Cho 2016). Inflammatory bowel diseases (IBDs) and ulcerative colitis have peculiar
feature of chronic inflammation of the lumen and have a prevalence of 0.5–1.0%
among European adults with increasing rates around the globe (Molodecky et al.
2012). Decreased anti-inflammatory phyla Bacteroides, Firmicute and increase in
proinflammatory Proteobacteria in gut dysbiosis is a leading cause for IBDs
(Konturek et al. 2015). Similar alterations in gut microbiota are associated with
other disease conditions including neurodegenerative diseases (Calvani et al. 2018),
obesity, metabolic diseases (Konturek et al. 2015; Vindigni and Surawicz 2017),
chronic kidney disease and hypertension (Chin et al. 2017; Richards et al. 2017).

Clinical trial in Australia has suggested the increased sustained microbial diver-
sity after fecal microbiota transplantation. A healthy clinical outcome of this study
was associated with different bacterial taxa including Fusobacterium spp.
(Paramsothy et al. 2017). Some other studies also concluded the positive effect of
FMT, but not concrete needs more extensive studies (Sokol et al. 2020; Imdad et al.
2018). A recent study has demonstrated that enhanced neuroinflammation and motor
dysfunction were observed in germ-free mice who received fecal microbiota from
PD patients (Sampson et al. 2016), supporting the link of dysbiosis and disease
conditions. Another study also showed increased insulin sensitivity along with
elevated levels of butyrate-producing intestinal microbiota when intestinal
microbiota from lean donors was transferred to metabolic syndrome patients (Vrieze
et al. 2012). Similarly, FMT from hypertensive individuals to germ-free mice
elevated blood pressure in mice and substantiated the role of gut microbiota in
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hypertension (Li et al. 2017). Alzheimer’s disease is characterized by cognitive
dysfunction. The observations of cognitive function in SAMP8 (senescence-
accelerated mouse prone 8) mice model have told that cognitive function in
SAMP8 mice was severely decreased as compared with senescence-accelerated
mouse resistant 1 (SAMR1) mice. Furthermore, fecal microbiota transplantation
from SAMP8 or SAMR1 mice to pseudo-germ-free mice led to a significant
decrease in cognitive function. However, pseudo-germ-free mice receiving fecal
bacteria from SAMR1 mice showed behavioral improvements (Zhan et al. 2018).
Together, these studies intensely support the involvement of abnormal gut
microbiota (gut dysbiosis) in neurological (including cognitive impairment) and
metabolic diseases. Identification of key microbes and their benefits on different
pathological conditions will offer a great tool in the form of FMTs to cure multiple
illnesses. The availability of highly screened, effective fecal bacteria catalog may
also support the treatment. Furthermore, extensive and systematic studies will be
compulsory before approval of the use of FMTs on humans.

12.4 Potential of Physical Training/Exercise for Cognitive
Impairment Therapy

A regular physical exercise practice reduces the risk of acute and chronic inflamma-
tory diseases because of its confirmed anti-inflammatory effects. Recent studies
established that exercise has an independent capability to modify the gut microbiota
composition and its positive functional ability (Kang et al. 2014; Kern et al. 2020;
Mailing et al. 2019b). When gut microbiota transfer from exercise-trained mice into
germ-free mice, it leads to a reduction in colitis risk which is evidenced by enhanced
expression of cytokines involved in the resolution of inflammation, tissue regener-
ation and attenuated mucus depletion, colon shortening (Allen et al. 2018). In
another study, exercise preconditioning-induced modification in gut microbiota
composition showed a beneficial effect on septic shock by regulating host response
to sepsis in mice, which is defined by the improved balance between pro- and anti-
inflammatory responses, less organ damage, and increased survival (Kim and Kang
2019). Consistently, mice on wheel running exercise for 12 weeks showed reduced
intestinal inflammation, increased antioxidant enzymes in intestinal lymphocytes,
and improved epithelial membrane integrity by increasing microbial diversity in
mice (Campbell et al. 2016; Allen et al. 2015). Bifidobacterium spp. is one of the
important gut microbes highly affected by physical exercise in normal mice
(Lambert et al. 2015). In fact, increase in Bifidobacterium in the fecal content was
observed in mice went through workout on treadmill (Lambert et al. 2015). Many
inflammatory conditions of the gut have been associated with decreased level of
neurotrophic factor derived from brain in the hippocampal area and Bifidobacterium
supplementary diet has shown to increase brain-derived neurotrophic factor expres-
sion. This study strongly suggests that physical activity affects brain function
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through hippocampus neurogenesis by modulating gut microbiota (Cassilhas et al.
2016). Similarly, in human volunteers (professional athletes), improved microbiome
diversity has been observed which was associated physical workout (Clarke et al.
2014). Aerobic exercise training in older adults efficiently contraries age-related loss
in hippocampal volume and improved learning and memory by enhancing serum
levels of BDNF, which is a crucial neurogenesis mediator in dentate gyrus (Erickson
et al. 2011). Studies have proven that Akkermansia and Proteobacteria are the most
exercises responsive taxa. 5–6 weeks endurance exercise training in older people and
overweight woman has shown to increase Akkermansia, Oscillospira and decrease
Proteobacteria and C. difficile which are detrimental to health (Taniguchi et al.
2018; Munukka et al. 2018). Together, these studies strengthen physical training/
exercise as significantly improving the fraction of anti-inflammatory microbes in the
gut microbiota and having benefits on neurological diseases. Preliminary research on
the health effects of physical exercise on mice and humans is promising and creating
a foundation to explore its therapeutic importance for cognitive impairment.

12.5 Conclusion

Gut microbiota and human health are complementary to one another. The past two
decades of studies on microbiome revolutionized our opinion about gut microbes
and established its involvement with immunological, neurological, and metabolic
diseases/disorders. Gut microbiota influences the bidirectional communication
between the central and the enteric nervous system (gut-brain axis). It is a well-
recognized fact now that gut dysbiosis is allied with the majority of illnesses
including neurological disease and cognitive impairment. Thus, healthy gut
microbes appear to have the potential to manage/treat cognitive impairment. Probi-
otic B. breve, L. plantarum, L. acidophilus, L. fermentum, and others have proven
benefits on neurological and metabolic diseases. Also, these healthy probiotics can
be modified into GMPs for delivering certain therapeutic agents specific to disease
conditions. Above all, gastrointestinal infections and gut dysbiosis are already
treated with FMT. FMT potential to restore a healthy gut microbiome can also be
exploited in age-related diseases including cognitive impairment. The beneficial role
of physical exercise on overall health by influencing gut microbes has already been
confirmed and could be further explored for neurological disorders. The gut
microbiota also secretes a variety of metabolites that have positive effects on host
physiology and in turn are also affirmatively influenced by diet, especially high-fiber
diets. Thus, managing cognitive impairment through administering a high-fiber diet
with other health supplements seems to have great potential to be explored.
Probiotics, GMPs, FMT, exercise, and a specific diet plan appear to have the
potential to treat neurological diseases and cognitive impairment (Fig. 12.1) but
further systematic and extensive animal studies and human trials on these factors
(taken each separately or in combination) will be required before confirming them as
a therapeutic agent for cognitive impairment.
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Chapter 13
Nanoplastics, Gut Microbiota,
and Neurodegeneration

Ananya Rai

Abstract Plastics are high molecular weight organic polymers and their production
has increased drastically, i.e., 150 times from l950 to 2015. Plastics in the environ-
ment are persistent form of a pollutant. Especially, Microplastics (MPs) (Diame-
ter < 0.001 mm) and Nanoplastics (diameters <0.1–1 mm) are one of the major
environmental concerns. The present chapter describes the important sources, routes
of exposure, and the impact of MPs/NPs as well as additives on mammalian gut
microbiota that ultimately hampers neurological functioning. Microbes, light, heat,
various chemical-induced biodegradation, ultraviolet B radiation of sunlight, and
hydrolytic properties of water play a major role in the generation of MPs as well as
in conversion of MPs into NPs. In addition to these minuscule plastic particles, other
components such as polycarbonate (PC), polyethylene terephthalate (PET), and
polyethylene (PE) have been detected in several human samples. Many research
corroborated the effect of MPs/NPs on infertility, cancer, inflammation, gastrointes-
tinal abnormalities, etc. This chapter will provide information on toxicological
mechanisms such as oxidative stress, inflammation, metabolic impairment, and
alteration in the secondary and tertiary structure of proteins, due to MPs/NPs.
Pathophysiological consequences of acute and chronic exposure of MPs/NPs on
the human system are yet unclear. This chapter includes a detailed understanding of
how MPs/NPs induce harmful effects via reactive oxygen species (ROS) mediated
signaling of MAPK-HIF-1/NF-kB. It also provides recent advancements related to
polystyrene NP surface modification. Although, even being high-risk environmental
factors these plastic particles are being overlooked. There is a need to explore and
scrutinize the cellular and molecular mechanisms induced by MPs/NPs, leading to
several maladies.

Keywords Nanoplastics · Oxidative stress · Neurodegenerative diseases

A. Rai (*)
Molecular Biology Unit, Institute of Medical Sciences, Banaras Hindu University, Varanasi,
India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
A. K. Tripathi, M. Kotak (eds.), Gut Microbiome in Neurological Health
and Disorders, Nutritional Neurosciences,
https://doi.org/10.1007/978-981-19-4530-4_13

211

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-4530-4_13&domain=pdf
https://doi.org/10.1007/978-981-19-4530-4_13#DOI


Abbreviations

AD Alzheimer’s disease
ALS Amyotrophic lateral sclerosis
BBB Blood–brain barrier
BFRs Brominated flame retardants
BPA Bisphenol A
CAT Catalase
CNS Central nervous System
DEHP Di (2-ehtylhexyl) phthalate
ENS Enteric nervous System
GBA Gut-brain axis
GI Gastrointestinal tract
GPx Glutathione peroxidase
GSH Glutathione
HD Huntington disease
HPA Hypothalamic pituitary adrenal
IBD Inflammatory bowel disease
JNK c-Jun N-terminal kinase
MAPK Mitogen-activated protein kinase
MPs Microplastics
MS Multiple sclerosis
NADP Nicotinamide adenine dinucleotide phosphate
NADPH Nicotinamide adenine dinucleotide phosphate hydrogen
NPs Nanoplastics
Nrf2 Nuclear factor erythroid 2-related factor 2
PBDEs Polybrominated diphenyl ethers
PCB Polychlorinated biphenyls
PD Parkinson’s disease
PSNPs polystyrene nanoparticles
PVC Polyvinyl chloride
RNS Reactive nitrogen species
ROS Reactive oxygen species
SCFAs Short-chain fatty acids
SOD Superoxide dismutase
VNS Vagus Nerve Stimulation

13.1 Introduction

Plastic products are the most common human creation and are visible
in approximately every field such as health, construction, agriculture, textiles
as well as in houses. Global production of plastic has increased enormously from
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1.7 million tons in the 1950s to over 322 million tons in 2016 (Revel et al. 2018). In
2019, the global plastic market size was valued at USD 568.9 billion and is expected
to grow at a compound annual growth rate (CAGR) of 3.2% from 2020 to 2027
(Amobonye et al. 2020). This drastic increase has left a huge amount of waste in our
environment. In 2015, 5000 million metric tons of waste was produced
and the experts estimate that this number will increase up to 25,000 million metric
tons in 2050 (Geyer et al. 2017). Moreover, the percentage of waste undergoing
recycling is quite negligible and it often leaks into the environment.

India is one of the leading producers of plastic products in the global
plastic-production market. These products lead to approximately 26,000 tons
of waste per day. Most of these plastic pollutants end up in the nearby water sources
such as rivers and then ultimately to oceans and seas.

In the environment, these plastics interact with various degrading agents that
break the larger plastic pieces into smaller fragments and result in the generation
of MPs/NPS. These chemically inert MPs/NPs are recalcitrant, potential eco-toxic.
MPs/NPs negatively affect the growth of plants and the animals that consume them,
which could have adverse effects at subsequent higher trophic levels (Shen et al.
2019; Chae and An 2020). Defect in metabolism, reproductive system, larvae
structure, and changes in brain appearance are the most common effects seen
in aquatic organisms (Yong et al. 2020). The liver, lungs, kidney, brain, etc. are
commonly affected organs (Bouwmeester et al. 2015). In humans, these particles are
responsible for disrupting the gut barriers and cell receptors, and also altering
the gene expression in the nucleus. It can also compromise the endocytic pathway
function as well as our immune response (Rubio et al. 2020). Inflammation,
genotoxicity, and oxidative stress responses have also been reported (Cortés et al.
2020). NPs are compelling because of their small size, specific physicochemical
properties, their protein corona characteristics that permit the immune system
to detect them, and in the case of metal oxide-based NPs: their magnetic character-
istics as well (Barbero et al. 2017; Katas et al. 2018; Teleanu et al. 2018, 2019).
Since the gut microbiota is ultra-sensitive to the changes, they become the major
toxicological target for MPs/NPs. Oxidative stress caused due to the influence
of MPs/NPs can alter the gut microbiota and affect dietary metabolism.

13.2 Plastic, Microplastic, and Nanoplastic: Origin and Its
Chemical Composition

High molecular weight organic polymers reunite together to give rise to plastic
products and are malleable. Predominately plastics are synthetic, generally com-
posed of petrochemicals although some are cellulose-based. Plastics are categorized
broadly into two groups: macroplastics and microplastics (Zalasiewicz et al. 2016).
Macroplastics are greater than 5 mm in size, hence they are easily visible with naked
eyes. When these macroplastics get exposed to the UVB radiation of the sunlight,
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they degrade into smaller pieces in the presence of seawater (hydrolysis) and
environmental oxygen (oxidation) and are known as microplastics (Moore 2008).
Microplastics (MPs) (<5 mm) are typically imperceptible to the naked eye. These
are too small to filter out either by any machinery or a simple sewage plant. Because
of their small size microplastics can effortlessly peregrinate far with the assistance of
river and sea current, and can get settled in sediment layers (Browne et al. 2011).
Recently, a new plastic pollutant has been detected whose dimensions are smaller
than MPs as well, these are named Nanoplastics (NPs), little attentiveness has been
paid to these minuscule particles (>100 nm) (Gigault et al. 2018). Clear definition of
NPs has not been proposed yet.

Primarily NPs are produced from larger plastics or MPs as the result of their
fragmentation (Eerkes-Medrano et al. 2015) (Fig. 13.1). Studies of NPs have shown
that they have a great capacity to absorb organic compounds because of their huge
surface-to-volume ratio, which potentially allow them to penetrate through cell wall
(Gregory 1996; Fendall and Sewell 2009). Hence, NPs are being manufactured
purposefully as well, for drug delivery, detergents, or cosmetic use. Nanoplastics
are chemically inert and present significant ecological and health concerns because
of their persistence in the environment and their ability to function as vectors for
chemical pollutants as well as pathogens (Rakesh et al. 2020).

13.2.1 Sources of Nanoplastics

Various sources of microplastics/nanoplastics have been suggested in Table 13.1.
Textiles, tires and city dust alone accounts for 80% of microplastics in the
environment.

Macroplastics Macroplastics
[plastic particles with a diameter < 5mm]

Nanoplastics
[diameter betweem 1 nm
and 100nm or 1000 nm]
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Fig. 13.1 Diagrammatic representation of conversion of macroplastics into nanoplastics.
Macroplastics when exposed to specific microbes, light, UV, heat, and other chemical agents in
the environment, undergoes the fragmentation and results in production of microplastics; these
microplastics further degrades into nanoplastics
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13.2.2 Routes of Exposure

Drinking water: MPs occurrence has been seen in the soil and freshwater ecosystem
and their amount has also been measured, their presence has also been seen at the
drinking water sources as these particles are way too small, hence often pass through
the filtration system (Eriksen et al. 2013; Carr et al. 2016). Range (daily discharge)—
50,000 up to 15 million (Mason et al. 1987).

Table 13.1 Tabular representation of sources of microplastics/nanoplastics with their
corresponding usage

S.
no.

Source of polymeric
microplastics or nanoplastics Usages References

1 Domestic wastewater Cosmetics, cleaning products
discharged.

Gregory (1996),
Fendall and Sewell
(2009), Chang
(2015)

2 Industrial emergence Feedstock in plastic
manufacturing.

Sadri and Thomp-
son (2014)

3 Plastic resin powders or pellets Used for air blasting. Claessens et al.
(2011),
Zbyszewski et al.
(2014)

4 Breakdown of larger plastic items
before entering the environment

Fragmentation of synthetic
fibers during the washing of
clothes.

Browne et al.
(2011)

5 Depletion of the plastic items Via degradation, When the
expanded polystyrene
undergoes mechanical abrasion,
Persistent wearing by sand par-
ticles on the beaches.

Corcoran et al.
(2009), Tosin et al.
(2012)

6 UV radiation and microbiological
activity

Lambert et al.
(2014)

7 Sewage sludge that are contami-
nated and are used as fertilizer,
agricultural polyethylene
(PE) foil’s degradation, clothes
drying

Liebezeit and
Liebezeit (2014)

8 Thermal cutting of polystyrene
foam in the range of ~20–220 nm

Zhang et al. (2012)

9 3D printing (11.5 nm–116 nm) Quick prototyping and small-
scale manufacturing

Stephens et al.
(2013)

10 Use of polymeric nanoparticles
and nano capsules

Biomedical applications, such
as drug delivery

Pohlmann et al.
(2013)
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Food chain: If any particular aquatic environment has somehow been contami-
nated with MPs/NPs, then the consumption of water or any contaminated organisms
may lead to exposure. In addition, storing the fish in plastic containers for storage or
transportation may also add up to this (Revel et al. 2018). In crabs and mussels,
translocation of MPs has been demonstrated in the laboratory across the gastroin-
testinal tract (Browne et al. 2008; Watts et al. 2016). In fishes, gastrointestinal tracts
were found contaminated with MPs/NPs but beyond that MPs/NPs have not been
evaluated yet (Bouwmeester et al. 2015).

Dermal: Water contaminated with MPs/NPs can come in contact with humans
during various usual routine work such as washing or through facial/body scrubs
harboring MPs/NPs (Sykes et al. 2014). Since MPs have a dimension of >5 mm
approximately, they cannot penetrate through the stratum corneum as this layer
allows the uptake of fine particles smaller than 100 nm, hence absorption via the
skin is unlikely to occur for MPs. However, NPs could gradually diffuse through
human skin (Sykes et al. 2014).

Inhalation: (Air) MPs/NPs can become airborne, may be because of wave action
in the aquatic environment or as a result of wastewater treatment and these can be
inhaled by humans as well as other organisms (Revel et al. 2018).

Other sources: Ingestion of various products or particles may introduce MPs/NPs
into human system, for example, honey (Liebezeit and Liebezeit 2013), beer
(Liebezeit and Liebezeit 2014), salt (Karami et al. 2017), ingested indirectly through
personal care products as well (toothpaste, scrubs) (Revel et al. 2018).

13.2.3 Additives

Plastics are mainly composed of monomers, which are the by-products of the
petroleum industry (Chen and Patel 2012). To improve performance and achieve
better stability or durability, plastic monomers are blended with some additives such
as plasticizers, light and heat stabilizers, lubricants, and pigments. Various other
agents, as well as fillers such as kaolin, clay, calcium and carbonate are used to
enhance the strength or to alter the texture (Hahladakis et al. 2018). During the
degradation, these additives leach out in the surroundings with MPs/NPs.

13.2.4 Impact of Nanoplastic on Gut Microbiota and Its
Molecular Mechanism

Gut Microbiota: Microorganisms are an inseparable part of our life, not only in the
surroundings but also reside inside our bodies. The vast variety of microorganisms
(e.g., bacteria, archaea, viruses, unicellular eukaryotic) in the number of trillions
exists in close relationship with our gut in the form of complex microbial
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communities and are termed as “gut microbiota” (Bäckhed et al. 2005; Hsiao et al.
2008). The number of bacterial cells inhabiting the GI tract has been estimated to be
more than 1014, which means 10 times more than the number of human cells, and
over 100 times genomic content (microbiome) as the human genome (Gill et al.
2006; Thursby and Juge 2017). Firmicutes and Bacteroidetes were mainly present in
human gut microbiota, whereas the Actinobacteria, Proteobacteria, Fusobacteria,
Verrucomicrobia, and Cyanobacteria account for a small proportion (Eckburg et al.
2005). Similarly, in the gut microbiota of mice Firmicutes and Bacteroidetes were
mainly observed, while in the gut microbiota of zebrafish Proteobacteria and
Fusobacteria were in the majority (Rawls et al. 2006).

Considering microorganisms always a foe would not be right as these micro
unicellular organisms play a very crucial role in maintaining the ecological as well as
personal wellbeing. The abundance of gut microbiota harbors in the intestinal area
and shows complex trophic relationships varying from symbiosis to parasitism
(Ventura et al. 2009). These microbes make the inaccessible nutrients available by
the breakdown of food particles and further helps in absorption (Milani et al. 2017),
promote host cell differentiation (Sommer and Bäckhed 2013), prevent the coloni-
zation of pathogens (Buffie and Pamer 2013; Kamada et al. 2013; Pickard et al.
2017), and stimulate the immune system as well (Cerf-Bensussan and Gaboriau-
Routhiau 2010; Martin et al. 2010; Maranduba et al. 2015; Pickard et al. 2017; Lazar
et al. 2018).

Various environmental factors such as temperature (Fontaine et al. 2018), pH
(Duncan et al. 2009; Hansen et al. 2018), nutrient availability (Hansen et al. 2015),
oxygen level/redox state (Qiao et al. 2013; Jones and Neish 2017; Ma et al. 2019)
influence the gastrointestinal microbiota. Foreign particulates inhaled from the
environment also hampers the gut microbiota. The drastic increase in plastic pro-
duction has made our life easy, but at the same time, its abuse has left a huge amount
of waste in our environment. Gut microbiota is one of the major toxicological targets
of MPs/NPs due to its sensitivity. MPs/NPs were found to alter the composition of
beta diversity (but no significant changes were induced by treatment groups in the
alpha diversity), functioning of gut microbiota that leads to physiological dysfunc-
tion of the host and causes various diseases such as inflammatory bowel disease
(IBD), malnutrition, obesity, diabetes, etc. (Lu et al. 2019).

Since the mice are common mammalian model. Hence, to understand the effect of
MPs/NPs on the mammalian system it is the favored one. Various studies showed
that exposure to MPs/NPs reduces body weight, liver and lipid weight, gut inflam-
mation (Li et al. 2020a), and a decrease in the relative abundance of Firmicutes and
α-Proteobacteria in the feces of mice (Lu et al. 2018). A study on soil oligochaetes
(Zhu et al. 2018) and soil springtails (Ju et al. 2019) showed gut dysbiosis, and
altered bacterial diversity, which was further accompanied by negative health
effects, such as stunted growth and reproduction, and changes in gut metabolic
profiles linked to oxidative stress and inflammation in zebrafish (Jin et al. 2018).
MPs/NPs ingestion altered the gut microbiota of mussels (Mytilus edulis), higher
concentrations were shown to have other ill effects (Li et al. 2020b).

The major query is how these MPs/NPs influence the gut microbiota.
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Various factors such as malnutrition, inflammation, pathogens, endocrine
disruptors, and environmental chemicals, influence the gut microbiota accompanied
by ingestion of MPs/NPs (Fig. 13.2). An increase in potential pathogenic bacteria, a
reduction in beneficial bacteria, and the rise of negative interactions between essen-
tial gut bacteria, and potential pathogens are the major factors that influence the
structure of the gut microbiome (Fackelmann and Sommer 2019). It’s known that
healthy microbiomes are alike in composition, and the microbiomes in dysbiosis
exhibit no uniform pattern of dissimilarity (Zaneveld et al. 2017).

