
 

 

 

 

 

 

 

 
   ABSTRACT 

Pharmacogenomics (PGx), the convergence of pharmacology and genomics, has evolved 

from a theoretical discipline into a cornerstone of precision medicine. By elucidating the 

genetic basis for interindividual variability in drug response, PGx aims to maximize 

therapeutic efficacy while minimizing adverse drug reactions (ADRs). This comprehensive 

research paper provides an exhaustive analysis of the current state of pharmacogenomics as 

of late 2025. It synthesizes data regarding key drug-gene interactions—specifically involving 

CYP2C19, CYP2D6, CYP2C9, VKORC1, DPYD, HLA-B, and SLCO1B1—and examines the 

evolution of clinical guidelines from the Clinical Pharmacogenetics Implementation 

Consortium (CPIC) and other regulatory bodies. Furthermore, this report critically evaluates 

the integration of Artificial Intelligence (AI) in predictive toxicology and dosing algorithms, 

assesses the barriers to clinical implementation, and provides a forward-looking perspective 

on the field's trajectory. The analysis highlights pivotal 2025 updates regarding statin safety 
and SLCO1B1 allele reclassification, marking a significant refinement in cardiovascular 
precision medicine. The review also incorporates data from recent pilot implementation 
studies and regulatory updates from the FDA and NCCN concerning fluoropyrimidine 
toxicity. 
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1. Introduction 

1.1 The Paradigm Shift to Personalized 

Medicine 

The traditional approach to 

pharmacotherapy, often described as 

"one-size-fits-all," operates on the 

statistical premise that a medication 

proven effective in a clinical trial 

population will yield similar results in the 

average patient. However, this model is 

increasingly viewed as obsolete in the 

face of mounting evidence that genetic 

ancestry and individual genomic profiles 

significantly dictate treatment outcomes. 

Pharmacogenomics, a term rooted in the 

early work of Friedrich Vogel in 1959, has 

matured from a theoretical discipline 

into a clinically actionable standard of 

care. The fundamental premise is that 

inherited genetic variations—single 

nucleotide polymorphisms (SNPs), copy 

number variations (CNVs), and 

insertions/deletions (indels)—alter the 

pharmacokinetics (PK) and 

pharmacodynamics (PD) of medications. 

As of 2025, the clinical landscape is 

defined by a rigorous effort to move from 

reactive testing—testing only after a 

patient has experienced a severe adverse 

event—to preemptive testing. 

 
In a preemptive model, a patient’s 

genetic profile is interrogated and 

integrated into their Electronic Health 

Record (EHR) prior to the prescription of 

high-risk medications. This shift is driven 

by the recognition that adverse drug 

reactions remain a leading cause of 

morbidity and mortality, placing a 

staggering economic burden on 

healthcare systems globally. The goal is 

to utilize the genetic blueprint to predict 

the "right drug, at the right dose, for the 

right patient," thereby reducing the 

incidence of trial-and-error prescribing 

that characterizes much of current 

medical practice. 

 

1.2 Historical Context 

and Evolution 

 
The field's origins can be traced back to 

observations of variable responses to 

drugs like isoniazid and succinylcholine 

in the mid-20th century. Isoniazid, a 

critical tuberculosis treatment, was 

found to cause peripheral neuropathy in 

"slow acetylators" due to variants in the 

NAT2 gene, a finding that remains 

relevant today. Similarly, the metabolism 

of alcohol via alcohol dehydrogenase 

(ADH) and aldehyde dehydrogenase 

(ALDH) provided early models for how 

genetic polymorphisms could dictate 

physiological responses to exogenous 

substances. 

By 2025, the field has expanded 

exponentially. The completion of the 

Human Genome Project and the 

subsequent reduction in sequencing 

costs have enabled the discovery of 

thousands of variant-drug associations. 
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Organizations like the Pharmacogene 

Variation Consortium (PharmVar) and the 

Clinical Pharmacogenetics 

Implementation Consortium (CPIC) have 

standardized the nomenclature and 

clinical interpretation of these variants, 

creating a common language for 

researchers and clinicians. This 

standardization is crucial for the 

implementation of guidelines that are 

now influencing prescribing decisions for 

millions of patients worldwide. 

