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INTRODUCTION 

The human gastrointestinal tract harbors trillions of 

microorganisms collectively referred to as the gut 

microbiota.
[1]

 These microorganisms include bacteria, 

fungi, viruses, and archaea that exist in a symbiotic 

relationship with the host. The gut microbiota functions 

as a highly complex metabolic and immunological organ 

and plays a vital role in maintaining human health. It is 

actively involved in nutrient metabolism, epithelial 

barrier maintenance, immune regulation, 

neurotransmitter synthesis, bile acid metabolism, vitamin 

synthesis, and protection against pathogenic 

microorganisms.
[2]

 Through these diverse physiological 

functions, the gut microbiota contributes significantly to 

intestinal homeostasis as well as systemic health. 

 

In healthy individuals, the intestinal microbiota remains 

in a balanced and stable ecological state known as 

eubiosis. Beneficial microorganisms such as 

Lactobacillus, Bifidobacterium, Faecalibacterium 

prausnitzii, and Roseburia are important components of 

this balanced microbial ecosystem. These bacteria 
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promote intestinal homeostasis through the production of 

short-chain fatty acids (SCFAs), suppression of 

pathogenic organisms, enhancement of gut barrier 

integrity, and modulation of host immune responses.
[3]

 

The maintenance of this balanced microbial environment 

is essential for proper gastrointestinal and immunological 

functioning. 

 

Disruption of this normal microbial balance is referred to 

as dysbiosis. Dysbiosis is characterized by reduced 

microbial diversity, depletion of beneficial bacteria, 

expansion of pathobionts, altered microbial metabolites, 

and impaired host–microbe interactions.
[4]

 Such 

alterations in the intestinal microbial ecosystem can 

adversely affect metabolic, immune, and inflammatory 

pathways, thereby contributing to disease development 

and progression. 

 

Several environmental and pharmacological factors 

contribute to the development of dysbiosis. These 

include antibiotics, proton pump inhibitors, non-steroidal 

anti-inflammatory drugs, dietary patterns, smoking, 

stress, chemotherapy, infections, and aging.
[5]

 Among 

these factors, antibiotics are considered the most 

important pharmacological cause of dysbiosis because 

they profoundly alter microbial diversity and 

significantly reduce colonization resistance against 

opportunistic pathogens such as Clostridioides difficile.
[6]

 

Antibiotic-induced dysbiosis may persist for prolonged 

periods and can lead to significant alterations in 

microbial composition and function. 

 

Increasing evidence suggests that dysbiosis plays an 

important role in the pathogenesis of several 

gastrointestinal and systemic disorders. These include 

inflammatory bowel disease, irritable bowel syndrome, 

obesity, diabetes mellitus, cardiovascular disease, 

colorectal cancer, autoimmune disorders, and 

neuropsychiatric diseases.
[7]

 Alterations in gut microbial 

composition and microbial metabolites have been 

implicated in chronic inflammation, immune 

dysregulation, metabolic disturbances, and altered gut–

brain communication pathways associated with these 

conditions.
[8] 

 

Recent advances in pharmaco microbiomics have further 

demonstrated that the gut microbiota significantly 

influences drug pharmacokinetics, pharmacodynamics, 

efficacy, toxicity, and therapeutic response.
[9,10]

 The 

intestinal microbiota can affect drug metabolism through 

microbial biotransformation, modulation of host 

enzymes, and alteration of drug absorption and 

bioavailability. These findings have established the 

microbiome as an important target in personalized 

pharmacotherapy and precision medicine, highlighting 

the growing importance of microbiota-based therapeutic 

approaches in modern healthcare. 

 

This review aims to provide a comprehensive overview 

of the gut microbiota with a focus on its physiological 

roles, the mechanisms and consequences of dysbiosis, 

and its contribution to the pathogenesis of 

gastrointestinal and systemic diseases. It also highlights 

the impact of environmental and pharmacological 

factors—particularly drugs—on microbial homeostasis 

and emphasizes the emerging field of pharmaco-

microbiomics, wherein the gut microbiota influences 

drug response, efficacy, and toxicity. Furthermore, this 

review explores current and evolving microbiota-targeted 

therapeutic strategies, underscoring the potential of 

microbiome modulation in the development of 

personalized and precision medicine approaches for 

improved clinical outcomes. 

 

Physiological Functions of the Gut Microbiota 

One of the primary physiological functions of the gut 

microbiota is the fermentation of dietary fibers into 

short-chain fatty acids (SCFAs), including acetate, 

propionate, and butyrate.
[11,12,13]

 Among these SCFAs, 

butyrate serves as the primary energy source for 

colonocytes and plays a crucial role in maintaining 

intestinal health. It contributes significantly to the 

maintenance of epithelial barrier integrity, suppression of 

inflammatory signaling pathways, regulation of 

apoptosis, and prevention of colorectal carcinogenesis.
[14]

 

In addition to SCFA production, the gut microbiota 

contributes to the synthesis of several essential vitamins, 

including vitamin K, folate, riboflavin, biotin, and 

vitamin B12.
[15]

 Microbial metabolism also plays an 

important role in bile acid transformation and regulation 

of lipid homeostasis, thereby influencing overall 

metabolic balance. 

