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ABSTRACT
The human microbiome comprises a complicated 
assembly of microorganisms inhabiting the body 
and its surfaces. It plays an important role in 
various physiological functions, such as digestion, 
immune homeostasis, and disease prevention. 
The development and improvement of sequencing 
technologies have advanced our knowledge of 
these microbial ecosystems and their interactions 
with host species. Probiotics, prebiotics, and fecal 
microbiota transplantation are the therapeutic 
methods in this regard that have been the focus 
of considerable research regarding their role as 
a means to alter the microbiome toward better 
health. Probiotics are preparations of live antibiotic-
producing microbes, which favorably affect intestinal 
barrier integrity, alter the immunologic response 
of the host, and stimulate the growth of probiotic 
bacteria. Prebiotics are dietary nondigestible 
fibers, whose selective fermentation promotes the 
growth or activity of beneficial bacteria within the 
gastrointestinal tract, reducing the risk of disease 
by maintaining gut health. In spite of the fact that 
it is a very promising technique, with the exception  
of treatments for Clostridioides difficile infections, 
most require further studies before general use. The 
gut microbiome is also highly dependent on diet and  
lifestyle. Diets high in fiber enhance the abundance 
of symbiotic bacteria, whereas high-fat diets 
strongly reduce microbial diversity and increase 
proinflammatory bacterial species. In addition, 
regular exercise and sleep are critically important 
for coping with stressful conditions. Poor sleep 
and chronic stress degrade microbial communities, 
leading to dysbiosis. Apart from the potential of 
such research in microbiomes, other challenges 
include individual variability and ethical concerns; 
these are very important to note during translation 
to the clinic. Ongoing microbiome research holds 
tremendous promise for personalized health and 
prevention that deserves to be encouraged toward 
future treatments and human health.
Keywords: Microbiome, Microbiota, Probiotics, Human 
health, Dysbiosis, Immune modulation, Molecular 
biology

Introduction
The human microbiome is the collective genome of 
microorganisms found within and on the human 
body.1 This complex ecosystem, which includes bacte-
ria, archaea, viruses, and fungi, colonizes many bodily 
regions, including the skin, mucosa, gastrointestinal 
tract, respiratory tract, urogenital tract, and mam-
mary gland.2 The gut microbiome is the most densely 

inhabited of these and has been the primary subject 
of investigation due to its tremendous impact on host 
physiology and health.

The human microbiome is important for maintaining 
health since it influences metabolic and immunologi-
cal activities.3 It fluctuates in response to factors such 
as age, nutrition, lifestyle, hormonal changes, hered-
itary genes, and underlying disorders. Dysbiosis, or 
changes in the microbiota, can cause serious illnesses 
such as cancer, cardiovascular disease, inflammatory 
bowel disease (IBD), and antibiotic-resistant infec-
tions.4,5 Understanding the host–microbe interactions 
is critical for detecting and treating these disorders.

Recent developments in sequencing technologies 
and bioinformatics have transfigured our thought of 
microbial communities, exposing their complex inter-
actions with the host. These studies have found that 
nutrition, genetics, age, and environmental exposures 
all have an impact on the microbiome’s composition. 
Furthermore, dysbiosis has been linked to a variety of 
diseases, including IBD, obesity, diabetes, and mental 
health disorders.

Traditional culture-based approaches for research-
ing microorganisms sometimes fail to recreate natu-
ral microbial environments, limiting the detection of 
unidentified microbial species in the human microbi-
ome.6 Metagenomics, combined with next-generation 
sequencing (NGS), has substantially increased our 
understanding by permitting us to examine entire 
ecosystems in their natural environments.7 Projects 
such as the Human Microbiome Project (HMP) and 
the American Gut Project have greatly expanded our 
understanding of microbiome composition and func-
tion, which is critical for considering host–microbiome 
interactions and their role in disease development.

The human microbiome is a dynamic and adaptive 
component of our biology, performing critical roles 
that the human genome alone cannot achieve.8 The 
study of the microbiome improves our understanding 
of basic human biology and opens up new pathways 
for therapeutic approaches that target the microbiome 
to prevent or treat disease.9 As research advances, the 
ability to modify the microbiome for health advantages 
grows more promising, emphasizing the relevance of 
this topic in future biomedical research and clinical 
practice.10

