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ABSTRACT

The human microbiome plays a critical role in drug metabolism, influencing both pharmacokinetics and
pharmacodynamics, with significant implications for therapeutic efficacy and safety. Microorganisms in the gut,
including bacteria, archaea, fungi, and viruses, contribute to the activation, inactivation, detoxification, or
reactivation of drugs, often determining interindividual variability in treatment outcomes. Microbial metabolites
regulate host metabolic pathways, alter immune responses, and modulate drug absorption and distribution,
thereby impacting drug efficacy and the risk of adverse drug reactions (ADRs). Factors such as diet, antibiotic use,
lifestyle, and environmental influences shape the microbiome’s composition, making it a key determinant of
patient-specific drug responses. Advances in sequencing technologies, metabolomics, and in vitro modeling have
improved understanding of microbiome—drug interactions, paving the way for novel therapeutic strategies,
microbiome modulation, and personalized medicine. However, clinical translation faces challenges, including
ethical considerations, regulatory barriers, and the need for standardized microbiome profiling in clinical trials.
Addressing these challenges is essential for optimizing pharmacological treatment, minimizing ADRs, and
advancing the integration of microbiome science into precision medicine.
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INTRODUCTION

Drug development and use are frequently associated with wide-ranging variability in the drug response. Both
pharmacokinetics and pharmacodynamics can be modulated by several endogenous and exogenous effects, with the
composition of the microbiome emerging as a key modulator. This ecosystem comprises not only bacteria but also
Archaea, fungi, and viruses, and the metabolic capacity of these microbiome members can have an impact on the
efficacy and toxicity of xenobiotics. Gut bacteria can, for example, metabolize prodrugs to the active drug or vice
versa, detoxify drugs, or even reactivate drugs to toxic metabolites, and their metabolites can interfere with
human drug metabolism and even induce adverse drug reactions. The composition of the microbiome can be
modulated by antibiotics but also by several other factors, such as diet. Variations in important metabolic
pathways of the gut bacteria might cause differences in drug metabolism. The impact of the microbiome on the
drug response and its role in adverse drug reactions are described, and the possible influence of several factors on
the microbiome is considered. Drug—microbiome interactions have to be taken into account in order to optimize
pharmacological treatment. Drug-induced changes in the microbiome composition can then be used to develop
novel therapies and guide physicians towards more personalized medicine. The human body represents a habitat
for a large number of microorganisms, the human microbiota, which conveys its humans as a superorganism. The
community of such microorganisms and their genomes is referred to as the microbiome. The gut microbiome
encodes an enormous range of degradation capacities, which are essential for the maintenance of the body and thus
for human health. Imbalances in the microbiome composition have been linked to numerous illnesses, ranging
from colorectal cancer to autism. The metabolic properties of the gut microbiota go far beyond the degradation of
nutrients and the production of metabolites helpful for the human host; they also include the degradation of
xenobiotics such as drugs.
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Understanding the Microbiome
The term “microbiome” refers to the totality of microbes residing inside and on the surface of the human body,
including genetic and non-genetic elements that constitute these microbial communities [17]. Understanding the
microbiome’s composition and biological functions provides insight into its integral role in the modulation of drug
metabolism and pharmacological outcomes. The microbiota plays a crucial role in maintaining homeostasis,
contributing to nutrient exchange, metabolic regulation, and protection against pathogens. Influenced by genetics,
diet, and environment, a balanced microbial population supports proper immune system functioning and
modulates systemic metabolic pathways, informing drug pharmacokinetics and pharmacodynamics [27]. The
human intestine hosts more than 1,000 bacterial species that perform key metabolic, immunological, and gut—brain
functions. As a result of their complex biochemistry and widespread sensitivity to environmental stimuli, these
microbes respond extensively to xenobiotics encountered by the host. Both microbial and host metabolism permit
large-scale chemical transformations that modulate the bioavailability and toxicity of non-natural mutations,
including many commonly used drugs. The ability to regulate the expression of drug targets through barrier
function and immunological crosstalk confers the microbiome further potential to modulate drug effects [37.
