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LEARNING OBJECTIVES

1.

2.

Explain the concept of the human microbiome and microbial dysbiosis, including the composition,
physiological functions, and mechanisms that maintain microbial homeostasis in different body systems.
Identify and discuss the major factors contributing to microbial dysbiosis, including antibiotic exposure,
dietary habits, psychological stress, aging, host genetics, medications, and environmental influences.
Describe the laboratory and biopsy-based approaches used to investigate microbial dysbiosis, including
histopathology, fluorescence in situ hybridization (FISH), 16S rRNA gene sequencing, shotgun
metagenomics, metatranscriptomics, metabolomics, and culturomics.

Evaluate the role of microbial dysbiosis in the pathogenesis of human diseases, including gastrointestinal,
metabolic, neurological, autoimmune, dermatological, and cardiovascular disorders through
microbiome—host interactions.

Compare current and emerging therapeutic strategies for microbiome modulation, including probiotics,
prebiotics, synbiotics, fecal microbiota transplantation (FMT), bacteriophage therapy, postbiotics, and
CRISPR-based microbiome editing.

Discuss the future directions and challenges in microbiome research, with emphasis on biomarker
standardization, personalized microbiome medicine, regulatory considerations, safety issues, and the

integration of multi-omics technologies into clinical practice.

7.1 INTRODUCTION

The human body harbors an extraordinarily
diverse collection of microorganisms, collectively
known as the human microbiome, which includes
bacteria, archaea, fungi, viruses, and protozoa.
These  microorganisms  colonize  distinct
anatomical niches such as the gastrointestinal
tract, oral cavity, skin, respiratory tract, and
urogenital system, where they establish highly
specialized microbial ecosystems adapted to local
environmental conditions including pH, oxygen
availability, nutrient composition, and host
immune activity.[-*l Advances in high-throughput
sequencing have revealed that the collective
genetic repertoire of these microbial communities
far exceeds that of the human genome, providing
an extensive metabolic and functional capacity
that is essential for maintaining human health.
Under physiological conditions, the microbiome

exists in a balanced state known as eubiosis, in
which beneficial microorganisms coexist with the
host in a mutually advantageous relationship.
These microbial communities contribute to
numerous  biological processes, including
digestion of complex dietary polysaccharides,
production of short-chain fatty acids, synthesis of
vitamins, regulation of bile acid metabolism,
maintenance of epithelial barrier integrity, and
protection against invading pathogens through
colonization resistance. Equally important, the
microbiome plays a central role in the maturation
and regulation of both innate and adaptive
immunity, influencing immune tolerance,
inflammatory responses, and tissue homeostasis
throughout life. Disruption of this ecological
balance gives rise to microbial dysbiosis, a
condition characterized by reduced microbial
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diversity, depletion of beneficial commensal
organisms, expansion of opportunistic pathogens,
and altered microbial metabolic activity. Rather
than representing a simple shift in microbial

composition, dysbiosis involves functional
disturbances  that  impair  host-microbe
interactions, compromise mucosal barrier

function, and promote chronic inflammation.
These alterations can lead to increased intestinal
permeability, allowing microbial products such as
lipopolysaccharide and peptidoglycan fragments
to enter the circulation and trigger systemic
immune activation. 8

Consequently, dysbiosis has emerged as a key
contributor to the pathogenesis of numerous
chronic inflammatory and metabolic disorders.
Although dysbiosis may occur in multiple body
sites, the intestinal microbiome has received the
greatest scientific attention because of its
extensive influence on distant organs through
interconnected physiological pathways such as
the gut-brain, gut-liver, gut-lung, and gut—
immune axes. Microbial metabolites, including
short-chain fatty acids, secondary bile acids,
indole  derivatives, and other bioactive
compounds, circulate throughout the body and
regulate immune responses, endocrine signaling,
neuronal  communication, and  metabolic
homeostasis. Disturbances in these signaling
networks  have been  associated  with
gastrointestinal diseases, metabolic syndrome,
cardiovascular disorders, autoimmune conditions,
neurological diseases, respiratory illnesses, and
dermatological disorders. Growing evidence has
linked microbial dysbiosis with inflammatory
bowel disease, colorectal cancer, obesity, type 2

diabetes mellitus, non-alcoholic fatty liver
disease, cardiovascular disease, Parkinson's
disease, autism spectrum disorder, multiple

sclerosis, asthma, psoriasis, and atopic dermatitis.
These associations suggest that alterations in
microbial communities are not merely
consequences of disease but may actively
participate in disease initiation, progression, and
therapeutic response. ! Experimental studies
using germ-free animal models, fecal microbiota
transplantation, and multi-omics approaches have
further strengthened the causal relationship
between altered microbial ecology and host
physiology. The rapid evolution of microbiome
research has been driven by advances in molecular
biology and systems medicine. % Technologies
such as 16S rRNA gene sequencing, whole-

genome shotgun metagenomics,
metatranscriptomics, metabolomics, culturomics,
and spatial imaging techniques have enabled
comprehensive characterization of microbial
communities and their functional activities. These
innovations have significantly improved the
understanding of host-microbiome interactions
while facilitating the identification of disease-
specific microbial signatures and potential
therapeutic targets. Parallel to these scientific
advances, strategies for restoring microbial
homeostasis have evolved from conventional
dietary modification and probiotic
supplementation to  more  sophisticated
interventions, including prebiotics, synbiotics,
fecal microbiota transplantation, bacteriophage
therapy, postbiotics, engineered live
biotherapeutics, and CRISPR-based microbiome
editing. [ Together with personalized
medicine, artificial intelligence, and multi-omics
integration, these emerging approaches are
expected to transform microbiome research into
clinically applicable precision therapeutics. This
chapter provides a comprehensive overview of
microbial dysbiosis by discussing its underlying
causes, biopsy-based characterization methods,
disease associations, diagnostic technologies, and
current as well as emerging therapeutic strategies.
It also examines the major challenges facing
microbiome-based medicine and highlights future
directions that may facilitate the translation of
microbiome science into personalized clinical
practice. (1418l