 

The gut microbiota also plays a central role in the 

maturation and regulation of both innate and adaptive 

immunity.
[16,17]

 Commensal microorganisms regulate 

cytokine production, antimicrobial peptide synthesis, 

regulatory T-cell activity, and inflammatory signaling 

pathways. Through these mechanisms, the intestinal 

microbiota helps maintain immune homeostasis and 

prevents excessive inflammatory responses. SCFAs 

further contribute to immune regulation by suppressing 

inflammation and promoting immune tolerance.
[18,19]

 

Thus, the gut microbiota functions as an important 

immunological modulator that protects against immune 

dysregulation and inflammatory diseases. 

 

Another important physiological function of the gut 

microbiota is the maintenance of intestinal barrier 

integrity. Beneficial microorganisms strengthen the 

epithelial barrier through enhancement of tight junction 

proteins, stimulation of mucus production, SCFA 

production, and suppression of pathogenic bacteria.
[20,21]

 

These protective mechanisms help preserve intestinal 

permeability and prevent microbial invasion. In contrast, 

dysbiosis disrupts epithelial integrity and increases 

intestinal permeability, commonly referred to as ―leaky 

gut,‖ thereby permitting translocation of endotoxins and 

microbial products into the systemic circulation.
[22]

 

Increased intestinal permeability has been associated 
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with chronic inflammation and various metabolic and 

autoimmune disorders. 

 

The gut microbiota also communicates bidirectionally 

with the central nervous system through the gut–brain 

axis.
[23,24]

 Gut microorganisms influence the production 

of several neurotransmitters and neuroactive compounds, 

including serotonin, dopamine, gamma-aminobutyric 

acid (GABA), and norepinephrine. Through neural, 

endocrine, immune, and metabolic pathways, the gut 

microbiota affects brain function, mood, and behavior. 

Dysbiosis-associated alterations in gut–brain signaling 

have been implicated in several neuropsychiatric and 

neurodegenerative disorders, including depression, 

anxiety, autism spectrum disorder, Parkinson’s disease, 

and Alzheimer’s disease.
[25,26]

 

 

Pharmacological Mechanisms of Dysbiosis 

Multiple medications significantly alter the composition 

and function of the gut microbiota and thereby contribute 

to dysbiosis. Among these, antibiotics are considered the 

most important pharmacological cause of dysbiosis.
[27,28]

 

Broad-spectrum antibiotics profoundly disrupt the 

intestinal microbial ecosystem by reducing microbial 

diversity, suppressing beneficial microorganisms, 

impairing colonization resistance, and promoting 

opportunistic infections. Repeated or prolonged 

antibiotic exposure further contributes to the 

development of antimicrobial resistance, fungal 

overgrowth, metabolic disturbances, and chronic 

inflammatory disorders. Antibiotic-induced alterations in 

the gut microbiota may persist for extended periods and 

can significantly affect host immunity and metabolism. 

 

Proton pump inhibitors (PPIs) also significantly 

influence the gut microbiota by altering gastric pH and 

modifying upper gastrointestinal microbial colonization. 

Long-term PPI therapy has been associated with 

increased abundance of Enterobacteriaceae, reduced 

microbial diversity, small intestinal bacterial overgrowth, 

and recurrent Clostridioides difficile infection. These 

alterations occur primarily due to reduced gastric acid-

mediated suppression of ingested microorganisms, 

thereby facilitating abnormal bacterial colonization 

within the gastrointestinal tract. 

 

Non-steroidal anti-inflammatory drugs (NSAIDs) 
contribute to dysbiosis through multiple mechanisms, 

including epithelial injury, increased intestinal 

permeability, mitochondrial dysfunction, and 

inflammatory mucosal damage. NSAID-induced 

disruption of intestinal barrier integrity promotes 

inflammation and alters microbial composition, thereby 

contributing to gastrointestinal toxicity and chronic 

intestinal inflammation. 

 

Chemotherapeutic agents also significantly alter 

microbial diversity and contribute to mucosal injury, 

gastrointestinal toxicity, systemic inflammation, and 

neutropenic infections. Cancer chemotherapy disrupts 

the intestinal microbial ecosystem through direct 

cytotoxic effects on rapidly dividing intestinal epithelial 

cells and indirectly through immune suppression. 

Irinotecan toxicity, in particular, is strongly influenced by 

microbial β-glucuronidase activity.
[31]

 Microbial 

reactivation of irinotecan metabolites within the intestine 

contributes to severe gastrointestinal toxicity, 

demonstrating the critical role of gut microbiota in drug 

metabolism and adverse drug reactions. 

 

Pharmacomicrobiomics and Drug–Microbiome 

Interactions 

Pharmacomicrobiomics is an emerging branch of 

pharmacology that focuses on the bidirectional 

interactions between the gut microbiota and therapeutic 

agents.
[32,33]

 Recent advances in microbiome research 

have demonstrated that intestinal microorganisms 

significantly influence drug absorption, metabolism, 

bioavailability, efficacy, toxicity, and enterohepatic 

circulation. The gut microbiota contains a wide variety of 

microbial enzymes capable of chemically modifying 

drugs before or after systemic absorption.
[34]

 These 

microbial activities may activate prodrugs, inactivate 

active medications, generate toxic metabolites, or alter 

host metabolic pathways, thereby contributing to 

variability in therapeutic response among individuals. 

