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Abstract

The growing evidence of literature, correlating the importance of balancing
noninfectious microbes inhabiting our bodies in disease and health, has given
birth to a new field of medicine—microbiome therapeutics. Composition of
microbiome evolves with us right from birth, impacted by several factors like
an individual’s genetic makeup, quantity and quality of the different foods that we
consume, and the environment that we interact with. A change in the composition
of our microbiome (gut, skin, lung, gastric, vaginal, oral) may trigger or predis-
pose us to a disease condition before clinical manifestation of symptoms. The
current trend to better understand these correlations in health and disease is by
leveraging metagenomics, metabolomics, data mining, artificial intelligence, and
machine learning tools for human microbiome diagnostics. Encouraging results
have been obtained with therapeutic strategies using prebiotics, probiotics, sig-
naling molecules, antimicrobial peptides, and microbiome transplant in
alleviating disease symptoms and promoting well-being. This is generating
increased interest in the medical and scientific community and awareness in the
public. The emerging concepts of ‘smart sampling’ using 3D printed devices,
engineering diagnostic and therapeutic bacteria using synthetic biology, and
using microbiome engineering to restore niche-specific balance are some addi-
tional paths that scientists are pursuing to arrive at a viable solution. In this article,
we will address the challenges and potential solutions of microbiome diagnostics
and therapeutics.
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10.1 Introduction

Hundred trillion invisible living beings (grouped together as the microbiome) live
inside humans. A delicate balance between the quality and quantity of the microbes
that live inside our body is vital for our well-being. Growing scientific evidence
suggests that the microbiome is intricately connected to human health, wellness, and
treatment of certain disorders. As the cells of our bodywork tirelessly to perform the
necessary functions for us to live, so do the microbial communities within our body
right from our birth. They keep performing jobs that benefit us like breaking down
foods, aiding nutrient absorption, protecting against pathogens, and aiding in immu-
nity. According to scientific reports, around 1000 different species of bacteria reside
in our gut; therefore, any imbalance (‘dysbiosis’) can result in a variety of problems
to human health. An estimate suggests that 85% ‘good bacteria’ and 15% ‘bad
bacteria’ are tolerated by the human gut; deviations from this ratio cause
perturbations in the digestive system and various illnesses, also affecting our own
immunity. Many of us would have experienced that when doctors prescribe
antibiotics to kill harmful bacteria that invade us occasionally, they also recommend
consuming probiotics as supplements. This is for the simple reason that while
antibiotics do an excellent job killing ‘bad bacteria,” they also eliminate some of
the ‘good bacteria’ from our system, thus creating an imbalance. This results in
diarrhea and many other gastrointestinal problems. Supplementing with probotics
helps in restoring the loss of the ‘good bacteria’ and gradual reversal of symptoms
associated with gut dysbiosis.

10.2 Need for Human Microbiome-Based Diagnostics

According to the World Health Organization, a state of good health is not actually
the absence of a disease; rather, it is a state of complete mental, physical, and social
well-being (WHO 1946). Based on patient examination, clinical history, associated
symptoms, and diagnostic tests, health professionals diagnose the nature of the
illness. They prescribe appropriate therapeutics, life style changes, or a combination
of both, to treat the illness and improve the health of the patient. Diagnostic is a
symptom or characteristic of value in diagnosis. Microbiome diagnostics, pertaining
to the identification of the imbalance (if any) in the human microbiome, has been
more of a research endeavor in the past. With the growing evidence in literature, of
changing microbiome profiles (both abundance and diversity) correlations in differ-
ent disease conditions, its cause and consequences on effectiveness of
pharmaceuticals (Vieira-Silva et al. 2020); the importance of microbiome
diagnostics as a companion in the clinical medical diagnostics tool box is emerging
rapidly (Raes 2016). Diagnostic applications of the microbiome in the past were
focused on the pathogenic microbes, but we now know the relevance of monitoring
nonpathogenic microbial components of commensals associated with many
noncommunicable chronic diseases. For example, Hollister et al. (2019), were
capable to clearly differentiate children with irritable bowel syndrome, also called



10 Microbiome Diagnostics and Interventions in Health and Disease 159

as I.B.S., a chronic condition, from the children who were healthy, by profiling the
intestinal microbes, their genes/pathways, and metabolites. With the whole world
reeling under the COVID-19 pandemic, a contagious disease whose pathophysiol-
ogy is not yet completely understood, microbiome diagnostics has the power to
query the changes happening at the molecular level in niche-specific microbiomes in
both cross-sectional and longitudinal studies in patients (He et al. 2020). The
knowledge gathered will empower research scientists and health professionals to
build an appropriate repertoire to counter the pathology of SARS-CoV2.

Human orifices, and organs like the gut, lung, and skin, are abundant with niche-
specific microbial species including bacteria, archaea, fungi, virus, and protozoa
(mainly gut). Each one of us acquires a largely distinctive microbiome early in life.
The same may persist with us for years or may undergo changes in compositional
diversity/abundance. Such changes may correlate with a change in the environment,
health status, or lifestyle. The niche-specific microbiome components are known to
differ between environments and populations (Integrative HMP (iHMP) Research
Network Consortium 2019), but certain indicator species are conserved across
human populations studied around the world. This suggests that a symbiotic rela-
tionship between these indigenous organisms and human physiology cannot be
ignored. However, the °‘cause-consequence’ problem of perturbations in the
microbiome that are associated with a health condition remains to be understood
in detail in several diseases. Some questions still remain: Are the molecular
components of an individual’s microbiome responsible for health outcomes? How
do they combine with and maintain critical physiological processes like the immune
system and metabolism?

Recently, gathered evidence clearly suggests that the composition of the gut
microbiome has a correlative effect via modulating at least the brain, lung, and
liver. Many reviews have described these microbiomes with respect to their modu-
lation and interplay with host factors at a greater depth.

Classically, culturing microorganisms and their identification from various clini-
cal samples were the basis of ‘germ theory’ for any etiological agent and the earliest
tool for microbiome diagnosis. But we now know the unculturable plethora of
microbes that inhabit our body, and efforts are ongoing in ‘culturomics’ to narrow
this gap by combining extensive laboratory culturing conditions followed by identi-
fication using mass spectrometry (Lagier et al. 2012; Lagier et al. 2018). Attempts at
using real-time PCR as a diagnostic for microbiome composition (Ott 2004) at a time
when Next-Gen sequencing (NGS) was just launched could not give the true picture
of the microbiome since it estimated the abundance of only the dominant 20 patho-
genic and commensal species in the intestinal bacterial flora. The advent of NGS has
revolutionized the approach that researchers have at their disposal today and together
with MALDI-TOF mass spectrometry, it is poised to take microbiome diagnosis to
the next level with precise study designing, controls, unbiased analysis of data and
reporting. A desirable outcome that would immensely help clinicians to serve their
patient better would be the availability of NGS backed biomarker diagnostic assays
for a disease condition or its prediction. How to identify these biomarkers? Novel
noninvasive diagnostic biomarkers for colorectal cancer diagnosis have been
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successfully identified (Liang et al. 2017) based on metagenome sequencing analysis
of fecal bacterial marker candidates and adapted for a qPCR assay.

10.3 Challenges in Design, Analysis, and Interpretation

For niche-specific microbiome diagnostics, it would be ideal to have reference
ranges of microbial species or their metabolites (in a healthy or faulty microbiome)
that a doctor could use for differential diagnosis. Among human microbiomes
studied worldwide, the gut microbiome has probably been researched the most due
to the ease of sample collection, abundance of microbes, and apriori knowledge.
Unfortunately, due to many unresolved factors, the availability of a dependable
diagnostic test, based on microbiome analysis, is still in the developmental stage.
Though there is an abundance of microbiome data, the taxonomic changes identified
in a disease are not consistent across different studies. The underlying reasons for the
incoherence may have arisen due to variations in sample population (including diet,
lifestyle) and the different technological approaches used in the diverse studies. In
addition, a key problem in the field is to define the ‘healthy’ microbiome, owing to
the large degree of variation in the microbiome composition among healthy
individuals. Hence to stay relevant, all efforts toward identifying microbial markers
for disease diagnostics must be based on comparisons with parallel control groups of
healthy individuals (Versalovic et al. 2017).

An ambitious project launched in 2007 in the USA (Turnbaugh et al. 2007),
termed the HMP or the National Institutes of Health’s Human Microbiome Project,
was a one of its kind, large-scale initiatives to resolve the burning issues mentioned
above (Gevers et al. 2012a, b). The first phase of the program involved generating
massive amount of data and putting together the different analysis platforms to
determine the composition of the ‘healthy’ microbiome (absence of evident disease).
A baseline adult population (Huttenhower et al. 2012; Lloyd-Price et al. 2017) and
‘demonstration’ populations with specific disease states were studied to determine
characteristic ranges (for some populations) of various microbiome-host parameters.
The parameters that were included are as follows: (1) combinations of metabolic
functions that are either ubiquitous or specific to the strain; (2) enzymatic repertoires;
(3) some host factor, such as race or ethnicity. Information generated comprised of
nucleotide sequences of microorganisms and human population (http://hmpdacc.
org), protocols for body-wide microbiome sampling and data generation (Aagaard
et al. 2013), and computational methods for microbiome analysis and epidemiology
(Gevers et al. 2012a, b; Markowitz et al. 2012; Faust et al. 2012). This is a rich
community resource for the scientific community. A striking revelation from the
HMP1 was that the taxonomic classification of the microbiome was unable to
explain host health or disease phenotype; molecular functional analysis of the
microbial population or understanding personalized strain-specific makeup was a
better correlate (Human Microbiome Project Consortium 2012).
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Studies of the gut microbiome from healthy cohorts of other countries such as
Denmark (Qin et al. 2010), China (Zhang et al. 2019), and India (Dhakan et al. 2019)
have corroborated the same based on observations of some degree of functional
redundancy in microbiomes in spite of compositional differences. Diet was a
significant player in modulating the composition in these studies.

10.4 An Informed Approach to Next-Gen Sequencing-Based
Microbiome Diagnostic Design and Evaluation

Metabolite-related profiling studies are beyond the chapter scope; hence, we are
limiting ourselves to nucleic acid-based diagnostics here. Given the diversity of the
human microbiome, challenge of limited clinical specimen size, and the large
number of samples in cohort studies, Next-Gen sequencing-based approaches
(Levy and Myers 2016) are the current method of choice for nucleic acid-based
microbiome diagnostics (Fig. 10.1). In order to establish baseline ranges of taxo-
nomic diversity in the HMP1 study, encompassing within and between body sites
analyses, to decipher functional commonalities and signature strains across various
subjects, NGS-based approaches were adopted. Sequencing profiles based on 16S
rRNA gene sequences of 5577 samples and 681 shotgun metagenomes spanning up
to 18 body sites and three time points each from 242 healthy adults were analyzed
(Human Microbiome Project Consortium 2012). The study was extended (HMP1-1I)
to 2355 total shotgun metagenomes from 265 healthy adults to identify niche-
specific and host-associated microbial community functions and to quantify strain
personalization and retention dynamics over time (Lloyd-Price et al. 2017). Subse-
quently, three iHMP clinical studies served as models of microbiome-associated
conditions, wherein the biological properties of both the microbiome and host were
studied longitudinally. Microbial community compositions, transcriptomes and
proteomes of the microbiomes, global metabolome, and immune and clinical
markers from the host were analyzed to generate datasets. Among the conditions,
vaginal microbiome of the mother associated with preterm birth, gut microbiome of
subjects with inflammatory bowel disease, and gut/nasal microbiomes of type
2 diabetics were chosen. (NIH Human Microbiome Portfolio Analysis Team 2019;
Integrative HMP (iHMP) Research Network Consortium 2019).

