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ABSTRACT

methods, and possible new paths for translation and research.

The human gut microbiota is a diverse and ever-changing group of bacteria, viruses, fungi, archaea, and eukaryotes that play a big
role in how the body works. The gut microbiota's composition, its temporal variations, primary functions (such as nutrient
degradation, immune system maturation, barrier maintenance, and inter-system signalling between the nervous and endocrine
systems), the implications of dysbiosis for disease, diagnostic and analytical methodologies, therapeutic interventions (including
dietary modifications, prebiotics, probiotics, postbiotics, faecal microbiota transplantation, and precision microbiome therapeutics),
and the prevailing clinical, regulatory, and societal challenges. The last parts talk about questions that are still open, problems with
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system.
INTRODUCTION Microbial Composition and biogeography of the gut
he term '"gut microbiota" refers to all the The gut contains trillions of microorganisms such as
microorganisms that live in the gut. The gut bacteria, fungi, viruses, and others. In healthy adults, the

microbiome, sometimes called the body's "second
genome," is made up of the genes of the body.! In the last
twenty years, advances in high-throughput sequencing,
culture methods, and computational biology have changed
how we think about these groups of microbes and how they
affect human ? Studies indicate that the gut microbiota
influences not only digestion but also the host's
metabolism, immune system, nervous system, 3 and
pharmacokinetics. The aim of this article is to provide a
comprehensive overview of the principal concepts, their
mechanisms, implications for health, and the present
condition of the gut microbiota as a regulator of human
health.

major bacteria present are Firmicutes and Bacteroidetes, *
while Actinobacteria, Proteobacteria, and Verrucomicrobia
are present in smaller amounts. These microbes > are not
evenly distributed in the gut; different regions like the small
intestine and large intestine have different microbial
populations, ® and even microbes in the gut lumen differ
from those attached to the gut lining. Also, each person has
a unique microbial composition, but many microbes
perform similar functions, showing functional redundancy. ’
The distribution and growth of these microbes depend on
local conditions like pH, oxygen levels, and mucus.

Therefore, understanding how these microbes vary in
different locations and over time is important to link their
composition with their function.

Figure 1: Composition of the gut microbiota®
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Figure 2: Development of Gut Microbiota

Development and determinants of gut microbiota

The growth of gut microbiota starts from birth (and some
studies suggest even before birth, though this is still
debated) and continues through all stages of life like
infancy, childhood, adulthood, and old age.’Many factors
influence this process, such as the mode of delivery (normal
or cesarean), type of infant feeding (breastfeeding or
formula),’® and use of antibiotics. Apart from this, diet
throughout life, genetics, immune system, and lifestyle
factors like environment, hygiene, and living conditions also
play an important role. The Microbiota usually becomes
stable by around 2-3 years of age, but it can still change due
to factors like diet, illness, and medications !

Core Function of the Gut Microbiota

The gut microbiota plays an important role in our body,
especially in metabolism. It helps in digestion and improves
nutrient absorption from food. These microbes also
produce essential vitamins like vitamin K and some B
vitamins. 3 They break down fibers that our body cannot
digest and convert them into short-chain fatty acids (SCFAs)
such as acetate, propionate, and butyrate. These SCFAs
provide energy to colon cells (colonocytes) and help
maintain gut health. **

The gut microbiota plays many important roles in the body.
It helps in digestion, produces vitamins, and forms short-
chain fatty acids (SCFAs) that provide energy to gut cells.
These SCFAs also help in controlling metabolism and act as
signaling molecules that influence insulin sensitivity,
appetite, and fat metabolism *°. Gut microbes are also very
important for the immune system, as they help the body
learn to tolerate harmless substances like food while still
protecting against harmful pathogens. They support the
development of immune cells and maintain immune

balance. In addition, they help keep the intestinal barrier
strong by promoting mucus production, maintaining tight
junctions, and producing antimicrobial substances. If this
balance is disturbed, it can lead to increased inflammation
and problems like a “leaky gut,” which is linked to many
diseases.