7.2 FACTORS CONTRIBUTING TO
MICROBIAL DYSBIOSIS

The composition and function of the human
microbiome are shaped by a complex interaction
of host-related (endogenous) and environmental
(exogenous) factors. Throughout life, microbial
communities continuously adapt to changes in
diet, medication use, lifestyle, genetics, immune
status, and environmental exposures. While the
microbiome possesses remarkable resilience,
persistent or repeated disturbances can disrupt
microbial equilibrium, resulting in dysbiosis.
Understanding the major determinants of
dysbiosis is essential for developing preventive
strategies and designing targeted microbiome-
based therapies. 2]

A. Antibiotic Exposure: Antibiotics remain one
of the most significant causes of microbial
dysbiosis. Although these drugs are indispensable
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for treating bacterial infections, they frequently
eliminate beneficial commensal microorganisms
together with pathogenic bacteria. Broad-
spectrum antibiotics markedly reduce microbial
diversity, alter species composition, and impair
the metabolic functions of the intestinal
microbiota. Recovery of the microbiome is often
incomplete and may require several months or
even years, depending on the type of antibiotic,
duration of therapy, and individual host
characteristics.  Certain antibiotics produce
particularly long-lasting ecological changes. For
example, clindamycin has been associated with
prolonged depletion of Bacteroides species, while
repeated antibiotic ~ exposure increases
susceptibility to colonization by opportunistic
pathogens such as Clostridioides difficile. Early-
life antibiotic administration is of particular
concern because infancy represents a critical
period for microbiome establishment and immune
maturation. Epidemiological and experimental
studies have linked neonatal antibiotic exposure
with an increased risk of allergic diseases, obesity,
inflammatory bowel disease, and other immune-
mediated disorders later in life. These
observations emphasize the importance of prudent
antibiotic stewardship to preserve microbial
diversity and maintain long-term host health. 2>
24]

B. Dietary Patterns: Diet is one of the most
powerful and readily modifiable determinants of
microbiome composition. Changes in dietary
intake can rapidly alter microbial community
structure, with measurable shifts occurring within
a few days. Diets rich in whole grains, fruits,
vegetables, legumes, and other fiber-containing
foods promote the growth of beneficial
microorganisms capable of fermenting complex
carbohydrates into short-chain fatty acids
(SCFAs), including acetate, propionate, and
butyrate. These metabolites provide energy for
intestinal epithelial cells, strengthen the mucosal
barrier, regulate immune function, and suppress
intestinal inflammation. In contrast, dietary
patterns characterized by high consumption of
saturated fats, refined sugars, processed foods,
and low fiber intake are associated with reduced
microbial diversity and diminished populations of
beneficial butyrate-producing bacteria. Such diets
favor the expansion of bile-tolerant and pro-
inflammatory microorganisms while reducing the
abundance of fiber-fermenting species. Animal-
based diets also promote microbial communities
adapted to protein and fat metabolism, resulting in

altered bile acid profiles and production of
metabolites that may contribute to chronic
inflammatory and metabolic diseases. Among
healthy dietary patterns, the Mediterranean diet
has consistently demonstrated beneficial effects
on the intestinal microbiome. Its high content of
dietary fiber, polyphenols, unsaturated fatty acids,
and plant-derived bioactive compounds enhances
microbial diversity, increases SCFA production,
and supports the growth of anti-inflammatory
bacterial species. Clinical studies have associated
adherence to this dietary pattern with improved
metabolic health, reduced intestinal inflammation,
and a lower risk of several dysbiosis-related
disorders, highlighting nutrition as a cornerstone
of microbiome-targeted preventive medicine.?4?"]
C. HPA Axis and Psychological Stress:
Psychological stress is an important regulator of
the gut microbiome through the bidirectional gut
brain axis, a communication network that links the
central nervous system, endocrine system,
immune system, and gastrointestinal tract.
Activation of the hypothalamic—pituitary—adrenal
(HPA) axis during acute or chronic stress leads to
increased  secretion  of  glucocorticoids,
particularly cortisol. Elevated cortisol levels
influence gastrointestinal physiology by altering
intestinal motility, reducing mucus production,
increasing epithelial permeability, and modifying
immune responses. These physiological changes
create an intestinal environment that favors
disruption of microbial homeostasis and promotes
the development of dysbiosis. 28 Experimental
studies have demonstrated that chronic
psychological stress can significantly alter the
composition of the intestinal microbiota, often
reducing beneficial commensal bacteria while
facilitating the proliferation of opportunistic
Gram-negative microorganisms. Stress-induced
dysbiosis is accompanied by increased production
of pro-inflammatory cytokines and impaired
intestinal barrier function, thereby amplifying
local and systemic inflammatory responses.
Restoration of a healthy microbial community has
been shown to attenuate many of these
inflammatory  changes, emphasizing  the
reciprocal relationship between the microbiome
and host physiology. I Early-life stress appears
to have particularly profound and long-lasting
effects on microbiome development. Adverse
experiences during infancy and childhood may
interfere with the normal establishment of
microbial communities, resulting in persistent
alterations in gut microbial composition that
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extend into adulthood. These changes have been
associated with increased susceptibility to
anxiety, depression, functional gastrointestinal
disorders, and other stress-related conditions.
Consequently, chronic psychological stress and
microbial dysbiosis may reinforce one another
through a self-perpetuating feedback loop,
highlighting stress management as an important
component of strategies aimed at maintaining
microbiome health and preventing chronic
disease.

