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 The human microbiome, consisting of trillions of microorganisms living in and on 
the body, plays a critical role in maintaining physiological balance and health. Recent 
advancements in microbiome research have demonstrated its profound influence 
on immune function, metabolic regulation, and disease pathogenesis. Personalized 
therapies that integrate the microbiome into treatment strategies have emerged as a 
promising approach to optimize patient outcomes. This review explores the current 
understanding of the microbiome’s role in immune and metabolic regulation and 
highlights emerging approaches for incorporating microbiome-based interventions 
into personalized therapy regimens. We discuss the potential of microbiome 
modulation to enhance immune responses, improve metabolic health, and provide 
novel therapeutic options for diseases such as cancer, diabetes, autoimmune 
disorders, and inflammatory bowel diseases (IBD).
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ARTICLE INFO ABSTRACT

INTRODUCTION
The human microbiome, which comprises bacteria, 

viruses, fungi, and archaea, is a varied and always 
shifting community of microorganisms found at 
many anatomical sites on and within the human body 
(1). The gut, skin, oral cavity, and other mucosal 
surfaces have especially high microbial counts. 
Taken holistically, the cells of the microbiome not 
only outnumber human cells but also have a genomic 
content far more complex and varied than the human 
genome (2). This large reservoir of microbial genes 
codes for many of the numerous biochemical events 
necessary for host physiology, including digestion, 
vitamin synthesis, immune system modulation, and 
defense against pathogenic invaders (3, 4). Research 
advances motivated by high-throughput sequencing 
technologies and systems biology approaches over 

the past ten years have greatly enhanced the vital 
contribution of the microbiome in human health and 
disease (5). Now well established is the importance 
of the microbiome as a fundamental regulating organ 
influencing many different physiological processes, 
particularly those connected to immune surveillance 
and metabolic control (6). 

Because of its essential role in maintaining 
immunological balance, enhancing nutrient absorption 
and metabolism, and building a necessary barrier 
against enteric pathogens, the gut microbiome 
has attracted the most scientific interest of all the 
microbial habitats in the human body (7). A good gut 
flora supports metabolic homeostasis, helps immune 
system development and education, and interacts 
intricately and usually favorably with host signaling 
paths (8). On the other hand, a growing number of 
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pathological conditions have been linked to changes 
in the microbiota’s composition or function, known as 
microbial dysbiosis. Inflammatory and autoimmune 
diseases (e.g., rheumatoid arthritis, inflammatory bowel 
disease), metabolic disorders (e.g., obesity, type 2 
diabetes), cardiovascular diseases, neurodevelopmental 
and neurodegenerative disorders, and even cancers are 
among them (9). The human microbiome has become 
a compelling target for therapeutic intervention due to 
its pivotal role in both health and disease. Personalized 
medicine, a clinical paradigm that aims to tailor medical 
treatment to each patient’s unique characteristics, is 
one area in which microbiome-based strategies are 
being incorporated more and more (10). This method 
considers an individual’s distinct genetic profile, 
lifestyle choices, environmental exposures, and—more 
recently—their microbial makeup. Clinicians may be 
able to create more precise and effective treatments 
with better results and fewer side effects by utilizing 
knowledge about a patient’s microbiome (11, 12). The 
function of the microbiome in immune and metabolic 
regulation will be discussed in this review, along with 
new approaches to using microbiome-based therapies 
in individualized treatment.

The Microbiome and Immune Regulation
The human microbiome, particularly the gut flora, 

plays a significant role in shaping and regulating the 
immune system throughout life. From the time of 
birth, microbial colonization of the body—shaped 
by elements including mode of delivery, nursing, 
antibiotic exposure, and environmental influences—
begins a complex dialogue between host and microbe 
needed for appropriate immune education and 
function (13). Early microbial exposures provide the 
basis of immune tolerance and defense since they 
help the immune system to precisely differentiate 
between benign environmental or dietary antigens and 
dangerous pathogens. The largest immune organ in the 
human body, gut-associated lymphoid tissue (GALT), 
is fundamental in this process. Especially placed 
at the junction of the host and the dense microbial 
populations of the gastrointestinal tract, GALT hosts 
an amazing spectrum of immune cells (15). Toll-like 
receptors (TLRs) and NOD-like receptors (NLRs) on 
host immune cells identify microbial signals, including 
microbial-associated molecular patterns (MAMPs), 
including lipopolysaccharides and peptidoglycans, by 
means of pattern recognition receptors (PRRs). These 
interactions start signaling cascades that mold the growth 
and activity of the adaptive and natural branches of the 
immune system (16). Above all, the gut flora shapes the 
differentiation of immune cells, including regulatory 
T cells (Tregs), Th17 cells, and many dendritic 
cell subsets (17), so preserving mucosal immune 
homeostasis and preventing too strong inflammatory 

