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Human genetic variation plays a fundamental role in determining differences
among individuals in disease susceptibility, clinical characteristics and responses to
medical treatments. Advances in genomic technologies have significantly
improved our ability to identify and characterize genetic differences, including
single nucleotide variants, insertions and deletions, copy number variations and
larger structural changes within the genome. These variations influence biological
processes and contribute to both health and disease outcomes, making them
essential to the development of precision medicine. This review examines the
major forms of human genetic variation and their impact on disease development
and pharmacological responses. It explores how genetic variants arise, their
distribution across populations, and their involvement in monogenic, oligogenic
and polygenic disorders. The review also highlights the importance of gene-
environment interactions and epigenetic factors in shaping disease risk and
progression. In addition, the paper discusses the growing field of
pharmacogenomics, which investigates how genetic differences affect drug
metabolism, efficacy and toxicity. Particular attention is given to clinically
important variants in drug-metabolizing enzymes, transport proteins, and
therapeutic targets that contribute to variability in treatment outcomes among
patients. By linking disease genetics with pharmacogenomics, genetic information
can be used both to predict disease risk and to guide individualized treatment
strategies.

Keywords: Disease susceptibility, drug response,
pharmacogenomics, polygenic risk scores, precision medicine.

Received: 5 April 2026
Reviewed: 11 May 2026
Accepted: 9 June 2026
Published: 15 July 2026

Cite this article:

Oladele FO, Ebimo-Moko GE, Joel JD,
Sampson JE, Madu WC. Genetic variation and
its role in health and pharmacology: A narrative
review on. Universal Journal of Pharmaceutical
Research 2026; 11(3): 89-98.
http://doi.org/10.22270/ujpr.v11i3.1580

*Address for Correspondence:

Fathiah O. Oladele, School of Pharmacy, RK
University, Gujarat, India. Tel: +234-
9017813344;

E-mail: fathiaholadele@gmail.com

genetic  variation,

INTRODUCTION

Human genetic variation underlies much of the
observed diversity in health outcomes, disease
susceptibility, and responses to pharmacological
interventions. The human genome is made up of about
3.2 billion base pairs, with millions of variations
separating one person from another. This genetic
diversity presents itself in various ways, such as
insertions and deletions (indels), copy number
variations (CNVs) and major structural alterations like
inversions, duplications and translocations. The most
frequent of these variations are single nucleotide
polymorphisms  (SNPs), which can be found
approximately every 300 base pairs throughout the
genome'?,

Genetic variation arises through multiple biological
mechanisms. Mutations introduce permanent changes
in DNA sequence, either spontaneously during
replication or due to environmental factors such as
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radiation or chemical exposure. Through the process of
meiotic recombination, genetic material is mixed up to
create new allele combinations, which increases overall
population diversity. At a broader level, evolutionary
factors including migration, gene flow, genetic drift
and natural selection determine how these genetic
variants are distributed and how their frequencies
change across generations®. These processes
collectively explain the substantial genetic diversity
observed both within and between human populations.

Large-scale sequencing efforts have provided
guantitative insights into the extent of human genetic
diversity. In a major milestone, the 1000 Genomes
Project sequenced the whole-genome and exome data
of 2,504 people from 26 distinct populations
worldwide. This effort successfully mapped over 88
million genetic variants, a total that features roughly
84.7 million SNPs, 3.6 million indels and upwards of
60,000 structural variants®. This initiative revealed that
a standard human genome diverges from the reference
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sequence at roughly 4 to 5 million locations. These
findings highlight the widespread nature of genetic
diversity, which has been continually molded by
evolutionary history and population migration.

Genetic variation plays a dual role in human biology.
While many variants are neutral, others may confer
adaptive advantages, such as resistance to infectious
diseases, or be deleterious, increasing susceptibility to
inherited or complex disorders. From a health
perspective, genetic diversity impacts an individual's
susceptibility to disease, how a condition progresses
and how their body reacts to environmental influences.
Single-gene (monogenic) conditions like cystic fibrosis
and sickle cell anemia are caused by highly penetrant
variants that directly trigger the illness. Conversely,
complex conditions such as cardiovascular diseases,
diabetes and cancer stem from the collective impact of
numerous genetic variants, each making a small
individual contribution®.

Genome-wide association studies (GWAS) have played
a critical role in mapping genetic loci tied to complex
diseases and traits. By the end of 2025, the NHGRI-
EBI GWAS Catalog had documented over 7,500
studies, which collectively identify more than one
million significant variant—trait correlations across a
vast array of phenotypes®®. While early GWAS
primarily focused on common SNPs, recent methodo-
logical advances have expanded analyses to include
CNVs and other structural variants, revealing
contributions to disease heritability that were
previc7Just underestimated by SNP-based approaches
alone’.

Genetic variation fundamentally shapes pharmacology.
Through pharmacogenomics, scientists study how
inherited differences alter drug behavior inside the
body (pharmacokinetics) and change drug-target
interactions (pharmacodynamics). Genetic variants in
receptors, transporters, and crucial drug-metabolizing
enzymes like CYP2D6 and CYP2C19 ultimately
explain why different patients experience vastly
different drug effectiveness and toxicity levels®. Such
variability is a major contributor to adverse drug
reactions and therapeutic failure.

Efforts to translate pharmacogenomic knowledge into
clinical practice have been led by initiatives such as the
Clinical Pharmacogenetics Implementation Consortium
(CPIC). This group publishes peer-reviewed, evidence-
based recommendations that help clinicians use a
patient's genetic profile to guide drug selection and
dosing. As of 2025, CPIC has issued guidelines
covering more than 34 genes and 164 drugs, supporting
clinical decision-making to optimize dosing and drug
selection®. Complementary resources, including the
Pharmacogenomics Knowledgebase (Pharm GKB),
curate and disseminate pharmacogenomic data, further
enabling the implementation of personalized
medicine™.

Scope and objectives of the review

This review explores the spectrum of human genetic
variation and its implications for health and pharma-
cology. It focuses on major types and sources of
genetic variants, their roles in disease susceptibility and
health outcomes and their impact on drug response and
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safety. Additionally, it discusses population-level
insights, representative clinical examples, and
challenges such as inter-ethnic variability and barriers
to clinical implementation. Ultimately, integrating
genetic variation into healthcare offers immense
potential for advancing precision medicine and
optimizing therapeutic outcomes for a wide range of
populations.

Background of genetic variation

Types of genetic variation

Genetic variation represents the differences in DNA
sequences among individuals of the same population
and is a fundamental driver of phenotypic diversity.
Variants are commonly classified based on their size,
frequency and molecular characteristics.

Single Nucleotide Variants (SNVs) and Single
Nucleotide Polymorphisms (SNPs)

SNVs involve the replacement of a single base at a
precise location in the genome. When an SNV reaches
a population frequency of 1% or higher, it is classified
as a single nucleotide polymorphism. These polymor-
phisms are the most prevalent type of genetic diversity,
making up roughly 90% of all variations found in the
human genome.

SNPs may occur in coding regions, where they can be
synonymous (no amino acid change) or non syno-
nymous, or in non-coding regulatory regions, where
they can influence gene expression. Although most
SNPs are functionally neutral, some significantly affect
disease susceptibility and drug response. GWAS have
extensively leveraged SNPs to identify genetic loci
associated with complex diseases such as diabetes,
cancerand cardiovascular disorders''.

Insertions and deletions (Indels)

Insertions and deletions, collectively known as indels,
refer to the gain or loss of brief DNA sequences that
generally span between 1 and 50 base pairs. Indels are
less frequent than SNPs but often have greater
functional consequences, particularly when they occur
within coding regions. Frame shift indels can disrupt
the genetic reading frame. It result in premature stop
codons that produce truncated or entirely nonfunctional
proteins'?.

Indels play a critical role in both single-gene and
complex multi-factor diseases, serving as a major cause
of loss-of-function variations across the human
genome. While next-generation sequencing break-
through have significantly enhanced our ability to
detect these mutations, mapping them accurately within
highly repetitive DNA sequences remains difficult®
Copy Number Variations (CNV5s)

CNVsrepresent a category of structural variants
defined by the duplication or deletion of DNA
segments that generally exceed 1 Kkilobase in size.
CNVs can encompass entire genes or regulatory
regions, resulting in altered gene dosage and
expression levels™.