D. Age and Early-Life Colonization: The
establishment of the human microbiome begins
immediately after birth and continues to develop
throughout infancy and early childhood. This
critical period of microbial colonization is
influenced by several factors, including the mode
of delivery, infant feeding practices, maternal
microbiota, environmental exposure, and
antibiotic use. Infants born through vaginal
delivery  are  typically  colonized by
microorganisms originating from the maternal
vaginal and intestinal microbiota, whereas those
delivered by cesarean section initially acquire
microbes predominantly from the skin and
hospital environment. These early differences in
microbial composition may persist for months or
even years and have been associated with altered
immune maturation and an increased risk of
allergic, metabolic, and autoimmune disorders.
Breastfeeding plays a pivotal role in shaping the
neonatal microbiome. Human milk contains
human milk oligosaccharides (HMOs), which
function as natural prebiotics that selectively
promote the growth of beneficial bacteria,
particularly Bifidobacterium species. These
microorganisms contribute to intestinal barrier
development, immune system maturation, and
protection against enteric pathogens. In contrast,
aging is associated with progressive alterations in
microbial composition, characterized by reduced
microbial diversity, diminished populations of
beneficial short-chain fatty acid—producing
bacteria, and increased abundance of facultative
anaerobic microorganisms. Such age-related
changes contribute to chronic low-grade
inflammation, commonly referred to as
inflammaging, and increase susceptibility to
infections, frailty, and metabolic disorders.

E. Host Genetics: Host genetic variation is
another important determinant of microbiome
composition and function. Although
environmental influences exert substantial effects,
genetic factors contribute to the colonization and

persistence of specific microbial taxa. Twin
studies have consistently demonstrated greater
similarity in microbial communities among
monozygotic twins than among dizygotic twins,
indicating a significant heritable component of the
gut microbiome. Several genes involved in innate
immunity and intestinal barrier function have
been linked to microbiome composition and
susceptibility to disease. Variants in genes such as
NOD2, ATG16L1, and IL23R influence host
immune responses to intestinal microorganisms
and are strongly associated with inflammatory
bowel diseases. Likewise, polymorphisms in the
FUT2 gene determine secretor status, which
affects the expression of blood group antigens on
the intestinal mucosa and influences colonization
by beneficial microorganisms such as
Bifidobacterium. These findings demonstrate that
genetic variation shapes host-microbiome
interactions and contributes to individual
differences in disease susceptibility.

F. Medications Beyond Antibiotics: In addition
to antibiotics, numerous commonly prescribed
medications can  significantly alter the
composition and metabolic activity of the gut
microbiome. Recent studies have shown that a
substantial proportion of non-antibiotic drugs
possess antimicrobial properties or indirectly
modify the intestinal environment, thereby
influencing microbial diversity and function.
Proton pump inhibitors (PPIs) reduce gastric acid
secretion, allowing microorganisms from the
upper gastrointestinal tract and oral cavity to
survive and colonize the intestine more readily.
This shift may favor the proliferation of pro-
inflammatory bacterial species. Metformin, one of
the most widely prescribed medications for type 2
diabetes mellitus, has been shown to increase the
abundance of Akkermansia muciniphila and other
beneficial bacteria, changes that may contribute to
its glucose-lowering and anti-inflammatory
effects. Other drug classes, including
antipsychotics, laxatives, nonsteroidal anti-
inflammatory drugs, and immunosuppressive
agents, have also been associated with measurable
alterations in microbial ecology. Among older
adults, long-term use of multiple medications
(polypharmacy) represents an increasingly
recognized contributor to age-related dysbiosis.
G. Geographical and Environmental Factors:
The composition of the human microbiome is
strongly influenced by geographical location,
lifestyle,  socioeconomic  conditions, and
environmental exposures. Individuals living in
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rural settings generally exhibit greater microbial
diversity than those residing in highly urbanized
regions. Differences in dietary habits, sanitation,
contact with natural environments, exposure to
domestic animals, and use of antimicrobial agents
contribute to these variations. Greater microbial
diversity observed in traditional rural populations
is thought to support balanced immune
development and may partly explain the lower
prevalence of certain immune-mediated disorders.
Environmental pollutants also influence microbial
homeostasis. Exposure to heavy metals,
pesticides, air pollutants, microplastics, and
endocrine-disrupting chemicals can modify the
composition and function of  microbial
communities by affecting microbial metabolism
and host immune responses. These environmental
factors may promote chronic inflammation,
impair intestinal barrier integrity, and increase
susceptibility to metabolic, inflammatory, and
autoimmune  diseases.  Consequently, both
environmental quality and lifestyle practices play
important roles in maintaining microbial diversity
and preventing the development of dysbiosis.