Prediction is that organisms ingesting the MPs/NPs also take in microbes (e.g.,
bacteria) that are able to break down plastics or partially detoxify the chemicals
associated with them. In a study, MPs/NPs associated with other chemicals or
polymers such as PCB were found to be colonized by PCB transforming microbes
rapidly (by reductive de-chlorination) (Harrison et al. 2014; Michels et al. 2018),
hydrogen degrading genera were also found to be colonized (Harrison et al. 2014).
Hence, when the ingestion of MPs/NPs increases, it alters the core microbiome
simultaneously. Furthermore, not only the gut microbiome but also its hologenome
must be studied propely. As, the microbes can very easily access the plasmids on the
surface of MPs/NPs via horizontally gene transfer (transfer of genetic material
between organisms, other than the transfer from parent to offspring) (Soucy et al.
2015) and can harness various antibiotic resistance genes (Arias-Andres et al. 2018).
Hence, not only the composition, but also the gene structure as well as their
expression pattern should be a major parameter to evaluate.

Fig. 13.2 Diagrammatic representation of intake of MPs/NPs, and their direct and indirect impact
on gut microbiota. MPs/NPs can (1) cause mechanical disruption, leading to malnutrition, inflam-
mation of the GI tract, nanoplastics can cross biological barriers as well; (2) act as a vector for
pathogens and foreign, non-core bacteria, that will eventually lead to competition for limited
resources with resident bacteria; (3) carry chemicals known to disrupt the endocrine system, altering
host hormone signaling; act as a carrier for various environmental pollutants as well. They may
activate the immune system; the dysbiosis may trigger chronic diseases, diminishing host’s health,
and alteration in the gene capacity and expression of gut microbiota

218 A. Rai



13.2.5 Impact of Additives on Gut Microbiome

Since additives (except for some flame retardants) are not bound to the polymer
matrix, they may leach out of polymer effortlessly into the surrounding, especially if
they are of low molecular weight (von Moos et al. 2012; Liebezeit and Liebezeit
2014; Wright and Kelly 2017; Campanale et al. 2020). The most harmful chemicals
are recalcitrant, carcinogenic, act as a mutagen for DNA, have toxic reproductive
effects, are capable of bioaccumulation, and have other harmful properties, such as
disrupting hormones (Locke n.d.; Schubert 1972). The major pathway of exposure to
these chemicals is in association with MPs/NPs. These additives can be extremely
hazardous for gut microbiota (Table 13.2).

13.3 Molecular Mechanism

The reactive oxygen species or ROS are the radicals derived from oxygen in the
biological system. Unrestricted production of ROS can escalate membrane perme-
ability and cellular stress, eventually resulting in the amplification of facultative
anaerobic bacteria (previously dominated by obligate anaerobic bacteria), gut barrier
dysfunction, and inflammation (Sung et al. 2011; Mao et al. 2019). MPs/NPs can
result in the generation of free radicals (Liu et al. 2020); these free radicals have a
high tendency to be involved in different reactions, including oxidative chemical
reactions.

13.3.1 Initiation Events (IE)

Studies have shown that MPs/NPs can induce the generation of ROS at different
sizes, doses, surface characteristics, and exposure times (Jeong et al. 2016, 2017;
Paul-Pont et al. 2016). ROS generated as the result of interaction with MPs/NPs fall
under two categories (Fig. 13.3): extracellular and intracellular (Hu and Palić
2020a). Extracellularly, the encounter of the plastic polymer to various weathering
events such as photo, thermal degradation, or UV radiation results in several
chemical modifications (Celina 2013; Jahnke et al. 2017). It eventually leads to the
generation of free radicals on the surfaces of MPs/NPs, via various pathways such as
removal of the hydrogen atom from a macromolecular chain, or addition to an
unsaturated carbon chain group (crosslinking reaction) (Yousif and Haddad 2013).
These free radicals once produced can react with atmospheric oxygen and produce
polymer peroxy radicals with the further generation of secondary polymer alkyl
radicals (Allen and Bevington 1996).

Enormous intracellular generation of ROS by virgin MPs/NPs was observed
using a broad range of model systems, from mammalian cell lines to marine
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Table 13.2 Tabular representation of the types of additives, their uses and potential ill effect on gut
microbiota

Additives Use Impact References

Plasticizers Make plastics more flex-
ible. Mostly used in PVC
and cellulose-based
polymers.

Phthalates are endocrine
disruptors and possess
estrogenic activities; di
(2-Ethylhexyl) phthalate
have toxic impacts on
reproductive organs, the
heart, liver, kidneys, and
lungs, even at low expo-
sures.
• Hormones secreted by
the host, affect the gut
bacteria due to the pres-
ence of necessary hor-
mone receptors on it,
ultimately disturbing the
gut microbiome (Hughes
and Sperandio 2008;
Neuman et al. 2015).
• Binding of plasticizers
to microbial hormone
receptors, or interfering
with host hormone sig-
naling, both can alter gut
microbiota.

Diamanti-Kandarakis
et al. (2009), Caldwell
(2012), De Toni et al.
(2017), Godwin (2017)

Flame
retardants

Used to reduce the
chance of ignition and the
spread of fire when plas-
tics are used in close
association with critical
conditions like construc-
tion, electrical, transport.

BFRs can induce endo-
crine, reproductive, and
behavioral effects.
PBDEs affect the micro-
bial homeostasis of
human gut microbiota. It
leads to lower bacterial
densities, high doses
showed the shift at phy-
lum and family levels.

Lyche et al. (2015),
Cruz et al. (2020)

Antioxidants,
ultraviolet
antioxidants,
stabilizers

Phenolics generally
added at lower amounts.
Oxidation can cause dis-
coloration, loss of impact
strength, etc. Hence,
antioxidants are used to
prevent the thermal oxi-
dation (high tempera-
tures) as well as light
oxidation (when plastics
are exposed to UV light).

BPA intake can reduce
species diversity, as it
favors the growth of spe-
cific bacteria and inhibits
others, for example
enhancing
proteobacteria,
Helicobacteraceae, etc.,
but reduces clostridia in
the gut microbiome. BPA
can induce colon and
liver inflammation via
dysbiosis and altering
metabolite profiles. It can
also induce changes in

Javurek et al. (2016),
Lai et al. (2016),
Reddivari et al. (2017),
Galloway et al. (2019)

(continued)
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invertebrate and living fish models (Cole and Galloway 2015; Schirinzi et al. 2017;
Qiao et al. 2019). MPs/NPs can be engulfed via the process of endocytosis or
pinocytosis (Geys et al. 2006; von Moos et al. 2012), once inside these MPs/NPs
are treated as an outsider, hence triggering the innate immune defense mechanism
(Greven et al. 2016; Wen et al. 2018). During attempts of the immune cell to
neutralize potentially infectious foreign particles, ROS (superoxide and hydrogen
peroxide) are generated in a high amount as products of NADPH oxidase or other
enzymatic reactions (Yang et al. 2013). Both O2 and H2O2 are produced to serve as a
key mediator driving oxidative stress series and play a significant role in signal
transduction (Yang et al. 2013; Qiao et al. 2019). The fluctuation in surface charge
potential and mass/surface ratio in NPs permits easier engagement of free radicals as
well as allows easier shifting through membranes. Demonstrating a strong interre-
lationship between particle size and ROS generation potential, the smaller the
particle, the higher ROS generation potential (Jeong et al. 2016; Jeong et al. 2017;
Lei et al. 2018; Yu et al. 2019).

Table 13.2 (continued)

Additives Use Impact References

the central nervous sys-
tem permanently.

Antimicrobial Microbial attack can
cause staining, discolor-
ation, odor, loss of elec-
trical insulation, hygiene,
and mechanical proper-
ties of the product. Anti-
microbials prevent such
attacks.

These antimicrobials can
effortlessly result in
dysbiosis, loss of benefi-
cial bacteria, pathobionts
expansion; disrupt gut
barrier, metabolism,
increases inflammation
response, biofilm devel-
opment/Quorum sensing,
antibiotic resistance.

D’Arcy (2001),
Ribeiro et al. (2020)

Heat
stabilizers

Processing of the poly-
mer requires the treat-
ment of high temperature
well above 180 �C.
Hence, heat stabilizers
are used to prevent the
decomposition of the
polymer during
processing.

Organophosphites are
commonly used heat sta-
bilizers in PVC polymer.
OPs exposure signifi-
cantly alters the gut
microbiome, which fur-
ther contributes to the
neurological disorder.
The altered gut
microbiome affects the
physiological properties
of the gut permeability
and many biological pro-
cesses such as the pro-
duction of important
metabolites (vitamins and
SCFAs.)

Polymer Solutions
News Team (2015),
Roman et al. (2019)
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13.3.2 Key Event: Oxidative Stress

Oxidative stress is the result of disproportion between the generation of ROS and
antioxidants-based detoxification. Here, we will discuss the oxidative stress pathway
concerning MPs/NPs.

Various animal models including rotifers (B. koreanus) (Jeong et al. 2016), water
fleas (Daphnia magna) (Liu et al. 2020), fishes (D. rerio) (Lu et al. 2016; Chen et al.
2017), and mammals (M. musculus) (Deng et al. 2017) were observed and the
involvement of antioxidants system following the exposure of MPs/NPs was
found, indicating the occurrence of oxidative stress, supporting the fact that MPs
and NPs can induce oxidative stress as the fundamental mechanism. Antioxidant
systems are complex and include various compounds such as vitamins (e.g., C, E,
and D3); together with multi-enzyme pathways, that produce antioxidants and
eliminate ROS and RNS. SOD/CAT antioxidation mechanisms play a major role
as a tool against the adverse effect of ROS and respond to these signals (Hu and Palić
2020a).

13.3.3 Activation of Oxidative Stress Pathway

One major stress responsible for the activation of MAPK (mitogen-activated protein
kinase) pathways in oxidative stress is caused due to increased ROS (McCubrey

Fig. 13.3 Diagrammatic representation for the production of ROS under the influence of MPs/NPs.
Generation of these radicals occur extracellularly as a result of environmental agents and aging
processes; intracellularly engulfed MPs/NPs are treated as foreign substances, so it triggers innate
immune system; and during the process of neutralization huge amount of ROS are generated as the
product of NADPH oxidase. Created with BioRender.com
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et al. 2006). Concurrent elevation in Nrf2 activity can downregulate the MAPK
activation by increased ROS (Shi and Zhou 2010), still, the exact mechanism
remains unclear. Although due to prolonged exposure to ROS, MAPK can remain
activated for longer, which will eventually have several negative consequences such
as autophagy, inhibition of ERK, and activation of p38MAPK components. Activa-
tion of MAPK pathway is influenced by particle size and charge as well (Fig. 13.4).

In recent studies, brominated flame retardants are found to activate the MAPK
pathway and induce oxidative stress (Park et al. 2017). Exposure of MPs/NPs in
marine copepod (P. nana) and Mitten crab (E. sinensis) predicted the induction of
MAPK downstream pathways and enhanced phosphorylation level of ERK and p38
kinase showed a positive interrelationship with the production of ROS (Jeong et al.
2017). Furthermore, exposure to MPs/NPs showed an increase in transcription factor
Nrf-2 (nuclear factor erythroid 2-related factor 2) (Jeong et al. 2017).

ROS generated is responsible for several other molecular key events, such as lipid
peroxidation, DNA damage, acetylcholine inhibition causing inflammation,
genotoxicity, and neurotoxicity, which in turn may add to oxidative stress. In
addition, mitochondrial dysfunction and liposomes disruption are two major cellular
key events triggered due to MPs/NPs (Hu and Palić 2020b).

13.3.4 Impact of MPs/NPs Induced Oxidative Stress on Gut
Microbiota

Gut microbiota contributes to managing the host’s antioxidant response via the
modulation of reduced glutathione (GSH) synthesis (Mardinoglu et al. 2015).
However, the gut microbiota can be affected by oxidative stress. A study on
non-pathogenic gut bacterium Enterococcus durans (MTCC 3031) showed that
oxidative stress caused due to cancer therapy leads to gut microbiota alteration

Fig. 13.4 Diagrammatic representation showing the dependency of MAPK pathway activation on
the particle size and charge; study on P. nana and B. koreanus showed that particles of size 50 nm
generate more severe oxidative stress as compared to smaller particles (size-6 μm), causing higher
phosphorylation of p38 MAPKs; surface charge came out to be condemnatory for MAPK cascades
as well, plain PSNPs (Poly Styrene Nano Plastics) were found to activate the p38 and JNK along
with ROS induction while negative charge holder molecules activated independently
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(Jose et al. 2018). Similarly, the oxidative stress, caused due to the influence of
MPs/NPs, may alter the intracellular redox status of the gut microbiota, which is
determined by the NADPH/NADP ratio. This intracellular redox status is related to
various significant functions varying from growth, reductive biosynthesis of several
metabolites to apoptosis (Ivarsson et al. 2005). Fluctuations in the redox status can
result in the alteration of gut microbiota.

With decreased redox ratio, the reductive power of the cell also decreases, which
will make gut microbiota unable to perform their usual role in various functioning
for the host. Decreased bacterial growth would lead to a significant reduction in the
bacterial population under such circumstances, altering the gut microbiome. It is
already known that maintenance of the cellular redox status is crucial for the proper
functioning of the gut microbiome.

13.3.5 Gut Microbiome and Neurodegenerative Disorder

Gut microbiota is in close association with the central nervous system (CNS)
through the Gut-Brain Axis (GBA). Various components of this axis are in coordi-
nation with each other through a communicational pathway linked from brain to gut
and vice versa (Bercik et al. 2012). It usually communicates by passing on the
signals via several routes which consist of Vegas Nervous System (VNS), Central
Nervous System (CNS), Enteric Nervous System (ENS), metabolites, immune
system, Hypothalamic Pituitary Adrenal (HPA) (ScienceDirect Topics, n.d.). Aggre-
gated evidence showed the interrelationship of gut microbiota dysbiosis and several
neurodegenerative disorders such as Parkinson’s disease (PD), Alzheimer’s disease
(AD), Amyotrophic Lateral Sclerosis (ALS), Multiple Sclerosis (MS), and
Huntington’s disease (HD) (Kelly et al. 2017; Follmer 2020; Raval et al. 2020;
Tilocca et al. 2020a, 2020b).

13.3.6 Impact of Altered Gut Microbiota Due to Ingested
MPs/NPs on Neurodegenerative Diseases

Ingested MPs/NPs are responsible for causing neurodegenerative disorders by two
major pathways, primarily via creating oxidative stress, which is itself firmly
associated with mitochondrial dysfunctions and neurodegenerations, or secondarily,
via altering the gut microbiota. This altered gut microbiota hence will not be able to
perform its usual functions in GBA and may result in neurodegenerative disorders.
Dysbiosis is one of the leading factors for the increase in inflammatory cytokines and
bacterial metabolites, which ultimately alter the gut and BBB permeability, and
cause neuro-inflammation aiding various neurodegenerative disorders (Fig. 13.5).
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Dysbiosis can enhance the levels of reactive oxygen species (ROS) that add on the
OS scenario and neuronal inflammation.

13.3.7 Role of Antioxidants

Antioxidant plays a vital role in preventing damage from the free radicals. Hence,
intake of natural antioxidants such as vitamins (vitamin A, C, and E), carotenoids
(β-carotene, lycopene, and astaxanthin), polyphenols (tea polyphenols and red wine
polyphenols), and flavonoids (flavonoids, isoflavone, xanthones, and anthocyanins)
in our diet is the most appreciated way to prevent various critical disorders including
neurodegeneration (Li et al. 2014). Lycopene is a non-provitamin carotenoid. The
major dietary sources of lycopene for humans are tomatoes and tomato products
(Sies and Stahl 1998). Studies have shown the protective effect of lycopene against
the oxidative stress caused by various additives such as BPA, DEHP, etc.
(Abdel-Rahman et al. 2018; Zhao et al. 2020). Another organic compound, named
Piperidine, obtained from black pepper with curcumin showed approximately 69%
increment in gut microbial species (Tripathi et al. 2022).

Fig. 13.5 Diagrammatic representation of various endogenous factors such as diet, drugs, gender,
and age as well as environmental factors and MPs/NPs altering the gut microbiota. Ultimately, this
dysbiosis leads to neurodegenerative diseases via various mediators such as neuroactive molecules
(e.g., short-chain fatty acid (SCFAs), neurotransmitters); Abbreviation: Ach acetylcholine, His,
histidine, DA dopamine, 5-HT serotonin, NpY neuropeptide-Y, CcK cholecystokinin, ILs interleu-
kins, TNF tumor necrosis factor, CRP C-reactive protein
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13.4 Conclusion

MPs/NPs are the results of the fragmentation of larger plastic pieces. MPs/NPs
ingested via several routes are responsible for hampering the normal physiology
and also serve as a vector for various unwanted guests (such as pathogens, chemical
additives, environmental toxins, etc.). The ingested/inhaled MPs/NPs can interact
and hinder the gut residential microbes indirectly (by employing immune response
and hormone signaling) and directly by causing oxidative stress via activating
several molecular mechanisms. When gut microbiota gets hampered, then they are
not able to perform their usual functions, which leads to the rise in various disorders
in the hosts. One of the major disorder is neurodegenerative disorder. As a cure for
increased ROS production or oxidative stress, a few alterations in our lifestyle and
diet are suggested, such as, the introduction of natural antioxidants found very easily
in affordable food items for e.g.: fruits, vegetables, whole grains, green and black
tea, coffee, herbs and spices.

References

Abdel-Rahman HG, Abdelrazek HMA, Zeidan DW, Mohamed RM, Abdelazim AM (2018)
Lycopene: hepatoprotective and antioxidant effects toward bisphenol a-induced toxicity in
female wistar rats. Oxidative Med Cell Longev 2018:e5167524. https://doi.org/10.1155/2018/
5167524

G. Allen and J.C. Bevington (1996) Comprehensive polymer science and supplements: compre-
hensive polymer science https://books.google.co.in/books/about/
Comprehensive_Polymer_Science_and_Supple.html?id¼p1ZBngAACAAJ&redir_esc¼y.
Accessed 22 Dec 2020

Amobonye A, Bhagwat P, Singh S, Pillai S (2020) Plastic biodegradation: frontline microbes and
their enzymes. Sci Total Environ 143536. https://doi.org/10.1016/j.scitotenv.2020.143536

Arias-Andres M, Klümper U, Rojas-Jimenez K, Grossart H-P (2018) Microplastic pollution
increases gene exchange in aquatic ecosystems. Environ Pollut 237:253–261. https://doi.org/
10.1016/j.envpol.2018.02.058

Bäckhed F, Ley RE, Sonnenburg JL, Peterson DA, Gordon JI (2005) Host-bacterial mutualism in
the human intestine. Science 307:1915–1920. https://doi.org/10.1126/science.1104816

Barbero F, Russo L, Vitali M, Piella J, Salvo I, Borrajo ML et al (2017) Formation of the protein
corona: the interface between nanoparticles and the immune system. Semin Immunol 34:52–60.
https://doi.org/10.1016/j.smim.2017.10.001

P. Bercik, S. M. Collins, E. F. Verdu. 2012. Microbes and the gut-brain axis. Neurogastroenterol
Motility. https://onlinelibrary.wiley.com/doi/full/10.1111/j.1365-2982.2012.01906.x. Accessed
30 Dec 2020

Bouwmeester H, Hollman PCH, Peters RJB (2015) Potential health impact of environmentally
released micro- and nanoplastics in the human food production chain: experiences from
nanotoxicology. Environ Sci Technol 49:8932–8947. https://doi.org/10.1021/acs.est.5b01090

Browne MA, Dissanayake A, Galloway TS, Lowe DM, Thompson RC (2008) Ingested micro-
scopic plastic translocates to the circulatory system of the mussel, Mytilus edulis (L.). Environ
Sci Technol 42:5026–5031

226 A. Rai

https://doi.org/10.1155/2018/5167524
https://doi.org/10.1155/2018/5167524
https://doi.org/10.1016/j.scitotenv.2020.143536
https://doi.org/10.1016/j.envpol.2018.02.058
https://doi.org/10.1016/j.envpol.2018.02.058
https://doi.org/10.1126/science.1104816
https://doi.org/10.1016/j.smim.2017.10.001
https://doi.org/10.1021/acs.est.5b01090


Browne MA, Crump P, Niven SJ, Teuten E, Tonkin A, Galloway T et al (2011) Accumulation of
microplastic on shorelines woldwide: sources and sinks. Environ Sci Technol 45:9175–9179.
https://doi.org/10.1021/es201811s

CG Buffie, EG Pamer. (2013). Microbiota-mediated colonization resistance against intestinal
pathogens. Nat Rev Immunol. https://www.nature.com/articles/nri3535?page¼10. Accessed
11 Dec 2020

Caldwell, JC. (2012). DEHP: genotoxicity and potential carcinogenic mechanisms—a review.
Mutation Res/Rev Mutation Res https://www.sciencedirect.com/science/article/pii/
S1383574212000178. Accessed 16 Dec 2020

Campanale C, Massarelli C, Savino I, Locaputo V, Uricchio VF (2020) A detailed review study on
potential effects of microplastics and additives of concern on human health. Int J Environ Res
Public Health 17:1212. https://doi.org/10.3390/ijerph17041212

Carr SA, Liu J, Tesoro AG (2016) Transport and fate of microplastic particles in wastewater
treatment plants. Water Res 91:174–182. https://doi.org/10.1016/j.watres.2016.01.002

Celina MC (2013) Review of polymer oxidation and its relationship with materials performance and
lifetime prediction. Polym Degrad Stab 98:2419–2429. https://doi.org/10.1016/j.
polymdegradstab.2013.06.024

N Cerf-Bensussan, V Gaboriau-Routhiau (2010). The immune system and the gut microbiota:
friends or foes?. Nat Rev Immunol. https://www.nature.com/articles/nri2850. Accessed
11 Dec 2020

Chae Y, An Y-J (2020) Nanoplastic ingestion induces behavioral disorders in terrestrial snails:
trophic transfer effects via vascular plants. Environ Sci Nano 7:975–983. https://doi.org/10.
1039/C9EN01335K

Chang M (2015) Reducing microplastics from facial exfoliating cleansers in wastewater through
treatment versus consumer product decisions. Mar Pollut Bull 101:330–333. https://doi.org/10.
1016/j.marpolbul.2015.10.074

Guo-Qiang Chen, Martin K. Patel (2012). Plastics derived from biological sources: present and
future: a technical and environmental review. Chem Rev. https://pubs.acs.org/doi/full/10.1021/
cr200162d. Accessed 16 Dec 2020

Chen Q, Gundlach M, Yang S, Jiang J, Velki M, Yin D et al (2017) Quantitative investigation of the
mechanisms of microplastics and nanoplastics toward zebrafish larvae locomotor activity. Sci
Total Environ 584–585:1022–1031. https://doi.org/10.1016/j.scitotenv.2017.01.156

Claessens M, Meester SD, Landuyt LV, Clerck KD, Janssen CR (2011) Occurrence and distribution
of microplastics in marine sediments along the Belgian coast. Mar Pollut Bull 62:2199–2204.
https://doi.org/10.1016/j.marpolbul.2011.06.030

Cole M, Galloway TS (2015) Ingestion of nanoplastics and microplastics by Pacific oyster larvae.
Environ Sci Technol 49:14625–14632. https://doi.org/10.1021/acs.est.5b04099

Corcoran PL, Biesinger MC, Grifi M (2009) Plastics and beaches: a degrading relationship. Mar
Pollut Bull 58:80–84. https://doi.org/10.1016/j.marpolbul.2008.08.022

Cortés C et al (2020) Nanoplastics as a potential environmental health factor: effects of polystyrene
nanoparticles on human intestinal epithelial Caco-2 cells. Environ Sci Nano. https://doi.org/10.
1039/C9EN00523D

Cruz R, Palmeira JD, Martins ZE, Faria MA, Ferreira H, Marques A et al (2020) Multidisciplinary
approach to determine the effect of polybrominated diphenyl ethers on gut microbiota. Environ
Pollut 260:113920. https://doi.org/10.1016/j.envpol.2020.113920

