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ABSTRACT

Background: Cytochrome P450 (CYP450) enzymes play a central role in the metabolism of diverse
antimicrobial agents, contributing to substantial interindividual variability in therapeutic efficacy
and toxicity. Genetic polymorphisms—predominantly single nucleotide polymorphisms (SNPs)
and copy number variations (CNVs)—underlie four primary metabolizer phenotypes: poor (PM),
intermediate (IM), normal/extensive (NM/EM), and ultra-rapid (UM). Inherited variants across genes
encoding CYP2C19, CYP2C9, CYP2D6, and CYP3A4 significantly alter the pharmacokinetics and clin-
ical outcomes associated with several major antimicrobial classes. Methods: This narrative review
synthesizes literature retrieved from PubMed/MEDLINE, Embase, Scopus, Web of Science, and the
Cochrane Library (2015-2026) addressing CYP450 pharmacogenomics, phenoconversion, and an-
timicrobial pharmacokinetics. Key Findings: Voriconazole clearance mediated by CYP2C19 exem-
plifies the clinical utility of pharmacogenomics, wherein poor metabolizers exhibit elevated drug
concentrations predisposing to hepatotoxicity and neurotoxicity, while ultra-rapid metabolizers ex-
perience subtherapeutic exposure and therapeutic failure. Quantitatively, CYP2C19 poor metabo-
lizers exhibit voriconazole trough concentrations (Cyougn) and area under the concentration-time
curve (AUCQ) values approximately 3-to 4-fold higher than normal metabolizers, whereas ultra-rapid
metabolizers frequently fail to sustain target therapeutic troughs (>1-2 mg/L). Furthermore, irre-
versible mechanism-based inhibition (MBI) of CYP3A4 by macrolides (e.g., clarithromycin) precipi-
tates clinically profound drug-drug interactions (DDIs) with co-administered narrow-therapeutic-
index substrates, such as warfarin and statins. Beyond germline genetics, transient phenoconver-
sion driven by concomitant enzyme inhibitors, inducers, or systemic inflammation dynamically al-
ters metabolic capacity, creating gene—drug—drug interactions (GDDIs) that complicate dosing in
polypharmacy and critical-care settings. Although clinical decision support systems (CDSS) and
therapeutic drug monitoring (TDM) are increasingly utilized, conventional static genotyping fails to
capture these real-time phenotypic shifts. Emerging artificial intelligence (Al) and machine learning
(ML) models offer promising frameworks to integrate static genotypes, dynamic co-medication pro-
files, organ function, and TDM feedback for model-informed precision dosing (MIPD). Conclusion:
The paucity of prospective, multi-ethnic clinical trials and the lack of comprehensive, internation-
ally harmonized prescribing guidelines currently limit widespread clinical translation. Pharmacoge-
nomic principles should be systematically embedded within antimicrobial stewardship programs
to optimize efficacy, minimize adverse events, and mitigate the emergence of antimicrobial resis-
tance. Al-guided, multi-omics—driven precision medicine represents a transformative paradigm for
the responsible, effective, and sustainable global use of antimicrobials.

Key words: Cytochrome P-450 Enzyme System [cytochrome P450], Pharmacogenomics [pharma-
cogenomics], Anti-Infective Agents [antimicrobial therapyl, Drug Interactions [phenoconversion],
Precision Medicine [precision dosing], Antimicrobial Stewardship

INTRODUCTION

Overview of Antibiotic Use and Resistance
Crisis

Antimicrobial agents—including antibiotics, anti-
fungals, and antivirals—constitute a fundamental
pillar of modern medicine, routinely administered
worldwide to manage life-threatening infectious

diseases. However, the sustained clinical effi-

cacy of these therapies is increasingly imperiled
by two interconnected global health crises: the
accelerated emergence of antimicrobial resistance
(AMR) and extensive interindividual variability in

pharmacological response’.

Optimal antimicro-
bial dosing is designed to maintain free drug con-
centrations at the target site of infection above
the pathogen’s minimum inhibitory concentration

(MIC) for an adequate exposure duration, thereby
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maximizing microbial clearance and suppressing the
emergence of resistant subpopulations. The govern-
ing pharmacokinetic/pharmacodynamic (PK/PD)
index—whether time above MIC (fT > MIC), the
peak concentration-to-MIC ratio (Cmax/MIC), or the
area under the concentration-time curve-to-MIC
ratio (AUC/MIC)—is intrinsically class-dependent?.
Unrecognized alterations in fundamental pharma-
cokinetic parameters, particularly metabolic clear-
ance and systemic elimination, frequently disrupt
this fragile equilibrium. Such deviations result in
either subtherapeutic drug exposure, which fuels
treatment failure and secondary resistance selec-
tion, or supratherapeutic accumulation, precipitat-
ing severe concentration-dependent toxicity and ad-
verse drug reactions (ADRs)>.

Role of CYP450 Enzymes in
Metabolism

Drug

A primary determinant of interindividual phar-
macokinetic variability is the superordinate su-
perfamily of hemoprotein monooxygenases desig-
nated cytochrome P450 (CYP450)*. These heme-
dependent oxidoreductases represent the central
catalytic machinery of hepatic Phase | biotrans-
formation, displaying their highest expression lev-
els within hepatocytes and enterocytes®. CYP en-
zymes mediate the metabolic processing of numer-
ous endogenous biochemical substrates—including
steroid hormones, bile acids, fat-soluble vitamins,
and procarcinogens—while simultaneously process-
ing xenobiotic entities, accounting for the oxidative
metabolism of approximately 75% of clinically pre-
scribed pharmaceutical agents®. Mechanistically,
these enzymes catalyze the insertion of a single
atom of molecular oxygen into lipophilic drug sub-
strates (principally via mono-hydroxylation, dealky-
lation, or epoxidation), thereby generating polar
functional handles that facilitate subsequent Phase
Il conjugation (e.g., glucuronidation, sulfation, or
glutathione conjugation) and ultimate excretion via
renal or hepatobiliary pathways’. Consequently,
CYP-mediated biotransformation serves as the pri-
mary gateway for the detoxification and systemic
clearance of numerous lipophilic antimicrobials®.

Crucially, this Phase I-to-Phase Il handoff is not
Certain CYP-catalyzed
oxidative transformations generate highly reac-

invariably cytoprotective.

tive, electrophilic intermediates (e.g., reactive epox-
ides, quinone imines, and N-hydroxylamines) at
rates exceeding the quenching capacity of down-
stream Phase Il transferases (such as glutathione

S-transferases and UDP-glucuronosyltransferases).
Under conditions of phenoconversion—wherein a
functional metabolic bottleneck is created through
competitive inhibition, allosteric disruption, or ac-
celerated oxidative flux—these electrophilic inter-
mediates can accumulate intracellularly, exhaust
hepatic glutathione reserves, and covalently adduct
critical cellular macromolecules.  This cascade
induces mitochondrial collapse, severe oxidative
stress, and catastrophic idiosyncratic or dose-
dependent hepatotoxicity. This biochemical vul-
nerability explains why dynamic phenoconversion,
rather than germline genotype alone, frequently
precipitates the acute hepatic adverse events ob-

served with CYP-cleared antimicrobial therapies.