Historical View: Early Discoveries and Foundational 
Studies
From the late nineteenth century to the present, 
research on the human microbiome has advanced 
dramatically. Antonie van Leeuwenhoek used a micro-
scope to investigate microbial diversity in the 1680s, 
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but he made no connection between these bacteria 
and health.11 In the early 1900s, Élie Metchnikoff 
proposed that ingesting lactic acid bacteria could 
benefit health, laying the framework for future probi-
otic research.12 Louis Pasteur and Robert Koch made 
significant advances in the late nineteenth century 
by developing methods for examining germs, which 
led to the identification of bacteria as the cause of dis-
eases such as anthrax, tuberculosis, and cholera. The 
advent of DNA sequencing technology, particularly 
16S rRNA gene sequencing in the 1970s, transformed 
microbial identification and categorization, allow-
ing scientists to investigate microbial diversity in the 
human body with higher precision.13

The National Institutes of Health initiated the HMP 
in 2007 to characterize microbial communities across 
diverse body sites and investigate their roles in health 
and illness.14 This investigation demonstrated the 
variety and complexity of the microbiome, as well as 
the considerable variation in microbial communities 
between individuals and body regions due to diet, life-
style, and genetics.

Research has changed from just cataloging micro-
bial species to comprehending their functional impor-
tance. Advances in metagenomics and sequencing 
technologies have demonstrated that the microbiome 
has a substantial impact on health, notably in terms 
of metabolism and obesity risk. The microbiome can 
influence energy extraction from meals and modulate 
genes involved in energy storage, indicating its poten-
tial as a therapeutic target.15

This review will describe current advances in micro-
biome research and investigate the therapeutic poten-
tial of microbiome modification. It solves significant 
research problems, such as interindividual variability 
and ethical considerations. The review is important 
to the scientific and medical communities because it 
improves understanding of the microbiome’s involve-
ment in health and disease, supports the development 
of customized medicines, and informs public health 
efforts. It stresses the integration of multi-omics data 
and identifies future research prospects.

The Human Microbiome: Composition and Functions
The human microbiome is a diverse and dynamic 
collection of microorganisms, including bacteria, 
archaea, viruses, and fungi, that live in a variety of 
anatomical places including the gut, skin, mouth 
cavity, and respiratory system. These microbial com-
munities play an important role in human health by 
regulating a variety of physiological systems. The com-
position and function of the microbiome varied greatly 
between bodily regions, with each containing distinct 
microbial communities suited to their specialized envi-
ronments.

Composition of the Human Microbiome
The human body is colonized by a wide range of 
microbial populations that differ dramatically across 
organ systems and across time, impacted by lifestyle 
and health conditions.16 The composition and density 

of these microbiomes vary according to body site  
(Figure 1). For example, the upper respiratory tract has 
a higher population density than the lower parts. The 
stomach has lower microbial densities than the jeju-
num, cecum, and colon.17 Bacteroidetes, Firmicutes, 
Actinobacteria, and Proteobacteria are the most com-
mon bacterial phyla in the human microbiome, with 
composition altering according to body habitat.18,19

Microbial Diversity of Microorganisms in Different 
Body Sites
The human body is home to a diverse range of micro-
organisms that live in a variety of anatomical places, 
each with its microbial community tailored to its 
environment. This microbial diversity is essential for 
sustaining homeostasis and health because different 
bacterial species contribute distinct tasks based on 
their location.

•	 Gut Microbiome: The gut microbiome is the 
most diverse and densely populated microbial 
community in the human body.20 It has over 3 
million genes, greatly exceeding the 23,000 
genes in the human genome.21 The gut micro-
biota acts as a “superorganism” alongside the 
host, playing critical roles in digestion, nutri-
tion absorption, and immune protection. They 
help metabolize bile acids, lipids, amino acids, 
vitamins, and short-chain fatty acids (SCFAs) 
while also preventing pathogenic colonization 
through gut integrity and competitive exclusion 
of dangerous microorganisms. Despite changes 
in microbial composition, the gut microbiota’s 
essential functions remain consistent among 
individuals.22

•	 Skin Microbiome: The density and number of 
glands and hair follicles on the skin offer unique 
microenvironments for microbial growth.23 
These changes influence the quantity and com-
position of microbial communities on the skin.24 
Skin microbiota suppresses pathogens by cre-
ating bacteriocins, proteases, phenol-soluble 
modulins, and fermentation byproducts. They 
also create anti-virulence chemicals, which limit 
viruses’ capacity to adhere to and enter tissues. 
Furthermore, skin microorganisms can detect 
environmental signals and regulate their gene 
expression in response, impacting pathogen vir-
ulence genes. While much study has focused on 
competitive interactions between skin microor-
ganisms, they also cooperate by exploiting each 
other’s metabolic products.25