Country-specific microbiome databases are required to construct meaningful
correlations in disease and for the comparison of healthy and diseased individuals.
The following critical parameters need attention for any microbiome diagnostic:

1. Design: The role of the clinician, statistician, epidemiologist, and research scien-
tist is critical in identifying:

(a) The sample population size, age group, and location consisting of healthy
and affected subjects (clinical diagnosis based, patient consent, diet, clinical
history of self and family, medications, supplements, lifestyle, ability to
comprehend instructions).
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(e)
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Which niche to study? (Skin/oral/nasal/gastric/gut/vaginal) Will simulta-
neous blood tests be needed to record any other parameters?

Timeline of study: Longitudinal study or cross-sectional study, sampling
frequency.

Appropriate sampling, storage, and transportation: home/clinic collection,
preferred time of collection, clear instruction on what and how to collect
(stool/urine/sputum); addition of appropriate stabilizer/inhibitor for
stabilizing nucleic acids; proper storage at desired temperature (4 °C
or — 20 °C).

Controls: Inclusion of a mock community of several microbes (bacteria/
fungi/virus) at varying abundances as a positive control for the process and
LoD (limit of detection) determination; a reagent control with sterile water or
saline in place of clinical sample to serve as a negative control.

2. Data generation and analysis:

(a)

(b)

Isolation of nucleic acid (DNA/RNA/both): Commercially available kits or
laboratory-developed protocol best suited for the clinical sample type can be
evaluated for nucleic acid extraction yield, quality, and removal of inhibitors
from mock community to give a statistically sound representation of the
richness and abundance of microbial species. Once the isolation protocol
meets the quality requirements, the same can be applied for the clinical
samples in the study. Efficient conversion of the labile RNA to a more stable
cDNA is critical for RNA genomes (RNA viruses) or for transcriptomic
analysis of the sample. Methods that are easily adaptable for upscaling and
automation are highly desirable to make the process efficiency user agnostic
and predictive with turn-around times.

Sequencing methodology and platform (targeted amplicon-based/shotgun
metagenomics/metatranscriptomics): Generally, sequencing library prepara-
tion for targeted amplicon-based sequencing includes a polymerase chain
reaction step using DNA/cDNA, to generate amplicons of the targeted
genetic marker with adapters. The shotgun metagenomics/
metatranscriptomics library preparation approach on the other hand is not
targeted, but includes a size selection of the double-stranded DNA/cDNA
prior to adapter ligation using a series of enzymatic and mechanical
manipulations as directed by the manufacturer. Details on the choice of
sequencing methodology and platform are out of scope of this chapter.
Briefly, NGS platforms can be categorized into two major categories:
short-read (e.g., [llumina, Ion Torrent) or long-read (e.g., Pacific Biosciences
(PacBio), Oxford Nanopore’s MinlON) sequencing (Fig. 10.1). For taxo-
nomic profiling, DNA-based targeted amplification of 16S/18S rRNA gene
variable region, panel of gene targets, and shotgun metagenomics are com-
monly used. For molecular function-based querying of the microbiome and
to distinguish active from dormant metabolic state, targeted transcript-based
or metatranscriptomic methodology is followed. The read depth coverage
and sequencing of single reads or paired reads are some other criteria that are
taken into consideration.
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(©

Data processing tools and analysis of data: Upon data acquisition from the
sequencers, performing several quality control checks is critical to prepare
the data for downstream analytics. Examples are data trimming and the
removal of poor-quality reads. Two primary approaches to taxonomic
profiling of analysis can be employed. These include de novo assembly-
based and ‘read alignment to reference-based’ methods. Many assembly
software such as metaSPADES (Nurk et al. 2017) and MEGAHIT (Li et al.
2015, 2016) can be used to reconstruct genomes from metagenomics
sequence data. Once draft genomes are assembled, software such as CON-
COCT (Alneberg et al. 2014), or MetaBat (Kang et al. 2015) can perform
contig binning and taxonomic profiling. Examples of read-based taxonomic
profiling software include Kraken (Wood and Salzberg 2014) and
MetaPhlAn2 (Truong et al. 2015). Computational software such as QIIME
(Caporaso et al. 2010) and MOTHUR (Schloss et al. 2009) are most com-
monly employed for targeted amplicon sequence data analysis using opera-
tional taxonomic unit (OTU)-based analyses. Aligned read pairs form
contigs, followed by clustering of contigs into OTUs based on similarity to
reference sequence in a database such as Greengenes (DeSantis et al. 2006)
or SILVA (Pruesse et al. 2007) for taxonomic classification. Following
classification, community structure as measured via alpha and beta diversity
can be examined.

3. Interpretation of data for diagnostics:

(a)

(b)

(©)

Correlation and association based: Comparison of the microbial diversity

and relative abundance in the healthy group vs. the disease group to derive

statistically significant correlations and associations using bioinformatic and

statistical tools that take metadata into consideration is critical for unbiased

interpretation. This topic will not be covered in detail here.

Database richness and accounting for microbiota interactive network:

Ensuring database richness and updating for taxonomy and disease

associations for microbiome profiles from various studies are needed to

translate the benefit in diagnostic reporting.

Predictive medicine: Since precise microbiome diagnostic needs to be

population-specific, every nation may need to determine the microbiome

biomarkers for disease diagnosis/prognosis/treatment that is relevant to

their population for best patient outcomes. Using Big Data analytics and

machine intelligence to discover those correlations and validate them is

paving the way for predictive medicine (Fig. 10.2). The following

possibilities are very encouraging for the future of medicine:

* Identify unforeseen mechanistic insights of treatment.

¢ Identify associations not yet detected by humans.

* Identify biomarkers defining a patient’s response to treatment.

¢ Predict synergism/antagonisms of combination therapies and dosage
effects.

» Potentially minimize side effects and maximize efficacy of treatment.

» Predictive modeling for the diagnosis and treatment of diseases.



N. Dasgupta et al.

166

0} po sey ASo[ouyod) Surouanbas ur opew ssar3oxd oy, "P[eY [BIIPAW I UI BWSNS [[B-1J-IZIS-0U0, Y} JUTAOWNAI Jo [enuajod Y} Sey 20U I[AIUI [RIOYIIY
‘sonnadesdy) pue sonsouserp dwolqoIdtw ur (TA) Surured] dulyoewy/([y) OUASI[[AIUI [BIOYIIR JO 2Imnj Ay Juimoys uonensn[[l dnewayds v g-ol bi4

+***ssasoud u
i sanss| Jay1o g

mZO_._.E.UMn_Xm

Jipald
utotwuuﬁou JUBWIEAL

0} asuodsay s, juaned Juuyap siayiewoig pa3ag
JUBWIEAN JO SIYE|SU| UAIsAIoUN YSI|GEIS]
sannadesay)

quioa o

sapsoudelp

\J L3 dojanag
sisoufeip ooyis uf aandwa-aid

40 SIBJRAR [ENIA ‘S[@poL aaaipasd pping
sansoufeiq

PaseEq

‘anpuanaid

[eU0SI3d pUE 3ARIPaIY

suewny Aq pajoaiap 124 Jou ‘uo os pue
utayed Ajijuap) - s|ppow
W Suiules) — elep Jejndajow g

ONINYY3IT INIHOVIN

pazijeuosiad—
elep e1aw juaned jo uonesdagu| a
ajeas-adie| uo

ads g ajeinioy
joid awoiqoidiw paseq YNG

BIEP |EJIU osal ySiy suoinjos Jypads yNg

YNQ 3y 8uipodaq

1Ly [ea1ul)a jo udisap ayl Suideysay
P2y
|EDIPaN 2U3 2ZIUOIIN|OASI 0 |BIJUa10d

JONIDITIFINI TVIDIHILHY

saseasip jeasy pue asoudelp 03 alo|dx3
3SE3s|p 73 Yijeay y
041U YUI| 0} SIIUIPIAD PASEAIIU|

EL _.mmﬂw._, I
J _ _v_ _~

Y3|eaH 8 AWIOIGOIIIA




167

10 Microbiome Diagnostics and Interventions in Health and Disease

(0207 T8 32 njdonddoy, £ 107 Te 10 12927 ‘8107 ezourdsy) Aoeaud pue soryio se [[om se Jasejep Jururen
JO SIS UT ‘PIPAaU ST UONNED ‘JOAIMOH "P[oY [ESIPAW oY) 9ZIUONN[0AI 0} [enuajod oSny sey 31 pue ‘oseyd Jueoseu ur [0S ST TA/TY "oAo uewny oY) Aq passTur
syySisur Jo s1asIewolq Jo sweyed Sulkynuapy/Sunoeep ur djoy ued yorym ‘SuriIed] sUIYORW J0j [OPOW SB 9AISS UBD BJep [BdIUI[D JO eiepejow juaned ay) pue ejep
Surouonbes uonnjosar-ysiy jo uoner3ayul oy, ‘sonsouserp oyroads paseq-yN 0 Pes] Ued pue Blep SWOIGOIDIW Ul JSAIAJUI pAsealoul ue (panunuod) g-ol *bi4

>
>




168 N. Dasgupta et al.

* Developing noninvasive microbiome-based diagnostics with the help
of AL

¢ Create virtual preemptive and predictive in silico testing of safer, more
effective therapeutics.

Innovations in the field from designing sampling devices, sequencing platforms
with better and cheaper technologies, and algorithms for data analysis are forward-
facing. Most studies of the gut microbiome study fecal sample, which may not be the
best representation of the whole gut microbiota. It is interesting to note that an
ingestible, biocompatible, 3D-printed microengineered battery-less pill has shown
promise in vitro and in animal models including primates (Rezaei Nejad et al.
2019) to aid in this sampling process.

10.5 The Healthy Gut Microbiome

Among the inhabitant microbes of our gut, bacteria are the most predominant.
Though there are ~1000 different bacterial species colonizing our gut, only about
330 of them have been characterized and classified so far. The top inhabiting phyla
consists of strict anaerobes (with their relative abundance in parentheses): Firmicutes
(64%), Bacteroidetes (23%), Proteobacteria (8%), and Actinobacteria (3%) (Gill
et al. 2006; Bickhed et al. 2012). The constantly changing microbiome responds to
our lifestyle modifications, such as diet and exercise, and displays perturbations
accordingly (Qin et al. 2010; David et al. 2014; Wu et al. 2011).

Among the benefits we derive from our gut bacteria, commensal species such as
Lactobacillus plantarum helps in regulating the integrity of intestinal epithelium,
which acts as the first physical barrier for enteric pathogens. Short-chain fatty acids
(SCFAs) such as acetate, propionate, and butyrate play vital roles in the gut
microbiome homeostasis and host immunity. The SCFAs are produced from the
breakdown of polysaccharides (mainly dietary fiber) by specific bacteria (El Kaoutari
et al. 2013; Canfora et al. 2015; Koh et al. 2016; Miyamoto et al. 2016). It is the
tuning of the biochemical pathways in the specific bacteria that result in different
by-products though starting with the same dietary fiber source. The major acetate
producers belong to the genus Streptococcus, Prevotella, Bifidobacterium, and
Clostridium to name a few (Rey et al. 2010). Propionate is produced by Bacteroides
spp., Salmonella spp., Dialister spp., Veillonella spp., Roseburia inulinivorans,
Coprococcus catus, Blautia obeum, etc., (Louis and Flint 2017). Bacteria belonging
to Lachnospiraceae, Ruminococcaceae, and Acidaminococcaceae families are the
major butyrate producers in the gut (Duncan et al. 2002). It is reported that the
SCFAs along with G-protein coupled receptor 41 (GPR41) and GPR43 present in
intestinal epithelial cells can modulate satiety and food cravings (Kim et al. 2013a, b;
Ang and Ding 2016). Higher uptake of nutrients is facilitated by suppressing
intestinal mobility transit by the secretion of peptide YY (PYY) and glucagon-like
peptide-1 (GLP-1) stimulated by SCFAs (Chambers et al. 2018; Ang and Ding
2016).