Clinical Relevance of Genetic Polymor-
phisms

The genes encoding clinically relevant CYP isoforms
exhibit profound genetic polymorphism, harboring
extensive allelic diversity that includes single nu-
cleotide polymorphisms (SNPs), copy number vari-
ations (CNVs; gene deletions and duplications), and
These
inherited genetic lesions represent a substantial,

rare uncharacterized structural variants®.

predictable, yet frequently neglected source of in-
terindividual pharmacokinetic variability. A pa-
tient’s inherited allelic architecture defines their
baseline metabolic phenotype (traditionally classi-
fied into poor, intermediate, normal/extensive, and
ultra-rapid metabolizers), dictating systemic clear-
ance and biological exposure to both the parent
compound and its active or toxic metabolites 0.
Consequently, uniform standard dosing regimens
that fail to account for baseline pharmacogenetic
variance frequently prove clinically ineffective or ex-
cessively toxic, presenting a formidable obstacle to
precision antimicrobial therapeutics'".

Rationale for Focusing on Antibiotic Ther-
apy

Inpatient antimicrobial regimens exhibit heightened
vulnerability to both pharmacogenetic heterogene-
ity and complex drug-drug interactions (DDlIs).
Because several antimicrobials act as potent in-
hibitors (e.g., macrolides, azoles) or inducers (e.g.,
rifamycins) of CYP enzymes, a baseline gene-drug
interaction (GDI) frequently converges with a con-
current DDI to produce a synergistic gene—drug—
drug interaction (GDDI) ', Critically ill patients are
almost universally subjected to complex polyphar-
macy regimens—often receiving concurrent antico-
agulants, cardiovascular agents, psychotropics, and
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immunosuppressants—rendering them acutely vul-
nerable to these synergistic interactions. Because
a patient’s underlying genetic profile determines
the absolute clinical magnitude of a DDI, elucidat-
ing these intersecting mechanisms is essential for
engineering proactive dosing strategies that pro-
tect therapeutic efficacy and patient safety in high-
acuity clinical environments, as illustrated in the
conceptual workflow of Figure 113,

Search Strategy and Selection Criteria

This narrative review synthesizes contemporary
biomedical evidence retrieved through structured
literature queries across PubMed/MEDLINE, Em-
base, Scopus, Web of Science, and the Cochrane
Library for peer-reviewed studies published be-
tween January 2015 and 2026, with prioritized
focus on investigations published from 2020 on-
ward. Search syntax utilized Boolean combinations
of relevant MeSH terms and keywords, including:
("Cytochrome P450” OR "CYP450” OR "CYP2C19”
OR ”CYP3A4” OR "CYP2D6” OR ”"CYP2C9”) AND
("pharmacogenomics” OR “pharmacogenetics” OR
“phenoconversion” OR “gene-drug interaction” OR
“drug-drug interaction”) AND (antimicrobial” OR
“antibiotic” OR "antifungal” OR “voriconazole” OR
“clarithromycin® OR “rifampin” OR linezolid”).
Manual cross-referencing of bibliographies from re-
trieved articles and clinical consensus statements
(e.g., Clinical Pharmacogenetics Implementation
Consortium [CPIC] and Dutch Pharmacogenetics
Working Group [DPWG]) identified additional rel-
evant sources. Methodological priority was ac-
corded to systematic reviews, meta-analyses, con-
sensus pharmacogenomic guidelines, and prospec-
tive pharmacokinetic/pharmacodynamic clinical tri-
als; case reports and narrative reviews were cited se-
lectively to elucidate rare or emerging toxicological
mechanisms. In accordance with SANRA (Scale for
the Assessment of Narrative Review Articles) quality
guidelines, this review presents explicit therapeu-
tic aims, describes comprehensive search parame-
ters, maintains rigorous citation of primary litera-
ture throughout, and integrates structured analyti-
cal evidence within the accompanying table and fig-
ure.

FUNDAMENTALS OF CYP450
ENZYMES

Structure and Function of CYP450 Isoen-
zymes

Cytochrome P450 enzymes derive their name from
their characteristic spectrophotometric absorption

maximum at 450 nm when their reduced heme
iron is complexed with carbon monoxide. Struc-
turally, CYP450 enzymes are membrane-bound, b-
type heme-containing monooxygenases located pri-
marily within the endoplasmic reticulum and in-
ner mitochondrial membrane. During their cat-
alytic cycle, they activate molecular dioxygen, in-
serting one oxygen atom into the lipophilic sub-
strate and reducing the second atom to water ',
This catalytic cascade is sustained by electron trans-
fer from reduced nicotinamide adenine dinucleotide
phosphate (NADPH) via the flavoprotein NADPH-
cytochrome P450 oxidoreductase (POR)™>. CYP
enzymes feature remarkably malleable substrate-
binding pockets, enabling the stereospecific bio-
transformation of structurally disparate molecules,
including xenobiotics, steroid hormones, vitamins,

and procarcinogens '°.

This oxidative flexibility is
essential for converting hydrophobic antimicrobial
agents into hydrophilic derivatives amenable to ex-

cretion '°.

Classification of Major CYP450 Families

The human CYP superfamily is classified into evo-
lutionary families and subfamilies based on amino
acid sequence homology (designated by family
number, subfamily letter, and individual gene num-
ber; e.g., CYP3A4). Xenobiotic and drug biotransfor-
mation is predominantly mediated by enzymes be-
longing to the CYP1, CYP2, and CYP3 families 7.
CYP3A4: Quantitatively the most abundant CYP
enzyme in both the adult human liver ( 30% of to-
tal hepatic CYP content) and intestinal epithelium
(70% of mucosal CYP content), CYP3A4 is respon-
sible for metabolizing approximately 50% of all clin-
ically prescribed therapeutic drugs '8. Its vast, flex-
ible active site accommodates structurally diverse
substrates, rendering it extraordinarily susceptible
to both competitive and mechanism-based drug in-
teractions across multiple antimicrobial classes '8.
CYP2D6: Although accounting for only 2% to 4%
of total hepatic CYP protein content, CYP2D6 me-
tabolizes 20% to 25% of clinically used medica-
tions, including extensive arrays of antidepressants,
antipsychotics, antiarrhythmics, and beta-blockers.
Uniquely among the primary drug-metabolizing
CYPs, CYP2D6 is virtually non-inducible by xeno-
biotics, meaning its clinical variability is predom-
inantly governed by extensive inherited polymor-
phism and competitive pharmacological inhibi-
tion 1°.

CYP2C Subfamilies (CYP2C9 and CYP2C19):
Constituting approximately 20% of hepatic CYP
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From Static Genotype to Dynamic Phenoconversion

A precision antimicrobial dosing workflow integrating gene—drug—drug interactions (GDDIs)

~
STATIC LAYER
Inherited CYP450 genotype
Germline variants — SNPs, CNVs (gene deletion / duplication), rare alleles
Principal drug-metabolizing isoforms: CYP2C19 - CYP2C9 - CYP2D6 - CYP3A4
J

l

PREDICTED PHENOTYPE

PM - Poor
Absent / markedly
reduced activity

IM - Intermediate
Reduced activity
(one impaired allele)

EM/NM - Normal
Expected, normal
activity {wild type)

UM - Ultra-rapid
Increased activity
{(gene duplication)

Substrate paradox: for an active drug vs. a prodrug, the same phenotype demands opposite dose adjustme

|

ts

May diverge from the static genotype — the actionable target for dosing
Static genotype alone is insufficient in polypharmacy and critically ill patients