7.3 BIOPSY-BASED APPROACHES IN
MICROBIAL DYSBIOSIS RESEARCH

Although fecal samples remain the most widely
used specimens for microbiome studies because
they are non-invasive, inexpensive, and easy to
obtain, they primarily represent microorganisms
residing  within  the intestinal  lumen.
Consequently, fecal microbiota may not
accurately reflect the microbial populations that
adhere directly to the intestinal mucosa, where
critical interactions between microorganisms,
epithelial cells, and immune cells occur. Mucosal
biopsy specimens provide valuable
complementary information by enabling direct
investigation of the microbiome at the host—
microbe interface. These tissue samples are
particularly useful for studying inflammatory
bowel disease (IBD), colorectal cancer, and other
disorders in which microbial communities closely
associated with the intestinal epithelium play a
pivotal role in disease pathogenesis.

7.3.1 Endoscopic Biopsy Collection and Site
Selection

Mucosal biopsy specimens are commonly
obtained during colonoscopy, ileocolonoscopy, or
flexible sigmoidoscopy using sterile biopsy

forceps. Careful selection of the biopsy site is
essential because microbial composition differs
substantially throughout the gastrointestinal tract
owing to regional variations in oxygen
concentration, pH, nutrient availability, bile acid
exposure, mucus composition, and intestinal
transit time. Samples collected from the terminal
ileum, cecum, ascending colon, transverse colon,
descending colon, sigmoid colon, and rectum
therefore exhibit distinct microbial profiles. In
studies of inflammatory bowel disease, paired
biopsies from inflamed and non-inflamed
mucosal regions of the same patient are frequently
analyzed to distinguish disease-specific microbial
alterations  from  normal interindividual
variability. Standardization of bowel preparation,
sampling procedures, and specimen handling is
also critical, as these factors influence the
recovery of adherent microorganisms and the
reproducibility of microbiome analyses.

7.3.2 Histopathological Evaluation

Histopathological examination provides essential
information regarding tissue architecture and
inflammatory ~ changes that  complement
microbiome data. Routine hematoxylin and eosin
(H&E) staining enables assessment of epithelial
integrity, crypt architecture, inflammatory cell
infiltration, ulceration, goblet cell depletion, and
other structural abnormalities associated with
intestinal disease. These histological findings help
determine disease severity and distinguish
between different forms of inflammatory bowel
disease.  Additional histochemical and
immunohistochemical techniques further enhance
tissue characterization. Periodic acid-Schiff
(PAS) staining is useful for evaluating mucus
production and goblet cell function, whereas
immunostaining for tight junction proteins such as
claudin-1, occludin, and zonula occludens-1 (ZO-
1) allows assessment of epithelial barrier
integrity. Together, these analyses provide
important insights into the relationship between
microbial dysbiosis, mucosal injury, and intestinal
permeability.

7.3.3 Fluorescence in Situ Hybridization

Fluorescence in situ hybridization (FISH) is an
imaging technique that enables direct
visualization of specific microorganisms within
tissue sections while preserving their spatial
organization. Fluorescently labeled
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oligonucleotide probes targeting bacterial 16S
rRNA hybridize with selected microbial taxa,
allowing microscopic identification without the
need for culture. Because microbial localization is
maintained, FISH provides valuable information
regarding the distribution of bacteria within the
mucus layer, epithelial surface, and deeper tissue
compartments. This technique has significantly
improved understanding of  host-microbe
interactions in health and disease. Studies using
FISH have demonstrated disruption of the
normally bacteria-free inner mucus layer in
inflammatory bowel disease and have identified
enrichment of organisms such as Fusobacterium
nucleatum within colorectal tumor tissues.
Advanced techniques such as catalyzed reporter
deposition FISH (CARD-FISH) further increase
detection sensitivity for microorganisms present
in low abundance. B%
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Figure: 7.1 Mechanism of Dysbiosis
7.3.4 Biopsy-Based Microbial Profiling

DNA extracted from mucosal biopsy specimens
can be analyzed using the same molecular
techniques employed for fecal microbiome
studies, including 16S rRNA gene sequencing and
whole-genome shotgun metagenomic sequencing.

However, biopsy-derived samples provide a more
accurate representation of microorganisms that
are firmly attached to the intestinal epithelium,
many of which are underrepresented in fecal
specimens. Comparative studies have shown that
mucosal microbiota often differs substantially
from luminal microbial communities. Biopsy
samples typically contain a greater proportion of
epithelial-associated bacteria and demonstrate
stronger correlations with local inflammation and
histopathological changes. Modern metagenomic
approaches also permit simultaneous
characterization of bacterial, viral, archaeal, and
fungal communities, providing a comprehensive
view of the mucosal microbiome and its
functional potential.