Systematic investigation into microbiome—xenobiotic interactions may therefore elucidate mechanisms involved in
interindividual variation and provide opportunities to optimize therapy and develop personalized treatments [2,
Definition and Components
The notion of a community of microorganisms residing on the human skin and mucous membranes, including
dietary and environmental non-pathogenic exogenous microbes, has led to the formulation of the term
“microbiota,” which broadly refers to inhabitants of a particular geographic region or habitat. Nomenclature
standardization suggests the use of “microbiota” for the microorganisms themselves, and “microbiome” for the
collection of microorganisms in an environment, their genetic information, and the surrounding environmental
conditions; however, these terms are often used interchangeably [27. Hence, the current use of “microbiome” in
the medical literature denotes “the ecological community of commensal, symbiotic and pathogenic microorganisms
that literally share our body space.” Bacteria, archaea, and eukaryotes, especially fungi, constitute the main
microbiome populations. Bacteriophages and viruses further contribute to the symbiotic compartments of the
human microbiome. Individual microbiomes and the relative abundance within individuals naturally vary with
respect to age, environmental and behavioural influence, genetics, diet, and transient factors such as eating,
medication, and temporal factors [27]. The human microbiome comprises about 8.8 X 1013 bacteria compared to
3.0 X 1018 human cells. It encodes almost 200 times as many unique genes and plays an essential role in human
health and illness. The principal areas and sites on and in the human body colonized by the microbiome include the
skin, gastrointestinal tract, vagina, and urinary tract [27].
Role in Human Health
The term “microbiome” designates the collective microbial community constituting an ecosystem enmeshed with
the human body. This superorganism encompasses approximately 1013 microbial cells residing in and on the
human body 2 and contains ~150 times as many genes as the extended human genome [37]. Vertebrate hosts
coevolved with microbes during 500 million years of mutual adaptation, engendering intricate interconnections at
various levels: molecular, cellular, tissue, physiological, and behavioural. The gut microbiota perform many
beneficial functions for the host, including supplying essential nutrients, metabolising dietary and xenobiotic
compounds, educating the immune system, and preventing pathogen colonization [37].
Drug Metabolism Overview
Pharmacokinetics describes the absorption, distribution, metabolism, and elimination (ADME) of pharmacological
agents in vivo 4. Until recently, hepatic enzymes were known to transform drugs directly or through conjugation
during phase I and phase II metabolism sequentially [27]. Other metabolic processes may be considered phase I11
when drugs exit the cell following phase II conjugation [87. Pharmacodynamics describes the cellular and
physiological effects of a drug. However, if these effects are to be measured, the drug must reach its site of action
before clearance. Consequently, pharmacokinetics is essential to pharmacodynamics [2, 37.
Pharmacokinetics
Pharmacokinetics addresses the trajectory of a drug through the body from the moment of administration. Its
study is fundamental to explaining both why and at what rate any given drug targets a site of action at all. This
information is a prerequisite for in-depth consideration of pharmacodynamics, which resides downstream of
pharmacokinetics and explores the mechanisms and impacts of drug action [27]. The exploration of the
microbiome—drug metabolism axis is located at this downstream boundary of pharmacokinetics, just before the
onset of pharmacodynamic mechanisms. Both pharmacokinetics and pharmacodynamics are the essential linkages
that bridge the microbiome—drug metabolism axis, with the emphasis placed on pharmacological effects and
clinical outcomes [37].
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Pharmacodynamics

Pharmacodynamics explores the relationship between drug concentration and its therapeutic or toxic effects in a
living organism. Several medications, including warfarin, corticosteroids, and procainamide, have been reported to
increase systemic lupus erythematosus (SLE) symptoms. Changes in the gut microbiome can increase or decrease
the severity of lupus symptoms, indicating a direct effect on disease pharmacodynamics rather than
pharmacokinetics [27. Both systemic and oral lupus medications, such as prednisone and hydrocortisone, can
significantly alter SLE microbiomes. However, in the case of hard gelatin capsules, the presence of excipients,
particularly carbohydrates, can diminish the inhibitory effects of certain medications [2, 37.