•	 Oral Microbiome: The mouth cavity contains 
a diverse microbiome of bacteria, archaea, 
viruses, and fungi.26 These microorganisms live 
in specific areas of the oral cavity, including the 
tongue, hard palate, tooth surfaces, and gingival 
fissures. The oral microbiome is important for 
maintaining oral health because it helps produce 
biofilms (dental plaque) and prevents pathogen 
colonization.27 However, abnormalities in the 
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oral microbiota can cause dental caries, peri-
odontal disease, and other oral infections.28

•	 Respiratory Tract Microbiome: The respiratory 
tract microbiota differs between upper and lower 
respiratory tracts. The respiratory microbiome 
contributes to respiratory health by interacting 
with the host immune system, boosting protec-
tive responses, and preventing pathogenic colo-
nization through antimicrobial production. This 
relationship promotes lung homeostasis by main-
taining constant communication among bacte-
ria, epithelial cells, and immune cells. The lung 
microbiota is regarded as a “mirror of lung health 
status,” with considerable changes in composi-
tion occurring during respiratory illnesses.29

•	 Urogenital Microbiome: Men and women have 
distinct urogenital microbiomes due to differ-
ences in anatomy and hormones.2 Lactobacil-
lus species dominate the vaginal microbiome in 
women, producing lactic acid and contributing 
to a low pH that protects against infections.30 
The male urogenital tract microbiome is less well 
understood; however, it contains bacteria such as 
Corynebacterium and Staphylococcus species.31

Factors Prompting Microbial Diversity
Several variables influence microbial diversity in 
these bodily areas, including diet, age, genetics, 

Fig 1 | Microbiome composition in different regions

environmental exposures, and lifestyle choices. Anti-
biotics, for example, can alter microbial populations 
and cause dysbiosis, which has been linked to a vari-
ety of health issues.32

Role in Health: Functions of the Microbiome in 
Digestion, Immune Modulation, and Disease 
Prevention
The human microbiome plays an important role in 
maintaining health by participating in a variety of 
physiological processes. This complex population of 
bacteria makes an important contribution to digestion, 
immune system regulation, and disease prevention. 
The relationship between the host and its microbiota is 
a critical factor in health and disease, impacting both 
metabolic and immunological functions.

•	 Digestion and Metabolism: The microbiome 
plays a crucial role in digestion and metabolism, 
particularly in the gut. It ferments dietary fibers 
and complex carbohydrates that humans can-
not digest, producing beneficial metabolites like 
SCFAs. These SCFAs are crucial energy sources 
for the host and promote intestinal health.33 
Butyrate, in particular, is the principal energy 
source for colonocytes and contains anti-inflam-
matory qualities, which help the intestinal bar-
rier function and reduce the risk of inflammatory 
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illnesses.34,35 Furthermore, the gut microbiota 
produces important vitamins and cofactors, 
such as vitamin K and several B vitamins, that 
are required for host metabolic activities.36,37 The 
microbiota also metabolizes bile acids, which 
influence fat digestion and cholesterol metabo-
lism.38 Furthermore, gut bacteria play a role in 
xenobiotic detoxification, helping to biotrans-
form and excrete potentially hazardous sub-
stances.39

•	 Immune Modulation: The microbiome has a 
significant impact on immune development and 
function. It is critical in training the immune 
system to distinguish between commensal 
and harmful microorganisms, hence preserv-
ing immunological homeostasis. This teach-
ing begins at birth, since maternal microbiome 
exposure and breastfeeding influence the new-
born immune system, supporting the formation 
of regulatory T cells and other immunological 
components that limit excessive inflammatory 
responses.40 The gut microbiota also affects 
systemic immunity by affecting the production 
of cytokines and other immune mediators. For 
example, certain microbial metabolites, such 
as SCFAs, can promote the synthesis of anti-in-
flammatory cytokines like IL-10 while blocking 
proinflammatory cytokines like IL-17.41 This reg-
ulation promotes a healthy immune response, 
which protects against autoimmune disorders 
and allergies. Furthermore, the microbiota helps 
to maintain mucosal immunity, especially in the 
gut. It increases the synthesis of secretory immu-
noglobulin A (IgA), which is essential for neu-
tralizing pathogens and preventing them from 
adhering to the gut epithelium.42 The microbiota 
also supports the maturation of gut-associated 
lymphoid tissues (GALT), which are critical com-
ponents of the gut’s immune surveillance sys-
tem.43