]
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SYSTEM
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INTEGRITY OF IMMUNOMODULATION
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Figure 3: Function of Gut Microbiota 1°

The gut microbiota also communicates with the brain
through the gut—brain axis. It uses different pathways like
microbial metabolites (such as SCFAs and tryptophan
metabolites), immune signals, and even the nervous
system, especially the vagus nerve.®These microbes can
influence gut hormone-producing cells and send signals to
the brain. Because of this connection, gut microbes can
affect our mood, behavior, and overall brain function.
Studies in animals and some human research also suggest
that changes in gut microbiota may impact mental health
and neurological conditions .*°

International Journal of Pharmaceutical Sciences Review and Research
Available online at www.globalresearchonline.net

©Copyright protected. Unauthorised republication, reproduction, distribution, dissemination and copying of this document in whole or in part is strictly prohibited.

135


http://www.globalresearchonline.net/
http://www.globalresearchonline.net/

Int. J. Pharm. Sci. Rev. Res., ISSN: 0976 — 044X, 86(7) — July 2026; Article No. 22, Pages: 134-141

DOI: 10.47583/ijpsrr.2026.v86i07.022

Drugs

o
1)
\

-
-
Food E
intake
Congnitive
behavior 7
Parkinson's
Disease
Happyniess

H

Stress R

Social
interation

Figure 4: Gut brain axis 2°

Mechanisms of host — microbe communication
KEY MECHANISMS INCLUDED

The gut microbiota works through several important
mechanisms. It produces different metabolites like SCFAs,
bile acid metabolites, and neurotransmitter precursors,
which help in signaling inside the body. It also interacts with
the host immune system through pattern recognition
receptors that detect microbial components (MAMPs). Gut
microbes can modify bile acids and influence signaling
pathways like FXR and TGR5, which are important for
metabolism. In addition, microbes can exchange genes
among themselves (horizontal gene transfer), which can
change their metabolic abilities. However, research is still
ongoing to clearly understand whether these mechanisms
directly cause effects or are just associated with them.??

Dysbiosis: Definitions causes, and disease associations

Dysbiosis refers to a disruption or imbalance in the normal
community of microorganisms living in the human body,
particularly in the gut. A healthy microbiome supports
digestion, The gut microbiota is very important for
immunity, proper nutrient absorption, and overall health.
When this balance is disturbed—meaning beneficial
microbes decrease or harmful microbes increase—it leads
to a condition called dysbiosis. This imbalance can
negatively affect normal body functions and may contribute
to various health problems.?

Causes of Dysbiosis

Several factors can disturb the natural microbial balance,
including: 22

e Taking antibiotics or medicines for a long time can
disturb good bacteria

e Eating unhealthy food (less fiber, more fat/junk food)
affects gut balance

e Infections or food poisoning can damage gut microbes
e Too much stress also impacts gut health

e Poor sleep and lack of physical activity worsen the
condition

e Genetic factors also influence how our body interacts
with microbes

1. Metabolic Disorders

e Changes in gut microbiota are linked with conditions
like obesity, type 2 diabetes, and insulin resistance??

e Dysbiosis can increase energy extraction from food,
leading to weight gain?*

e |t affects SCFA signaling, which is important for
metabolism?®

e Harmful substances like endotoxins (LPS) can cause low-
grade inflammation?®

e [t can alter bile acid metabolism, affecting digestion and
metabolic processes?’

e All these changes together contribute to metabolic
disorders

2. Gastrointestinal Diseases

e  Conditions like IBD and IBS are linked with changes in
gut microbiota?®

e Thereis a decrease in microbial diversity (less variety of
good bacteria)

e Beneficial bacteria like Faecalibacterium are reduced
e No single bacteria is responsible for these diseases?’

e However, dysbiosis plays an important role in worsening
symptoms and disease progression3®
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3. Neurological and Psychiatric Disorders

Research shows that gut microbiota can affect brain
development, behavior, and mood

This connection is known as the gut—brain axis

Animal studies show that microbes can influence behavior3!
In humans, dysbiosis is linked with conditions like:

Autism spectrum disorders 32

Depression and anxiety

Parkinson’s disease

However, more research is needed to prove direct cause-
and-effect relationships.?®

4. Liver, Cardiovascular Disease and Cancer

Gut microbiota also plays a role in several other diseases.
Certain microbial metabolites like TMAO [29] are associated
with an increased risk 33 of cardiovascular diseases. When
gut microbial balance is disturbed, it can also contribute to
conditions like non-alcoholic fatty liver disease (NAFLD) 34,
In the case of colorectal cancer, dysbiosis may lead to
chronic inflammation and the production of harmful
substances that can damage cells. Overall, imbalance in gut
microbiota can have serious effects on different body
systems and disease development. 3°

Methods and Technologies Used in Microbiome Research

Modern microbiome research uses advanced techniques to
study the composition, diversity, and functions of microbes
present in the human body. Scientists use different
molecular and culture-based methods to identify not only
which microorganisms are present but also to understand
their roles and how they affect human health and disease.