responses. Moreover, microbial metabolites such as 
short-chain fatty acids (SCFAs) like butyrate and 
propionate—play a significant immunomodulatory role 
by enhancing epithelial barrier integrity, promoting 
anti-inflammatory cytokine production, and supporting 
the expansion of regulatory immune populations (18).  
Often called dysbiosis, changes in the composition 
or operation of the microbiome can cause immune 
dysregulation, raising susceptibility to infections, 
chronic inflammation, and autoimmune diseases (19). 
Evidence from animal models as well as human studies 
has linked altered microbiota profiles to diseases 
including inflammatory bowel disease (IBD), allergies, 
rheumatoid arthritis, and multiple sclerosis (20). All 
things considered, the microbiome is a needed architect 
and immune system regulator that coordinates a well-
tuned equilibrium between immune activation and 
tolerance. Knowing these interactions not only helps 
one understand immune-related diseases but also 
creates new directions for the microbiome.

Immune System Development and Microbial Influence
Particularly in early life, the microbiome is absolutely 

essential since it determines the maturation and 
functional calibration of the immune system. Different 
microbial communities during crucial developmental 
windows such as birth, infancy, and early childhood—
allow suitable differentiation and activation of many 
immune cell types, including T lymphocytes, dendritic 
cells, macrophages, and B cells (22). These natural 
cues help the immune repertoire to distinguish between 
self and non-self as well as between benign antigens 
and dangerous pathogens, so guiding it (23).

 Studies on germ-free animal models provide strong 
proof of the fundamental function of the microbiome 
in immune development. Germ-free mice show severe 
immune deficits (24), having been raised in sterile 
conditions and so free of any microbial colonization. 
Among these are underdeveloped secondary lymphoid 
organs, including Peyer’s patches and mesenteric 
lymph nodes, low secretory immunoglobulin A (IgA), 
altered T cell populations, and inadequate responses to 
infections (25). These findings underline the significant 
part microbial-derived signals including microbial-
associated molecular patterns (MAMPs) and microbial 
metabolites drive the structural and functional 
maturation of the immune system (26). 

Moreover, apart from supporting immune activation 
and defense, the microbiome is equally vital in producing 
immune tolerance (27). This means encouraging the 
synthesis of anti-inflammatory cytokines, including 
IL-10 and TGF-β, as well as the spread of regulatory 
T cells (Tregs), which, taken together, help to control 
too strong or inappropriate immune responses (28). 
Strengthening mucosal barrier function and modifying 
antigen-presenting cell activity helps the microbiota 
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help stop the immune system from launching assaults 
against benign environmental agents, dietary proteins, 
or the body’s own tissues (29). 

Especially in early life, disruptions to this delicate 
microbial-immune balance can have long-term 
consequences and are mostly related to the development 
of autoimmune and allergic diseases, including type 
1 diabetes, asthma, inflammatory bowel disease, and 
systemic lupus erythematosus (30). Maintaining a 
varied and balanced microbiome during early immune 
development is therefore not only fundamental for 
proving immune competency but also for reducing the 
lifetime risk of immune-mediated diseases. Especially 
in early life, the microbiome is absolutely essential 
for the maturation and functional calibration of the 
immune system (21). Appropriate differentiation and 
activation of several immune cell types, including T 
lymphocytes, dendritic cells, macrophages, and B cells, 
depend on exposure to different microbial communities 
during key developmental windows—such as birth, 
infancy, and early childhood (22). Natural stimuli like 
these microbial exposures help the immune system to 
properly distinguish between harmful pathogens and 
benign antigens as well as between self and non-self, 
so shaping the immune repertoire (23).

 Studies on germ-free animal models provide 
convincing data on the fundamental contribution of 
the microbiome to immune development. Germ-free 
mice show severe immune deficits (24) raised in sterile 
surroundings and are therefore free of any microbial 
colonization. Among these are underdeveloped 
secondary lymphoid organs such as Peyer’s 
patches and mesenteric lymph nodes, low secretory 
immunoglobulin A (IgA), altered T cell populations, 
and poor responses to infections (25). These findings 
underline the significant role that microbial-derived 
signals—including microbial-associated molecular 
patterns (MAMPs) and microbial metabolites—play in 
driving the structural and functional maturation of the 
immune system (26). 