•	 Disease Prevention: The microbiome promotes 
disease prevention through colonization resis-
tance, where commensal microbes compete with 
pathogenic bacteria for resources and habitats. 
This competitive exclusion is critical in prevent-
ing infections by opportunistic pathogens like 
Clostridium difficile, which can thrive when drugs 
disturb the gut microbiota.44 The microbiome 
also produces antimicrobial peptides and bacte-
riocins, both of which hinder pathogen growth. 
Lactobacillus species in the vaginal microbiome, 
for example, create lactic acid, which keeps the 
pH low and hostile to many pathogens, pro-
tecting against bacterial vaginosis and sexu-
ally transmitted diseases.45 Furthermore, there 
is increasing evidence that the microbiome 
increases the host’s susceptibility to chronic dis-
eases, such as obesity and type 2 diabetes. The 
composition of the gut microbiota can influence 
human energy metabolism and fat storage, with 
specific bacterial profiles linked to an increased 

risk of metabolic syndrome.46 The microbiome’s 
role in modulating systemic inflammation has 
been linked to cardiovascular diseases,47 auto-
immune conditions, and mental health disor-
ders like depression and anxiety,48,49 indicating 
its broad impact on overall health.

The microbiome’s functions in digestion, immuno-
logical regulation, and disease prevention are critical 
for human health. Its ability to influence a wide range 
of physiological processes emphasizes the significance 
of having a healthy and balanced microbiota. Future 
studies into the complex interactions between the 
microbiome and the host will uncover new therapeu-
tic targets as well as disease prevention and treatment 
options.

Recent Advances and Future Directions in Microbiome 
Research
Technological Advancements
Recent developments in molecular biology and bioin-
formatics have greatly improved our knowledge of the 
human microbiome. The key approaches include:

•	 NGS: This innovative technology enables the 
quick and complete sequencing of large vol-
umes of DNA, yielding extensive information 
on genome structure, genetic variants, and gene 
expression. Recent advances have boosted the 
speed, precision, and affordability of NGS, mak-
ing it more accessible in a variety of research 
domains.50

•	 16S rRNA Sequencing: This approach identifies 
and classifies bacteria and archaea by targeting 
the 16S ribosomal RNA gene. It provides a taxo-
nomic overview but not functional insights.51

•	 Metagenomics: Whole-genome shotgun 
sequencing analyzes the genetic material of 
microbial communities, including viruses 
and fungi, providing a comprehensive view. 
It exposes the genetic basis of metabolic pro-
cesses and antibiotic resistance.52

•	 Metabolomics: Metabolomics is a technology 
that analyzes metabolites produced by microor-
ganisms to determine their activity. It connects 
microbial genetic potential to metabolic output, 
identifying important metabolites such as SCFAs 
that affect health.53

•	 Single-Cell Genomics: Single-Cell Genomics 
involves isolating and sequencing the genomes 
of individual microbial cells to research uncul-
turable or rare bacteria and comprehend micro-
bial heterogeneity.54

•	 CRISPR-Cas Systems: CRISPR-Cas was origi-
nally an adaptive immunological mechanism 
in bacteria, but it has now been modified for 
genome editing and regulation in microbiome 
research. It enables precise modification of 
microbial genes to investigate their roles.55

•	 Multi-omics Integration: By integrating 
genomes, transcriptomics, proteomics, and 
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metabolomics, this approach provides a com-
prehensive understanding of the microbiome’s 
impact on health and disease. It aids in the cre-
ation of tailored therapies by correlating micro-
bial composition with functional outcomes.56

These tools have accelerated microbiome research, 
expanding our understanding of microbial diversity, 
function, and impact on human health. The future of 
this subject lies in technical advancements, improved 
bioinformatics tools, and the integration of multiple 
“omics” data to provide a comprehensive picture of the 
microbiome’s involvement in human health.

Integrative Approaches and Future Directions
The combination of 16S rRNA sequencing, metage-
nomics, and metabolomics, as well as other “omics” 
techniques such as proteomics and transcriptomics, 
provides a full understanding of the microbiome. This 
multi-omics method contributes to a better under-
standing of host–microbe interactions by correlating 
microbial composition with functional consequences.57 
Future research will most likely focus on improving the 
resolution and accuracy of these methodologies, as 
well as building better bioinformatics tools for data 
integration.50,58

Future studies will seek to better understand the 
mechanisms behind host–microbiome interactions 
and their consequences for health. Key areas of focus 
include investigating how nutrition, antibiotics, and 
environmental variables affect microbiome composi-
tion and function.59

The Microbiome’s Role in Various Diseases
Recent research has emphasized the human microbi-
ome’s crucial role in a wide range of diseases, including 

metabolic disorders, cancer, IBD, and mental health 
concerns (Figure 2). These findings highlight the micro-
biome’s impact on host physiology and prospective 
treatment targets. Here, we look at major research that 
sheds light on the microbiome’s role in certain health 
issues.