D’Arcy N (2001) Antimicrobials in plastics: a global review. Plast Addit Compd 3:12–15. https://
doi.org/10.1016/S1464-391X(01)80328-7

De Toni L, Tisato F, Seraglia R, Roverso M, Gandin V, Marzano C et al (2017) Phthalates and
heavy metals as endocrine disruptors in food: a study on pre-packed coffee products. Toxicol
Rep 4:234–239. https://doi.org/10.1016/j.toxrep.2017.05.004

13 Nanoplastics, Gut Microbiota, and Neurodegeneration 227

https://doi.org/10.1021/es201811s
https://doi.org/10.3390/ijerph17041212
https://doi.org/10.1016/j.watres.2016.01.002
https://doi.org/10.1016/j.polymdegradstab.2013.06.024
https://doi.org/10.1016/j.polymdegradstab.2013.06.024
https://doi.org/10.1039/C9EN01335K
https://doi.org/10.1039/C9EN01335K
https://doi.org/10.1016/j.marpolbul.2015.10.074
https://doi.org/10.1016/j.marpolbul.2015.10.074
https://doi.org/10.1016/j.scitotenv.2017.01.156
https://doi.org/10.1016/j.marpolbul.2011.06.030
https://doi.org/10.1021/acs.est.5b04099
https://doi.org/10.1016/j.marpolbul.2008.08.022
https://doi.org/10.1039/C9EN00523D
https://doi.org/10.1039/C9EN00523D
https://doi.org/10.1016/j.envpol.2020.113920
https://doi.org/10.1016/S1464-391X(01)80328-7
https://doi.org/10.1016/S1464-391X(01)80328-7
https://doi.org/10.1016/j.toxrep.2017.05.004


Deng Y, Zhang Y, Lemos B, Ren H (2017) Tissue accumulation of microplastics in mice and
biomarker responses suggest widespread health risks of exposure. Sci Rep 7:46687. https://doi.
org/10.1038/srep46687

Diamanti-Kandarakis E, Bourguignon J-P, Giudice LC, Hauser R, Prins GS, Soto AM et al (2009)
Endocrine-disrupting chemicals: an endocrine society scientific statement. Endocr Rev 30:293–
342. https://doi.org/10.1210/er.2009-0002

Duncan SH, P Louis, JM Thomson, HJ Flint (2009). The role of pH in determining the species
composition of the human colonic microbiota. Environ Microbiol. https://sfamjournals.
onlinelibrary.wiley.com/doi/full/10.1111/j.1462-2920.2009.01931.x. Accessed 11 Dec 2020

Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, Sargent M et al (2005) Diversity of
the human intestinal microbial flora. Science 308:1635–1638. https://doi.org/10.1126/science.
1110591

Eerkes-Medrano D, Thompson RC, Aldridge DC (2015) Microplastics in freshwater systems: a
review of the emerging threats, identification of knowledge gaps and prioritisation of research
needs. Water Res 75:63–82. https://doi.org/10.1016/j.watres.2015.02.012

Eriksen M, Mason S, Wilson S, Box C, Zellers A, Edwards W et al (2013) Microplastic pollution in
the surface waters of the Laurentian Great Lakes. Mar Pollut Bull 77:177–182. https://doi.org/
10.1016/j.marpolbul.2013.10.007

Gloria Fackelmann, Simone Sommer. (2019). Microplastics and the gut microbiome: how chron-
ically exposed species may suffer from gut dysbiosis. Mar Pollut Bull. https://www.
sciencedirect.com/science/article/pii/S0025326X19302917?
casa_token¼mSBwIFTAzs8AAAAA:98wEmCA3u0I93bDy5GVlPZTScvtPneU_v2GyDgL-
c_x6HBj5b-hkhiuf1x1P-LZhaTZjBNDnrHQ. Accessed 12 Dec 2020

Fendall LS, Sewell MA (2009) Contributing to marine pollution by washing your face:
microplastics in facial cleansers. Mar Pollut Bull 58:1225–1228. https://doi.org/10.1016/j.
marpolbul.2009.04.025

Follmer C (2020) Viral infection-induced gut dysbiosis, neuroinflammation, and α-synuclein
aggregation: updates and perspectives on covid-19 and neurodegenerative disorders. ACS
Chem Neurosci 11:4012–4016. https://doi.org/10.1021/acschemneuro.0c00671

SS Fontaine, AJ Novarro, KD Kohl. (2018). Environmental temperature alters the digestive
performance and gut microbiota of a terrestrial amphibian. J Exp Biol. https://jeb.biologists.
org/content/221/20/jeb187559.short. Accessed 11 Dec 2020

T. S. Galloway, et al. 2019. Plastics additives and human health: a case study of bisphenol A (BPA).
https://www.researchgate.net/publication/
330075159_Plastics_Additives_and_Human_Health_A_Case_Study_of_Bisphenol_A_BPA.
Accessed 16 Dec 2020

Geyer R, Jambeck JR, Law KL (2017) Production, use, and fate of all plastics ever made. Sci Adv 3:
e1700782. https://doi.org/10.1126/sciadv.1700782

Geys J, Coenegrachts L, Vercammen J, Engelborghs Y, Nemmar A, Nemery B et al (2006) In vitro
study of the pulmonary translocation of nanoparticles: a preliminary study. Toxicol Lett 160:
218–226. https://doi.org/10.1016/j.toxlet.2005.07.005

Gigault J, ter Halle A, Baudrimont M, Pascal P-Y, Phi T-L, El Hadri H et al (2018) Current opinion:
what is a nanoplastic? Environ Pollut 235:1030–1034. https://doi.org/10.1016/j.envpol.2018.
01.024

Gill SR, Pop M, DeBoy RT, Eckburg PB, Turnbaugh PJ, Samuel BS et al (2006) Metagenomic
analysis of the human distal gut microbiome. Science 312:1355–1359. https://doi.org/10.1126/
science.1124234

Godwin AD (2017) 24 - plasticizers. In: Kutz M (ed) Appl. Plast. Eng. Handb, 2nd edn. William
Andrew Publishing, pp 533–553. https://doi.org/10.1016/B978-0-323-39040-8.00025-0

Gregory MR (1996) Plastic ‘scrubbers’ in hand cleansers: a further (and minor) source for marine
pollution identified. Mar Pollut Bull 32:867–871. https://doi.org/10.1016/S0025-326X(96)
00047-1

228 A. Rai

https://doi.org/10.1038/srep46687
https://doi.org/10.1038/srep46687
https://doi.org/10.1210/er.2009-0002
https://doi.org/10.1126/science.1110591
https://doi.org/10.1126/science.1110591
https://doi.org/10.1016/j.watres.2015.02.012
https://doi.org/10.1016/j.marpolbul.2013.10.007
https://doi.org/10.1016/j.marpolbul.2013.10.007
https://doi.org/10.1016/j.marpolbul.2009.04.025
https://doi.org/10.1016/j.marpolbul.2009.04.025
https://doi.org/10.1021/acschemneuro.0c00671
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1016/j.toxlet.2005.07.005
https://doi.org/10.1016/j.envpol.2018.01.024
https://doi.org/10.1016/j.envpol.2018.01.024
https://doi.org/10.1126/science.1124234
https://doi.org/10.1126/science.1124234
https://doi.org/10.1016/B978-0-323-39040-8.00025-0
https://doi.org/10.1016/S0025-326X(96)00047-1
https://doi.org/10.1016/S0025-326X(96)00047-1


Greven A-C, Merk T, Karagöz F, Mohr K, Klapper M, Jovanović B et al (2016) Polycarbonate and
polystyrene nanoplastic particles act as stressors to the innate immune system of fathead
minnow (Pimephales promelas). Environ Toxicol Chem 35:3093–3100. https://doi.org/10.
1002/etc.3501

Hahladakis JN, Velis CA, Weber R, Iacovidou E, Purnell P (2018) An overview of chemical
additives present in plastics: migration, release, fate and environmental impact during their use,
disposal and recycling. J Hazard Mater 344:179–199. https://doi.org/10.1016/j.jhazmat.2017.
10.014

Hansen, NCK, et al. (2015). High nutrient availability reduces the diversity and stability of the
equine caecal microbiota. Microb Ecol Health Dis. https://www.tandfonline.com/doi/full/
10.3402/mehd.v26.27216. Accessed 11 Dec 2020

Hansen, TH, et al. (2018). The effect of drinking water pH on the human gut microbiota and glucose
regulation: results of a randomized controlled cross-over intervention. Sci Rep. 8. https://www.
nature.com/articles/s41598–018–34761-5. Accessed 11 Dec 2020

JP Harrison, M Schratzberger, M Sapp, AM Osborn (2014). Rapid bacterial colonization of
low-density polyethylene microplastics in coastal sediment microcosms. BMC Microbiol.
https://bmcmicrobiol.biomedcentral.com/articles/10.1186/s12866-014-0232-4. Accessed
12 Dec 2020

WWL Hsiao, et al. (2008). The microbes of the intestine: an introduction to their metabolic and
signaling capabilities. Endocrinol Metab Clin N Am. https://www.ncbi.nlm.nih.gov/pmc/arti-
cles/PMC4411945/. Accessed 11 Dec 2020

HuM., PalićD. (2020a). Micro- and nano-plastics activation of oxidative and inflammatory adverse
outcome pathways. Redox Biol. doi:10.1016/j.redox.2020.101620

Hu M, Palić D (2020b) Micro- and nano-plastics activation of oxidative and inflammatory adverse
outcome pathways. Redox Biol 37:101620. https://doi.org/10.1016/j.redox.2020.101620

Hughes DT, Sperandio V (2008) Inter-kingdom signalling: communication between bacteria and
their hosts. Nat Rev Microbiol 6:111–120. https://doi.org/10.1038/nrmicro1836

Ivarsson R, Quintens R, Dejonghe S, Tsukamoto K, in ‘t Veld P, Renström E et al (2005) Redox
control of exocytosis: regulatory role of NADPH, thioredoxin, and glutaredoxin. Diabetes 54:
2132–2142. https://doi.org/10.2337/diabetes.54.7.2132

Jahnke, A., et al. (2017). Reducing uncertainty and confronting ignorance about the possible
impacts of weathering plastic in the marine environment. Environ Sci Technol Lett. https://
pubs.acs.org/doi/10.1021/acs.estlett.7b00008. Accessed 22 Dec 2020

Javurek AB, Spollen WG, Johnson SA, Bivens NJ, Bromert KH, Givan SA et al (2016) Effects of
exposure to bisphenol A and ethinyl estradiol on the gut microbiota of parents and their
offspring in a rodent model. Gut Microbes 7:471–485. https://doi.org/10.1080/19490976.
2016.1234657

Jeong C-B, Won E-J, Kang H-M, Lee M-C, Hwang D-S, Hwang U-K et al (2016) Microplastic size-
dependent toxicity, oxidative stress induction, and p-JNK and p-p38 activation in the
monogonont rotifer (Brachionus koreanus). Environ Sci Technol 50:8849–8857. https://doi.
org/10.1021/acs.est.6b01441

Jeong C-B, et al. (2017). Adverse effects of microplastics and oxidative stress-induced MAPK/Nrf2
pathway-mediated defense mechanisms in the marine copepod Paracyclopina nana. Sci Rep.
https://www.nature.com/articles/srep41323. Accessed 22 Dec 2020

Jin Y, Xia J, Pan Z, Yang J, Wang W, Fu Z (2018) Polystyrene microplastics induce microbiota
dysbiosis and inflammation in the gut of adult zebrafish. Environ Pollut 235:322–329. https://
doi.org/10.1016/j.envpol.2017.12.088

RM Jones, AS Neish. (2017). Redox signaling mediated by the gut microbiota. Free Radic Biol
Med. https://www.sciencedirect.com/science/article/pii/S0891584916309777. Accessed
11 Dec 2020

Jose S, Bhalla P, Suraishkumar GK (2018) Oxidative stress decreases the redox ratio and folate
content in the gut microbe, Enterococcus durans (MTCC 3031). Sci Rep 8:12138. https://doi.
org/10.1038/s41598-018-30691-4

13 Nanoplastics, Gut Microbiota, and Neurodegeneration 229

https://doi.org/10.1002/etc.3501
https://doi.org/10.1002/etc.3501
https://doi.org/10.1016/j.jhazmat.2017.10.014
https://doi.org/10.1016/j.jhazmat.2017.10.014
https://doi.org/10.1016/j.redox.2020.101620
https://doi.org/10.1038/nrmicro1836
https://doi.org/10.2337/diabetes.54.7.2132
https://doi.org/10.1080/19490976.2016.1234657
https://doi.org/10.1080/19490976.2016.1234657
https://doi.org/10.1021/acs.est.6b01441
https://doi.org/10.1021/acs.est.6b01441
https://doi.org/10.1016/j.envpol.2017.12.088
https://doi.org/10.1016/j.envpol.2017.12.088
https://doi.org/10.1038/s41598-018-30691-4
https://doi.org/10.1038/s41598-018-30691-4


H Ju, D Zhu, M Qiao. (2019). Effects of polyethylene microplastics on the gut microbial commu-
nity, reproduction and avoidance behaviors of the soil springtail, Folsomia Candida. Environ
Pollut. https://www.sciencedirect.com/science/article/abs/pii/S0269749118353193. Accessed
12 Dec 2020

N Kamada, GY Chen, N Inohara, G Núñez. (2013). Control of pathogens and pathobionts by the gut
microbiota. Nat Immunol. https://www.nature.com/articles/ni.2608?WT?message-
global¼remove&WT. Accessed 11 Dec 2020

Karami A, Golieskardi A, Keong Choo C, Larat V, Galloway TS, Salamatinia B (2017) The
presence of microplastics in commercial salts from different countries. Sci Rep 7:46173.
https://doi.org/10.1038/srep46173

Katas H, Moden NZ, Lim CS, Celesistinus T, Chan JY, Ganasan P et al (2018) Biosynthesis and
potential applications of silver and gold nanoparticles and their chitosan-based nanocomposites
in nanomedicine. J Nanotechnol 2018:e4290705. https://doi.org/10.1155/2018/4290705

Kelly JR, Minuto C, Cryan JF, Clarke G, Dinan TG (2017) Cross talk: the microbiota and
neurodevelopmental disorders. Front Neurosci 11:490. https://doi.org/10.3389/fnins.2017.
00490

Lai K-P, Chung Y-T, Li R, Wan H-T, Wong CK-C (2016) Bisphenol A alters gut microbiome:
Comparative metagenomics analysis. Environ Pollut 218:923–930. https://doi.org/10.1016/j.
envpol.2016.08.039

Lambert S, Sinclair C, Boxall A (2014) Occurrence, degradation, and effect of polymer-based
materials in the environment. In: Whitacre DM (ed) Rev. Environ. Contam. Toxicol. Vol. 227.
Springer International Publishing, Cham, pp 1–53. https://doi.org/10.1007/978-3-319-01327-51

Lazar V, Ditu L-M, Pircalabioru GG, Gheorghe I, Curutiu C, Holban AM et al (2018) Aspects of
gut microbiota and immune system interactions in infectious diseases, immunopathology, and
cancer. Front Immunol 9. https://doi.org/10.3389/fimmu.2018.01830

Lei L, Liu M, Song Y, Lu S, Hu J, Cao C et al (2018) Polystyrene (nano)microplastics cause size-
dependent neurotoxicity, oxidative damage and other adverse effects in Caenorhabditis elegans.
Environ Sci Nano 5:2009–2020. https://doi.org/10.1039/C8EN00412A

Li S, Chen G, Zhang C, Wu M, Wu S, Liu Q (2014) Research progress of natural antioxidants in
foods for the treatment of diseases. Food Sci HumWellness 3:110–116. https://doi.org/10.1016/
j.fshw.2014.11.002

B. Li et al. (2020a). Polyethylene microplastics affect the distribution of gut microbiota and
inflammation development in mice. Chemosphere. https://www.sciencedirect.com/science/arti-
cle/abs/pii/S0045653519327328. Accessed 12 Dec 2020

Li L-L, Amara R, Souissi S, Dehaut A, Duflos G, Monchy S (2020b) Impacts of microplastics
exposure on mussel (Mytilus edulis) gut microbiota. Sci Total Environ 745:141018. https://doi.
org/10.1016/j.scitotenv.2020.141018

Liebezeit G, Liebezeit E (2013) Non-pollen particulates in honey and sugar. Food Addit Contam
Part A 30:2136–2140. https://doi.org/10.1080/19440049.2013.843025

Liebezeit G, Liebezeit E (2014) Synthetic particles as contaminants in German beers. Food Addit
Contam Part A 31:1574–1578. https://doi.org/10.1080/19440049.2014.945099

Liu Z, Huang Y, Jiao Y, Chen Q, Wu D, Yu P et al (2020) Polystyrene nanoplastic induces ROS
production and affects the MAPK-HIF-1/NFkB-mediated antioxidant system in Daphnia pulex.
Aquat Toxicol 220:105420. https://doi.org/10.1016/j.aquatox.2020.105420

Locke D. (n.d.). Understanding toxic substances. 17
Lu Y, Zhang Y, Deng Y, Jiang W, Zhao Y, Geng J et al (2016) Uptake and accumulation of

polystyrene microplastics in Zebrafish (Danio rerio) and toxic effects in liver. Environ Sci
Technol 50:4054–4060. https://doi.org/10.1021/acs.est.6b00183

230 A. Rai

https://doi.org/10.1038/srep46173
https://doi.org/10.1155/2018/4290705
https://doi.org/10.3389/fnins.2017.00490
https://doi.org/10.3389/fnins.2017.00490
https://doi.org/10.1016/j.envpol.2016.08.039
https://doi.org/10.1016/j.envpol.2016.08.039
https://doi.org/10.1007/978-3-319-01327-51
https://doi.org/10.3389/fimmu.2018.01830
https://doi.org/10.1039/C8EN00412A
https://doi.org/10.1016/j.fshw.2014.11.002
https://doi.org/10.1016/j.fshw.2014.11.002
https://doi.org/10.1016/j.scitotenv.2020.141018
https://doi.org/10.1016/j.scitotenv.2020.141018
https://doi.org/10.1080/19440049.2013.843025
https://doi.org/10.1080/19440049.2014.945099
https://doi.org/10.1016/j.aquatox.2020.105420
https://doi.org/10.1021/acs.est.6b00183


Lu L, Wan Z, Luo T, Fu Z, Jin Y (2018) Polystyrene microplastics induce gut microbiota dysbiosis
and hepatic lipid metabolism disorder in mice. Sci Total Environ 631–632:449–458. https://doi.
org/10.1016/j.scitotenv.2018.03.051

Lu L, Luo T, Zhao Y, Cai C, Fu Z, Jin Y (2019) Interaction between microplastics and microor-
ganism as well as gut microbiota: a consideration on environmental animal and human health.
Sci Total Environ 667:94–100. https://doi.org/10.1016/j.scitotenv.2019.02.380

Lyche JL, Rosseland C, Berge G, Polder A (2015) Human health risk associated with brominated
flame-retardants (BFRs). Environ Int 74:170–180. https://doi.org/10.1016/j.envint.2014.09.006

Ma, H. et al. (2019). Correlation analysis of intestinal redox state with the gut microbiota reveals the
positive intervention of tea polyphenols on hyperlipidemia in high fat diet fed mice. J Agric
Food Chem. https://pubs.acs.org/doi/abs/10.1021/acs.jafc.9b02211. Accessed 11 Dec 2020

Mao X, Yang Q, Chen D, Yu B, He J (2019) Benzoic acid used as food and feed additives can
regulate gut functions. Biomed Res Int 2019:5721585. https://doi.org/10.1155/2019/5721585

Maranduba, CMC, et al. (2015). Intestinal microbiota as modulators of the immune system and
neuroimmune system: impact on the host health and homeostasis. J Immunol Res. https://www.
hindawi.com/journals/jir/2015/931574/. Accessed 11 Dec 2020

Mardinoglu A, Shoaie S, Bergentall M, Ghaffari P, Zhang C, Larsson E, et al. The gut microbiota
modulates host amino acid and glutathione metabolism in mice. Mol Syst Biol 2015;11:834.
https://doi.org/10.15252/msb.20156487

Martin, R., Nauta, A., Ben Amor, K., Knippels, L., Knol, J., Garssen, J. (2010). Early life: gut
microbiota and immune development in infancy. Benefic Microbes. https://www.
ingentaconnect.com/content/wagac/bm/2010/00000001/00000004/art00008. Accessed
11 Dec 2020

Mason S, Garneau D, Sutton R, Chu Y, Ehmann K, Barnes J et al (1987) Microplastic pollution is
widely detected in US municipal wastewater treatment plant effluent. Environ Pollut Barking
Essex 2016:218. https://doi.org/10.1016/j.envpol.2016.08.056

McCubrey JA, LaHair MM, Franklin RA (2006) Reactive oxygen species-induced activation of the
MAP kinase signaling pathways. Antioxid Redox Signal 8:1775–1789. https://doi.org/10.1089/
ars.2006.8.1775

J Michels, A Stippkugel, M Lenz, K Wirtz, A Engel. (2018). Rapid aggregation of biofilm-covered
microplastics with marine biogenic particles. Proc Biol Sci. https://pubmed.ncbi.nlm.nih.gov/
30158309/. Accessed 12 Dec 2020

Milani, C. et al. (2017). The first microbial colonizers of the human gut: composition, activities, and
health implications of the infant gut microbiota. Microbiol Mol Biol Rev. https://mmbr.asm.org/
content/81/4/e00036–17.short. Accessed 11 Dec 2020

Moore CJ (2008) Synthetic polymers in the marine environment: a rapidly increasing, long-term
threat. Environ Res 108:131–139. https://doi.org/10.1016/j.envres.2008.07.025

Neuman H, Debelius JW, Knight R, Koren O (2015) Microbial endocrinology: the interplay
between the microbiota and the endocrine system. FEMS Microbiol Rev 39:509–521. https://
doi.org/10.1093/femsre/fuu010

Park JC, Han J, Lee M-C, Kang H-M, Jeong C-B, Hwang D-S et al (2017) Adverse effects of
BDE-47 on life cycle parameters, antioxidant system, and activation of MAPK signaling
pathway in the rotifer Brachionus koreanus. Aquat Toxicol 186:105–112. https://doi.org/10.
1016/j.aquatox.2017.02.025

Paul-Pont I, Lacroix C, González Fernández C, Hégaret H, Lambert C, Le Goïc N et al (2016)
Exposure of marine musselsMytilus spp. to polystyrene microplastics: toxicity and influence on
fluoranthene bioaccumulation. Environ Pollut 216:724–737. https://doi.org/10.1016/j.envpol.
2016.06.039

JM Pickard, MY Zeng, R Caruso, G Núñez. (2017). Gut microbiota: role in pathogen colonization,
immune responses, and inflammatory disease. Immunol Rev. https://onlinelibrary.wiley.com/
doi/abs/10.1111/imr.12567. Accessed 11 Dec 2020

13 Nanoplastics, Gut Microbiota, and Neurodegeneration 231

https://doi.org/10.1016/j.scitotenv.2018.03.051
https://doi.org/10.1016/j.scitotenv.2018.03.051
https://doi.org/10.1016/j.scitotenv.2019.02.380
https://doi.org/10.1016/j.envint.2014.09.006
https://doi.org/10.1155/2019/5721585
https://doi.org/10.1016/j.envpol.2016.08.056
https://doi.org/10.1089/ars.2006.8.1775
https://doi.org/10.1089/ars.2006.8.1775
https://doi.org/10.1016/j.envres.2008.07.025
https://doi.org/10.1093/femsre/fuu010
https://doi.org/10.1093/femsre/fuu010
https://doi.org/10.1016/j.aquatox.2017.02.025
https://doi.org/10.1016/j.aquatox.2017.02.025
https://doi.org/10.1016/j.envpol.2016.06.039
https://doi.org/10.1016/j.envpol.2016.06.039


Pohlmann AR, Fonseca FN, Paese K, Detoni CB, Coradini K, Beck RC et al (2013) Poly
(E-caprolactone) microcapsules and nanocapsules in drug delivery. Expert Opin Drug Deliv
10:623–638. https://doi.org/10.1517/17425247.2013.769956