10 Microbiome Diagnostics and Interventions in Health and Disease 169

The major representatives of archaea in the gut microbiome are different species
of methanogens and halophiles. Some examples and their relative abundance among
gut methanogenic archaea include Methanobrevibacter smithii (94%),
M. stadtmanae (23%), Candidatus Methanomethylophilus alvus, and Candidatus
Methanomassiliicoccus intestinalis (Dridi et al. 2009). Gaseous by-products such
as methane and hydrogen are generated by the anaerobes inhabiting the bowel.

The signaling among the gut microbiota, the gut, and the brain by metabolites
occurs via neuronal pathways which involves both the central and enteric nervous
systems, along with the circulatory system (Cryan and Dinan 2012; Mohajeri et al.
2018). Thus, the significance of the gut microbiome in health and disease is being
appreciated like never before by scientists, clinicians, nutritionists, and the informed
public.

The healthy adult gut microbiota is highly tolerant in accommodating minor
perturbations with respect to its diversity and abundance, due to a temporary change,
such as in eating habits, life style, or environment. In a study conducted over a course
of 5 years, the individual gut microbiome displayed 60% strain level conservation,
where the major contributors were the members of the phyla Bacteroidetes and
Actinobacteria (Faith et al. 2013). This conservation or ‘longitudinal stability’ along
with the diversity of the microbiome at individual levels or ‘interpersonal diversity’
is capable of assigning an unique ‘microbial fingerprint’ to every individual, based
on the identification of >80% of the individuals microbiome composition (Franzosa
et al. 2015). Despite its resilience potential, the recent studies indicate ‘dysbiosis’ of
the microbiome to be associated with a major change(s), such as onset of disease,
surgery, or antibiotic treatment (Morgan et al. 2012). Some examples of
noncommunicable diseases, where correlations between the gut microbiome profile
and disease status have been elucidated, will be discussed in subsequent sections of
this chapter.

Developing robust microbiome-based therapeutics to restore microbiome bal-
ance, maintain the same over a period of time, and prevent relapses of dysbiosis
poses a few challenges that need interdisciplinary approaches to offer viable and
effective solutions.

10.6 Microbiome Therapeutics

We all consume curd/yogurt in our regular food habits, but it was the curiosity and
observation of Elie Metchnikoff, who wondered how a rural Bulgarian community
with limited resources for living were able to live longer. He later found out that by
manipulating the microbiome, one can increase the life and health spans of humans.
He is the father of probiotics.

Traditionally, people in Europe and Japan have relied on fermented food products
and the active ingredients that give the health benefits in fermented food products,
are the microbes that constitute the food products.

In today’s world with high stress, reduced sleep, unbalanced diet, and lack of
exercise, it is increasingly important to balance the gut microbiome through
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supplementation of probiotics. Probiotics not only help in balancing the ‘good
bacteria’ but also keep the ‘bad bacteria’ away. This in turn helps the digestive
system and overall health of an individual.

We also know that imbalance in the microbiome is the underlying cause of many
disease conditions. The progressing field of microbiome diagnostics will be best
matched, when ‘Microbiome Therapeutics’ can be customized based on the need of
every patient with the right combination of prebiotic, probiotic, and supplements
(Fig. 10.3).

10.6.1 Prebiotics Support Probotics

According to the International Scientific Association of Probiotics and Prebiotics,
prebiotics are defined as ‘a substrate that is selectively utilized by host
microorganisms conferring a health benefit’ (Gibson et al. 2017). In our microbiome,
they promote the absorption of ion and trace element such as that of calcium, iron,
and magnesium and modulate cytokine and secretory immunoglobulin A produc-
tion, via mechanisms involving microbial metabolic products (Holscher 2017).
Inulin, fructooligosaccharides (FOS), galactooligosaccharides (GOS), and human
milk oligosaccharides (HMOS) are a few prebiotic ingredients in our diet that have a
strong correlation in keeping body weight under check (Kim et al. 2019). They are
found to stimulate the growth of Bifidobacteria and Lactobacillus species, thus
enhancing the availability of SCFAs within the microbiome. Higher SCFA level
positively influences satiety and food consumption via improved GLP-1, PYY, and
ghrelin production (Cerdo6 et al. 2019).

10.6.2 Probiotics in Food and as Supplements

Natural probiotics can be obtained from food sources such as curd/yoghurt and
fermented foods. Food products that contain probiotics are yoghurt, kefir, cheese,
tempeh, kimchi, miso, sauerkraut, and some soy beverages. Freeze-dried bacteria in
the form of tablets, capsules, powders and sachets, and ampoules containing bacte-
rial spores, are available commercially from cultured organisms at a defined compo-
sition and abundance (Table 10.1, Alfano et al. 2020). In addition, probiotic-fortified
foods are also available like juices, chocolates, flour, and cereal. Food and Drug
Administration, USA (FDA), regulations allow probiotics to be sold as supplements
and not like drugs, for healthy people. For people with illnesses such as irritable
bowel syndrome, inflammatory bowel disease, diarrhea (both infectious and
antibiotic-induced), urinary tract infections, and eczema, doctor-prescribed
probiotics may be given. Pregnant women, infants, young children, and immuno-
compromised patients should be given probiotics with caution.
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Table 10.1 List of a few commercially available probiotic preparations

Brand name Strain Producer
Dicoflor Lactobacillus rhamnosus GG AGPHARMA
Enterogermina | Bacillus clausii SANOFI
Enterolactis Lactobacillus casei SOFAR
Nutriflor Lactobacillus acidophilus DDS-1, Lactobacillus NUTRIGEA

bulgaricus DDS-14 Bifidobacterium bifidum,
Lactobacillus rhamnosus

Probactiol duo | Lactobacillus acidophilus NCFM, Lactobacillus METAGENETICS
paracasei Lpc-37 Bifidobacterium lactis Bi-07,
Bifidobacterium lactis Bi-04

VSL#3 Streptococcus thermophilus, Bifidobacterium breve, FERRING
Bifidobacterium longum, Bifidobacterium infantis FARMACEUTICI
lactobacillus acidophilus, Lactobacillus plantarum,

Lactobacillus paracasei, Lactobacillus delbrueckii
subsp. bulgaricus

Yakult Lactobacillus casei Shirota YAKULT (Tokyo)

10.6.3 Postbiotics

Postbiotics is a therapeutically attractive emerging field that deals with the use of
nonviable by-products of microbial growth (metabolites, cell lysis components,
enzymes) that have an added health benefit when consumed. Unlike probiotics,
which are based on the administration of live organisms, postbiotics are administered
in alignment with pharmacokinetic and pharmacodynamic properties. They are
being explored since they are abundant at most body sites, are suitable for different
routes of administration, have low toxicity potential, are stable in the systemic
circulation, and scale up friendly. Bacterial exopolysaccharides (EPS) from
Bifidobacterium and Lactobacilli and extracellular vesicles (EVs) from Akkermansia
muciniphila and commensal Escherichia coli are some such postbiotic examples
(Wegh et al. 2019). There are several downsides such as pleiotropic effects, shorter
half lives, and high cell-type specificity, which need further exploration and well-
designed studies to evaluate them for therapeutics.

10.6.4 Fecal Microbiota Transplantation (FMT)

Fecal microbiota transplantation (FMT) is a procedure of administering donor fecal
suspension into the colon of a diseased recipient, thus aiming to restore the disturbed
gut microbiota and the associated disease. The first application of FMT in modern
medicine was reported in 1965 for Clostridioides difficile colitis. Though FMT has
benefited many to cure chronic conditions, it is not advisable for all conditions of gut
dysbiosis and for all categories of patients. Selection of patients for whom FMT is
effective is an important concern since long-term safety of the procedure and
outcome for the patient needs careful consideration. Nevertheless, more data from
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well-designed studies will help in determining the efficacy and safety of the
procedure.

10.6.5 Research-Driven Probiotics: The Future

The rationale that the naturally occurring human-associated microorganisms offer
myriad of health benefits, is the basis of probiotic therapies. A systematic and well-
designed research on specific probiotics designed for an individual is needed (Mimee
et al. 2016). This would be possible through the studies on microbiome and
microbiome diagnostics. A precise quantization of the microbiome components,
the dosage, and regimens all require advanced science. The need of the hour is to
develop microbiome-based recommendations for probiotics and probiotics pre-
scribed for specific diseases classified as ‘prescription probiotics. Preparing them
will involve large-scale culturing and identification of various bacterial species, their
long-term storage, and potency testing of the probiotic cocktails tailored to an
individual’s need. A futuristic probiotic application wherein the probiotic strain
can be used for directly delivering anti-inflammatory and intestinal epithelial repair
factors to the intestinal tract will allow correction of multiple aberrations in a unified
manner.

Genetically engineered probiotics: The use of genetically modified organisms
(GMO) in human microbiome therapeutics is still farfetched due to the associated
regulatory clearances needed for their safety. Nevertheless, researchers have tested
the concept in animal models and have met with success. The probiotic E. coli Nissle
1917 was altered to be used as a prophylactic, in order to inhibit virulence of Vibrio
cholerae. (Hamady et al. 2010). A genetically modified derivative of a vaginal
commensal Lactobacillus jensenii able to prevent transmission of chimeric simian/
human immunodeficiency virus (SHIV) in a rhesus macaque model, when
administered is another encouraging study (Motta et al. 2012) demonstrating the
utility of engineered probiotic strains. A common side effect of chemotherapy ‘oral
mucositis,” a condition involving ulcerative lesions, is shown to be benefited from
the topical application of an altered L. lactis engineered to secrete trefoil factor-1.
Data from an early clinical trial for the treatment of the condition displayed good
tolerance among patients and could be effective at reducing prevalence (Limaye
et al. 2013).

Engineered ‘designer’ consortia: This concept is based on building a collection
of well-characterized probiotic strains that can be custom combined in the laboratory
based on the attributes desired for the therapeutic consortia. One such example is
elaborated here. Bacteria in the gut generate urease which convert the urea produced
by the liver to ammonia and carbon dioxide. Patients with liver deficiency, neuro-
toxicity and encephalopathy are found to be associated with accumulation of sys-
tematic ammonia. In a study, mouse models were treated with antibiotic and
polyethylene glycol, resulting in reduction of endogenous microbiota. This was
followed by transplantation with a defined microbial community with low urease
activity. The microbiota reconstitution was successful in altering community-wide
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metabolic activity of urea that remained stable for months (Shen et al. 2015). Such
designer consortia for human use may be seen in trials soon in the near future.

10.7 The Role of Microbiome Diagnostics and Therapeutics
in a Few Disease Scenarios

In this section, select disease conditions primarily influenced by the gut microbiome
dysbiosis are presented. A brief pathophysiology of the condition, it’s associated
microbiome dysbiosis profile and suggested therapeutics for correcting the dysbiosis
is summarized in the following sections (Fig. 10.4). Oral, vaginal, skin, and respira-
tory microbiome modulations are out of scope of this chapter.

