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ABSTRACT

The human microbiome has emerged as an important determinant of drug response, therapeutic efficacy and
treatment-related toxicity. Increasing evidence shows that the trillions of microorganisms inhabiting the human
body, particularly those in the gastrointestinal tract, are not passive bystanders but active participants in
pharmacology. Through direct enzymatic transformation of xenobiotics, modulation of host metabolic pathways,
alteration of immune signaling and production of bioactive metabolites, the microbiome can influence drug
absorption, distribution, metabolism and excretion. These interactions help explain why patients receiving the
same medicine often exhibit markedly different therapeutic responses and adverse-event profiles. The growing
recognition of this variability has placed the microbiome at the centre of precision medicine, which seeks to tailor
interventions according to the biological characteristics of each individual (EIRakaiby et al., 2014; Wilson and
Nicholson, 2017). In recent years, advances in metagenomics, metatranscriptomics, metaproteomics and
metabolomics have enabled increasingly sophisticated characterization of host—microbiome interactions. These
tools are providing insight not only into microbial composition but also into microbial function, metabolic
potential and ecological dynamics. Such knowledge is expanding the concept of pharmacotherapy beyond host
genetics alone and supporting the development of microbiome-informed diagnostics and interventions. Emerging
strategies include microbiome profiling to predict treatment response, personalized nutrition plans, selective use of
probiotics and prebiotics, fecal microbiota transplantation, and engineered microbial therapeutics. At the same
time, major challenges remain, including interindividual variation, methodological inconsistency, limited causal
evidence, ethical concerns and regulatory uncertainty (Franzosa et al., 2015; Integrative Human Microbiome
Project Research Network, 2019). This chapter examines the biological basis and clinical importance of
microbiome—drug interactions and discusses their relevance to precision therapy. It reviews the composition and
functional significance of the human microbiome, the major mechanisms through which microbes influence
pharmacological outcomes, the contribution of multi-omics technologies, and the therapeutic opportunities
emerging from microbiome research. It also addresses current limitations and future directions for integrating
microbiome science into routine clinical practice. A better understanding of these interactions may improve
treatment efficacy, reduce toxicity and support more rational, individualized healthcare.

KEYWORDS: Microbiome; gut microbiota; drug metabolism; pharmacokinetics; pharmacodynamics; precision
medicine; personalized therapy; multi-omics.

1. INTRODUCTION illnesses. Yet one of the enduring challenges in clinical
Modern medicine has made extraordinary progress in the practice is the striking variability in patient response to
treatment of infectious diseases, metabolic disorders, the same drug. Some individuals achieve the intended
cancer, autoimmune conditions and neurological therapeutic benefit, whereas others experience only
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partial efficacy, no benefit at all, or serious adverse
effects. Traditionally, this variability has been explained
through factors such as age, sex, organ function, genetic
polymorphisms, diet, co-morbid conditions and
concomitant medications. While these variables remain
highly important, they do not fully account for the
diversity of treatment outcomes observed across patient
populations (EIRakaiby et al., 2014).

The concept of precision medicine arose from the need to
move beyond the “one-size-fits-all” model of treatment
and toward more individualized therapeutic strategies.
Precision medicine aims to align prevention, diagnosis
and therapy with the biological profile of each patient.
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pharmacogenomics, which examine how inherited
genetic differences influence drug metabolism and
action. However, the human body is not composed of
human cells alone. It also hosts a vast community of
bacteria, archaea, fungi and viruses, together with their
collective genomes and metabolic products. This
microbial ecosystem, known as the human microbiome,
is now recognized as a major contributor to physiological
regulation and disease susceptibility, as well as an
important mediator of drug response (Huttenhower et al.,
2012; Lynch and Pedersen, 2016).

The gastrointestinal microbiota has received the greatest
attention because of its enormous density, metabolic

Initial efforts in this area focused heavily on host capacity and intimate interaction with orally
genomics, especially pharmacogenetics and administered drugs.
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Figure 1: Distribution and Composition of Intestinal Microflora Along the Gastrointestinal Tract.

Gut microorganisms possess enzymes capable of
transforming xenobiotics into active, inactive or toxic
metabolites. They also influence intestinal permeability,
bile acid metabolism, inflammatory tone, immune
maturation and host enzyme expression. Through these
pathways, the microbiome can affect both
pharmacokinetics and pharmacodynamics. The field that
studies these interactions is often referred to as
pharmacomicrobiomics, a discipline that complements
pharmacogenomics by recognizing the microbiota as an
additional layer of biological individuality (Donia and
Fischbach, 2015; ElRakaiby et al., 2014; Wilson and
Nicholson, 2017).

Interest in microbiome-guided therapy has grown rapidly
for several reasons. First, microbiome composition
differs markedly among individuals because of diet,
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geography, antibiotic exposure, age, genetics, disease
state and lifestyle. Second, unlike the human genome, the
microbiome is dynamic and potentially modifiable.
Third, advances in sequencing and computational
biology now allow increasingly detailed analysis of
microbial communities and their functions. Together,
these developments have created the possibility of using
microbiome information to predict drug response,
minimize toxicity and optimize therapy in a personalized
manner (Falony et al., 2016; Franzosa et al., 2015).