7.3.5 Transcriptomic and Proteomic Analysis

One of the major advantages of mucosal biopsy
specimens is the ability to investigate both
microbial and host responses from the same tissue
sample. Transcriptomic analysis using RNA
sequencing (RNA-seq) identifies genes that are

differentially — expressed during  dysbiosis,
including those involved in innate immunity,
cytokine  signaling, antimicrobial peptide

production, epithelial barrier maintenance, and
inflammatory pathways. Proteomic and multiplex
immunofluorescence techniques further
characterize the abundance and spatial
distribution of proteins and immune cell
populations within the intestinal mucosa.
Simultaneous visualization of T lymphocytes,
macrophages, innate lymphoid cells, cytokines,
and microbial communities enables detailed
mapping of host-microbiome interactions at the
cellular level. Integration of microbiome
sequencing with transcriptomics, proteomics, and
spatial imaging has become an important
component of translational research and clinical
trials, facilitating the discovery of biomarkers,
therapeutic targets, and mechanisms underlying
microbiome-associated diseases.

7.4 DISEASE  ASSOCIATIONS
MICROBIAL DYSBIOSIS

OF

Accumulating evidence indicates that microbial
dysbiosis contributes to the development and
progression of numerous diseases affecting both
the gastrointestinal tract and distant organs.
Alterations in microbial diversity, loss of
beneficial  microorganisms,  expansion  of
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opportunistic pathogens, and changes in microbial
metabolic  activity can disrupt immune
homeostasis, impair epithelial barrier function,
and promote chronic inflammation. These
mechanisms establish the microbiome as a central
regulator of health and disease.

7.4.1 Gastrointestinal Disorders

The strongest evidence linking dysbiosis to
human disease has been established in
gastrointestinal disorders. Inflammatory bowel
disease (IBD), encompassing Crohn's disease and
ulcerative colitis, is characterized by profound
alterations in the intestinal microbiome, including
reduced bacterial diversity, depletion of beneficial
short-chain fatty acid-producing bacteria, and
increased abundance of pro-inflammatory
microorganisms. These microbial changes
compromise mucosal barrier integrity, stimulate
immune activation, and perpetuate chronic
intestinal inflammation. Longitudinal
investigations further suggest that fluctuations in
microbial composition may precede clinical
relapse, making the microbiome a potential
biomarker for disease monitoring. In irritable
bowel syndrome (IBS), dysbiosis influences
gastrointestinal function through interactions with
the enteric nervous system and the gut—brain axis.
Altered microbial metabolism affects serotonin
synthesis, intestinal motility, visceral sensitivity,
and immune regulation, thereby contributing to
abdominal pain, bloating, and altered bowel
habits. Increasing evidence also implicates the
microbiome in colorectal carcinogenesis. Certain
bacteria can promote chronic inflammation,
produce genotoxic metabolites, and activate
oncogenic signaling pathways, creating a
microenvironment favorable for tumor initiation
and progression. These observations support the
concept of "oncobiota,” whereby specific
microbial communities participate in colorectal
cancer development.

7.4.2 Metabolic Diseases

The intestinal microbiome plays a fundamental
role in regulating energy metabolism, nutrient
absorption, and glucose homeostasis.
Experimental studies have demonstrated that
transplantation of gut microbiota from obese
donors into germ-free animals can reproduce
features of obesity, indicating that microbial
composition directly influences energy harvest

and fat storage. In humans, obesity and type 2
diabetes mellitus are frequently associated with

reduced abundance of beneficial butyrate-
producing  bacteria, increased intestinal
permeability, and chronic low-grade
inflammation.  Microbial ~ dysbiosis  also

contributes significantly to the development of
non-alcoholic fatty liver disease (NAFLD) and its
progressive form, non-alcoholic steatohepatitis
(NASH). Disruption of the intestinal barrier
permits translocation of bacterial endotoxins into
the portal circulation, where they activate hepatic
immune pathways and promote inflammation,
fibrosis, and lipid accumulation. This gut-liver
interaction highlights the importance of microbial
homeostasis in maintaining normal hepatic
metabolism and preventing chronic liver disease.

7.4.3 Neurological Conditions

Growing evidence supports a close relationship
between the intestinal microbiome and the central
nervous system through the gut-brain axis. In
Parkinson's disease, gastrointestinal symptoms
frequently precede neurological manifestations by
several years, suggesting that pathological
processes may begin within the gastrointestinal
tract. Altered microbial communities have been
associated with intestinal inflammation, impaired
barrier function, and abnormal production of
microbial metabolites that may influence a-
synuclein aggregation and neurodegeneration
through neural, immune, and endocrine pathways.
Microbial dysbiosis has also been implicated in
autism spectrum disorder (ASD) and other
neurodevelopmental conditions. Animal studies
have demonstrated that modifying the gut
microbiota can influence social behavior,
cognitive function, and neuroinflammation.
Microbial metabolites capable of crossing the
intestinal barrier may alter neurotransmitter
synthesis, immune signaling, and brain
development, providing biological evidence for
microbiome involvement in  neurological
function.  Similar mechanisms are being
investigated in depression, anxiety disorders,
multiple sclerosis, and Alzheimer's disease.