10.7.1 Atherosclerosis

Atherosclerosis, a chronic inflammatory disease, and major contributor in CVDs
(cardiovascular diseases), is associated with plaque formation consisting of
accumulated modified lipids, calcified regions, neurotic cores, inflamed smooth
muscle cells, endothelial cells, leukocytes, foam cells and impaired lipid metabolism
and endothelial functions (Frostegérd 2013). CVD is one of the leading causes of
disease and death globally (Benjamin et al. 2018).

Atherosclerosis has been linked to intestinal microbes due to a substance called
trimethylamine oxide in recent studies (Chen et al. 2016). In 2015, Cleveland Clinic
researchers observed that lecithin and L-carnitine which is present in red meat, egg
yolk, etc., can be converted to TMAO wherein intestinal microbes play an important
part thus promoting atherosclerosis and speeding up the pathological process of
cerebrovascular diseases (Wang et al. 2015a, b).

What’s the connect? Intestinal microbes can absorb foods rich in lecithin, choline,
and carnitine to produce trimethylamine (TMA, a colorless gas of a foul odor), which
is oxidized by flavin monooxygenase (FMO, FMO3 with highest activity) to TMAO
in the liver. Atherosclerosis is linked with increased TMAO in the blood (Koeth et al.
2013), which in turn is linked to the diet, intestinal microbes, FMO3 activity, gender,
and heredity of host (Seldin et al. 2016). Some mechanisms which TMAO uses to
develop atherosclerosis are hampering cholesterol reverse transportation (Koeth
et al. 2013), up-regulating the expression of macrophages CD36 and scavenger
receptor Al (SR-Al), encouraging foam cell formation, down-regulating the expres-
sion of cholesterol absorption targets ABCG5/8 and NPC1L1 affecting cholesterol
metabolism, reducing the expression of cytochrome P450 (CYP) 7A1 and 27A1 in
the liver, which in turn reduces the transport of bile acid and clearance of cholesterol
and activates monocytes via mitogen-activated kinase and nucleic acid factor-xB
signaling pathway by developing vascular inflammation (Seldin et al. 2016). Thus, if
the density, richness, and diversity of gut microbiota are improved, it can help in
prevention and treatment of atherosclerosis. People having lower species richness
and diversity in the gut are prone to develop atherosclerosis (Menni et al. 2018).



175

10 Microbiome Diagnostics and Interventions in Health and Disease

(610T T8 39 NI'T 10TOT ‘T8 32 BSOYY ‘810T BT PUB OUY {0TOT T8 12 UAID ‘61T ‘[& 19 OPRIIIN-ZIIRAY) SISBISIP PILs Ul PIAJOAUL
soqoror paje[ngarumop pue pajengardn rofew oy) pue (JeurSea ‘unys ‘Teso Ing) SWOIOIITW JUAIJJIP YIIM PAJRIOOSSE SaseasIp snoLrea jo uonordeq p°olL *bi4

(= sipiwJapida snazodojiydols $
@ a4 wnyalaogaudiod snax03o0jdan)s 'snauno g @
siewaq didoyy

saanonuity >
wnipso)) ‘sapiosang L1

@ Aaixuy / uoissaidag




176 N. Dasgupta et al.

Atherosclerotic patients are found to have a gut microbiota that is less fermenta-
tive and more inflammatory (Jie et al. 2017). Firmicutes and Bacteroides are the
major taxa present which seem to be remarkably constant (Huttenhower et al. 2012;
Faith et al. 2013). However, in patients with atherosclerosis, Escherichia coli,
Klebsiella spp., Enterobacter aerogenes, Streptococcus spp., Lactobacillus
salivarius, Solobacterium moorei, and Atopobium parvulum were found to be
increased, whereas Bacteroides spp., Prevotella copri, and Alistipes shahii were
found to be depleted (Jie et al. 2017).

Therapeutics that help: The three ‘p’ known for the well-being of gut are
probiotics, prebiotics, and polyphenols, as these help regulate the gut microbiota
composition (Marchesi et al. 2016). Since small intestine cannot absorb polyphenols
directly, the bioavailability of polyphenols depends on the gut microbiota and their
ability to convert it into components which can be absorbed by the small intestine
(Duda-Chodak et al. 2015). Few of the polyphenols which have shown some
potential mechanism in atherosclerosis are protocatechuic acid (PCA), quercetin-3-
glucuronide, 2,4,5-trimethoxycinnamic acid, gallic acid, and equol (Pieczynska
et al. 2020). Resveratrol, a natural phenolic phytochemical, works by reducing
TMAO levels by promoting the growth of commensal bacteria such as Bacteroides,
Lactobacillus, and Bifidobacterium (Jung et al. 2009; Qiao et al. 2014). The decrease
in TMAO levels by resveratrol associated with inhibited development of atheroscle-
rosis has also been proven in vivo (Chen et al. 2016).

As with prebiotics, probiotics like Lactobacillus plantarum and E. aerogenes
could lower the production of TMAOQO and attenuate the formation of atherosclerotic
abrasion in ApoE/mice (Qiu et al. 2017, 2018). Another prebiotic, mannan oligosac-
charide (MOS) supplement, was found to regulate gut microbiota by lowering
plasma cholesterol levels and improving atherosclerotic plaques in high cholesterol
diet-fed mice (Hoving et al. 2018). Stimulation of Akkermansia in ApoE —/— mice
was linked with berberine, which is found to be effective against atherosclerosis
(Zhu et al. 2018). The endothelial function in ApoE —/— mice seems to be improved
by administering ITFs, a prebiotic (Inulin-type fructans), as supplement. These
inulin-type fructans enhance the formation of butyrate and protect against athero-
sclerosis formation (Watzl et al. 2005; Catry et al. 2018) as per the recent studies.

Both fish oil and flaxseed oil are found to reduce TMAO by enhancing SCFAs
production and lowering LPS generation by microbes, and fish oil seems to be more
productive (He et al. 2019). Research suggests that calorie-controlled diet integrated
with supervised exercise lowers TMAO levels considerably (Erickson et al. 2019).

FMT is another therapy; however, it comes with risk as well. For example, while
beneficial flora is getting transferred, so could the endotoxins or infectious agents
present in the donor, and this could start new gastrointestinal complications. This is
the reason it has found limited use as treatment for CVD patients (De Leon et al.
2013; Brandt 2013). Further research is needed to take a look at whether or not FMT
probably prolongs different aspects of cardiometabolic disorders. Instead of fecal
contents, the transplantation of particular group of microbes can be a rational
opportunity to FMT. To better define the optimal fecal microbial preparation,
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dosing, and method of delivery, further research needs to be conducted (Sanchez-
Rodriguez et al. 2020).

How the gut dysbiosis and TMAO derived from the microbiota participate in
atherosclerosis is yet to be cleared (Zhu et al. 2020a, b). New strategies to prevent or
treat the disease can be developed by better understanding of gut microbiota
composition, to the development of atherosclerosis (Pieczynska et al. 2020).

10.7.2 Hypertension

Hypertension is among the chief causes of cardiovascular disease and is responsible
for global deaths (Go et al. 2014). Although the procedure of how gut microbiota is
involved with hypertension is not quite clear, SCFAs and oxidized low-density
lipoprotein (ox-LDL) are believed to take some part in it (Ma et al. 2018).

What’s the connect? Obese pregnant women with lower blood pressure have
shown increase in butyrate-producing bacteria (Gomez-Arango et al. 2016). Gut
dysbiosis was improved by fiber and acetate supplementation in a study on hyper-
tensive mice. It led to a surge in Bacteroides acidifaciens, which seems to have a
defensive role in hypertension/heart failure (Marques et al. 2017). GPR41, GPR43,
and GPR109AA are the three G-protein-coupled receptors (GPCRs), regulated by
SCFAs. Another type expressed in the kidney is olfactory receptor 78 (Olfr78)
regulated by acetate and propionate (Tan et al. 2017). The GPCRs regulated
pathways of host can be stimulated by SCFAs which effects the secretion of renin
and in turn effects the blood pressure (Furusawa et al. 2013; Pluznick et al. 2013).

Oxidation of LDL causes vasoconstriction leading to hypertension through gut
dysbiosis (Packer et al. 2014), by boosting the expression of pro-inflammatory
cytokines which induces oxidative stress triggering the Ox-LDL stimulation
(Chawla et al. 2011; Peluso et al. 2012). Oxidation of L-arginine by nitric oxide
synthase produces nitric oxide (NO) (Ma et al. 2006). Production of NO and
endothelin-1 which maintains basic vascular tension and cardiovascular system
homeostasis (Boulanger and Liischer 1990) is hampered due to higher levels of
ox-LDL which causes hypertension (Subah Packer 2007). Another cause of hyper-
tension is chronic low-grade inflammation (Schiffrin 2014), which occurs due to
depletion in microbial gene richness (Cotillard et al. 2013). Chronic probiotic intake
decreases preeclampsia associated with hypertension (Brantsaeter et al. 2011).

Therapeutics that help: The composition of gut microbiota is altered by consum-
ing B-glucan in such a way that it reduces the risk markers associated with CVD as
per the single-blind randomized trial (Hoving et al. 2018). When Lactobacilli
fermented milk was consumed by hypertensive humans, it lowered their blood
pressure (Seppo et al. 2003). It is observed in human trials that consumption of at
least 10" colony-forming units along with multiple species of probiotics for 8 weeks
decreases both systolic and diastolic blood pressures (Khalesi et al. 2014). Long-
term administration of probiotics of various Lactobacillus bacteria such as Lactoba-
cillus fermentum CECT5716 (LC40), Lactobacillus coryniformis CECT5711 (K8),
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and Lactobacillus gasseri CECT5714 (LC9) could decrease systolic blood pressure
in hypertensive rats (Gomez-Guzmén et al. 2015). Phenylacetyl glutamine, a gut
microbiota-derived metabolite, is negatively linked with pulse wave velocity and
systolic blood pressure (Menni et al. 2015).

10.7.3 Obesity

Obesity is the manifestation of accumulated fat and is correlated with the progression
of many diseases of metabolic origin like cardiovascular disease, type 2 diabetes
mellitus, cancer, and nonalcoholic fatty liver disease (Kim et al. 2019). The fact that
obese people live 7 years shorter than nonobese people is quite alarming (Van Hul
et al. 2018).

What’s the connect? Studies from humans and animals have clearly shown a
correlation between obesity and gut microbiome. Some examples are as follows:
(1) decreased gut diversity (Baothman et al. 2016); (2) increased Firmicutes and
decreased Bacteroidetes (Koliada et al. 2017; Mariat et al. 2009; Greenhill 2015).
This increased Firmicutes/Bacteroidetes (F/B) ratio facilitates the energy extraction,
and this in turn effects the energy storage in the adipose tissue (Mariat et al. 2009;
Bell 2015). A significant increase in Enterobacteriaceae was observed in obesity
(Balamurugan et al. 2010).

There exist a few other mechanisms for the functioning of gut microbiome in
influencing obesity. Examples include bile acids that actively help in resolving fat
uptake from diet in the small intestine, but they also hamper the growth of different
commensal bacteria such as Lactobacilli and Bifidobacteria by disorganizing their
membrane permeability (Ridlon et al. 2006; Kurdi et al. 2006). Acetate, propionate,
and butyrate (SCFAs) which are eventually consumed by various organisms are
estimated to have a production rate of 80-200 kcal/day (Riley et al. 2013). Decrease
in butyrate-producing bacteria along with reduced intake of dietary carbohydrates
such as polysaccharides, vegetable oligosaccharides, and resistant starch was
observed in obese patients (Canfora et al. 2019). Another study gave similar results
where the levels of fecal butyrate, SCFAs, and Bifidobacterium were found to be
reduced considerably in obese patients who consumed less fiber (Brinkworth et al.
2009). Metabolic endotoxemia is defined as a chronically high plasma LPS disorder
at 10-50 times less than the septic conditions of LPS and is a high-fat dietary
elevation of plasma lipopolysaccharide (LPS) as termed by Cani et al. (2007).
Dietary increases of endotoxin were linked to enhanced fat deposit, systemic and
tissue-specific inflammation, and resistance to insulin (Cani et al. 2007; Amar et al.
2008).