Such interactions have become increasingly important in 

the development of personalized pharmacotherapy and 

precision medicine. 

 

Gastrointestinal Diseases and Drug–Microbiome 

Interactions 

Drug–microbiome interactions are particularly important 

in gastrointestinal diseases because the intestinal 

microbiota directly influences mucosal immunity, 

inflammatory signaling, and epithelial barrier integrity. 

In inflammatory bowel disease, including ulcerative 

colitis and Crohn’s disease, patients commonly 

demonstrate reduced microbial diversity, depletion of 

butyrate-producing bacteria, increased Proteobacteria, 

and chronic inflammatory signaling.
[35]

 These alterations 

significantly affect intestinal homeostasis and therapeutic 

responsiveness. 

 

One important example is Sulfasalazine, a prodrug 

widely used in inflammatory bowel disease and 

rheumatoid arthritis. Sulfasalazine requires microbial 

activation within the colon for its therapeutic action. 

Intestinal bacteria cleave the azo bond of sulfasalazine to 

produce its active metabolites, Sulfapyridine and 5-

aminosalicylic acid, which exert anti-inflammatory 

effects locally within the intestinal mucosa.
[36]

 Therefore, 

the therapeutic efficacy of sulfasalazine depends largely 

on the metabolic activity of gut microorganisms. 

Alterations in microbial composition may consequently 

influence treatment response in inflammatory bowel 

disease. 

 

Antibiotic-associated dysbiosis also plays a major role in 

recurrent Clostridioides difficile infection. Broad-
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spectrum antibiotics reduce microbial diversity and 

impair colonization resistance, thereby permitting 

overgrowth of toxigenic C. difficile strains.
[37]

 Persistent 

dysbiosis contributes to recurrent infection and severe 

gastrointestinal inflammation. Restoration of microbial 

diversity through microbiome-based therapies such as 

fecal microbiota transplantation has shown remarkable 

therapeutic success in recurrent Clostridioides difficile 

infection. 

 

Metabolic Disorders and Antidiabetic Therapy 

The gut microbiota also significantly contributes to 

metabolic disorders such as obesity, insulin resistance, 

type 2 diabetes mellitus, and metabolic syndrome.
[38,39]

 

Alterations in microbial composition influence glucose 

metabolism, lipid homeostasis, inflammatory pathways, 

and insulin sensitivity.
[40]

 Dysbiosis-associated metabolic 

endotoxemia and chronic low-grade inflammation further 

contribute to progression of metabolic diseases. 

 

Metformin, one of the most commonly prescribed 

antidiabetic drugs, exerts part of its therapeutic effect 

through modulation of gut microbiota composition.
[41]

 

Metformin therapy increases the abundance of beneficial 

microorganisms such as Akkermansia muciniphila and 

short-chain fatty acid-producing bacteria.
[42]

 These 

microbial alterations contribute to improved insulin 

sensitivity, enhanced glucose metabolism, reduced 

systemic inflammation, and improved intestinal barrier 

integrity. Variability in gut microbiota composition may 

therefore influence therapeutic response to metformin 

and contribute to differences in glycaemic control among 

patients with type 2 diabetes mellitus.
[43]

 

 

Neurological Disorders and the Gut–Brain Axis 

The gut microbiota also plays an important role in 

neurological and neuropsychiatric disorders through the 

gut–brain axis. Bidirectional communication between the 

gastrointestinal tract and central nervous system occurs 

through neural, endocrine, immune, and metabolic 

pathways. Gut microorganisms influence production of 

neurotransmitters including serotonin, dopamine, 

gamma-aminobutyric acid (GABA), and norepinephrine, 

thereby affecting mood, cognition, and neurological 

function. 

 

One important example of microbiome-mediated drug 

interaction is observed in Parkinson’s disease.
[44]

 

Levodopa, the primary therapeutic agent used in 

Parkinson’s disease, undergoes microbial metabolism 

within the gastrointestinal tract before systemic 

absorption. Certain intestinal bacteria metabolize 

levodopa and reduce its availability for transport across 

the blood–brain barrier, thereby decreasing therapeutic 

efficacy and contributing to variability in clinical 

response. Dysbiosis-associated alterations in 

neurotransmitter production and neuroinflammatory 

signaling have additionally been implicated in 

depression, anxiety, autism spectrum disorder, 

Parkinson’s disease, and Alzheimer’s disease.
[45]

 These 

findings suggest that modulation of the gut microbiota 

may represent a novel therapeutic approach in 

neurological disorders.
[45]

 

 

Cancer Therapy and Immunotherapy 

The gut microbiota significantly influences both 

chemotherapy-related toxicity and responsiveness to 

cancer immunotherapy. One important mechanism 

involves microbial β-glucuronidases, which participate in 

enterohepatic circulation by deconjugating drug 

metabolites excreted into bile.
[46]

 Following hepatic 

metabolism, many drugs undergo glucuronidation and 

are excreted into the intestine as inactive conjugates. 

Intestinal microbial β-glucuronidases subsequently 

regenerate active drug compounds, thereby increasing 

drug reabsorption and toxicity.
[47]

 

 

This mechanism is particularly important in irinotecan-

induced toxicity in colorectal cancer. Irinotecan 

metabolites are reconverted into active toxic compounds 

within the intestine through microbial β-glucuronidase 

activity, resulting in severe gastrointestinal toxicity and 

diarrhea.
[48]

 Similar microbial mechanisms influence 

toxicity associated with NSAIDs, estrogen metabolites, 

and morphine derivatives. 