INTEGRATION & DECISION SUPPORT
Resolve the dynamic phenotype, then act

[ PGx genotyping ] [ Therapeutic drug monitoring J [ CDSS in the EHR ]

[ Al /ML model-informed precision dosing J [ Multi ics (p i i ]

Integrates: genotype + comedication profile + clinical state + drug levels (TDM)

1 J
e ™
INDIVIDUALIZED DOSE DECISION
Active-drug (e.g. / CYP2C19) Prodrug substrate
PM — accumulation, toxicity — reduce dose / monitor PM - too little active metabolite — alternative agent
UM — sub-therapeutic, failure — raise dose / alternative UM — excess active metabolite — reduce dose
. J

Maximize efficacy - Minimize toxicity - Curb antimicrobial resistance

Embedded within antimicrobial stewardship programs (ASPs)

4 )
DYNAMIC LAYER — PHENOCONVERSION
Real-time modulation of enzyme function
Co-medications — Drug—Drug Interaction (DDI) Clinical & physiological state
+ CYP inhibitors — e.g. clarithromycin: « Inflammation, hepatic / renal function
mechanism-based inhibition (MBI) of CYP3A4 - Pregnancy, age & enzyme ontogeny
+ CYP inducers — accelerated clearance « Polypharmacy (ICU / critical care)
GDI + DDI = Gene-Drug-Drug Interaction (GDDI) — e.g. genotypic EM — functional PM
. l J
FUNCTIONAL PHENOTYPE (REAL TIME)
Dynamic metabolic capacity at the bedside *

39BqP33) WAL - JUSWSSISSLAI 3ANRIS)|

Figure 1: Translational workflow from static germline CYP450 genotype to dynamic phenoconversion in
precision antimicrobial dosing. A multi-tiered conceptual framework illustrating the clinical translation of phar-
macogenomic and pharmacokinetic principles into individualized bedside antimicrobial dosing, bridging static
germline genetics and dynamic clinical perturbations across five integrated operational layers. Layer 1 (Static
Layer — Inherited CYP450 Genotype): Represents the patient’s fixed germline genetic architecture, encom-
passing single nucleotide polymorphisms (SNPs), copy number variations (CNVs; gene deletions and multiallelic
duplications), and rare unannotated variants across the four principal drug-metabolizing CYP isoforms: CYP2C19,
CYP2C9, CYP2D6, and CYP3A4. Layer 2 (Predicted Phenotype & The Substrate Paradox): Delineates the transla-
tion of inherited diplotypes into predicted baseline metabolizer phenotypes: poor (PM; absent/markedly reduced
activity), intermediate (IM; reduced activity), normal/extensive (NM/EM; expected wild-type activity), and ultra-
rapid (UM; gene duplication-mediated increased activity). The highlighted callout emphasizes the fundamental
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substrate paradox: for an active parent drug (e.g., voriconazole), PM status causes accumula-
tion/toxicity while UM status causes subtherapeutic failure; conversely, for a prodrug, PM status
causes therapeutic failure while UM status causes excessive metabolite toxicity. Layer 3 (Dynamic
Layer — Phenoconversion): Depicts real-time modulation of hepatic and intestinal enzyme capacity
at the patient’s bedside. Concomitant medications causing drug—drug interactions (DDIs)—including
mechanism-based inhibition (MBI) of CYP3A4 by macrolides (e.g., clarithromycin) or pan-CYP tran-
scriptional induction by rifampin—intersect with underlying gene—drug interactions (GDlIs) to gener-
ate multidimensional gene-drug—drug interactions (GDDIs). Concurrently, acute physiological stres-
sors (systemic inflammation and cytokine release, hepatic/renal insufficiency, pregnancy, develop-
mental enzyme ontogeny, and ICU polypharmacy) drive phenoconversion, frequently converting a
genotypic extensive metabolizer into a functional poor metabolizer. Layer 4 (Integration & Deci-
sion Support): lllustrates the computational and clinical synthesis required to resolve the real-time
dynamic phenotype before executing therapeutic interventions. Hospital-wide clinical decision sup-
port systems (CDSS) embedded within electronic health records (EHRs) integrate preemptive pharma-
cogenomic (PGx) genotyping panels, therapeutic drug monitoring (TDM) serum concentrations, co-
medication tracking, multi-omics biomarkers (quantitative proteomics and metabolomics), and ma-
chine learning (ML)/artificial intelligence (Al) model-informed precision dosing (MIPD) algorithms.
Layer 5 (Individualized Dose Decision & Feedback Loop): Outlines the resulting patient-specific
actionable dosing maneuvers: for active substrates (PM — dose reduction and intensified monitor-
ing; UM — dose escalation or substitution of non-CYP-cleared agent) and prodrug substrates (PM
— agent substitution; UM — dose reduction). Dosing decisions are formally embedded within in-
stitutional antimicrobial stewardship programs (ASPs) and maintained via continuous, iterative TDM
feedback loops (dashed green vector) to maximize clinical efficacy, minimize concentration-dependent
organ toxicity, and contain the emergence of antimicrobial resistance (AMR). Abbreviations: Al/ML,
artificial intelligence/machine learning; AMR, antimicrobial resistance; ASP, antimicrobial stewardship
program; CDSS, clinical decision support system; CNV, copy number variation; CYP450, cytochrome
P450; DDI, drug—drug interaction; EHR, electronic health record; EM, extensive metabolizer; GDI,
gene—drug interaction; GDDI, gene-drug—drug interaction; ICU, intensive care unit; IM, intermediate
metabolizer; MBI, mechanism-based inhibition; MIPD, model-informed precision dosing; NM, normal
metabolizer; PGx, pharmacogenomics; PM, poor metabolizer; SNP, single nucleotide polymorphism;
TDM, therapeutic drug monitoring; UM, ultra-rapid metabolizer.

content, the CYP2C subfamily mediates the bio-
transformation of numerous clinically essential
drugs with narrow therapeutic windows across
cardiology, neurology, and infectious diseases?’.
CYP2C9 clears agents such as warfarin, pheny-
toin, and sulfamethoxazole, whereas CYP2C19 is
the principal enzyme governing the metabolic clear-
ance of the triazole antifungal voriconazole, proton
pump inhibitors, and the antiplatelet prodrug clopi-
dogrel 2.

Mechanisms of Drug Metabolism (Phase |
Biotransformation)

Phase | functionalization reactions catalyzed by
CYP monooxygenases introduce or unmask polar
functional groups (-OH, -NHj, -SH, or -COOH),
modifying substrate physicochemical properties
and preparing the molecule for Phase Il synthetic

21

conjugation Depending on the intrinsic chem-

ical structure of the xenobiotic and the specific
metabolic pathway involved, CYP biotransforma-
tion produces two opposing pharmacological out-
comes:

Detoxification: The primary and most favorable
pathway, whereby a biologically active, lipophilic
antimicrobial agent is converted into an inactive,
more polar, and readily excretable metabolite?2.
Bioactivation: The enzymatic conversion of an
inactive or weakly active parent drug (a prodrug)
into its therapeutically active form, or alternatively,
the conversion of a benign parent compound into
a chemically reactive, electrophilic, or cytotoxic
metabolite 23,