Therapeutics that help: Prebiotics regulate the gut microbiome composition by
improving lipid metabolism which is also seen in short-chain FOS treatment in diet-
induced obese mice (Cluny et al. 2015) and are known to have antiobesity effects
(Barengolts 2016; Nicolucci and Reimer 2017; Delzenne et al. 2011). Animals
treated with oligofructose displayed reduction in both triglyceride level and adipose
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tissue mass (Cluny et al. 2015). It is also reported that a-cyclodextrins supplementa-
tion in obese mice (diet-induced) resulted in inflection of gut microbiota and SCFA
production (Nihei et al. 2018). Human breast milk is enriched with milk
oligosaccharides and serves as wonderful prebiotics candidate. As a prebiotic, it
promotes the growth of beneficial bacteria such as Bacteroides and Bifidobacterium
and hinders the pathogens such as Campylobacter jejuni, Helicobacter pylori, and
E. coli (Newburg 2000).

Recent studies have shown that when compared with placebo-treated control
animals, supplementation of Bifidobacterium species such as B. breve B3,
B. infantis, and B. longum and Lactobacillus species such as L. rhamnosus,
L. casei strain Shirota [LAB13], L. gasseri, and L. plantarum has shown obliteration
of weight gain, fat deposits, and white adipose tissue (Barengolts 2016; Kim et al.
2019).

In another study, treatment of obese adults with L. gasseri (SBT2055 and
BNR17) exhibited reduction in visceral adipose tissue as well as waist size (Kadooka
et al. 2010; Kim et al. 2018). Similar study was reported by Pedret et al, where
intervention with Bifidobacterium animalis subspecies. Lactis CECT 8145 reduced
waist size, waist circumference/height ratio, and BMI considerably (Pedret et al.
2019). L. rhamnosus CGMCC1.3724 therapy displayed weight loss in obese women
but nothing significant in obese men (Sanchez-Rodriguez et al. 2020).

Diet is a major player in obesity and has associations with gut microbiota (Brahe
et al. 2016). It has been shown that the various diet styles such as western, vegetar-
ian, gluten-free, and the Mediterranean diet disturb gut diversity (Lazar et al. 2019).
The Western diet which comprises of high amount of sugar, salt, saturated fats,
refined grains, and high fructose corn syrup with lesser amount of fiber is responsible
for decrease in total gut microbiota amount along with reduction in beneficial
bacteria such as Lactobacillus sp. and Bifidobacterium sp., thereby promoting
inflammation and changing gut microbiota to obese pattern (Bell 2015; Statovci et al.
2017). One of the mechanisms can be improving energy harvesting by increase in
Firmicutes for promoting better caloric absorption leading to weight gain (King et al.
2012).

Plant-based diet such as vegetarian and vegan diets is rich in dietary fiber and
entails plant-derived products which is known to trigger an increase in the abun-
dance of protective microbiota. This diet promotes an increase in (1) Bifidobacteria
and Lactobacillus; known intestinal barrier protectors, (2) Faecalibacterium
prausnitzii and Roseburia; butyrate producers, and a decrease in Escherichia coli
and Enterobacter cloacae; inflammation-inducing lipopolysaccharide-producing
bacteria, thus ultimately preventing obesity (Tomova et al. 2019; Glick-Bauer and
Yeh 2014). Mediterranean diet is majorly comprised of vegetables, olive oil, fruits, a
modest amount of poultry, with limited consumption of red meat and dairy products.
This dietary habit correlates with higher abundance of Lactobacillus,
Bifidobacterium, and Prevotella in the gut, which helps in preventing obesity by
improving lipid and cholesterol profiles (Garcia-Mantrana et al. 2018; Coelho and
Candido 2019). Korean traditional diet consists of high amounts of vegetables,
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fermented foods with modest consumption of legumes and fish. Such a diet helps to
prevent obesity by increasing abundance of Bacteroides (Bacteroidaceae) and
Bifidobacterium (Bifidobacteriaceae-Actinobacteria) while decreasing Prevotella
(Prevotellaceae) (Baik 2018; Lim et al. 2015). With the help of high-fiber diet,
obesity can be managed through intestinal SCFA dependent modulation of down-
stream pathways (Barathikannan et al. 2019). In high-fat diet (HFD) fed mice, when
HFD is replaced by treatment with L. rhamnosus GG, it reduces adiposity via the
heightened production of adiponectin, thereby protecting the animal from insulin
resistance as well as helping in diminishing liver adiposity (Kim et al. 2013a, b).
Pasteurized nonviable Akkermansia muciniphila as a prebiotic treatment showed an
increased ability to reduce the development of fat mass along with insulin resistance
and dyslipidemia in mice (Plovier et al. 2017; Depommier et al. 2019).

10.7.4 Nonalcoholic Fatty Liver Disease

Nonalcoholic fatty liver disease (NAFLD) is marked by hepatic steatosis and may
advance to an inflammatory condition called nonalcoholic steatohepatitis (NASH),
liver cirrhosis, and hepatocellular carcinoma. Gut microbiome and certain host
factors have been linked to this condition (Grabherr et al. 2019).

What’s the connect: A large variation in terms of phylum, family, and genus was
observed between healthy controls and NASH patients in several studies. NAFLD
patients display upregulation and downregulation of a large array of organisms; the
organisms which are enriched are Bacteroides, Ruminococcus, Lactobacillus
(Genus), E. coli (Species), Lactobacillaceae (Family), and Proteobacteria (Phy-
lum), while the downregulated organisms are Oscillibacter, Prevotella,
Ruminococcus, Coprococcus (Genus), Faecalibacterium prausnitzii (Species),
Actinobacteria, Bacteroidetes, and Firmicutes (Phylum) (Loomba et al. 2017; Del
Chierico et al. 2017; Boursier et al. 2016; Da Silva et al. 2018).

NAFLD may be associated with low abundance of Faecalibacterium prausnitzii,
a butyrate-producing bacterium from Firmicutes phylum, which was associated with
>5% fat hepatic content and increased adipose tissue inflammation (Munukka et al.
2014, 2017). A gram-negative Proteobacterium Bilophilia wadsworthia, has been
shown to aggravate high fat diet induced metabolic dysfunctions in mice. The
mechanism followed is that it lowers the butyrate metabolism, which leads to
disruption of the gut barrier (interrupted tight junctions), thus allowing the LPS
circulation from the gut lumen into the incoming portal vein of the liver. Once there,
it releases a pro-inflammatory cytokine by acting on the hepatic macrophages and
promotes a reduction of bile acids production. All of these leads to a disrupted
microbiota and hence the heightened release of LPSs (Feng et al. 2017; Natividad
et al. 2018).

Helicobacter pylori is a gram-negative Proteobacterium which is responsible for
immune resistance contributing to NAFLD. H. pylori infection can increase the
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chances of NAFLD development. However, to comprehend the association between
H. pylori and NAFLD progression, more clinical studies are needed (Wijarnpreecha
et al. 2018; Ning et al. 2019).

In a healthy state, ethyl alcohol is continuously being produced in the gut. In the
healthy individual, it gets metabolized in the liver by alcohol dehydrogenase (ADH)/
other hepatic enzymes. However, when alcohol-producing bacteria like Klebsiella
pneumoniae increase in the gut, they produce reactive oxygen species (ROS)
constantly due to exceeding of liver detoxification capacity which promotes hepatic
inflammation, often ending in steatohepatitis (Yuan et al. 2019).

Obese and NAFLD animals have shown lesser abundance of Akkermansia
muciniphila, a gram-negative bacterium from the phylum Verrucomicrobia with
mucin degrading capacity than in their healthy counterparts (Everard et al. 2013;
Zhao et al. 2017).

Therapeutics that help: The consumption of processed foods and beverages
containing fructose was seen higher in NAFLD patients (Chen et al. 2017).
NAFLD progression is also associated with lower fiber, polyphenols, vitamins
(Vitamin D), and mineral nutrients (calcium) intake (Van Herck et al. 2017;
Wehmeyer et al. 2016). Polyphenols like quercetin, epigallocatechin gallate,
anthocyanins, and resveratrol have also been found to be protective (Wrzosek
et al. 2013).

It has been reported that administration of a cocktail of Lactobacillus acidophilus
ATCC B3208, Bifidobacterium lactis DSMZ 32,269, Bifidobacterium bifidum
ATCC SD6576 and Lactobacillus rhamnosus DSMZ 21,690 to adolescents for
12 weeks in the form of probiotic capsules, resulted in substantial decrease in
ALT (Alanine aminotransferase), lipid profile and intrahepatic fat content compared
to placebo group. In another study, efficacy of ‘Symbiter,” containing 14 alive
probiotic  strains of  Lactobacillus +  Lactococcus,  Bifidobacterium,
Propionibacterium, and Acetobacter, is assessed in NAFLD patients and has
shown to improve hepatic steatosis, aminotransferase activity, TNF-a, and IL6 levels
(Kobyliak et al. 2018). Another multistrain probiotic VSL#3 has been found to
protect the integrity of intestinal barrier and diminish endotoxemia and oxidative/
nitrosative stress, thus improving liver pathology in patients suffering from various
chronic liver diseases (Loguercio et al. 2005). VSL#3 contains Bifidobacterium
longum, and it adjusts gut microbiota in such a way that increases the production
of conjugated linoleic acid (CLA); this further impacts fatty acid composition in the
liver and in a way plays a significant role in therapeutic interventions (Meroni et al.
2019). When Bifidobacterium longum is administered in combination with prebiotic
fructo-oligosaccharides (FOS), it considerably improves the metabolic and inflam-
matory markers and fibrosis scores in NASH patients (Malaguarnera et al. 2012).
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10.7.5 Type 2 Diabetes

Diabetes mellitus (DM) is marked by chronic hyperglycaemia, as a result of deficits
either in insulin secretion, or in insulin action, or both. 90-95% of diabetes cases are
of type 2 (T2D) (Woldeamlak et al. 2019).

What’s the connect? Bifidobacterium, Bacteroides, Faecalibacterium,
Akkermansia, and Roseburia were found to be negatively related with T2D, while
Ruminococcus, Fusobacterium, and Blautia were connected positively with T2D
(Gurung et al. 2020). Patients treated with metformin or after undergoing gastric
bypass surgery have found to be negatively associated with B. adolescentis,
B. bifidum, B. pseudocatenulatum, B. longum, and B. dentium (Wu et al. 2017;
Murphy et al. 2017). Bacteroides intestinalis, Bacteroides 203, and Bacteroides
vulgatus were decreased in T2D patients and Bacteroides stercoris were enriched
after sleeve gastrectomy (SG) surgery in T2D patients with diabetes remission
(Wu et al. 2011; Murphy et al. 2017; Zhang et al. 2013; Karlsson et al. 2013).