This chapter explores the role of the microbiome in drug
metabolism and precision therapy with a focus on
relevance for clinicians, researchers and students. It
begins by examining the composition and functional
significance of the human microbiome, then reviews the
major mechanisms  underlying  microbiome—drug
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interactions. It further discusses multi-omics approaches
for microbial characterization, major clinical applications
across disease areas, strategies for therapeutic
modulation of the microbiome, and the scientific, ethical
and regulatory barriers that still limit translation into
routine care. The discussion concludes with future
perspectives on microbiome-based precision medicine
and its potential role in the next generation of healthcare.

2. Human Microbiome and Functional Significance
The human microbiome comprises the totality of
microorganisms and their genetic material that inhabit
the body. These microbial communities occupy several
anatomical niches, including the skin, oral cavity,
respiratory tract, urogenital tract and gastrointestinal
system. Among these sites, the gut microbiota is the most
densely populated and metabolically active. The large
intestine  in  particular  contains trillions  of
microorganisms whose collective genome encodes far
more genes than the human genome. This immense
genetic reservoir contributes to digestion, nutrient
processing, signaling and host defense, making the
microbiome an integral component of human biology
rather than a mere external colonizer (Huttenhower et al.,
2012; Qin et al., 2010).

A healthy microbiome is characterized not simply by the
presence of specific species but by ecological balance,
functional diversity and resilience. In the gut, dominant
bacterial  phyla  typically include  Firmicutes,
Bacteroidetes, ~ Actinobacteria and  Proteobacteria,
although their relative abundance varies considerably
between individuals. This variation is shaped by birth
mode, breastfeeding, age, dietary habits, sanitation,
medication use, geography and host genetics. Antibiotics
are especially influential because they can produce rapid
shifts in microbial diversity and function, sometimes
with persistent consequences. These differences are
important in pharmacology because two patients with
similar clinical diagnoses may host substantially different
microbial communities and therefore metabolize or
respond to drugs differently (Falony et al., 2016; Vangay
et al., 2015).

The microbiome contributes to host physiology through a
wide range of functions. It ferments non-digestible
dietary fibers and complex carbohydrates that escape
digestion in the upper gastrointestinal tract, generating
short-chain fatty acids such as acetate, propionate and
butyrate. These metabolites serve as energy sources for
colonocytes, maintain intestinal barrier integrity, regulate
inflammation, influence lipid and glucose metabolism
and modulate immune homeostasis. The microbiota also
participates in synthesis of vitamins such as vitamin K
and certain B vitamins, metabolism of bile acids and
amino acids, and competitive exclusion of pathogenic
organisms (Holmes et al., 2011; Jandhyala et al., 2015;
Kho and Lal, 2018).
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Equally important is the role of the microbiome in
immune development and regulation. Early-life
microbial exposure helps educate the immune system,
promoting tolerance to commensal organisms while
maintaining readiness against pathogens. Commensal
microbes influence the differentiation of immune cell
populations, cytokine production and mucosal defense
mechanisms. When the composition or function of the
microbiota becomes disturbed, a condition often referred
to as dysbiosis, host physiology may be altered in ways
that promote disease. Dysbiosis has been associated with
inflammatory bowel disease, obesity, diabetes, liver
disease, cardiovascular disease, allergies,
neuropsychiatric disorders and malignancy (Belkaid and
Hand, 2014; Marchesi et al., 2016; Shreiner et al., 2015).

The significance of the microbiome for pharmacology
arises from this close integration with host metabolism
and immunity. A drug entering the body may encounter
microbial enzymes before it reaches systemic circulation.
Microbial metabolites may compete with drug substrates,
alter pH, influence transporter activity or modify
enterohepatic circulation. Dysbiosis can change local
inflammation and intestinal permeability, thereby
affecting absorption and tissue distribution. These effects
mean that the microbiome is both a biological target and
an active variable in therapeutic decision-making (Li et
al., 2016; Wilson and Nicholson, 2017).

For clinicians and researchers, the key implication is that
drug response should be viewed as the product of a host—
microbe system rather than of host factors alone.
Understanding this system requires attention not only to
which microbes are present, but also to what they are
doing functionally. This has encouraged a shift away
from purely taxonomic descriptions toward integrated
analysis of microbial genes, transcripts, proteins and
metabolites. Such a transition is central to modern
microbiome science and underpins efforts to apply it in
precision medicine (Franzosa et al., 2015; Integrative
Human Microbiome Project Research Network, 2019).

3. Mechanisms of Microbiome-Drug Interactions
Microbiome—drug interactions operate through multiple
overlapping pathways. These can be grouped broadly
into direct microbial metabolism of drugs, indirect
effects on host drug-metabolizing systems, immune-
mediated mechanisms, modulation of barrier and
transporter function, and regulation through microbial
metabolites. Together, these pathways can influence both
pharmacokinetics and pharmacodynamics.
Understanding these mechanisms is essential for
interpreting treatment variability and for designing
clinically useful microbiome-based interventions (Li et
al., 2016; Wilson and Nicholson, 2017).

1SO 9001:2015 Certified Journal | 38



Roopa et al.