Metabolic Disorders
There is emergent evidence that changes in the micro-
biota composition can cause a variety of disorders, 
including metabolic diseases like obesity and diabe-
tes.60 Turnbaugh et al. discovered that obese people 
have a different gut microbiome composition than lean 
people, with a larger proportion of Firmicutes relative 
to Bacteroidetes.61 This altered microbial composition 
is expected to improve energy extraction from the 
food, leading to increased adiposity. Qin et al. discov-
ered that changes in gut microbiota composition and 
function are linked to insulin resistance and systemic 
inflammation in type 2 diabetes patients, implying that 
the microbiome is involved in the disease’s pathophys-
iology.62

Cancer
The gut microbiota has a substantial impact on host 
health and has been connected to cancer develop-
ment.63 It also affects extra-intestinal malignancies 
such as hepatocellular carcinoma via organismal dis-
semination.2 Helicobacter pylori has been linked to 
stomach cancer, and some bacterial species such as 
Fusobacterium and Clostridium are overrepresented in 
patients.64 Breast cancer growth has been connected 
to certain bacterial populations, with pathogenic 
strains such as Escherichia coli and Staphylococ-
cus epidermidis causing DNA damage in malignant  
tissues.65

Inflammatory Bowel Disease
Dysbiosis, or an imbalance in the gut microbiota, can 
cause autoimmune disorders including IBD.66 A dis-
rupted mucus layer can compromise the integrity of 
the gastrointestinal barrier, which is crucial in avoid-
ing inflammation, resulting in increased proinflam-
matory and decreased anti-inflammatory cytokines.67 
Researchers discovered alterations in genes involved 
in microbiome–immune interactions in IBD patients.68

Cardiovascular Diseases
The gut microbiota produces compounds such as 
trimethylamine N-oxide, which have been associated 
with cardiovascular disease by altering lipid metabo-
lism and causing atherosclerosis.69 Dysbiosis is related 
to an increased risk of cardiovascular disease, with 
studies revealing changed gut flora in hypertension 
individuals.70

Systemic Infections from Bacterial Translocation
Bacteria can spread from the gut to other body regions, 
especially in immunocompromised people, resulting in 
systemic infections.71 Disturbance of the gut microbiota Fig 2 | Human microbiome’s role in a wide range of diseases
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and epithelial injury increases the probability of patho-
gen translocation such as E. coli and K. pneumoniae.72 
Uremic toxins produced by dysbiotic flora can cause 
systemic inflammatory responses, which contribute to 
disorders such as chronic kidney disease.73

Allergic Diseases
The human microbiome influences allergy illnesses, 
with dysbiosis impacting lung microbiota and increas-
ing respiratory disease threat.74 Cesarean delivery, 
which avoids normal maternal flora transmission, 
is associated with increased allergy risk in offspring. 
Lower microbial diversity in early life has been linked 
to increased allergy sensitivity, such as asthma.66

Health Maintenance
The microbiome is essential for maintaining homeo-
stasis,75 activating the immune system,76 and con-
trolling inflammation.77 It also helps eliminate toxic 
compounds78 and plays a role in immunological 
responses in the female vaginal tract, contributing to 
infection resistance.79

Mental Health
Dysbiosis, or microbial imbalance, may contribute to 
the onset and progression of mental diseases.80,81 The 
term “psychobiotics” refers to probiotics that improve 
mental health by modulating the microbiome.82 This 
points to possible therapeutic options for treating 
mental health issues by targeting the gut microbiome. 
These significant studies emphasize the microbiome’s 
role in a variety of diseases, emphasizing its poten-
tial as a biomarker for disease risk and development, 
as well as a therapeutic intervention target. Ongoing 
research into the microbiome’s role in health and 
disease continues to reveal complex host–microbe 
interactions, providing new insights into disease 
causes and opening up new therapy and preventative 
options.