Interaction between Microbiome and Drugs
The population of microorganisms inhabiting the human gastrointestinal tract (the microbiome) is fundamental to
human health and influences the biotransformation of both endobiotics and xenobiotics that enter the gut.
Consequently, the microbiome contributes to shaping the pharmacokinetics and pharmacodynamics collectively
known as drug metabolism of a range of medicines, with important pharmacological implications [27]. Metabolic
exchanges between the microbiome and chemical agents are of increasing biomedical interest [3, 27. Drugs with
poor solubility, such as those formulated as sustained-release tablets, can have prolonged residence times in the
distal regions of the small intestine and colon, increasing their exposure to gut microbiota and allowing for
microbiome—drug interactions. Conversely, drugs of low permeability can transit into these regions more readily.
Parenteral administration routes can also lead to microbiome interactions via systemic circulation and biliary
excretion. Microbial metabolism can activate or deactivate drugs without host co-metabolism, and may generate
toxic by-products. Altered gut microbiota profiles are evident in conditions for which certain medications are
routinely prescribed. Moreover, therapeutic agents commonly alter the microbiome’s composition and function,
impacting subsequent drug responses. Perturbations involving illness, stress, or diet-microbe—host interactions
can contribute to side effects and toxicities, especially during life stages when the microbiota is more vulnerable
Metabolism of Drugs by Gut Microbiota
The gut microbiota directly metabolizes many orally administered drugs [87]. At the same time, microbial
metabolites act as signalling molecules, regulating host metabolic pathways that, in turn, influence the absorption,
distribution, metabolism, and elimination of therapeutics [27]. Because of these interactions, some drugs undergo
metabolism by the microbiome before being absorbed, while others assume greater importance at distal sites, such
as the colon, where microbe—drug interactions commence. Drug absorption varies widely among compounds but
can be slower from distal regions of the gastrointestinal tract. Many drugs display poor solubility, leading to slow
and incomplete absorption from the small intestine or colon. For drugs that exhibit low permeability, a greater
fraction of the dose can reach these more distal sites. Appropriately formulated pharmaceuticals (e.g., sustained
release tablets) are exposed to the gut microbiota and the enzymes they produce. Consequently, their metabolism
is subject to the combined influence of human and microbial chemical activities [37]. Following oral administration,
drugs encounter immense microbial chemical potential as they transit the gastrointestinal tract; parenteral routes
can also lead to gut microbiome—drug interactions via circulation or excretion. Whereas the human genome
contains a limited array of genes encoding drug-metabolizing enzymes, the collective gut microbiome encodes
millions of additional genes, more than half of them believed to code for enzymes. The fermentative capacity of the
microbiome (operations such as hydrolysis, reduction, and unique anaerobic reactions) exceeds that of the host,
which may help explain why microbial drug metabolism is often overlooked; more information and resources
appear to be available to support phase I and II hepatic processes. Microbial modifications can activate or
inactivate drugs or produce toxic byproducts [2, 37.
Impact of Microbial Metabolites on Drug Efficacy

The human gastrointestinal tract hosts approximately 100 trillion microbes constituting the gut microbiota [27].
These communities perform essential functions such as fermenting undigested dietary components, digesting
complex carbohydrates, synthesizing vitamins, and regulating immune responses. The human gut microbiota can
potentially transform more than 30 clinically used drugs, as well as associated dietary and biliary components [37].
Microbiome-encoded enzymatic transformations alter drug pharmacokinetics, including systemic absorption,
distribution, metabolism, and excretion. Variability in microbiota composition is influenced by antibiotic
treatment, exposure to nonantibiotic medications, infections, diet, circadian rhythm, and environmental factors.