CNVs are heavily linked to cancer, immune-related
diseases and neuro developmental disorders™. For
instance, alterations in the copy number of the CYP2D6
gene directly dictate an individual's drug metabolism
capacity, rendering CNVs a vital area of study within
pharmacogenomics'®.
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Structural Variants (SVs)

SVs are large-scale genomic modifications measuring
50 base pairs or more in length. These alterations
encompass a variety of chromosomal changes,
including deletions, duplications, insertions, inversions
and translocations'’. Although fewer in number
compared to SNPs, SVs affect more base pairs per
genome and can have profound functional
consequences'®,

SVs contribute to genomic diversity, gene disruption,
and regulatory remodeling’®. Long-read sequencing
technologies have revealed that SVs were previously
underestimated due to limitations of short-read
sequencing, highlighting their substantial role in both
evolution and disease?.

Tandem repeats and other variant classes

Tandem repeats which encompass both short tandem
repeats (STRs) and variable number tandem repeats
(VNTRs) are characterized by sequences of repeating
DNA motifs?»?2, Expansion or contraction of these
repetitive segments can trigger severe health
conditions, with notable examples including Huntin-
gton’s disease and fragile X syndrome®.

Other variant classes include multinucleotide variants
(MNVs), which involve the simultaneous mutation of
neighboring nucleotides® and mobile element
insertions. The latter, featuring Alu or LINE-1
elements, play a significant role in driving genome
plasticity and long-term evolution®.

Detection methods for genetic variation
Breakthroughs in technology have significantly
improved our capacity to identify and profile genetic
diversity.  Next-generation  sequencing  (NGS)
technologies enable high throughput sequencing of
DNA at unprecedented speed and resolution, allowing
the identification of millions of variants in a single
experiment®?’. NGS platforms use a variety of
different approaches. For instance, whole-genome
sequencing (WGS)?, analyzes a person's entire DNA
blueprint, including both coding and non-coding
regions. In contrast, whole-exome sequencing (WES)
29 which focuses strictly on protein-coding regions,
where most disease-causing mutations are found®.

At the population level, genome-wide association
studies (GWAS) serve as a primary tool for linking
common genetic variants to complex traits and
diseases. By analyzing hundreds of thousands to
millions of SNPs across large patient cohorts, these
studies map specific genetic loci associated with
widespread conditions like diabetes, cancer and
cardiovascular disorders'. Although GWAS have
successfully identified thousands of risk loci, they
primarily detect common variants and often require
complementary sequencing approaches to capture rare
and structural variants.

Population-level insights into genetic variation

The distribution of genetic variants differs significantly
across populations due to historical, demographic, and
evolutionary factors. Large-scale population genomics
initiatives, most notably the 1000 Genomes Project,
have generated an extensive registry of human genetic
diversity across diverse ethnic backgrounds. These
efforts have highlighted major discrepancies in allele

ISSN: 2456-8058

91

Universal Journal of Pharmaceutical Research 2026; 11(3): 89-98

frequencies among African, European, East Asian,
South Asian and admixed populations’.

African populations display the greatest degree of
genetic diversity, a direct result of their more extended
evolutionary  history.  Conversely,  non-African
populations exhibit markedly reduced genetic
variation, stemming from severe population bottle-
necks encountered during ancient migrations out of
Africa. These population-specific differences have
important implications for disease risk prediction and
pharmacogenomics, as variants influencing drug meta-
bolism or disease susceptibility may vary in frequency
across ethnic groups®*,

Principles of population genetics, particularly the
Hardy—Weinberg equilibrium, offer a baseline
mathematical model for analyzing genotype and allele
frequencies. This framework assumes ideal conditions,
such as completely random mating and a total absence
of evolutionary pressures like mutation or selection.
Deviations from Hardy—Weinberg equilibrium may
indicate selection, population stratification, mutation,
or genotyping errors, and are routinely assessed in
genetic studies to ensure data quality and biological
relevance®®,

Evolutionary perspective on genetic variation

From an evolutionary perspective, genetic variation
provides the fundamental substrate upon which natural
selection operates. Although a large portion of variants
remain selectively neutral, specific environmental
pressures can render certain mutations highly advanta-
geous®™. A classic example is the HBB gene variant
responsible for the sickle cell trait; it offers robust
protection against severe malaria in heterozygous
individuals. It is maintaining its elevated frequency in
malaria-endemic areas despite the severe risk of sickle
cell disease in homozygotes®®*’.

Conversely, genetic variation can also elevate disease
susceptibility. Variants that were benign or even
beneficial in ancestral environments can become mal-
adaptive under modern living conditions. This drives
the rise of chronic conditions like obesity and
cardiovascular disease. This evolutionary mismatch
underscores the intricate relationship between genetics,
environment and health. It highlights why evolutionary
perspectives are vital for decoding both disease
pathology and drug responses® %,

Role of genetic variation in health

Genetic variation contributes to disease susceptibility
through two principal genetic architectures: monogenic
disorders, caused by rare variants with large effect
sizes in a single gene and polygenic traits, where
numerous common variants of small effect cumu-
latively influence disease risk*>**. These contrasting
mechanisms explain the genetic basis of both rare
inherited diseases and common complex conditions.
Genetic variation and disease susceptibility
Monogenic disorders

Monogenic disorders are caused by rare, highly
penetrant genetic variants that typically adhere to
Mendelian inheritance patterns. Classic illustrations
include cystic fibrosis, which stems from pathogenic
mutations in the CFTR gene. It also includes sickle cell
disease, which is driven by a specific missense
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mutation within the HBB gene***. These variants
directly disrupt protein structure or function, leading to
well-defined clinical phenotypes and making them
amenable to targeted genetic screening and counseling.
Polygenic traits

In contrast, most common diseases including type 2
diabetes, coronary artery disease, obesity and many
psychiatric disorders are polygenic. GWAS have
identified an extensive number of risk loci associated
with these conditions. As of 2025, the NHGRI-EBI
GWAS Catalog reports over one million SNP-trait
associations across more than 7,400 publications,
underscoring the highly polygenic nature of common
diseases®.

These associations are integrated into polygenic risk
scores (PRS), which weight and sum risk alleles across
the genome to estimate a person's overall genetic
predisposition. While their predictive accuracy
fluctuates depending on the population, PRS hold
significant promise for refining risk stratification in
conditions like coronary artery disease and type 2
diabetes, especially when integrated with clinical and
lifestyle metrics®.

Impact of genetic variation on specific health
conditions

Cancer

Inherited genetic diversity significantly influences
cancer susceptibility. Pathogenic germline mutations in
the tumor suppressor genes BRCAL1 and BRCA2
drastically elevate the lifetime risk of developing breast
and ovarian cancers, with the risk of breast cancer
reaching approximately 70% in women®. Because
these specific genes are critical for repairing DNA via
homologous recombination, their impairment preci-
pitates widespread genomic instability and subsequent
oncogenesis.

Neurological disorders

Genetic variation is a key contributor to neuro-
degenerative diseases. One of the most important
genetic factors associated with late-onset Alzheimer's
disease is the APOE &4 allele. Individuals who inherit
one copy of the APOE &4 allele have an approximately
2-3 times greater risk of developing the disease. Those
who inherit two copies face a substantially higher risk,
estimated to be 10-15 times greater than individuals
without the allele’®*’. APOE &4 influences amyloid-
metabolism, neuroinflammation, and disease onset,
with recent evidence linking it to shared immune-
related molecular changes across neurodegenerative
disorders®,

Infectious diseases

Host genetic factors play an important role in
determining susceptibility to infectious diseases and
influencing their progression. Variations in human
leukocyte antigen (HLA) genes affect how antigens are
presented to the immune system. These genetic
differences can alter immune responses and contribute
to variations in disease outcomes. For example, HLA
variants have been associated with differences in the
severity and progression of infections such as HIV and
COVID-19.
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Metabolic conditions

Some genetic variants reflect evolutionary adaptations
with metabolic consequences. Lactase persistence is a
genetic trait that allows individuals to digest lactose
beyond childhood. This trait is associated with
regulatory variants located near the LCT gene, which
controls the production of the lactase enzyme. It is
particularly common in populations with a long history
of dairy farming and milk consumption®. This example
illustrates how genetic variation can provide nutritional
advantages while shaping metabolic health.