Investigations have reported a negative association of Roseburia inulinivorans,
Roseburia_272, and one unclassified OTU from this genus, with disease (Murphy
et al. 2017; Zhang et al. 2013; Karlsson et al. 2013). Lower frequencies of
Faecalibacterium were reported in patients in two case—control studies (Gao et al.
2018; Salamon et al. 2018). Also, after different types of antidiabetic treatments
ranging from metformin and herbal medicine to bariatric surgery, decreased
their abundance (Tong et al. 2018; Murphy et al. 2017). Half of the T2D studies
showed that out of these five genera, Bacteroides, Bifidobacterium, Roseburia,
Faecalibacterium, and Akkermansia, at least one is reduced, suggesting that they
have a role which goes beyond serving as a biomarker (Gurung et al. 2020). There is
an increase in organisms like L. acidophilus, L. gasseri, and L. salivarius, and
reduction in L. amylovorus in T2D patients which signify species specificity
(Karlsson et al. 2013; Graessler et al. 2013; Forslund et al. 2015). L. acidophilus,
L. plantarum, and L. reuteri were found to have lower frequencies when compared
with controls in this disease (Suceveanu et al. 2018).

Patients with T2D show raised levels of pro-inflammatory cytokines,
chemokines, and inflammatory proteins. Also, increased gut permeability allows
for passage of gut microbe-derived products into the blood. This causes metabolic
endotoxemia, effects glucose homeostasis and insulin resistance in liver, muscle, and
fat, and in addition affects the digestion of sugars and production of gut hormones
that regulate glucose metabolism (Gurung et al. 2020). The microbes, like
Fusobacterium nucleatum and Ruminococcus gnavus which are potentially harmful
in T2D, induces various inflammatory cytokines (Yang et al. 2017a, b; Hall et al.
2017), in other inflammatory diseases.

The Firmicutes to Bacteroidetes ratio along with proportions of phylum
Firmicutes and class Clostridia was reduced, while class Betaproteobacteria was
increased in T2DM patients as per one of the case—control study (Larsen et al. 2010).
Also, Faecalibacterium prausnitzii and genus Blautia were diminished in T2DM
patients (Navab-Moghadam et al. 2017; Inoue et al. 2017). Increase in serum
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fructosamine is associated with the decrease in Prevotellaceae and increase in
Enterobacteriaceae (Li et al. 2019a, b).

Therapeutics that help: There have been many animal studies conducted for
diabetes. An improved glucose tolerance is seen in several Bifidobacterium spps,
i.e., B. bifidum, B. longum, B. infantis, B. animalis, B. pseudocatenulatum, B. Breve
(Le et al. 2015; Moya-Pérez et al. 2015; Kikuchi et al. 2018; Aoki et al. 2017; Wang
et al. 2015a, b). In another study, an improvement in glucose tolerance and insulin
resistance was seen in diabetic mice by providing Bacteroides acidifaciens and
Bacteroides uniformis (Yang et al. 2017a, b; GauffinCano 2012). In human studies,
progress in type 2 diabetes-related symptoms is seen by administration of
L. sporogenes, L. casei Shirota, and L. reuteri used as monoprobiotics (Hulston
et al. 2015; Simon et al. 2015; Asemi et al. 2014, 2016). Lactobacilli works more
effectively as a part of probiotic cocktail than given individually in majority of cases
(Ejtahed et al. 2012; Asemi et al. 2013; Tajabadi-Ebrahimi et al. 2016;
Mohamadshahi et al. 2014). Among the several Lactobacillus species that have
been tested as probiotics, L. plantarum, L. reuteri, L. casei, L. curvatus, L. gasseri,
L. paracasei, L. rhamnosus, and L. Sakei have shown favorable effects on T2D in
mice models (Gurung et al. 2020).

There have been different mechanisms found to reduce gut permeability like
(1) Administering Bacteroides vulgatus and B. Dorei species (Yoshida et al. 2018);
(2) Butyrate, produced by Faecalibacterium, via serotonin transporters and PPAR-g
pathways (Kinoshita et al. 2002); (3) Akkermansia muciniphila, probiotic bacterium
using extracellular vesicles which improve intestinal tight junctions via AMPK
activation in epithelium (Chelakkot et al. 2018).

There has been an emerging focus on interactions between microbiota and
antidiabetic drugs in microbiome research (Gurung et al. 2020). Different
combinations have been used and been effective than when administered alone in
reducing/improving T2D parameters, like reduced hyperglycemia, adiposity,
improved fasting blood glucose, glucose tolerance, and insulin resistance in different
studies. For example, (1) probiotic Bifidobacterium animalis ssp. lactis 420, prebiotic
polydextrose in amalgamation with sitagliptin in diabetic mice (Salamon et al.
2018); (2) prebiotic polysaccharide in combination with metformin and sitagliptin
in Zucker diabetic rats’ study (Reimer et al. 2014); (3) combination of a prebiotic and
metformin in streptozotocin-induced diabetic mice (Zheng et al. 2018).

There has been inconsistency in identification of T2D-associated microbiota in
humans because of several elements such as geographic location, race, culture,
health status, and drug use. Stool samples are the preferred choice for microbiota
analysis in most of the studies due to difficulties in sampling from human intestine,
but, however, the stool sample does not represent entire gut microbiome profile
(Gurung et al. 2020).

It has been observed that vegetables, fruits, dietary fibers, and medicinal plants
reduce or prevent T2DM by raising the level of SCFAs and fine-tuning gut
microbiota. Capsaicin can increase the Firmicutes to Bacteroidetes ratio, Roseburia
number, and at the genus level reduce the quantities of Bacteroides and
Parabacteroides which could reduce pro-inflammatory cytokines, such as TNF-a
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and IL-6 in obese diabetic mice (Song et al. 2017). Pumpkin polysaccharide can
exert its antidiabetic effect by increase of selective bacteria, like Bacteroidetes,
Prevotella, and Deltaproteobacteria in mice (Liu et al. 2018a, b). The Lactobacillus
rhamnosus GG fermented carrot juice can improve T2DM in rats by increasing
Oscillibacter and Akkermansia (Hu et al. 2019). The antidiabetic activity of
Momordica charantia (bitter melon) is improved by Lactobacillus fermentation,
which in turn can increase Bacteroides caecigallinarwn, Bacteroides
thetaiotaomicron, Prevotella loescheii, Prevotella oralis, and Prevotella
melaninogenica (Gao et al. 2018). The phlorizin in many fruits could regulate the
blood glucose level by reducing serum LPS and insulin resistance, increasing butyric
acid as well as increasing Akkermansia muciniphila and Prevotella (Mei et al. 2016).
It has been reported that the extracts from cinnamon bark can improve glucose
tolerance and insulin resistance by reducing Peptococcus, and the extracts from
grape pomace in diabetic mice could decrease Desulfovibrio and Lactococcus, and
increase Allobaculum and Roseburia (Van Hul et al. 2018). The inulin reduces the
effects of T2DM in diabetic mice by increasing Cyanobacteria and Bacteroides and
decreasing Deferribacteres and Tenericutes (Li et al. 2019a, b).

10.7.6 Inflammatory Bowel Disease (IBD)

IBD is a long-lasting heterogeneous, GI tract associated disorder, characterized by
an inflammatory process and materializing in the form of Crohn’s disease (CD) or
ulcerative colitis (UC) in different patients and differentially diagnosed by clinicians.
Factors that could influence host—microbiome homeostasis such as host genetics,
host immune system, shifts in diet, exposure to antimicrobials, urbanization, west-
ernization (Statovci et al. 2017) of life style, and many more could predispose and
trigger IBD.

What'’s the connect? IBD was one of the three conditions that was explored in a
longitudinal study of a cohort of 132 individuals over a period of 1 year in the
Human Microbiome Program (iHMP) and is the most comprehensive study till date
(Lloyd-Price et al. 2017). Interestingly, the dysbiosis consisted of changes in tran-
scription profile of several microbial species and associated changes in host bio-
chemical parameters such as considerable transition in acylcarnitine pools and bile
acids and heightened levels of serum antibody. IBD patients go through a cycle of
dysbiosis and non-dysbiosis phases. Taxonomic perturbations during dysbiosis
included reduction in obligate anaerobes such as Faecalibacterium prausnitzii and
Roseburia hominis and the increase in facultative anaerobes such as E. coli in
Crohn’s disease.

Therapeutics that help: Probiotics, especially Bifidobacteria, are linked to sup-
pression of mucosal inflammation in animal models of IBD. In humans, however,
the evidence for probiotic efficacy is less positive for maintenance of remission of
CD, based on meta-analysis of eight clinical trials, mainly due to variance in study
design. Inclusion of probiotics with conventional treatment for UC did not improve
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the overall remission rates in mild-to-moderate UC, but it was possible to generate a
slight decrease in disease activity. The mixture VSL#3 (composed of four lactoba-
cillus strains; three from bifidobacteria and S. thermophilus) has shown positive
effects in UC treatment, whereas indications for probiotic efficacy in CD are low. At
the current stage, a conclusion has been reached that use of probiotics in IBD cannot
be recommended. Studies have been conducted using a diversity of bacterial strains
in different clinical situations, but only a few patients have been enrolled in these
studies. Hence, more randomized trials with statistically sound study design may
give us better clarity (Jadhav et al. 2020).

Among microbially derived products that have been shown to be protective in
colitis, polysaccharide A from Bacteroides fragilis and butyrate from Clostridial spp.
induce peripheral regulatory T cells. Favorable effects of FMT on UC (compared to
control treatment) have been published. However, there are many parameters such as
donor selection, administration routes, frequency of FMT and the development
of easy-to-administer formulation, that need to be optimized and validated before
FMT is ready to be offered as a standard therapy for UC.

10.7.7 Irritable Bowel Syndrome (IBS)

IBS is a disorder associated with the gastrointestinal tract and is marked by a long-
lasting, persistent discomfort and pain in abdomen and, with altered bowel
behaviors. Mainly based on the stool pattern, IBS patients can be categorized into
(1) IBS with constipation (IBS-C), (2) IBS with diarrhea (IBS-D), (3) IBS with
mixed bowel habits (IBS-M), and (4) unclassified IBS. The other associated
comorbidities linked with IBS are profoundly psychiatric in nature such as depres-
sion, anxiety, and somatoform disorders (Chong et al. 2019).

What’s the connect? In a healthy gut, the mucus epithelium and homeostatic
immune responses limit microbes both symbiotic and commensal from breaching
the epithelial barrier surface. Nevertheless, when the influx of any agent breaches the
barrier, provoking intense immune reactions, it leads to severe inflammation. This in
turn impacts the intestinal environment including the alteration in the composition of
gut microbiota (Pédron et al. 2016). Such underlying conditions with wider
consequences on the gut neuromuscular junction and gut-brain axis could contribute
to IBS pathogenesis. Gut dysbiosis accompanying the changes from beneficial
bacteria to pathogens in the human gut has been reported (Carroll et al. 2011,
2012). It is not surprising that IBS patients are highly deficient in the beneficial
activities of Lactobacilli and Bifidobacteria (Bellini et al. 2014). Interestingly, there
seems to be a direct correlation between the severity of IBS with low levels of
exhaled methane, decreased microbial richness, absence of Methanobacteriales, and
enrichment with Bacteroides enterotypes compared to that in controls (Tap et al.
2017).

Disease conditions with altered gut mycobiome profile are attracting the attention
of researchers, especially in immunocompromised patients. IBS is another condition
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where the connection of microbiome alterations and the occurrence of visceral
hypersensitivity indicate the role of gut microbiome in the disease pathogenesis
(Botschuijver et al. 2017).

Therapeutics that help: Probiotics specially Lactobacillus plantarum is found to
be most beneficial in IBS by improving visceral sensitivity, intestinal permeability,
and inflammation (Ohman and Simrén 2013). Maintaining a food and symptom
diary can help patients determine which foods trigger symptoms. Specialized diets
such as where fermentable oligo-, di- and monosaccharide, and polyol (FODMAPs)
are less may improve symptoms in individual IBS patients, though the safety of this
diet such as the possibility of malnutrition needs to be monitored in the long term
(Ferreira et al. 2020).