Commonly Used Approaches
e 16S rRNA Gene Sequencing:

This method is commonly used to identify and classify
bacteria based on the 16S rRNA gene. It helps in
understanding overall microbial diversity and gives an idea
about the types and relative amount of bacteria present. 3

e  Shotgun Metagenomic Sequencing:

This technique studies all the genetic material in a sample,
not just specific genes. It provides more detailed
information at the strain level and helps to understand the
functional abilities and metabolic potential of microbes. 37

e  Multi-omics Approaches:

These include methods like metatranscriptomics,
metaproteomics, and metabolomics. They help in studying
different aspects of microbial activity such as gene
expression, protein production, and metabolite formation.
Together, they give a clear idea about what microbes are
actually doing and how they interact with the host. 3

e  Culturomics:

This technique uses advanced and high-throughput culture
methods with different growth conditions to grow and
identify microbes that were earlier difficult or impossible to
culture. It helps in discovering new microorganisms and also
supports detailed functional studies of these microbes .3

Limitations and Challenges
Sampling variability:

Stool samples may not fully represent the actual microbiota
present in specific areas of the gut, especially the mucosal
layer.%0

Batch effects:

Differences in sample processing or sequencing methods
can affect the results and create variation between studies.

Limited functional understanding:

Techniques like 16S sequencing mainly identify bacteria but
do not clearly explain their exact functions. #

Lack of standardization:

Different bioinformatics methods and analysis pipelines can
lead to inconsistent results and interpretations.
Interventions to modulate the Gut Microbiota

The composition of the gut microbiome is not fixed; it can
be shaped and improved through several lifestyle and
therapeutic strategies. These interventions aim to restore
microbial balance, enhance beneficial bacteria, and support
overall gut health.

Diet and Lifestyle Approaches

Diet is one of the most important factors that affects gut
microbiota. Eating a balanced diet rich in fiber and plant-
based foods helps increase microbial diversity and
promotes the production of short-chain fatty acids (SCFAs),
which are essential for gut health and help reduce
inflammation.*?> On the other hand, diets high in fat,
processed foods, and low in fiber can disturb the gut
microbiota and lead to dysbiosis. Along with diet, regular
exercise, proper sleep, and stress management also help in
maintaining a healthy and stable gut microbiota. In addition,
approaches like prebiotics, probiotics, synbiotics, and
postbiotics are used to support and improve gut health.

e Prebiotics:

Prebiotics are non-digestible fibers that act as food for
beneficial gut bacteria. They help in promoting the growth
of good microbes and improve their activity in the gut. %

e  Probiotics:

Probiotics are live microorganisms that provide health
benefits when taken in proper amounts. Their effects
depend on the specific strain used, and different strains may
work for different health conditions. %°
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e Postbiotics:

Postbiotics are substances produced by microbes, such as
metabolic products or cell components.*® Even though they
are not live, they can have beneficial effects like reducing
inflammation, providing antioxidant action, and supporting
the immune system.

e  Synbiotics

Synbiotics combine prebiotics and probiotics to optimize
their synergistic benefits and improve microbial survival and
function.

Antibiotic Use

Antibiotics can significantly disrupt the natural microbial
balance. While essential for treating bacterial infections,
they may cause short-term or long-lasting changes in the
microbiome and increase susceptibility to infections such as
Clostridioides difficile, especially after repeated or broad-
spectrum antibiotic use. %8

Fecal Microbiota Transplantation (FMT)

FMT involves transferring stool from a healthy donor into
the digestive tract of a recipient to restore microbial
diversity.® It has shown remarkable success in treating
recurrent C. difficile infection and is currently being studied
as a potential therapy for IBD, IBS, and metabolic disorders.
Questions regarding safety, donor screening, and long-term
outcomes are still being actively researched.>°

Next-Generation Therapeutics

» Emerging microbiome-based therapies are moving
toward greater precision. These include

» Engineered microbial strains

» Defined multi-strain  microbial consortia

biotherapeutics)>!