Polymer Solutions News Team. Heat stabilizers: the coolest polymer additive. 2015. https://www.
polymersolutions.com/blog/heat-stabilizer-analysis/. Accessed 17 Dec 2020

Qiao Y et al (2013) Alterations of the gut microbiota in high-fat diet mice is strongly linked to
oxidative stress. Appl Microbiol Biotechnol 97:1689–1697

Qiao R, Sheng C, Lu Y, Zhang Y, Ren H, Lemos B (2019) Microplastics induce intestinal
inflammation, oxidative stress, and disorders of metabolome and microbiome in zebrafish. Sci
Total Environ 662:246–253. https://doi.org/10.1016/j.scitotenv.2019.01.245

Rakesh SS, Ramasamy M, Ramesh PT, Maheswari M, Shri Rangasami SR, Yuvaraj M (2020)
Nanoplastics in 21st Century. Biot Res Today 2:356–358

Raval U, Harary JM, Zeng E, Pasinetti GM (2020) The dichotomous role of the gut microbiome in
exacerbating and ameliorating neurodegenerative disorders. Expert Rev Neurother 20:673–686.
https://doi.org/10.1080/14737175.2020.1775585

JF Rawls, et al. (2006). Reciprocal gut microbiota transplants from Zebrafish and mice to germ-free
recipients reveal host habitat selection. Cell. https://www.sciencedirect.com/science/article/pii/
S0092867406012268. Accessed 11 Dec 2020

Reddivari L, Veeramachaneni DNR, Walters WA, Lozupone C, Palmer J, Hewage MKK et al
(2017) Perinatal bisphenol A exposure induces chronic inflammation in rabbit offspring via
modulation of gut bacteria and their metabolites. MSystems 2. https://doi.org/10.1128/
mSystems.00093-17

Revel M, Châtel A, Mouneyrac C (2018) Micro(nano)plastics: a threat to human health? Curr Opin
Environ Sci Health 1:17–23. https://doi.org/10.1016/j.coesh.2017.10.003

Ribeiro CFA, Silveira GG, de OS, Cândido E d S, Cardoso MH, Espínola Carvalho CM, Franco OL
(2020) Effects of antibiotic treatment on gut microbiota and how to overcome its negative
impacts on human health. ACS Infect Dis 6:2544–2559. https://doi.org/10.1021/acsinfecdis.
0c00036

Roman P, Cardona D, Sempere L, Carvajal F (2019) Microbiota and organophosphates.
Neurotoxicology 75:200–208. https://doi.org/10.1016/j.neuro.2019.09.013

Rubio L, Marcos R, Hernández A (2020) Potential adverse health effects of ingested micro- and
nanoplastics on humans. Lessons learned from in vivo and in vitro mammalian models. J
Toxicol Environ Health Part B 23:51–68. https://doi.org/10.1080/10937404.2019.1700598

Sadri SS, Thompson RC (2014) On the quantity and composition of floating plastic debris entering
and leaving the Tamar Estuary, Southwest England. Mar Pollut Bull 81:55–60. https://doi.org/
10.1016/j.marpolbul.2014.02.020

Schirinzi GF, Pérez-Pomeda I, Sanchís J, Rossini C, Farré M, Barceló D (2017) Cytotoxic effects of
commonly used nanomaterials and microplastics on cerebral and epithelial human cells. Environ
Res 159:579–587. https://doi.org/10.1016/j.envres.2017.08.043

Schubert J (1972) A program to abolish harmful chemicals. Ambio 1:79–89
ScienceDirect Topics. n.d. Gut-Brain Axis - an overview
Shen M, Zhang Y, Zhu Y, Song B, Zeng G, Hu D et al (2019) Recent advances in toxicological

research of nanoplastics in the environment: a review. Environ Pollut 252:511–521. https://doi.
org/10.1016/j.envpol.2019.05.102

Shi X, Zhou B (2010) The Role of Nrf2 and MAPK Pathways in PFOS-induced oxidative stress in
Zebrafish embryos. Toxicol Sci 115:391–400. https://doi.org/10.1093/toxsci/kfq066

Sies H, Stahl W (1998) Lycopene: antioxidant and biological effects and its bioavailability in the
human. Proc Soc Exp Biol Med Soc Exp Biol Med N Y N 218:121–124. https://doi.org/10.
3181/00379727-218-44285a

F Sommer, F Bäckhed. (2013). The gut microbiota—masters of host development and physiology.
Nat Rev Microbiol. https://www.nature.com/articles/nrmicro2974?report¼reader. Accessed
11 Dec 2020

232 A. Rai

https://doi.org/10.1517/17425247.2013.769956
https://doi.org/10.1016/j.scitotenv.2019.01.245
https://doi.org/10.1080/14737175.2020.1775585
https://doi.org/10.1128/mSystems.00093-17
https://doi.org/10.1128/mSystems.00093-17
https://doi.org/10.1016/j.coesh.2017.10.003
https://doi.org/10.1021/acsinfecdis.0c00036
https://doi.org/10.1021/acsinfecdis.0c00036
https://doi.org/10.1016/j.neuro.2019.09.013
https://doi.org/10.1080/10937404.2019.1700598
https://doi.org/10.1016/j.marpolbul.2014.02.020
https://doi.org/10.1016/j.marpolbul.2014.02.020
https://doi.org/10.1016/j.envres.2017.08.043
https://doi.org/10.1016/j.envpol.2019.05.102
https://doi.org/10.1016/j.envpol.2019.05.102
https://doi.org/10.1093/toxsci/kfq066
https://doi.org/10.3181/00379727-218-44285a
https://doi.org/10.3181/00379727-218-44285a


SM Soucy, J Huang, JP Gogarten (2015). Horizontal gene transfer: building the web of life. Nat Rev
Genet. https://www.nature.com/articles/nrg3962. Accessed 18 Dec 2020

Stephens B, Azimi P, El Orch Z, Ramos T (2013) Ultrafine particle emissions from desktop 3D
printers. Atmos Environ 79:334–339. https://doi.org/10.1016/j.atmosenv.2013.06.050

Sung M-K, Yeon J-Y, Park S-Y, Park JHY, Choi M-S (2011) Obesity-induced metabolic stresses in
breast and colon cancer. Ann N Y Acad Sci 1229:61–68. https://doi.org/10.1111/j.1749-6632.
2011.06094.x

Sykes EA, Dai Q, Tsoi KM, Hwang DM, Chan WCW (2014) Nanoparticle exposure in animals can
be visualized in the skin and analysed via skin biopsy. Nat Commun 5:3796. https://doi.org/10.
1038/ncomms4796

Teleanu, DM, et al. (2018). Impact of nanoparticles on brain health: an up to date overview. J Clin
Med. https://www.mdpi.com/2077–0383/7/12/490. Accessed 24 Dec 2020

Teleanu DM, Chircov C, Grumezescu AM, Teleanu RI (2019) Neurotoxicity of nanomaterials: an
Up-to-Date Overview. Nano 9. https://doi.org/10.3390/nano9010096

Thursby E, Juge N (2017) Introduction to the human gut microbiota. Biochem J 474:1823–1836.
https://doi.org/10.1042/BCJ20160510

Tilocca B, Pieroni L, Soggiu A, Britti D, Bonizzi L, Roncada P et al (2020a) Gut–brain axis and
neurodegeneration: state-of-the-art of meta-omics sciences for microbiota characterization. Int J
Mol Sci 21:4045. https://doi.org/10.3390/ijms21114045

Tilocca, B, et al. (2020b). Gut–brain axis and neurodegeneration: state-of-the-art of meta-omics
sciences for microbiota characterization. Int J Mol Sci. https://www.mdpi.com/1422–0067/21/
11/4045. Accessed 30 Dec 2020)

Tosin M, Weber M, Siotto M, Lott C, Degli-Innocenti F (2012) Laboratory test methods to
determine the degradation of plastics in marine environmental conditions. Front Microbiol
3. https://doi.org/10.3389/fmicb.2012.00225

Tripathi AK, Ray AK, Mishra SK (2022) Molecular and pharmacological aspects of piperine as a
potential molecule for disease prevention and management: evidence from clinical trials. Beni-
Suef Univ J Basic Appl Sci 11:16. https://doi.org/10.1186/s43088-022-00196-1

Ventura M, O’Flaherty S, Claesson MJ, Turroni F, Klaenhammer TR, van Sinderen D et al (2009)
Genome-scale analyses of health-promoting bacteria: probiogenomics. Nat Rev Microbiol 7:
61–71. https://doi.org/10.1038/nrmicro2047

von Moos N, Burkhardt-Holm P, Köhler A (2012) Uptake and effects of microplastics on cells and
tissue of the blue musselMytilus edulis L. after an experimental exposure. Environ Sci Technol
46:11327–11335. https://doi.org/10.1021/es302332w

Watts A, Urbina M, Goodhead R, Moger J, Lewis C, Galloway T (2016) Effect of Microplastic on
the Gills of the Shore Crab Carcinus maenas. Environ Sci Technol 50. https://doi.org/10.1021/
acs.est.6b01187

Wen B, Jin S-R, Chen Z-Z, Gao J-Z, Liu Y-N, Liu J-H et al (2018) Single and combined effects of
microplastics and cadmium on the cadmium accumulation, antioxidant defence and innate
immunity of the discus fish (Symphysodon aequifasciatus). Environ Pollut 243:462–471.
https://doi.org/10.1016/j.envpol.2018.09.029

Wright SL, Kelly FJ (2017) Plastic and human health: a micro issue? Environ Sci Technol 51:6634–
6647. https://doi.org/10.1021/acs.est.7b00423

Yang Y, Bazhin AV, Werner J, Karakhanova S (2013) Reactive oxygen species in the immune
system. Int Rev Immunol 32:249–270. https://doi.org/10.3109/08830185.2012.755176

Yong CQY, Valiyaveetill S, Tang BL (2020) Toxicity of microplastics and nanoplastics in
mammalian systems. Int J Environ Res Public Health 17:1509. https://doi.org/10.3390/
ijerph17051509

Yousif E, Haddad R (2013) Photodegradation and photostabilization of polymers, especially
polystyrene: review. Springerplus 2:398. https://doi.org/10.1186/2193-1801-2-398

Yu F, Yang C, Zhu Z, Bai X, Ma J (2019) Adsorption behavior of organic pollutants and metals on
micro/nanoplastics in the aquatic environment. Sci Total Environ 694:133643. https://doi.org/
10.1016/j.scitotenv.2019.133643

13 Nanoplastics, Gut Microbiota, and Neurodegeneration 233

https://doi.org/10.1016/j.atmosenv.2013.06.050
https://doi.org/10.1111/j.1749-6632.2011.06094.x
https://doi.org/10.1111/j.1749-6632.2011.06094.x
https://doi.org/10.1038/ncomms4796
https://doi.org/10.1038/ncomms4796
https://doi.org/10.3390/nano9010096
https://doi.org/10.1042/BCJ20160510
https://doi.org/10.3390/ijms21114045
https://doi.org/10.3389/fmicb.2012.00225
https://doi.org/10.1186/s43088-022-00196-1
https://doi.org/10.1038/nrmicro2047
https://doi.org/10.1021/es302332w
https://doi.org/10.1021/acs.est.6b01187
https://doi.org/10.1021/acs.est.6b01187
https://doi.org/10.1016/j.envpol.2018.09.029
https://doi.org/10.1021/acs.est.7b00423
https://doi.org/10.3109/08830185.2012.755176
https://doi.org/10.3390/ijerph17051509
https://doi.org/10.3390/ijerph17051509
https://doi.org/10.1186/2193-1801-2-398
https://doi.org/10.1016/j.scitotenv.2019.133643
https://doi.org/10.1016/j.scitotenv.2019.133643


Zalasiewicz J, Waters CN, Ivar do Sul JA, Corcoran PL, Barnosky AD, Cearreta A et al (2016) The
geological cycle of plastics and their use as a stratigraphic indicator of the Anthropocene.
Anthropocene 13:4–17. https://doi.org/10.1016/j.ancene.2016.01.002

Zaneveld JR, McMinds R, Vega TR (2017) Stress and stability: applying the Anna Karenina
principle to animal microbiomes. Nat Microbiol 2:1–8. https://doi.org/10.1038/nmicrobiol.
2017.121

Zbyszewski M, Corcoran PL, Hockin A (2014) Comparison of the distribution and degradation of
plastic debris along shorelines of the Great Lakes, North America. J Gt Lakes Res 40:288–299.
https://doi.org/10.1016/j.jglr.2014.02.012

Zhang H, Kuo Y-Y, Gerecke AC, Wang J (2012) Co-release of hexabromocyclododecane (HBCD)
and nano- and microparticles from thermal cutting of polystyrene foams. Environ Sci Technol
46:10990–10996. https://doi.org/10.1021/es302559v

Zhao Y, Li M-Z, Shen Y, Lin J, Wang H-R, Talukder M et al (2020) Lycopene prevents DEHP-
induced leydig cell damage with the Nrf2 antioxidant signaling pathway in mice. J Agric Food
Chem 68:2031–2040. https://doi.org/10.1021/acs.jafc.9b06882

B-K Zhu, Y-M Fang, D Zhu, P Christie, X Ke, Y-G Zhu. (2018). Exposure to nanoplastics disturbs
the gut microbiome in the soil oligochaete Enchytraeus crypticus. Environ Pollut. https://www.
sciencedirect.com/science/article/abs/pii/S0269749117347073. Accessed 11 Dec 2020

234 A. Rai

https://doi.org/10.1016/j.ancene.2016.01.002
https://doi.org/10.1038/nmicrobiol.2017.121
https://doi.org/10.1038/nmicrobiol.2017.121
https://doi.org/10.1016/j.jglr.2014.02.012
https://doi.org/10.1021/es302559v
https://doi.org/10.1021/acs.jafc.9b06882


Chapter 14
Gut Microbiome, COVID-19,
and Neurological Impairment

Richa Das, Riya Singh, and Amit Kumar Tripathi

Abstract The pandemic of COVID-19 caused by SARS-CoV-2 has created havoc
worldwide. It causes lung infection through binding of ACE2 receptors that are
present on the alveolar epithelial cells. The respiratory infection can cause the
alteration of gut-microbiota. COVID-19 infections also manifest diarrhea which is
an indication of bacterial infection and it can be modulated by dietary interventions.
Dietary pattern, environmental factors, and genetics play important role in shaping
the gut-microbiota which can influence the immunity. The plant-based rich fiber diet,
which happens to be consumed by a majority of the Indian population, appears to be
advantageous during the lockdown. Fiber diet includes beneficial microorganisms
within the gut of the humans, thereby leading to a symbiotic association. It is
delivering various health benefits to the host, including enhanced immunity and
prevention of infection. Non-pharmacological measures such as implementation of
lockdown seem to increase the consumption of home cooked food, thereby provid-
ing us with all the essential nutrients. The potential role of gut-microbiota in lung
diseases has been evaluated, which is referred to as gut-lung axis (GLA). GLA is
important for developing protection against COVID-19 infection. Inclusion of
healthy vegetarian and fiber-rich food in our diet can help modulate GLA. The
present chapter focuses on impact of western and healthy vegetarian diet on
COVID-19. We will also explore the effects of dietary nutrients, like macronutrients,
micronutrients, vitamin B6, C, D and COVID-19 prevention and management. In
addition to this, we will also focus on impact of improving gut microbiome in
neurological impaired COVID-19 patients and personalized nutritional intervention
for treating COVID-19.
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Abbreviations

ACE Angiotensin-converting enzyme
ARDS Acute respiratory distress syndrome
CDC Centre of disease control
COVID-19 Coronavirus disease
FOS Fructo-oligosaccharides
GI Gastrointestinal tract
GLA Gut-lung axis
GOS Galacto-oligosaccharides
RSV Respiratory viral infection
SARS-COV Severe acute respiratory syndrome coronavirus
ssRNA Single stranded ribonucleic acid
TH17 T helper 17
Treg cell T-regulatory cell
WHO World Health Organization

14.1 Introduction

Microbiome is the branch of science that deals with the study of microorganisms
residing in human body. It consists of abundant microorganisms such as bacteria,
protozoa, fungi, and viruses. Microbiota disparity or discordance which is known as
microbiota dysbiosis leads to significant human disease (Tungland 2018).
Microbiome is an integral part of human life. It has the capability to expand the
mechanism of drawing out all unavoidable nutrients from the food we eat (Alverdy
and Krezalek 2017). It helps in maintaining homeostasis. It has been studied that
microbiota disparity or residue discordance plays a major role in causing several
chronic diseases, which may become life-threatening if not taken care. The diseases
include cardiometabolic disorder, diabetes mellitus, obesity, inflammatory bowel
disease, and cardiovascular disease (Mörkl et al. 2020). Healthy diet promotes
healthy gut, which in turn improves brain health, as well as intestinal health, as
they absorb all necessary nutrients from healthy food (Gill et al. 2006). Several
beneficial microorganisms reside within different organs of the human body, such as
gut, lungs, and liver (Carding et al. 2015). Gut-microbiota, also known as gut-flora
or gut microbiome, comprises of all necessary and beneficial microorganisms for
control and coordination of essential organs such as brain, kidney, liver, and lungs
(Gut Flora - an overview 2006). Within a healthy gut of an individual more than
thousands of diverse bacterial species have been found when compared to other parts
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of the body (Albillos et al. 2019; Kaushik et al. 2020). The virus SARS-CoV 2 is the
causative agent of COVID-19 detected in natural host (Holmes 2003; Ge et al.
2013). COVID-19 is formed from positive enfolding of single stranded RNA virus
(+ssRNA) which may range from 26 to 32 kb in size. COVID-19 is a three-layered
capsulated virus. The layers are membrane, spike, and envelope (Murphy et al.
2012). It is associated mainly with acute respiratory distress syndrome (ARDS)
which is a leading cause of death. Apart from this it also results in fever, pneumonia,
cough, and indigestion. In humans, SARS-COV-2 binds with the ACE-2 (angioten-
sin-converting enzyme-2) receptors. ACE-2 is an enzyme that gives rise to small
proteins by fragmenting up the larger angiotensin protein which regulates cell
functions (Li et al. 2003). It is a crown shaped virus whose surface consists of
spike-like structures. These spikes are made up of protein and bind to host cell
receptor, ACE-2 in humans (Sriram et al. 2020). Its diameter ranges from approx-
imately 60–l40 nm. SARS-CoV-2 which belongs to the family of corona virus are
basically subdivided into four categories of genera that is alpha-, beta-, gamma-, and
delta (CDC 2020a). Various studies have reflected that there is a strong impact of
healthy gut-microbiota in COVID-19. Gut-microbiota plays a vital role in enhance-
ment of immune system (Calder 2020).

14.2 Human Diet and COVID-19

During recent studies and clinical trials with respect to COVID-19, it has been found
that people with healthier immune system are able to fight back, which can only be
achieved by introducing balanced and nutrition rich diet with proper daily hydration
(Raje et al. 2020). Almost 60–70% of human health depends on balanced diet, which
has also been put forward by World Health Organization (WHO) globally during
COVID-19.

Weak immune system promotes unhealthy gut, which further leads to distinct
pathogenic diseases such as type-2 diabetes mellitus, obesity, and stress (Pradhan
et al. 2020). It has also been studied that consuming high fat diet is not the only
reason for COVID-19 infection, malnutrition is also one of the reasons (Mackowiak
2013). SARS-CoV-2 uses the ACE-2 receptor to enter the lungs and cause ARDS
(Ni et al. 2020). However, healthy dietary lifestyle can play a crucial role in
influencing the levels of ACE (Sommerstein et al. 2020).

Different types of diet are being followed globally. Consumption of high calorie
junk food and drinks which include western diet pattern, are low in fiber and
essential nutrients, and work as a stimulant for ACE level (Clapp 2016). Whereas,
uptake of diet rich in fruits, vegetables, whole grains, and dairy products act as an
ACE-inhibitor (Cryan et al. 2019). Another type of diet, known as Mediterranean
diet, rich in plant-based food products, eggs, seafood, whole grain and very moderate
amount of meat, helps against COVID-19. Mediterranean diet comprises of both
vegetarian and animal-based food in a balanced format (Angelidi et al. 2021) as
shown in Fig. 14.1.
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To fight against COVID-19 certain balanced diet parameters should be taken care
of which includes consumption of probiotics and prebiotics. Probiotics consists of
living microorganisms such as bacteria and yeast, which are beneficial for human
digestive system and are capable to protect against diarrhea. Probiotics are widely
known for the presence of good bacteria. Yogurt, sourdough bread, kimchi, pickles,
and cheese are some of the probiotic foods (Parvez et al. 2006). Prebiotics have
characteristics that can alter the composition of microorganisms within the gut
microbiome. Prebiotics consists of banana, garlic, onion, and asparagus (Pourabedin
and Zhao 2015).

Including appropriate amount of micronutrients such as zinc, cobalt, magnesium,
and polyphenols is also crucial. Macronutrients such as dietary fibers, carbohydrates,
proteins, fats and vitamins, especially vitamin D (meat, seafood, eggs), vitamin C
(lemon, spinach, broccoli), vitamin E (almonds, spinach, olive oil), Vitamin B6

(bananas, peanuts, oats) are also required to fight against COVID-19. Giloy, citric
fruits, along with Ayurveda herbs are a must to consume to boost immune system
and to fight against the virus (Arshad et al. 2020). Few supplements have been found
to modulate beneficial microbiota such as Bifidobacteria, Lactobacillus and
microbes of the genus Roseburia (Tojo et al. 2014). Adapting good diet not only
helps against COVID-19 but also plays a vital role in maintaining homeostasis
within the human gut which helps to improve gut-microbiota and prevent several
diseases (Lin and Zhang 2017).

Fig. 14.1 Diagrammatic representation of the impact of healthy as well as western/modern dietary
lifestyle on gut-microbiota, and its influence on immune system; in case of strong immune system
individual was able to fight against COVID-19, while the weak immune system was unable to fight
against COVID-19 after the exposure; ultimately leading to several disorders
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14.3 Gut-Lung Axis

During the study of SARS-COV-2, it was found that the virus is not only limited in
causing malfunctioning of the lungs, but also to different organs. Immune system
can play an important role against COVID-19, which is possible only with healthy
diet and gut (Mattioli et al. 2020). Human gut consists of unhealthy diet, such as
processed food and drinks, which can cause disparity or discordance within the gut,
termed as gut-dysbiosis. It leads to several diseases such as type-2 diabetes mellitus,
cardiovascular disease, neurological impairment, and immunology bowel disease
(WHO EMRO, n.d.). Patients infected with COVID-19 also present symptoms of
diarrhea which reflects an interlinking between the gut and COVID-19. This linkage
is termed as gut-lung axis (CDC 2022). The human gut-microbiota basically com-
prises of four bacterial families, Firmicutes, Proteobacteria, Actinobacteria, and
Bacteroidetes (Quigley et al. 2013). Likewise, lungs also provide residence to
microorganisms belonging to the family of Bacteroidetes, Firmicutes, and
Proteobacteria (O’Dwyer et al. 2016). This similarity of microorganisms works as
a connection between gut-microbiota and lung-microbiota, which then gives rise to
gut-lung axis. The microbial metabolites present within the gut cause pulmonary-
related diseases via blood circulation. Inflammation in the lungs can influence the gut
and vice versa (Enaud et al. 2020). It has also been found that a remarkable shift in
lipid metabolism and fecal metabolome, together with respiratory viral infection
(RSV), shows inappropriate impact in gut-microbiota. Therefore, it can be said that
COVID-19 plays a significant role in gut-microbiota dysbiosis, as evidenced by the
relationship between respiratory viral infection and gut-microbiota (Matthay and
Wick 2020), shown in Fig. 14.2. Healthy gut-microbiota helps to maintain pro- and
anti-inflammatory responses, and promote homeostasis within the immune system
(Notz et al. 2020).

