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Abstract: The human microbiome, a complex ecosystem of microorganisms
residing in and on our bodies, has emerged as a critical modulator of human health
and disease. Recent pharmacological research has increasingly focused on
leveraging this intricate relationship for therapeutic gain. This review synthesizes
cutting-edge developments from 2023 to early 2025 in microbiome-targeted
interventions, exploring diverse strategies ranging from fecal microbiota
transplantation (FMT) and next-generation probiotics to novel small-molecule
modulators and the influence of the microbiome on drug metabolism. We discuss the
current landscape of clinical applications, particularly in gastrointestinal disorders,
neurological conditions, and oncology, while also highlighting the persistent
challenges and promising future directions in this rapidly evolving field.
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1. Introduction

The human body is home to trillions of microorganisms, collectively known as the
microbiome, with the gut microbiome being the most extensively studied. This
microbial community profoundly influences host physiology, influencing
metabolism, immune function, and even neurological processes [1]. Dysbiosis, or an
imbalance in the microbiome composition and function, has been implicated in the
pathogenesis of a wide array of diseases, ranging from inflammatory bowel disease
(IBD) and Clostridioides difficile infection (CDI) to obesity, diabetes, neurological
disorders, and cancer [2, 3].

Recognizing the microbiome's pervasive influence has spurred intense research
into microbiome-targeted therapeutics. Unlike traditional pharmacology, which often
focuses on single host targets, microbiome pharmacology aims to restore microbial
homeostasis, introduce beneficial microbial functions, or modulate existing microbial
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activities to achieve therapeutic outcomes. This review consolidates the latest
advancements (2023-2025) in this burgeoning field, focusing on diverse
pharmacological strategies, their clinical applications, and the inherent challenges in
translating microbiome science into effective clinical practice.

2. Pharmacological Strategies for Microbiome Modulation

The therapeutic modulation of the microbiome encompasses several distinct
strategies, each with its unique pharmacological considerations.

2.1. Fecal Microbiota Transplantation (FMT)

FMT involves the transfer of stool from a healthy donor to a recipient to restore a
balanced microbial community. While its primary indication remains recurrent CDI,
recent years have seen a significant expansion of research into its application for
other conditions [4].

Recurrent CDI: FMT has demonstrated remarkable efficacy in treating recurrent
CDI, with high cure rates exceeding 90% in some studies [5]. The U.S. FDA's
approval of oral FMT products (e.g., SER-109/Vowst, REBYOTA) in 2023 for
recurrent CDI prevention marks a major milestone, signaling a shift towards more
standardized and regulated microbiome-based therapies [4]. These products,
comprising purified bacterial spores from healthy donor stool, offer a more controlled
and palatable alternative to traditional FMT [4].

Beyond CDI: Clinical trials (2023-2025) are actively exploring FMT for
inflammatory bowel diseases (Crohn's disease, ulcerative colitis), irritable bowel
syndrome (IBS), metabolic syndrome, and even as an adjunct therapy in cancer to
Improve immunotherapy response [6]. A notable recent study in early 2025 showed
oral FMT as a feasible and safe addition for preventing graft-versus-host disease in
patients undergoing stem cell transplantation for blood cancers, with donor
differences playing a significant role in engraftment success [7].

Challenges and Safety: Despite its promise, FMT faces challenges related to donor
screening, standardization, and the potential for transmission of unknown pathogens
[8]. Long-term safety data are still accumulating, with registries tracking patients for
potential adverse events.

2.2. Next-Generation Probiotics (NGPs)

Traditional probiotics, often multi-strain formulations of Lactobacillus and
Bifidobacterium, have faced scrutiny regarding their efficacy and specificity. "Next-
generation probiotics” represent a paradigm shift, focusing on highly specific, often
single bacterial strains with well-defined beneficial functions, or even genetically
engineered microbes [9].

237



TA’LIM, TARBIYA VA INNOVATSIYALAR
VII son, lyun

Mechanism-Based Selection: NGPs are selected based on their specific
functional properties, such as producing beneficial metabolites (e.g., short-chain fatty
acids), modulating immune responses, or competing with pathogens. Examples
include Akkermansia muciniphila for metabolic health, Faecalibacterium prausnitzii
for anti-inflammatory effects, and specific Bacteroides species [10].