(live

» Bacteriophage therapy targeting specific pathogens

» Small-molecule drugs designed to modify microbial
metabolism

» These advanced strategies
direction of microbiome®*

represent the future

Clinical Translation and Current
Microbiome Science

Developments in

Regulatory Environment and Clinical Trials

Microbiome research is now moving from basic studies to
clinical applications, but its translation into medical practice
is still developing. Scientists are working on therapies like
probiotics, prebiotics, and microbiome-based treatments,
but their use requires proper regulation to ensure safety
and effectiveness. The regulatory environment is complex
because microbiome products can be classified as drugs,
supplements, or biologics depending on their use. Clinical
trials are ongoing to test these therapies for different
diseases, but results can vary due to differences in
individuals and microbial composition. Although there is

promising progress, more well-designed clinical trials and
standardized guidelines are needed before microbiome-
based therapies can be widely used in healthcare.

Clinical translation in microbiome science is still developing,
as researchers are working to convert scientific findings into
real medical treatments. Many therapies like probiotics,
prebiotics, and fecal microbiota transplantation (FMT) are
being studied in clinical trials to evaluate their safety and
effectiveness. However, the regulatory environment is still
not fully clear, as microbiome-based products do not always
fit into traditional categories of drugs or supplements.
Different countries have different guidelines, which makes
approval and standardization challenging. Ongoing clinical
trials are helping to better understand how microbiome-
based therapies can be used for treating various diseases,
but more research is needed to establish clear evidence and
guidelines for their use.

The field of microbiome-based therapeutics is rapidly
developing, and several live biotherapeutic products and
defined microbial consortia are currently being evaluated in
clinical trials for conditions such as inflammatory bowel
disease, metabolic disorders, and other chronic illnesses.
Regulatory bodies, including the U.S. >3 FDA, are actively
working on guidelines for evaluating the safety, quality, and
efficacy of microbiome therapies. Since the science is still
evolving, regulatory frameworks continue to adapt to new
discoveries and clinical needs. >* Gut microbiota also plays a
role in several other diseases.

Commercial Microbiome Testing: Potential and Challenges

An increasing number of commercial companies now offer
direct-to-consumer microbiome tests, claiming to provide
personalized dietary or health recommendations based on
stool samples. %7 While these services attract interest,
recent analyses show significant variation between
laboratories, with differences in sequencing techniques and
data interpretation. Because of this lack of standardization,
results may not be accurate or clinically meaningful.

Experts emphasize caution, noting that most consumer
microbiome tests have not been validated for medical
diagnosis or treatment decisions, and should not replace
professional healthcare guidance. >®

Role of the Microbiome in Personalized Medicine

The microbiome is expected to play a major role in precision
healthcare. Research is exploring how microbial
composition may influence: *°

Response to medications (pharmacomicrobiomics)
Nutritional needs and personalized diet plans
Risk prediction for chronic diseases

For this vision to become reality, the field requires reliable
causal evidence, standardized analytical approaches, and
clear regulatory pathways that ensure safety
and effectiveness.
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Figure 5: Clinical trials related to gut microbiota by regions®®

Ethical, Societal, and Practical Considerations

As microbiome research moves closer to clinical and
commercial application, several important ethical and
practical challenges need careful attention. One major
concern involves informed consent, particularly in
procedures such as fecal microbiota transplantation (FMT),
where donor material is transferred from one individual to
another. Ensuring that donors and recipients understand
potential risks, long-term uncertainties, and regulatory
safeguards is essential.

Another significant issue relates to privacy and data
protection. Microbiome and genomic information can
reveal sensitive personal details, and improper handling or
unauthorized use of such data may pose serious privacy
risks. Establishing robust data security and transparent
policies is therefore critical. >°

Fair access to microbiome-based therapies is also an
emerging concern. Advanced interventions, commercial
diagnostics, and personalized treatments may become
expensive, creating inequity between different
socioeconomic  groups. Ensuring accessibility and
affordability will be important for ethical implementation.®®

Additionally, the rapid growth of the microbiome industry
has generated substantial public excitement, sometimes
accompanied by exaggerated commercial claims. Experts
caution that scientific evidence must guide clinical and
consumer decisions, preventing misinformation and
unrealistic expectations.®