7.4.4 Dermatological and Autoimmune
Diseases
The skin microbiome forms an essential

component of the body's first line of defense by
maintaining  epidermal  homeostasis  and
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regulating local immune responses. Healthy skin
is colonized by diverse microbial communities
that inhibit pathogen colonization and support
barrier integrity. In atopic dermatitis, microbial
diversity ~ decreases  while  opportunistic
organisms, particularly Staphylococcus aureus,
become dominant, leading to exaggerated
inflammatory responses and impaired skin barrier
function. Psoriasis has also been associated with
alterations in both cutaneous and intestinal
microbial communities, suggesting that systemic
immune dysregulation links the gut and skin.
Furthermore, increasing evidence implicates
microbial dysbiosis in autoimmune diseases such
as rheumatoid arthritis and systemic lupus
erythematosus, where changes in intestinal
bacterial composition may promote autoantibody
production, activation of autoreactive immune
cells, and chronic systemic inflammation. These
observations support the concept that disturbances
in the microbiome can influence immune
tolerance and contribute to the initiation and
progression of autoimmune disorders.
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7.5. DIAGNOSTIC APPROACHES FOR
MICROBIAL DYSBIOSIS

Advances in molecular biology and high-
throughput  sequencing  technologies have
transformed the diagnosis and characterization of
microbial dysbiosis. Traditional culture-based
methods detect only a small proportion of
microorganisms present in the human body
because many species cannot be cultivated under
standard  laboratory  conditions.  Modern
microbiome research therefore relies on culture-

independent genomic, transcriptomic,
metabolomic, and advanced culture-based
techniques  that  provide  comprehensive

information regarding microbial composition,
functional activity, and host-microbe interactions.
The integration of these technologies has
significantly improved the identification of
disease-associated microbial signatures and
supports the development of precision
microbiome medicine.

A. 16S rRNA Gene Sequencing: The most
widely used method for bacterial community
profiling is 16S ribosomal RNA (16S rRNA) gene
sequencing. The bacterial 16S rRNA gene
contains conserved regions interspersed with
multiple hypervariable regions that serve as
molecular markers for taxonomic identification.
Amplification and sequencing of selected
hypervariable regions enable the identification

and relative quantification of bacterial
populations  within ~ complex  microbial
communities without the need for culture.
Because of its relatively low cost, rapid

processing time, and high throughput, 16S rRNA
sequencing has become the standard approach for
investigating microbial diversity in clinical and
research  settings. The technique allows
comparison of bacterial communities across
different disease states and helps identify
microbial signatures associated with dysbiosis.
However, its taxonomic resolution is generally
limited to the genus level, making discrimination
between closely related species difficult. In
addition, amplification bias, primer selection, and
sequencing artifacts may influence the accuracy
of microbial profiling.

B. Shotgun Metagenomics and
Metatranscriptomics: Whole-genome shotgun
metagenomic sequencing provides a more
comprehensive analysis of microbial communities
by sequencing all genetic material present within
a biological sample. Unlike targeted 16S
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sequencing, this approach identifies bacteria,
archaea, fungi, viruses, and other microorganisms
at species or even strain level while
simultaneously characterizing their functional
genetic potential. Metagenomic analysis also
enables identification of metabolic pathways,
antimicrobial resistance genes, virulence factors,
and novel microbial species that cannot be
detected using  conventional  techniques.
Metatranscriptomics extends this analysis by
sequencing microbial messenger RNA, thereby
identifying genes that are actively expressed
rather than merely present within the microbial
genome. This approach provides valuable insight
into the functional activity of microbial
communities under different physiological or
pathological conditions. Although metagenomic

and  metatranscriptomic  analyses  require
advanced sequencing platforms, substantial
computational resources, and sophisticated

bioinformatics pipelines, continuing reductions in
sequencing costs have made these technologies
increasingly accessible for both clinical research
and translational applications.

C. Metabolomics and Culturomics: While
genomic approaches reveal the composition and
genetic potential of microbial communities,
metabolomics evaluates their biochemical activity
by identifying small molecules produced during
microbial metabolism. Analytical platforms such
as mass spectrometry (MS) and nuclear magnetic
resonance (NMR) spectroscopy are widely used to
guantify microbial metabolites in biological
samples, including feces, serum, urine, and tissue
extracts. Important metabolites such as short-
chain fatty acids, bile acids, amino acid
derivatives, indole compounds, and
trimethylamine  N-oxide (TMAQO) provide
functional biomarkers of microbial activity and
contribute to understanding disease mechanisms,
treatment response, and host-microbiome
interactions. Culturomics represents an advanced
culture-based  strategy that complements
molecular sequencing techniques. By employing
a wide variety of culture media, incubation

conditions, and environmental parameters,
culturomics  enables  the isolation of
microorganisms previously considered

unculturable. This approach has substantially
expanded the catalog of known human-associated
microorganisms and provides living microbial
isolates for physiological studies, antimicrobial
susceptibility testing, genome sequencing, and
development of next-generation microbiome-

based therapeutics. The combined application of
sequencing technologies, metabolomics, and
culturomics offers a comprehensive framework
for investigating microbial dysbiosis and its
clinical implications.

7.6 THERAPEUTIC PERSPECTIVES

Restoration of microbial homeostasis has become
an important therapeutic objective in the
management of dysbiosis-associated diseases.
Conventional treatments aimed primarily at
symptom control are increasingly being
complemented by microbiome-directed
interventions that seek to modify the composition
or function of microbial communities. Current
therapeutic  strategies range from dietary
modulation and microbial supplementation to
advanced technologies involving engineered
microorganisms, bacteriophages, and genome-
editing platforms. These approaches offer the
potential to improve disease outcomes while
minimizing disruption of the normal microbial
ecosystem.