 

Recent evidence has additionally demonstrated that the 

gut microbiota significantly influences responsiveness to 

cancer immunotherapy, particularly immune checkpoint 

inhibitors such as PD-1 and CTLA-4 inhibitors.
[49,50]

 

Specific bacterial taxa, including Bifidobacterium, 

Akkermansia muciniphila, and members of the 

Firmicutes phylum, have been associated with improved 

immunotherapeutic responses and enhanced antitumor 

immunity. These microorganisms promote activation of 

dendritic cells, enhance cytotoxic T-cell responses, and 

improve immune-mediated tumor destruction. 

Conversely, antibiotic-induced dysbiosis may impair 

antitumor immunity and significantly reduce the 

effectiveness of immune checkpoint inhibitors.
[51]

 These 

findings have generated considerable interest in 

microbiome-targeted interventions such as probiotics, 

fecal microbiota transplantation, engineered microbial 

therapeutics, and precision pharmacomicrobiomics to 

improve cancer therapy outcomes and advance 

personalized oncology.
[52]

 

 

Dysbiosis in Disease 

Dysbiosis, characterized by disruption of the normal 

intestinal microbial balance, has emerged as a major 

contributor to the pathogenesis of several gastrointestinal 

and systemic disorders. Alterations in microbial 

diversity, depletion of beneficial bacteria, expansion of 

pathogenic microorganisms, and abnormal microbial 

metabolite production significantly affect epithelial 

barrier integrity, immune regulation, inflammatory 

signaling, and metabolic homeostasis. Recent studies 

have further strengthened the evidence linking gut 

dysbiosis with chronic inflammatory, metabolic, 

cardiovascular, and neurological diseases. 
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Inflammatory Bowel Disease 

Inflammatory bowel disease (IBD), including ulcerative 

colitis and Crohn’s disease, is one of the most 

extensively studied disorders associated with gut 

dysbiosis.
[53,54]

 Patients with IBD commonly demonstrate 

reduced microbial diversity, depletion of butyrate-

producing bacteria such as Faecalibacterium prausnitzii 

and Roseburia, and increased abundance of pathobionts 

including members of the Proteobacteria phylum.
[55]

 

These alterations disrupt intestinal homeostasis and 

contribute to chronic intestinal inflammation. 

 

Butyrate-producing bacteria play a critical role in 

maintaining epithelial barrier integrity and regulating 

mucosal immune responses. Butyrate serves as the 

primary energy source for colonocytes and possesses 

anti-inflammatory properties through inhibition of 

histone deacetylases and suppression of pro-

inflammatory cytokine production. Depletion of these 

beneficial bacteria therefore results in epithelial barrier 

dysfunction, increased intestinal permeability, and 

enhanced translocation of microbial products into the 

lamina propria. This promotes activation of 

macrophages, dendritic cells, and T lymphocytes, 

resulting in excessive inflammatory cytokine release 

including TNF-α, IL-6, and IL-1β.
[56]

 

 

Recent studies have demonstrated that dysbiosis-

associated metabolic alterations further contribute to 

disease progression in IBD. A 2024 review by 

Inflammation and Regeneration highlighted that disease-

associated luminal metabolic changes selectively 

promote growth of pathobionts such as adherent-invasive 

Escherichia coli while suppressing beneficial commensal 

microorganisms.
[57]

 Another 2024 study demonstrated 

that butyrate modulates immune tolerance through 

regulation of histone deacetylase activity and 

inflammatory signaling pathways in intestinal 

macrophages and monocytes, thereby suppressing 

mucosal inflammation in IBD.
[58] 

 

Recent advances have additionally shown that 

microbiome-based biomarkers may aid in diagnosis and 

disease monitoring. A 2024 study published in Nature 

Medicine demonstrated the potential role of microbiome-

based diagnostic profiling in inflammatory bowel 

disease.
[59] 

 

Clostridioides difficile Infection 

Antibiotic-associated dysbiosis markedly increases 

susceptibility to Clostridioides difficile infection.
[60]

 

Broad-spectrum antibiotics significantly reduce 

microbial diversity and suppress commensal bacteria that 

normally provide colonization resistance against 

pathogenic organisms. Loss of these protective 

microorganisms permits overgrowth of toxigenic C. 

difficile strains within the intestine. 

 

Pathogenesis primarily involves disruption of bile acid 

metabolism and reduction of short-chain fatty acid-

producing bacteria. Secondary bile acids produced by 

normal gut microbiota inhibit germination and growth of 

C. difficile. Dysbiosis-associated reduction in these 

metabolites facilitates spore germination and toxin 

production. Toxins A and B produced by C. difficile 

subsequently cause epithelial injury, inflammation, 

pseudomembranous colitis, and severe diarrhea.
[61]

 

 

Recurrent C. difficile infection occurs because persistent 

dysbiosis prevents restoration of normal colonization 

resistance. Restoration of microbial diversity through 

fecal microbiota transplantation has therefore emerged as 

one of the most effective therapeutic approaches for 

recurrent infection.
[62] 

 

Obesity and Type 2 Diabetes Mellitus 

Dysbiosis significantly contributes to obesity, insulin 

resistance, type 2 diabetes mellitus, and metabolic 

syndrome.
[63,64]

 Alterations in gut microbial composition 

influence energy harvest from dietary nutrients, lipid 

metabolism, glucose homeostasis, bile acid metabolism, 

and inflammatory pathways. 