 

1.3 Scope of the Review 

This paper focuses on the most clinically 

validated gene-drug pairs, classified as 

Level A or B by CPIC, meaning there is 

sufficient evidence to recommend a 

change in prescribing action. Specifically, 

we analyze: 

 

1. Cytochrome P450 Enzymes: The 

metabolic powerhouses of the liver, 

particularly CYP2C19, CYP2D6, and 

CYP2C9, which collectively metabolize a 

vast proportion of clinically used drugs. 

 

2. Transporters and Receptors: The role 

of SLCO1B1 in statin handling and 

VKORC1 in anticoagulant sensitivity. 

 

3. Immunological Markers: The critical 

safety role of HLA-B alleles in preventing 

severe hypersensitivity reactions in HIV 

and gout management. 

 

4. Toxicity Determinants: The impact of 

DPYD deficiency on fluoropyrimidine 

chemotherapy safety. 

Furthermore, we explore the 

transformative impact of Artificial 

Intelligence (AI) in 2024 and 2025, 

 

 

which has begun to revolutionize the 

interpretation of complex genetic data 

and the discovery of novel biomarkers. 

The review also addresses the practical 

challenges of implementation, including 

laboratory methodology, regulatory 

oversight, and the ethical considerations 

of genomic data usage. 

 

2. Methodology of 

Genetic Variation and 

Testing 

2.1 Genetic Architecture of 

Drug Response 

 
The human genome contains millions of 

variants, but only a fraction are 

pharmacologically relevant. 

Understanding the architecture of these 

variants is essential for clinical 

interpretation. These variants are 

typically categorized by their effect on 

protein function: 

 

● Loss-of-Function (LoF) Variants: These 

alleles result in a non-functional enzyme. 

This can be due to splicing defects, 

premature stop codons, or gene 

deletions. For example, the CYP2C19 *2 

and *3 alleles render the enzyme 

inactive. 

 

● Reduced Function Variants: These 

alleles produce an enzyme with lowered 

catalytic activity or stability. An example 

is the CYP2C9 *2 allele. 
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● Copy Number Variations (CNVs): These 

involve duplications or deletions of 

entire genes. CYP2D6 is particularly 

prone to CNVs, with some individuals 

carrying multiple copies of the functional 

gene, leading to massively increased 

enzyme activity. 

Based on the combination of alleles (the 

diplotype), patients are stratified into 

metabolic phenotypes: 

 

● Poor Metabolizers (PM): These 

individuals possess two no-function 

alleles. They have no functional enzyme 

activity. For active drugs, this leads to 

accumulation and toxicity. For prodrugs, 

this leads to therapeutic failure. 

 

● Intermediate Metabolizers (IM): These 

individuals typically carry one reduced- 

function or non-functional allele. Their 

drug clearance is impaired but not 

absent. 

 

● Normal Metabolizers (NM): Formerly 

known as "Extensive Metabolizers," these 

individuals carry two wild-type alleles 

and exhibit baseline population activity. 

 

● Rapid/Ultrarapid Metabolizers 

(RM/UM): These individuals have 

elevated enzyme activity. They clear 

active drugs too quickly for them to be 

effective, or they convert prodrugs to 

active metabolites at a dangerous rate, 

risking toxicity. 

 

2.2 Evolution of Genotyping 

Technologies 
The methodology for detecting these 

variants has evolved from targeted PCR 

to high-throughput sequencing. The 

choice of technology depends on the 

clinical question, turnaround time 

requirements, and cost. 

2.2.1 Single Nucleotide 

Variant (SNV) Panels 

These remain the workhorse of clinical 

PGx due to their cost-effectiveness, 

short turnaround times, and 

straightforward interpretation. They test 

for a pre-defined list of common variants 

(e.g., CYP2C19 *2, *3, *17). They are 

particularly useful for making rapid 

clinical decisions, such as determining 

antiplatelet therapy after a stent 

placement. However, they are limited by 

their design; they cannot detect rare 

variants or variants not included in the 

panel, potentially leading to a "false 

negative" result where a patient is 

labeled a Normal Metabolizer simply 

because their specific rare variant was 

not tested. 