European Journal of Biomedical and Pharmaceutical Sciences

The gut microbiome influences drug efficacy and safety through multiple, interconnected mechanisms
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Figure 2: Mechanisms of Microbiome-Drug Interactions in Precision Therapy.

3.1 Direct microbial biotransformation of drugs

The most direct mechanism is the enzymatic
modification of drugs by microorganisms. Gut bacteria
possess a broad array of enzymes capable of performing
hydrolysis, reduction, deconjugation, decarboxylation,
demethylation, acetylation and other biotransformations.
These reactions may activate prodrugs, inactivate active
drugs, alter bioavailability or generate toxic metabolites.
Unlike hepatic metabolism, which is relatively well
characterized through cytochrome P450 systems and
conjugation pathways, microbial drug metabolism is
highly variable across individuals because it depends on
the composition and activity of the microbial community
(Donia and Fischbach, 2015; Koppel et al., 2017).

One of the most widely cited examples is irinotecan, an
anticancer prodrug used in colorectal and other
malignancies. In the host liver, irinotecan is converted to
the active metabolite SN-38, which is subsequently
detoxified by glucuronidation to SN-38G. After biliary
excretion into the intestine, microbial B-glucuronidases
can deconjugate SN-38G back to SN-38, re-exposing the
intestinal epithelium to the toxic metabolite and causing
severe diarrhea and mucosal injury. This example
illustrates how microbial activity can create a clinically
significant toxicity despite normal host metabolic
processing (Koppel et al., 2017; Wilson and Nicholson,
2017).
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Another classic example is the cardiac glycoside digoxin.
Certain strains of Eggerthella lenta can reduce digoxin to
inactive metabolites, lowering the effective concentration
of the drug in susceptible individuals. This effect is
influenced by microbial gene expression and may also
depend on dietary components. Such findings underscore
the fact that microbial metabolism is not a uniform
property of a species alone, but often reflects strain-level
variation and environmental context (Haiser et al., 2013;
cited conceptually through the chapter theme in the
source list’s pharmacomicrobiomic framing from
ElIRakaiby et al., 2014 and Wilson and Nicholson, 2017).

Microbial metabolism is also relevant to sulfasalazine, a
prodrug used in inflammatory bowel disease and
rheumatoid arthritis. Colonic bacteria cleave its azo bond
to release the active moiety 5-aminosalicylic acid. In this
case, microbial metabolism is necessary for therapeutic
activation. Similar principles apply to a variety of other
drugs and xenobiotics, including levodopa, tacrine,
metformin and certain non-antibiotic agents that may
either be transformed by microbes or directly alter
microbial ecology (Li et al., 2016; Maier et al., 2018; Yip
etal., 2018).

3.2 Modulation of host metabolic enzymes

The microbiome can influence drug response even when
it does not directly metabolize the drug. Microorganisms
and their metabolites may regulate the expression and
activity of host enzymes involved in xenobiotic
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processing, including cytochrome P450 enzymes,
transferases and esterases. Through signaling pathways
linked to inflammation, nuclear receptors, bile acid
metabolism and microbial metabolites, gut microbes can
alter how the liver and intestine handle drugs. This
creates a bidirectional relationship in which microbial
composition shapes host metabolic capacity, while drugs
in turn affect microbial populations (Clayton et al., 2009;
Wilson and Nicholson, 2017).

Changes in microbial ecology may therefore influence
first-pass metabolism, systemic clearance and metabolite
formation. For example, microbial modification of bile
acids can activate or inhibit host receptors such as
farnesoid X receptor and pregnane X receptor, both of
which play roles in regulating metabolic pathways
relevant to drug disposition. Similarly, microbial signals
can influence inflammatory tone, and inflammation is
known to suppress certain drug-metabolizing enzymes.
These indirect mechanisms may be subtle, but they can
substantially affect treatment response over time,
especially in patients with chronic disease or
polypharmacy (Holmes et al., 2011; Martin et al., 2019).

3.3 Alteration of absorption and bioavailability

Orally administered drugs must cross the gastrointestinal
environment before reaching systemic circulation. The
microbiome can influence this process by altering
luminal pH, intestinal barrier integrity, mucus
composition and epithelial transporter expression. Short-
chain fatty acids and other microbial products support
epithelial health and tight-junction integrity, whereas
dysbiosis and inflammation may increase permeability or
disrupt mucosal defenses. These changes can affect the
extent and rate of drug absorption (Jandhyala et al.,
2015; Kho and Lal, 2018).

Microbial metabolism of bile acids is also relevant
because bile acids influence solubilization and
absorption of lipophilic compounds. By reshaping the
bile acid pool, the microbiome may alter the
pharmacokinetics of drugs with bile-dependent
absorption. In addition, microbial competition for
substrates and co-metabolism of nutrients may modify
the local chemical environment in ways that influence
drug dissolution or stability. These effects are often
difficult to measure directly in clinical settings, but they
are increasingly recognized as part of the broader
pharmacomicrobiomic framework (Clayton et al., 2009;
Holmes et al., 2011).