 

Obese individuals commonly demonstrate an altered 

Firmicutes-to-Bacteroidetes ratio, increased endotoxin-

producing bacteria, and reduced short-chain fatty acid-

producing microorganisms. Increased intestinal 

permeability associated with dysbiosis permits 

translocation of lipopolysaccharides into systemic 

circulation, producing metabolic endotoxemia and 

chronic low-grade inflammation. This inflammatory state 

contributes to insulin resistance and impaired glucose 

metabolism. 

 

Short-chain fatty acids produced by beneficial bacteria 

regulate glucose metabolism, incretin secretion, appetite 

regulation, and adipose tissue function. Dysbiosis-

associated reduction in these metabolites therefore 

contributes to metabolic dysfunction. Metformin exerts 

part of its therapeutic effect through modulation of gut 

microbiota composition by increasing the abundance of 

beneficial bacteria such as Akkermansia muciniphila and 

other SCFA-producing microorganisms. These microbial 

alterations improve insulin sensitivity, intestinal barrier 

integrity, and glucose metabolism.
[64]

 

 

Recent studies have demonstrated growing interest in 

microbiome-targeted interventions for metabolic 

disorders.
[65]

 Alterations in microbial metabolites, bile 

acid signaling, and inflammatory pathways are 

increasingly recognized as central mechanisms in 

diabetes pathogenesis and treatment response. 

 

Cardiovascular Disease 

The gut microbiota also plays an important role in 

cardiovascular disease through microbial metabolism of 

dietary nutrients.
[60,61]

 Gut microorganisms metabolize 

dietary choline and carnitine into trimethylamine (TMA), 

which is subsequently converted in the liver into 

https://link.springer.com/article/10.1186/s41232-024-00321-w?utm_source=chatgpt.com
https://www.nature.com/articles/s41591-024-03280-4?utm_source=chatgpt.com
https://www.nature.com/articles/s41591-024-03280-4?utm_source=chatgpt.com
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trimethylamine-N-oxide (TMAO), a metabolite strongly 

associated with cardiovascular pathology. 

 

TMAO promotes atherosclerosis through multiple 

mechanisms including endothelial dysfunction, vascular 

inflammation, foam cell formation, platelet activation, 

and thrombosis. Elevated circulating TMAO levels have 

been associated with increased risk of myocardial 

infarction, stroke, heart failure, and adverse 

cardiovascular outcomes. 

 

A 2024 study published in Diabetology & Metabolic 

Syndrome demonstrated strong associations between 

circulating TMAO levels, gut microbiota alterations, and 

cardiometabolic disease risk.
[66]

 Another 2024 study 

published in Scientific Reports reported that elevated 

TMAO concentrations were associated with increased 5-

year mortality and cardiovascular risk.
[67] 

 

Similarly, a 2024 study published in BMC 

Cardiovascular Disorders demonstrated correlation 

between circulating TMAO levels and coronary 

atherosclerotic burden in newly diagnosed coronary heart 

disease.
[68]

 These studies further support the important 

role of gut microbial metabolites in cardiovascular 

disease pathogenesis. 

 

Neurological and Neuropsychiatric Disorders 

Dysbiosis-associated alterations in the gut–brain axis 

have additionally been implicated in depression, anxiety, 

autism spectrum disorder, Parkinson’s disease, and 

Alzheimer’s disease.
[69,70]

 Bidirectional communication 

between the gastrointestinal tract and central nervous 

system occurs through neural, endocrine, immune, and 

metabolic pathways. Gut microorganisms influence 

synthesis of neurotransmitters including serotonin, 

dopamine, gamma-aminobutyric acid (GABA), and 

norepinephrine, thereby affecting mood, cognition, and 

neurological function. 

 

Dysbiosis contributes to neuroinflammation through 

increased intestinal permeability, systemic endotoxemia, 

and activation of inflammatory cytokines that can affect 

the blood–brain barrier and neuronal signaling pathways. 

Altered microbial metabolites and immune signaling 

additionally influence microglial activation and 

neurodegenerative processes. 

 

In Parkinson’s disease, gut dysbiosis has been 

associated with abnormal α-synuclein aggregation, 

altered intestinal permeability, and chronic 

neuroinflammation. Certain intestinal microorganisms 

additionally metabolize levodopa before systemic 

absorption, thereby reducing its therapeutic availability 

and influencing treatment response. In Alzheimer’s 

disease, dysbiosis-associated neuroinflammation and 

oxidative stress may contribute to neuronal degeneration 

and cognitive decline. 

 

Recent advances in microbiome research have therefore 

highlighted the gut microbiota as an important 

therapeutic target in neurological and neuropsychiatric 

disorders. Emerging microbiome-based therapies 

including probiotics, prebiotics, fecal microbiota 

transplantation, and engineered microbial therapeutics 

are currently being investigated for modulation of gut–

brain signaling and neuroinflammation. 

