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Abstract: Pharmacogenomics is an emerging field that studies how genetic variations influence individual responses to 

drugs, with the aim of optimizing therapeutic efficacy and minimizing adverse drug reactions. This review provides a 

comprehensive overview of pharmacogenomics, beginning with its fundamental concepts and historical background, 

followed by an exploration of genetic factors involved in drug metabolism. It highlights the role of genetic polymorphisms 

in determining variability in drug response, including differences in pharmacokinetics and pharmacodynamics among 

individuals. The importance of pharmacogenomic testing, including genotyping and sequencing techniques, is discussed in 

the context of personalized medicine. Furthermore, the review examines the clinical applications of pharmacogenomics in 

various fields such as oncology, cardiovascular diseases, psychiatry, and infectious diseases, along with key examples of 

pharmacogenomic drugs like warfarin, clopidogrel, and abacavir. The advantages of pharmacogenomics, including 

improved drug safety and efficacy, are outlined alongside current limitations such as ethical concerns, high costs, and 

technical challenges. Finally, future perspectives focusing on advancements in genomic technologies, artificial intelligence, 

and wider clinical implementation are discussed. Overall, pharmacogenomics represents a crucial step toward precision 

medicine, offering the potential to revolutionize healthcare by enabling individualized drug therapy. 
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I. INTRODUCTION 

 

 Overview of Pharmacogenomics 

Pharmacogenomics, which uses a person's genetic 

information to customize drug selection, dosage, and 

regimen, is crucial to the optimization of pharmacological 

therapy. Proteomics, metabolomics, and other "omics" 

sciences are used in pharmacogenomics, an expansion of 

pharmacogenetics. This offers an integrated approach to the 

field of personalized medicine in a number of treatment 
domains, such as rare genetic illnesses, cardiovascular 

medicine, cancer therapy, and psychiatry [1][3][4][5].As 

biomarkers in drug therapy, genetic differences in drug 

metabolism enzymes (such CYP2C19 and CYP2D6), drug 

transporters (like SLCO1B1), and drug receptors are 

crucial.[4] [7]  Although there are issues with clinician 

knowledge, prices, the regulatory environment, and 

validation in various populations, pharmacogenomic testing 

is becoming more widely used in clinical practice and 

electronic health records for individualized treatment 

[1][2][4]. Pharmacogenomics has demonstrated encouraging 

outcomes regarding therapeutic efficacy and toxicity in 

cardiovascular and cancer therapy, resulting in safer and more 

precise medication regimes [3][6]. As a result, 
pharmacogenomics is a crucial component of precision 

medicine and holds the potential to transform medication 

therapy by using genetic information to improve patient 

outcomes [1][4][8]. 
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Fig 1 Pharmacogenomics and Drug Response in Individuals with Different Genotype [14] 

 

 Pharmacogenomics' Development and History: 

 

 
Fig 2 History and Development of Pharmacogenomics from Early Observations to Modern Personalized Medicine [2][9][12] 

 

The discovery that individual pharmacological 

reactions are influenced by genetic characteristics led to the 

development of pharmacogenomics, formerly known as 

pharmacogenetics, in the 1950s. Single-gene changes 

impacting drug metabolism, including cytochrome P450 

enzymes, were the focus of early research. However, this has 

subsequently grown to incorporate multi-gene and genome-

wide techniques combining various "omics" data (genomics, 

transcriptomics, proteomics) [2][9][16]. Over the past 50 
years, advances in molecular technologies and DNA 

sequencing have significantly improved our understanding of 

genetic variability and how it affects the safety and efficacy 

of drugs, resulting in verified clinical applications and 

integration into electronic health records [2][10]. Despite 

advancements, complicated gene interactions, uncommon 

variations, testing method uniformity, and knowledge 

shortages in the healthcare workforce continue to pose 

obstacles to practical application [10] [11] [13]. In order to 

maximize medication therapy customized to each patient's 

unique genetic profile, the field is moving toward 

comprehensive personalized medicine strategies that use 
biobanks, artificial intelligence, and large-scale data 

integration [1][9]. In order to fully achieve the benefits of 

customized pharmacotherapy, future initiatives include 

creating regulatory frameworks, increasing access to 

pharmacogenomic testing globally, and improving healthcare 

practitioner education [2][13][15].  
Fig 3 Flowchart Showing Evolution of Pharmacogenomics 
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 Background of Pharmacogenomics: 
 

 
Fig 4 Biological Mechanisms Involved in Pharmacogenomics.[1] 

 

 Explanation:  

To comprehend medication response variability, 
pharmacogenomics combines several biological layers, such 

as transcriptomics, proteomics, metabolomics, and genomics. 

