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Introduction

The gut microbiota has become a central focus in biomedical
research due to its critical influence on various physiological processes,
including drug metabolism. Traditionally, pharmacokinetics has been
viewed through the lens of hepatic and renal clearance, with minimal
attention given to microbial interactions. However, emerging evidence
has revealed that the gut microbiome can significantly modulate the
absorption, distribution, metabolism, and excretion (ADME) of drugs,
particularly those targeting the central nervous system (CNS). The gut-
brain axis—an intricate network linking the enteric and central nervous
systems—facilitates bidirectional communication through neural,
endocrine, and immune pathways [1-5].

Within this framework, microbial enzymes can chemically
transform drugs before they even reach systemic circulation, thereby
altering their bioavailability and therapeutic potential. Moreover,
microbial metabolism can produce neuroactive compounds that
compete with or enhance CNS drug actions, further complicating
drug efficacy profiles. CNS drugs, which often require precise
pharmacokinetic profiles to cross the blood-brain barrier (BBB),
are especially vulnerable to microbial-mediated alterations. Some
microbes express enzymes such as p-glucuronidase, nitroreductases,
and azoreductases, which can activate, deactivate, or toxify drugs.
Consequently, individual differences in microbiota composition can
lead to significant inter-patient variability in drug responses. As such,
microbiota-driven pharmacokinetics is not merely an academic interest
but a clinical imperative. Understanding these interactions is essential
for optimizing CNS drug dosing, minimizing side effects, and improving
therapeutic efficacy, especially in disorders such as depression, epilepsy,
and neurodegenerative diseases [6-10].

Discussion

The influence of gut microbiota on pharmacokinetics is
multifaceted and dynamic. First, microbial communities in the gut can
directly metabolize drugs through enzymatic activity, modifying their
chemical structure and thereby affecting their function. For instance,
the microbial conversion of L-dopa into dopamine in the gut reduces its
availability for CNS uptake in Parkinson’s disease therapy, necessitating
co-administration with dopa-decarboxylase inhibitors. Similarly,
antipsychotics like risperidone and antidepressants such as duloxetine
can undergo microbial transformation, influencing both efficacy and
side-effect profiles. Second, the gut microbiota can indirectly impact
drug pharmacokinetics by altering the integrity of the intestinal barrier.
Disruption of tight junctions and increased gut permeability may
lead to changes in drug absorption, immune activation, and systemic
inflammation, all of which can influence CNS drug action. Additionally,

microbial metabolites such as short-chain fatty acids (SCFAs) have been
shown to regulate the expression of drug transporters and enzymes
in the liver and brain, further modifying drug disposition. Another
emerging concept is the “microbiota-gut-liver-brain axis,” highlighting
the liver’s role as a secondary site of microbiota-mediated modulation
of pharmacokinetics. Furthermore, individual variations in microbiota
composition—shaped by diet, age, antibiotics, and genetics—can
explain why some patients respond differently to the same CNS
drug. This has important implications for personalized medicine.
Predictive models incorporating microbiota profiles could help tailor
drug dosing to maximize efficacy while minimizing adverse effects.
Prebiotics, probiotics, and microbiota-directed therapies could even
be used as adjuncts to modulate drug responses. Despite the promise,
challenges remain. Current pharmacokinetic models do not adequately
account for microbial metabolism, and routine microbiome profiling
is not yet standard practice in clinical pharmacology. Furthermore,
causality between specific microbes and pharmacokinetic outcomes is
often difficult to establish due to the complexity of host-microbiome
interactions. High-throughput sequencing, metabolomics, and
advanced bioinformatics are paving the way for deeper insights, yet
translational applications are still in early stages. Regulatory agencies are
beginning to acknowledge the microbiome’s role in drug metabolism,
which may soon influence drug approval and labeling requirements.

Conclusion

Microbiota-driven pharmacokinetics represents a transformative
development in our understanding of CNS drug efficacy. The gut
microbiome's ability to modulate drug metabolism, absorption,
and systemic distribution introduces a new layer of complexity to
neuropharmacology. As research deepens, it becomes clear that
effective CNS drug therapy must consider the microbial ecosystem
within each patient. Moving forward, integrating microbiome data
into pharmacokinetic modeling could revolutionize drug development
and clinical decision-making. Personalized treatment strategies
that account for microbial composition could improve outcomes
in patients with neurological and psychiatric conditions. Moreover,
interventions targeting the microbiota—whether through diet,
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prebiotics, or engineered probiotics—may enhance drug efficacy and
reduce variability in therapeutic response. While the field still faces
technical and regulatory challenges, the paradigm is shifting. The gut is
no longer viewed solely as a passive site of absorption but as an active
and dynamic player in determining drug fate and function. Continued
interdisciplinary research and collaboration between microbiologists,
pharmacologists, neurologists, and data scientists will be critical in fully
harnessing the potential of the gut-brain axis in CNS drug development.
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