Because CYP enzymes are concentrated within hep-
atic parenchyma, altered metabolic capacity di-
rectly influences liver homeostasis. When genet-
ically impaired enzyme clearance (poor metabo-

lizer status) or potent co-medication-induced enzy-
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matic inhibition halts primary detoxification path-
ways, systemic parent drug concentrations esca-
late dramatically. Concurrently, if metabolic shunt-
ing into minor secondary oxidative pathways gener-
ates reactive metabolites, the risk of severe, idiosyn-
cratic, or dose-dependent hepatotoxicity increases

substantially 242,

GENETIC POLYMORPHISMS IN
CYP450

Types of Genetic Variants (SNPs, CNVs,
Rare Mutations)

Inherited functional variability across the CYP su-
perfamily arises from diverse genomic alterations.
Single nucleotide polymorphisms (SNPs) are the
most frequent variations, involving single-base sub-
stitutions within coding exons, promoter/enhancer

elements, intron-exon splice junctions, or un-

translated regions (UTRs)2®.  SNPs can dimin-
ish enzymatic activity by disrupting substrate
binding, altering protein folding, causing prema-
ture transcriptional termination, or creating aber-
rant mRNA splice variants. Concurrently, copy
number variations (CNVs)—encompassing com-
plete whole-gene deletions, duplications, or higher-
order multiduplications—exert major structural ef-
fects?’. In the case of CYP2D6, CNVs range
from whole-gene deletions (e.g., the non-functional
CYP2D6*5 allele) to multi-copy gene duplications
(e.g., CYP2D6™1xN, *2xN), which generate the ultra-

rapid metabolizer phenotype?.

Less frequent ge-
netic lesions, such as insertions, deletions (indels),
and variable number tandem repeats (VNTRs), fur-
ther expand this functional heterogeneity, under-
scoring the necessity of comprehensive genomic
profiling to accurately predict individual drug clear-

ance 29.

Geographic and Ethnic Variability in Poly-
morphisms

The population distribution of CYP variant alleles
is marked by pronounced geospatial and ancestral
stratification. A prominent example is the distri-
bution of loss-of-function alleles in CYP2C19 (pri-
marily 2 and *3): the prevalence of the poor me-
tabolizer phenotype reaches 13% to 23% in East
Asian populations, compared to merely 2% to 5%
in European (Caucasian) cohorts3?. This substan-
tial genetic divergence has direct clinical ramifica-
tions for antimicrobials with narrow therapeutic in-

dices that rely heavily on CYP2C19 clearance, most

notably the antifungal voriconazole3!. The persis-
tence of ancestral divergence highlights a critical
blind spot in the current biomedical evidence base,
which remains heavily derived from single-ancestry
cohorts of European descent. Extrapolating dos-
ing guidelines established in low-prevalence popu-
lations to high-prevalence ancestral groups can lead
to under-recognition of poor metabolizers, precipi-
tating severe toxicity. Conversely, failing to recog-
nize high-frequency ultra-rapid alleles in other co-
horts promotes subtherapeutic dosing and microbi-
ological failure. Resolving these disparities necessi-
tates the conduct of multi-ethnic prospective phar-
macogenomic trials that capture diverse global pop-

ulations 2.

Phenotypic Classifications: Poor, Interme-

diate, Extensive, and Ultra-Rapid Metabo-
lizers

Clinical pharmacogenomics translates an individ-
ual’s inherited diplotype into an assigned activity
score and predicted metabolic phenotype to guide
personalized pharmacotherapy:

Normal Metabolizers (NMs) / Extensive Me-
tabolizers (EMs): Individuals possessing two fully
functional wild-type alleles (activity score typically
2.0), displaying standard baseline clearance and ex-
pected therapeutic drug exposure 3.
Intermediate Metabolizers (IMs):
carrying one fully functional allele paired with a

Individuals

reduced-function or non-functional allele, or two
reduced-function alleles (activity score typically
0.5-1.0), resulting in decreased clearance capacity 3*.
Poor Metabolizers (PMs): Individuals homozy-
gous or compound heterozygous for loss-of-function
alleles (activity score 0), exhibiting severely com-
promised or absent enzymatic clearance. For ac-
tive drugs, this deficiency causes systemic drug ac-
cumulation and heightened risk of concentration-
dependent toxicity; for prodrugs, it precludes ade-
quate generation of the therapeutic moiety, culmi-
nating in clinical failure.

Ultra-Rapid Metabolizers (UMs): Individuals car-
rying duplicated or multiplied functional alleles
(activity score >2.0) or specific promoter gain-of-
function variants (e.g., CYP2C19*17), conferring
markedly elevated metabolic clearance. For active
drugs, ultra-rapid clearance leads to subtherapeu-
tic systemic concentrations and therapeutic fail-
ure; for prodrugs, accelerated biotransformation
causes rapid accumulation of active metabolites and
heightened toxicity®.
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This fundamental divergence—wherein the same
metabolizer phenotype produces opposite clinical
consequences depending on whether the parent
drug is an active moiety or an inactive prodrug—
is designated the “substrate paradox”3¢. Recogniz-
ing this paradox is essential for clinical decision-
making, as the appropriate therapeutic adjust-
ment (dose reduction versus dose escalation, or
drug substitution) must be inverted based on the
drug’s metabolic activation requirements. The clini-
cal consequences of these phenotypes are summa-
rized in Table 1 (located after the References sec-

tion) 12,34,37,38.

ANTIBIOTICS AND CYP450
METABOLISM

The pharmacokinetic interplay between antimicro-
bial agents and the CYP450 enzyme network is
multifaceted, as antimicrobials may function as
metabolic substrates, potent inhibitors, or robust in-

ducers*3.

Antimicrobials as Substrates, Inhibitors,
or Inducers of CYP450

Substrates: The antimicrobial molecule relies on
CYP-mediated oxidation for its systemic clear-
ance (e.g., voriconazole clearance by CYP2C19 and
CYP3A4).

genotype directly dictates antimicrobial elimination
39,41

In this context, the patient’s germline

rates and half-life
Inhibitors: The antimicrobial impairs the catalytic
activity of specific CYP isoforms through compet-
itive, non-competitive, or mechanism-based inacti-
vation, reducing the clearance of co-administered
substrates and elevating their systemic exposure*.
Inducers: The antimicrobial upregulates CYP gene
transcription via nuclear receptor pathways, accel-
erating the clearance of co-administered substrates

and predisposing to therapeutic failure®.

Key CYP450-Isoform-Drug Interactions
CYP3A4 and Macrolides

Macrolide antibiotics provide a classic, clinically
perilous model of CYP-mediated drug interac-
tions. Erythromycin and clarithromycin—both 14-
membered lactone ring macrolides—act as potent,
quasi-irreversible inhibitors of CYP3A4 through
mechanism-based inhibition (MBI), also known
Dur-
ing CYP3A4-mediated oxidation, the tertiary amine

as suicide or time-dependent inhibition.

on the desosamine sugar undergoes metabolic

nitrosoalkane generation. This reactive nitroso

metabolite forms a stable, covalent-like metabolic
intermediate complex (MIC) with the divalent heme
iron within the CYP3A4 catalytic pocket, sterically
and chemically inactivating the enzyme*°.