Moreover, outside of supporting immune activation 
and defense, the microbiome is equally crucial 
in producing immune tolerance (27). This entails 
encouraging the spread of regulatory T cells (Tregs) 
and the synthesis of anti-inflammatory cytokines like 
IL-10 and TGF-β, which, taken together, help control 
too strong or inappropriate immune responses (28). 
The microbiota helps stop the immune system from 
launching assaults against benign environmental 
agents, dietary proteins, or the body’s own tissues 
by strengthening mucosal barrier function and 
adjusting antigen-presenting cell activity (29).  
Particularly in early life, disturbances to this delicate 
microbial-immune balance can have long-term 
effects and are mostly connected to the development 
of autoimmune and allergic diseases, including type 

1 diabetes, asthma, inflammatory bowel disease, 
and systemic lupus erythematosus (30). Therefore, 
preserving a varied and balanced microbiome during 
early immune development is not only basic for 
establishing immune competency but also for lowering 
the lifetime risk of immune-mediated diseases. 
Especially in early life, the maturation and functional 
calibration of the immune system depend critically on 
the microbiome (21). Exposure to different microbial 
communities during important developmental 
windows—such as birth, infancy, and early childhood—
determines appropriate differentiation and activation 
of many immune cell types, including T lymphocytes, 
dendritic cells, macrophages, and B cells (22). Natural 
stimuli such as these microbial exposures guide the 
immune repertoire by helping the system to correctly 
differentiate between benign antigens and harmful 
pathogens as well as between self and non-self (23). 
Research on germ-free animal models offers strong 
evidence about the basic role the microbiome plays in 
immune development. Raised in sterile surroundings 
and so devoid of any microbial colonization, germ-
free mice show extreme immune deficits (24). Among 
these are low secretory immunoglobulin A (IgA), 
underdeveloped secondary lymphoid organs (such 
as Peyer’s patches and mesenteric lymph nodes), 
changed T cell populations, and poor responses to 
infections (25). These findings draw attention to the 
crucial part microbial-derived signals—including 
microbial-associated molecular patterns (MAMPs) 
and microbial metabolites—drive in structural and 
functional maturation of the immune system (26). 
Moreover, outside of immune activation and defense, 
the microbiome is equally crucial in generating immune 
tolerance (27). This means promoting the synthesis of 
anti-inflammatory cytokines like IL-10 and TGF-β as 
well as the spread of regulatory T cells (Tregs), which, 
taken together, help to control too strong or inappropriate 
immune responses (28). Strengthening mucosal barrier 
function and altering antigen-presenting cell activity, 
the microbiota helps prevent the immune system 
from launching assaults against benign environmental 
agents, dietary proteins, or the body’s own tissues (29). 
Especially in early life, disruptions to this delicate 
microbial-immune balance can have long-term 
consequences and are mostly related to the development 
of autoimmune and allergic diseases, including type 
1 diabetes, asthma, inflammatory bowel disease, and 
systemic lupus erythematosus (30). 

Regulation of Inflammatory Responses
Chronic inflammation has been linked to microbial 

dysbiosis, which can be defined as an imbalance in the 
microbiome (31). This imbalance is suspected to be 
the root cause of the pathogenicity of many diseases. 
The overproduction of pro-inflammatory cytokines 
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and the activation of immune cells that are brought 
on by dysbiosis can lead to various disorders, some 
of which include inflammatory bowel disease (IBD), 
rheumatoid arthritis, and asthma (32). On the other 
hand, a perfectly balanced microbiome will increase 
the production of anti-inflammatory cytokines, 
which will in turn promote immunological tolerance. 
This tolerance is essential for maintaining immune 
homeostasis (33).

Microbiome and Immune Therapy
The microbiome’s central role in regulating immune 

responses drives growing research on its therapeutic 
use to raise immunotherapy’s efficacy and precision 
(34). An increasing number of data points inside the 
framework of cancer treatment point to the composition 
and diversity of the gut microbiota as having a major 
influence on patient responses to immune checkpoint 
inhibitors (ICIs), including anti-PD-1 and anti-CTLA-4 
treatments (35). These inhibitors rely on a strong and 
responsive immune system—one that is, in part, shaped 
by microbial signals—that reactives T-cells suppressed 
by tumor-associated mechanisms (36). Studies on 
particular commensal bacterial species including 
Akkermansia muciniphila, Bifidobacterium longum, 
and Faecalibacterium prausnitzii have linked improved 
clinical outcomes in patients undergoing ICI treatment 
to these organisms (37) and enhanced anti-tumor 
immunity. These helpful bacteria seem to help T-cell 
priming and proliferation, change dendritic cell function, 
and boost the generation of inflammatory cytokines 
that support tumor surveillance and destruction (38).  
From dietary changes and customized probiotic 
supplements to next-generation microbial 
consortia, personalized microbiome-targeted 
treatments from which immunotherapy outcomes 
in cancer patients could be improved are thus 
under active research as adjunct strategies (39). 
Reversing the gut flora to favor immunostimulatory 
profiles could increase therapeutic efficacy, 
reduce immune-related adverse events, and 
so extend the benefits of immunotherapy 
to a greater population of patients  (40).  
Beyond cancer, the immunomodulating powers of the 
microbiome have opened fresh paths for the treatment 
of inflammatory and autoimmune diseases (41). Many 
autoimmune diseases, including Crohn’s disease, 
rheumatoid arthritis, systemic lupus erythematosus 
(SLE), and multiple sclerosis (30), have dysbiosis 
that is, imbalance in the gut flora. In these disorders, 
inappropriate immune activation against self-antigens 
is often linked with altered microbial composition and 
compromised gut barrier function. Treatments based 
on the microbiome aim to reach microbial balance 
and immune tolerance (43). Re-establishing microbial 
diversity and reducing disease symptoms in some 