Single nucleotide polymorphisms (SNPs) and other genetic 

changes can affect receptor activation, drug transport, and 

drug metabolism. Researchers can forecast therapy results 

and enhance medication safety and effectiveness by 

examining these pathways. 

 

Pharmacogenomics is the study of how individual 

pharmacological responses are influenced by genetic 

diversity, with the goal of optimizing treatment efficacy and 

minimizing side effects by customizing therapies to an 
individual's genetic composition [1][2]. A more thorough 

understanding of drug response variability has been made 

possible by the field's expansion from pharmacogenetics, 

which concentrated on single gene-drug interactions in the 

1950s, to several "omics" technologies, including proteomics, 
metabolomics, and genomics [1][9]. Pharmacogenomics has 

grown rapidly due to advancements in molecular technology 

and DNA sequencing, which have resulted in verified clinical 

applications and integration into electronic health records for 

customized treatment [2][10]. Despite these developments, 

complicated gene interactions, ethnic variation in genetic 

variants, healthcare professionals' lack of expertise, and the 

requirement for standardized testing and reporting continue 

to pose obstacles to clinical application [8][13][17]. By 

identifying genetic targets that increase the success rates of 

clinical development, pharmacogenomics also contributes to 

drug discovery [13]. To fully exploit the benefits of 
personalized pharmacotherapy, future developments will 

focus on machine learning techniques, large-scale biobank 

data integration, multi-gene and polygenic models, and wider 

clinical use [7][9][10]. 
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Fig 5 Workflow of Pharmacogenomics-Guided Personalized Drug Therapy 

 

 Factors Influencing Drug Response: Drug Response depends on 

 

 
Fig 6 Major Biological and Environmental Factors Influencing Pharmacogenomics Drug Response. 

 

 Comparison between Pharmacogenetics and 

Pharmacogenomics: 

The related disciplines of pharmacogenetics and 

pharmacogenomics investigate how genetic diversity affects 

a person's reaction to medications. Traditionally, 

pharmacogenetics has concentrated on how single gene 

variants, especially those that encode drug-metabolizing 

enzymes, affect drug metabolism and response. 

Pharmacogenomics, on the other hand, adopts a more 

comprehensive strategy by investigating how the entire 

https://doi.org/10.38124/ijisrt/26apr1693
http://www.ijisrt.com/


Volume 11, Issue 4, April – 2026                                              International Journal of Innovative Science and Research Technology 

ISSN No: -2456-2165                                                                                                                   https://doi.org/10.38124/ijisrt/26apr1693 

 

 

IJISRT26APR1693                                                                        www.ijisrt.com                                                                                              4018  

genome or a number of genes affect medication response, 
including pharmacokinetics and pharmacodynamics. 

Pharmacogenomics combines genome-wide data with other 

"omics" techniques to better comprehend intricate drug 

response patterns thanks to advancements in genomic 

technologies. Pharmacogenomics is a more comprehensive 
framework that supports the development of personalized 

medicine by customizing pharmacological therapy based on 

an individual's genetic profile, even if the line between the 

two concepts is sometimes obscured [1][2][9][12]. 