 

 

2.2.2 Next-Generation 

Sequencing (NGS) 

NGS allows for the interrogation of the 

entire gene locus, including exons, 

introns, and regulatory regions. As of 

2025, AI-assisted Whole Genome 

Sequencing (WGS) analysis is facilitating 

the discovery of novel pharmacogenetic 

interactions and rare variants that panel- 

 

 
based tests miss. This approach is 

increasingly used in research settings 

and complex clinical cases where 

standard panels fail to explain the 

phenotype. 
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2.2.2 Next-Generation 

Sequencing (NGS) 

 
This technology is becoming increasingly 

critical for genes with high homology and 

structural complexity, such as CYP2D6. 

CYP2D6 is notorious for pseudogene 

interference (CYP2D7) and hybrid alleles, 

which short-read NGS often 

misinterprets. Long-read sequencing can 

span the entire gene and distinguish 

between the functional gene and its 

pseudogene counterpart, providing the 

most accurate genotype possible. 

### 2.3 Quality Control in PGx Research 

Rigorous quality control is essential in 

PGx research to avoid false associations. 

The validity of any PGx study rests on the 

accuracy of the genotyping. Key 

variables include: 

● Hardy-Weinberg Equilibrium (HWE): 

Deviations from HWE can indicate 

genotyping errors or population 

substructure. 

● Population Stratification: Using 

genome-wide data to adjust for ancestry 

is crucial. Allele frequencies vary 

dramatically across ethnic groups (e.g., 

CYP2C19 LoF alleles are significantly 

more common in Asian populations than 

in Europeans). Failure to account for this 

can lead to confounding results. 

● Linkage Disequilibrium (LD): 

Understanding LD allows researchers to 

use tag-SNPs to infer the presence of 

other variants, but it also requires 

careful interpretation to ensure the 

causal variant is correctly identified. 

3. The Cytochrome P450 

Superfamily: Clinical 

Titans 

The Cytochrome P450 (CYP) superfamily 

of enzymes, primarily located in the liver, 

is responsible for the metabolism of the 

majority of clinically used drugs. Genetic 

variations in these enzymes are the most 

common cause of interindividual 

variability in drug response. 

 

3.1 CYP2C19: The Antiplatelet and Acid- 

Suppression Gatekeeper 

 

3.1.1 Pharmacology and Mechanism 

 

CYP2C19 is a highly polymorphic gene 

located on chromosome 10. It plays a 

dual role in clinical pharmacology: it 

bioactivates prodrugs and metabolizes 

active drugs to inactive compounds. This 

duality means that the clinical 

consequence of a specific genotype 

depends entirely on whether the drug is 

a prodrug or an active agent. 

 

3.1.2 Clopidogrel and Cardiovascular 

Outcomes 

 

Clopidogrel is an oral antiplatelet agent 

used to prevent atherothrombotic 

events in patients with Acute Coronary 

Syndrome (ACS) or those undergoing 

Percutaneous Coronary Intervention 

(PCI). It is a prodrug requiring two-step 

hepatic bioactivation, with CYP2C19 

mediating the crucial first step. 
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● The Clinical Problem: Patients carrying 

LoF alleles (*2, *3) cannot effectively 

convert clopidogrel to its active 

metabolite. This leads to high on- 

treatment platelet reactivity. In the 

context of a coronary stent, this lack of 

inhibition is catastrophic, leading to a 

significantly increased risk of Major 

Adverse Cardiovascular Events (MACE), 

particularly stent thrombosis, which has 

a high mortality rate. 

 

● Prevalence: The *2 allele is found in 

approximately 15% of Caucasians and 

Africans, but up to 30-35% of Asians. This 

makes CYP2C19 genotyping particularly 

relevant in Asian populations, where the 

standard dose of clopidogrel is 

ineffective for a large segment of the 

population. 

 

 

● Strength of Recommendation: The 

recommendation to switch therapy is 

graded as "Strong" for ACS/PCI 

indications, reflecting robust evidence 

from randomized controlled trials and 

meta-analyses. For non-ACS indications 

(e.g., neurovascular), the 

recommendation is "Moderate" due to 

less definitive data. 