Epigenetic and environmental interactions

Genetic susceptibility is often modified by environ-
mental exposures through gene—environment (GxE)
interactions. Lifestyle choices play a crucial role in
shaping health outcomes. Factors such as dietary
habits, smoking and physical activity can modify the
effects of genetic predispositions. Research suggests
that healthy lifestyle practices can mitigate the impact
of elevated polygenic risk scores associated with
obesity and cardiovascular disorders®. Environmental
influences can alter gene activity through epigenetic
processes. Key mechanisms include DNA methylation
and histone modifications, which regulate gene
expression without changing the underlying DNA
sequence®,

Public health implications

Advances in understanding genetic variation have
important public health applications. Genetic screening
programs, such as BRCA testing for hereditary cancer
risk, allow early intervention and preventive strategies.
However, challenges remain, including ancestry bias in
GWAS data, concerns about data privacy and genetic
discrimination, and unequal access to genetic testing
and counselling services®. Addressing these issues is
essential for the equitable integration of genomics into
healthcare.

Together, these insights establish a strong link between
genetic variation and health outcomes, providing a
foundation for its application in pharmacology and
precision medicine.

Role of genetic variation in pharmacology
Pharmacogenomics is the study of how genetic
variation affects individual responses to medications™.
Genetic differences among individuals can influence
the way drugs are absorbed and distributed throughout
the body. These variations can also affect drug
metabolism and transport. In addition, genetic factors
may alter how medications interact with their
biological targets, leading to differences in efficacy and
safety. These variations explain why the same drug and
dose may be effective in some individuals but
ineffective or toxic in others, forming the basis of
personalized medicine®.

Genetic differences play a key role in determining how
patients respond to drugs. They primarily affect
pharmacokinetics. Genetic variation can also influence
pharmacodynamics by altering drug targets and cellular
signaling pathways. Among the most clinically relevant
genetic factors are variants in drug-metabolizing
enzymes. Variants in transporters and receptors also
contribute to differences in drug efficacy and safety®’.
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Drug-metabolizing enzymes
The cytochrome P450 (CYP450) enzyme family serves
as the central mediator of Phase | drug metabolism®*°,
Polymorphisms in CYP genes result in different
metabolizer phenotypes:
1. Poor metabolizers (PM): Exhibit minimal to
entirely absent enzymatic activity.
2. Intermediate metabolizers (IM): Present with
significantly reduced enzymatic function.

3. Normal/extensive  metabolizers (NM/EM):
Demonstrate  standard, baseline  enzymatic
activity.

4. Ultra-rapid metabolizers (UM): Display

markedly elevated enzymatic activity®.
These phenotypes strongly influence drug plasma
concentrations and clinical response™.
Drug targets and transporters
Variants in genes encoding drug targets can alter drug
sensitivity. For example, polymorphisms in VKORCL,
the pharmacological target of warfarin, increase drug
sensitivity and necessitate lower doses to prevent
bleeding complications®®. Genetic variation in drug
transporters can influence the distribution and
clearance of medications. One important example
involves the SLCO1B1 gene, which encodes the
hepatic transporter OATP1BL1. Variants in this gene
can reduce the uptake of statins into liver cells
(hepatocytes). As a result, systemic drug exposure
increases, leading to a higher risk of statin induced
myopathy®*.
Clinically relevant pharmacogenomics examples
Cardiovascular Pharmacogenomics

e Warfarin: Variants in CYP2C9 (metabolism)
and VKORC1 (drug target) together explain a
substantial proportion of dose variability.
Genotype-guided dosing reduces bleeding risk
and improves anticoagulation control®-,

e Clopidogrel: Patients with CYP2C19 loss-of-
function alleles produce less of the drug's active
metabolite, which weakens its antiplatelet
effectiveness and elevates the risk of cardio-
vascular events®®. Consequently, alternative
therapies like prasugrel or ticagrelor are preferred
for individuals classified as intermediate or poor
metabolizers®®®’.

e Statins: SLCO1B1 variants increase the risk of
simvastatin-associated myopathy, guiding dose
reduction or selection of alternative statins®*,

Oncology

Somatic and germline genetic variations guide targeted
cancer therapy. Mutations in EGFR or ALK predict
response to tyrosine kinase inhibitors, while germline
variants in TPMT or NUDT15 influence thiopurine
toxicity, necessitating dose adjustments®®™,
Psychiatry and pain management

Variants in CYP2D6 and CYP2C19 affect anti-
depressants, antipsychotics, and opioids such as
codeine’™ . Genotype-guided prescribing reduces
adverse effects and therapeutic failure™.
Immune-mediated adverse drug reactions

Certain human leukocyte antigen (HLA) alleles are
associated with a high risk of severe drug hyper-
sensitivity reactions. One well-known example is the

ISSN: 2456-8058

93

Universal Journal of Pharmaceutical Research 2026; 11(3): 89-98

HLA-B15:02* allele, which is strongly linked to
carbamazepine induced Stevens Johnson syndrome’"®,
This association is particularly common in Asian
populations. Another important example is the HLA-
B57:01* allele, which is associated with hyper-
sensitivity reactions to abacavir. ldentifying these
genetic variants before treatment can help reduce the
risk of serious adverse drug reactions’”’®,

Clinical implementation

Pharmacogenetic testing plays an important role in
personalized medicine. It helps clinicians select the
most appropriate medication for a patient. The testing
can also guide dose optimization based on an
individual's genetic profile. In addition, pharma-
cogenetic information can reduce the risk of adverse
drug reactions’.

The Clinical Pharmacogenetics Implementation
Consortium (CPIC) provides evidence-based presc-
ribing guidelines to support the clinical application of
pharmacogenetic testing. As of 2025, CPIC covers 34
genes and 164 drugs, facilitating routine clinical use.
Many drug labels approved by regulatory agencies now
include pharmacogenomic information’®°,

Integration of genetic variation linking health and
pharmacology

Genetic variation frequently plays a dual role by
contributing to disease susceptibility while simultan-
eously influencing drug response. This convergence
forms the basis of precision medicine, where genetic
information is used to guide both disease risk
assessment and therapeutic decision-making®™®, A
single genetic profile can therefore inform prevention
strategies, diagnosis, drug selection, and dose
optimization.

Many disease-associated variants occur in genes
involved in drug metabolism or drug targets®.
Consequently, variants that increase disease risk may
also modify treatment efficacy or toxicity, creating
opportunities for genotype-guided interventions that
address both disease pathology and pharmacological
optimization®.

Disease—drug genetic overlaps

Monogenic disorders

In rare genetic diseases, the link between pathogenic
variants and a patient's response to medication is
frequently straightforward®. For example, cystic
fibrosis results from mutations in the CFTR gene, and
the clinical efficacy of CFTR modulators such as
ivacaftor depends on the specific mutation present®”,
Similarly, in Gaucher disease, pathogenic variants in
the GBA gene influence response to enzyme
replacement therapy, linking genetic etiology directly
to therapeutic outcome®.

Complex diseases

Polygenic risk scores (PRS) are widely used to predict
susceptibility to complex disorders by evaluating the
cumulative effects of numerous genetic variants®.
Some of these variants lie within pharmacogenes. For
example, cardiovascular PRS may account for genes
that influence lipid processing and therapeutic
responses to statins, including SLCO1B1°%. Individuals
with high genetic risk may benefit from early
pharmacological intervention but also require dose
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adjustments to minimize adverse drug reactions, such
as statin-induced myopathy™.

Precision oncology

Cancer exemplifies the integration of disease genetics
and pharmacology. Both somatic and germline variants
guide risk assessment and therapeutic decisions®.
EGFR mutations increase susceptibility to certain lung
cancers and predict response to tyrosine Kkinase
inhibitors such as osimertinib™. Likewise, BRCA1/2
mutations increase breast and ovarian cancer risk while
conferring sensitivity to PARP inhibitors, including
olaparib*. These examples demonstrate how genetic
variants inform both disease biology and targeted
treatment selection.