Gaps in Knowledge and Future Directions (Expanded,
Human-Written Version)

Although microbiome research has advanced rapidly over
the last decade, there are still many unanswered questions
that limit full clinical translation. One of the most significant
challenges is the difficulty in distinguishing causation from
correlation. Many studies show strong associations
between microbial patterns and diseases °° but it is still
unclear whether the altered microbiome triggers the
disease or whether the disease itself causes microbial
disruption. Establishing causality will require controlled

clinical trials, mechanistic studies, and advanced
experimental models.
Another major area requiring improvement is

standardization. Microbiome research relies heavily on
sequencing-based approaches, yet methods for sample
collection, storage conditions, DNA extraction, sequencing
platforms, and bioinformatic pipelines vary widely between
laboratories %°. These inconsistencies make it difficult to
compare results across studies and create reliable clinical
benchmarks.

There are also unanswered questions surrounding the long-
term safety, stability, and regulatory oversight of
microbiome-based therapies, including fecal microbiota
transplantation (FMT), live biotherapeutics, and engineered
microbial strains. Issues such as durability of treatment
effects, potential pathogen transfer, immune
complications, and unintended ecological disruptions need
careful evaluation through long-term follow-up studies.
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Additionally, while most research focuses on bacteria, the
gut ecosystem contains many other key members —

including viruses (especially bacteriophages), fungi,
archaea, and protozoa—whose roles remain poorly
understood. These non-bacterial communities may

significantly influence immune function, metabolism, and
infection resistance, yet they remain understudied.

Moreover, the detailed molecular mechanisms of microbe—
host communication at the strain level are not well
characterized. Understanding how specific microbial
molecules interact with intestinal cells, immune receptors,
and neural signaling pathways will be essential for
developing precision therapies.

Promising Future Research Directions

To overcome existing limitations, the field is moving
towards more integrated and powerful research strategies,
including:

Longitudinal cohort studies that monitor individuals over
time to understand dynamic microbiome changes and
disease progression *°

Multi-omics integration, combining genomics,
transcriptomics, proteomics, metabolomics, and immune
profiling for a holistic understanding of function rather than
just composition.

Synthetic ecology and rational design of microbial consortia,
creating defined combinations of strains engineered for
therapeutic purposes.

Pragmatic clinical trials assessing real-world efficacy of
dietary strategies, lifestyle interventions, and microbiome-
targeted therapies

Advanced computational modeling and Al tools to predict
microbial interactions and host responses

These approaches are expected to provide stronger
mechanistic evidence, improve therapeutic precision, and
accelerate translation into effective clinical application

CONCLUSION

The gut microbiota has emerged as one of the most
influential regulators of human physiology, extending far
beyond digestion to affect immunity, metabolism, brain
function, and overall health. The microbial ecosystem living
within us acts like a dynamic organ, constantly interacting
with the host through biochemical, neurological, and
immune pathways. Understanding these interactions has
reshaped modern perspectives on chronic diseases and has
opened new avenues for prevention and treatment.

In recent years, research has rapidly advanced from basic
observational studies to mechanistic exploration and clinical
translation. Novel technologies have made it possible to
analyze microbial communities with increasing precision
and to explore how they contribute to disease processes.
However, despite remarkable progress, microbiome-based
therapies are still in their early stages. For the field to
achieve reliable clinical implementation, strong causal

evidence, standardized research methodologies, and robust
regulatory guidance are critically important. Without these
elements, real-world medical application remains limited.

Diet and lifestyle continue to be the most grounded and
accessible strategies for shaping the gut microbiome. A
fiber-rich, diverse diet and healthy lifestyle habits provide
consistent benefits and form the cornerstone of
microbiome-based health interventions. Meanwhile, next-
generation therapeutics such as engineered microbes,
defined microbial consortia, bacteriophage treatments, and
precision metabolite-based therapies represent a rapidly
evolving frontier with tremendous potential.

As research expands to consider long-term outcomes,
safety, and equitable access, the future of microbiome
science appears highly promising. Integrating multi-omics,
computational modeling, and real-world clinical trials will
likely transform personalized medicine, enabling
treatments tailored to individuals based on their microbial
signatures. With thoughtful development and responsible
translation, microbiome-based interventions may become
transformative tools in healthcare, helping prevent disease,
enhance treatment  effectiveness, and improve
lifelong well-being.
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