 

Microbiome-Based Therapeutics 

Probiotics are live microorganisms that provide health 

benefits when administered in adequate amounts.
[71,72]

 

Common probiotic organisms include Lactobacillus, 

Bifidobacterium, and Saccharomyces boulardii. These 

microorganisms exert several pharmacological benefits, 

including restoration of microbial diversity, enhancement 

of epithelial barrier integrity, suppression of pathogenic 

organisms, and reduction of intestinal inflammation. 

Through modulation of the gut microbiota and immune 

responses, probiotics contribute to the maintenance of 

intestinal homeostasis and improvement of 

gastrointestinal health. 

 

Prebiotics are non-digestible dietary components that 

selectively stimulate the growth and activity of beneficial 

bacteria, whereas synbiotics are combinations of 

probiotics and prebiotics.
[73,74]

 These therapeutic 

approaches improve short-chain fatty acid (SCFA) 

production, immune regulation, glucose metabolism, and 

gastrointestinal function. By promoting the growth of 

beneficial microorganisms and enhancing microbial 

metabolic activity, prebiotics and synbiotics help restore 

microbial balance and reduce dysbiosis-associated 

complications. 

 

Postbiotics 

In the early twentieth century, pioneering studies by Dr. 

Pierre Boucard and colleagues demonstrated the 

therapeutic potential of heat-treated fecal Lactobacillus 

in relieving digestive disorders, leading to one of the 

earliest commercial postbiotic products containing heat-

inactivated lactic acid bacteria (LAB) and bacterial 

supernatants.
[75]

 Postbiotics are bioactive compounds 

derived from microbial cells, including soluble cellular 

components and metabolites, that provide health and 

therapeutic benefits.
[72,73]

 Due to safety concerns 

associated with live microorganisms, species outside 

traditionally safe groups such as Bifidobacterium and the 

Lactobacillaceae family are also being explored as 

potential sources of postbiotics.
[47]

 Owing to their 

antimicrobial, anti-inflammatory, immunomodulatory, 

and antioxidant properties, postbiotics are increasingly 

recognized as promising biotherapeutic agents for 

various diseases.
[48,49]

 Microbial-derived substances such 

as lactic acid, biosurfactants, bacteriocins, and short-

chain fatty acids (SCFAs) are now incorporated into 

pharmaceutical and healthcare products including 

toothpaste, mouthwashes, creams, serums, and personal 

care formulations.
[48]

 Several in vitro, in vivo, and 

clinical studies have demonstrated their therapeutic 

https://link.springer.com/article/10.1186/s13098-024-01368-y?utm_source=chatgpt.com
https://link.springer.com/article/10.1186/s13098-024-01368-y?utm_source=chatgpt.com
https://www.nature.com/articles/s41598-024-71479-z?utm_source=chatgpt.com
https://bmccardiovascdisord.biomedcentral.com/articles/10.1186/s12872-024-03937-5?utm_source=chatgpt.com
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potential, particularly in cancer and inflammatory 

disorders, highlighting postbiotics as safe and stable 

alternatives to live probiotics.
[49,50]

 

 

Recent advances in microbiome therapeutics have led to 

the development of next-generation probiotics, including 

Akkermansia muciniphila, Faecalibacterium prausnitzii, 

and Roseburia species.
[51]

 These organisms possess 

targeted anti-inflammatory and metabolic effects and are 

being investigated for their potential role in the 

management of metabolic, inflammatory, and 

gastrointestinal disorders. Unlike conventional 

probiotics, next-generation probiotics are selected based 

on specific mechanistic and therapeutic properties. 

 

Engineered live biotherapeutics developed using 

synthetic biology approaches represent another emerging 

area of microbiome pharmacology.
[52,84,85]

 These 

engineered microbial therapeutics can deliver therapeutic 

molecules, degrade toxic metabolites, modulate immune 

signaling pathways, and target disease-specific 

mechanisms. Such approaches offer the potential for 

highly targeted and personalized treatment strategies in 

various chronic and metabolic diseases. 

 

Faecal Microbiota Transplantation and Approved 

Microbiome Therapeutics 
Faecal microbiota transplantation (FMT) has emerged as 

one of the most important and effective microbiome-

based therapeutic approaches in modern medicine. FMT 

involves the transfer of processed stool obtained from 

healthy donors into recipients with the aim of restoring 

microbial diversity, intestinal homeostasis, and normal 

host–microbiome interactions.
[35,36,68]

 The therapeutic 

rationale of FMT is based on the concept that restoration 

of a healthy microbial ecosystem can reverse dysbiosis-

associated pathological processes and re-establish 

colonization resistance against pathogenic organisms. 