Because the enzyme is irreversibly inactivated, sim-
ple temporal spacing of drug administration does
not prevent this DDI; metabolic clearance remains
suppressed until de novo CYP3A4 protein is syn-
thesized, a process requiring several days follow-
ing macrolide discontinuation®’. Consequently, co-
administering clarithromycin or erythromycin with
narrow-therapeutic-index CYP3A4 substrates can
precipitate catastrophic clinical outcomes, such as
warfarin potentiation causing life-threatening hem-
orrhage (elevated International Normalized Ratio
[INR]) or massive accumulation of HMG-CoA re-
ductase inhibitors (e.g., simvastatin, atorvastatin)
triggering fatal rhabdomyolysis and acute kidney in-
jury®8. In contrast, the azalide azithromycin (pos-
sessing a 15-membered ring) does not form the
inactivating nitroso intermediate, exhibiting neg-
ligible CYP3A4 inhibition and offering a far safer
drug interaction profile. Recognition of macrolide-
induced MBI is vital: clinical risk mitigation re-
quires proactive drug substitution (e.g., selecting
azithromycin) or preemptive suspension and inten-
sive dose reduction of the co-administered substrate

until metabolic recovery occurs®.

CYP1A2/CYP2C9 Pathways and Antimi-
crobial Coregulation

Although most fluoroquinolones undergo predom-
inantly renal clearance, specific congeners—most
notably ciprofloxacin—are potent competitive in-
hibitors of CYP1A2, substantially suppressing the
clearance of co-substrates such as theophylline,

tizanidine, and caffeine®°.

The ciprofloxacin-
tizanidine interaction represents one of the most se-
vere, high-risk DDIs in clinical practice. In a sem-
inal pharmacokinetic interaction trial, ciprofloxacin
co-administration increased tizanidine AUC approx-
imately 10-fold and peak plasma concentrations 7-
fold, producing profound mean decreases in sys-
tolic blood pressure ( 35 mmHg), severe sedation,
and psychomotor impairment>’. Real-world phar-
macovigilance data substantiate this hazard: retro-
spective cohort studies have identified a significant
risk of severe, symptomatic hypotension when ti-
zanidine is combined with ciprofloxacin compared
to non-interacting muscle relaxants (odds ratio [OR]
1.60), while FAERS disproportionality analyses in-
dicate an adjusted reporting odds ratio (ROR) of
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Table 1: Clinical consequences of Cytochrome P450 (CYP450) metabolizer phenotypes across active
antimicrobial substrates and prodrugs.

Phenotype

Enzymatic Activity &
Genotypic Definition

Clinical Impact
(Active Drug
Substrate)

Clinical Impact
(Prodrug
Substrate)

Representative
Clinical Example

Poor
Metabolizer
(PM)

Intermediate
Metabolizer
(IM)

Extensive
Metabolizer
(EM) /
Normal
Metabolizer
(NM)

Ultra-Rapid
Metabolizer
(UM)

Absent or profoundly
decreased catalytic
function; homozygous
or compound
heterozygous for
loss-of-function null
alleles (activity score =
0)'2.

Decreased catalytic
function; heterozygous
for one functional and

one null allele, or
carrying two partially
function-
ing/hypomorphic
alleles (activity score =
0.5-1.0) 3437,

Fully intact, normal
baseline catalytic
activity; homozygous
for wild-type functional
alleles (activity score =
1.5-2.0)3337,

Markedly increased
catalytic activity;
presence of duplicated
or multiplied functional
alleles (gene
duplications/CNVs) or
enhanced promoter
variants (e.g., *17)
(activity score >2.0

)37,38.

Severely reduced
clearance; marked
systemic accumulation;
elevated AUC and
trough concentrations;
substantial risk of
concentration-
dependent toxicity and
ADRs 2.

Moderately reduced
clearance; elevated
systemic
concentrations;
moderate risk of
adverse drug reactions
requiring close
monitoring 3*.

Standard metabolic
clearance; expected
therapeutic drug
exposure; predictable
target concentration
achievement under
standard dosing
guidelines.

Accelerated clearance;
severely reduced
systemic exposure and
trough concentrations;
substantial risk of
subtherapeutic failure
and antimicrobial
resistance

selection 3738,

Impaired or absent
bioactivation;
subtherapeutic
active metabolite
generation; high
probability of
therapeutic
failure 12.

Suboptimal
bioactivation;
attenuated active
metabolite
generation;
potential for
compromised
therapeutic
efficacy 3.
Normal rate of
bioactivation;
expected active
metabolite
concentration;
standard
therapeutic
response.

Rapid and
excessive
bioactivation;
supratherapeutic
active metabolite
formation;
heightened risk of
metabolite-driven
toxicity 3.

Voriconazole
(CYP2C19 PM —
marked
accumulation
predisposing to
hepatotoxicity and
visual/neurological

toxicity) 340,

Clopidogrel
(CYP2C19 IM —
reduced active thiol
metabolite
generation and
elevated thrombotic
risk; analogous

prodrug model)34.

Omeprazole or
standard-dose
Voriconazole
(CYP2C19 EM/NM
— predictable
clearance and
standard
therapeutic

exposure) 3741,

Codeine (CYP2D6
UM — rapid
morphine
hyper-formation
and respiratory
depression); for
antimicrobials,
Voriconazole
(CYP2C19 UM —
subtherapeutic
trough
concentrations [<1
mg/L] and invasive
fungal infection

progression) 342,

Summary of standard metabolizer phenotype classifications codified by clinical pharmacogenomics consortia (e.g., CPIC,
DPWG). The table delineates the “substrate paradox,” illustrating how identical inherited metabolic phenotypes exert
diametrically opposed clinical consequences depending on whether the parent antimicrobial molecule represents an
active chemical entity or an inactive bioactivated prodrug. Abbreviations: ADRs, adverse drug reactions; AUC, area
under the concentration-time curve; CNVs, copy number variations; CPIC, Clinical Pharmacogenetics Implementation
Consortium; CYP450, cytochrome P450; DPWG, Dutch Pharmacogenetics Working Group; EM, extensive metabolizer;
IM, intermediate metabolizer; NM, normal metabolizer; PM, poor metabolizer; UM, ultra-rapid metabolizer.
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2831, Similar toxic accumulation occurs with theo-
phylline, predisposing patients to fatal arrhythmias
and status epilepticus®’. Concurrently, reduced-
function alleles in CYP2C9 (such as *2 and *3) pro-
duce intermediate or poor metabolizer phenotypes,
elevating systemic exposure to substrates such as
warfarin and phenytoin; poor metabolizers require
empiric starting dose reductions of up to 50% to pre-
vent toxicity '>. Furthermore, because several fluo-
roquinolones independently prolong the cardiac QT
interval, combining them with CYP2C9 substrates
that also prolong repolarization creates synergistic

arrhythmogenic hazards 2.

CYP2C19 and Azoles

The clinical imperative for pharmacogenomic-
guided dosing is most clearly demonstrated by
voriconazole (VRZ), a second-generation triazole
antifungal essential for the treatment and prophy-
laxis of invasive fungal infections (IFls), including

invasive aspergillosis®2.

Voriconazole undergoes
extensive hepatic clearance, primarily catalyzed
by CYP2C19, with secondary contributions from
CYP3A4 and CYP2C9%. Genetic polymorphism in
CYP2C19 is the dominant source of voriconazole’s
non-linear, highly unpredictable pharmacokinetics,
directly governing trough concentrations (Cyrough),
which tightly correlate with clinical success and
toxicity 3.