7.6.1 Probiotics, Prebiotics, and Synbiotics

Probiotics are live microorganisms that confer
health benefits when administered in adequate
guantities. Commonly investigated probiotic
organisms include species belonging to the genera
Lactobacillus, Bifidobacterium, and the beneficial
yeast Saccharomyces boulardii. Numerous
clinical studies have demonstrated their
usefulness in reducing antibiotic-associated
diarrhea, preventing certain gastrointestinal
infections, and supporting remission in selected
inflammatory bowel conditions. However,
therapeutic efficacy varies considerably according
to microbial strain, dosage, treatment duration,
and the host's existing microbiome composition.
Recent research indicates that probiotic
colonization is highly individualized,
emphasizing the need for personalized probiotic
therapy rather than universal supplementation.
Prebiotics are selectively fermentable dietary
substrates that promote the growth and activity of
beneficial microorganisms already present within
the intestine. These compounds, including inulin,
fructooligosaccharides, alactooligosaccharides,
and resistant starches, enhance the production of
short-chain fatty acids, strengthen intestinal
barrier function, and reduce inflammatory
responses. Synbiotics, which combine probiotics
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with complementary prebiotics, aim to improve
microbial survival and colonization while
producing  synergistic  therapeutic  effects.
Although promising results have been reported for
metabolic disorders, inflammatory bowel disease,
and gastrointestinal health, further large-scale
randomized clinical trials are required to establish
standardized treatment recommendations.

7.6.2 Fecal Microbiota Transplantation

FMT involves transferring processed intestinal
microbiota from a carefully screened healthy
donor into the gastrointestinal tract of a recipient
with severe dysbiosis. The primary objective is to
restore microbial diversity and re-establish a
balanced intestinal ecosystem. FMT has
demonstrated remarkable success in treating
recurrent Clostridioides difficile infection, where
it consistently achieves higher cure rates than
conventional antibiotic therapy and is now
incorporated into international clinical guidelines.
Beyond recurrent C. difficile infection, FMT is
being actively investigated for several chronic
disorders, including ulcerative colitis, irritable
bowel syndrome, metabolic syndrome, hepatic
encephalopathy, graft-versus-host disease, and
enhancement of cancer immunotherapy. Ongoing
research focuses on improving donor selection,
pathogen  screening,  standardized  stool
processing, oral capsule formulations, and long-
term safety monitoring. These advances aim to
increase the effectiveness, reproducibility, and
accessibility of FMT while minimizing the risk of
transmitting infectious agents.

7.6.3 Bacteriophage Therapy
Bacteriophage

therapy represents a highly

targeted strategy for  manipulating the
microbiome. Bacteriophages are viruses that
selectively infect bacterial cells, allowing
elimination of specific pathogenic
microorganisms while preserving the surrounding
beneficial microbiota. This precision

distinguishes phage therapy from broad-spectrum
antibiotics, which frequently disrupt normal
microbial communities and contribute to
dysbiosis. Clinical and experimental studies have
demonstrated  encouraging results against
multidrug-resistant bacterial infections,
highlighting the potential of bacteriophages as
alternatives or adjuncts to conventional
antimicrobial therapy. Nevertheless, several

limited host
to phages,

obstacles remain, including
specificity, bacterial resistance
manufacturing challenges, and regulatory
approval processes. Advances in synthetic
biology have facilitated the development of
genetically engineered bacteriophages capable of
delivering antimicrobial enzymes, disrupting
bacterial biofilms, or carrying CRISPR-based
genetic payloads, thereby expanding their
therapeutic potential.

7.6.4 Postbiotics

Postbiotics consist of non-viable microbial cells,
microbial cell components, or bioactive
metabolites that exert beneficial biological effects
without requiring the administration of living
microorganisms.  Examples include heat-
inactivated bacteria, cell wall fragments,
extracellular vesicles, short-chain fatty acids,
indole  derivatives, and other  microbial
metabolites that influence host physiology.
Compared with live probiotics, postbiotics offer
several practical advantages, including greater
product stability, longer shelf life, easier storage,
standardized manufacturing, and improved safety
for immunocompromised individuals.
Experimental studies have demonstrated anti-
inflammatory, antioxidant, immunomodulatory,
and epithelial barrier-protective properties of
various postbiotic compounds. Although these
findings are promising, additional well-designed
clinical trials are necessary to establish optimal
formulations, dosing strategies, and disease-
specific therapeutic indications.

7.6.5 CRISPR-Based Microbiome Editing

The emergence of CRISPR-Cas genome-editing
technology has opened new opportunities for
precision microbiome engineering. Unlike
conventional microbiome interventions that
broadly alter microbial communities, CRISPR
technology enables selective modification of
individual bacterial species or specific genetic
elements within complex microbial ecosystems.
Potential applications include targeted elimination
of pathogenic bacteria, removal of antimicrobial
resistance genes, enhancement of beneficial
metabolic pathways, and engineering of probiotic

microorganisms with improved therapeutic
properties. Delivery systems utilizing
bacteriophages,  lipid  nanoparticles, and

engineered microbial vectors are currently being
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developed to introduce CRISPR components
directly into the intestinal microbiota. Despite its
enormous promise, significant challenges remain,
including efficient in vivo delivery, prevention of
off-target genetic modifications, ecological
stability, and long-term safety. Continued
advances in synthetic biology, nanotechnology,
and microbial engineering are expected to
position CRISPR-based microbiome editing as
one of the most transformative therapeutic
strategies for the treatment of dysbiosis-
associated diseases in the coming years.