 

● The "Reverse" Effect: Interestingly, the 

*17 allele (Ultra-rapid Metabolizer) leads 

to increased active metabolite 

formation. While this potentially 

increases bleeding risk due to excessive 

platelet inhibition, clinical guidelines 

primarily focus on the lack of efficacy in 

PMs/IMs as the more immediate life- 

threatening concern. 

 

3.1.3 CPIC Guidelines 

and 2025 Updates 

The CPIC guidelines for clopidogrel have 

undergone significant refinement, with 

the most recent major update published 

in 2022 and sustained through 2025. 

 

● Therapeutic Recommendations: The 

guidelines recommend avoiding 

clopidogrel in CYP2C19 PMs and IMs. For 

these patients, alternative P2Y12 

inhibitors that do not depend on 

CYP2C19 bioactivation—specifically 

prasugrel or ticagrelor—are 

recommended at standard doses. This 

recommendation holds provided there 

are no contraindications, such as a 

history of stroke or TIA for prasugrel, 

which carries a higher bleeding risk. 

 

3.1.4 CYP2C19 in 

Gastroenterology 

 
● Proton Pump Inhibitors (PPIs): 

CYP2C19 is the primary metabolic 

pathway for PPIs (e.g., omeprazole, 

lansoprazole, pantoprazole). 

 

● Rapid Metabolizers (RM/UM): These 

patients metabolize PPIs rapidly, leading 

to significantly lower plasma 

concentrations. In conditions like H. 

pylori infection or severe erosive 

esophagitis, this can lead to treatment 

failure. Guidelines suggest increasing the 

dose or frequency for these patients to 

achieve adequate acid suppression. 
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● Poor Metabolizers (PM): These 

patients have much higher exposure to 

the drug. While this ensures excellent 

acid suppression, it may place them at 

higher risk for long-term side effects 

associated with PPIs, such as magnesium 

deficiency or bone fractures. However, 

for short-term therapy, PMs generally 

respond better to standard doses. 

3.1.5 CYP2C19 in 

Psychiatry 

● Antidepressants: CYP2C19 metabolizes 

several SSRIs, including sertraline and 

citalopram. 

 

Clinical Case Study: A recent report 

highlights a patient treated with 

sertraline for 20 years who developed 

cognitive dysfunction and hyponatremia 

after the addition of cannabidiol (CBD). 

The patient was a CYP2C19 IM. The 

interaction between the genetic 

reduction in metabolism and the 

inhibition of CYP2C19 by CBD led to toxic 

levels of sertraline. Another case 

involved a patient who failed multiple 

antidepressants; genotyping revealed he 

was a CYP2C19 IM and CYP2D6 PM, 

causing aberrant metabolism of 

venlafaxine and bupropion. These cases 

illustrate the necessity of considering 

both genotype and drug-drug 

interactions 

(phenoconversion). 

● Dosing: For citalopram, the FDA 

recommends a maximum dose of 20 

mg/day for CYP2C19 PMs due to the risk 

of QT interval prolongation, a precursor 

to fatal arrhythmias. 

3.2 CYP2D6: The Neuro- 

Psychiatric and 

Analgesic Modulator 

3.2.1 Complexity of the 

Locus 

CYP2D6 is arguably the most complex 

pharmacogene, characterized by over 

100 defined allelic variants. The gene is 

located on chromosome 22 and is highly 

polymorphic, involving single nucleotide 

polymorphisms, small 

insertions/deletions, and larger 

structural variants including 

multiplications, deletions, tandem 

arrangements, and hybridizations with 

non-functional CYP2D7 pseudogenes. 

This extreme variability makes accurate 

genotyping a technical challenge, often 

requiring copy number analysis 

alongside SNV detection. 

 

3.2.2 Opioids and Pain Management 

Codeine and tramadol are widely used 

opioid analgesics. However, they are 

prodrugs that rely on CYP2D6 to 

generate their potent analgesic 

metabolites (morphine and O- 

desmethyltramadol, respectively). 