Real-world clinical implementation

Large-scale clinical initiatives have demonstrated the
feasibility of integrating genetic information into
routine healthcare®™“’. Preemptive pharmacogenomic
testing programs enable genetic results to be stored
within electronic health records and reused throughout
a patient’s lifetime®®. Recent studies have combined
polygenic risk scores with pharmacogenomic infor-
mation to improve patient care. This integrated
approach helps identify individuals who may be at
greater risk of adverse drug reactions. Research has
shown that it can enhance treatment effectiveness and
overall clinical outcomes. The greatest benefits have
been observed in the fields of cardiology and
psychiatry®?.

Emerging directions

Gene editing technologies

Advances in CRISPR-Cas9 gene editing have enabled
direct correction of pathogenic variants®'%. Recent
approvals of CRISPR-based therapies for conditions
such as sickle cell disease highlight the potential to
move beyond risk prediction toward genetic cure'®*%,
These technologies also facilitate functional validation
of pharmacogenomic variants.

Artificial intelligence and multi-omics integration
Machine learning approaches increasingly being used
in genomic research. These methods can integrate
genomic, transcriptomic and clinical data from multiple
sources. This integrated analysis helps determine the
potential impact of genetic variants on biological
processes. As a result, researchers can better predict
both disease risk and variability in drug response
among individuals'®.  Artificial intelligence is
accelerating variant interpretation and supporting
decision making in precision medicine'®.

Overall, genetic variation serves as a unifying link
between health and pharmacology. Integrating disease
genetics with pharmacogenomics enables improved
risk stratification, safer prescribing, and optimized
therapeutic outcomes, advancing the goal of equitable
and effective precision medicine'®.

Challenges, ethical issues and limitations

Despite significant advances in human genetics and
pharmacogenomics, several scientific, ethical, and
practical challenges continue to limit the widespread
implementation of precision medicine.

Scientific and technical challenges

One major challenge lies in the complex interpretation
of genetic variants. Advances in genome-wide
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association studies and sequencing technologies have
led to the identification of a large number of variants.
However, the clinical significance of many of these
variants remains unclear. As a result, they are often
classified as wvariants of uncertain significance
(VUS)™ . This limits their immediate clinical utility.
Additionally, most identified variants have small effect
sizes, particularly in polygenic traits, making
individual risk prediction probabilistic rather than
deterministic'®. Another important limitation is the
incomplete understanding of gene—gene and gene—
environment interactions. Genetic effects are often
influenced by external factors. Elements such as diet,
lifestyle, infections and medication use can modify
how genes affect health outcomes. This complexity
makes disease risk assessment and treatment decisions
more challenging™.

Technical challenges continue to affect the accurate
detection of genetic variants. This is particularly true
for structural variants and changes located within
repetitive regions of the genome. Recent advances in
long-read sequencing technologies have improved
variant detection capabilities. However, accurately
identifying these complex variants remains a
significant challenge®'%°,

Population bias and health disparities

Limited population diversity in genomic databases
represents a critical obstacle to the advancement of
precision medicine. Historically, the majority of
genetic association and pharmacogenomic studies have
focused on people of European descent. This narrow
representation restricts the applicability of research
findings to globally diverse populations. As a result,
disease risk assessments and pharmacogenomic
predictions may be less accurate for underrepresented
ethnic groups''®. This bias affects the accuracy of
polygenic risk scores and pharmacogenetic guidelines,
potentially exacerbating global health inequities.
Genetic variation differs significantly across popula-
tions. As a result, the frequency of specific alleles can
vary between ethnic groups. One example is the higher
prevalence of CYP2C19 poor metabolizer alleles
among Asian populations. Such differences may affect
the efficacy and safety of medications. Therefore,
including diverse populations in genomic studies is
essential for improving the accuracy and applicability
of research findings*'.

Ethical, legal and social issues

The expanding application of genetic testing has
intensified discussions about ethical and legal
responsibilities. Safeguarding personal genetic infor-
mation and ensuring informed consent are major
concerns'*?, Protecting genetic data from unauthorized
access is essential to maintaining individual privacy. In
some cases, this may lead to discrimination in areas
such as employment and insurance, despite the
existence of legal protections in certain countries'*.
Another important ethical issue is ensuring equitable
access to genetic testing and personalized treatments.
Access to these services is often limited by high costs
and inadequate healthcare infrastructure. A shortage of
trained healthcare professionals can further restrict
their availability. These barriers are particularly
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significant in low- and middle-income countries and
may contribute to widening healthcare disparities*.
Clinical implementation barriers

Integrating genetic information into routine clinical
practice faces logistical challenges, including limited
clinician training in genetics, lack of standardized
testing protocols, and difficulties incorporating genetic
data into electronic health record systems**®. Moreover,
reimbursement policies for pharmacogenetic testing
vary widely, limiting adoption even in high-resource
settings.

Limitations of study

Many pharmacogenomic associations are supported by
observational studies rather than randomized controlled
trials. While clinical guidelines such as those from
CPIC provide evidence-based recommendations, gaps
remain in long-term outcome data and cost effective-
ness analyses. Furthermore, polygenic risk scores
currently explain only a fraction of disease heritability.
It may perform poorly outside the populations in which
they were developed.

Future perspectives

Future advancements in genomic medicine are
expected to address many of these limitations.
Emerging technologies such as long-read sequencing,
artificial intelligence-driven variant interpretation, and
gene-editing platforms are likely to enhance the
accuracy of variant discovery and functional
characterization. These methods combine data from
genomics, transcriptomics, proteomics and metabol-
omics. This comprehensive approach improves the
understanding of disease mechanisms and their
underlying molecular pathways.

CONCLUSIONS

Genetic variation plays a fundamental role in health
and disease. It also contributes to differences in
individual responses to medications. Modern genomic
technologies have enabled the identification of diverse
forms of genetic variation. These include single
nucleotide variants as well as large structural changes
in the genome. Understanding these variations has
provided valuable insights into biological function and
clinical outcomes. This review explores the
contribution of genetic variants to disease susceptibility
through both single gene and complex genetic
mechanisms.

ACKNOWLEDGEMENT

Authors are thankful for School of Pharmacy, RK
University, Gujarat, India to provide necessary
facilities during this work.

AUTHOR’S CONTRIBUTIONS

Oladele FO: conceptualization, writing original draft.
Ebimo-Moko GE: formal analysis, critical review.
Joel JD: conceptualisation. Sampson JE: literature
survey. Madu WC: data organization. Final
manuscript was checked and approved by all authors.

ISSN: 2456-8058

95

Universal Journal of Pharmaceutical Research 2026; 11(3): 89-98

DATA AVAILABILITY

The associated author can provide the empirical data
used to support the study's conclusions upon request.

CONFLICT OF INTEREST

There are no conflicts of interest in regard to this
project.

REFERENCES

1. Auton A, Abecasis GR, Steering committee, et al. A global
reference for human genetic variation. Nature. The 1000
Genomes Project Consortium 2015;526(7571):68-74.
https://doi.org/10.1038/nature15393

2. Clarke L, Fairley S, Zheng-Bradley X, et al. The international
Genome Sample Resource (IGSR): A worldwide collection of
genome variation incorporating the 1000 Genomes Project
data. Nucleic Acids Res 2017;45(Database issue):D854-9.
https://doi.org/10.1093/nar/gkw829

3. Garant D, Hartl DL, Clark AG. Principles of Population
Genetics. 4™ Edition 2007; Sinauer Associates. ISBN: 978-0-
878-93308-2. Ecoscience 2007;14(4):544-5.
https://doi.org/10.2980/1195-
6860(2007)14[544b:POPG]2.0.CO;2

4. Manolio TA, Collins FS, Cox NJ, et al. Finding the missing
heritability of complex diseases. Nature 2009;461(7265):747-
53. https://doi.org/10.1038/nature08494

5. MacArthur J, Bowler E, Cerezo M, et al. The new NHGRI-
EBI Catalog of published genome-wide association studies
(GWAS Catalog). Nucleic Acids Res 2017;45(D1):D896-901.
https://doi.org/10.1093/nar/gkw1133

6. Buniello A, MacArthur JAL, Cerezo M, et al. The NHGRI-
EBI GWAS Catalog of published genome-wide association
studies, targeted arrays and summary statistics 2019. Nucleic
Acids Res 2019;47(D1):D1005-12.
https://doi.org/10.1093/nar/gky1120

7. Weischenfeldt J, Symmons O, Spitz F, Korbel JO. Phenotypic
impact of genomic structural variation: insights from and for
human disease. Nat Rev Genet 2013;14(2):125-38.
https://doi.org/10.1038/nrg3373