 

Table 1 Comparison between Pharmacogenetics and Pharmacogenomics 

Feature Pharmacogenetics Pharmacogenomics 

Scope Study of single gene effects on drug response Study of entire genome effects on drug response 

Approach Monogenic gene–drug interactions Genome-wide analysis 

Focus Drug metabolism genes Multiple genes, pathways, and systems 

Data Type Individual gene polymorphisms Genomic and multi-omics data 

Application Understanding specific drug responses Personalized medicine and precision therapy 

 

 
Fig 7 Comparison between Pharmacogenetics and Pharmacogenomics in Terms of Scope, Methodology, and Applications in 

Personalized Medicine [1][12][16] 

 

II. GENETIC VARIABILITY AND DRUG 

RESPONSE 

 

 Genetic Polymorphisms:  

According to Cavalli-Sforza and Bodmer, genetic 

polymorphism is defined as the presence of two or more 

alleles at a single locus in the same population, each with a 

significant frequency; 1% is usually considered the minimum 
frequency [18]. One of a gene's different forms at a particular 

locus on a homologous chromosome is called an allele. In the 

general population, the many polymorphism forms (alleles) 

are more frequently seen than mutations. The single-

nucleotide polymorphism (SNP) is the most prevalent variant 

in the human genome [19]. 

 

 Single Nucleotide Polymorphisms (SNPs):  

Are the most prevalent kind of genetic variation seen in 

the human genome; they involve a single nucleotide base 

change at a particular location. They affect gene expression, 

protein function, and disease susceptibility and can be found 

in coding regions (exons), noncoding regions (introns), 

promoters, and untranslated regions. They occur around once 

every 1,000 base pairs [20][21][22]. SNPs can impact 

phenotypic and complex diseases including cancer, diabetes, 

and psychiatric disorders by affecting mRNA stability, 

localization, and epigenetic control. They can be synonymous 

(silent) or nonsynonymous (changing amino acids) [20][23]. 
By assisting in the prediction of individual treatment 

responses and illness risks, these polymorphisms are crucial 

molecular markers for genetic association research, forensic 

identification, and personalized medicine [22].  The clinical 

value of SNPs has been enhanced by advances in high-

throughput sequencing and machine learning, which have 

improved the accuracy of SNP identification and the 

classification of pathogenic vs benign variants [23][24]. 

Furthermore, biosensor technologies are being developed to 

facilitate sensitive and quick SNP detection for diagnostic 

purposes [25]. 
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 How Genes Generate Genetic Variation:  
When genes and their products modify DNA sequences, 

rearrange them, or change how they are expressed, genetic 

variation results. The raw materials for the evolution of 
bacteria, plants, animals, and humans are provided by these 

processes. 

 

 Core Genetic Mechanisms Creating Variation: 

 

Table 2 Major Molecular Routes by which Genes Generate Variation. 

Mechanism What changes Typical molecular causes Citations 

Mutation Individual bases or small indels Replication errors, DNA damage, 

imperfect repair 

[26][27][28][29] 

Recombination 

(crossing over) 

Large DNA segments reshuffled Programmed meiotic 

double-strand breaks and repair 

[30][31][32][33] 

Gene conversion Short, non-reciprocal tracts replaced Homologous recombination using 

a template 

[34][35][36][37][38][39] 

DNA rearrangements Duplications, deletions, inversions, 

transposition 

Mobile elements, repeat-mediated 

recombination 

[40][41][42][43] 

 

III. PHARMACOGENOMICS IN OPTIMIZING 

DRUG THERAPY 

 

 Dose Optimization:  

Finding doses that maximize therapeutic effect while 

limiting toxicity is the goal of dose optimization in drug 

development, particularly in cancer. The maximum tolerated 

dose (MTD) was the emphasis of traditional dose-finding 

techniques, but this method frequently results in increased 

toxicity without increasing the effectiveness of targeted 

medicines and immunotherapies. With the use of quantitative 

pharmacology, pharmacokinetics, and pharmacodynamics, 
modern approaches focus on identifying an ideal biological 

dose through early characterisation of dose-response 

relationships and randomized dose trials [44][45][46][47]. In 

order to improve patient outcomes and decrease 

postmarketing dose changes, the FDA's Project Optimus 

effort emphasizes the need for a paradigm shift toward more 

rigorous dose optimization and encourages randomized study 

of several doses prior to registration trials [48][49][50]. 3.2. 

Personalised techniques integrate preclinical data, clinical 

measurements, and modelling to balance efficacy and safety, 

taking into account drug classes and mechanisms of action to 

guide dose selection [46][51]. Despite advancements, there 
are still obstacles to widespread application of these strategies 

because of the underutilization of creative trial designs and 

the intricacy of early-phase research. However, continuous 

attempts are made to standardize and enhance dosage 

optimization procedures in oncology medication 

development [46][52]. 