Poor Metabolizers (PM): These patients 

convert little to no codeine into 

morphine. Consequently, they 

experience little to no analgesic effect, 

even at high doses. This often leads to 

the erroneous label of "drug-seeking 

behavior" when patients complain of 

uncontrolled pain. 



8. 

 

 

 

● Ultra-rapid Metabolizers (UM): These 

patients possess multiple copies of the 

functional gene. They convert codeine to 

morphine at a dangerous rate, leading to a 

rapid spike in morphine levels. This results 

in a high risk of life-threatening 

respiratory depression, even at standard 

therapeutic doses. This phenomenon has 

led to regulatory black box warnings and 

CPIC guidelines recommending the 

avoidance of codeine and tramadol in 

both PMs (due to lack of efficacy) and 

UMs (due to safety risks). 

 

3.2.3 Antidepressants 

and Antipsychotics 

CYP2D6 metabolizes approximately 25% 

of all clinically used drugs, including 

tricyclic antidepressants (TCAs) like 

amitriptyline and nortriptyline, and SSRIs 

like paroxetine and fluoxetine. 

 

● Dosing Guidelines: CPIC guidelines 

(Level A) recommend dose reductions for 

PMs taking TCAs. TCAs have a narrow 

therapeutic index, and elevated levels can 

cause cardiotoxicity (arrhythmias) and 

severe anticholinergic side effects (dry 

mouth, constipation, confusion). 

Conversely, UMs may require alternative 

medications that are not metabolized by 

CYP2D6 to avoid treatment failure due to 

rapid clearance. 

● Tamoxifen: Tamoxifen is a prodrug used 

in breast cancer treatment, activated by 

CYP2D6 to endoxifen. Some guidelines 

suggest PMs may have lower endoxifen 

levels and potentially a higher risk of 

breast cancer recurrence. However, this 

association has been inconsistent in large 

trials, 

 
leading to conflicting recommendations. 

While NCCN guidelines suggest 

considering testing, it is not universally 

mandated in the same way as DPD testing 

for 5-FU. 

 

3.3 CYP2C9 and VKORC1: 

The Anticoagulation 

Balance 

3.3.1 Warfarin 

Pharmacogenetics 

 
Warfarin, a vitamin K antagonist, has been 

the gold standard for oral anticoagulation 

for decades. It has a narrow therapeutic 

index and high interindividual variability, 

necessitating frequent monitoring of the 

International Normalized Ratio (INR). Two 

genes primarily dictate warfarin dose 

requirements: 

 

1. PK Component (CYP2C9): The enzyme 

CYP2C9 metabolizes S-warfarin, the more 

potent enantiomer of the drug. Variants 

*2 and *3 significantly reduce clearance. 

Carriers of these alleles are at high risk of 

bleeding and require lower doses. 

Homozygous carriers of the *3 allele may 

require dose reductions of 80-90% 

compared to the wild type. 

1. PD Component (VKORC1): The gene 

VKORC1 encodes the target enzyme 

(vitamin K epoxide reductase). A common 

promoter variant (-1639G>A) reduces 

enzyme expression. Patients with the A 

allele have less enzyme to inhibit, making 

them more sensitive to warfarin. They 

require lower doses to achieve the 

therapeutic INR. 
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3.3.2 The CYP4F2 Modifier 

A third gene, CYP4F2, affects vitamin K 

metabolism. It encodes a vitamin K 

oxidase that removes vitamin K from the 

cycle. The *3 variant (V433M) results in 

reduced enzyme activity, leading to higher 

baseline vitamin K levels. To overcome 

this excess substrate, patients carrying 

the *3 allele typically require a modest 

dose increase (approximately 5-10%). 

4.1 DPD Deficiency and 

Fluoropyrimidines 

4.1.1 The Mechanism of Toxicity 

Fluoropyrimidines (5-fluorouracil [5-FU] 

and capecitabine) are the backbone of 

chemotherapy for gastrointestinal, 

breast, and head and neck cancers. The 

enzyme Dihydropyrimidine 

Dehydrogenase (DPD), encoded by the 

DPYD gene, is the rate-limiting step in the 

catabolism of 5-FU. It degrades >80% of 

the administered drug into inactive 

metabolites. 