Microbiome Modulation: Therapeutic Approaches
Probiotics and Prebiotics: Efficacy and Challenges
Extensive research and clinical evidence have shown 
that probiotics and prebiotics are beneficial in restor-
ing gut microbiota equilibrium and treating a variety 
of disorders. Probiotics are live bacteria that, when 
taken in suitable concentrations, provide health 
advantages. Prebiotics are nondigestible food com-
ponents that encourage the growth of good microor-
ganisms. Both have the potential to transform illness 
management.83,84

Probiotics: Efficacy and Mechanisms 
Probiotics, which are usually found in the genera 
Lactobacillus, Bifidobacterium, and Saccharomyces,85 
work in numerous ways to provide health benefits:

•	 Enhancement of Gut Barrier Function: Probi-
otics enhance gut barrier function, preventing 
infections and poisons from entering the blood-
stream.86

•	 Immunomodulation: Mazziotta et al. found 
that they influence the immune response by 
boosting anti-inflammatory cytokines, increas-
ing regulatory T-cell activity, and producing bac-
teriocins to suppress harmful bacteria.87

•	 Competition with Pathogens: Probiotics  
compete with harmful bacteria for nutrients and 
adhesion sites, reducing infections.88

•	 Recent studies have shown that probiotics can 
reduce the duration and severity of acute infec-
tious diarrhea in children,89 improve symptoms 
of irritable bowel syndrome (IBS),90 and boost 
the immune response to vaccinations.91

Prebiotics: Efficacy and Mechanisms
Prebiotics preferentially enhance the development 
and activity of beneficial gut bacteria, resulting in the 
synthesis of SCFAs such as acetate, propionate, and 
butyrate, which have health-promoting properties:92

•	 Promotion of Beneficial Microbiota: Prebiot-
ics promote the growth of beneficial bacteria like 
Bifidobacterium and Lactobacillus, leading to a 
balanced and healthy microbiota composition.93

•	 Production of SCFAs: SCFA production is 
important for gut health, as butyrate provides 
energy to colonocytes, promotes gut barrier 
integrity, and has anti-inflammatory properties.94

•	 Modulation of Lipid Metabolism: Prebiotics 
reduce blood cholesterol levels and change bile 
acid metabolism, which is partially mediated by 
SCFA.95

Prebiotics have been found to promote gut health, 
increase mineral absorption, lower the risk of colorec-
tal cancer,96 and help control metabolic disorders like 
obesity and type 2 diabetes by improving metabolic 
profiles.97

Fecal Microbiota Transplantation: Current Status, 
Applications, and Controversies
Fecal microbiota transplantation (FMT) (Figure 3) is 
the process of transferring stool from a healthy donor 
into a recipient’s gastrointestinal tract to reestablish 
a balanced and diversified gut microbiota in patients 
suffering from dysbiosis.98

Applications of FMT 
•	 FMT is a conventional treatment for recurrent 

Clostridium difficile infection (CDI) when tradi-
tional antibiotics fail. It restores gut microbiota 
and suppresses C. difficile growth through food 
competition and immune system stimulation.99

•	 IBD: FMT is an investigational treatment for IBD, 
including Crohn’s disease and ulcerative coli-
tis. Some studies suggest beneficial outcomes, 
such as remission or symptom reduction, but the 
results are variable, and FMT is not yet consid-
ered a standard treatment for IBD.100

•	 IBS: FMT may help with IBS, although results 
depend on donor selection and patient variables.101
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•	 Metabolic Syndrome and Obesity: Early stud-
ies indicate that FMT from lean donors can tem-
porarily increase insulin sensitivity in obese 
recipients, suggesting potential metabolic ben-
efits. However, long-term efficacy and safety 
remain unknown.102 

•	 Neuropsychiatric Disorders: Preliminary stud-
ies and case reports on FMT for neuropsychiat-
ric disorders, such as autism and depression, 
have yielded inconsistent results. More study is 
required to better understand the mechanisms 
and treatment benefits.103

Diet and Lifestyle Interventions: Modulating the 
Microbiome and Implications for Health 
The human microbiome, particularly the gut micro-
biota, is a dynamic ecosystem impacted by diet and 
lifestyle, which can alter its composition and func-
tion, affecting general health and disease risk. Recent 
research emphasizes the ability of dietary and life-
style interventions to regulate the microbiome, hence 
enhancing health and avoiding or alleviating illnesses.

Dietary Influences on the Microbiome
Diet is a primary modulator of gut flora.