 

FMT exerts its therapeutic effects through multiple 

mechanisms, including restoration of microbial diversity, 

suppression of pathogenic microorganisms, 

normalization of bile acid metabolism, restoration of 

colonization resistance, enhancement of short-chain fatty 

acid production, and modulation of mucosal and 

systemic immune responses. Restoration of beneficial 

commensal bacteria helps improve epithelial barrier 

integrity, reduce intestinal permeability, suppress 

inflammatory signaling, and regulate host immune 

homeostasis.
[76]

 

 

The most well-established indication for FMT is 

recurrent Clostridioides difficile infection, where 

antibiotic-associated dysbiosis disrupts colonization 

resistance and permits overgrowth of toxigenic C. 

difficile strains. Conventional antibiotic therapy often 

fails to restore normal microbial diversity, resulting in 

recurrent infection. FMT has demonstrated remarkable 

clinical efficacy in such patients, with cure rates 

exceeding 80–90%, making it one of the most successful 

microbiome-based therapies currently available.
[77,78]

 

 

Recent studies continue to support the efficacy of FMT 

in recurrent Clostridioides difficile infection. A 2024 

review published in The Lancet Gastroenterology & 

Hepatology emphasized that FMT remains the most 

effective therapy for recurrent Clostridioides difficile 

infection and highlighted its role in restoration of 

microbial diversity and bile acid metabolism. Additional 

studies have demonstrated that successful FMT is 

associated with re-establishment of Firmicutes and 

Bacteroidetes populations along with reduction of 

pathogenic Proteobacteria species.
[79]

 

 

Beyond recurrent Clostridioides difficile infection, FMT 

is increasingly being investigated in several 

gastrointestinal and systemic disorders associated with 

dysbiosis. In ulcerative colitis, FMT has shown 

promising effects in reducing intestinal inflammation, 

improving mucosal healing, and inducing clinical 

remission through restoration of anti-inflammatory 

microbial populations and enhancement of short-chain 

fatty acid production. Recent randomized controlled 

trials have demonstrated improved remission rates in 

ulcerative colitis patients receiving multidonor intensive 

FMT compared with standard therapy alone.
[80]

 

 

FMT has additionally been investigated in irritable bowel 

syndrome, where dysbiosis-associated alterations in 

microbial metabolites and gut–brain signaling contribute 

to disease pathogenesis. Some studies have reported 

improvement in abdominal pain, bloating, and bowel 

symptoms following microbiome restoration through 

FMT, although therapeutic responses remain 

variable.
[81,82] 

 

Increasing evidence also suggests a significant role of 

FMT in metabolic disorders such as obesity and type 2 

diabetes mellitus. Dysbiosis-associated alterations in 

glucose metabolism, bile acid signaling, and 

inflammatory pathways contribute to metabolic 

dysfunction. Recent studies have shown that 

transplantation of microbiota from metabolically healthy 

donors may improve insulin sensitivity and metabolic 

regulation in selected patients.
[83,84] 

 

FMT is also being explored in neurological and 

neuropsychiatric disorders involving the gut–brain axis, 

including autism spectrum disorder, Parkinson’s disease, 

Alzheimer’s disease, and hepatic encephalopathy.
[85,86]

 

Dysbiosis-associated neuroinflammation, altered 

neurotransmitter production, and impaired gut barrier 

integrity are believed to contribute to disease 

progression. Recent pilot studies have demonstrated 

improvement in gastrointestinal symptoms and 

behavioral outcomes in autism spectrum disorder 

following FMT. Similarly, experimental studies in 

Parkinson’s disease have suggested that restoration of 
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microbial balance may reduce neuroinflammation and 

improve motor symptoms.
[87]

 

 

Another rapidly expanding area of research involves the 

role of FMT in cancer immunotherapy. Recent studies 

have demonstrated that gut microbiota composition 

significantly influences responsiveness to immune 

checkpoint inhibitors such as PD-1 inhibitors. Patients 

with favorable microbial profiles, particularly increased 

abundance of Akkermansia muciniphila, 

Bifidobacterium, and Firmicutes species, demonstrate 

improved antitumor immunity and better therapeutic 

outcomes.
[88]

 Emerging evidence suggests that FMT 

obtained from immunotherapy responders may enhance 

responsiveness in non-responders through modulation of 

immune signaling pathways and enhancement of 

cytotoxic T-cell activity.
[89] 

 

Recent advances in microbiome pharmacology have 

additionally led to development of standardized 

microbiota-based therapeutics. Rebyota (RBX2660) 

became the first FDA-approved microbiota-based 

therapeutic for prevention of recurrent Clostridioides 

difficile infection.
[90]

 Rebyota contains a standardized 

fecal microbiota suspension prepared from screened 

healthy donors and administered rectally. Approval of 

Rebyota represented a major milestone in microbiome-

directed therapy because it established the microbiome 

itself as a therapeutic modality in clinical medicine. 

 

Similarly, Vowst (SER-109) became the first orally 

administered FDA-approved microbiome therapeutic. 

Vowst consists of purified Firmicutes bacterial spores 

formulated into oral capsules designed to restore 

microbial diversity and colonization resistance in 

recurrent Clostridioides difficile infection.
[91]

 The oral 

route offers significant advantages including non-

invasive administration, improved patient compliance, 

outpatient accessibility, and reduced procedural risk 

compared with conventional fecal transplantation 

procedures. 

 

A 2024 review published in Nature Reviews 

Gastroenterology & Hepatology highlighted that 

approved microbiome therapeutics such as Rebyota and 

Vowst represent the beginning of a new era in 

microbiome pharmacology and may pave the way for 

disease-specific microbial therapeutics in the future.
[92]

 

 

Capsule-based fecal microbiota transplantation 

(cFMT) is an emerging and less invasive form of fecal 

microbiota transplantation (FMT) used to restore healthy 

gut microbiota and treat dysbiosis-related diseases. 