3.4 Immune modulation and therapeutic response

The microbiome has profound effects on the immune
system, and these effects can directly shape the efficacy
of immunomodulatory drugs. Commensal bacteria
contribute to the development of immune tolerance,
maintenance of mucosal immunity and regulation of
inflammatory pathways. Different microbial patterns
may promote anti-inflammatory or pro-inflammatory
states through their influence on innate and adaptive
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immune signaling (Belkaid and Hand, 2014; Thaiss et
al., 2016).

This is especially relevant in cancer immunotherapy.
Several studies have suggested that the composition of
the gut microbiota influences response to immune
checkpoint inhibitors. Species such as Akkermansia
muciniphila and Bifidobacterium longum have been
associated with improved responses in some settings,
possibly by enhancing antigen presentation, T-cell
activation or mucosal immune balance. Conversely,
antibiotic-associated disruption of the gut microbiota
may impair immunotherapy outcomes in some patients.
Although the field is still evolving and not yet definitive
for routine clinical decision-making, it provides a
compelling demonstration that microbial ecology can
shape treatment efficacy through immune mechanisms
rather than by direct drug metabolism alone (Belkaid and
Hand, 2014; Thaiss et al., 2016; Wilson and Nicholson,
2017).

3.5 Microbial metabolites as signaling molecules
Microbial metabolites act as functional mediators
between the microbiota and host tissues. Short-chain
fatty acids, indoles, secondary bile acids,
trimethylamine-derived compounds and numerous other
microbial products can influence host metabolism,
endocrine  signaling,  appetite  regulation  and
inflammation. These metabolites may modify receptor
signaling pathways, epigenetic marks and gene
expression profiles, thereby changing how the host
responds to drugs (Holmes et al., 2011; Martin et al.,
2019).

For example, short-chain fatty acids can activate G-
protein-coupled receptors and influence glucose and lipid
metabolism. Secondary bile acids affect enterohepatic
signaling and metabolic regulation. Other microbial
products may alter oxidative stress responses or
neurochemical pathways, which can become relevant in
metabolic, hepatic or neuropsychiatric disease. Because
these metabolites are themselves shaped by diet,
microbiome composition and medication use, they form
a dynamic network linking environment, microbes and
pharmacology (Holmes et al., 2011; Valdes et al., 2018).

3.6 Host gene expression and epigenetic regulation

Emerging evidence indicates that microbial metabolites
may affect host gene expression through epigenetic
mechanisms, including histone modification and DNA
methylation. Butyrate, for instance, is known to act as a
histone deacetylase inhibitor under certain conditions,
thereby influencing transcriptional programs related to
inflammation, barrier function and metabolism. Such
effects may alter disease progression as well as drug
sensitivity (Holmes et al., 2011; Kho and Lal, 2018).

Host genetics, in turn, influence microbial colonization

and community structure. This means that drug response
may reflect a complex three-way interaction among host
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genotype, microbiome composition and environmental
exposure. Precision therapy will likely require models
capable of integrating all three dimensions rather than
treating them as isolated variables (Falony et al., 2016;
Huttenhower et al., 2012).

4. Multi-Omics Approaches in Microbiome Research
A major reason for the rapid progress in microbiome
science is the development of multi-omics technologies.
These approaches allow researchers to move beyond
simple identification of microbial taxa toward a richer
understanding of microbial function, host interaction and
clinical relevance. For microbiome-guided precision
medicine, this distinction is crucial because the presence
of a microorganism does not necessarily indicate its
metabolic activity or pharmacological impact (Franzosa
et al., 2015; Integrative Human Microbiome Project
Research Network, 2019).

4.1 Metagenomics

Metagenomics involves sequencing total microbial DNA
from a biological sample, usually stool in gut
microbiome studies. This method provides information
on community composition, taxonomic diversity and the
functional gene repertoire of the microbiota. It can
identify organisms that are difficult or impossible to
culture by conventional microbiology. Metagenomics has
transformed microbiome research by enabling large-scale
cataloguing of microbial genes and by revealing
population-level differences in microbial structure
associated with disease, diet and therapeutic response
(Huttenhower et al., 2012; Qin et al., 2010).

From a pharmacological perspective, metagenomics can
identify genes encoding enzymes likely to transform
specific drugs. It can also detect microbial pathways
linked to bile acid metabolism, xenobiotic degradation or
production of signaling  molecules.  However,
metagenomics reveals potential rather than activity. A
gene may be present without being expressed, which
limits interpretation when used alone (Franzosa et al.,
2015; Qin et al., 2010).

4.2 Metatranscriptomics

Metatranscriptomics analyzes microbial RNA and
thereby provides information on which genes are actively
being transcribed at a given time. This approach helps
distinguish metabolically active pathways from dormant
genetic potential. In the context of drug response,
metatranscriptomics can reveal whether microbial genes
involved in drug transformation, stress response or
metabolite production are upregulated during therapy
(Franzosa et al., 2015; Integrative Human Microbiome
Project Research Network, 2019).

Because RNA is less stable than DNA and highly
sensitive to sampling conditions, metatranscriptomic
analysis can be technically demanding. Nonetheless, it
offers valuable insight into microbial function under real
biological conditions and can complement metagenomic
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data when evaluating microbiome-driven
pharmacological effects (Franzosa et al., 2015).