•	 High-Fiber and Complex Carbohydrate Diets: 
Encourage beneficial bacteria such as Bifido-
bacterium and Lactobacillus to create SCFAs for 
health benefits.104

Fig 3 | Fecal microbiota transplantation

•	 High-Fat Diets: High-fat diets can reduce micro-
bial diversity and boost proinflammatory micro-
organisms.105

•	 Polyunsaturated Fats and Plant-Based Proteins: 
Polyunsaturated fats and plant-based proteins 
promote beneficial microorganisms.106

•	 Polyphenols: Polyphenols, found in fruits, vege-
tables, tea, and wine, improve gut health by boost-
ing beneficial bacteria and SCFA production.107

Lifestyle Factors Affecting the Microbiome
Several lifestyle factors have a substantial influence on 
the gut microbiome:

•	 Physical Activity: Regular exercise enhances 
microbial diversity, and SCFA-producing bacte-
ria, improves gut barrier function, and reduces 
inflammation.108

•	 Sleep and Circadian Rhythms: Poor sleep and 
altered circadian rhythms can promote dysbio-
sis, resulting in inflammation and metabolic dis-
orders.109

•	 Stress and Psychological Factors: Chronic 
stress can negatively impact the gut–brain 
axis, leading to increased gut permeability and 
inflammation, which can worsen gastrointesti-
nal and mood disorders.110

•	 Medication Use: Antibiotics and other drugs 
can change the microbiome, leading to reduced 
diversity and pathogen overgrowth, affecting gut 
health.111

Challenges and Debates in Microbiome Research
Microbiome research has advanced rapidly, reveal-
ing the vital role that microbial communities play in 
human health and disease. The heterogeneity of study 
outcomes presents a significant problem in this sub-
ject, making replication and interpretation challeng-
ing. This variation is mostly due to individual variances 
in microbiome composition and function, which are 
influenced by genetics, diet, lifestyle, environment, 
and host physiology. Addressing these discrepancies 
is critical to improving the dependability of research 
findings and their use in therapeutic settings.

Factors Contributing to Interindividual Variability
Several variables affect interindividual variability in 
microbiome studies:

•	 Genetic Influences: Host genetics influence 
immunological responses, metabolism, micro-
bial colonization, and community organization. 
Genetic differences, particularly in immunologi-
cal function genes, might influence host–microbe 
interactions, with research indicating heritabil-
ity in gut microbiota composition across related 
individuals.112

•	 Diet and Lifestyle: Dietary choices and life-
style factors including physical activity, stress, 
and sleep patterns have a substantial impact 
on the microbiota. High-fat diets, for example, 
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may reduce beneficial bacteria while increasing 
proinflammatory bacteria.110

•	 Environmental Factors: Geographical location, 
sanitation, pollution, and antibiotic use can 
impact microbiome composition. Environmental 
variables, such as cleanliness levels and urban/
rural living situations, contribute to variabil-
ity.113

•	 Age and Developmental Stage: The microbi-
ome evolves from infancy to maturity, impacted 
by nutrition, medication usage, and immune 
system alterations in the elderly.114

Ethical and Privacy Concerns: Issues Related to 
Microbiome Data Privacy and Ethical Considerations
Microbiome research, despite its potential, raises seri-
ous ethical and privacy problems. The unique and 
individualized character of microbiome data raises 
concerns about consent, data ownership, confidential-
ity, and potential misuse.

•	 Privacy and Data Security: Microbiome data 
might expose sensitive information about a per-
son’s health, lifestyle, and genetics. Even ano-
nymized data is at risk of being re-identified, 
particularly with big data analytics. Protecting 
privacy requires robust data security and trans-
parent data exchange policies.115

•	 Informed Consent and Data Ownership: It can 
be tough to ensure participants understand the 
breadth of data collection and future usage. Clear 
consent forms and open communication regard-
ing data usage and ownership are critical. Partic-
ipants should also understand their rights, which 
include the ability to withdraw from studies.116

•	 Ethical Use of Microbiome Data: The potential 
applications of microbiome data in healthcare 
and elsewhere create ethical concerns concern-
ing access and use. Concerns include discrim-
ination in insurance or employment based on 
microbiome characteristics, as well as the mar-
keting of microbiome products that may make 
deceptive promises.117

•	 Equity and Access: Microbiome research should 
benefit all populations to prevent health inequi-
ties. Researchers and policymakers must devise 
measures to promote equal access to microbi-
ome-based treatments and diagnostics.118

•	 Environmental and Public Health Consid-
erations: Research on environmental samples 
might yield significant insights, but it must 
adhere to privacy and environmental ethics. 
Monitoring microbial populations in public and 
private settings necessitates careful consider-
ation of these variables.119