The microbiota also modulates the activity of systemic drugs by producing metabolites found in peripheral
circulation [27. These metabolites compete for the host’s xenobiotic metabolising enzymes, can affect gene
expression of metabolic enzymes and transporters, interact directly with drug targets, and regulate immune
system activity, which can enhance or reduce drug efficacy. Both inter- and intraindividual variations in the gut
microbiota can lead to significant variations in the production of microbial metabolites and the enzyme genes. In
such cases, a change in the abundance or population structure of the microbiota can directly influence the efficacy
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of a systemic drug where its activity depends upon the presence or absence of a specific microbial metabolite [37.
In addition, the microbiota can irreversibly inactivate drugs through metabolism or produce metabolites that
compete for activation by host enzymes, reducing circulating levels of active drug. Conversely, the microbiota can
generate toxic metabolites. Manipulation of the microbiota through probiotics and other approaches can enhance a
patient’s response to treatment. Because there are thousands of metabolites produced by microbiota, the
characterization of their pharmacological activity is important to understand the microbiome’s effects on systemic
drug administration [2, 37].
Factors Affecting Microbiome Composition
Intensity and duration of microbial metabolism depend on several factors such as diet, antibiotics, and various
environmental influences. Although no definitive function pattern has emerged yet, the great range of possible
microbial metabolic reactions could be very effective at defining individual “gut metabolic phenotypes” or
metabotypes [17]. The microbiome composition is highly variable amongst individuals, contributing therefore to
the variability of drug responses [37].
Dietary Influences
Dietary compounds significantly influence the gut microbiome, as demonstrated by the impact of plant sterol
esters on its composition [37]. More modest changes occur with oat beta-glucan and bile salt hydrolase-active
strains, while atorvastatin exhibits few effects on microbial communities. Alterations in the microbiota affect host
physiology through microbial metabolism, gene regulation, and immune activation, indicating that diet-driven
microbial shifts may modulate drug pharmacokinetics or clinical outcomes [27]. As a highly variable and
modifiable parameter, diet offers considerable potential to impact drug—microbiome interactions in the absence of
disease or antibiotic administration.
Antibiotic Use
Antibiotics are among the most commonly prescribed drugs globally, intended to eradicate bacterial pathogens but
inevitably aftecting commensal microbiota. Despite a limited number of characterized anti-anaerobic drugs, broad-
spectrum antibiotics exert wide effects on microbiota taxa. The resultant refractory infections underscore the
disruptive impact of antibiotics on beneficial microbiota [37. Although the use of probiotics during antimicrobial
therapy may be appropriate, caution is required due to the presence of several genomic phenotypes associated with
antimicrobial resistance or secretory ability [87]. Members of the microbiota that persist following antibiotic
perturbation possess drug resistance and stress tolerance genes enabling survival and may act as reservoirs for
drug-resistance genes [5].
Lifestyle and Environmental Factors
The human gut contains trillions of microorganisms, many of which perform crucial functions for the host. The
variable metabolic potential of the microbiota and its ability to transform drugs and drug metabolites create a
complex interplay between human beings and potentially therapeutic chemical agents [87. Moreover, individuals
exposed to the same dosage of medication display high variability in drug response depending on parameters such
as age, diet, and previous medical treatments, highlighting the need to integrate this major physiological player
into future pharmacological studies [67].
Pharmacological Implications of Microbiome Influence
Variability in the composition of the gut microbiota affected by genetic and epigenetic factors, environmental and
dietary habits, and drug consumption, considerably influences individual differences and may affect drug
metabolism and response [67]. Consequently, integrating microbiome analysis into personalized treatment
regimens has the potential to enhance therapeutic efficacy. The gut microbiome also modulates pharmacokinetics
and pharmacodynamics and plays an important role in the development of adverse drug reaction events.
Variability in gut microbiota composition and function can significantly influence an individual’s response to drug
treatments [37]. Users and structural diversity of supplements represent aspects rarely considered in experimental
studies, despite their apparent importance in defining clinical outcomes. Evidence has revealed the interaction of
microbiota with many drugs already in use. Intestinal microorganisms can metabolize certain drugs and generate
metabolites that affect drug efficacy. Recent data show that aspirin can lead to alterations of the microbiome,
which in turn influences the plasma concentration of aspirin [ 3, 6.