patients has shown promise with methods including 
fecal microbiota transplantation (FMT), in which stool 
from a healthy donor is transferred to a patient (44). 
Likewise, targeted probiotic treatments and modified 
microbial strains are being developed to especially 
change immune pathways, reduce inflammation, 
and increase regulatory T cell responses (45). 
These findings taken together show the therapeutic 
possibilities of microbiome modification as a novel 
approach for cancer prevention and management of 
autoimmune disease. Validation of the efficacy, safety, 
and personalization of these interventions will depend 
mostly on continuous research and clinical trials, so 
opening the path for microbiome-informed precision 
medicine (46).

The Microbiome and Metabolic Regulation
Apart from its important contribution to the immune 

system, the gut microbiome is a major control of host 
metabolism, so preserving metabolic equilibrium (47). 
From nutrient absorption to energy harvest to glucose 
use to lipid metabolism and storage, the trillions of 
microorganisms living in the gastrointestinal tract 
impact a wide spectrum of metabolic activities (48). 
A sophisticated network of microbial enzymes and 
metabolites closely interacting with host signaling 
paths mediates these activities (49). By fermenting 
indigestible dietary fibers into short-chain fatty acids 
(SCFAs), including acetate, propionate, and butyrate 
(50), the microbiome mostly helps to regulate 
metabolism. For colonocytes, these SCFAs are both 
vital energy sources and signaling molecules; they also 
have systemic effects (51). SCFAs, for example, affect 
insulin sensitivity, lower inflammation, control appetite 
by gut-brain axis signaling, and alter the release of gut-
derived hormones, including peptide YY (PYY) and 
glucagon-like peptide-1 (GLP-1), both of which are 
absolutely vital for glucose homeostasis and satiety  (52).  
Apart from SCFAs, the microbiome controls bile acid 
metabolism, which is necessary for the breakdown 
of fats and the control of cholesterol. Primary bile 
acids produced by the liver are transformed by gut 
bacteria into secondary bile acids, which function 
as signaling molecules binding to nuclear receptors, 
including G-protein-coupled bile acid receptor 
1 (TGR5) (53). Controlling lipid and glucose 
metabolism, inflammation, and energy expenditure 
depends on these receptors. Therefore, changes 
in the microbiome can cause a great metabolic 
effect by dysregulation of these pathways (54, 55). 
Furthermore, by influencing the effectiveness of 
calorie extraction from food, the gut flora can control 
host energy balance. Research on obesity has revealed 
that those who have it often have different microbial 
populations marked by higher diet energy extraction 
capacity (56). All important traits of metabolic 
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syndrome (57): these changed microbiomes also 
correlate with low-grade systemic inflammation, 
enhanced intestinal permeability, and insulin resistance.  
Importantly, microbial dysbiosis has been linked to the 
pathogenesis of several metabolic disorders, including 
obesity, type 2 diabetes mellitus, non-alcoholic 
fatty liver disease (NAFLD), and cardiovascular 
diseases (58). Interventions aimed at modulating 
the gut microbiome—such as prebiotics, probiotics, 
synbiotics, dietary changes, and fecal microbiota 
transplantation—are being actively investigated 
for their potential to restore metabolic balance and 
improve clinical outcomes in these conditions (59). 
Importantly, microbial dysbiosis has been linked to the 
pathogenesis of several metabolic disorders, including 
obesity, type 2 diabetes mellitus, non-alcoholic 
fatty liver disease (NAFLD), and cardiovascular 
diseases (60). Interventions aimed at modulating 
the gut microbiome—such as prebiotics, probiotics, 
synbiotics, dietary changes, and fecal microbiota 
transplantation—are being actively investigated for 
their potential to restore metabolic balance and improve 
clinical outcomes in these conditions (61).