8. Relling MV, Evans WE. Pharmacogenomics in the clinic.
Nature 2015;526(7573):343-50.
https://doi.org/10.1038/nature15817

9. Caudle KE, Klein TE, Hoffman JM, et al. Incorporation of
pharmacogenomics into routine clinical practice: The Clinical
Pharmacogenetics Implementation Consortium (CPIC) Guide-
line Development Process. Curr Drug Metab 2014;15(2):209-
17. https://doi.org/10.2174/1389200215666140130124910

10. Whirl-Carrillo M, McDonagh E, Hebert J, et al
Pharmacogenomics knowledge for personalized medicine.
Clin Pharmacol Ther 2012;92(4):414-7.
https://doi.org/10.1038/clpt.2012.96

11. Visscher PM, Wray NR, Zhang Q, et al. 10 years of GWAS
Discovery: Biology, function, and translation. Am J Hum
Genet 2017;101(1):5-22.
https://doi.org/10.1016/j.ajhg.2017.06.005

12. Mills RE, Pittard WS, Mullaney JM, et al. Natural genetic
variation caused by small insertions and deletions in the
human genome. Genome Res 2011;21(6):830-9.
https://doi.org/10.1101/gr.115907.110

13. Metzker ML. Sequencing technologies - the next generation.
Nat Rev Genet 2010;11(1):31-46.
https://doi.org/10.1038/nrg2626

14. Conrad DF, Hurles ME. The population genetics of structural
variation. Nat Genet 2007;39(7 Suppl):S30-6.
https://doi.org/10.1038/ng2042

15. Zhang F, Gu W, Hurles ME, Lupski JR. Copy number
variation in human health, disease, and evolution. Annu Rev
Genomics Hum Genet 2009;10:451-81.
https://doi.org/10.1146/annurev.genom.9.081307.164217

16. Gaedigk A, Sangkuhl K, Whirl-Carrillo M, et al. The
evolution of pharmvar. Clin Pharmacol Ther 2019;105(1):29-
32. https://doi.org/10.1002/cpt.1275

CODEN (USA): UJPRA3


http://www.ujpr.org/
https://doi.org/10.1038/nature15393
https://doi.org/10.1093/nar/gkw829
https://doi.org/10.2980/1195-6860(2007)14%5b544b:POPG%5d2.0.CO;2
https://doi.org/10.2980/1195-6860(2007)14%5b544b:POPG%5d2.0.CO;2
https://doi.org/10.1038/nature08494
https://doi.org/10.1093/nar/gkw1133
https://doi.org/10.1093/nar/gky1120
https://doi.org/10.1038/nrg3373
https://doi.org/10.1038/nature15817
https://doi.org/10.2174/1389200215666140130124910
https://doi.org/10.1038/clpt.2012.96
https://doi.org/10.1016/j.ajhg.2017.06.005
https://doi.org/10.1101/gr.115907.110
https://doi.org/10.1038/nrg2626
https://doi.org/10.1038/ng2042
https://doi.org/10.1146/annurev.genom.9.081307.164217
https://doi.org/10.1002/cpt.1275

Oladele et al.,

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Pande S, Dawood M, Grochowski CM. Structural variants:
Mechanisms, mapping, and interpretation in human genetics.
Genes 2025;16(8):905.https://doi.org/10.3390/genes16080905
Collins RL, Talkowski ME. Diversity and consequences of
structural variation in the human genome. Nat Rev Genet
2025;26(7):443-62.
https://doi.org/10.1038/s41576-024-00808-9

Scott AJ, Chiang C, Hall IM. Structural variants are a major
source of gene expression differences in humans and often
affect multiple nearby genes. Genome Res 2021;31(12):2249-
57. https://doi.org/10.1101/gr.275488.121

Schloissnig S, Pani S, Ebler J, et al. Structural variation in
1,019 diverse humans based on long-read sequencing. Nature
2025;644(8076):442-52.
https://doi.org/10.1038/s41586-025-09290-7

Overview of Tandem Repeats - CD Genomics.
https://www.cd-genomics.com/resource-tandem-repeats.html
Lu TY, Smaruj PN, Fudenberg G, et al. The motif
composition of variable number tandem repeats impacts gene
expression. Genome Res 2023;33(4):511-24.
https://doi.org/10.1101/gr.276768.122

Mirkin SM. Expandable DNA repeats and human disease.
Nature 2007;447(7147):932-40.
https://doi.org/10.1038/nature05977

Ai F, Zeng J, Zhang Q, et al. Multiple nucleotide variants in
genetic diagnosis: Implications from 11,467 cases of hearing
loss. J Genet Genomics 2025;52(12):1537-48.
https://doi.org/10.1016/j.jgg.2025.03.012

Kazazian HH. Mobhile Elements: Drivers of genome evolution.
Science 2004;303(5664):1626-32.
https://doi.org/10.1126/science.1089670

Nesta AV, Tafur D, Beck CR. Hotspots of human mutation.
Trends Genet 2021;37(8):717-29.
https://doi.org/10.1016/j.tig.2020.10.003

Satam H, Joshi K, Mangrolia U, et al. Next-generation
sequencing technology: Current trends and advancements.
Biol 2023;12(7):997.

https://doi.org/10.3390/biology12070997

Bagger FO, Borgwardt L, Jespersen AS, et al. Whole genome
sequencing in clinical practice. BMC Med Genomics
2024;17:39. https://doi.org/10.1186/s12920-024-01795-w
KORKMAZ E, OZDEMIRHAN ME, ALGIN YAPAR E.
Quality evaluation of biosimilar medicines: An overview.
Universal J Pharm Res 2020; 5(2):54-57.
https://doi.org/10.22270/ujpr.v5i2.390

Akintunde O, Tucker T, Carabetta VJ. The Evolution of Next-
Generation  Sequencing  Technologies. Carabetta VJ,
Akintunde O, editors. High Throughput Gene Screening. New
York, NY: Springer US; 2025 [cited 2026 Jan 8]. page 3-29.
https://doi.org/10.1007/978-1-0716-4192-7_1

Peterson JF, Roden DM, Orlando LA, et al. Building evidence
and measuring clinical outcomes for genomic medicine.
Lancet Lond Engl 2019;394(10198):604-10.
https://doi.org/10.1016/50140-6736(19)31278-4

Manolio TA, Chisholm RL, Ozenberger B, et al.
Implementing genomic medicine in the clinic: The future is
here. Genet Med 2013;15(4):258-67.
https://doi.org/10.1038/gim.2012.157

Abramovs N, Brass A, Tassabehji M. Hardy-Weinberg
equilibrium in the large scale genomic sequencing era. Front
Genet 2020;11:210. https://doi.org/10.3389/fgene.2020.00210
Manske M, Miotto O, Campino S, et al. Analysis of
Plasmodium falciparum diversity in natural infections by deep
sequencing. Nature 2012;487(7407):375-9.
https://doi.org/10.1038/naturel11174

Nwawuba SU, Divine O, Edeaghe E. Integrating genomic
discoveries into forensics: A mini review. Universal J
Pharm Res 2022; 7(2):81-85.
https://doi.org/10.22270/ujpr.v7i2.750

Gupta NK, Gupta M. Sickle cell anemia with malaria: A rare
case report. Indian J Hematol Blood Transfus 2014;30(1):38-
40. https://doi.org/10.1007/s12288-012-0181-8

Zhang X, Wu J, Peng Y, et al. Human genetic variations
conferring resistance to malaria. J Transl Med 2025;23:997.
https://doi.org/10.1186/512967-025-07017-w

Gluckman PD, Hanson MA, Beedle AS. Early life events and
their consequences for later disease: A life history and
evolutionary perspective. Am J Hum Biol 2007;19(1):1-19.
https://doi.org/10.1002/ajhb.20590

ISSN: 2456-8058

96

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Universal Journal of Pharmaceutical Research 2026; 11(3): 89-98

Benton ML, Abraham A, LaBella AL, et al. The influence of
evolutionary history on human health and disease. Nat Rev
Genet 2021;22(5):269-83.
https://doi.org/10.1038/s41576-020-00305-9

