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Abstract—Pharmacogenetics and pharmacogenomics
(PGx) represent foundational pillars of precision
medicine, shifting clinical paradigms from standardized
dosing to individualized, genotype-guided therapeutics.
Pharmacogenetics traditionally evaluates single gene-
drug interactions, whereas pharmacogenomics
investigates genome-wide networks dictating drug
disposition, efficacy, and toxicity. This review outlines
the underlying mechanisms of genetic variations in
Cytochrome P450 (CYP450) enzymes, drug
transporters, and human leukocyte antigens (HLA).
Furthermore, it assesses the clinical translation of
evidence-based prescribing guidelines, operational
hurdles within Electronic Health Records (EHR), and
the path toward preemptive testing, [1>% 345l

L INTRODUCTION

Inter-individual variability in drug response remains
a substantial burden on healthcare, frequently
resulting in therapeutic failure or severe adverse drug
reactions (ADRs). Genetic variations in polymorphic
genes encoding drug-metabolizing enzymes, drug
transporters, and target receptors explain a significant
portion of this variability. -2 3431,

While pharmacogenetics investigates variations in
single genes (e.g., CYP2D6 impact on codeine),
pharmacogenomics leverages high-throughput, next-
generation sequencing to evaluate complex multi-
genic landscapes controlling drug pathways.
Translating these genomic discoveries into active
clinical decision-making systems is vital to
optimizing patient outcomes across oncology,
cardiology, and psychiatry. [1-2 3451
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1L MECHANISTIC FOUNDATIONS OF PGX

Genetic polymorphisms dictate drug profiles through
three distinct biological pathways: pharmacokinetics,
pharmacodynamics, and immunological
hypersensitivity. [

[ Genetic Polymorphisms ]
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2.1 Pharmacokinetics: Phase 1 Enzymes and

Transporters 2]

Phase I metabolism is dominated by the Cytochrome

P450 superfamily. Single nucleotide polymorphisms

(SNPs) and copy number variations (CNVs) yield

four primary metabolic phenotypes: [ 23]

e Poor Metabolizers (PMs): Lack functional
enzymes; experience toxicity with standard doses
of active drugs.

e Intermediate Metabolizers (IMs): Possess
decreased enzymatic activity.

e Normal Metabolizers (NMs): Standard wild-type
activity.
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e Ultra-rapid Metabolizers (UMs): Elevated
enzymatic activity; experience therapeutic failure
with active drugs or toxic surges with prodrugs.
[1,2,3,4,5]

Beyond enzymes, drug transporters like the ATP-

binding cassette (ABC) family and solute carriers

control systemic drug concentrations. For instance,
polymorphisms in SLCO1B1 decrease the hepatic
uptake of simvastatin, elevating plasma concentration

and precipitating statin-induced myopathy. -2 34

2.2 Pharmacodynamics: Target and Receptor
Variations [

Pharmacodynamic variations alter the structural
affinity or expression density of the target receptor. A
classic example is Warfarin therapy, which is
regulated by a combination of pharmacokinetic
(CYP2C9) and pharmacodynamic  variables.
Polymorphisms in the VKORC1 gene (Vitamin K
epoxide reductase complex subunit 1) shift sensitivity
to Vitamin K antagonists, altering the target baseline
and necessitating lower starting doses to avoid
hemorrhage. [1-2 3 43]

2.3 Immunologic Response and HLA Alleles

Certain severe ADRs are driven by idiosyncratic,
immune-mediated mechanisms linked to Human
Leukocyte Antigen (HLA) alleles. The expression of
the HLA-B*15:02 allele forms a specific structural
vulnerability to Carbamazepine. This binding
provokes an intense T-cell response, culminating in
fatal cutaneous conditions like Stevens-Johnson
Syndrome (SJS) and Toxic Epidermal Necrolysis
(TEN) [1,2,3,4,5]

III. HIGH-PRIORITY GENE-DRUG PAIRS IN
CLINICAL PRACTICE

Decades of peer-reviewed consensus have isolated several
critical gene-drug validations that dictate immediate
clinical action: [
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Iv. TRANSLATION AND CLINICAL
IMPLEMENTATION FRAMEWORKS

Bridging the gap between lab sequencing and point-
of-care implementation requires curated, trusted
medical frameworks. The Clinical Pharmacogenetics
Implementation Consortium (CPIC) systematically
translates genotype data into definitive, actionable
prescribing instructions. CPIC guidelines do not
debate whether a test should be ordered; instead, they
supply peer-reviewed instruction assuming genetic
data is already accessible. [-23]

Barriers to Widespread Adoption

Despite  evidence-based frameworks, systemic

barriers delay universal clinical integration: [

1. EHR Fragmentation: Most laboratory software
fails to deliver discreet, searchable genomic data
back into hospital electronic records, masking
actionable insights. [!]

2. Reactive vs. Preemptive Testing: Most testing is
ordered reactively after an adverse reaction or
therapeutic failure has occurred, rather than
preemptively during routine care. [1, 2, 3, 4, 5]
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3. Provider Deficits: A significant portion of
practicing clinicians lack formal genomic
training, leading to confusion when interpreting
complex diplotypes. [1:2 34

4. Ancestry Underrepresentation:
repositories remain overwhelmingly biased
toward European ancestries, creating clinical
disparities when defining allele frequencies for

Genomic

diverse populations. [l 23]
V. CONCLUSION

Pharmacogenetics and pharmacogenomics represent
an essential evolution toward personalized, safe, and
cost-effective patient care. Moving forward, the field
must resolve data inequities across global ancestries,
build responsive, real-time EHR alerts, and transition

from localized, reactive assays toward
comprehensive, life-long preemptive screening
panels. [12 34 5]
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