 

● The Hazard: In patients with DPD 

deficiency (caused by variants like *2A, 

*13, and c.2846A>T), the metabolic 

pathway is blocked. The drug accumulates 

to toxic levels, leading to severe, often 

fatal, adverse events. These include 

Grade 3-4 neutropenia (predisposing to 

sepsis), severe mucositis, and intractable 

diarrhea. 

Statistics: DPD deficiency is present in 

approximately 3-5% of the general 

population. The risk of treatment-related 

death in untreated mutation carriers who 

receive standard 

4. Oncology 

Pharmacogenomics: 

Safety and Toxicity 

4.1 DPD Deficiency and 

Fluoropyrimidines 

 

4.1.1 The Mechanism of Toxicity 

Fluoropyrimidines (5-fluorouracil [5-FU] 

and capecitabine) are the backbone of 

chemotherapy for gastrointestinal, 

breast, and head and neck cancers. The 

enzyme Dihydropyrimidine 

Dehydrogenase (DPD), encoded by the 

DPYD gene, is the rate-limiting step in the 

catabolism of 5-FU. It degrades >80% of 

the administered drug into inactive 

metabolites. 

 

● The Hazard: In patients with DPD 

deficiency (caused by variants like *2A, 

*13, and c.2846A>T), the metabolic 

pathway is blocked. The drug accumulates 

to toxic levels, leading to severe, often 

fatal, adverse events. These include 

Grade 3-4 neutropenia (predisposing to 

sepsis), severe mucositis, and intractable 

diarrhea. 

Statistics: DPD deficiency is present in 

approximately 3-5% of the general 

population. The risk of treatment-related 

death in untreated mutation carriers who 

receive standard 

 

doses has been estimated at 3-10%. A 

study of 375 patients receiving 

fluoropyrimidines found that 12.5% 

carried a DPYD mutation, and these 

patients experienced significantly higher 

rates of severe toxicity. 



10. 

 

 

 
 

4.1.2 2024-2025 Regulatory 

Updates 

The landscape for DPD testing shifted 

dramatically in 2024 and 2025, moving 

from a "recommended" status to a near- 

mandatory standard of care. 

 

● FDA and NCCN Action: In January 2025, 

the FDA updated safety alerts and 

product labels for capecitabine and 5-FU. 

The update urges providers to discuss 

DPD deficiency risks and testing options 

with patients prior to initiating therapy. 

Following this, the National 

Comprehensive Cancer Network (NCCN) 

updated its guidelines in June 2025 to 

formally recommend that oncologists 

discuss DPYD testing with patients. 

 

● Clinical Consequence: Hospitalization 

rates for severe toxicity in unscreened 

populations range from 10-20%. Universal 

testing is now advocated by major 

oncology bodies to prevent these 

"preventable adverse events," which not 

only harm patients but also burden the 

healthcare system with the costs of 

intensive care management for toxicity. 

 

3.1.5 CYP2C19 in 

Psychiatry 

For carriers of DPYD variants, CPIC 

provides specific dosing guidance: 

 

Intermediate Metabolizers 

(Heterozygotes): A 50% reduction in the 

starting dose is recommended. This 

allows for the possibility of up-titration if 

the reduced dose is well-tolerated, 

balancing safety with efficacy. 

 

● Poor Metabolizers 

(Homozygotes/Compound 

Heterozygotes): Use of 5-FU or 

capecitabine is generally contraindicated. 

If absolutely necessary, a massive dose 

reduction (<10% of standard) might be 

considered, but alternative non- 

fluoropyrimidine regimens are strongly 

preferred due to the extreme risk of fatal 

toxicity. 

5. Immunogenomics: 

HLA-B*5701 and 

Hypersensitivity 

 

5.1 Abacavir and HIV Treatment 

Abacavir is a nucleoside reverse 

transcriptase inhibitor (NRTI) used in 

combination antiretroviral therapy for 

HIV. While highly effective, its use was 

historically limited by a severe, 

unpredictable Hypersensitivity Reaction 

(HSR) affecting 5-8% of patients. 