Gut Microbiota and Energy Homeostasis
Increasingly acknowledged as major determinants 

of host energy balance and weight control are the 
composition and functional capacity of the gut flora 
(62). Many studies have shown that individuals with 
obesity and those of normal weight have different gut 
microbiomes, implying a direct relationship between 
microbial ecology and metabolic phenotype (63). One of 
the most consistent results is a changed bacterial phyla: 
Firmicutes to Bacteroidetes ratio. While Bacteroidetes 
are decreased, the relative abundance of Firmicutes is 
usually higher in obese people, a change thought to 
improve the capacity of the microbiota to extract energy 
from otherwise indigestible polysaccharides (64).  
Microbial fermentation systems that break down 
complex carbohydrates into absorbable short-chain 
fatty acids (SCFAs), including acetate, propionate, and 
butyrate (65), generate this increased energy harvest. 
Not only do these SCFAs offer a direct source of energy 
up to 10% of daily caloric intake but they also act as 
strong signaling molecules that change host metabolism 
in several respects (66). On intestinal and immune 
cells, for instance, SCFAs interact with G-protein-
coupled receptors (e.g., GPR41 and GPR43) to affect 
appetite control, fat storage, and insulin output. While 
propionate is important in gluconeogenesis and lipid 
metabolism in the liver, butyrate in particular provides 
the main energy source for colonocytes and shows 
anti-inflammatory and insulin-sensitizing effects (67). 
Furthermore, under control by microbial metabolites 
are important gut hormones linked to hunger and 
satiety, including ghrelin, peptide YY (PYY), and 

glucagon-like peptide-1 (GLP-1). By their action on 
the central nervous system, these hormones control 
food intake and impact peripheral glucose metabolism 
and fat storage (68). An imbalance in the gut microbial 
community, or dysbiosis, can reduce the synthesis 
of these important metabolites, so aggravating 
hyperphagia, insulin resistance, and lipid accumulation 
features of metabolic syndrome and obesity (69).  
Beyond SCFAs, other microbial products such as 
lipopolysaccharides (LPS), branched-chain amino 
acids (BCAAs), and secondary bile acids can 
also influence energy homeostasis and metabolic 
inflammation (70). For instance, increased 
translocation of LPS into the bloodstream—a 
consequence of increased gut permeability in 
dysbiosis—has been associated with low-grade chronic 
inflammation, or “metabolic endotoxemia,” which 
contributes to insulin resistance and adiposity (71).  
Given this intricate interplay between the gut 
microbiome and host energy regulation, therapeutic 
modulation of the microbiota has emerged as a 
promising strategy to combat obesity and related 
metabolic disorders (72). Interventions such as 
prebiotic and probiotic supplementation, dietary fiber 
enrichment, fecal microbiota transplantation (FMT), 
and next-generation microbial therapies aim to restore 
a favorable microbiome composition and enhance 
SCFA production (73). These strategies hold potential 
for promoting energy balance, improving glucose 
metabolism, and supporting weight loss in individuals 
with metabolic dysfunction (74).

Microbiome and Insulin Resistance
Basic components of metabolic diseases,  including 

type 2 diabetes mellitus (T2DM), obesity, and 
metabolic syndrome (75), in which case body cells 
fail to react properly to insulin, are insulin resistance. 
Rising data in recent years reveals that the gut 
microbiome is a main actor in the pathogenesis and 
possible therapy of insulin resistance since it influences 
glucose metabolism and insulin sensitivity (76).  
By synthesis of microbial metabolites, especially short-
chain fatty acids (SCFAs) such as as acetate, propionate, 
and butyrate (77), the microbiome clearly affects insulin 
sensitivity. Made by fermenting dietary fibers, these 
SCFAs act as signaling molecules engaging specific 
receptors (e.g., GPR41 and GPR43) on enteroendocrine 
and immune cells, so activating pathways that improve 
insulin action (78). SCFAs not only reduce appetite 
and satiety but also raise pancreatic β-cell activity and 
insulin sensitivity in peripheral tissues by inducing 
the release of gut hormones,, including glucagon-
like peptide-1 (GLP-1) and peptide YY (PYY).  
Linked increasingly to the pathogenesis of insulin 
resistance is dysbiosis, defined by an imbalance in 
the composition and activity of the gut microbial 
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population (80). One finds negative metabolic 
and immunological effects of perturbation of the 
delicate equilibrium between beneficial and perhaps 
harmful microorganisms (81). Mostly causing both 
local and systemic inflammation, dysbiosis also 
significantly influences insulin signaling. Usually 
resulting from enhanced intestinal permeability, this 
inflammatory disease lets bacterial components,, 
including lipopolysaccharides (LPS), translocate into 
the bloodstream (82). These endotoxins in circulation 
start natural immune reactions that produce chronic 
low-grade inflammation in key metabolic tissues, 
including skeletal muscle, liver, and adipose tissue, so 
modulating the insulin receptor signaling cascade. This 
interference reduces the cellular insulin response, so 
causing metabolic dysfunction and hyperglycemia (83).  
Moreover, dysbiosis is associated with a reduction in 
beneficial microbial metabolites such as short-chain 
fatty acids (SCFAs), which play protective roles in 
maintaining insulin sensitivity by modulating gut 
hormone secretion, enhancing anti-inflammatory 
pathways, and preserving gut barrier integrity (84). 
The loss of these key roles aggravates metabolic 
abnormalities, so promoting a vicious cycle that 
increases insulin resistance and type 2 diabetes (85).  
Given the central role the microbiome performs in 
regulating many processes, restoring a healthy and 
balanced microbial ecosystem presents a possible 
therapeutic route (86). Dietary interventions that 
aim to increase the consumption of whole grains, 
fermented products, and foods high in fiber particularly 
help beneficial bacteria that are capable of producing 
SCFAs and other bioactive compounds to grow (87). 
Prebiotics which provide substrates that support the 
growth of such microorganisms and probiotics which 
add live beneficial microorganisms have shown 
promise in clinical and preclinical studies to improve 
insulin sensitivity by reducing inflammation and 
strengthening metabolic signaling pathways (88).  
Aiming not only to control blood glucose levels but also 
to solve underlying pathophysiological mechanisms 
contributing to metabolic diseases, these microbiome-
targeted strategies offer a complementary approach to 
conventional treatments (89). Personalized medicine 
approaches for the prevention and treatment of insulin 
resistance and type 2 diabetes (90) will be advanced 
by ongoing research to maximize these interventions, 
ascertain appropriate strains and dosages, and 
customize therapies to individual microbiome profiles. 
Microbiome and Obesity