Variability in Drug Response
A fundamental aspect of pharmacology is interindividual variability in the clinical response to treatment. Drugs
can still be ineffective or toxic in a fraction of patients despite proper dose adjustments based on subject-specific
characteristics, such as age, gender, and body weight, and continuous monitoring via therapeutic drug monitoring
[87]. Adverse drug reactions (ADRs) constitute a significant health problem worldwide, heavily affecting
hospitalizations and mortality, which can result in considerable economic costs to health care systems [7]. A
substantial amount of research has focused on the significant role of genetics in the development of ADRs and the
establishment of inter-patient variability in drug response [77].
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Adverse Drug Reactions

Aside from a reduction of a drug’s therapeutic effect, interactions between drugs and gut microorganisms can also
lead to the production of secondary toxic metabolites during metabolism. These harmful compounds can induce
various side effects or even worsen disease symptoms. For example, 5-fluorouracil, a widely prescribed anti-cancer
drug, often triggers severe gastrointestinal side effects such as nausea and vomiting [37]. Metronidazole, used for
treating infections caused by Giardia lamblia, Entamoeba histolytica, and Trichomonas vaginalis, is known to
cause nausea, vomiting, and paraesthesia. Other frequently prescribed drugs, including acetaminophen (analgesic),
doxorubicin (anti-cancer), and isoniazid (anti-tubercular), also elicit various adverse reactions in certain patients.
The differences in side effects across patients can be partly explained by variations in their gut microbial
compositions: distinct bacterial profiles generate diverse arrays of compounds during drug metabolism, enhancing
the risk of adverse drug reactions (ADRs) [57]. By identifying the mechanisms through which specific bacterial
populations contribute to ADRs, it becomes feasible to anticipate potential side effects before drug administration
and to take preemptive measures to reduce their severity. The following subsections present several cases
illustrating the connection between microbial diversity and ADRs associated with specific drugs [77].
Clinical Applications and Considerations
Personalized microbiome profiling could identify patients with aberrant microbiota, enabling tailored therapies
such as targeted probiotics or faecal microbial transplants. Pharmacogenomics and nutrigenomics may also inform
personalized treatments [37]. External factors like diet and therapeutics can alter the microbiome, indirectly
influencing pharmacokinetics; thus, understanding host-microbiome interactions is crucial for optimizing
pharmacotherapy. A multitude of pharmacologically relevant microbes and functional enzymes contribute to
variability in oral drug response, a key challenge in clinical pharmacology. Since the microbiome profoundly
affects drug efficacy and toxicity, it should be considered a major determinant of pharmacological response [3, 2.
Personalized Medicine
Personalized medicine aims to overcome inter-individual variations in drug responses by tailoring drug treatments
to genetic, environmental, and lifestyle factors. The human microbiome exhibits greater inter-individual
variability than human genetics and functions as a dynamic environmental factor, continually modulated by diet,
lifestyle, and pharmaceutical interventions [87]. Microbial metabolism can occur in advance of host metabolism
and, in some cases, even determines first-pass metabolism [77]. The composition and functionality of the
microbiome at the time of drug administration, therefore, provide a key determinant for patient-specific drug
treatment. Moreover, the inherent plasticity of the microbiome implies that interactions are not static but
dynamic. Precision medicine must thus be not only patient-specific but also temporally appropriate [7, 87].