4.3 Metaproteomics

Metaproteomics studies the proteins produced by
microbial communities and host tissues. Since proteins
are the active effectors of biological function, this
approach can provide a more direct representation of
microbial activity than DNA or RNA analysis alone. It is
particularly useful for identifying enzymes that
participate in xenobiotic transformation, host-microbe
signaling and inflammatory interactions (Franzosa et al.,
2015).

In practice, metaproteomics remains methodologically
complex because biological samples contain proteins
from multiple organisms with wide dynamic ranges in
abundance. Yet as analytical platforms improve, this
approach may become increasingly important for
identifying functional biomarkers of drug response and
for validating mechanistic hypotheses generated by
sequencing studies (Franzosa et al., 2015).

4.4 Metabolomics

Metabolomics measures small molecules produced by
both host and microbial metabolism. This includes short-
chain fatty acids, bile acids, amino acid derivatives, lipid
mediators and other bioactive metabolites. Because
metabolites represent the integrated output of gene
expression, protein activity and environmental influence,
metabolomics often provides some of the most clinically
relevant information in microbiome research (Clayton et
al., 2009; Holmes et al., 2011).

In pharmacomicrobiomics, metabolomic profiling can
reveal pathways associated with efficacy, toxicity or
treatment resistance. It may identify metabolic signatures
predictive of adverse events, altered drug handling or
therapeutic success. For example, the detection of
distinct bile acid or short-chain fatty acid profiles may
help explain individual differences in metabolic response
or inflammatory status. Metabolomics also provides a
bridge between descriptive microbiome science and
actionable biomarkers (Clayton et al., 2009; Martin et al.,
2019).
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Figure 3: Multi-Omics Approaches in Microbiome Research and Precision Medicine.

45 Integrated multi-omics and
analysis

No single omics approach is sufficient to capture the
complexity of the microbiome. Integrated multi-omics
combines metagenomic, metatranscriptomic,
metaproteomic and metabolomic data, often alongside
host genomic, clinical and environmental information.
This systems-level approach is increasingly supported by
machine learning and network-based computational
methods, which help uncover patterns that may not be
visible through individual datasets (Franzosa et al., 2015;
Integrative Human Microbiome Project Research
Network, 2019).

computational

For clinicians and translational researchers, the ultimate
goal of multi-omics is not merely data generation but
meaningful prediction. A clinically useful microbiome
model should identify which patients are likely to benefit
from a therapy, who is at risk of toxicity, and which
modifiable interventions might improve outcomes.
Achieving this goal will require standardized sampling,
robust bioinformatics, reproducible validation and
careful integration with routine clinical variables.

Suggested Figure 1. Conceptual framework of multi-
omics approaches in microbiome-guided precision
medicine: metagenomics identifies microbial
composition and genetic capacity; metatranscriptomics
reveals active gene expression; metaproteomics detects
functional proteins and enzymes; metabolomics captures
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host-microbe chemical outputs; integrated analysis links
these layers to drug response, efficacy and toxicity.

5. Representative Drug—Microbiome Interactions

The clinical importance of microbiome research becomes
clearer when specific examples are considered. Although
the evidence base remains stronger for some drugs than
for others, several interactions illustrate the range of
ways in which microbes can shape treatment outcomes
(Donia and Fischbach, 2015; Wilson and Nicholson,
2017).
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Table 1: Factors Influencing Human Gut Microbiome Composition.

Drug or Drug Class | Microbial Interaction

Clinical Consequence

Irinotecan

Microbial B-glucuronidases deconjugate SN-
38G to toxic SN-38 in the intestine

Increased gastrointestinal
particularly severe diarrhea

toxicity,

Digoxin inactivate the drug

Certain gut bacteria such as Eggerthella lenta

Reduced therapeutic efficacy in
susceptible individuals

. Colonic bacteria cleave azo bonds to release | Microbial activation required for

Sulfasalazine : : S .
active 5-aminosalicylic acid therapeutic effect
Immune checkpoint | Gut microbiome composition modulates | Variable  response  to  cancer
inhibitors immune responsiveness immunotherapy
Metformin and other Drug action s _partl)_/ mediated 'ghrough Variable metabolic outcomes and
. alterations in microbiota and microbial . .

metabolic drugs metabolites gastrointestinal adverse effects

Non-antibiotic drugs

Many drugs alter gut microbial composition
despite not targeting microbes directly

Secondary effects on efficacy,
tolerance and host physiology

These examples demonstrate that microbiome—drug
interactions are not restricted to rare or exotic situations.
They are relevant across oncology, cardiology,
gastroenterology, endocrinology and immunology. As
evidence accumulates, clinicians may increasingly need
to consider whether treatment failure or toxicity reflects
not only host pharmacogenetics and adherence, but also
microbial metabolism and ecological context (EIRakaiby
et al., 2014; Wilson and Nicholson, 2017).

6. Clinical Applications of Microbiome-Guided
Precision Medicine

The concept of microbiome-guided precision medicine is
attractive because it links mechanistic biology with
clinically actionable possibilities. Although routine
implementation is still limited, several therapeutic areas
show promising translational potential (EIRakaiby et al.,
2014; Wilson and Nicholson, 2017).