Since its frequency shockingly fast increases 
everywhere, obesity has become a major global health 
issue (91). Although a complicated interaction of 
genetic, environmental, and lifestyle elements clearly 
causes obesity, growing evidence emphasizes the gut 
microbiome as the main actor in controlling body 

weight and distribution of fat (92). Obesity is shaped 
by several processes, including modulation of energy 
harvest from the diet, control of host metabolism, and 
interaction with hormonal and immune pathways (93). 
The gut microbial community shapes obesity by means 
of these mechanisms. As was already noted, differences 
in the relative abundance and diversity of gut bacteria 
can affect the efficiency with which dietary nutrients 
are extracted and converted into useable energy (94). 
Higher ratios of Firmicutes to Bacteroidetes have 
been linked to enhanced capacity for fermenting 
complex polysaccharides into absorbable calories, so 
helping to explain increasing energy harvest and fat 
accumulation. Many times, obese people show this 
profile. This profile changes the lipid metabolism 
and storage of the host, hence influencing the fat 
distribution patterns and adiposity (96). This profile 
affects microbial surroundings as well. In addition to 
producing energy, the gut microbiome significantly 
regulates bile acid metabolism, thereby directly 
influencing the breakdown and absorption of fat. Gut 
bacteria convert primary bile acids into secondary 
bile acids which function as signaling molecules by 
means of receptors like Takeda G-protein receptor 
5 (TGR5) and farnesoid X receptor (FXR). These 
receptors specify control of energy consumption, lipid 
metabolism, and glucose homeostasis. Changing the 
signaling routes of perturbingile acid helps dysbiosis 
affect fat metabolism and increase fat storage, so 
driving obesity (98). These results have spurred much 
research on recently developed therapeutic strategies 
meant to target the microbiome to combat obesity. 
Promising in changing the microbial community of the 
recipient towards a more balanced and metabolically 
friendly profile, fecal microbiota transplantation 
(FMT), or transposing gut bacteria from a healthy donor 
to a recipient, has shown promise (99, 100). While 
more clinical research is needed to confirm its long-
term safety and efficacy, preliminary studies indicate 
that FMT might reduce adiposity (101) and enhance 
metabolic parameters. Apart from FMT, prebiotics and 
probiotics are easily accessible and could be helpful 
techniques to change the gut flora. Including inulin 
and fructooligosaccharides, prebiotics specifically 
encourage the growth of beneficial bacteria, generating 
short-chain fatty acids (SCFAs), with anti-obesity 
effects including appetite control and higher energy 
expenditure (102). Probiotics which comprise live 
beneficial microorganisms such as Lactobacillus and 
Bifidobacterium species have shown varied degrees 
of success in reducing body weight and improving 
metabolic health by changing inflammation, gut barrier 
function, and metabolic signaling pathways. These 
microbiome-based treatments often rely primarily 
on diet modification and physical exercise, showing 
promise as a complement or alternative to traditional 
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obesity control strategies (104). By addressing the basic 
microbial causes of obesity and thereby improving 
weight loss outcomes, these approaches may reduce 
the risk of complications related to obesity, including 
type 2 diabetes, cardiovascular diseases, and certain 
cancers (105).