Microbiome Modulation Strategies
Human-associated microbial communities (microbiome) play a crucial role in regulating human health and disease,
including the biotransformation of drugs by gut microbiota [37. Various experimental approaches, such as germ-
free models, antibiotic depletion, in vitro systems, fecal incubations, functional metagenomics, and organ-on-a-chip
systems, can be used to study the complex interplay between the gut microbiome and xenobiotics. Candidate
psychobiotics, such as Bifidobacterium longum subsp. longum 85624 and Lactobacillus species may beneficially
influence host tryptophan metabolites. Microbial contributions to drug metabolism depend on the physicochemical
properties of drugs and their site of absorption in the gastrointestinal tract, with many drugs being chemically
transformed by gut microbes following oral administration [37]. Gut microbiota mediate the breakdown of many
ingested compounds, including therapeutic drugs [27]. During transit through the gastrointestinal tract, drugs are
exposed to large densities of microbes and microbial enzymes in the small and large intestine. The gut microbiota
constitutes the greatest reservoir of microbes and microbial enzymes in the human body. This reservoir is
protected from environmental influences and is composed of a community which, whilst stable within an individual
over time, is highly diverse between and within populations and is responsive to changes in the environment and
physiological status of the host. Alongside broad enzyme superfamilies such as cytochromes P450 and transferases,
a range of endogenous and xenobiotic compounds undergo enzymatic modification, including many bacterially
mediated transformations [37]. The microbiota, therefore, presents the host with additional metabolic potential,
which has direct implications for pharmacology and toxicology, especially for orally administered drugs and
compounds. Microbiomes, the collections of microorganisms living on and in the human host, have co-evolved
with the host and perform many essential host-derived functions. Personalised medicine strives to optimize
pharmacological treatment by tailoring the drug, dose, or regimen to the individual patient. The microbiome is
both an indicator and potentially a modulator of personalised pharmacology. Phenytoin (DilantinTM) is used to
treat epilepsy, but if levels become too high can cause toxicity, seizures, or death [5]. The administration of
charcoal, which adsorbs the drug in the gut and prevents its absorption, can enable the maintenance of therapeutic
levels without necessarily reducing the dose. Activated charcoal itself induces no metabolic effect; it binds to the
drug in the gut and prevents its absorption. Dose modulation of digoxin, a narrow therapeutic index drug used to
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treat heart failure and arrhythmias, is required when administered with interacting medications, highlighting the
crucial role of the microbiome in patient responses. Understanding the relationship between an individual and
their microbiome will further enable tailoring of medication to the host and could lead to co-therapeutic
approaches that utilize the microbiome to optimize clinical outcomes [67].
Future Directions in Research
The introduction establishes the cross-disciplinary theme, defining the microbiome and drug metabolism and
highlighting their pharmacological implications. The microbiome is composed of bacteria, archaea, fungi, protozoa,
and viruses residing in the gastrointestinal tract but also found on the skin, mouth, and vagina. These
microorganisms exert important influences on many aspects of human health, including metabolism, immune
function, and circulation. Drugs are administered to modulate various biological processes that influence
physiological responses. The pharmacokinetics (PK) and pharmacodynamics (PD) of drugs are discussed before
microbiome—drug interactions to better grasp the relationships underlying these processes [27. As drugs pass
through the gut, gut microbiota can metabolize the drug into different metabolites, which can modulate the PK or
PD properties of the administered drug. Beyond direct metabolism, microbial-derived metabolites can influence
the host's PK and PD responses; for example, microbial metabolite p-Cresol can alter the sulfation of
acetaminophen. Various factors, including diet, antibiotics, xenobiotics, and ethnicity, lead to alterations in gut
microbiota composition. These changes in microbiota introduce variability in the disposition and toxicity of drugs,
such as acetaminophen and irinotecan. Such microbiome-driven variability has significant implications for drug
response and the occurrence of adverse drug reactions. The extensive interaction between the microbiome and
drugs should be taken into account to optimize drug efficacy and minimize adverse responses [2, 37.
Emerging Technologies
Recent developments in next-generation sequencing and metabolomics technologies have facilitated microbiome-
metabolism studies. These advances have also improved computer-assisted data mining, leading to the
identification of metabolites produced by the human gut microbiome [27. Besides directly metabolizing drugs,
reports indicate that some microbiome-derived metabolites can modulate drug metabolism in the human host,
affecting pharmacokinetics and pharmacodynamics. Pharmacological studies on microbiome—drug interactions can
help prevent adverse drug reactions and improve drug efficacy. Differing compositions of the human gut
microbiome can influence individual responses to the same drug. Elucidating the role of the microbiome in drug
metabolism opens possibilities for targeting the microbiome itself, offering new approaches to enhance therapeutic
efficiency [1, 87.