 

 Reduction of Adverse Drug Reactions:  
Adverse drug reactions (ADRs) in older persons have 

been demonstrated to be significantly reduced by 

interventions, especially pharmacist-led programs that can 

reduce any ADRs by around 19–35% and major ADRs by up 

to 32–36% [53, 54]. These interventions, which are used in a 

variety of healthcare settings such hospitals, outpatient 

clinics, and community pharmacies, frequently involve 

medication reviews, patient counselling, and 

multidisciplinary teamwork [53][55]. The need for thorough 

geriatric assessments and customized medication 

management is highlighted by age-related factors that raise 
the risk of adverse drug reactions (ADRs) in older 

populations, such as polypharmacy, changes in drug 

metabolism, and frailty [56][57]. By combining data from 

clinical trials and real-world monitoring, digital technologies, 

like as machine learning algorithms and electronic health 

records, are rapidly being used to enhance ADR detection, 

pharmacovigilance, and preventive efforts [58]. Despite these 

developments, some research shows that treatments have 

little effect on more general health outcomes like 

hospitalization or mortality, suggesting the need for fresh 

ideas and improved implementation techniques [59, 60, 61]. 

In order to enhance early identification and clinical decision-
making to prevent adverse drug reactions (ADDRs), tools like 

the ADR Profile have been proven to accurately identify 

medication-related harms in primary care [60][61][62]. 

 

 

 

 Clinical Applications 

 

Table 3 Clinical Applications of Pharmacogenomics: 

Area Main gene–drug examples & use Citations 

Oncology Germline: DPYD–fluoropyrimidines, TPMT/NUDT15–thiopurines, UGT1A1–irinotecan for 

dose reduction/toxicity avoidance; Somatic: EGFR, ALK, KRAS/NRAS, BRAF, BRCA1/2 
guide targeted and PARP inhibitor use 

[63][64] 

Cardiovascular 

diseases 

CYP2C19–clopidogrel (poor metabolizers → prasugrel/ticagrelor); CYP2C9 & VKORC1–

warfarin dosing; SLCO1B1–simvastatin myopathy risk; emerging roles for PGx in novel 

agents (e.g., mavacamten) 

[65][66] 
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Psychiatry CYP2D6 & CYP2C19 for many antidepressants and antipsychotics (dose/agent selection); 

HLA-B*15:02/*31:01 for carbamazepine/oxcarbazepine; CYP2C9 & HLA-B for phenytoin; 
growing large trials (e.g., PSY-PGx) 

[67][68] 

Infectious diseases Host: HLA-B*57:01–abacavir hypersensitivity; IL28B variants–interferon/ribavirin 

response in HCV (historical); Pathogen genome: resistance genes guide antibiotic/antiviral 

choice 

[69] 

Pain management CYP2D6 for codeine, tramadol (avoid ultra-/poor metabolizers); CYP2D6/CYP2B6/ABCB1 

for oxycodone, methadone; CYP2C9 for some NSAIDs; OPRM1, COMT, HLA variants 

under study; PGx-guided opioids may reduce consumption and adverse events 

[70][71] 

 

 Pharmacogenomic Testing and Technologies: 

 

Table 4 Comparison of Main Pharmacogenomic Test Methods 

Method/platform Typical use in PGx Key pros/cons 

PCR / small arrays Single-gene or small candidate 

panels 

Fast, cheap; limited variant coverage 

SNP arrays / SNV panels Clinical multi-gene panels Good for common variants; miss rare/structural 

Short-read NGS (targeted, 

WES, WGS) 

Research & emerging clinical PGx Broad variant detection; interpretation, cost, pipelines 

challenging 

Long-read / TAS-LRS Complex loci (e.g., CYP2D6, HLA) Resolves structural variants, phasing; still emerging 

 

 Importance of Pharmacogenomics:  
Pharmacogenomics is significant because it examines 

how a person's genetic composition affects how they react to 

drugs. By choosing the appropriate medication and dosage for 

each patient, it helps optimize drug therapy and replaces the 
conventional "one-size-fits-all" approach with a more 

individualized treatment plan [72]. 