14.4 Diet and Gut-microbiota in the Population
of Developed and Developing Countries

Human gut-microbiota plays a crucial role in dealing with several pathogenic
diseases, which are associated with different organs of the human body, such as
kidney, liver, lungs, and brain (Riccio and Rossano 2020). Microbiota deals with
immune system and other related diseases in our body. Its function comes into role
because of several microorganisms present within the gut. Human gut consists of
species that usually ranges from 500 to 1000 in number which belongs to the
population of more than hundred trillions of microorganisms (Thursby and Juge
2017). Both small and large intestines are the residences for major population of
microorganisms. Human gastrointestinal tract involves the presence of different
phyla. These are categorized as bacteria which plays a vital role in starch degradation
and metabolism of carbohydrates. They are called as Bacteroidetes (Bacteroidetes
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fragilis) (Eckburg et al. 2005). Second category is Firmicutes, which includes
Lactobacillus. It has anti-inflammatory properties and also prevents diarrhea in
children. Another example of Firmicutes is Eubacterium, whose function is to
carry bile juice and steroid throughout the intestine (Quigley et al. 2013). Third
category includes Bifidobacteria (Bifidobacterium bifidum) member of
Actinobacteria. They inhibit harmful pathogens and bacteria, and help in
maintaining healthy mucosal gut barrier (G. E. Team 2012). Fourth category is
Proteobacteria which includes Desulfovibrio. They are known as sulfur-reducing
and hydrogen-consuming bacteria (Valdes et al. 2018). Apart from these, bacteria,
namely Peptococcus clostridium and Verrucomicrobium are vital for
gut-microbiota. In human small intestine, colon provides residence to Bacteroidetes
and Firmicutes, which comprises of more than 90% of the bacterial population
inhabiting within the colon. Maintenance of microbial health is crucial to sustain
homeostasis within the human gut (Kastl et al. 2020). Several experiments have been
performed, on how different types of diet consumed by different countries contribute
to variation in human gut-microbiota. Different types of diets have been categorized,
like vegetarian diet, modern or western diet, and animal-based diet (WHO, n.d.-a). It
has been found that people who belong to western countries and consume modern or
western food have less number of Bacteroidetes within their gut as compared to
people belonging to India (Clarke et al. 2012). People with vegetarian diet have high

Fig. 14.2 Diagrammatic representation of gut-lung axis, indicating the bidirectional interrelation-
ship between the lung-microbiota and gut-microbiota via the respective lymphatic vessel and blood
vessels; exposure to COVID-19 affects the lung-microbiota hence leading to dysbiosis of
gut-microbiota and vice versa
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populations of Bacteroideteswithin their gut, whereas people with animal-based diet
are found highly populated with Firmicutes (Tomova et al. 2019). A case study was
conducted to compare the diet and diet-associated influence on gut-microbiota
among people belonging to different countries. Indian diet was found to be involved
in providing a much healthier gut-microbiota (WHO, n.d.-b). Chinese and Japanese
population has much less amount of bacterial genera as compared to Indian popu-
lation in which the gut is populated with Prevotella, Lactobacillus, and
Carnobacterium (Chitguppi 2020). It has also been found that migration from
India to the United states modernize the gut microbiome (Vangay et al. 2018).
Moreover, the gut of people belonging Africa are filled with a decent population
of Bacteroidetes because of high fiber diet, as compared to those of European
population (MEB et al. 2019). According to several reports it has been studied that
with such a large and huge population compared to other countries across the world,
India is not only said to be diverse in culture but also in diet and lifestyle. Indian
population reflects 80% of Prevotella, 55% of Bacteroidetes, Megasphaera, and
Roseburia in their gut (Gut Microbiota for Health, n.d.). Rural and urban India both
are very different in their bacterial genera. The Bacteroides species are highly found
in rural areas (Das et al. 2018).

14.5 Effect of Microbiota on COVID-19 Cases During
Lockdown

During the pandemic of COVID-19 most of the countries, including India, were
under lockdown, following various non-pharmacological protection like masking,
self-hygiene, and social distancing (Alvarez et al. 2020). This not only affected
human mental and physical health, but also led to the huge downfall in global
economic data because of restrictions on outdoor work (Andrade 2020). However,
this lockdown turned out to be more effective against the spreading of this deadly
virus at the time of almost no availability of proper treatment (Góis 2020; Sardar
et al. 2020). Interestingly, it has also been found that mortality rate in India was less
than other countries (western) worldwide (Jain et al. 2020). In India affected people
were broadly categorized into two types, symptomatic and asymptomatic, in which
asymptomatic people comprised of more infected population of approximately 80%,
as these are found to be unintentional carriers of the virus (Zens et al. 2020). During
lockdown Indians were provided with proper supply of fruits and vegetables, which
also plays an essential role against COVID-19. Whereas, in western countries the
supply of fruits and vegetables were prohibited which forced them to consume
processed food. This caused disparity of gut-microbiota in countries like Brazil,
the USA, and European countries (Kumari et al. 2020). Non-pharmacological
measures and consumption of home cooked food are beneficial for healthy
microbiota (Singh et al. 2017).
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Indian dietary lifestyle is known as one of the richest across the globe. During
COVID-19 almost all the countries across the world were under lockdown and were
following all the non-pharmacological measures (Lam et al. 2020). During the
period of lockdown, people were more attracted towards food as a stress releasing
source (Ashritha and Somasundaram 2020). Indian diet comprises of whole grain
that is rich in oligosaccharides, dietary fiber, and starch. These results in the
production of short-chain fatty acids, and work as the source of energy for the
colonocytes (Hati et al. 2019; Slavin 2007). Consumption of whole grain also acts
as an antioxidant for disease prevention (CABI, n.d.). During lockdown less access
to animal-based diet by Indians, and consumption of more plant-based diet enhanced
the microbiota (Van Loo et al. 2017). The homemade ayurvedic drink called kadha
that consists of cinnamon, bae-leaf, black pepper, ginger, tulsi, turmeric, mint leaves,
cloves, and lemon grass, proved to be an excellent immunity booster, and moreover,
turned out to be beneficial for gut-microbiota (Maurya and Sharma 2022).

14.6 Diet Induced Dysbiosis, Inflammation,
and Commodity

Gut health is established as a powerhouse for several organs against different
diseases including COVID-19. The gastrointestinal tract, the most significant immu-
nological organ, serves as a defense mechanism against harmful diseases (Lane et al.
2010). Any sort of disturbance within the gut can cause dysbiosis and lead to
inflammation which can strongly affect the body when infected with COVID-19
(Buttó and Haller 2016). To maintain symbiosis across GI tract healthy diet must be
adapted (Zhukova 2019). In contrast to different food products, it has been found
that consumption of vegetables, nuts, and fruits turn out to be beneficial for gener-
ating anti-inflammatory responses which lead to more steady microbiota (Benenden
Health, n.d.). As vegetarian diet is high in fiber which generates short-chain fatty
acids, it can help in promoting anti-inflammatory pathway leading to the enhance-
ment of reactive oxygen species-mediated killing coupled with enhanced phagocy-
tosis (Haas 2020). Whereas, consumption of western diet works as a promoter for
dysbiosis of microbiota which provokes pro-inflammatory responses leading to
chronic diseases (Prana et al. 2019). Degradation of strong junctions within the gut
leads to gut leakage by different proteases. This causes chronic inflammation, and
the dispersal of cells and pathogenic microorganisms into the bloodstream, where
they can sometimes be undetected for years and work as a deadly intermediary
known as commodities (Singh and Misra 2020). It has been found that people
severely infected with COVID-19 that are already going through some commodities
such as obesity, stress, and diabetes mellitus, do not receive adequate therapy which
eventually leads to death (International Diabetes Federation 2021). This is being
examined by the Centre of Disease Control and Prevention (CDC) by studying the
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medical history of COVID-19 infected patient among different countries (CDC
2020b).

14.7 Personalized Nutritional Invention for Treating
COVID-19

Diet has a significant impact on health and reflects how well a human body can fight
deadly diseases such as COVID-19 and maintain a healthy gut-microbiota (CDC
2020c). Several research in discovering novel personalized nutrition through sup-
plements have been conducted to improve current regular treatment. This can be
accomplished by altering the individual’s lifestyle (EIT Food 2020). For the
improvement of gut-microbiota in such patients, inclusion of essential symbiotic,
probiotics and prebiotics, like fructo-oligosaccharides (FOS), galacto-
oligosaccharides (GOS), along with different Lactobacillus strains is important
(Errasfa 2021). These supplementing measures aid in improving the immune system
that is weakened by SARS-COV-2 (Fig. 14.3), allowing patients to receive proper
treatment and promote a faster and better recovery rate, particularly among the
elderly people (Rastogi et al. 2022).

Fig. 14.3 Diagrammatic representation of personalized nutritional invention through treatment
modalities (therapy) and supplementations; hence beneficial for several categories of vulnerable
individuals when exposed to COVID-19
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14.8 Molecular Mechanism of Microbiota–Virus
Interaction

Among several pathogenic diseases, it has been found that viral infections are the
most fatal worldwide, among other bacterial pathogens (Murphy 2020). As viruses
have the capability of infecting prokaryotic as well as eukaryotic organisms at the
very same instance, this reflects the concept of studying the molecular mechanism of
microbiota–virus interaction (Koonin et al. 2015). Microbiota plays a vital role in
defeating pathogenic viruses by suppressing its infection (Zheng and Perlman 2018).
Binding of viral receptors to the epithelial cells surface includes various mechanisms
to invade the host and this is achieved by disrupting several barriers, such as tissue,
body temperature, and mucus membrane (Chua et al. 2020).

14.8.1 Piperine as a Repurposing Molecule for Reversing
the COVID-19 Pandemic

COVID-19 patients with a healthy gut-microbiota have a stronger immune system.
Microbial metabolites have the ability to cross the blood–brain barrier (BBB) and
alter the gene expression in the brain and other organs, resulting in pleiotropic
effects. Using Fecal Microbiota Transplantation (FMT) technology to identify
healthy gut microbiomes in stool samples of COVID-19 patients may be a better
technique for precision therapy. In addition to its immunomodulatory properties,
consumption of black pepper may directly aid in the fight against SARS-CoV-2 with
the help of its antiviral properties (Choudhary et al. 2020). Piperine has recently been
found to possess the ability to bind with the spike glycoprotein and the ACE2
receptor. By forming a single hydrogen bond with each amino acid residue, the
interactions of hydrogen bonds with Gly399, His401, Glu402, Arg514, and Arg518
were determined to be important (Maurya et al. 2020). Piperine forms one hydrogen
bond with His41 and interacts with the protease having a docking score of �90.95
and binding energy of �78.10 kcal mol�1. Other stable interactions are π-sulfur, π–
σ, π–π T-shaped, and alkyl interactions. Piperine forms hydrogen bond with
GLY164 and GLY170, having a binding affinity of �6.4 kcal mol�1. In addition
to hydrogen bonds, piperine interacts with ARG71, TYR121 (TYR453), TYR163
(TYR495), and ASN169 (ASN501) of SARS-CoV-2 spike receptor-binding
domain. Piperine’s main stabilizing interactions with SARS-CoV-2 spike receptor-
binding domain are by covalent hydrogen bonding, π–π T-shaped, and van der
Waals force of interactions (Alagu Lakshmi et al. 2020). Piperine suppresses
SARS-CoV-2 replication by binding to the Nsp15 viral protein (Kumar et al.
2020a,b; Tripathi et al. 2022).

244 R. Das et al.



14.8.2 Interplay Between Gut Microbiome, COVID-19,
and Neurological Impairment

There is relationship between gut microbiome, COVID-19, and neurological impair-
ment (Villapol 2020). COVID-19 is associated with several neurological disorders
such as headache, sleep-associated disorder, stroke, motor neuron disease (MDN),
Alzheimer disease (AD), Parkinson disease (PD), multiple sclerosis (MS), and
Creutzfeldt–Jakob disease (CJD) (Follmer 2020). Bilateral and long-lasting head-
ache is most common in COVID-19 patients (Kocasoy Orhan et al., n.d.). The major
courses of headache characteristics during the pandemic are the duration, severity,
and frequency. Some patients with COVID-19 exhibit significantly lower microbial
diversity, with increased abundance of opportunistic pathogens and a decreased
population of protective bacteria (Gu et al. 2020).

14.9 Conclusion and Future Perspectives

The impact of COVID-19 worldwide has put everyone in danger. Each country is
fighting day and night to generate suitable vaccines for all categories of people. To
ensure safety measures against this deadly virus, it has become compelling for every
individual to know that what is COVID-19 and what all precautions need to be taken
to avoid getting infected, and also following all safety rules at the time of infection.
Several research reports about SARS-CoV-2 convey that it is not only limited to
infect lungs but it can also infect several other organs. The symptoms of COVID-19,
such as fever, cold, acute respiratory distress syndrome, and diarrhea, reflect that
COVID-19 can have a major impact on our gut which can lead to gut-microbiota
disparity or dysbiosis. Therefore, good gut-microbiota health is important. Dietary
fiber intake, which increases short-chain fatty acids in the blood, protects the lungs
from allergic inflammation. In addition to fiber, probiotics such as wheat bran, FOS,
and GOS are also involved in treating asthma, cystic fibrosis, and inflammation. By
looking at the current scenario, it is very much clear that corona virus is going to stay
with us even after the introduction of proper vaccines. Also, it might be possible that
anytime a novel variant might evolve ahead in future. This makes it important for us
to adapt healthy dietary lifestyle. Balanced diet is crucial, but environmental health
should also be a top priority for everyone around the world, as there is a strong
correlation between human and environmental health. As a result of lockdown, the
environment was able to heal from global warming because people were restricted
from leaving their homes. This resulted in less pollution. Water bodies were also
healed, as there was much less water pollution. However, the pandemic of COVID-
19 has raised much awareness and provided opportunity for people to grasp the value
of living a healthy lifestyle, which should not only benefit today and tomorrow, but
also future generations. Healthy diet promotes healthy immune system, and healthy
immunity contributes in making human as a warrior against deadly diseases.
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Chapter 15
Tools to Study Gut Microbiome

K. S. Sreevatshan, Veena G. Nair, C. S. Srinandan,
and Ganesh Babu Malli Mohan

Abstract Human microbiome consists of collective genomes of microbiota predom-
inantly of bacteria, which are living in various parts of the human body, out of these the
gut harbors more. The most important properties of the gut microbiome are not clearly
understood due to the lack of scientific tools for isolating non-cultivable microbes. The
existence of gut microbiota as a biofilm mode of growth helps them to withstand stress.
Gripping enroute to human microbiome, gut microbiome is roaring in current decades
because of quick fostering technologies especially molecular sequencing tools and
techniques. Even though these newly developed techniques are at their initial stage,
through which the functional properties of the extremely complicated gut microbiota
abide less explored, a handful of positive findings have been uncovered and cataloged.
These findings disclosed an exceptional future on the road to reorganizing and
reforming the disease pathology and medicaments. New scientific approaches such
as metagenomic tools by next generation sequencing have paved the way for novel
therapies from gut microbiome. In this chapter we have provided an overview of the
lifestyle of gut microbiota as a biofilm form and their role in human health. We
elaborated on the gut metagenomics experimental tools and their study design.
Towards the end, we had described some of the challenges faced during the analysis.

Keywords Human microbiome · Metagenomics · Next-generation sequencing ·
Biofilm · Experimental design · Gut microbiota · Bioinformatics tools · Amplicon
sequencing
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15.1 Introduction

15.1.1 Gut Microbes Are Highly Abundant

The number of microorganisms present in the earth is rip-roaring and outnumbers
the count of macroscopic organisms (Flemming and Wuertz 2019). The human
microbiota itself comprises approximately 1013 to 1014 microbial cells (Sender
et al. 2016). The gastrointestinal microbiota is the highest, making up around 1011

bacteria per gram of wet weight, which predominantly comprises Firmicutes,
Bacteroidetes, and Actinobacteria. However, the microbiota in the gut is known to
serve as a regulatory as well as the functional role in host physiology and
metabolism.

15.1.2 The Great Plate Count Anomaly

The first multispecies microbial communities were observed more than 300 years
ago by Antonie van Leeuwenhoek when studying his own teeth (Dobell 1932).
However, the development of microbiology languished for the next 200 years after
Leeuwenhoek’s observations of tiny animalcules. Little progress was made because
microscopic observations of microorganisms do not give clear information to under-
stand the science behind them. For the entire discipline to develop, techniques for
isolating and culturing microbes in the laboratory were needed. The culturing of
microorganisms using growth media is the gold standard procedure used by many
microbiologists from centuries to the present day to isolate microbes from samples.
The addition and elimination of physical as well as chemical parameters which
nourish the microbes made this technique popular. But it failed to meet the expec-
tation of cultivating all the possible microorganisms from the original sample, which
is known as “The Great plate count anomaly.” We have a limited understanding of
culturing these unculturable little wonders, as it is said, “to really know them, you
have to grow them” (Charnock et al. 2017). Due to the limited knowledge and
understanding about the unculturable organisms, the characteristics and behavior of
gut microbiota in relationship to the host is unknown.

15.1.3 From Microscope to Genoscope

The study of microorganisms has transitioned from microscopy to molecular study.
Metagenomics and other high-throughput studies burgeoned the microbiology field
and have provided new knowledge in the structure and function of the human
microbiome (Qin et al. 2010; Huttenhower et al. 2012). However, the intestinal
tract contains the most densely colonized microbial ecosystem of the human body
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and keeps beneficial interactions with its host (Sommer and Bäckhed 2013). The
complexity of gut microbiomes is unique and novel even though their importance in
the host immune system and influence in host development is recognized. The
colonization of microbes in the gut commences from birth as the infant comes across
its environment. In the uterine environment, placenta, and amniotic fluid consisting
of microbes and amniotic biofilms leads to microbial programming (Romero et al.
2008). During breastfeeding too, the microbial community is transferred to infants
(Rautava et al. 2012).

15.1.4 Microbiota Establishment in the Gut by Forming
Biofilms

The microbial communities are inhabited over the intestinal mucosa of the gut as
biofilm. Bacterial communities enclosed in exopolymeric coat are called biofilms.
However, the gut bacteria may adhere to the mucus in the colon, exploit the host
mucus as a matrix, and establish biofilm. Biofilm microbiota can in turn disperse to
free swimming planktonic bacteria in the intestinal lumen. The microbiota that
established itself on the gut mucosa by forming biofilm, displays colonization
resistance, where they prevent the colonization of pathogens. Colonization resis-
tance occurs by the mechanism of niche exclusion, modulation of pH, production of
antibiotics, or suppressing the virulence of pathogens. It helps the gut biofilms to
hold water, safeguard against antibiotics and other unfavorable conditions as well as
helps in the horizontal gene transfer (Dunne 2002). The gut microbiota uses surface
adhesins such as serine-rich repeat proteins for the formation of biofilm and it also
helps for the selection of niches inside the gut. Genes that encode motility, pili,
matrix, and adhesin proteins are very essential commodities for biofilm formation
(Buret et al. 2019).

In this chapter, we provide a glimpse of the experimental tools to study gut
microbiota including their study design and some of the challenges faced during the
analysis.

15.2 Gut Metagenomics Experimental Tool

15.2.1 Experimental/Study Design

A virtuous experiment and/or study design helps to mitigate erroneous and incon-
sistent outcomes which are commonly observed in metagenomics investigations. At
large, any biological question should be principally intensive by pilot/small-scale
studies and careful literature survey which is necessary to circumvent ambiguity
(Bharti and Grimm 2021). Streamlined metagenomic studies include sample
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numbers, case-controls, randomized-controlled trials (RCT), cross-sectional and
longitudinal samples, metadata which positively help the scientific community to
advance big data processing and eliminate confounding effects. A significant num-
ber of samples consisting of both biological and technical replicates, preserved fixed
sample size, and unaltered during the study are key factors for final results, which
majorly plays a critical role in microbial population diversity interpretation under
similar conditions (Kadam and Bhalerao 2010; Goodrich et al. 2014). An appropri-
ate control sample is necessary to distinguish between the real microbial signature
and an artifact from the collected samples. Remarkably, it is very challenging to
obtain suitable controls, particularly in clinical trials where the microbial burden is
much influenced by gender, age, geographical locations, ethnicity, diet, and lifestyle
(Laukens et al. 2016). Additionally, microbiome investigation could be impacted by
experimental factors including nucleic acids extraction kits, sampling approaches,
contaminations, and sequencing methods, which could be mitigated by counting on
positive and negative control samples. However, a good study should design suit-
ably to control and document as many possible features as metadata which will help
to avoid false understanding of results and highlights the actual size of individual
factors. In addition, a less complex cross-sectional metagenomic study integrates
comparisons between two groups, e.g., healthy vs disease condition and/or placebo
vs treatment (Martin et al. 2018) (Fig. 15.1). Still, it is well known that the
environmental factors that influence the microbiome population may lead to various
additive or multiplicative effects. Hence, one should design longitudinal studies to
satisfy a statistical standpoint, where the same sample collection at various time
points can help to avoid biases (Caruana et al. 2015).

15.2.2 Sample Types, Collection, Handling, and Processing

The choice of sample type for microbial community analysis will be driven by
fundamental research questions being answered. For example, the majority of
human gut metagenomic studies focused on fecal samples which are simple pro-
cedures to collect and can be used to analyze for longitudinal studies. Alternatively,
biopsy samples are more beneficial for understanding the host–microbiota interac-
tions (Tang et al. 2020). Hence, it is crucial to collect samples from a fixed site and
adequate for the final outcome. Further, subsequent parameters such as contamina-
tion, transportation, storage, and safety should be considered during sample collec-
tion and handling. The sample preservation and storage should be tailored to the
sample type and study design. It is suggested that the sample should be frozen and
preserved at �20 �C within 15 mins of sample collection, then transport within
24 hrs to the lab on dry ice and stored at �80 �C until further procedure (Jenkins
et al. 2018). The choice of nucleic acid (DNA/RNA) extraction procedures is
important for the quality and completeness of metagenomic big data analysis of
any microbial population. Effective recovery of DNA from all types of microbes
should be employed. Particularly, gram-positive and spore-forming bacteria are rigid
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Fig. 15.1 Schematic representation of experimental design and sequencing methodologies to
investigate the human gut metagenomics

15 Tools to Study Gut Microbiome 257



and susceptible to lyse open, due to the thick peptidoglycan layer and spore coat
(Lu et al. 2015). To break the cell wall two major extraction methodologies will be
employed; (1) bead-beating/mechanical rupture (ChecinskaSielaff et al. 2019) and
(2) chemical lysis.

15.2.3 Next-Generation Sequencing

Targeted amplicon microbial sequencing includes ribosomal small subunits of
bacterial 16S rDNA and fungal 18S rDNA/ITS gene as a phylogenetic marker to
study the microbial community (Weisburg et al. 1991; Schoch et al. 2012)
(Fig. 15.1). These methods help the scientific community to monitor the temporal
and spatial microbial population dynamics without the necessity of generating other
sequence data. Shotgun metagenomic studies target deep and entire sequences of
extracted DNA, which provide diversity and functional properties of the selected
sample. The microbiome and metagenomic studies have used several sequencing
platforms which includes Sanger method (capillary), Roche 454, Genome
Sequencers GS, FLX and FLX Titanium (Pyrosequencing), Illumina GAIIx and
HiSeq 2000 (Illumina’s clonal arrays), and Nanopore (Oxford Nanopore) (Allali
et al. 2017; Malla et al. 2019). As shown in Table 15.1, each sequencing platform is
appropriately selected for microbial population dynamics and its functional charac-
terization. The majority of microbial population dynamics were carried out using the
Illumina platform and here bioinformatics tool cover a similar platform.