Poor Metabolizers (PMs): In CYP2C19 PMs, defi-
cient clearance results in marked voriconazole accu-
mulation, yielding elevated Cy.ogn levels (=5.0-6.0
mg/L) that dramatically increase the risk of severe
concentration-dependent adverse events, including
hepatotoxicity (elevated transaminases, cholesta-
sis), visual disturbances, and florid neurotoxicity
(hallucinations, encephalopathy)*°.
Ultra-Rapid Metabolizers (UMs):

UMs eliminate voriconazole with extreme rapid-

Conversely,

ity, frequently failing to achieve target thera-
peutic troughs (>1.0-2.0 mg/L) despite adherence
to standard dosing regimens, resulting in docu-
mented microbiological and clinical treatment fail-
ure in patients with lethal invasive mycoses*?. The
voriconazole-CYP2C19 axis thus represents a pri-
mary clinical paradigm where preemptive pharma-
cogenomic genotyping, combined with therapeutic
drug monitoring (TDM), is essential to tailor indi-

vidual dosing regimens*2.

CYP2Dé6 and Linezolid / Other Classes

Primary Pharmacokinetic Metabolism: CYP2D6
metabolizes a large proportion of non-antimicrobial

clinical drugs but plays a minimal role in direct an-
tibiotic clearance. For example, linezolid—an oxa-
zolidinone active against multidrug-resistant Gram-
positive pathogens—is cleared primarily through
non-enzymatic morpholine ring oxidation, with mi-
nor oxidative contributions from CYP2J2, CYP4F2,
and CYP1B1, leaving major hepatic CYPs largely un-
involved in its primary elimination 3.

Secondary Pharmacodynamic and Polyphar-
macy Risk: Although linezolid does not depend on
CYP2D6 for clearance, it functions as a weak, re-
versible, non-selective monoamine oxidase inhibitor
(MAOI). In hospitalized patients receiving complex
polypharmacy, linezolid is frequently co-prescribed
with psychiatric medications (e.g., SSRIs, SNRIs, tri-
cyclic antidepressants), many of which are cleared
primarily by CYP2D6%*. In a patient who is a geno-
typic CYP2D6 poor metabolizer, baseline plasma
concentrations of the co-administered antidepres-
sant are substantially elevated. Superimposing line-
zolid’s MAO-inactivating activity onto this elevated
substrate pool creates an acute pharmacodynamic
hazard for precipitated serotonin toxicity (serotonin

syndrome)>>%°.

Population-based cohort analyses
in older outpatients observed an overall serotonin
syndrome incidence below 0.5% with concurrent an-
tidepressants®’, and large hospital cohorts report
low absolute rates (0.06% by Sternbach criteria; 0%
by Hunter criteria)ss. Nevertheless, literature-wide
estimates range from 0.5% to 18% depending on di-
agnostic sensitivity. Because serotonin syndrome is
potentially lethal, CYP2D6 poor metabolizer status
functions as an important pharmacokinetic modifier
of a predominantly pharmacodynamic toxicological

interaction®.

Rifamycins and Antiretroviral/Antiviral
CYP Boosters

In addition to substrate and inhibitor dynamics,
two pharmacological classes represent the most po-
tent CYP modulators in infectious disease prac-
tice. Rifampin (rifampicin), the backbone of antitu-
berculosis regimens, is a prototypical, potent pan-
CYP inducer.
nuclear pregnane X receptor (PXR), markedly up-
regulating the transcription of CYP3A4, CYP2C9,
and CYP2C19, as well as Phase |l transferases and
This tran-
scriptional surge accelerates the metabolic elim-

Rifampin binds and activates the

the efflux transporter P-glycoprotein.

ination of co-administered substrates (including
azole antifungals, protease inhibitors, oral anti-
coagulants, and calcineurin inhibitors), predispos-
ing patients to profound subtherapeutic exposure
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and therapeutic collapse. This scenario is partic-
ularly dangerous in tuberculosis—staphylococcal or
tuberculosis—fungal co-infections, where rifampin
undermines concurrent CYP3A4-dependent thera-
pies. Conversely, pharmacokinetic ”boosters” uti-
lized in HIV and viral hepatitis regimens—notably
ritonavir and cobicistat—are potent, mechanism-
based inhibitors of CYP3A4. They are intention-
ally co-formulated to suppress the first-pass and
systemic clearance of primary antivirals, raising
their systemic exposure. When patients receiving
boosted regimens require concomitant antimicro-
bials (e.g., macrolides, triazoles), severe GDDI cas-
cades emerge. This risk reaches its peak in pa-
tients with HIV/TB co-infection, who are simulta-
neously exposed to rifamycin-mediated induction
and booster-mediated inhibition across intersect-
ing metabolic pathways. Incorporating rifamycins
and pharmacokinetic boosters into clinical evalu-
ation is indispensable for comprehensive CYP450-
guided antimicrobial precision dosing.

CLINICAL IMPLICATIONS OF
CYP450 VARIABILITY IN
ANTIBIOTIC THERAPY

Impact on Efficacy (Therapeutic Failures,
Resistance)

Genetic variability in CYP450 enzymes directly com-
promises antimicrobial efficacy. When an active
antimicrobial substrate is administered to an ultra-
rapid metabolizer (UM), accelerated metabolic clear-
ance prevents systemic and tissue concentrations
from achieving or maintaining the target PK/PD
threshold (e.g., fT > MIC or AUC/MIC), leading to
persistent infection and clinical treatment failure 3.
Conversely, when a prodrug is prescribed to a poor
metabolizer (PM), impaired bioactivation restricts
active metabolite formation below the threshold re-
quired for antimicrobial efficacy .

Beyond individual treatment failure, this pharma-
cokinetic shortfall has profound public health impli-
cations. Exposing pathogens to subtherapeutic an-
timicrobial concentrations creates an ideal selective
environment for the de novo emergence and enrich-
ment of drug-resistant mutants. Subtherapeutic ex-
posure substantially accelerates the evolution and
dissemination of antimicrobial resistance globally.
Consequently, optimizing antimicrobial dosing via
pharmacogenomic principles represents not only an
individualized patient-safety measure, but a critical
public health strategy to curb AMR selection®.

Impact on Safety (Toxicity, Adverse Reac-
tions)

The most acute clinical hazard of CYP polymor-
phism is concentration-dependent toxicity in poor
metabolizers. ~ When active antimicrobials are
cleared slowly (e.g., voriconazole accumulation in
CYP2C19 PMs), supratherapeutic drug accumula-
tion predictably triggers severe adverse reactions 2.
These toxicities encompass life-threatening neuro-
toxicity (encephalopathy, visual hallucinations), se-
vere drug-induced liver injury (cholestatic or hepa-
tocellular damage), and cardiac electrophysiological
disturbances (QTc prolongation predisposing to tor-
sades de pointes)®3. Conversely, for prodrugs, ultra-
rapid metabolizers face heightened toxicity risks
due to the rapid, unregulated generation of active
or reactive metabolites. Furthermore, this risk is
dramatically amplified when co-medications trig-
ger phenoconversion (shifting a genotypic EM to
a functional PM) in multimorbid patients receiving

polypharmacy .