 

 
Fig 8 Significance of Pharmacogenomics 

 

IV. CHALLENGES IN CLINICAL 

IMPLEMENTATION 
 

Clinical implementation of pharmacogenomics (PGx) 

aims to personalize medicine by improving drug efficacy, 

safety, and cost-effectiveness, but widespread adoption faces 

barriers such as limited healthcare provider education, 

reimbursement challenges, and integration into electronic 

health records (EHRs) [73][74][76]. Successful clinical 

programs emphasize building secure IT infrastructure with 

clinical decision support systems, selecting actionable gene-
drug pairs based on expert-curated guidelines like those from 

CPIC, and involving multidisciplinary teams including 

hospital leadership, pharmacy committees, laboratories, and 

clinicians [73][74][77]. Pre-emptive PGx testing in 

psychiatry has demonstrated significant reductions in adverse 

drug reactions, hospitalizations, polypharmacy, and treatment 

costs while improving patient quality of life, supporting its 
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clinical utility [73][78]. The Clinical Pharmacogenetics 
Implementation Consortium (CPIC) plays a pivotal role by 

providing evidence-based guidelines that facilitate global 

adoption and standardization of PGx in clinical practice [77]. 

Real-world implementations such as the University of 

Florida’s Personalized Medicine Program show feasibility 

with rapid genotyping turnaround times and high 

reimbursement rates from payors [81]. Despite progress, 
challenges remain in expanding PGx education for healthcare 

providers and patients, securing reimbursement policies, and 

generating broader evidence for multigene panel testing to 

fully integrate pharmacogenomics into routine care 

[73][78][79]. 

 

Table 5 Challenges in Clinical Implementation 

Challenge Category Key Issues 

Ethical Privacy concerns, genetic discrimination, informed consent 

Economic High cost of testing, limited reimbursement 

Technical Data interpretation difficulties, lack of standardized tests 

Clinical Limited genomic literacy among healthcare providers 

Research Insufficient data from diverse populations 

 

 Future Perspectives of Pharmacogenomics:  

The future of pharmacogenomics (PGx) is poised to 

significantly advance personalized medicine by integrating 
genomic data with other "omics" fields such as epigenetics, 

metabolomics, and microbiomics, enabling more precise drug 

selection and dosing tailored to individual patients [82]. 

Technological progress in DNA sequencing, machine 

learning, and large-scale biobanks will enhance the discovery 

of novel genetic markers and polygenic models that better 

explain interindividual variability in drug response beyond 

single gene variants [9][83][84]. Clinical implementation is 

expected to expand from targeted genotyping toward 

sequencing-based approaches that capture rare variants and 

complex genetic interactions, supported by improved 
standardization and harmonization efforts across laboratories 

[10]. Despite these advances, challenges remain including 

knowledge gaps among healthcare providers, regulatory and 

ethical considerations, data privacy concerns, and ensuring 

equitable access to PGx-guided therapies worldwide 

[1][13][82]. In psychiatry, emerging multi-omics strategies 

combined with pharmacogenomics hold promise for 

overcoming current limitations in treatment response 

prediction and personalizing psychiatric care [85][86]. 

Overall, pharmacogenomics is anticipated to evolve into a 

cornerstone of precision medicine by refining therapeutic 

strategies to maximize efficacy and minimize adverse effects 
through comprehensive integration of genetic and 

environmental factors [1][13][83]. 

 

V. CONCLUSION 

 

Drug therapy is being transformed by 

pharmacogenomics, which makes it possible to customize 

therapies based on a patient's genetic makeup. This strategy 

contributes to safer and more effective patient care by 

increasing medication efficacy while lowering the possibility 

of side effects. Ongoing developments in genetic research are 
making its therapeutic usage easier, but ongoing challenges 

such high prices, low awareness, and ethical issues. 

Pharmacogenomics is expected to play a significant role in 

customized medicine in the years to come, guaranteeing 

improved therapeutic results and efficient healthcare 

delivery. 
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