Clinical Applications: Reviews from 2025 highlight NGPs as promising
advancements for targeted interventions across various health disorders, including
gastrointestinal conditions, metabolic syndromes, immune-related conditions, and
even neurological disorders by influencing neurotransmitter synthesis [9, 11].
Delivery Systems: Innovations in NGP delivery systems, such as microencapsulation
and targeted coatings, are being explored to improve bacterial viability and
colonization in the gut, ensuring the delivery of live, functional microbes to their
intended site of action [9].

Regulatory Landscape: A key challenge for NGPs remains their regulatory
classification and the need for rigorous safety assessments, including whole-genome
sequencing to evaluate virulence and antibiotic resistance [9].

2.3. Small Molecule Modulators of Microbial Function

Beyond introducing live microbes, a growing area of pharmacology focuses on
developing small molecules that selectively modulate the function or growth of
specific microbes or their metabolic pathways. This approach offers the advantages
of defined chemical structures, predictable pharmacokinetics, and easier
standardization compared to live biotherapeutics [12].

Targeting Microbial Enzymes: Small molecules can inhibit specific microbial
enzymes involved in pathogenicity, drug resistance, or the production of harmful
metabolites. For instance, inhibitors of bacterial virulence factors or enzymes
involved in drug degradation by the microbiome are under investigation.

Modulating Host-Microbe Interactions: Some small molecules might target
host pathways that are influenced by microbial metabolites or directly interfere with
microbial communication systems (e.g., quorum sensing).

Indirect Modulation: Certain dietary components or their host-derived
metabolites can selectively promote the growth of beneficial bacteria or inhibit
detrimental ones, acting as "prebiotics” in a more refined sense.

Systems Pharmacology Approach: Recent research (2024) emphasizes a
systems pharmacology perspective for small molecule modulation of microbiota,
aiming to modulate multiple microbe targets within the complex microbiome-
microbiome interaction network, offering a potentially powerful approach for
microbiome drug discovery and precision medicine [13].
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2.4. Microbiome-Mediated Drug Metabolism and Efficacy

The microbiome profoundly influences the pharmacokinetics and
pharmacodynamics of many conventional drugs. This "pharmacomicrobiomics™ is a
crucial area of recent pharmacological investigation [14].

Drug Biotransformation: Gut microbes can directly metabolize drugs, leading to
activation, inactivation, or the formation of toxic metabolites. This affects drug
bioavailability, efficacy, and toxicity. Recent studies have revealed an unprecedented
scope of microbial drug metabolism, impacting a wide array of pharmaceuticals,
including antibiotics, antihypertensives, anticancer agents, and antipsychotics [15,
16].

Modulation of Host Metabolism: Microbiota-derived metabolites (e.g., short-
chain fatty acids, bile acids) can modulate host drug-metabolizing enzymes (e.g.,
CYP450, phase Il enzymes) and transporters, thereby indirectly influencing drug
disposition [15].

Individual Variability: The high inter-individual variability in microbiome
composition contributes significantly to the variable responses observed in patients to
the same drug. Understanding these interactions is critical for personalized medicine,
allowing for predictions of an individual's microbiome capacity to metabolize drugs
to inform proper dosing and avoid toxicity [15, 16].

Drug-Induced Dysbiosis: Conversely, many drugs, particularly antibiotics, can
perturb the microbiome, leading to dysbiosis, diminished colonization resistance, and
heightened susceptibility to infections [16]. This bidirectional interaction necessitates
careful consideration in drug development and clinical practice.

3. Clinical Applications and Therapeutic Potential

The understanding and manipulation of the microbiome are rapidly expanding the
therapeutic landscape across several disease areas.

3.1. Gastrointestinal Disorders

This remains the most established area for microbiome-targeted therapies. Beyond
CDI, promising results are emerging for IBD and IBS, where dysbiosis is a key
factor. FMT and specific NGPs are being investigated to restore microbial balance
and reduce inflammation [4, 9].

3.2. Neurological and Psychiatric Disorders (Gut-Brain Axis)

Mounting evidence highlights the intricate bidirectional communication between
the gut microbiome and the central nervous system (CNS), known as the gut-brain
axis [3].
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Neuroactive Metabolites: The microbiome produces neurotransmitters (e.g.,
GABA, serotonin precursors) and neuroactive metabolites that can influence brain
function and behavior.