6.1 Cancer therapy

Cancer treatment has become one of the most intensively
studied areas in microbiome research. The gut microbiota
appears capable of influencing response to
chemotherapy, immune checkpoint inhibitors and
possibly supportive-care drugs. As discussed earlier,
irinotecan toxicity is a classic model of microbiome-
mediated drug adverse effects. More recently, attention
has focused on the role of the microbiome in modulating
antitumor immunity and response to checkpoint blockade
(Koppel et al., 2017; Thaiss et al., 2016).

If microbial signatures predictive of immunotherapy
response can be validated prospectively, they could help
stratify patients before treatment begins. They might also
suggest interventions such as dietary modification,
targeted microbial supplementation or more cautious use
of antibiotics around the time of immunotherapy.
However, current findings remain heterogeneous, and
there is not yet a universally accepted microbial
biomarker panel for routine oncology practice (Thaiss et
al., 2016; Wilson and Nicholson, 2017).
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6.2 Metabolic disorders

The microbiome is closely linked to glucose
homeostasis, insulin sensitivity, lipid metabolism and
energy balance. Dyshiosis has been associated with
obesity, type 2 diabetes and metabolic syndrome. Studies
of personalized nutrition indicate that differences in
microbiome composition may partly explain why
individuals show distinct glycemic responses to similar
foods. This concept has important implications for
precision therapy because metabolic disease management
often depends on long-term interactions among diet,
medication and host physiology (Valdes et al., 2018;
Zeevi et al., 2015).

Microbiome-informed approaches may eventually guide
dietary recommendations, improve prediction of drug
response and identify patients who are more likely to
benefit from specific interventions. For example,
baseline microbial features could potentially help explain
variability in response to metformin or dietary fiber
supplementation. Such applications remain under active
investigation but illustrate how pharmacology and
lifestyle medicine may converge in microbiome-based
care (Martin et al., 2019; Zeevi et al., 2015).

6.3 Gastrointestinal disorders

The gastrointestinal tract is both the largest microbial
habitat and a major site of drug exposure, making it a
natural focus for clinical microbiome research.
Inflammatory bowel disease, irritable bowel syndrome,
colorectal cancer and recurrent Clostridioides difficile
infection have all been linked to microbial imbalance. In
these conditions, the microbiome may act as a biomarker
of disease state, a mediator of treatment response and a
direct therapeutic target (Marchesi et al., 2016; Shreiner
etal., 2015).

Fecal microbiota  transplantation has  already
demonstrated remarkable effectiveness in recurrent C.
difficile infection, providing one of the clearest proofs
that microbiome manipulation can be clinically
beneficial. Beyond this indication, microbial biomarkers
are being explored for diagnosis, prognosis and
therapeutic monitoring in inflammatory bowel disease
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and colorectal cancer. Precision approaches may one day
integrate stool microbiome data with endoscopic,
histological and molecular findings to guide treatment
selection more effectively (Marchesi et al., 2016;
Shreiner et al., 2015).

6.4 Neurological and psychiatric disorders

The gut-brain axis has become an area of substantial
interest because microbial metabolites, immune
mediators and neural pathways can influence brain
function. Altered microbiota composition has been
associated with depression, anxiety, autism spectrum
conditions, Parkinson’s disease and other neurological
disorders. Although many of these associations remain
correlative, they have prompted investigation into
whether the microbiome might modify response to
neuroactive drugs or represent a target for adjunctive
therapy (Cryan et al., 2019).

For clinicians, this field is intriguing but still immature.
Strong mechanistic evidence and reproducible clinical
biomarkers are needed before microbiome-guided
therapy can be used confidently in neurology or
psychiatry. Nevertheless, the gut-brain axis offers an
important conceptual expansion of precision medicine
beyond organ-specific thinking (Cryan et al., 2019).

6.5 Infectious disease and antimicrobial stewardship
Antibiotics profoundly disrupt the microbiome, often
reducing diversity and enabling overgrowth of
opportunistic pathogens. This can lead to diarrhea, fungal
overgrowth, antimicrobial resistance selection and long-
term ecological disturbances. Precision stewardship may
eventually incorporate microbiome considerations when
selecting antimicrobial  regimens, especially in
vulnerable populations such as infants, older adults,
transplant recipients and critically ill patients (Vangay et
al., 2015).

Microbiome-preserving  strategies  might  include
narrower-spectrum agents, shorter courses, selective
restoration  therapies or  adjunctive  microbial
interventions. Such approaches could reduce collateral
damage while preserving therapeutic efficacy, although
practical implementation remains challenging (Vangay et
al., 2015).

7. Therapeutic Modulation of the Microbiome

If the microbiome contributes to variability in drug
response, then altering the microbiome may improve
therapy. Several approaches are being investigated,
ranging from relatively simple nutritional strategies to
advanced bioengineered therapeutics (Valdes et al., 2018;
Wilson and Nicholson, 2017).

7.1 Probiotics

Probiotics are live microorganisms administered in
adequate amounts with the intention of conferring a
health benefit. Their proposed roles include enhancing
barrier integrity, competing with pathogens, modulating
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immunity and influencing microbial metabolite
production. In the context of precision therapy, probiotics
might one day be selected according to a patient’s
microbial profile and clinical indication rather than used
empirically (Jandhyala et al., 2015; Valdes et al., 2018).