10.7.8 Fecal Microbial Transplantation in Clostridium difficile
Infections

The commensal microbes of the gut have the capacity to defend against pathogenic
invasion by either competing for resources or waging microbial warfare. Consump-
tion of prescribed broad-spectrum antibiotics while controlling the ‘bad infection’
eliminates these beneficial commensals from the gut. Some individuals are then
predisposed to opportunistic pathogens such as Clostridium difficile resulting in
diarrhea and associated symptoms. Van Nood in 2014 reviewed the efficacy of
FMT in treating a variety of dysbiotic states (van Nood et al. 2014). It is encouraging
that FMT treatment showed around 90% success rate in treating C. difficile-induced
severe GI dysbiosis. In a patient with persistent C. difficile, associated with diarrhea,
the fecal microbiota both 2 weeks and 1-month post-FMT consisted mostly of the
bacteria from the healthy donor and normalized the patient’s bowel function, thus
demonstrating the success of the treatment. Until systematic trials evaluate both
safety and effectiveness of FMT, its efficacy is currently on a case-by-case basis. In
order to enhance treatment reliability and mitigate safety concerns, it is important to
identify the minimal subset of microbes needed to achieve therapeutic efficacy and
formulate the treatment using appropriate guidelines (Petrof et al. 2013).

10.7.9 Chronic Kidney Disease

Chronic kidney disease (CKD) is emerging health problem, and its occurrence is due
to important risk factors like diabetes, hypertension, and obesity affecting about 10%
of the population worldwide (Hall et al. 2014). The microbiome has recently gained
lot of importance and known to impart an important contribution in health and
disease (Hobby et al. 2019).

What’s the connect: Renal failure may occur due to high levels of urea in blood,
and in the presence of intestinal bacteria, it is converted to ammonia by urease
produced by intestinal bacteria leading to overgrowth of bacterial families. Patients
with end-stage renal disease (ESRD) have shown to have an expansion of uricase
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and indole-forming and p-cresyl-forming enzyme-producing bacteria compared to
healthy controls (Wong et al. 2014). The most extensively studied gut-derived
uremic toxins, i.e., p-cresyl sulfate and indoxyl sulfate, arise from the colon with
increased concentration and decline in renal function (Aronov et al. 2011; Ramezani
and Raj 2014). In one study, the patients with ESRD have shown largest increase in
Actinobacteria, Firmicutes, and Proteobacteria compared to healthy controls
(Vaziri et al. 2013). Bifidobacterium catenulatum, Bifidobacterium longum,
Bifidobacterium bifidum, Lactobacillus plantarum, Lactobacillus paracasei, and
Klebsiella pneumoniae (Wang et al. 2012) are hardly seen in patients on peritoneal
dialysis.

Research from different groups have shown that patients undergoing hemodialy-
sis have higher number of Enterobacteria and Enterococci, facultative anaerobic
bacteria, and lower abundance particularly in the genera Bifidobacteria with a related
higher abundance of Clostridium perfringens than healthy controls (Kieffer et al.
2016).

In CKD and ESRD, patients who have reduced intake of fiber and decreased
colonic time have encountered comorbidities such as diabetes (Yasuda et al. 2002).
The disintegration of the epithelial barrier of the gut is mainly due to ammonia and
ammonium hydroxide derived from urea which allows absorption of the toxins
produced by microbes, thus leading to systemic inflammation which lead to anemia,
protein wasting, and cardiovascular disease (Wong et al. 2014).

Therapeutics that help: In rats with reduced renal function, AST-120, an oral
adsorbent, helps in restoring the epithelial tight junction proteins by absorbing
uremic toxins produced in gut and thus reducing the levels of endotoxin and markers
of oxidative stress and inflammation (Redman et al. 2014). There may be increase in
SCFA-producing bacteria due to increased intake of resistant starches reducing loss
of renal function, interstitial fibrosis, renal tubular damage, and activation of
pro-inflammatory molecules (Vaziri et al. 2014).

The serum levels of indoxyl sulfate have been reduced due to administration of
B. Longum orally (Takayama et al. 2003). In hemodialysis patients, plasma levels of
indoxyl sulfate have been reduced due to increase in dietary fiber (Sirich et al. 2014).
In vitro studies and in clinical studies, indoxyl sulfate has been reduced due to
Streptococcus thermophilus (Vitetta et al. 2019).

The metabolism of gut microbiota of CKD patients can be modulated by dietary
fiber which helps in improving CKD by reducing uremic toxins and also improves
uremic symptoms and comorbidities in dialysis patients. However, more clinical
studies are needed to be carried out in order to evaluate the multidimensional benefits
of a fiber-rich diet in CKD and to determine the effect of different kinds of fiber in
terms of quality as well as quantity (Camerotto et al. 2019).

10.7.10 Cancer

What’s the connect? Gut microbiome has played a significant role in tumor devel-
opment and effective anticancer therapies (Heshiki et al. 2020). Case in point is the
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gut flora metabolizing bile acids which then redistribute and regulate the employ-
ment of natural killer T cells to tumorous liver cells (Ma et al. 2018). Another
example is those gut microbes which metabolize estrogen and hence potentially
altering the risk of postmenopausal estrogen receptor-positive breast cancer (Kwa
et al. 2016). Another case would be the microbes which take glucocorticoids, present
in the gut and urinary tract of men (leading to prostate cancer), and metabolize it to
produce 11-oxyandrogens (Devendran et al. 2017, 2018; Zimmermann et al. 2019).

Gut microbiota can act as a tumor promoter (Vivarelli et al. 2019). Helicobacter
pylori accounts for 90% of gastric cancers and is also considered to be a component
of stomach microbiome (Xavier et al. 2020). CagA protein (cytotoxin associated
gene A) from Helicobacter pylori was the first bacteria-derived protein to have a role
in human cancer (Hatakeyama 2017). It assists in increase of gastric cancer by
inducing the breakdown of p53 in gastric epithelial cells, by interfering with the
host’s AKT pathway (Buti et al. 2011). Beside this CagA protein, there are others as
well such as Fusobacterium nucleatum-derived effector adhesin A (FadA) and
Bacteroides fragilis-derived metalloproteinase toxin (MP toxin) which promote
cell proliferation and cancerogenic transformation of affected host’s cells by
interacting with epithelial E-cadherin of host, directly or indirectly hampering the
intercellular junctions and triggering p-catenin signaling (Murata-Kamiya et al.
2007; Rubinstein et al. 2013; Wu et al. 2007).

Similarly, Salmonella enterica effector avirulence protein A (AvrA) with its
intrinsic deubiquitinase activity activates f-catenin thereby enhancing cell prolifera-
tion and promoting colonic tumorigenesis (Lu et al. 2014). Escherichia coli-derived
colibactin and cytolethal distending toxin (CDT), when released near gastrointestinal
epithelium, release toxins. This creates break in double-stranded DNA within the
host’s epithelial cells, thus inducing a temporary cell cycle arrest, contributing to
genomic instability which ultimately leads to tumor initiation and progression in
those predisposed cells (Lara-Tejero 2000). This is generally encountered during the
dysbiosis of gut microbiome led by pathogenic infections (Halazonetis 2004; Frisan
2016).

H. pylori colonization may harm human health by causing gastroesophageal
reflux disease and its sequelae, Barrett’s esophagus, and adenocarcinoma of the
esophagus (Blaser and Atherton 2004) and benefit human health (by protecting
against asthma, multiple sclerosis, and IBD (Chen et al. 2017; Kira and Isobe
2019; Piovani et al. 2019; Gravina et al. 2018; Hosseininasab Nodoushan and
Nabavi 2019).

There are bacteria which block tumorigenesis inhibiting immune effectors and
thus induce cancer formation. Fusobacterium nucleatum indirectly helps in onset of
cancer by inhibiting its own hosts natural killer (NK) cells (Gur et al. 2015). Few
microbiota may obstruct the host hormones metabolism. Clostridium leptum and
Clostridium coccoides secrete -glucuronidase and increased level of this enzyme
when coupled with gut dysbiosis results in deconjugating liver-catabolized and
plant-based estrogens. This in turn allows to bind and trigger the estrogen receptors
leading to cell proliferation in estrogen related tissues, i.e., as breast and
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endometrium. There is a heightened risk of breast cancer due to intake of estrogen
hormones (Fernandez et al. 2018).

Some gut microbiota act as a tumor suppressor. Microbial-derived SCFAs like
butyrate and propionate are able to exhibit an anticancer effect by inhibiting host’s
tumor cells histone deacetylases (Vivarelli et al. 2019). Case in point is the exten-
sively studied LPS (bacterial lipopolysaccharide), which triggers the surface toll-like
receptor 4 (TLR4) on the host’s cell. This starts a immune response (T-cell mediated)
against cancer cells (Paulos et al. 2007). Similarly, the Salmonella enterica-derived
monophosphoryl lipid A (MPL) is presently used in the vaccine as adjuvant, against
anticervical carcinoma (Paavonen et al. 2009). Furthermore, pyridoxine, a group B
vitamin from bacteria, is capable of stimulating antitumoral immunosurveillance in
host (Aranda et al. 2015). The chapter dedicated to the role of the microbiome in
immunotherapy will shed more light on that aspect.

Western diet can cause increase in intestinal tumors due to high animal fat and
protein which increases bile secretion into the GI tract (Goncalves et al. 2019).
Bilophila wadsworthia metabolizes taurine into acetate and ammonia, along with
release of hydrogen sulfide, a carcinogenic gas (Ridlon et al. 2006). In colorectal
cancer, Fusobacterium nucleatum is one of the most predominant bacteria (Bullman
et al. 2017).

Therapeutics that help: The use of probiotics synergistically with pain killers
such as opioids is being studied (Rousseaux et al. 2007). Many probiotics have
shown a potential antineoplastic activity. For example, ferrichrome, a Lactobacillus
casei-derived metabolite, is able to trigger apoptosis in tumor cells via direct
activation of JNK pathway (Konishi et al. 2016). It has been appeared in several
studies that Lactobacilli may eliminate cancerous or precancerous cells by stimula-
tion of immune cells like NK cells or dendritic cells (DC) or TH1 response in the
host (Lenoir et al. 2016; Lee et al. 2004; Baldwin et al. 2010; Takagi et al. 2008).
Lactobacillus casei when orally administered reduces the reappearance of superficial
bladder cancer (Aso and Akazan 1992). Lactobacillus rhamnosus GG (LGG) is a
gut-resident bacterium which modulates several proliferation pathways of host, for
example, mTOR or WNT (Taherian-Esfahani et al. 2016), and thus wield either
antiproliferative effects or antimetastatic effects (Orlando et al. 2016; Nouri et al.
2016; Zhao et al. 2017; Behzadi et al. 2017; Chen et al. 2017). This can influence
immune system of host, consequently helping in eliminating newly developing
cancer cells (Gamallat et al. 2016). LGG can exert an anti-inflammatory profile by
triggering an immune response within the normal untransformed gut epithelium
(Suzuki et al. 2017) as well as changing gene expression in intestinal porcine
epithelial cells and intestine myofibroblasts (Taranu et al. 2018; Uribe et al. 2018).
LGG can serve as an apt candidate as a possible adjuvant in integrated anticancer
therapies (Vivarelli et al. 2019).