Pharmacological Interventions: Probiotics, prebiotics, antibiotics, and microbial
metabolite-based interventions are showing beneficial effects in animal models and
some human studies for conditions like Alzheimer's disease (AD), Parkinson's
disease (PD), multiple sclerosis (MS), and autism spectrum disorder (ASD) [3].
These interventions aim to restore microbial homeostasis and promote the production
of beneficial metabolites.

Challenges: The complexity of the gut-brain axis and the heterogeneity of
neurological disorders necessitate standardized protocols and robust clinical trials.

3.3. Oncology and Immunotherapy

The microbiome plays a crucial role in cancer development, progression, and
response to treatment, especially immunotherapy [17].

Immunotherapy Response: Specific gut microbial compositions have been
linked to better responses to immune checkpoint inhibitors (e.g., PD-1/PD-L1
Inhibitors) in various cancers [17].

FMT in Cancer: Clinical trials are investigating FMT to restore a "pro-
Immunogenic” microbiome in cancer patients who are non-responders to
immunotherapy, aiming to convert them into responders or enhance existing
responses [6].

Microbial Metabolites: Research is identifying specific microbial metabolites
that can modulate anti-tumor immunity or enhance the efficacy of chemotherapy
[17].

3.4. Metabolic Diseases

The microbiome's influence on host metabolism (e.g., glucose homeostasis, lipid
metabolism, energy expenditure) is well-established. Targeted interventions are being
explored for obesity, type 2 diabetes, and non-alcoholic fatty liver disease (NAFLD)
[10]. Specific NGPs like Akkermansia muciniphila are being developed for their role
in improving metabolic health parameters.

4. Challenges and Future Directions

Despite the rapid progress, microbiome-targeted pharmacology faces significant
hurdles.

Complexity and Variability: The enormous diversity and inter-individual
variability of the human microbiome make it challenging to define a "healthy"
microbiome and to predict therapeutic outcomes [8]. A "one-size-fits-all" approach is
often insufficient [18].
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Mechanistic Understanding: While associations are abundant, a deeper
mechanistic understanding of how specific microbes or their metabolites interact with
host pathways is crucial for rational drug design [18].

Standardization and Quality Control: For live biotherapeutics, ensuring
consistent composition, viability, and potency is complex. Regulatory frameworks
are evolving, but robust quality control measures are paramount [9].

Delivery and Engraftment: Ensuring the effective delivery and sustained
engraftment of beneficial microbes in the complex gut environment remains a
challenge.

Safety Concerns: While generally safe, the potential for unintended side effects,
iImmune responses, or the transfer of opportunistic pathogens, especially in
Immunocompromised patients, needs continuous monitoring [7, 8].

Bioinformatics and Data Integration: The sheer volume of omics data
(metagenomics, metatranscriptomics, metabolomics) generated from microbiome
studies requires sophisticated bioinformatics tools and integrated analysis to identify
clinically relevant signatures and targets.

Personalized Microbiome Interventions: The future will likely involve highly
personalized approaches, potentially guided by an individual's unique microbiome
profile, genetic background, and lifestyle, moving towards "“precision pharmacology"
for the microbiome [18]. This may involve diagnostic tools that can predict an
individual's response to a particular microbiome intervention or conventional drug
based on their microbial signature.

Synthetic Microbial Communities: The development of defined, synthetic
bacterial communities offers a controlled approach, overcoming some of the
variability and safety concerns associated with donor-derived material [1].

5. Conclusion

The pharmacology of microbiome targeting is at the forefront of biomedical
research, offering unprecedented opportunities to treat a wide range of diseases by
modulating our resident microbial communities. Recent advancements (2023-2025)
in FMT standardization, the rise of next-generation probiotics, the exploration of
small-molecule modulators, and a deeper understanding of microbiome-drug
interactions are rapidly transforming this field. While significant challenges remain in
translating complex microbiome science into predictable and effective clinical
interventions, the momentum is undeniable. The future of pharmacology will
undoubtedly include a strong emphasis on the microbiome as a key therapeutic target,
paving the way for more personalized and effective treatments.
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