Future Directions and Research Gaps in Microbiome 
Research
Challenges and Research Gaps
Microbiome research has shown complicated rela-
tionships between microbial ecosystems and human 

health, with implications for therapeutic interventions 
and customized medicine. However, significant prob-
lems and research gaps must be addressed, with an 
emphasis on three key areas:

•	 Personalized Microbiome-Based Therapies: 
Developing tailored microbiome-based therapies 
is problematic due to considerable heterogeneity 
in microbial populations among individuals.120

•	 Longitudinal Studies: Longitudinal studies are 
needed to understand the evolution of the micro-
biome and its impact on health and disease pro-
gression, which is currently under-researched.121

•	 Integration with Other “Omics” Technologies:  
Integrating microbiome data with other “omics” 
technologies (genomics, proteomics, and metab-
olomics) is crucial for a comprehensive under-
standing of the microbiome’s role in health  
and disease. However, this requires advanced 
analytical methods and interdisciplinary  
collaboration.122

Addressing these issues will be critical for furthering 
microbiome research and converting results into thera-
peutic applications.

Implications for Future Research and Public Health
The impact of microbiome research on healthcare 
practices and policies is significant. As we get a bet-
ter understanding of the microbiome’s involvement in 
health and disease, we should expect more tailored 
and preventive healthcare methods. For example, 
microbiome analysis could become a common diag-
nostic technique, leading to tailored therapies such as 
food changes, probiotics, or microbiome transplants.33

Furthermore, incorporating microbiome data into 
electronic health records and public health surveil-
lance systems may improve the ability to monitor and 
manage infectious disease outbreaks, track antibiotic 
resistance, and understand population health trends. 
This research has the potential to inform public health 
policies and programs aimed at promoting healthy 
microbiome compositions in various groups.123

However, these improvements highlight the need for 
strong regulatory frameworks to assure the safety and 
efficacy of microbiome-based goods and services. Pol-
icymakers will need to address ethical concerns about 
data privacy and equal access to microbiome-based 
healthcare breakthroughs.

Microbiome-Based Pharmaceuticals
Microbiome-based pharmaceuticals, sometimes 
known as “pharmabiotics,” include live bacterial 
therapies, bacteriophages, and microbial metabolites 
intended to treat certain disorders (Figure 4).

•	 Live Bacterial Therapeutics: These use genet-
ically created or naturally existing microor-
ganisms to provide therapeutic effects. For 
example, E. coli Nissle 1917 is utilized to treat 
gastrointestinal diseases.124
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•	 Safety and Regulation: Ensure the safety and 
efficacy of microbiome-based medicines through 
thorough clinical testing and regulatory control. 
Standardizing practices and creating clear regu-
latory frameworks are critical.

•	 Mechanistic Understanding: More research is 
needed to determine how the microbiota affects 
health and disease. This understanding will help 
to design tailored medicines and enhance clini-
cal outcomes.

Conclusion
The human microbiome has a significant impact on 
digestion, immunological function, and disease pre-
vention. Advances in molecular biology have helped 
us better comprehend these microbial ecosystems. 
Probiotics, prebiotics, and FMT are therapeutic 
approaches that show promise in treating a variety 
of disorders by restoring microbial balance. Diet, 
exercise, and stress management have a substantial 
impact on the microbiota.

Despite its potential, microbiome research confronts 
numerous hurdles, including individual diversity 

•	 Bacteriophages: Bacteriophages are viruses that 
selectively infect and kill bacteria. They provide 
a tailored method for eradicating harmful germs 
while preserving healthy microorganisms. Phage 
treatment is being investigated for antibiotic- 
resistant infections and other bacterial disorders.125

•	 Microbial Metabolites: SCFAs and other micro-
bial metabolites have therapeutic potential.126 
Butyrate, an SCFA generated by gut bacteria, has 
anti-inflammatory characteristics and is being 
studied as a treatment for IBD and metabolic 
diseases.127

Challenges and Future Directions
While microbiome-based therapeutics show signifi-
cant promise, numerous issues must be addressed:

•	 Individual Variability: The human microbi-
ome is extremely personalized, impacted by 
genetics, food, environmental factors, and life-
style. Personalized techniques are required to 
ensure the effectiveness of microbiome-based 
therapeutics.

Fig 4 | Microbiome-targeted therapeutic interventions
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and ethical considerations. Personalized medicines 
necessitate a thorough understanding of individual 
microbiomes, requiring additional study and ethi-
cal considerations. Integrating microbiome data into 
healthcare could transform illness management and 
lead to more effective, individualized therapies, under-
scoring microbiome research’s bright potential in 
improving human health.
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