Potential Therapeutic Approaches
Clinical application of microbiome knowledge to the treatment of microbial-driven disorders currently relies on
poorly specific approaches such as probiotic supplementation and faecal microbiota transplantation, which carry
the risk of altering coexisting microbiome—xenobiotic interactions [27]. More focused, pharmacology- and
pathology-directed strategies that target specific enzymatic operations hold greater potential for stable impact. A
pharmacokinetics-led, microbiome-triggered release of a drug to a defined intestinal locus would also represent a
transformative development 3. Modulation of the microbiota to improve drug-response or to selectively select for
or exclude species harbouring deleterious microbial operations offers tremendous new opportunities for control of
a huge variety of xenobiotics, enhancing, restoring, or maintaining the clinical response of drugs [27].
Ethical Considerations
Ethical considerations represent a critical facet of clinical trials, and clarifying the link between the microbiome
and drug metabolism also represents a critical first step that must be addressed before regulatory approval of
pharmacological interventions [97]. The medical community as a whole must strive to leverage the synergy
between “multi-omic” strategies and discover how the microbiome either plays a role in drug metabolism or
influences a patient’s response to treatment, particularly dose dependency. This discovery would support the
development of new treatment options that thoroughly maintain personalised medicine as the primary focus and
abide by advisory bodies such as the Center for Drug Evaluation and Research [9, 107.
Clinical Trials and Microbiome Research
Clinical trials are routinely conducted to evaluate investigational products in a patient population and to expand
the data for an approved product. Investigators who conduct clinical trials must meet a range of statutory and
regulatory responsibilities that exist to ensure that the rights, safety, and well-being of trial participants are
protected [17]. The available information on the drug, biological product, or device under investigation also
supports an evaluation of the risks and potential benefits of the trial. A particular focus of such risk—benefit
assessments in early-phase clinical trials is the nature and extent of prior testing and product characterization.
Sponsors should conduct an appropriate translational package comprising pharmacology, toxicology, and drug
disposition studies that describe relevant product characteristics, inform dose selection, and help to define the
appropriate clinical monitoring program. Commercial availability of a product for a given indication does not mean
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that it can be assumed to be safe when used as an investigational product in a clinical trial for a different indication.
Products available on the market for a particular indication may still necessitate additional supporting information
when a different mode or route of administration is proposed, or a higher dosage or different formulation is being
considered, for the study [87].
Regulatory Challenges
Regulatory pathways are set up to assess and mitigate risk for an average individual and do not accommodate the
unique potential for microbiome—drug interactions to alter drug metabolism. Coupled with tightly linked ethical
considerations imposed on clinics, human trials, and the pharmaceutical industry, regulatory challenges present a
further barrier to exploration of the microbiome through potential pharmacological effects and applications [5, 11,
12 .
- CONCLUSION
The microbiome constitutes a fundamental determinant of pharmacological outcomes, exerting profound eftects on
the metabolism, efficacy, and toxicity of drugs. By shaping pharmacokinetics and pharmacodynamics, gut microbes
and their metabolites help explain interindividual variability in drug response and adverse drug reactions.
External factors such as diet, antibiotic use, and lifestyle further modulate these interactions, underscoring the
dynamic and adaptable nature of the microbiome. Harnessing microbiome profiling and modulation strategies
presents opportunities to optimize therapeutic outcomes through personalized medicine. Emerging technologies,
including metabolomics and next-generation sequencing, are expanding knowledge of microbiome—drug
interactions, yet clinical application remains limited by ethical and regulatory challenges. Moving forward,
integrating microbiome science into pharmacology requires a multidisciplinary approach, emphasizing clinical
validation, regulatory adaptation, and ethical oversight. Such integration has the potential to revolutionize drug
development and therapy by tailoring treatments to individual microbiome compositions, ultimately advancing
precision medicine and improving patient outcomes.
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