Personalized Approaches in Microbiome-Based 
Therapies

Personalized medicine represents a transformative 
shift in healthcare, moving away from the traditional 
one-size-fits-all approach toward treatments tailored 
to an individual’s unique genetic, environmental, 
and lifestyle factors (106). Within this evolving 
paradigm, the human microbiome has emerged as 
a vital component due to its profound influence on 
health and disease. Each person harbors a distinctive 
microbiome profile shaped by factors such as genetics, 
diet, geography, age, medication use, and exposure 
to environmental microbes. This individuality means 
that microbiome-based therapies must be precisely 
tailored to the specific microbial landscape of each 
patient to achieve optimal therapeutic outcomes (107). 
Advances in high-throughput sequencing technologies 
and bioinformatics have enabled comprehensive 
characterization of the microbiome at the species and 
strain levels, as well as its functional potential (108).
These technologies allow clinicians and researchers to 
identify microbial signatures associated with particular 
diseases or treatment responses, facilitating the 
development of precision interventions. For example, 
in cancer immunotherapy, the presence or absence 
of certain gut microbial species has been linked to 
patients’ responses to immune checkpoint inhibitors, 
indicating that microbiome profiling can guide 
treatment decisions and improve efficacy (109).

Personalized microbiome therapies may include 
customized probiotic formulations designed to 
replenish specific beneficial bacteria that are deficient 
or absent in an individual’s gut. Similarly, prebiotic 
compounds can be selected to promote the growth 
of target microbes that produce metabolites with 
therapeutic effects, such as anti-inflammatory SCFAs 
(110). Additionally, fecal microbiota transplantation 
(FMT) protocols can be refined by matching donors 
and recipients based on microbial compatibility to 
maximize safety and effectiveness (111).

Dietary interventions represent another key avenue 
for personalization. Since diet profoundly influences 
the microbiome composition and function, personalized 
nutrition plans that consider an individual’s microbiota 
can optimize microbial balance and metabolic health 
(112). Machine learning algorithms and predictive 
models are increasingly being used to recommend diets 
that support beneficial microbes, reduce dysbiosis, and 
improve clinical outcomes (113).

Moreover, personalized microbiome-based therapies 
have the potential to reduce adverse drug reactions 
and enhance drug metabolism by accounting for the 
microbiome’s role in modifying pharmacokinetics. This 
integration of microbiome data into pharmacogenomics 
promises to further refine personalized treatment 
regimens (114).

Despite these promising advances, challenges remain 
in translating personalized microbiome therapies into 
routine clinical practice. Variability in microbiome 
sampling, standardization of microbial interventions, 
regulatory considerations, and the need for large-
scale clinical trials must be addressed. Nevertheless, 
ongoing research and technological innovation are 
rapidly overcoming these hurdles (115).

Microbiome Profiling for Personalized Medicine
The advent of advanced sequencing technologies 

has revolutionized our ability to characterize the 
human microbiome with unprecedented resolution 
and accuracy. Techniques such as 16S ribosomal RNA 
(rRNA) gene sequencing and shotgun metagenomic 
sequencing are at the forefront of this progress, 
enabling researchers and clinicians to obtain detailed 
insights into the composition, diversity, and functional 
potential of microbial communities residing in different 
body sites (116). 16S rRNA sequencing focuses on 
sequencing a specific region of the ribosomal RNA gene 
found in bacteria and archaea. This method allows for 
the identification and classification of microbes at the 
genus or sometimes species level, providing a snapshot 
of the microbial diversity and relative abundance 
within a sample. Its cost-effectiveness and relatively 
simple data analysis have made it a widely used tool in 
microbiome research and clinical studies (117).

Shotgun metagenomics, on the other hand, involves 
sequencing all genetic material present in a sample, 
offering a more comprehensive and detailed view. 
This approach not only identifies microbial species 
and strains with high resolution but also reveals the 
functional genes and metabolic pathways present in 
the microbial community. This functional insight is 
critical for understanding how microbes influence host 
physiology, metabolize nutrients, or modulate immune 
responses (118).

As sequencing costs continue to decrease and 
computational methods improve, microbiome profiling 
is becoming more accessible and feasible for routine 
clinical use (119). Integration with other ‘omics’ data, 
such as genomics, metabolomics, and proteomics, is 
further enhancing our ability to develop comprehensive, 
personalized health strategies that consider the complex 
interactions between the microbiome and host (120).

By analyzing an individual’s microbiome 
composition, researchers can identify specific 
microbial species or strains that may be associated with 
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health or disease (121). This information can be used 
to design personalized interventions, such as targeted 
probiotic treatments, dietary modifications, or the use 
of prebiotics, to restore microbial balance and optimize 
health outcomes (122).

By leveraging these technologies, researchers 
can map an individual’s unique microbiome profile, 
uncovering specific microbial species or strains that are 
either beneficial or potentially pathogenic (123). For 
example, an overabundance of certain inflammatory 
bacterial species might be linked to autoimmune 
disorders, while the presence of SCFA-producing 
bacteria may correlate with better metabolic health 
(124).