The main purpose of giving probiotics especially Lactobacilli, to cancer patients,
is to reestablish the levels and function of the beneficial bacteria which gets
exhausted after the treatments, thus restoring the microbiota balance in the patients’
gut (Zitvogel et al. 2018). At the same time, probiotics may possess a likely risk of
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development of opportunistic bacteria/infection and exhibit antibiotic resistance
when administered to immunocompromised cancer patients (Vanderhoof and
Young 2008; Redman et al. 2014).

In 2014, it was observed in a double-blind control trial that Bifilact (Lactobacillus
acidophilus LAC361 and Bifidobacterium longum BB536) administration could
considerably reduce both moderate and severe diarrhea induced by the pelvic
radiation treatment (Demers et al. 2014). On similar front, in 2015, a probiotic
formulation Colon Dophilus (a cocktail of ten different strains) was evaluated in a
clinical trial in metastatic CRC patients treated with irinotecan-based chemotherapy.
Prevention of diarrhea in such patients suggested that the administration of such
probiotics facilitates in the reduction of the occurrence as well as severity of diarrhea
and gastrointestinal toxicity induced by the chemotherapy and is considered to be
safe (Mego et al. 2015). In 2016, it was observed that probiotic Saccharomyces
boulardii has the ability to downregulate pro-inflammatory cytokines in treated
patients, with no beneficial effects on the postoperative infection rates (Consoli
et al. 2016). In 2017, it was observed that the epigenetic patterns of tumor tissue
from its baseline can be altered, with potential therapeutic benefits by the adminis-
tration of Bifidobacterium lactis and Lactobacillus acidophilus to CRC patients
(Hibberd et al. 2017).

10.7.11 Mental Disorders

Mood disorders, such as depression and bipolar disorder (BD), have known to cause
significant individual and socioeconomic burdens affecting around 10% of the
world’s population (Wittchen 2012). When compared to the normal population,
people with mood disorder incline toward higher mortality rates and reduced life
span (Angst et al. 1999; Kessing et al. 2015).

What'’s the connect? The human gut has trillions of bacterial which are known to
play a critical role in communication between gut and brain via influencing neural,
immune, and endocrine pathways (Dupont et al. 2020). Patients with a variety of
psychiatric disordered such as BD, schizophrenia, depression, and autism spectrum
disorder display a significant difference in the composition of the gut microbiome.
Thus, there is renewed interest in treating the gut microbiome as a potential thera-
peutic target in psychiatry. Psychobiotics, a recently coined term, refers to favorable
microbes that may provide value in diagnosed mental disorders cases. The term
refers to ‘a live microorganism that, when taken in adequate amounts, produces a
beneficial health benefit in patients suffering from psychiatric illness’ (Dinan et al.
2013). The research on gut microbiome related to mood disorders is still in its
nascent stage. Although growing evidence suggest that alteration in the gut
microbiome plays a significant role in patients with mood disorders, the cause—effect
relationship is yet to be determined. In major depressive disorder (MDD) and bioplar
disorder, a consistent surge in the abundance of Actinobacteria and
Enterobacteriaceae and a decline in Faecalibacterium were observed in different
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studies (Sowa-Kuéma et al. 2018). Raised levels of Clostridium sp. have constantly
been observed in patients with autism spectrum disorder. These discoveries imply
that in patients with mood disorders, a decrease in bacterial genera which produces
short-chain fatty acids and an increase in pro-inflammatory genera can be linked to
chronic, low-grade systemic inflammation. On the other hand, till now, a clear
relation between gut microbiota composition and anxiety disorders has been not
been reported (Groen et al. 2018).

Exploring microbiome therapeutics: Changing the diet and incorporating
probiotics/prebiotics in order to enhance the beneficial bacteria in the gut in both
healthy and patient groups are likely to improve mood and decrease anxiety. Diet
and food habit/pattern lead to the formation of gut microbiota which in turn regulate
the host inflammation and thrombosis, causing brain disorders (Zhu et al. 2020a, b).
For depression and other mental disorders, omega-3 fatty acids, ions such as zinc and
magnesium, and plant phytochemicals are found to be more relevant nutrients
(Kaplan et al. 2015; Trebaticka and Durackova 2015; Haider et al. 2015; Bouayed
et al. 2007; Solanki et al. 2015). Epidemiological studies have stated that traditional
diet styles lead toward better mental health and hence reduce the risk of depression
(Jacka et al. 2011; Jacka et al. 2010; Sanchez-Villegas et al. 2009; Skarupski et al.
2013; Rienks et al. 2013).

Food rich in polyphenol such as green tea, coffee, cocoa, curcumin, and other
polyphenol-rich foods is connected with better mood, less fatigue, and hence
reduced risk of depression in humans (Pham et al. 2014; Sathyapalan et al. 2010;
Pase et al. 2013; Yu et al. 2015). These foods in preclinical settings prevent dysbiosis
by inducing the growth of beneficial bacteria (Seo et al. 2015; Mills et al. 2015;
Massot-Cladera et al. 2012; McFadden et al. 2015). It emerges that microbially
transformed phytochemicals (e.g., quercetin after it has been subjected to fermenta-
tion) can alter the gut microbiota in healthy ways (i.e., growth of bifidobacteria and
decrease in the ratio of Firmicutes to Bacteroidetes) (Parkar et al. 2013). Honey is an
important diet constituent, high in phytochemicals such as phenolic acid and that of
flavonoid families (Alvarez-Suarez et al. 2013), and has antidepressant and anxio-
Iytic properties too (Azman et al. 2015; Mijanur Rahman et al. 2014). Honey
flavonoids when stimulated by LPS hinder the release of pro-inflammatory
cytokines, e.g., tumor necrosis factor alpha and interleukin-1 beta from microglia
in a significant manner (Candiracci et al. 2012).

Free radicals or reactive oxygen species (ROS) lead to oxidative stress and trigger
the pro-inflammatory avalanche, which involved IL-6 and CRP, both linked with
depression. Several dietary antioxidants such as curcumin, ascorbic acid,
carotenoids, and flavonoids are found to diminish depressive symptoms, either
directly or linked to a lower occurrence of depression (Christy Harrison 2020).

Fermentation leads to transformation of bioavailable phytochemical structures
and peptides which could lead to novel therapeutics (Selhub et al. 2014). It has been
reported that consumption of fermented food results in reduced social anxiety,
particularly in people with high neuroticism scores (Hilimire et al. 2015). Fermented
food has heat-inactivated microorganisms, and their structural parts may also have
significant effects on intestinal ecosystems (Yang et al. 2014).
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10.7.12 Rheumatoid Arthritis

Rheumatoid arthritis (RA), an autoimmune disorder, is dependent on/controlled
by/related to several factors, both genetic and environmental. Since it targets the
self-antigens present in the synovium, cartilage, and bone, it leads to destruction of
the joints and hence functional disability in most patient (Halpern et al. 2009; Tran
et al. 2005). Majority of the drugs available for the treatment of RA today (including
DMRDs or disease-modifying antirheumatic drugs) target cytokines, nonspecific
immune suppression, or T-cell and B-cell activation (Isaacs 2008; Kumar and Banik
2013; Benjamin et al. 2018). Besides the genetic factors, diet, smoking, and stress
are some of the environmental factors which influence the microbiota diversity/
composition and hence the onset/outcome of RA.

What’s the connect? The onset of autoimmunity may be associated with gastro-
intestinal tract. It is found that microbial composition in subjects with early rheuma-
toid arthritis differed from controls, with a reduction of bacteria from the family
Bifidobacterium and Bacteroides (Vaahtovuo et al. 2008), and a noticeable increase
of species from the genus Prevotella (Bernard 2014). Most of the studies indicated
that treatment with MTX and HCQ leads to partial restoration of dysbiotic
microbiomes to normal or alteration to increase abundance of beneficial microbial
members (Zhang et al. 2015). Methotrexate reduced the abundance of
Enterobacteriaceae and partially restored the gut microbiota in patients.
Hydroxychloroquine increased the gut microbial species’ richness and diversity.
Hydroxychloroquine plus doxycycline treatment led to the reduction in abundance
of phylum Bacteroidetes and Firmicutes (Bodkhe et al. 2019).

Recent studies in humans and mouse models of arthritis indicate that periodontal
disease is linked with a heightened risk of RA (Scher et al. 2012; Arvikar et al. 2013;
de Aquino et al. 2014). The presence of periodontitis is associated with anti-CCP
antibody levels in RA patients (Dissick et al. 2010). Treatment of periodontitis
enhances the disease activity of RA (Ortiz et al. 2009; Al-Katma et al. 2007). It is
found that periodontal bacteria such as P. Gingivalis and A. actinomycetemcomitans
induce the production of anti-CCP antibodies, which in turn leads to the arthritis thus
suggesting the link of periodontal bacteria with RA pathogenesis. Another evidence
comes from the finding that DNA of oral cavity bacteria such as Fusobacterium
nucleatum and Porphyromonas gingivalis has been detected in the synovial fluid of
RA patients (Reichert et al. 2013; Stephanie et al. 2012). In order to establish the
mechanistic link of the oral cavity bacteria with that of development of RA in
humans, more studies are needed. Oral microbiome and periodontal disease are
described in another chapter in further detail.

Exploring microbiome therapeutics: Randomized controlled trials with probiotic
bacteria like Lactobacillus rhamnosus, (Pineda et al. 2011; Hatakka et al. 2003),
Lactobacillus casei (Vaghef-Mehrabany et al. 2014), Bacillus coagulans (Mandel
et al. 2010), Lactobacillus reuteri, Lactobacillus acidophilus, and Bifidobacterium
bifidum have been carried out to determine their ability to treat RA. Randomized
controlled trials with probiotic bacteria have been studied for their ability to treat
RA, like Lactobacillus rhamnosus, (Pineda et al. 2011; Hatakka et al. 2003)
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Lactobacillus casei (Vaghef-Mehrabany et al. 2014), Bacillus coagulans (Mandel
et al. 2010) Lactobacillus reuteri, Lactobacillus acidophilus, and Bifidobacterium
bifidum. These probiotics have appeared to be effective for RA patients and are
considered safe (Zamani et al. 2016). However, since there is limited data on the
interaction between drug and microbiomes and probiotics for RA, further studies are
needed for a probiotic to be used for immune homeostasis. This could be helpful in
personalized medicine where a tailor-made probiotic (targeted organism/metabolite
which is in low abundance) can be supplemented to create immune homeostasis in
patients.

10.8 Conclusion

Acknowledging the impact that the microbiome has on human health and well-being
by scientific and nonscientific communities has allowed us to get curious and explore
this area in our own way. The existing approaches of microbiome diagnostics and
therapeutics need to evolve keeping in pace with current technologies. New
microbiome diagnostic marker panels developed based on Next-Gen sequencing
can be used to diagnose (and potentially prognos) disease by clinicians. Predictive
medicine using AI/ML algorithm-based analysis of patient’s microbiome could
predict the outcome of treatment options. To revolutionize microbiome therapeutics,
the treatment options should move from general to personalized ones. Such
personalized treatment strategy can be created based on the gut microbiome of an
individual (patient-specific). The treatment options can range from ‘precision
probiotics’ where a specific microbial cocktail can be administered to alter the
species richness or ‘precision prebiotics’ where targeted microbial nutrition is
given to promote growth of certain microbes or ‘personalized dietary interventions’
or ‘targeted subtractive theory’ (Fig. 10.5). Microbiome time series analysis to
follow-up treatment success and establishment of normobiosis will allow early
intervention and tweaking of treatment plans for better patient outcomes. Neverthe-
less, though the challenges are many, it is achievable. It will be thrilling to witness
this microbiome-based therapeutic model being adopted in routine clinical practice
and becoming a true translational discipline in the near future!
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