Pediatric vs. Adult Variability in Response

Applying adult pharmacogenomic data directly
to pediatric populations is confounded by en-
zyme ontogeny—the developmental maturation of
metabolic enzymes from gestation through adoles-
cence. The hepatic expression and catalytic activity
of major CYP enzymes are immature at birth, par-
ticularly in preterm neonates and young infants®.
Consequently, young infants often function as phe-
notypic poor metabolizers regardless of their in-
herited germline genotype, requiring conservative
weight-based dosing®. As children mature, these
enzymes undergo rapid developmental upregula-
tion, establishing the inherited genotype as a per-
manent determinant of drug clearance. Because
pediatric patients frequently receive higher weight-
adjusted doses (mg/kg) and undergo rapid develop-
mental transitions, unrecognized poor or ultra-rapid
phenotypes can cause severe toxicity or rapid treat-
ment failure, providing a compelling rationale for
preemptive pharmacogenomic testing in pediatric
specialty care %597,

Enzyme ontogeny follows isoform-specific matura-
tion curves that further complicate pediatric dosing.
CYP3A4 activity is low at birth ( 30%-40% of adult
levels), rises rapidly over the first months of life, and
achieves adult-equivalent activity by 6 to 12 months,
with some cohorts demonstrating a transient child-
hood overshoot exceeding adult clearance before
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stabilizing post-puberty. In contrast, CYP2C19 ma-
tures more slowly: neonatal activity is minimal, in-
creases gradually during infancy, and does not re-
liably achieve adult functional capacity until 1 to
5 years of age. Thus, a genotypic CYP2C19 nor-
mal metabolizer may clinically behave as a func-
tional poor metabolizer throughout early infancy.
These divergent developmental timelines preclude
uniform pediatric dose-extrapolation rules, necessi-
tating age- and isoform-specific dosing frameworks.

Hospitalized vs. Outpatient Populations

Hospitalized patients, particularly those admitted
to intensive care units (ICUs), are uniquely vul-
nerable to adverse outcomes driven by CYP vari-
ability. Critically ill individuals frequently present
with dynamic organ dysfunction (acute kidney in-
jury, hepatic congestion), altered capillary perme-
ability, hypoalbuminemia, and massive polyphar-
macy . The concurrent administration of multi-
ple enzyme inhibitors or inducers substantially in-
creases the incidence of drug-induced phenocon-
version. For instance, when an ICU patient con-
currently receives a potent CYP2D6 inhibitor and
a strong CYP3A4 inhibitor (e.g., clarithromycin), an
extensive multi-pathway metabolic blockade is es-
tablished.

conversion represents an immediate clinical threat

In this environment, dynamic pheno-

that eclipses the static genotype. Conversely, while
ambulatory outpatients experience lower rates of
polypharmacy, they are monitored less frequently
with laboratory testing; unrecognized poor metabo-
lizer status can silently culminate in serious, unmon-

itored toxicities before clinical detection occurs®’.

ADVANCES IN
PHARMACOGENETIC TESTING

Available
CYP450

Genotyping Platforms for

Technological innovations over the past decade have
dramatically improved the analytical speed, accu-
racy, and affordability of pharmacogenomic (PGx)
testing. Contemporary platforms—ranging from
targeted TagMan allelic discrimination assays and
digital droplet PCR to multiplexed mass spectrom-
etry arrays and next-generation sequencing (NGS)
panels—interrogate the full spectrum of clinically
annotated CYP variants, including SNPs, indels,
and CNVs across CYP2D6, CYP2C19, CYP2C9, and
CYP3A47°.

analytic fidelity in defining germline diplotypes,

Although these platforms deliver high

translating a static laboratory genotype into a real-
time, actionable bedside phenotype in a patient re-
ceiving multiple interacting medications remains a
substantial clinical challenge’".

Clinical Decision Support Tools and Algo-
rithms

Bridging the gap between raw genomic data and
bedside prescribing requires automated Clinical De-
cision Support Systems (CDSS) embedded within
Electronic Health Record (EHR) platforms. Modern
CDSS tools cross-reference inherited genotype data
against pharmacogenomic guidelines (e.g., CPIC,
DPWG), delivering interruptive alerts and tailored
dosing recommendations directly into the physi-

72 However, conventional

cian’s ordering interface
first-generation CDSS platforms are fundamentally
limited: they analyze gene—drug interactions in iso-
lation, failing to account for multi-drug regimens
or dynamic phenoconversion. Next-generation clin-
ical algorithms must incorporate real-time medi-
cation administration records, drug—drug interac-
tion engines, and fluctuating physiological variables
(e.g., systemic inflammation, renal/hepatic clear-
ance markers) to compute a patient’s true dynamic
phenotype” at the bedside3’.

Cost-Effectiveness and Accessibility Issues

Despite substantial clinical promise, widespread
clinical adoption of preemptive PGx testing faces
persistent economic and logistical barriers. Al-
though sequencing chemistry costs have dropped,
the institutional investment required to establish,
validate, and maintain clinical-grade informatics in-
frastructure and train healthcare providers remains
significant’®. Outside of high-evidence exemplars
such as voriconazole/CYP2C19, health-economic
models demonstrate mixed cost-effectiveness across
general antimicrobial prescribing, often secondary
to variable test turnaround times and discordant

guideline recommendations’®.

Furthermore, in-
equities in testing access persist: advanced PGx in-
frastructure is disproportionately concentrated in
tertiary academic medical centers, raising global
health-equity concerns regarding access for rural

and underserved patient populations’®.

PERSONALIZED AND PRECISION
MEDICINE IN ANTIBIOTIC USE

Incorporating Pharmacogenetics into Pre-
scribing Guidelines

To realize the full clinical promise of precision
antimicrobial therapeutics, validated pharmacoge-
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nomic recommendations must be formally codi-
fied within institutional and international clinical
practice guidelines. Currently, clinical guidelines
with definitive, actionable dosing recommendations
are restricted to a select group of established an-
timicrobial agents (e.g., CPIC and DPWG guide-
lines for voriconazole based on CYP2C19 geno-
type)’¢.
testing for narrow-therapeutic-index substrates in

Guidelines should mandate preemptive

high-risk populations (PMs and UMs) to guide dose
adjustments or prompt substitution with alternative
non-CYP-cleared antimicrobials. Transitioning from
reactive genotyping (ordered only after treatment
failure or toxicity manifests) to preemptive multi-
gene screening before therapy initiation is essential
to optimize clinical outcomes”’.

Integration with Antimicrobial Steward-
ship Programs

Antimicrobial Stewardship Programs (ASPs) are es-
tablished hospital structures tasked with optimiz-
ing antimicrobial selection, dosing, and duration
to improve clinical cure rates, minimize toxicity,
and curb the emergence of antimicrobial resis-
tance. Integrating pharmacogenomic (PGx) stew-
ardship into established ASP workflows represents
a powerful synergy’8. PGx-informed stewardship
teams—comprising infectious disease physicians,
clinical pharmacologists, and clinical pharmacists—
can proactively screen high-risk antimicrobial or-
ders, evaluate intersecting drug-gene and drug-
drug interactions, and recommend personalized
dosing regimens prior to therapy initiation’°.

Role of Al and Clinical Decision-Making
Systems

Managing the

computational complexity of

polypharmacy, physiological fluctuations, and

intersecting GDDIs necessitates advanced an-
alytic tools. =~ Model-informed precision dosing
(MIPD) platforms increasingly utilize artificial
(Al) and machine learning (ML)

architectures®.  Machine learning models can

intelligence

synthesize high-dimensional clinical datasets,
integrating an individual’s static CYP450 genotype,
dynamic hepatic/renal function biomarkers, real-
time co-medication profiles, and therapeutic drug
monitoring (TDM) levels®!. This capability allows
Al systems to transcend rigid rules-based alerts,
dynamically predicting individual drug clearance
trajectories and the net impact of competing inhi-

bition and induction pathways. This computational

integration establishes a foundation for adaptive,
predictive dosing regimens that simultaneously
concentration-dependent and

prevent toxicity

treatment failure 2.