Cerezo M, Sollis E, Ji Y, et al. The NHGRI-EBI GWAS
Catalog: standards for reusability, sustainability and diversity.
Nucleic Acids Res 2025;53(D1):D998-1005.
https://doi.org/10.1093/nar/gkae1070

Torkamani A, Wineinger NE, Topol EJ. The personal and
clinical utility of polygenic risk scores. Nat Rev Genet
2018;19(9):581-90.
https://doi.org/10.1038/s41576-018-0018-x

Rees DC, Williams TN, Gladwin MT. Sickle-cell disease. The
Lancet 2010;376(9757):2018-31.
https://doi.org/10.1016/S0140-6736(10)61029-X

Elborn JS. Cystic fibrosis. The Lancet 2016;388(10059):2519-
31. https://doi.org/10.1016/S0140-6736(16)00576-6
Giudicessi JR, Ackerman MJ. Determinants of incomplete
penetrance and variable expressivity in heritable cardiac
arrhythmia syndromes. Transl Res 2013;161(1):1-14.
https://doi.org/10.1016/j.trs|.2012.08.005

Kuchenbaecker KB, Hopper JL, Barnes DR, et al. Risks of
breast, ovarian, and contralateral breast cancer for BRCA1 and
BRCA2 mutation carriers. JAMA 2017;317(23):2402.
https://doi.org/10.1001/jama.2017.7112

Troutwine BR, Hamid L, Lysaker CR, et al. Apolipoprotein E
and Alzheimer's disease. Acta Pharm Sin B 2022;12(2):496-
510. https://doi.org/10.1016/j.apsb.2021.10.002

DiBattista AM, Heinsinger NM, Rebeck GW. Alzheimer's
disease genetic risk factor APOE-¢4 also affects normal brain
function. Curr Alzheimer Res 2016;13(11):1200-7.
https://doi.org/10.2174/1567205013666160401115127
Shvetcov A, Johnson ECB, Winchester LM, et al. APOE &4
carriers share immune-related proteomic changes across
neurodegenerative diseases. Nat Med 2025;31(8):2590-601.
https://doi.org/10.1038/s41591-025-03835-z

Fellay J, Ge D, Shianna KV, et al. Common Genetic Variation
and the Control of HIV-1 in Humans. PLoS Genet
2009;5(12):e1000791.
https://doi.org/10.1371/journal.pgen.1000791

Medhasi S, Chantratita N. Human Leukocyte Antigen (HLA)
System: Genetics and association with bacterial and viral
infections. J Immunol Res 2022;2022:9710376.
https://doi.org/10.1155/2022/9710376

Sinnott M. Catalytic mechanisms of enzymic glycosyl
transfer. Chem Rev 1990; 90(7): 1171-1202.
https://doi.org/10.1021/cr00105a006

Flores-Dorantes MT, Diaz-Lépez YE, Gutiérrez-Aguilar R.
Environment and gene association with obesity and their
impact on neurodegenerative and neuro-developmental
diseases. Front Neurosci 2020; 14: 863.
https://doi.org/10.3389/fnins.2020.00863

Virolainen SJ, VonHandorf A, Viel KCMF, et al. Gene-
environment interactions and their impact on human health.
Genes Immun 2023;24(1):1-11.
https://doi.org/10.1038/s41435-022-00192-6

Rahimzadeh V, Knoppers BM, Bartlett G. Ethical, Legal, and
Social Issues (ELSI) of responsible data sharing involving
children in genomics: A Systematic literature review of
reasons. AJOB Empir Bioeth 2020;11(4):233-45.
https://doi.org/10.1080/23294515.2020.1818875

Ellsworth RE, Decewicz DJ, Shriver CD, et al. Breast cancer
in the personal genomics era. Curr Genomics 2010; 11 (3):
146-61. https://doi.org/10.2174/138920210791110951

Roden DM, Wilke RA, Kroemer HK, Stein CM.
Pharmacogenomics: The genetics of variable drug responses.
Circulation 2011;123(15):1661-70.
https://doi.org/10.1161/CIRCULATIONAHA.109.914820

Li J, Bluth MH. Pharmacogenomics of drug metabolizing
enzymes and transporters: Implications for cancer therapy.
Pharmacogenomics Pers Med 2011;4:11-33.
https://doi.org/10.2147/PGPM.S18861

lacopetta D, Ceramella J, Catalano A, et al. Impact of
Cytochrome P450 enzymes on the Phase | metabolism of
drugs. Appl Sci 2023;13(10).
https://doi.org/10.3390/app13106045

Zanger UM, Schwab M. Cytochrome P450 enzymes in drug
metabolism: Regulation of gene expression, enzyme activities,

CODEN (USA): UJPRA3


http://www.ujpr.org/
https://doi.org/10.3390/genes16080905
https://doi.org/10.1038/s41576-024-00808-9
https://doi.org/10.1101/gr.275488.121
https://doi.org/10.1038/s41586-025-09290-7
https://www.cd-genomics.com/resource-tandem-repeats.html
https://doi.org/10.1101/gr.276768.122
https://doi.org/10.1038/nature05977
https://doi.org/10.1016/j.jgg.2025.03.012
https://doi.org/10.1126/science.1089670
https://doi.org/10.1016/j.tig.2020.10.003
https://doi.org/10.3390/biology12070997
https://doi.org/10.1186/s12920-024-01795-w
https://doi.org/10.22270/ujpr.v5i2.390
https://doi.org/10.1007/978-1-0716-4192-7_1
https://doi.org/10.1016/S0140-6736(19)31278-4
https://doi.org/10.1038/gim.2012.157
https://doi.org/10.3389/fgene.2020.00210
https://doi.org/10.1038/nature11174
https://doi.org/10.22270/ujpr.v7i2.750
https://doi.org/10.1007/s12288-012-0181-8
https://doi.org/10.1186/s12967-025-07017-w
https://doi.org/10.1002/ajhb.20590
https://doi.org/10.1038/s41576-020-00305-9
https://doi.org/10.1093/nar/gkae1070
https://doi.org/10.1038/s41576-018-0018-x
https://doi.org/10.1016/S0140-6736(10)61029-X
https://doi.org/10.1016/S0140-6736(16)00576-6
https://doi.org/10.1016/j.trsl.2012.08.005
https://doi.org/10.1001/jama.2017.7112
https://doi.org/10.1016/j.apsb.2021.10.002
https://doi.org/10.2174/1567205013666160401115127
https://doi.org/10.1038/s41591-025-03835-z
https://doi.org/10.1371/journal.pgen.1000791
https://doi.org/10.1155/2022/9710376
https://doi.org/10.1021/cr00105a006
https://doi.org/10.3389/fnins.2020.00863
https://doi.org/10.1038/s41435-022-00192-6
https://doi.org/10.1080/23294515.2020.1818875
https://doi.org/10.2174/138920210791110951
https://doi.org/10.1161/CIRCULATIONAHA.109.914820
https://doi.org/10.2147/PGPM.S18861
https://doi.org/10.3390/app13106045

Oladele et al.,

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

and impact of variation. Pharmacol Ther
2013;138(1):103-41.
https://doi.org/10.1016/j.pharmthera.2012.12.007

Zhao M, Ma J, Li M, et al. Cytochrome P450 enzymes and
drug metabolism in humans. Int J Mol Sci 2021;22:23.
https://doi.org/10.3390/ijms222312808

Molden E, Juki¢ MM. CYP2D6 reduced function variants and
genotype/phenotype translations of CYP2D6 intermediate
metabolizers: Implications for personalized drug dosing in
psychiatry. Front Pharmacol 2021;12.
https://doi.org/10.3389/fphar.2021.650750

Butler MG. Pharmacogenetics and psychiatric care: A review
and commentary. J Ment Health Clin Psychol 2018;2:2.
https://doi.org/10.29245/2578-2959/2018/2.1120

Fung E, Patsopoulos NA, Belknap SM, et al. Effect of genetic
variants, especially CYP2C9 and VKORC1, on the
pharmacology of warfarin. Semin Thromb Hemost 2012;
38(8):893-904. https://doi.org/10.1055/5-0032-1328891

Group TSC. SLCO1B1 variants and statin-induced myopathy -
A genomewide study. N Engl J Med 2008; 359(8):789-99.
https://doi.org/10.1056/NEJM0a0801936