This granular understanding enables the design 
of personalized microbiome interventions. Targeted 
probiotic treatments can be formulated to introduce or 
augment specific beneficial strains that are deficient in 
an individual’s microbiome (125). Similarly, prebiotics 
non-digestible fibers and compounds that selectively 
feed beneficial microbes can be tailored to support 
the growth of these key species. Dietary modifications 
can also be personalized based on microbiome data to 
promote a balanced microbial ecosystem that supports 
overall health (126).

Moreover, microbiome profiling can assist in disease 
risk assessment and early diagnosis, identifying 
microbial signatures that precede or predict disease 
onset. This predictive capability allows for timely, 
targeted interventions to prevent disease progression 
(127). In oncology, for instance, microbiome profiles 
have been used to predict responses to immunotherapy, 
guiding personalized treatment plans that maximize 
efficacy while minimizing side effects.

Gut Microbiome and Diet for Personalized Therapies
Diet is one of the most influential and modifiable 

factors shaping the gut microbiome throughout life. The 
types and amounts of food consumed directly affect the 
diversity, composition, and function of the microbial 
communities within the gastrointestinal tract (128). 
Given this close relationship, dietary interventions 
have become a cornerstone strategy for modulating the 
microbiome to promote health and prevent or manage 
disease (129).

Personalized nutrition dietary plans tailored to 
an individual’s unique microbiome composition 
and metabolic profile holds significant promise in 
enhancing the efficacy of dietary recommendations 
and interventions (130). By understanding the specific 
microbial species and functional capacities present in 
a person’s gut, nutritionists and clinicians can design 
targeted diets that foster the growth of beneficial 
microbes while suppressing potentially harmful ones 
(131). For example, individuals whose microbiomes 
show an overrepresentation of pathogenic or pro-

inflammatory bacteria may benefit from diets rich 
in dietary fibers and fermented foods. Dietary fibers 
serve as substrates for beneficial bacteria, especially 
those that produce short-chain fatty acids (SCFAs) 
such as butyrate, acetate, and propionate (132). These 
SCFAs play vital roles in maintaining gut barrier 
integrity, regulating immune responses, and supporting 
metabolic health (18). Fermented foods, including 
yogurt, kefir, sauerkraut, and kimchi, introduce live 
beneficial microbes and bioactive compounds that 
further promote microbial diversity and balance (133).

Conversely, personalized dietary approaches may 
also involve reducing intake of foods that feed harmful 
bacteria or exacerbate dysbiosis. For example, limiting 
refined sugars and processed foods that can promote the 
growth of inflammatory microbes may be particularly 
important for individuals with metabolic syndrome or 
inflammatory bowel disease (134).

Moreover, personalized diet plans can be 
synergistically combined with microbiome-based 
therapies such as probiotics and prebiotics to enhance 
therapeutic outcomes. Probiotics live microorganisms 
that confer health benefits may colonize more effectively 
and exert greater beneficial effects when supported 
by a diet that favors their growth and activity (135). 
Prebiotics, which are nondigestible food components 
that selectively stimulate beneficial microbes, can be 
chosen and dosed based on the individual’s microbiome 
to optimize microbial community shifts (136).

This tailored approach is especially critical because 
the efficacy of probiotics and prebiotics varies 
widely depending on the host’s baseline microbiome 
composition and diet (137). For instance, a probiotic 
strain effective in one individual may fail to colonize 
or provide benefits in another with a different microbial 
ecosystem. Therefore, integrating microbiome profiling 
with personalized nutrition enables more precise and 
effective modulation of the gut microbiome (138).

In addition to disease prevention and management, 
personalized dietary modulation of the microbiome 
has implications for a broad range of conditions, 
including obesity, diabetes, autoimmune diseases, and 
even mental health disorders through the gut-brain 
axis (139). By leveraging individual microbiome data, 
personalized diets can be designed to restore microbial 
balance, reduce inflammation, and improve metabolic 
and immune functions (140).

In conclusion, the interplay between diet and the gut 
microbiome offers a powerful avenue for personalized 
therapies. Tailoring dietary recommendations based on 
individual microbiome profiles not only enhances the 
success of dietary interventions but also maximizes 
the benefits of complementary microbiome-targeted 
therapies, paving the way for more effective, 
personalized healthcare solutions.
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CONCLUSION
The microbiome plays a crucial role in regulating 

both immune and metabolic functions, influencing the 
development and progression of numerous diseases. 
Personalized therapies that integrate microbiome 
modulation offer a promising approach to improving 
patient outcomes by restoring microbial balance and 
enhancing the body’s natural defense mechanisms. 
As research advances, new technologies and therapies 
will emerge to harness the power of the microbiome 
in treating a wide range of diseases, from autoimmune 
disorders to metabolic diseases like obesity and diabetes. 
Moving forward, the combination of personalized 
medicine and microbiome-based interventions could 
transform the landscape of healthcare, offering more 
precise, effective, and individualized treatment 
strategies for patients.
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