Table 15.1 Microorganism’s sequencing platform comparison

Sequencing
platform

Read
lengths
(bp)

Run
time

Sequencing
Methods

Error
rate (%) Application

ABI–Iontorrent 400 8 h Sequencing by
ligation

0.001 Microbial amplicon
sequencing

Roche 454—FLX
Titanium

400 10 h Pyrosequencing 1 Microbial whole
genome

Roche 454–GS
Junior

400 10 h Pyrosequencing 1 Microbial whole
genome

Illumina MiSeq 2*150 26 h Reversible Dye
Terminators

<1 Microbial amplicon
sequencing

Illumina HiSeq 2*100 12 days Reversible Dye
Terminators

<1 Microbial shotgun
metagenomics

PacBio 8500 2 h ZMW-Single
molecule

~11 Microbial shotgun
metagenomics

NanoporeMiniION 15,000 72 h – 5–15 Microbial shotgun
metagenomics
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15.3 Gut Metagenomics Bioinformatics Tool

15.3.1 Preprocessing of Raw Reads

Preprocessing is a crucial prerequisite step of metagenome sequencing analysis,
which involves quality trimming and contamination removal (He et al. 2020). Reads
can be either single-end, mate pairs, or paired-end reads constructed on the prime of
adapter ligation. The computational tools for quality trimming detect and efficiently
remove the following sequence details of raw reads including low-quality, adapters,
host-associated sequence contamination. In general, sequences that are suspected of
a high level of errors are removed in this quality trimming. Parameters to identify
true DNA fragments and remove the sequencing artifacts include average quality
score, number of homopolymers length, number of primer mismatches, and length of
sequence tested. The FASTQC tool (Bioinformatics, n.d.) is employed to check the
quality of raw reads which includes identification of the sequence distribution,
primer dimers, GC contents, and the presence of adapter sequences. To trim the
low-quality reads and adapter sequences from the raw file, sickle, cutadapt, and
AdapterRemoval (GitHub n.d.-a; Martin 2011; Schubert et al. 2016) tools were
developed and used since 2012. Furthermore, to improve the quality of raw reads,
various algorithms were developed and widely used tools which include
Trimmomatic, seqtk, ea-utils, FASTX-toolkit, BBTools (GitHub n.d.-b; GitHub n.
d.-c; FASTX n.d.; BBMap n.d.; Aronesty 2013; Bolger et al. 2014), Knead-data—a
pipeline tool which had integrated Trimmomatic for low-quality read removal and
bowtie2 and Burrows-Wheeler Aligner (BWA) for mapping and removing the host
contamination (GitHub n.d.-c). In general, a good quality score is recommended
greater than 25 to be adapted for the trimming of reads. For amplicon libraries,
performing the trimming along the 50 side using the defined quality score is
recommended. For shotgun libraries, before quality trimming, removal of the host
contamination either by mapping them through bowtie2 or Burrows-Wheeler Align-
ment (BWA) is highly recommended (Li and Durbin 2009; Langmead and Salzberg
2012). After DNA sequences are obtained from the quality check, they must be
sequentially analyzed and interpreted. The big sequence data requires sophisticated
bioinformatics analysis tools; here we differentiate the computation analysis of
targeted amplicon and shotgun metagenomics data, which is shown in Fig. 15.2.

15.3.2 Amplicon Analysis

One of the thoughtful concerns for targeted amplicon sequence analysis is to discern
the real from read errors sequences. To overcome the difficulties major tools were
widely used. Firstly, QIIME, Mothur, and VAMPS tools were developed and
utilized with predefined identity threshold clustering the reads (97% similarity-
Operational Taxonomic Unit (OTU)). These tools allow researchers to compare
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and analyze microbial population dynamics using a large set of DNA sequence big
data. Alternatively, QIIME2, DADA2, Deblur, MED, and UNOISE tools operate a
biological sequence denoising steps before the amplification and sequencing errors

Fig. 15.2 Schematic representation of bioinformatics tools to study human gut metagenomics
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and provide the amplicon sequence variant (ASV) (Schloss et al. 2009; Caporaso
et al. 2010; Bolyen et al. 2019; Schloss 2020). All aforementioned pipeline (or) tools
are available both as Graphical User Interface (GUI) in Galaxy (Afgan et al. 2018),
Qiita (n.d.) and as Command-Line Interface (CLI).

Selecting representative sequences for species profiling is the key step in
amplicon analysis. The operational taxonomic unit was developed in the early
2000s and earlier tools based on this approach are DOTUR and SONS (Schloss
and Handelsman 2005, 2006). From time to time many algorithms have been
developed for exploring various microbial communities. The most popular
OTU-clustering algorithms are based upon greedy heuristic methods (Liu et al.
2021). The primary advantage over the OTU approach is that it needs less compu-
tational power for clustering over 97% similarity and the disadvantage is that
clustering is based on 97% (or) 99%, hence this method identifies lesser biological
variation and rare taxa identification. To overcome this, another method was intro-
duced in 2013 called “Oligotyping” where the sequences change by one nucleotide
can be identified (Eren et al. 2013). Further, it was developed and renamed as
Amplicon Sequence Variant (ASV) (or) Exact Sequence Variant (ESV) and pre-
ceded the OTU-based method. The ASV approach is based upon generating an error
model for every sequencing run and using that to predict the original biological
variation and error sequences generated during amplification and sequencing. The
ASV approach is able to distinguish the sequences even at the single nucleotide
level. Popular tools based on this algorithm are DADA2, Deblur, and pipelines such
as qiime2 (Callahan et al. 2016; Amir et al. 2017; Bolyen et al. 2019). Whatever the
approach may be, the final output will be a feature table (or) abundance table which
will contain the frequency of feature sequences in particular samples. This feature
table can be linked further to the taxonomy for finding the abundance generally from
Kingdom to Species level.

Amplicon analysis begins with removing chimeras and demultiplexing after
preprocessing. Demultiplexing is a step where the reads are grouped based on
their barcodes. Various functions/scripts used to demultiplex the sequences are
given in Table 15.2.

Chimeras are mismatched and unwanted sequences obtained during Polymerase
Chain Reaction (PCR) and often occurs while using mixed templates. Hence chi-
meric sequences need to be removed before the annotation process or they may show
a wrong diversity or mis-identify as taxa that are not originally available in the
particular nature. Taking this into consideration most of the pipelines and tools had
incorporated their own script for detection and removal of chimeric reads
(Table 15.3).

Table 15.2 List of
preprocessing scripts

S.no Pipeline/tool Script/function

1 qiime Split_libraries_fastq.py (n.d.)

2 mothur Make.contigs (Mothur, n.d.)

3 qiime2 Q2-demux (QIIME, n.d.-a)

15 Tools to Study Gut Microbiome 261



Generally, amplicon sequences are used to check the microbial diversity and
composition. However, many tools were developed and used to predict the func-
tional composition. One such tool is PiCrust (Langille et al. 2013), which was
developed based on the OTU table of greengenes (DeSantis et al. 2006) database
which could predict the functional composition through KEGG (Kanehisa et al.
2021) pathways. Newly developed and improved version Picrust2 (Douglas et al.
2020) has a similar background but both ASV and OTU tables can be used. Tax4Fun
(Aßhauer et al. 2015) is an R package which could predict the functional pathways
through KEGG (Kanehisa et al. 2021) and SILVA (Quast et al. 2013) databases.

15.3.3 Shotgun Analysis

Compared to amplicon-based sequence analysis, shotgun metagenomic analysis can
provide much more functional information and deeper taxonomic resolution. Nev-
ertheless, analysis requires higher computational power to complete due to the huge
datasets, and the majority of the tools implemented under Linux/Mac OS environ-
ments. After the clean raw reads from the preprocessing step, the important step of
shotgun analysis is to generate a taxonomic and functional table using the read-based
(or) assembly-based method. In read-based, MetaPhLan (Beghini et al. 2021) tool is
predominately employed for taxonomic annotation which is based on clade-specific
marker genes. MetaPhLan is available both in CLI and GUI in Galaxy (Afgan et al.
2018). It is possible to construct user-defined taxonomic databases and use align-
ment tools such as DIAMOND (Buchfink et al. 2014), Bowtie2 (Langmead and
Salzberg 2012), BWA (Li and Durbin 2009), Blast+ (Camacho et al. 2009), and
kASA (Weging et al. 2021). Further, it is also feasible to use tools such as Metalign
(Lapierre et al. 2020) which is based upon the min hash approach, and MetaCache
(Müller et al. 2017) which is based on the k-mer approach for annotation.

Table 15.3 List of scripts for removal of chimeric reads

S.
no Pipeline Script/function used

1 qiime Parallel_identify_chimeric_seqs.py (or)Identify_chimeric_seqs.py
(QIIME n.d.-b, c)

2 mothur chimera.vsearch (or) chimera.uclust (or) chimera.persaus (Chimera
Detection Commands n.d.)

3 qiime2a and
DADA2a

–

aIn the ASV-based pipeline, the tools used have incorporated the chimeric removal step in the
denoising script directly. Hence there is no separate script/function for chimeric removal
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15.3.4 Assembly

Assembly is a process of stitching reads into longer fragments, which denotes contig
and rebuilding the genes. Remarkably, these algorithms were developed for whole-
genome assemblies, however, later extended for broader application. The choice of
the assembly algorithm remains critical for further analysis. For a typical
metagenomic sequence assembly regularly used algorithms include Velvet, IDBA-
UD, MegaHIT, METASpades, RayMETA, MetaVelvet, SOAPDenovo2, and
Omega (Zerbino 2010; Boisvert et al. 2012; Peng et al. 2012; Liu et al. 2014;
Nurk et al. 2017; Luo et al., n.d.). All these metagenome assembler algorithms are
based on De Bruijn graphs and are available as open source. Binning is employed
after assembly of the reads where assembled contigs are assigned to an individual
group of the microbial genome. There are two kinds of methods for binning, first is
taxonomic binning where assembled contigs are mapped to reference databases
using alignment tools such as Bowtie2, BWA, Blast+, and kASA (Camacho et al.
2009; Li and Durbin 2009; Langmead and Salzberg 2012; Weging et al. 2021).
Another one is genome binning which is based on machine learning methods
without any help from a reference database. From DNA sequences to microbial
species diversity analysis majorly obtained based on genus/species-based or
OTU-based ecological metrics. These can be achieved by clustering the sequences
using external information either denovo OTU or reference-based OTU picking
(greengenes or by SILVA) approaches.

Genome binning has three classifications, namely sequence-based, differential-
abundance-based, and hybrid method which was explained well in Yue et al. (Yue
et al. 2020). Currently used binning tools such as MaxBin2, GroopM, and Metabat2
are based upon hybrid methods (Imelfort et al. 2014; Wu et al. 2016; Kang et al.
2019). Preceding the taxonomic annotation, the binned files are checked using
CheckM which assesses the quality of the file using the marker database (Parks
et al. 2015). After that, we can deploy various taxonomic annotation tools such as
prokka, Kraken, and Kraken2 which is based upon an algorithm that links k-mer and
lowest common ancestor (LCA), CAT & BAT which is also based on LCA and
Prodigal (Hyatt et al. 2010; Seemann 2014; Wood and Salzberg 2014; Von
Meijenfeldt et al. 2019; Wood et al. 2019). MEGAN which is GUI can be used
both for taxonomic and functional annotation of the reads (Huson et al. 2016).
Functional annotation is where the clean raw reads are mapped with databases
such as KEGG and Metacyc. Humann3 tool can be used for annotation. Further, if
de novo sequencing was carried out, it is possible to run with prokka (Beghini et al.
2021; Seemann 2014).
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15.3.5 Diversity Measures

Diversity measures are one of the downstream analyses where it tells how well the
samples are diverse. It is sub-categorized as alpha and beta diversity. Alpha diversity
is defined as diversity within a sample that depends upon richness and evenness.
Richness is defined as the total number of species present in a sample. Simplest
index available is Observed, other indices such as ACE and Chao1 are also available
for measuring richness. Evenness mainly focuses upon the species’ abundance.
Diversity indices such as Shannon and Pielou’s evenness are available for measuring
evenness. Phylogenetic-based alpha diversity is also available where the measure
depends upon the phylogeny relationship between the species. Faith PD is one of the
best examples for the phylogeny-based alpha diversity where it sums the branch
length of all species available in the sample (Hughes et al. 2001; Kim et al. 2017; Luz
Calle 2019; Liu et al. 2021).

Another diversity measure available is beta diversity which tells the difference
between the samples. The most predominantly used diversity indices are Bray-Curtis
Dissimilarity index which is used for compositional information, Jaccard index
which is based upon presence and absence data, Aitchison distance which is based
upon Euclidean distance calculation along with clr (Central Log Ratio) transforma-
tion, and Unifrac distances which are based upon the phylogenetic tree (Lozupone
and Knight 2005; Luz Calle 2019). Irrespective of the beta diversity indices, the final
output is the distance matrix table which needs to be plotted in an ordination plot for
visualization purposes. Ordination is used to reduce the dimensionality of the dataset
which can be used further for the visualization purpose. For visualizing the most
commonly used plots are Principal Component Analysis (PCA), Metric Dimensional
Scaling (MDS), Non-metric Dimensional Scaling (NDMS), and Principal Coordi-
nates Analysis (PCoA) (Chengsong and Jianming 2009; Jolliffe 2011; Gower 2015;
Abdi, n.d.). Recently developed ordination plots t-SNE and UMAP can be also used
for the microbiome analysis (van der Maaten and Hinton 2008; McInnes et al. 2018).
For amplicon libraries, the qiime2 pipeline has its own tools for both alpha and beta
diversity analysis. Further, it is also possible to import the qiime2 files to R using the
package “qiime2R” and use packages such as “vegan,” “phyloseq,” and
“microbiome” for both distance matrices and ordination plot generation. For the
shotgun libraries, especially for reference-based analysis, various in-house R script/
python modules have been generated and published for importing the data as
phyloseq object further generated the diversity indices. Commonly used R packages
for diversity analysis are “phyloseq,” “vegan,” “microbiome,” and “mia” (GitHub n.
d.-d; Dixon 2003; McMurdie and Holmes 2013; Lahti et al. 2017; Ernst et al. 2021).
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15.3.6 Challenges

The first challenge faced by the beginners is working on the command line as most of
the tools are available as command-line versions. But many initiatives on courses
and workshops are being taken to teach the basics of working on the command line.
As a next step, many tool developers are trying to build GUI for their tools, hence
even non-coding researchers can work with the tools and have new findings. Galaxy
and qiime2 are the best examples of running GUI-based tools. Another challenge
faced by every researcher is computational power and storage. The most predomi-
nant challenge is reproducibility where the researchers must share their accession
no. of the raw reads, metadata in which they must note the primers, adapters,
barcodes, DNA extraction kit, location, time, sample type, in-house script which
had been developed to get the result along with the parameters/settings used for the
analysis.
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Chapter 16
Germ-free Mice Technology: Opportunity
for Future Research

Ashish Jain and Anand Maurya

Abstract The most popular approach to measure key functions of any living entity
is to remove it and then study the consequences of its removal. Microorganisms
influence their host in several manners and their role can be studied by eliminating
them from their host and observe the host’s response, in their absence. Numerous
studies have justified the vital role of microbiota in human health and disease
development. Germ-free (GF) animal models are useful tools to improve our under-
standing of the host–microbiota relationship in vivo. Although different animal
models, lacking microbiota (partially or completely) have been extensively used in
research but germ-free (GF) mice are the most widely used rodent model in human
research due to its close proximity to humans. In modern research, GF technology is
one of the most attractive and informative tools for getting insights into host’s
microbial community. Each body part harbors unique microorganisms with unique
functions. Because of the advancement of microbial characterization techniques, the
human microbiota community is expanding day by day. GF mice model can
efficiently reveal the role of these valuable partners of humans. In spite of its high
cost and obligation of skilled experts, GF research is a hot field for investigators and
has a huge possibility for future applications. The present book chapter is a summary
of the basics of GF technology and its main applications with future prospects.

Keywords Germ-free · Gnotobiotics · Microbiota · Microbiome · Mice

16.1 Introduction

All multicellular organisms including humans live in close association with the
microbial communities (Mendes and Raaijmakers 2015). All the microorganisms
that live in or on the human body are collectively known as microbiota (Human
Microbiome Project Consortium 2012). The members of this microbial community
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have been shown to interact with each other and also with their host in different
manners. It is a huge task to define the function of each individual microorganism of
this complex community and their relation with the host. Germ-free animal research
has been done extensively on three different animal models: Germ-free
(GF) animals, gnotobiotic (GN) animals, and specific pathogen-free (SPF) animals.
Germ-free or axenic animals are completely devoid of any kind of living microor-
ganisms. Gnotobiotic animals are initially germ-free and subsequently inoculated
with either one strain (monoxenics) or two different strains (dixenics) of microor-
ganisms and so on. These animals thus have a defined and known microbiota.
Specific pathogen-free (SPF) animals are those from which a defined set of micro-
organisms, usually pathogenic organisms are excluded (Festing and Blackmore
1971). Since the use of humans in such studies is not ethically possible, use of an
animal model having several similarities with humans is the only left option. Mouse
is the most common germ-free model in human studies (Luczynski et al. 2016a).
However, rats, guinea pigs, chickens, piglets, and calves have also been used
(Luczynski et al. 2016a, b). Experimental germ-free (GF) mice models are valuable
tools for establishing the impact of microbiota on host metabolism, physiology and
to explore interactions between microbiota and with their host (Fiebiger et al. 2016;
Bhattarai et al. 2017). Recent studies performed on germ-free mice have proved the
specific role of specific microbial communities for their host (Braniste et al. 2014;
Jourová et al. 2017; Kaden-Volynets et al. 2019). Although germ-free mice tech-
nology has broadened our knowledge of microbe–microbe and host–microbe inter-
actions but, due to the huge cost and expertise associated with the GF facilities, this
field has not been explored as per the expectations and possibilities. This book
chapter covers the basics of GF mice technology, its applications and future
prospects.

Axenic: free of all detectable microorganisms
Monoxenic: a culture in which one organism is grown with only one other

organism
Dixenic: a mixed culture of one organism together with two other organisms
Germ Free (GF): historical term same as axenic but continues to remain the

more popular than axenic
Gnotobiotic (GN) animal: an animal with known and defined

microorganisms
Pathogen-free (PF) animal: an animal free of all known pathogens
Specific pathogen-free (SPF) animal: an animal from which a defined set of

microorganisms, usually pathogenic are excluded
Conventional (CV) animal: an animal maintained under accepted husbandry

practices
Altered Schaedler flora (ASF): a model community of eight cultivable

microorganisms derived from mice and used for establishing stable GI
colonization in the GF mouse
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16.2 Germ-Free Mice Technology

16.2.1 History

Louis Pasteur (1885) conceptualized the idea of a germ-free animal more than a
century ago with the remark that bacteria-free existence is impossible (Pasteur
1885). Ten years later in 1895, Nuttall and Thierfelder produced the first GF guinea
pigs, which survived for two weeks (Nuttall and Thierfelder 1895). Due to the
technology developed by James Arthur Reyniers and Philip C. Trexler, the hypoth-
esis of germ-free life came into reality in the 1950s (Reyniers 1957). By the late
1950s, researchers successfully developed GF mice, rats, guinea pigs, and chicks
inside sterile stainless steel and plastic housings (Reyniers 1959a). The first GF mice
were successfully developed by Pleasants in 1959 (Pleasants 1959).

16.2.2 GF Technology

Today’s methodology for keeping GF animals has not changed much since 1959. To
start a germ-free colony, pups must be delivered from the mother’s womb through a
careful cesarean section to protect them from exposer of microorganisms that inhabit
on the mother’s vagina and skin (Gustafsson 1959a; Reyniers 1959b).Then, the
newly born pups are introduced to the GF foster mother and raised in an aseptic
isolator and only exposed to food, water, and other equipment that has also been
sterilized. GF animals can also be produced via embryo transfer, in an isolator by the
implantation of cleaned embryos into GF female in well-controlled conditions. A
recipient female normally delivers and caress the pups assuming them her own
offsprings, hence enhancing the survival rate of pups. These mice regularly moni-
tored in order to guarantee GF status by analyzing the presence of any kind of
microorganism in their feces using cultural and sequencing techniques (Smith et al.
2007). Once GF animals are produced next lineage can be generated by crossing GF
individuals (Gustafsson 1959a; Reyniers 1959b). Then GF mice colonies can be
shipped in a sterile container for different purposes including GF research. Isolators
maintain a sterile environment for GF animals. A typical isolator has an air supply,
air inlet and outlet, transfer port, and arm-length gloves, as well as a special tank
filled with disinfectant and used for the transfer of mice in and out. Bedding, food,
water, and equipment, including cages, must first be sterilized before putting them
into the isolator through the sterile lock. Sterilization of entire steel isolators is
accomplished by autoclaving the whole isolator, as well as with portable vacuum
and steam equipment. Plastic isolators are sterilized by steam accomplished with
germicidal vapor (2% peracetic acid and chlorine dioxide). Air sterilization is
ensured upon entry and exhaust by mechanical air filtration under positive pressure.
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Autoclave jars are used for transferring of animals in and out of the isolator.
Maintenance of the GF status of rodents during the execution of the entire experi-
ment is technically challenging. The probability of their contamination is always
high. The experimentation cost of the GF facility is extremely high since multiple
mouse strains and multiple inoculation groups are housed in separate isolators.
Recently the use of positive-pressure isocages has been increased in short duration
experiments since they offer low cost and space effective (Hecht et al. 2014). Future
research is needed to optimize these isocages to apply them in long-term
experiments.

16.2.3 Customized Flora and Control Group for Experiments

In 1965, Schaedler and Dubos characterized the bacterial population of the gastro-
intestinal (GI) tract of conventional mice (Schaedler et al. 1965). One of the most
pronounced phenotypes observed in almost all GF rodents is unusually enlarged
cecum that is of normal length in conventional rodents (Wostmann and Bruckner-
Kardoss 1959). Surprisingly a reduction in cecum size was observed upon coloni-
zation of normal gut microbiota. On the basis of these findings, Schaedler colonized
GF animals with a mixed bacterial population of Bacteroides, lactobacilli, an
anaerobic Streptococcus, and a slow lactose-fermenting coliform (Schaedler et al.
1965). This flora is subsequently known as the “Schaedler flora” and has been used
globally as an essential tool for the standardization of experimental animals’
microbiota. In 2015, extremely oxygen-sensitive (EOS) bacteria were included in
Schaedler’s flora. This altered flora is now known as Altered Schaedler Flora (ASF)
(Orcutt et al. 1987). Recently a synthetic bacterial community is created for exper-
imental GF mice known as “Oligo-Mouse-Microbiota” (OMM12) which consists of
12 sequenced and easily available bacterial strains isolated from mice (Brugiroux
et al. 2016; Lagkouvardos et al. 2016). The specific pathogen-free (SPF) mice which
are free from particular pathogens are treated as a control group for GF mice research
(Smith et al. 2007). SPF mice are generally exposed to the defined colonization of
modified Schaedler flora or other customized flora (Wymore Brand et al. 2015;
Brugiroux et al. 2016). Broader categories of mice models are summarized in
Fig. 16.1.

16.3 Why Mice Model?

Although many GF animals have been used in investigations, GF mice is the most
acceptable GF model in human studies for long period (Haldane 1928). Over 95% of
animal studies have been conducted on the Mus musculus model because of almost
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99% genetic homology with the human genome, availability of good genetic/molec-
ular technologies for mice research, and replicability of many human conditions in
mice (Gregory et al. 2002; Mouse Genome Sequencing Consortium et al. 2002).
Investigators prefer mice model for various other reasons including their small size,
easy to maintain, and adaptability in altered conditions. Because of quick reproduc-
tion and a short life span of two to three years, many generations can be observed in a
short period of time. They are relatively inexpensive and can be bought in large
quantities from commercial producers. Their mild-tempered and docile nature makes
them easy for researchers to handle (Canales and Walz 2019). Due to constrain of
working space inside the GF isolator and extremely higher maintenance cost mice
offer more experimental units in a relatively smaller area in a cost-effective manner.