Pharmacogenomics and Phenoconversion
in Advanced and Cell-Based Therapies

The clinical principles of CYP-mediated pharma-
cokinetics extend directly into advanced therapy
medicinal products (ATMPs) and cellular thera-
peutics. Recipients of chimeric antigen receptor
(CAR) T-cell therapy, allogeneic hematopoietic stem
cell transplantation (HSCT), and solid organ trans-
plantation are maintained on long-term immuno-
suppressive regimens (calcineurin inhibitors such
as tacrolimus and cyclosporine; mTOR inhibitors
such as sirolimus), which are narrow-therapeutic-
index CYP3A4 substrates.

found immunosuppression renders these patients

Concurrently, pro-

highly susceptible to opportunistic bacterial and
fungal infections, necessitating intensive prophy-
laxis with CYP3A4-interacting antimicrobials and
antifungals (e.g., voriconazole, posaconazole, clar-
ithromycin). This convergence creates severe GDDI
risks: for example, co-administering voriconazole
with tacrolimus can increase tacrolimus trough con-
centrations several-fold via potent CYP3A4 inhibi-
tion, necessitating empirical 60% to 75% tacrolimus
dose reductions and intensive TDM to prevent acute
nephrotoxicity and neurotoxicity. While engineered
cellular products are not themselves CYP substrates,
their supportive pharmacotherapy is tightly linked
to CYP450 metabolism. Incorporating CYP pharma-
cogenomics and phenoconversion surveillance into
clinical oncology and cellular therapy pathways rep-
resents an essential frontier for precision antimicro-

bial management.

CHALLENGES AND FUTURE
DIRECTIONS

Limitations in Current Evidence and Clin-
ical Utility

Although the clinical utility of pharmacogenomics
is firmly established for select antimicrobials such
as voriconazole, robust clinical endpoint evidence
(mortality reduction, shortened hospital stay, re-
sistance mitigation) remains sparse for many com-
monly used antibacterial agents. Furthermore,
static germline testing fails to capture the dynamic
reality of in vivo drug metabolism: fluctuating co-
medications, evolving systemic inflammation, organ

failure, and environmental factors can rapidly alter
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metabolic phenotype over time. Reconciling static
genetic data with dynamic clinical changes requires
the seamless integration of preemptive genotyping,
continuous TDM, and responsive decision-support
algorithms.

Opportunities for Al-Driven Prediction
Models and Multi-Omics Integration

The future of precision antimicrobial dosing lies
in integrating pharmacogenomics with multi-omics
profiling. Combining genomics with quantitative
proteomics, metabolomics, and epigenomics pro-
vides an integrated assessment of an individual’s

real-time metabolic capacity’7788384,

In particu-
lar, targeted quantitative proteomics (e.g., liquid
chromatography—tandem mass spectrometry [LC-
MS/MS]) can directly measure hepatic and intesti-
nal CYP protein abundance, identifying discrepan-
cies between genotype-predicted activity and ac-
tual functional enzyme expression during critical ill-
ness or severe inflammation’85. Advanced Al ar-
chitectures are uniquely equipped to process this
multi-dimensional data—combining germline ge-
nomic risk, targeted proteomic quantification, real-
time clinical variables, and TDM feedback—to gen-
erate high-fidelity, adaptive pharmacokinetic fore-
casts that facilitate preemptive, truly individualized
antimicrobial therapy 30:81:84.86.87,

Two translational avenues warrant particular de-
velopment. First, quantitative targeted proteomics
enables direct measurement of functional CYP3A4,
CYP2C19, and CYP2D6 protein abundance, cor-
recting for phenotypic divergence driven by in-
flammation or acute liver injury®. Second,
next-generation model-informed precision dosing
(MIPD) platforms, combining population pharma-
cokinetic models with Bayesian forecasting and
machine-learning refinement, can assimilate these
multi-omics inputs to compute continuous, individ-

80,81,84,86,87 For narrow-

ualized dosing trajectories
therapeutic-index antimicrobials, coupling geno-
type with proteomic profiling and Bayesian MIPD
algorithms provides a clear translational pathway
from static guidelines to individualized bedside pre-

cision dosing.

CONCLUSION

Inherited CYP450 genetic polymorphisms represent
a major, clinically actionable determinant of an-
timicrobial pharmacokinetics, therapeutic efficacy,

and patient safety. Because active drugs and

prodrugs exhibit opposite pharmacokinetic conse-
quences from the same underlying metabolizer phe-
notype, clinical management requires mechanis-
tically guided, individualized prescribing. While
genotype-informed dosing is firmly established for
agents such as voriconazole, the clinical reali-
ties of critical illness, polypharmacy, and drug-
mediated enzyme inhibition or induction demon-
strate that static germline genotyping alone is insuf-
ficient. Real-time phenoconversion alters functional
metabolic capacity at the bedside, transforming iso-
lated gene—drug interactions into complex, multi-
dimensional gene-drug-drug interactions. Suc-
cessfully translating pharmacogenomics into rou-
tine antimicrobial therapy requires expanding clin-
ical trials into diverse ancestral cohorts, formaliz-
ing harmonized global dosing guidelines, and em-
bedding pharmacogenomic expertise into hospital-
The
convergence of preemptive genotyping, therapeu-

wide antimicrobial stewardship programs.

tic drug monitoring, multi-omics profiling, and ar-
tificial intelligence-driven precision dosing models
offers a robust, scientifically grounded pathway to
optimize clinical cure, minimize organ toxicity, and
preserve the long-term utility of global antimicrobial

therapies.

ABBREVIATIONS

Al: Artificial intelligence; AMR: Antimicrobial re-
sistance; ASPs:
ATMPs:
products; AUC: Area under the concentration—

Antimicrobial stewardship pro-
grams; Advanced therapy medicinal
time curve; CDSS: Clinical decision support sys-
tems; CNVs: Copy number variations; Ctrough:
Trough concentration; CYP450: Cytochrome P450;
DDls: EHRs:
tronic health records; EMs: Extensive metaboliz-
ers; GDIs: Gene—drug interactions; GDDIs: Gene—
drug-drug interactions; HMG-CoA: 3-hydroxy-3-
methylglutaryl-coenzyme A; ICU: Intensive care

Drug-drug interactions; Elec-

unit; IFls: Invasive fungal infections; IMs: Inter-
mediate metabolizers; INR: International normal-
ized ratio; LC-MS/MS: Liquid chromatography-
tandem mass spectrometry; MAOI: Monoamine
MBI:
bition; MIC: Minimum inhibitory concentration;
MIPD: Model-informed precision dosing; ML: Ma-
chine learning; NADPH: Nicotinamide adenine din-

oxidase inhibitor; Mechanism-based inhi-

ucleotide phosphate; NMs: Normal metabolizers;
PGx:
netic/pharmacodynamic; PMs: Poor metabolizers;

Pharmacogenomics; PK/PD: Pharmacoki-

PXR: Pregnane X receptor; SNPs: Single nucleotide
polymorphisms; SNRIs: Serotonin—norepinephrine
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reuptake inhibitors; SSRIs: Selective serotonin re-
uptake inhibitors; TDM: Therapeutic drug monitor-
ing; UMs: Ultra-rapid metabolizers; VNTR: Vari-
able number tandem repeat; VRZ: Voriconazole.
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