However, the effects of probiotics are often strain-
specific and context-dependent. Not all commercially
available products have robust clinical evidence, and
colonization may be transient. For this reason, probiotics
should not be viewed as universally beneficial, but as
potentially useful tools that require better phenotyping
and targeted application (Valdes et al., 2018).

7.2 Prebiotics and dietary modulation

Prebiotics are non-digestible compounds that selectively
stimulate the growth or activity of beneficial
microorganisms. Dietary fibers, resistant starches and
certain  oligosaccharides can reshape  microbial
metabolism and increase production of short-chain fatty
acids. Because diet is one of the strongest determinants
of microbiome composition, personalized nutrition
represents one of the most practical ways to influence the
microbiome in everyday clinical care (Valdes et al.,
2018; Zeevi et al., 2015).

Dietary modulation is appealing because it is non-
invasive and may provide broad metabolic benefits
beyond microbiome effects alone. At the same time,
individual responses to the same diet vary considerably,
emphasizing the need for precision approaches rather
than generic dietary advice. Microbiome-informed
nutritional planning may therefore become an important
bridge between preventive medicine and
pharmacotherapy (Valdes et al., 2018; Zeevi et al., 2015).

7.3 Synbiotics and postbiotics

Synbiotics combine probiotics with prebiotics in an
attempt to improve survival, engraftment and functional
benefit. A related concept is postbiotics, which refers to
inanimate microbial products or metabolites with
biological activity. These strategies may offer advantages
over traditional probiotics because they can target
function more directly and may be easier to standardize
(Valdes et al., 2018).

For drug-response applications, postbiotics are especially
interesting because they may reproduce beneficial
signaling effects without requiring long-term microbial
colonization. This could simplify safety assessment and
manufacturing, though clinical evidence is still emerging
(Valdes et al., 2018).

7.4 Fecal microbiota transplantation

Fecal microbiota transplantation involves transfer of
processed stool from a healthy donor into a recipient
with dysbiosis. Its most established indication is
recurrent Clostridioides difficile infection, in which
success rates have been notably high. FMT has also been
investigated in inflammatory bowel disease, metabolic
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disorders, liver disease and as an adjunct in oncology,
though results outside recurrent C. difficile have been
more variable (Marchesi et al., 2016; Shreiner et al.,
2015).

Despite its promise, FMT raises important safety,
screening, ethical and regulatory concerns. Donor
selection, pathogen transmission risk, long-term
ecological consequences and product standardization
remain central issues. Future iterations may shift toward
defined microbial consortia rather than whole-stool
transfer (Marchesi et al., 2016).

7.5 Engineered probiotics and synthetic biology
Advances in synthetic biology are opening the possibility
of designing microorganisms with specific therapeutic
functions. Engineered microbes could be programmed to
deliver drugs, degrade toxic metabolites, produce
beneficial compounds or modulate immune pathways in
a controlled manner. Such strategies are particularly
appealing for diseases in which local intestinal action is
advantageous or where traditional systemic therapy has
limitations.

Although still largely experimental, engineered
probiotics represent a logical extension of precision
medicine because they combine diagnostic insight with
targeted intervention. Their successful development will
depend on biosafety, genetic stability, regulatory
oversight and public acceptance.

8. Challenges, Limitations and Ethical Considerations
Despite rapid scientific progress, microbiome-guided
precision medicine faces several obstacles that prevent
immediate widespread implementation. These challenges
are not minor technical details; they affect the reliability,
reproducibility and clinical relevance of the entire field
(Falony et al., 2016; Franzosa et al., 2015).

A major limitation is high interindividual variability.
Microbiome composition is influenced by geography,
diet, age, medication use, genetics, disease state, lifestyle
and numerous environmental factors. This variability
makes it difficult to define what constitutes a “normal”
or “healthy” microbiome across populations. It also
complicates development of universal biomarkers or
interventions (Falony et al., 2016; Vangay et al., 2015).

Methodological inconsistency is another challenge.
Differences in sampling methods, storage conditions,
DNA extraction protocols, sequencing platforms,
bioinformatic pipelines and statistical analysis can
produce substantially different results from similar
biological material. Without standardization, comparison
across studies remains difficult and clinical translation is
slowed (Franzosa et al., 2015; Integrative Human
Microbiome Project Research Network, 2019).

A third issue is the gap between association and
causation. Many published studies show correlations
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between microbial signatures and disease states or
treatment outcomes, but far fewer establish clear
mechanistic causality. This is especially problematic in
observational human studies, where confounding by diet,
medication, co-morbidity and lifestyle is difficult to
eliminate. Mechanistic experiments, longitudinal designs
and interventional trials are therefore essential for
moving the field forward (EIRakaiby et al., 2014; Wilson
and Nicholson, 2017).

Another limitation is temporal instability. The
microbiome is dynamic and can change rapidly with
antibiotics, illness, travel, hospitalization or dietary
shifts. A single stool sample may not fully represent the
relevant microbial state over time. Clinically useful
microbiome testing may need to account for longitudinal
variation rather than relying on one-time sampling alone
(Falony et al., 2016).