7.7  CHALLENGES
DIRECTIONS

AND FUTURE

Although remarkable advances have been made in
understanding the role of microbial dysbiosis in
human disease, several scientific, clinical, and
regulatory challenges continue to hinder its
translation into routine medical practice. The
complexity of the human microbiome,
considerable inter-individual variability, lack of
standardized diagnostic criteria, and uncertainties
regarding long-term therapeutic safety remain
major obstacles. Future research must focus on
developing reproducible biomarkers, standardized
analytical methods, precision microbiome
therapies, and regulatory frameworks that ensure
both efficacy and patient safety.

A. Standardization of Dysbiosis Biomarkers:
One of the greatest challenges in microbiome
research is the absence of universally accepted
biomarkers for defining microbial dysbiosis.
Healthy microbial communities differ
substantially among individuals depending on
age, ethnicity, geographic location, dietary habits,
environmental exposures, genetics, and lifestyle
factors, making it difficult to establish a single
"normal” microbiome reference (Lozupone et al.,
2012; Lynch & Pedersen, 2016). Furthermore,
variability introduced by differences in sample
collection, DNA extraction methods, sequencing
platforms, bioinformatic pipelines, and statistical
analyses often limits comparisons between
studies. International collaborative initiatives are
therefore needed to develop standardized
protocols, reference microbial databases, and
validated dysbiosis indices stratified according to
demographic and clinical characteristics. Such
harmonization will improve reproducibility,
facilitate multicenter clinical trials, and accelerate
the clinical implementation of microbiome-based
diagnostics.

B. Regulatory and Safety Considerations: The
clinical  application of microbiome-based
therapies presents unique regulatory and biosafety
challenges. Therapeutic modalities such as fecal
microbiota  transplantation  (FMT), live
biotherapeutic products (LBPs), engineered
probiotics, bacteriophage therapy, and CRISPR-
based microbiome editing do not fit neatly into
existing pharmaceutical regulatory frameworks.
Although the approval of the first microbiome-
based therapeutic (Vowst®/SER-109) by the U.S.
Food and Drug Administration for recurrent
Clostridioides difficile infection represents an
important milestone, concerns regarding donor
screening, pathogen transmission, multidrug-
resistant organisms, and long-term ecological
consequences remain significant. Similarly,
bacteriophage therapy requires standardized
manufacturing protocols, host-range validation,
and resistance monitoring, while CRISPR-based
microbiome editing demands comprehensive
evaluation of off-target genetic modifications,
horizontal gene transfer, and ecological safety.
Robust international regulatory guidelines,
standardized quality-control procedures, and
long-term post-marketing surveillance will be
essential for ensuring patient safety and public
confidence.

C. Personalized Microbiome Medicine: Future
microbiome therapy is expected to transition from
generalized interventions toward personalized
precision medicine. Individual differences in
microbial composition, host genetics, immune
responses, dietary habits, metabolic status,
medication use, and environmental exposures
largely determine therapeutic efficacy, explaining
why identical probiotic formulations often
produce highly variable clinical outcomes (Zmora
et al, 2018). Advances in multi-omics
technologies including metagenomics,
metatranscriptomics, metabolomics, proteomics,
host genomics, and immunophenotyping
combined with artificial intelligence and machine
learning algorithms are expected to enable
individualized prediction of disease risk and
therapeutic response (Lloyd-Price et al., 2019).
Precision microbiome medicine may eventually
allow clinicians to design patient-specific
probiotic formulations, targeted bacteriophage
cocktails, customized dietary interventions, and
genetically engineered microbial therapeutics
tailored to each individual's microbial ecosystem,
thereby maximizing therapeutic effectiveness
while minimizing adverse effects.
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7.8 CONCLUSION

Microbial dyshiosis has emerged as a central
pathophysiological concept linking disturbances

in the human microbiome to numerous
gastrointestinal, metabolic, neurological,
cardiovascular, autoimmune, respiratory, and
dermatological disorders. Growing evidence

demonstrates that alterations in microbial
diversity, depletion of beneficial commensal
organisms, expansion of opportunistic pathogens,
impaired  epithelial  barrier  function, and
dysregulated host immune responses collectively
contribute to chronic inflammation and disease
progression.  Advances in high-throughput
sequencing, metabolomics, transcriptomics, and
systems biology have substantially improved our
understanding of host—microbiome interactions
and the molecular mechanisms underlying
dysbiosis.  Simultaneously, the therapeutic
landscape has evolved from conventional dietary
modification and probiotic supplementation

toward precision microbiome engineering.
Emerging  interventions  including  fecal
microbiota  transplantation,  next-generation

probiotics, postbiotics, bacteriophage therapy,
engineered live biotherapeutics, and CRISPR-
based microbiome editing offer promising
opportunities to restore microbial homeostasis
and improve clinical outcomes across a broad
spectrum of diseases. However, successful
clinical  translation  requires  standardized
diagnostic biomarkers, harmonized analytical
methodologies, rigorous safety evaluation,
comprehensive regulatory oversight, and long-
term validation through large multicenter clinical
trials.
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