16.3.1 Differences Between Germ-free and Conventionally
Raised Animals

Germ-free animals exhibited several physiological and functional alterations, not
associated with conventionally raised animals. Some crucial differences are summed
up in Table 16.1. These dissimilarities have created the research-ground for gnoto-
biotics, to assess the effect of microbiota in postnatal development and metabolism
of host.

16.3.2 GF mice Technology: Applications and Future
Guideline

Germ-free animal models are essential tools of investigators to explore the com-
plexity and functions of host’s microbiota. GF mice provide researchers with a better
way to get insights of host–microbe and microbe–microbe interactions. GF mice
have been widely used in the field of nutrition, metabolism, drug response, neuro-
science, immune response, cancer biology, and infectious diseases and some of the
important fields are also highlighted in Fig. 16.2. Germ-free mice technology has
revealed the crucial role of commensal microbiota in normal aging, and normal
functioning and development of immune system, GI system, and nervous system
(Grenham et al. 2011).
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Table 16.1 Key differences between GF animals and conventionally raised animals

GF Animal (Comparison with conventional
animals)

Gastrointestinal tract physiology

Weight of the small intestine Lighter (Gordon and Bruckner-Kardoss 1961)

Mucosa of the small intestine Thinner (Gordon and Bruckner-Kardoss 1961)

Mucosal surface area, Lamina propria Reduced by approximately 30% (Gordon and
Bruckner-Kardoss 1961)

Digestion and absorption More efficient (Phillips and Smith 1959; Heneghan
1963)

Passage time through the small intestine Increased (Abrams and Bishop 1967)

Cecal Excessively enlarged (Wostmann and Bruckner-
Kardoss 1959)

Mitosis indexes of epithelial cells Lower

Renewal rates of intestinal epithelium Reduced (Abrams et al. 1963)

Cells, tissues, and organs of immune system

Expression of certain TLRs Decreased or absent (Shanahan 2002; Grenham
et al. 2011)

IgA secretion Decreased (Abrams and Bishop 1961; Wostmann
et al. 1970)

Peyer’s patches, lymphoid follicles in the
intestine

Fewer and smaller (Abrams and Bishop 1961;
Wostmann et al. 1970)

Lymphoid tissue and lymph nodes Undeveloped and smaller (Abrams and Bishop
1961)

γ-globulin-bearing plasma cells in mesen-
teric lymph nodes

Absent (Hobby et al. 1968)

Antibody-producing cells of lymph-node Reduced (one-twelfth) (Olson and Wostmann
1966)

Antibody-producing cells after Ag
challenge

Increased (Olson and Wostmann 1966)

Total white blood cell count Lower (Reyniers et al. 1960)

Β- and γ-globulins in the serum Reduced (Gustafsson and Laurell 1958)

Plasma cells synthesizing IgA Less (10%) (Crabbé et al. 1968)

Lysozyme in saliva Absent (Makulu and Wagner 1967)

Thymus Smaller in size (Wilson et al. 1965)

Nutrition, digestion, and metabolism

Nutrient requirements Consume more food (Wostmann et al. 1983)

Diet-induced obesity Not observed (Bäckhed et al. 2007)

Water intake Higher (Coates 1973)

Lipid: requirement for essential fatty acids Lower (Coates 1973)

Cholesterol absorption Absorb up to 50% more

Protein:

Fecal nitrogen More excreted (Levenson and Tenivant 1963)

Urinary nitrogen Less excretion (Reddy et al. 1969)

Starving conditions Lesser survival rate (Loesche 1969)

Minerals: urinary calcium excretion Higher (5X higher) (Gustafsson and Norman 1962)

(continued)
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Table 16.1 (continued)

GF Animal (Comparison with conventional
animals)

Vitamin B & K in diet Required (Gustafsson 1959b; Sumi et al. 1977)

Trypsin and chymotrypsin in feces Higher (Borgstrom et al. 1959)

Serum cholesterol levels Higher (Danielsson and Gustafsson 1959)

Cardiovascular system

Heart weight, total blood volume, and car-
diac output

Reduced (Gordon et al. 1963)

RBC count, Hematocrit values Higher (Gordon et al. 1963)

Age Live significantly longer (Gordon et al. 1966;
Tazume et al. 1991)

Fig. 16.2 Key applications of germ-free mice technology
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16.4 Metabolic Disorders

Our generation is facing many metabolic disorders including obesity, heart disease,
stroke, type 2 diabetes, hyperglycemia and hyperlipidemia, phenyl-ketonuria (PKU),
and a number of other hepatic disorders. Studies performed on GF mice have
established the very fact that the presence or absence of specific gut microbiota is
correlated with certain metabolic disorders (Karlsson et al. 2013). It is found that the
composition of gut microbiota is unstable and far sensitive for alteration but sur-
prisingly found relatively stable during obesity, which suggests the possible role of
gut microbiota in obesity. Jeff Gordon et al. showed that the transfer of gut
microbiota of obese humans or mice to GF mice with no change to mouse diet,
resulted in weight gain relative to GF mice that had received microbiota transplants
from lean donors (Turnbaugh et al. 2006; Ridaura et al. 2013). Transfer of
microbiota from third-trimester pregnant mothers to GF mice promoted low-grade
inflammation, increased adiposity, and insulin resistance relative to GF mice receiv-
ing microbiota from first trimester pregnancies (Koren et al. 2012). As gut
microbiota synthesizes additional essential nutrients, its absence affects the process
of absorption and digestion (Sekirov et al. 2010; Grenham et al. 2011). GF mice have
reduced production of short-chain fatty acids, which are beneficial to host metabo-
lism and are produced when dietary fiber is fermented by gut bacteria (Høverstad and
Midtvedt 1986; denBesten et al. 2013). GF rats have deficient thiamine absorption:
when these animals are fed radio-labelled thiamine, large quantities of the nutrient
are found within the feces but little is found within the tissue (Wostmann et al. 1962).
A recent study proposed that fecal microbiota transplantation is the recent technol-
ogy used for treating various neurological diseases (Tripathi et al. 2022). This
suggests that the gut microbiome plays an important role in influencing metabolism
and adiposity. Phenylketonuria (PKU) is a genetic disorder related to an inability to
metabolize phenylalanine (Phe), which may end in neurotoxicity. Recently a genet-
ically engineered Escherichia coli strain administration to PKU mouse model
showed significantly reduced blood phenylalanine concentration independent of
dietary protein intake (Isabella et al. 2018). Collectively, such studies certainly
prove that not only the commensal microbiota but genetically modified microorgan-
isms can also be used to target genetic disorders along with altered metabolism. Gut
microbiota is the most abundant microbiota and also termed as “neglected endocrine
organ” (Clarke et al. 2014). Gut microbiome contains hundred-times more genes
than the human genome (Qin et al. 2010). This microbiome comprises an enormous
possibility of future investigation because every member of this massive microbial
community may have a unique function for its host that can be assessed efficiently
with the assistance of GF technology. Once the individual role of every member of
microbiota revealed, specific microorganisms can be selectively administered or
removed from the host to treat several metabolic disorders. Initial findings with
microbiota research might be milestones for future investigations during which GF
animals are going to be considered as an indispensable tool for exploring the role of
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microorganisms to study the complexity of microbiota-gut-brain axis and metabolic
disorders.

16.5 Inflammatory Bowel Disease (IBD)

Inflammatory Bowel Disease (IBD) is a set of chronic inflammatory conditions of
the gastrointestinal tract (Belkaid and Hand 2014). IBD features a complex etiology
and is influenced by the genetic factors, host immune system, and external factors
like the microbiota (Maloy and Powrie 2011). IL-17-producing Th17 cells are
correlated with IBD while RORγt+ Treg cells adversely affect IBD by maintaining
homeostasis at the mucosal barrier. Studies performed on mice showed the elevated
number of IL-17-producing Th17 cells upon colonization of mice with anaerobic,
uncultivatable segmented filamentous bacteria while the introduction of commensals
showed an adverse effect (Nakanishi and Tamai 2015). In another study transfer of
microbiotas from IBD donors into germ-free mice increased numbers of intestinal
Th17 cells and Th2 cells and decreased numbers of RORγt+ Treg cells while
microbiota from healthy donors exhibited an adverse effect (Britton et al. 2019).
Administration of fecal microbiota transplants from patients with IBS to germ-free
mice induced alterations in GI motility, also as hypersensitivity to colonic distension
(Crouzet et al. 2013; De Palma et al. 2014). The absence of IBD in germ-free animals
is that the classical evidence that microorganisms are crucial for the development of
IBD. We can’t neglect the colonic microbiota and a heavier metagenome and its
functions in several physiological conditions including IBD. Future attempts should
be focused on manipulating the amount and composition of commensal or altered
microbiota to alleviate the severity of IBS either by oral administration of probiotic
formulations, fecal microbiota transplants from healthy donors, and/or diet modi-
fications. Germ-free models might be a milestone in the collaborative attempts to
cure IBD.

16.5.1 Host Immune Response

The role of microbiota in the development and regulation of the immune system has
been extensively studied with the assistance of GF mice. Factually the exposure to
microbes early in life is essential for the proper development and performance of
the immune system (Blümer et al. 2005; Douwes et al. 2008; Kaplan et al. 2011).
The host’s immune system and gut microbiota have a mutualistic relationship. The
microbiota helps in shaping our immune system, and the later shape the composition
of host microbiota (Nicholson et al. 2012). These hypotheses further get strength by
the fact that about 80% of the host’s immune cells are located in or around the gut
(Abbas et al. 2017). Commensal microbiota of host is crucial for proper intestinal
immune response, protection from pathogens, and suppression of detrimental
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inflammatory reactions. GF mice show many abnormal features generally absent in
conventionally raised mice, including the presence of fewer and smaller Peyer’s
patches, a reduced number of CD4+T cells, low level of IgA producing plasma cells,
under-developed gut-associated lymphoid tissues (GALT), fewer intraepithelial
lymphocytes as well as reduced production of antimicrobial peptides (Wostmann
and Bruckner-Kardoss 1959; Gordon and Bruckner-Kardoss 1961; Shanahan 2002;
Round and Mazmanian 2009). Upon administration of normal microbiota, most of
those altered structures and immunological functions of GF mice are corrected and
restored. These inducible structures normally develop in conventional animals
exposed naturally to diverse populations of microorganism, suggesting a complex
relationship between the host’s immune response and its commensal microbiota.
Microbes produce a variety of known and unidentified metabolites that can modu-
late the host’s metabolic pathways in a complex manner. Class, quantity, and roles
of metabolites are influenced by the composition of the host’s microbiota. Despite
advanced molecular characterization technology most of the commensal microor-
ganisms, their different metabolites and function of every metabolite are yet to be
defined. There is an enormous challenge and also an opportunity for the investiga-
tors to address this issue and define the functionality of each single metabolite of this
complex immune response regulated by the host and its microbiota.

16.5.2 Vaccine Response

More recently, mice treated with a cocktail of antibiotics, exhibited impaired IgG
responses upon systemic Ag ova challenge, the same could be restored after the
colonization with a mixed bacterial population (Lamousé-Smith et al. 2011). Pre-
antibiotic-treated mice showed enhanced antibody response upon oral administration
of Rota-virus (Uchiyama et al. 2014). These findings suggest that gut flora can
enhance systemic vaccine responses but can suppress oral vaccine responses. A
study on seasonal influenza vaccine showed that after vaccination, in germ-free or
antibiotic-treated mice, IgG and IgM antibody responses were significantly impaired
(Oh et al. 2014). It is also reported that microbial metabolites can modulate various
immune cell types including Mfs, DCs, T cells, and B-cells (Dorrestein et al. 2014).
However, further investigations are desirable to conclude whether these effects
occur in all situations or only observed in some special circumstances. Currently,
the knowledge of various microbial metabolites and their role in vaccine response is
in its infancy. Future research can reveal the potential mechanisms by which the gut
microbiome modulate vaccine response in various populations. The study of gut
microbiota for a successful vaccination strategy may open a new area for investi-
gators with unlimited possibilities and GF mice may serve as a valuable tool in this
cause.
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16.5.3 Host–microbe and Microbe–Microbe Interaction

Germ-free mouse facilitates to introduce microbes individually or sequentially in its
different body parts to assess the role of a single bacterium or known consortia of
bacteria on host function in vivo (Reigstad et al. 2015). Germ-free mice offer to
study microbe–microbe interaction, to better understand how the introduction of a
new microbial member affects the whole microbial community and host functions.
Germ-free models provide insights into the host processes regulated by the presence
and/or composition of the microbiota in health and disease (Reyniers 1959b; Smith
et al. 2007). Based on their interaction with the host, members of the microbiota can
be classified as beneficial species (Commensals) including probiotic bacteria, like
Bifidobacterium and benign organisms such as members of the defined “altered
Schaedler flora,” or pathogenic species, including pathobionts such as Helicobacter
pylori and opportunistic pathogens (Fanning et al. 2012; Biggs et al. 2017). The
development of gnotobiotic animal models provides an opportunity to compare them
with conventionally raised animals but also the ability to introduce one or few
bacterial species at a time to understand host–microbe interactions in a simplified
environment (Williams 2014).

16.5.4 Host–pathogen Interaction

Very soon after the invention of germ-free technology, gnotobiotic animals became
a key tool to study the host–microbiota interaction and later used to investigate the
host immune responses to pathogens. Initial studies performed on the
mono-associated animal to assess the resisting power of host towards infections
demonstrated that lack of an intestinal microbiota impairs early innate immunity.
Mono-associated animals showed higher sensitivity towards Listeria monocytogenes
infection while di-associated mice having commensal flora, remained unaffected
from the pathogen (Zachar and Savage 1979; Czuprynski and Balish 1981). A
similar conclusion concerning the significance of native flora on the host’s immunity
was made in other studies conducted with Salmonella typhimurium and Vibrio
cholera infections (Nardi et al. 1991; Butterton et al. 1996). A commensal
microbiota competes for space, nutrients and mediates the production of antimicro-
bial metabolites, which subsequently prevent growth and colonization of numerous
pathogenic bacteria (Mack et al. 1999, 2003; Srikanth and McCormick 2008). GF
mice models in combination with mono-associated and di-associated gnotobionts
will be obligatory tools in future investigations, aimed to recognize the pathogenesis
and treatment of newly emerging infections.
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16.5.5 Reproductive Health

Germ-free mice are considered reproductively inferior to their conventional coun-
terparts. Surprisingly, when germ-free female mice di-associated with B. distasonis
and C. perfringens displayed a normalized estrous cycle, and increase rates of
copulation and implantation (Shimizu et al. 1998). The lower reproductive tract of
the female mouse is anatomically almost like that of humans (Leppi 1964). During a
recent study, GF mice vaginally inoculated with Prevotella bivia displayed increased
numbers of mucosal activated CCR5+ CD4+ T cells (HIV target cells) within the
female genital tract compared to mice inoculated with Lactobacillus crispatus.
Hence colonization of altered bacteria is often associated with increased HIV risk
and other STIs (Gosmann et al. 2017). In future investigations, germ-free models can
be exploited to address different aspects of reproductive health correlation with host
microbiota.

16.5.6 Cancer Biology

Cancer development in GF rodents can partially be associated with the absence of
commensal flora (Pollard and Teah 1963; Walburg Jr 1973; Pollard et al. 1985).
Experimental cancer yields were found to be lower in GF rodents when the carcin-
ogens tested required enzymatic metabolic activation (Weisburger et al. 1975).
Generally, the oncogenic potential is that the same as in conventional rats, but
tumor-related changes are more clearly defined in GF animals (Pollard et al.
1968). GF rodents with either spontaneous or induced tumors have higher numbers
of plasma cells but haven’t any germinal zones in their lymph nodes (Pollard et al.
1968). Gnotobiotic animals are particularly suitable for testing candidate viral
carcinogens, since derivation by hysterectomy and gnotobiotic maintenance has
been found to eliminate all known viruses from GF rodents (Luckey 1963; Pleasants
1974). Cycasin from cycad bean flour is carcinogenic for conventional rats because
the microbiome present in them converts it into a carcinogen, whereas it doesn’t
induce tumors in GF rats (Laqueur et al. 1967; Luckey 1968). Spontaneous colon
adenomas are twice as prevalent in GF rats (Weisburger et al. 1975). The foremost
frequent spontaneous tumors in aged GF rats involve the mammary and pituitary
glands (Pittermann and Deerberg 1975).

16.5.7 Aging

GF mice tend to live longer than their conventionally colonized counterpart animals
(Reyniers and Sacksteder 1958; Gordon et al. 1966; Tazume et al. 1991). There is
growing evidence indicating that gut microbiota influences the aging process. As GF
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mice are raised in sterile conditions, their longer life span is likely due to the absence
of pathological infections. Premature mortality of GF mice is mainly due to infection
or by environmental factors. Delayed morbidity in 2- to 3-year-old GF rodents is a
common observation, which shows them to be virtually free of the age-related
kidney, heart, and lung changes (Pollard and Kajima 1970; Pollard 1971). In
humans, microbial diversity and stability decrease with age and are accompanied
by a cognitive decline (O’Toole and Claesson 2010; Borre et al. 2014). These
findings have prompted the thought that restoring microbial diversity within the
elderly could improve general and mental health.

16.5.8 Drug Response and Xenobiotics

It is often assumed that gastrointestinal tract microbiota is probably the first which
interacts with ingested xenobiotics. The gut microbiome can activate or deactivate
pharmaceuticals and may alter their metabolic consequences. An altered microbiota
also influences the outcome of various therapies, this proves the importance of intact
microbiota in host immune responses (Pope et al. 2017). In experimental germ-free
mice with induced tumors, immune cells poorly respond to immunotherapy that
slows cancer growth and prolongs survival. These germ-free rodents hardly
exhibited any response toward anticancer drugs like oxaliplatin and cisplatin
(Viaud et al. 2015). Clinical use of anticancer drug cyclophosphamide (CTX) on
tumor-bearing mice caused the translocation of some bacterial species into mesen-
teric lymph nodes and the spleen, where they stimulate a Th1 and Th17 immune
response. Germ-free mice failed to generate the same response and were found
immune to the CTX (Viaud et al. 2013). A study performed in National Cancer
Institute (NCI) reported that in germ-free mice having subcutaneous tumors
exhibited lower cytokine production and tumor necrosis after CpG-oligonucleotide
treatment and deficient production of reactive oxygen species and cytotoxicity upon
chemotherapy. This finding advocates the necessity of an intact microbiota for
proper response to anticancer therapy (Iida et al. 2013). Recently in two parallel
studies, the microbial population of fecal samples of melanoma patients was char-
acterized prior to treatment with the anticancer drugs which block a T cell receptor
PD-1. In both studies, certain bacterial species were reported in greater numbers in
those patients who responded properly to the drug. When the same microbes were
administered into the germ-free mice model, an anti-tumor immune response was
observed (Gopalakrishnan et al. 2018; Gong et al. 2019). While some drugs get
activated through bacterial metabolism, others can be inactivated due to microbial
action. A single bacterium Eggerthella lenta inactivates the drug Digoxin, a treat-
ment for heart failure by converting it into inactive form dihydrodigoxin
(Lindenbaum et al. 1981). The microbiome also inactivates Parkinson’s disease
drug L-DOPA, initially by Enterococcus faecalis mediated decarboxylation and
later Eggerthella lenta A2 mediated dihydroxylation. Treatment with broad-
spectrum antibiotics can reverse this activity (Rekdal et al. 2019). Recently Klatt
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et al. reported that vaginal bacteria Gardnerella vaginalis could rapidly metabolize
and breakdown the active form of “Tenofovir Microbicide” the drug for HIV
treatment and thus results in a high HIV acquisition in those women. These findings
highlight the contribution of intact microbiota and its poorly known factors in the
therapy of cancer and other diseases (Klatt et al. 2017).

16.5.9 Gastrointestinal System and Enteric Nervous System

It is reported that gastrointestinal (GI) transit time was significantly faster in con-
ventionally raised mice as compared to GF mice (Abrams and Bishop 1967).
Subsequently, several investigators have shown the introduction of mouse-derived
or human gut-derived bacteria into GF mice alters GI motility and transit time
(Husebye et al. 2001; Kashyap et al. 2013). Various studies highlight the utility of
GF mice as a model to understand host–microbe interaction and how microbes
modulate GI motility and secretions (Husebye et al. 2001; Kashyap et al. 2013;
Kaji et al. 2015; Reigstad et al. 2015; Yano et al. 2015). The microbiota was found
essential for the postnatal development of the enteric sensory and motor neurons
(Luczynski et al. 2016a, b).

The changes that have been reported in central nervous system development in
GF mice are reflected during the maturation of the enteric nervous system (ENS)
(Collins et al. 2014; Luczynski et al. 2016a). At postnatal day 3, the structure,
neurochemical composition, and function of enteric neurons in the jejunum and
ileum of GF mice were significantly altered, also in the small intestine, GF mice have
decreased overall nerve density (Collins et al. 2014). The ganglia of intrinsic sensory
neurons of the ENS are embedded in the gut wall and it has been established that the
electrophysiological properties of afterhyperpolarization (AH) neurons are altered in
the absence of colonizing bacteria (Forsythe and Kunze 2013; McVey Neufeld et al.
2013, 2015). As mentioned earlier, GF mice have altered intestinal motility and these
sensory neurons synapse on enteric motor neurons controlling gut motility, so this
may provide a possible explanation for the dysfunction. The AH sensory neurons
also synapse, both anatomically and functionally, with vagal nerve endings in the gut
and thus could represent a direct neural route whereby the intestinal bacterial status is
transmitted to the brain (Powley et al. 2008; Perez-Burgos et al. 2014). All these
studies carried out with help of GF mice provide us a crucial link between microbiota
and development of the GI system and also how it alters the functioning of ENS
when compared with conventional models.
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16.6 Future Potentials of Germ-Free Technology

16.6.1 Technological Aspects

Introduction of automation, sterile room facilities and robotics could prove to be
boon in the technology of in vivo mice models. Major challenges for this technology
are scarcity of proficient technicians, and the time and space required to accommo-
date the bulky isolators along with huge cost associated with maintaining GF
facilities is the major challenge for this technology (Mallapaty 2017). Innovative
ideas such as the use of positive-pressure isocages for short-term experiments can be
helpful to reduce the overall cost (Hecht et al. 2014). Availability of highly skilled
technical staff will be another breakthrough in GF technology. Colonies of GF mice
of specified genetic strains and novel minimal bacterial consortia should be
established for the common laboratory species for target-based studies. Long-term
rearing, development of breeding colonies of GF mice, and development of devices
for shipping GF animals require extensive operations. In future, a centralized or
region-based laboratory exclusively for GF mice technology can be established
which not only will be center for resources but also skilled manpower.

16.6.2 Future Bio-therapeutic Agents and Pharmaceuticals
Products

Due to increased incidences of antibiotic-resistance and therefore the side-effects of
those drugs on host and off-target flora, alternate strategies should be developed to
target pathogens (Meropol et al. 2008). Manipulation of the commensal microbiota
and hence enabling its over-growth and competition with pathogens thus ultimately
replace drug-resistance flora could also be a potent solution in the form of probiotics
(Imperial and Ibana 2016). Germ-free mice colonies are often used as an experi-
mental model to develop probiotics against antimicrobial-resistance pathogens.
However, consistent monitoring of microbial load in germ-free models is critical
for researchers to determine the load of contaminants or antibiotic-resistant
microbes. These gnotobiotic models can also be potentially utilized in vaccine
development program. Since it’s evident that host microbiota can modulate vaccine
response, hence it can be a decisive factor for a successful vaccination strategy
(Wang et al. 2010; Cram et al. 2018). Microbiota features a capacity to alter the
efficacy of any pharmaceutical formulation applied on its host. Different pharma-
ceutical products can be activated or inactivated by selective microorganisms (Iida
et al. 2013; Klatt et al. 2017; Rekdal et al. 2019). Hence germ-free mice associated
with such bacteria can be utilized in preclinical trials to develop stable and effective
drugs (Fig. 16.3).
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16.7 Future Models

Humanized mouse model: GF mice can be colonized with human gut microbiota by
using either a reductionist or holistic approach. In a reductionist approach, investi-
gators seek the effect of known organisms, which affect the host, affected by the host
or interact with one another. In the holistic approach, complex gut microbiota from
diseased or healthy human donors is transferred in GF mice and their role in humans
is predicted by profiling the alterations in recipient mice. The generation of “human-
ized mouse models” can support translational aspects of future research by creating
human-like conditions within the mouse gut (Basic and Bleich 2019).