Johnson JA, Cavallari LH. Warfarin pharmacogenetics.
Trends Cardiovasc Med 2015;25(1):33-41.
https://doi.org/10.1016/j.tcm.2014.09.001

Pereira NL, Cresci S, Angiolillo DJ, et al. CYP2C19 genetic
testing for oral P2Y12 inhibitor therapy: A scientific statement
from the american heart association. Circulation 2024;
150(6):€129-50.
https://doi.org/10.1161/CIR.0000000000001257

Mega JL, Close SL, Wiviott SD, et al. Cytochrome P-450
Polymorphisms and Response to Clopidogrel. N Engl J Med
2009;360(4):354-62. https://doi.org/10.1056/NEJM0a0809171
Lu B, Sun L, Seraydarian M, et al. Effect of SLCO1B1 T521C
on statin-related myotoxicity with use of lovastatin and
atorvastatin. Clin Pharmacol Ther 2021;110(3):733-40.
https://doi.org/10.1002/cpt.2337

Relling MV, Schwab M, Whirl-Carrillo M, et al. Clinical
pharmacogenetics implementation consortium guideline for
thiopurine dosing based on TPMT and NUDT 15 genotypes:
2018 Update. Clin Pharmacol Ther 2019;105(5):1095-105.
https://doi.org/10.1002/cpt.1304

Chan HT, Chin YM, Low SK. The roles of common variation
and somatic mutation in cancer pharmacogenomics. Oncol
Ther 2019;7(1):1-32.
https://doi.org/10.1007/s40487-018-0090-6

Hicks J, Bishop J, Sangkuhl K, et al. Clinical
Pharmacogenetics  Implementation  Consortium  (CPIC)
Guideline for CYP2D6 and CYP2C19 Genotypes and Dosing
of Selective Serotonin Reuptake Inhibitors. Clin Pharmacol
Ther 2015;98(2):127-34. https://doi.org/10.1002/cpt.147
Kariis HM, Sarg D, Krebs K, et al. Genetic influences on
antidepressant side effects: a CYP2C19 gene variation and
polygenic risk study in the Estonian Biobank. Eur J Hum
Genet 2025;33(10):1376-85.
https://doi.org/10.1038/s41431-025-01894-x

Goulding R, Dawes D, Price M, et al. Genotype-guided drug
prescribing: A systematic review and meta-analysis of
randomized control trials. Br J Clin  Pharmacol
2015;80(4):868-77. https://doi.org/10.1111/bcp.12475

Ferrell PB, McLeod HL. Carbamazepine, HLA-B*1502 and
risk of Stevens-Johnson syndrome and toxic epidermal
necrolysis: US FDA recommendations. Pharmacogenomics
2008;9(10):1543-6.
https://doi.org/10.2217/14622416.9.10.1543

Biswas M, Ershadian M, Shobana J, et al. Associations of
HLA genetic variants with carbamazepine-induced cutaneous
adverse drug reactions: An updated meta-analysis. Clin Transl
Sci 2022;15(8):1887-905. https://doi.org/10.1111/cts.13291
Tiwattanon K, John S, Koomdee N, et al. Implementation of
HLA-B*15:02 genotyping as standard-of-care for reducing
carbamazepine/oxcarbazepine induced cutaneous adverse drug
reactions in Thailand. Front Pharmacol 2022;13.
https://doi.org/10.3389/fphar.2022.867490

Saif-Ali R.Genetic polymorphisms of serine racemase and
protein  tyrosine phosphatase receptor type D associated
with type 2 diabetes in  Malay  subjects. Universal J
Pharm Res 2023; 8(3):9-13.
https://doi.org/10.22270/ujpr.v8i3.946

genetic

ISSN: 2456-8058

97

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Universal Journal of Pharmaceutical Research 2026; 11(3): 89-98

Yusuf FS, Yunus AA, John DF, Chigho UJ.Abacavir loaded
nanoparticles: Preparation, physicochemical characterization
and in vitro evaluation. Universal J Pharm Res 2016; 1(2): 11-
14. http://doi.org/10.22270/ujpr.v1i2.R2

Caudle KE, Dunnenberger HM, Freimuth RR, et al.
Standardizing terms for clinical pharmacogenetic test results:
consensus terms from the Clinical Pharmacogenetics
Implementation ~ Consortium  (CPIC).  Genet  Med
2017;19(2):215-23. https://doi.org/10.1038/gim.2016.87

Duru CA, Ajah O, Nnaoma IE, Joseph RC. Elusine
coracana leaf extract mitigates dyslipidemia and
modulates inflammation biomarkers in testosterone
propionate induced benign prostatic hyperplasia in rats.
Universal J Pharm Res 2026; 11(2): 49-54.
http://doi.org/10.22270/ujpr.v11i2.1535

Relling M, Klein T. CPIC: Clinical pharmacogenetics
implementation consortium of the pharmacogenomics research
network. Clin Pharmacol Ther 2011;89(3):464-7.
https://doi.org/10.1038/clpt.2010.279

Tibben BM, Gaedigk A, Gong L, et al. The clinical
pharmacogenetics implementation consortium's consensus-
based framework for assigning allele function. Am J Hum
Genet 2025;112(12):2842-59.
https://doi.org/10.1016/j.ajhg.2025.10.004

How your genetics affect your response to medications. Now
Patient.

Bagudo 1A, Kwaifa IK, Bukola IR, Rabiu U, Ayodeji
OA, Obeagu EIl. Exploring the impact of genetics in the
diagnosis and management of Thalassemia: A narrative
review. Universal J Pharm Res 2026; 11(1): 47-55.
http://doi.org/10.22270/ujpr.v11i1.1489

Oates J, Lopez D. Pharmacogenetics: An important part of
drug development with a focus on its application. Int J Biomed
Investig 2018;1(2):111.
https://doi.org/10.31531/2581-4745.1000111

Tirkmen A,  Esentiirk-Giizel I, Kara BA. Innovative
drug delivery systems for infectious diseases of the skin.
Universal J Pharm Res 2022; 7(4):68-76.
https://doi.org/10.22270/ujpr.v7i4.815

Villalon-Garcia 1, Alvarez-Cérdoba M, Suarez-Rivero JM, et
al. Precision medicine in rare diseases. Diseases 2020;8(4):42.
https://doi.org/10.3390/diseases8040042

Cutting GR. Cystic fibrosis genetics: from molecular
understanding to clinical application. Nat Rev Genet
2015;16(1):45-56. https://doi.org/10.1038/nrg3849

Al-Kibsi  TAM, Al Qirshi HGMA, Al-ShamahyHA.
Prevalence of parotid tumors among Yemeni patients
in Sana'a city, Yemen. Universal J Pharm Res 2024,
9(4): 54-59. http://doi.org/10.22270/ujpr.v9i4.1156
Stirnemann J, Belmatoug N, Camou F, et al. A review of
gaucher disease pathophysiology, clinical presentation and
treatments. Int J Mol Sci 2017;18:2.
https://doi.org/10.3390/ijms18020441

Lewis CM, Vassos E. Polygenic risk scores: from research
tools to clinical instruments. Genome Med 2020;12(1):44.
https://doi.org/10.1186/s13073-020-00742-5

Al-Shawkany EM, AlShawkany AM, Bahaj SS, Othman
AM, Al-Shamahy HA, Al-Ankoshy AM. Prevalence of
different Hepatitis B virus genotypes and risk factors
associated among selected Yemeni patients with chronic
Hepatitis B infection. Universal J Pharm Res 2021; 6(3):24-
29. https://doi.org/10.22270/ujpr.v6i3.600

Patel AP, Khera AV. Advances and applications of polygenic
scores for coronary artery disease. Annu Rev Med
2023;74:141-54.
https://doi.org/10.1146/annurev-med-042921-112629
Pudjihartono M, Perry JK, Print C, et al. Interpretation of the
role of germline and somatic non-coding mutations in cancer:
expression and chromatin conformation informed analysis.
Clin Epigenetics 2022;14:120.
https://doi.org/10.1186/s13148-022-01342-3

Soria JC, Ohe Y, Vansteenkiste J, et al. Osimertinib in
Untreated EGFR -mutated advanced non-small-cell lung
cancer. N Engl J Med 2018;378(2):113-25.
https://doi.org/10.1056/NEJMoal713137