Unlike conventional FMT procedures, cFMT uses oral 

capsules, making administration easier, more convenient, 

and more acceptable to patients while also improving 

storage and handling. Studies have shown that cFMT is 

highly effective in conditions such as Clostridioides 

difficile infection (CDI), inflammatory bowel disease 

(IBD), multidrug-resistant infections, and small intestinal 

bacterial overgrowth (SIBO), where it helps restore 

microbial balance and improve symptoms.
[93]

 However, 

its effectiveness in irritable bowel syndrome (IBS) and 

functional constipation (FC) remains inconsistent despite 

improvements in gut microbial diversity. Recent research 

also suggests possible benefits of cFMT in metabolic 

disorders such as obesity and hypertension, 

neuropsychiatric disorders including depression and 

autism through the gut–brain axis, as well as chronic 

kidney disease and hepatic encephalopathy.
[94]

 Despite its 

promising therapeutic potential, several challenges 

remain, including donor variability, lack of 

standardization, and temporary adverse effects, which 

limit its widespread clinical use. Future developments 

such as targeted colon-release capsules, synthetic 

microbial formulations, and advanced microbial delivery 

systems may improve its precision, safety, and 

scalability. Recently, the United States Food and Drug 

Administration (FDA) approved Vowst, the world’s first 

oral microbiome therapy, marking an important step in 

the transition of FMT-based therapies from experimental 

research to standardized clinical practice.
[95]

 

 

Future Perspectives 

Future developments in microbiome pharmacology are 

expected to revolutionize personalized medicine and 

targeted therapeutics.
[96]

 Increasing understanding of 

host–microbiome interactions, microbial metabolic 

pathways, immune modulation, and 

pharmacomicrobiomics is likely to facilitate 

development of individualized therapeutic strategies 

based on microbial composition and metabolic profiling. 

 

One of the most promising future directions is 

personalized microbiome medicine, where therapeutic 

interventions may be tailored according to an 

individual’s microbiome composition, metabolic activity, 

genetic profile, and disease characteristics. Advances in 

metagenomics and metabolomics are increasingly 

enabling identification of disease-specific microbial 

signatures and therapeutic biomarkers.
[97] 

 

Artificial intelligence (AI)-guided microbiome profiling 

is also expected to play a major role in future precision 

medicine. AI-based algorithms can analyze large-scale 

microbiome datasets to predict disease risk, therapeutic 

response, drug toxicity, and individualized treatment 

strategies. Such approaches may improve early disease 

detection and optimize microbiome-targeted therapies.
[98] 

 

Engineered live biotherapeutics developed using 

synthetic biology approaches represent another rapidly 

evolving area. These programmable microorganisms can 

be genetically modified to produce therapeutic 

compounds, degrade toxic metabolites, modulate 

inflammatory signaling pathways, and target disease-

specific molecular mechanisms. Future engineered 

microbial systems may function as ―living drugs‖ 

capable of sensing disease-associated signals and 
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releasing therapeutic molecules in a highly targeted 

manner.
[99] 

 

Bacteriophage therapy is also gaining increasing 

attention as a precision antimicrobial strategy. Unlike 

broad-spectrum antibiotics, bacteriophages selectively 

target pathogenic bacteria while preserving beneficial 

commensal microorganisms, thereby reducing risk of 

dysbiosis and antimicrobial resistance. 

 

Future microbiome-guided pharmacotherapy may 

additionally involve targeted microbial enzyme inhibitors 

designed to block harmful microbial metabolites such as 

trimethylamine-N-oxide (TMAO) associated with 

cardiovascular disease or microbial β-glucuronidases 

involved in irinotecan toxicity. Such strategies may 

improve drug efficacy while reducing adverse effects. 

 

Recent studies published in Nature Biotechnology
[100]

 

and Cell Host & Microbe
[101]

 have emphasized the 

transformative role of synthetic biology, microbiome 

engineering, and AI-guided microbial therapeutics in 

future precision medicine. 

 

CONCLUSION 

The gut microbiota plays a crucial role in maintaining 

metabolic, immunological, and neurological 

homeostasis, while dysbiosis contributes significantly to 

the development of gastrointestinal, metabolic, 

cardiovascular, inflammatory, and neuropsychiatric 

disorders. Increasing evidence from 

pharmacomicrobiomics has demonstrated that gut 

microorganisms influence drug metabolism, therapeutic 

efficacy, toxicity, and host response, thereby highlighting 

the microbiome as an important target in personalized 

medicine. Recent advances in microbiome-based 

therapeutics, including probiotics, prebiotics, postbiotics, 

engineered live biotherapeutics, and fecal microbiota 

transplantation (FMT), have shown promising 

therapeutic potential in disorders associated with 

dysbiosis. The approval of microbiome therapeutics such 

as Rebyota and Vowst further represents a major 

advancement in clinical microbiome pharmacology. 

Future developments involving metagenomics, synthetic 

biology, bacteriophage therapy, and artificial 

intelligence-guided microbiome profiling are expected to 

revolutionize precision medicine and targeted 

therapeutics. However, further research is required to 

address challenges related to safety, standardization, 

regulatory approval, and long-term clinical efficacy 

before microbiome-directed therapies can be fully 

integrated into routine clinical practice. 
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