Ethical and regulatory questions are equally important.
Microbiome data may contain sensitive information
related to health status, disease risk or environmental
exposure. Questions arise regarding privacy, ownership
of biological data, commercialization of microbiome-
based diagnostics and equitable access to personalized
interventions. In the case of FMT and engineered
microbial therapies, regulatory classification, product
quality control and long-term safety monitoring become
especially important (Marchesi et al., 2016).

For clinicians, another practical concern is
interpretability. Even when high-quality microbiome data
are available, translating them into treatment decisions
remains difficult. A report describing relative abundance
of dozens of taxa may have little value unless it is linked
to validated clinical meaning. The field therefore needs
not just more data, but clinically interpretable decision
frameworks that integrate microbiome findings with
standard diagnostic and therapeutic pathways (Franzosa
et al., 2015; Wilson and Nicholson, 2017).

9. Future Perspectives

The future of microbiome-guided precision therapy will
likely depend on integration rather than isolation.
Microbiome data alone may rarely be sufficient for
decision-making, but when combined with host
genomics, metabolomics, clinical phenotype, diet,
medication history and environmental exposure, they
could significantly improve prediction of therapeutic
response (Franzosa et al., 2015; Integrative Human
Microbiome Project Research Network, 2019).

Artificial intelligence and machine learning are expected
to play increasingly important roles in this integration.
High-dimensional microbiome data are difficult to
interpret using conventional statistical methods alone,
especially when nonlinear interactions exist between
microbes, host pathways and external factors.
Computational approaches may help identify predictive
signatures, therapeutic subtypes and intervention targets.
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However, robust models will require high-quality
training datasets, external validation and transparency to
avoid overfitting or false clinical confidence (Franzosa et
al., 2015).

Another likely development is the movement from
descriptive microbiome profiles toward functional and
actionable biomarkers. Instead of asking only which
organisms are present, future diagnostics may focus on
what metabolic functions are active, which enzymes are
expressed, or which metabolites are elevated at the time
a therapeutic decision is needed. This functional
orientation aligns better with clinical pharmacology and
may prove more reproducible across populations
(Franzosa et al., 2015; Wilson and Nicholson, 2017).

Personalized nutrition is also expected to become more
refined as microbiome science advances. Rather than
generic  dietary advice, patients may receive
individualized plans based on metabolic phenotype,
disease risk, medication use and microbial function. Such
strategies could complement drug therapy and improve
long-term disease management, especially in metabolic
and gastrointestinal disorders (Valdes et al., 2018; Zeevi
etal., 2015).

Engineered probiotics, targeted bacteriophage therapy,
defined microbial consortia and CRISPR-based
microbial editing represent more advanced future
possibilities. These approaches could allow selective
manipulation of harmful pathways while preserving
beneficial components of the microbial ecosystem. Their
development will require close collaboration among
microbiologists, clinicians, pharmacologists,
bioinformaticians, ethicists and regulators.

In the long term, microbiome assessment may become
part of routine precision medicine workflows in selected
settings, much as pharmacogenetic testing is used today
in some therapeutic areas. Before this can occur,
evidence must show that microbiome-guided decisions
improve outcomes, are cost-effective, can be
standardized and are acceptable to patients and
healthcare systems. The promise is considerable, but
translation must proceed with scientific rigor (EIRakaiby
et al., 2014; Wilson and Nicholson, 2017).

10. CONCLUSION

The human microbiome is now recognized as an
important determinant of health, disease and therapeutic
response. By directly transforming drugs, regulating host
metabolic pathways, modulating immune function and
generating bioactive metabolites, microbial communities
can substantially influence pharmacokinetics,
pharmacodynamics, efficacy and toxicity. These effects
help explain interindividual variability in treatment
response and support the growing role of
pharmacomicrobiomics within precision medicine.
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For clinicians, researchers and students, microbiome
science offers a broader framework for understanding
why therapies succeed in some patients and fail in others.
It expands the traditional model of individualized
medicine beyond host genetics and reminds us that
treatment occurs within a complex host—microbe
ecosystem. This perspective is especially relevant in
oncology, gastroenterology, metabolic disease and
immunology, where emerging evidence suggests that
microbial signatures may eventually guide therapy
selection or modification.

At present, however, microbiome-guided precision
therapy remains an evolving field rather than a fully
mature clinical discipline. Important challenges include
variability — between individuals,  methodological
inconsistency, incomplete mechanistic understanding,
limited reproducibility and unresolved ethical and
regulatory issues. Yet these limitations should be
interpreted not as reasons for skepticism, but as priorities
for rigorous research and responsible translation.

The future of precision medicine is likely to be
integrative, combining host genetics, clinical phenotype,
environmental exposure and microbial function to guide
treatment more accurately. As multi-omics technologies,
computational ~ biology and  microbiome-targeted
therapeutics continue to advance, the microbiome may
become a key component of safer, more effective and
more personalized healthcare. A deeper understanding of
microbiome—drug interactions  therefore  holds
considerable promise for improving clinical outcomes
and reshaping the therapeutic landscape in the years
ahead.
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