Song IW, Vo HH, Chen YS, et al. Precision Oncology:
Evolving clinical trials across tumor types. Cancers 2023;15:7.
https://doi.org/10.3390/cancers15071967

CODEN (USA): UJPRA3


http://www.ujpr.org/
https://doi.org/10.1016/j.pharmthera.2012.12.007
https://doi.org/10.3390/ijms222312808
https://doi.org/10.3389/fphar.2021.650750
https://doi.org/10.29245/2578-2959/2018/2.1120
https://doi.org/10.1055/s-0032-1328891
https://doi.org/10.1056/NEJMoa0801936
https://doi.org/10.1016/j.tcm.2014.09.001
https://doi.org/10.1161/CIR.0000000000001257
https://doi.org/10.1056/NEJMoa0809171
https://doi.org/10.1002/cpt.2337
https://doi.org/10.1002/cpt.1304
https://doi.org/10.1007/s40487-018-0090-6
https://doi.org/10.1002/cpt.147
https://doi.org/10.1038/s41431-025-01894-x
https://doi.org/10.1111/bcp.12475
https://doi.org/10.2217/14622416.9.10.1543
https://doi.org/10.1111/cts.13291
https://doi.org/10.3389/fphar.2022.867490
https://doi.org/10.22270/ujpr.v8i3.946
http://doi.org/10.22270/ujpr.v1i2.R2
https://doi.org/10.1038/gim.2016.87
http://doi.org/10.22270/ujpr.v11i2.1535
https://doi.org/10.1038/clpt.2010.279
https://doi.org/10.1016/j.ajhg.2025.10.004
http://doi.org/10.22270/ujpr.v11i1.1489
https://doi.org/10.31531/2581-4745.1000111
https://doi.org/10.22270/ujpr.v7i4.815
https://doi.org/10.3390/diseases8040042
https://doi.org/10.1038/nrg3849
http://doi.org/10.22270/ujpr.v9i4.1156
https://doi.org/10.3390/ijms18020441
https://doi.org/10.1186/s13073-020-00742-5
https://doi.org/10.22270/ujpr.v6i3.600
https://doi.org/10.1146/annurev-med-042921-112629
https://doi.org/10.1186/s13148-022-01342-3
https://doi.org/10.1056/NEJMoa1713137
https://doi.org/10.3390/cancers15071967

Oladele et al.,

96. Weldon CB, Trosman JR, Gradishar WJ, et al. Barriers to the
use of personalized medicine in breast cancer. J Oncol Pract
2012; 8(4): e24-31. https://doi.org/10.1200/jop.2011.000448

97. Jacobs C, Rahman B. One size does not fit all: The case for
targeted education in genetics and genomics for cancer nurses.
Eur J Cancer Care (Engl) 2021;30(4):e13480.
https://doi.org/10.1111/ecc.13480

98. Haidar CE, Relling MV, Hoffman JM. Preemptively Precise:
returning and updating pharmacogenetic test results to realize
the benefits of preemptive testing. Clin Pharmacol Ther
2019;106(5):942-4. https://doi.org/10.1002/cpt.1613

99. Zhu Y. Advances in CRISPR/Cas9. BioMed Res Int
2022;2022:9978571. https://doi.org/10.1155/2022/9978571

100. Chen F, Chen L, Yan Z, et al. Recent advances of CRISPR-
based genome editing for enhancing staple crops. Front Plant
Sci 2024;15. https://doi.org/10.3389/fpls.2024.1478398

101. Doudna JA, Charpentier E. The new frontier of genome
engineering with CRISPR-Cas9. Science 2014; 346
(6213):1258096. https://doi.org/10.1126/science.1258096

102. Frangoul H, Altshuler D, Cappellini MD, et al. CRISPR-Cas9
Gene Editing for Sickle Cell Disease and f-Thalassemia. N
Engl J Med 2021;384(3):252-60.
https://doi.org/10.1056/NEJM0a2031054

103. Saraswat A, Roopesh S. Machine Learning in Genomic Data
Analysis for Personalized Medicine. Int J Res Appl Sci Eng
Technol 2024;12(8):614-31.
https://doi.org/10.22214/ijraset.2024.63975

104. Topol EJ. High-performance medicine: The convergence of
human and artificial intelligence. Nat Med 2019;25(1):44-56.
https://doi.org/10.1038/s41591-018-0300-7

105. Karczewski KJ, Francioli LC, Tiao G, et al. The mutational
constraint spectrum quantified from variation in 141,456
humans. Nature 2020;581(7809):434-43.
https://doi.org/10.1038/s41586-020-2308-7

106.Burke W, Parens E, Chung WK, et al. The challenge of
genetic variants of uncertain clinical significance: A narrative
review. Ann Intern Med 2022;175(7):994-1000.
https://doi.org/10.7326/M21-4109

ISSN: 2456-8058

98

Universal Journal of Pharmaceutical Research 2026; 11(3): 89-98

107. Vilarinho S, Mistry PK. Exome Sequencing in Clinical
Hepatology. Hepatol Baltim Md 2019;70(6):2185-92.
https://doi.org/10.1002/hep.30826

108.Hu H, Gao R, Gao W, et al. SVDF: enhancing structural
variation detect from long-read sequencing via automatic
filtering strategies. Brief Bioinform 2024;25(4):bbae336.
https://doi.org/10.1093/bib/bbae336

109. Collins RL, Brand H, Karczewski KJ, et al. A structural
variation reference for medical and population genetics.
Nature 2020; 581 (7809): 444-51.
https://doi.org/10.1038/s41586-020-2287-8

110. Popejoy AB, Fullerton SM. Genomics is failing on diversity.
Nature 2016;538(7624):161-4.
https://doi.org/10.1038/538161a

111. Lo C, Nguyen S, Yang C, et al. Pharmacogenomics in Asian
Subpopulations and Impacts on Commonly Prescribed
Medications. Clin Transl Sci 2020;13(5):861-70.
https://doi.org/10.1111/cts.12771

112. Hazin R, Brothers KB, Malin BA, et al. Ethical, legal, and
social implications of incorporating genomic information into
electronic health records. Genet Med Off J Am Coll Med
Genet 2013;15(10):810-6.
https://doi.org/10.1038/gim.2013.117

113. Clayton EW, Evans BJ, Hazel JW, et al. The law of genetic
privacy: Applications, implications, and limitations. J Law
Biosci 2019;6(1):1-36. https://doi.org/10.1093/jlb/1sz007

114. Sirugo G, Williams SM, Tishkoff SA. The Missing Diversity
in Human Genetic Studies. Cell 2019;177(1):26-31.
https://doi.org/10.1016/j.cell.2019.02.048

115. Caudle KE, Whirl-Carrillo M, Relling MV, et al. Advancing
clinical pharmacogenomics worldwide through the clinical
Pharmacogenetics Implementation Consortium ( CPIC ). Clin
Pharmacol Ther 2025;118(6):1512-22.
https://doi.org/10.1002/cpt.70005

CODEN (USA): UJPRA3


http://www.ujpr.org/
https://doi.org/10.1200/jop.2011.000448
https://doi.org/10.1111/ecc.13480
https://doi.org/10.1002/cpt.1613
https://doi.org/10.1155/2022/9978571
https://doi.org/10.3389/fpls.2024.1478398
https://doi.org/10.1126/science.1258096
https://doi.org/10.1056/NEJMoa2031054
https://doi.org/10.22214/ijraset.2024.63975
https://doi.org/10.1038/s41591-018-0300-7
https://doi.org/10.1038/s41586-020-2308-7
https://doi.org/10.7326/M21-4109
https://doi.org/10.1002/hep.30826
https://doi.org/10.1093/bib/bbae336
https://doi.org/10.1038/s41586-020-2287-8
https://doi.org/10.1038/538161a
https://doi.org/10.1111/cts.12771
https://doi.org/10.1038/gim.2013.117
https://doi.org/10.1093/jlb/lsz007
https://doi.org/10.1016/j.cell.2019.02.048
https://doi.org/10.1002/cpt.70005

	TITLE
	Abstract
	INTRODUCTION
	CONCLUSIONS
	ACKNOWLEDGEMENT
	AUTHOR’S CONTRIBUTIONS
	DATA AVAILABILITY
	CONFLICT OF INTEREST
	REFERENCES