Knockout-gnotobiotic mouse model: Recently knockout-gnotobiotic animal
models have been successfully developed and exploited to review the immune
response modulated by a pathogen, in absence of crucial immune-modulatory
genes (Balish et al. 1998; Yugo et al. 2018). Although the development of the
knockout-gnotobiotic animal model is not an easy task, it will immensely help to
understand the role of a specific bacterium in special circumstances.

Fig. 16.3 Current challenges vs proposed future advancements in germ-free mice technology
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1. In a genetic disease due to defective gene/gene product: to explore the role of
various bacterial species or their metabolites that can perform an identical role to
cure the disorder

2. To understand the infection dynamics of a pathogen in immune-compromised
individuals

Model recombinant microorganisms: Engineering Human Microbiome is a novel
concept (Kali 2015). Recombinant DNA technology can be employed to modify the
genome of resident microflora and genetically modified microbes can be assessed to
achieve unprecedented goals when associated with GF animals (Kayser et al. 2019).

Fecal Microbiota Transplantation (FMT): Administration of stool sample in
solution from healthy donor to intestinal tract of recipient in order to change the
gut health.

Cohousing: Cohousing recommendations for individual species are based, in
part, on behavioral characteristics such as the desire to nest near a cage mate. In a
study of male mice, animals given the choice to nest in an inhabited or empty cage
preferred the proximity of another animal.

16.7.1 Combination of OMICS and GF Technology

The bioinformatics approaches in GF mice technology can prove to be indispensable
in terms of applications in the future. When combined with approaches such as
genomics, transcriptomics, metabolomics, and proteomics, GF mice technology can
lead to the discovery of the exact functions and mechanisms of host colonization. It
can also lead to a better understanding of the interaction and communication of
specific microbiota representatives amongst each other and also with their respective
hosts.

16.8 Conclusion

Here, we have summarized the foremost important outcomes of germ-free mice
technology within the fields of health and allied sciences. These animal models offer
immense advantages over other existing approaches for studying the role of varied
microbial species and to know pathogenesis through host–microbe interaction,
microbe–microbe interaction, gene–microbe interaction, diet–microbe interactions
and senescence. GF animals are going to be the most important tool to investigate,
how certain microorganisms are ready to colonize and survive within the host, while
others can’t. Germ-free mice have been extensively used for deciphering some
mechanisms linked to metabolic diseases like Type II diabetes mellitus, behavioral
functions at the gut-brain axis and autism, cardiovascular diseases, and cancer. Like
every technology developed in the past few decades, germ-free mice technology is
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additionally into its evolving phase. The fact that technologies for detecting and
characterizing microorganisms is continuously evolving, GF mice technology also
needs to go in with pace.
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Chapter 17
Gut Microbiome and Neurodegeneration:
A Bioinformatics Approach

Swetanshu and Pratichi Singh

Abstract Dysfunction of the human microbiota is associated with various condi-
tions ranging from antibiotic-resistant infections to inflammatory bowel disease. The
evidence also proposes a bidirectional communication between the intestinal
microbiota and the brain. This crosstalk may play a significant role in neurodegen-
erative diseases, including autism, multiple sclerosis, Parkinson’s disease, anxiety,
depression, Alzheimer’s disease, etc. Lately, high throughput sequencing and bio-
informatic tools deliver a powerful means to comprehend the role of the human
microbiome in health and its potential as a target for therapeutic intercessions. This
chapter discusses various techniques related to microbiome study such as shotgun
sequencing technologies, 16S rRNA sequencing, metabolomics, metagenomics, meta-
transcriptomics, the computational challenges, and the approaches associated with
these data. Furthermore, neural system pathways that connect the gut microbiota to the
central nervous system are crucial to fully comprehending microbiomes.

Keywords Microbiota · Metagenomic · Metatranscriptomic · Shotgun sequencing ·
16SrRNA sequencing
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PD Parkinson’s disease
rRNA Ribosomal ribonucleic acid

17.1 Introduction

An infant is unexposed to the world of microbes as long as it stays in his mother’s
womb. At the time of birth, billions of microbes are encountered, and among them,
few become permanent residents in different parts of the body like the oral cavity,
gut, skin, etc. Specifically, our gut is colonized by various archaea, bacteria, fungi,
and viruses referred to as the human microbiome. Collectively, they contribute a few
pounds to our body weight and have more genes than we have in our genome (Qin
et al. 2010; Morgan and Huttenhower 2012). Studies also show that the total number
of microbiomes present in the body is more than the entire human cell, maintaining
several normal body functions like digestion, immunity, etc. (Qin et al. 2010 and
Ackerman 2012).

The “Human Microbiome Project” (HMP), funded by the National Institute of
Health (NIH), has been launched to characterize the different microbiomes for their
detailed study (Peterson et al. 2009). The study derives that the microbes have
numerous roles in emphasizing the normal body function (Aguiar-Pulido et al.
2016). The project successfully established a relationship between certain diseases
and these microbes (HMP Consortium 2014). The result of HMP influenced
researchers to launch the Metagenomics of the Human Intestinal Tract (MetaHIT)
project. Initially, this project was funded by European Seventh Framework Program.
The project was established to better understand the relationship between human
health or disease and intestinal microbiota (Ehrlich 2010). Two more projects were
launched, namely the American Gut Project and the Human Food Project, aiming to
figure out a way to deliver a healthy microbiome in the gut via food (Goedert et al.
2014). The bioinformatic-based study in these various projects has provided us with
very positive outcomes (Morgan and Huttenhower 2012).

17.2 Metagenomics

Metagenomics is an investigative study where the researcher studies the composition
of the microbial community. The data gathered from the genetic material of a
community is explored here. The next-generation sequencing technique is used for
sequencing the DNA. 16S rDNA was found suitable for studying metataxonomics
(Gonzalez and Knight 2012; Cole et al. 2014). Different databases have been
established which hold the taxonomic profile of microbiomes. Various tools have
also been developed for the detailed study of stored data. Problem-solving environ-
ments (PSEs) provide a working space where users can analyze. This includes a
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remotely accessible tool, GALAXY, which allows a user to maximize the generality
in the genomic analysis (Goecks et al. 2010; Kim et al. 2013). QIIME enables a user
to analyze microbial DNA by using marker genes (Caporaso et al. 2010). MOTHER
is another tool facilitating a similar function by using a marker gene (Schloss et al.
2009). PATHOSCOPE is used to identify bacterial strains from raw sequences and
the generation of statistical reports (Hong et al. 2014).

The genes’ functional annotation helped improve metagenomics (Meyer et al.
2008; Stark et al. 2010). Gene ontology (GO), Clusters of Orthologous Groups
(COG), and Kyoto Encyclopedia of Genes and Genomes (KEGG) are some of the
tools used for the annotation (Aguiar-Pulido et al. 2016). CAMERA, COMet,
IMG/M, MEGAN, and METAREP are tools facilitating the generation of functional
profiles of microbiomes (Aguiar-Pulido et al. 2016). Table 17.1 represents all the
tools used to execute the metagenomic analysis.

Table 17.1 Bioinformatic tools for metagenomic datasets analyses

PIPELINE FUNCTION

RIBOSOMAL DATABASE PROJECT 16S Databases

SILVA

GREENGENES

UCLUST OTUs clustering

Cd-hit

DADA2 Sub-OTU methods

UNOISE2

DEBLUR

Piphillin Functional profiles prediction

PICRUst

Tax4Fun

SOAPDenovo Metagenome assembly

Genovo

Velvet

MetaVelvet

BAMBUS2

META-IBDA

Ray-Meta

PanPhlAn

ViromeScan

MetaGeneMark Gene identification

FragGeneScan

GLIMMER-MG

IMG Database Functional assignment

DBCAN

MetaRef

HUMANN

UNIFrac Communities’ diversity comparison

17 Gut Microbiome and Neurodegeneration: A Bioinformatics Approach 299



17.2.1 Meta-transcriptomics

The focus is on studying the functional profile of microbiomes by analyzing the gene
of microbes that are expressed (Moran 2009). For providing information about the
function of any microbiome community, it examines the mRNA available in the
sample. The meta transcriptome-based study is not performed regularly like other
omics. The alignment tools of NCBI like BLAST, Bowtie, and BWA are preferably
used. The result is annotated using different resources like COG, KEGG, GO, and
UniProt, and at last, the downstream analysis is done.

17.2.2 Metabolomics

The identification and quantification of all the metabolites present in a sample of
microbe are made. It helps in better understanding the homeostasis of a microbe with
its surrounding environment. Moreover, there are some signature metabolites of all
microbiota communities, variation in the production of the same will lead to changes
in various metabolic processes. Therefore, this type of study is very beneficial in
figuring out the metabolic pathways of a microbe (Krumsiek et al. 2015).
The provided environmental condition highly influences the metabolic pathways
of the microbe by the host (Human). This also reveals how the microbe interacts with
the host and accommodates in his body (Manor et al. 2014). It describes internal
metabolic processes as well as the impact of the external environment, allowing for a
better understanding of biological processes by combining data from the other omics
mentioned above.

Some of the databases associated with this are Human Metabolome Database,
BioMagResBank, Madison-Qingdao Metabolomics Consortium Database,
MassBank, Golm Metabolome Database, METLIN Metabolite Database, etc.
(Aguiar-Pulido et al. 2016).

17.2.3 16S rRNA Sequencing

For fast recognition of the microbe in a specific environmental condition in the body,
the genetic analysis of 16S ribosomal RNA (16S rRNA) is done. 16S rRNA gene is
specific to bacteria with hyper-variable regions in its sequence, making it an ideal
candidate for differentiating an organism from others and doing phylogenetic anal-
ysis. Green genes, Ribosomal Database Project, and Silva are some of the databases
usually referred to for 16S rRNA sequences (Quast et al. 2013; Cole et al. 2014). The
methodology is to align the 16S rRNAs with the sequence reads obtained during the
experiment in a specific database so that the most similar and nearby species are
assigned. Greengenes is a database designed to work on full-length 16S rRNA genes
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for taxonomic identification (DeSantis et al. 2006). A bioinformatics tool called
Quantitative Insights into Microbial Ecology (QIIME) goes with the combinative
approach for Operational Taxonomic Units (OTUs) where clustering is based on
comprising the sequence using different algorithms, i.e., the use of pairwise align-
ment and sequence length (D’Argenio 2018). The OTUs have been a tool of great
importance, but researchers have recently questioned their biological relevance. No
doubt, the clustering of reads has effectively minimized the errors during sequenc-
ing. Still, it’s been hypothesized that the method affects the original phylogenetic
diversity as the discrimination between some similar taxonomic categories is not
effectively done D’Argenio 2018). Therefore, other methods like sub-OTUs are
coming into the light, for example, Divisive Amplicon Denoising Algorithm
2 (DADA2), UNOISE2, zero-radius OTUs (ZOTUs), etc. (Callahan et al. 2016;
Edgar 2017).

17.2.3.1 Limitation of 16S rRNA Sequencing

1. Only be used for bacterial species identification.
2. The richness of species can sometimes be overestimated. This can be a result of

sequencing errors.
3. It can only do taxonomic classification. The biological function is not included.
4. It lacks statistical analysis and modeling.

17.2.4 Shotgun Sequencing

To overcome the difficulties in 16S rRNA sequencing shotgun sequencing method
was developed. The genomic content of the whole microbial community can be
easily analyzed by this sequencing method. The approach to completing the job is
quite similar to the way used to sequence a single bacterial genome (D’Argenio et al.
2014; D’Argenio et al. 2016), but we have an advantage here, i.e., here we obtain
sequences of all the microbiota and even of the host. For the taxonomic arrangement
of microbiota, it is necessary to have updated databases and highly efficient assem-
bly tools like Bambus2, Genovo, Meta-IBDA, MetaVelvet, Ray-Meta,
SOAPdenovo, etc. (D’Argenio 2018). We cannot conclude which assembly tool is
best to use as assembling depends on both technical and biological factors that make
one tool better in one case and the other in other cases (Quince et al. 2017). Even
after having a bunch of bioinformatic tools for performing shotgun sequencing, we
are still not able to complete it on viruses. Only a single tool is available for working
with viruses called ViromeScan (Rampelli et al. 2016). Pangenome-based
Phylogenomic Analysis (PanPhlAn) is a tool designed by Scholz et al. which is
capable of isolating the novel strain and acquiring strain-level resolution from the
metagenomic data (Scholz et al. 2016). The shotgun analysis is the unbiased
approach to performing the sequencing. Shotgun allows the functional analysis,
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which is based on the gene prediction. The tool used are FragGeneScan,
MetaGeneMark, Glimmer-MG, etc. (D’Argenio et.al. 2018). After identifying
gene databases like dbCAN, HUMAnN, and IMG database, MetaRef is used to
predict the specific function.

17.2.4.1 Advantages

1. It produces legit data for making a hypothesis about the composition of the
microbial community. Moreover, it also predicts the function of the microbiota.

2. Here the total DNA of the community is sequenced independently after extraction
producing a large number of DNA reads that can align at different genomic
locations.

3. Using this sequencing approach answers the researcher about the composition
and function of microbiota.

4. It does an unbiased study.
5. It is capable of differentiating the species based on gene content.

Table 17.2 depicts the comparison list of sequencing technologies used for the study.

17.3 Microbiota Signaling Pathway Influencing Diseases

In our body, there are multiple bidirectional pathways connecting the colonies of the
gut’s microbiota to the central nervous system (CNS). These pathways may be
neural, hormonal, or any immune signaling cascade, as shown in Fig. 17.1. The
gut microbiota influences the gastrointestinal (GI) tract cells to produce hormones
and neurotransmitters, which may amend the brain to work differently (Clemmensen
et al. 2017). It is found that they secrete some metabolite in the body that stimulates
the vagus nerve causing the behavior change (Cox and Weiner 2018). CNS, on the
other hand, has an effect on the gut microbiota, altering its function. It does so by
modulating intestinal motility through the adrenergic nerve signaling system. By
affecting a specific type of neurotransmitter that mediates the immune system, the
CNS can also alter the activity and composition of microbiota (Collins et al. 2012).

Table 17.2 Comparison of
sequencing technologies

Technology Read length Maximum insert size

ABI 3730 800 b >1 Kb

454 FLX + 500–600 b 1200 b

Illumina GAIIx 76–101 b 500 b

454 FLX Titanium 300–400 b 800 b

Illumina HiSeq 2000 101–151 b 500 b

PacBio 1100 b >1 Kb

Illumina MiSeq 36–151 b 500 b

IonTorrent 200 b 400 b
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17.3.1 Afferent and Efferent Neural Signaling

The GI tract has major signaling pathways which connect the brain to microbiota.
The autonomic nervous system has both afferent (GI to CNS) and efferent (CNS to
GI) functions (Cox and Weiner 2018). These pathways bring change in motility,
epithelial permeability, and secretion, modulating the physical environment and
inhibiting the microbiota composition in the body. The signaling pathway recog-
nizes the products of microbiota. Lactobacillus rhamnosus reduces depression and
anxiety (Bravo et al. 2011). Lactobacillus reuteri targets the ion channel associated
with sensory neurons, increasing the excitability altering action, potentially causing
the change in perception of pain (Cox and Weiner 2018).

17.3.2 Neurotransmitters

The microbiota present in the GI tract secretes the neuroactive peptides like acetyl-
choline, dopamine, nor-adrenaline, gamma-aminobutyric acid, and
5-hydroxytryptamine (Collins et al. 2012). It is still unknown whether these pro-
duced metabolites are crossing the blood–brain barrier or if they act at the local level
in an individual’s gut (Foster and Neufeld 2013).

Fig. 17.1 Microbiota Influence on Neural Signaling
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17.3.3 Neurotoxins

Certain bacterial strain is accomplished with the ability to secrete neurotoxins like in
tetanus and botulism, which results from either soft tissue injury or consumption of
contaminated food which results from intoxication. Infant botulism is a severe
neurological complication caused by the colonization of Clostridium baratii, Clos-
tridium botulinum, or Clostridium butyricum in the GI tract separating toxins at a
low level (Brown and Desai 2013; Fujinaga et al. 2013).

17.4 Microbiota Regulation of Endocrine Signaling

17.4.1 Hypothalamic–Pituitary–Adrenal Axis

The Hypothalamic–Pituitary–Adrenal (HPA) axis is a hormone signaling cascade
that is associated with stress and is found to be influenced by the microbiota. The
researcher experimentally proves this as they found that mice who don’t have

Fig. 17.2 A schematic overview outlining computational challenges allied with sequencing
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microbiota when exposed to stress show elevated HPA response, i.e., decreased
cortically, increased hypothalamic corticotropin-releasing factor gene expression
protein levels, decreased hippocampal brain-derived neurotrophic factor, and
increased corticosterone and plasma adrenocorticotropic hormone. In contrast,
these are physiologically normal in mice with microbiota (Cox and Weiner 2018).
In studies, it has been found that Bifidobacterium infantis in mice lowered the stress.
In contrast, the presence of an invasive strain of enteropathogenic Escherichia coli
increased the stress response. These studies conclude that the microbiota can regu-
late and influence the physiological response either positively or negatively (Cox
and Weiner 2018).

17.4.2 Peptide YY

A digestive hormone called Peptide YY has a chief role in regulating an individual’s
GI motility and appetite. This hormone has bidirectional regulation, i.e., the brain
and microbiota (Wang and Kasper 2014). The hormone is chiefly produced by
enteroendocrine cells in the GI tract when the Ffar3 (Gpr41) receptors, i.e., a
G-Protein coupled receptor, sense fats, dietary protein, and microbe-derived short-
chain fatty acids. This makes microbiota influence the production of Peptide YY,
eventually affecting an individual’s biological metabolism by bringing change in
feeding pattern and GI tract leading to reduced food intake, slowed GI motility, etc.
Suppose a low dose of penicillin is administered to an individual. In that case, the
alteration in microbial composition occurs, causing a decreased Peptide YY level
which may lead an individual to become obese due to increased food intake (Cox
et al. 2014).

17.5 Neurodegenerative Disorders

17.5.1 Immune-Mediated Neurologic Diseases

An animal model-based study concluded that microbiota influence immune-
mediated neurological diseases (Lee et al. 2011).

17.5.2 MS (Multiple Sclerosis)

Cognitive decline and motor dysfunction are caused by a demyelinating illness
mediated by the immune system. According to recent studies, this condition is
caused by a change in the microbiome composition. Researchers discovered that
the population of Methanobrevibacter smithii and Akkermansia muciniphila had
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increased, whereas the population of Butyricimonas had decreased (Jangi et al.
2016). The therapy of MS also stabilises the microbial ecosystem, allowing the
close link between the two. In a patient with proinflammatory immunological
pathways, the population of Methanobrevibacter and Akkermansia increased (van
Passel et al. 2011).

17.5.3 PD (Parkinson’s Disease)

It is a neurodegenerative disorder that shows motor impairments and non-motor
symptoms like anxiety, constipation, depression, sleep disorder, etc. The intestinal
barrier of a patient with PD is found to be compromised. When someone is suffering
from PD, the population of Prevotella gets decreased along with the
Faecalibacteriumprausnitzii, which produces short-chain fatty acids.

17.5.4 Sequencing and Computational Challenges

Recently, there has been a remarkable development in bioinformatics, leading to
new tools and methods (Levy and Myers 2016). Even after such advancement, there
are still many difficulties in practicing these tools due to the unavailability of proper
biological and metadata (Bharti and Grimm 2021). Many challenges are faced by the
researcher while working, as shown in Fig. 2.

17.5.5 Challenges for Amplicon Sequencing Analysis

The difficulty arise in determining the error in sequencing from the actual nucleo-
tides while performing amplicon sequencing. To resolve the error, the OUT
approach, which uses tools like QIIME and Mothur, clusters the reads using a
predetermined identity threshold (Westcott and Schloss 2015). UNOISE employs
the denoising method on a sequence before the sequence fault is introduced, unlike
the ASV method, which requires tools like DADA2 and MED (Tikhonov et al.
2015). According to many research, OTUs have a low resolution of results (Callahan
et al. 2017).

17.5.6 Challenges of Metagenomic Sequencing Analysis

Since there are so many tools for metagenomic analysis, choosing the right one for
the purpose might be challenging. Aside from that, maintaining quality is a difficult

306 Swetanshu and P. Singh



task. The elimination of contamination from raw reads and quality trimming both are
part of quality control. Contamination removal is the process of detecting and
removing contaminating host-associated sequences from reads. Quality trimming,
on the other hand, is the filtration of raw reads to detect low-quality sequences.

17.5.7 Challenges in Short-Read Metagenomics

The key advantage of adopting the short-read sequence is that you can get a lot of
reads in one go. The difficulty arises when assembling a sample with various
genomes such as bacteria, viruses, fungus, archaea, and so on. Their sample contains
errors in the sequencing. It may also contain intergenomic and intragenomic repe-
titions, as well as sequencing coverage in rare cases (Howe et al. 2014; Abram
2015). The problem also arises in predicting the gene because the gene has escape
patterns that do not match any of the species-specific models available (Bharti and
Grimm 2021).

Moreover, the false-positive rate (FPR) is another issue to be handled as some-
times genes are wrongly predicted. For taxonomic classification, many tools are
available that match the given reads to the already known microbial genome in the
databases. As the size of the databases is rapidly increasing, it becomes challenging
to blast the sequences. Table 17.3 displays the list of some bioinformatics tools
based on functional classification.

17.6 Conclusion

The human body is home to billions of microbes. These microbes stay in our body
and negatively or positively regulate our body’s metabolism. The research shows
their influence on our body is more than we had ever thought. This is why a detailed
study of these microbiotas is required. For doing so at the molecular level,
researchers use various bioinformatics tools. There are plenty of tools available for
specific jobs, and these tools are classified above. The Human Microbiome Project is
among many other projects launched to study the microbiota community.
Metagenomics, meta-transcriptomics, and metabolomics are the three most com-
monly used approaches for doing the job.

Moreover, 16S rRNA sequencing is the most common technique to identify
microbes. Still, as this technique has many limitations, it is replaced by the short-
gun sequencing technique, which has many advantages. The main drawback of the
16S rRNA technique is that it is limited to bacterial species and cannot be used for
other types of microbes.

Further, studies also conclude that the microbiota has a significant influence on
the human body in regulating behavior, feeding pattern, coping with stress and
anxiety, etc. It affects neural functionality and immune responses. In different
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diseases, they act differently, and the population of specific microbe either increases
or decreases depending on the condition. Even after technological advancement, we
still face some computational analysis issues like assembling, taxonomic classifica-
tion, and controlling the quality.

17.7 Future Perspective

A detailed study on the microbe community present in our body should be done.
While working, we find a strong relationship between these microbes and the body.
The bidirectional regulation has been spotted here, concluding both body and
microbes influence each other. Therefore, we hypothesized that there are many
more relations between them that still need to be figured out. So, we can make a
diagnosis of disease by studying these microbes. Moreover, we found that many
difficulties in the whole computational process need to be addressed.

Conflict of Interest Author declares no conflict of interest.

Table 17.3 List of bioinfor-
matics tools based on func-
tional classification

Tools and approaches Sub-type

NCBI RefSeq Homology-based tools

UniProt

SMART

IMG/M

MG-RAST

Pfam

TIGRFAM

PROSITE Motif- or pattern-based tools

PRINTS

InterPro

IMG/M Context-based tools

SmashCommunity

CAZy Other functional prediction tools

PSORT

CELLO

Lipo

DOLLOP

SignalP

ISsaga

VFDB

MvirDB
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