Symptoms include fever, rash, 

gastrointestinal symptoms, and 

respiratory distress. Crucially, re- 

challenge with the drug after an HSR can 

result in a rapid, fatal anaphylactic-like 

reaction. 

5.2 The Genetic Link: HLA- 

B*5701 

The HSR is strongly associated with the 

Major Histocompatibility Complex (MHC) 

class I allele HLA-B5701*. The mechanism 

involves the drug binding non-covalently 

to the peptide-binding groove of the HLA- 

B*57:01 molecule. 



11. 

 

 

 
This binding alters the specificity of the 

HLA molecule, causing it to present "self" 

peptides as foreign to T-cells. This triggers 

a massive, inappropriate cytotoxic T-cell 

response, leading to the clinical 

manifestations of hypersensitivity. 

 

5.3 Screening Efficacy 

and Guidelines 

Prospective screening for HLA-B5701* is 

one of the most successful examples of 

PGx implementation in clinical practice. 

● Clinical Trials: The PREDICT-1 trial was a 

landmark randomized controlled trial that 

demonstrated the utility of screening. In 

the screened arm, the incidence of 

immunologically confirmed HSR was 0%, 

compared to 2.7% in the standard-of-care 

arm. Observational data from the OPERA 

cohort confirmed these findings in a real- 

world setting, showing a decline in HSR 

incidence from 1.8% to 0.2% as screening 

was adopted. 

● Standard of Care: Guidelines from the 

Department of Health and Human 

Services (DHHS) and CPIC mandate 

screening for HLA-B5701* before starting 

abacavir. A positive result is an absolute 

contraindication to the drug. The negative 

predictive value of the test is 100% for 

immunologically confirmed HSR, meaning 

a negative test effectively rules out the 

specific HLA-linked reaction, giving 

clinicians confidence to prescribe the 

drug. However, clinical monitoring is still 

advised as non-HLA mediated reactions 

can occur. 

6. The 2025 Frontier: 

6.1 Statin-Associated 

Musculoskeletal 

Symptoms (SAMS) 

Statins (HMG-CoA reductase inhibitors) 

are the most prescribed cholesterol- 

lowering drugs globally. While they are 

highly effective in reducing 

cardiovascular risk, their use is often 

limited by Statin-Associated 

Musculoskeletal Symptoms (SAMS), which 

range from mild myalgia (muscle pain) to 

severe myopathy and life-threatening 

rhabdomyolysis. The SLCO1B1 gene 

encodes the organic anion transporting 

polypeptide 1B1 (OATP1B1), a liver- 

specific transporter responsible for the 

hepatic uptake of statins from the blood 

. 

6.2 Mechanism of Interaction 

● Function: OATP1B1 moves statins into 

the hepatocyte, where they exert their 

effect (inhibiting cholesterol synthesis) 

and are metabolized. 

Dysfunction: Genetic variants that reduce 

OATP1B1 function lead to decreased 

hepatic uptake. This results in two issues: 

reduced efficacy (less drug in the liver) 

and, more importantly, increased 

systemic plasma concentrations. High 

levels of statin in the blood correlate 

directly with skeletal muscle toxicity. 

Simvastatin is the most sensitive to this 

effect, followed by atorvastatin, while 

rosuvastatin and pravastatin are less 

dependent on this transporter. 

6.3 The October 2025 

SLCO1B1 and Statin Safety Guideline Update 
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In October 2025, CPIC released a critical 

update to the SLCO1B1 guidelines 

following a review by the pharmacogene 

curation expert panel. This update was 

driven by the need to better characterize 

alleles found in underrepresented 

populations and to refine the risk 

prediction models. 

 

● Specific Allele Updates: 

 

● **Alleles 9 and 31: The evidence 

summaries and strength of evidence 

assignments were updated, providing 

clearer guidance on the functional impact 

of these variants. 

**Alleles *39, 41, and 45: The functional 

assignments for these alleles were revised 

based on new data regarding their impact 

on OATP1B1 transporter activity. This is 

crucial as some of these alleles may be 

more prevalent in specific non-European 

populations, ensuring that risk 

stratification is equitable. 

 

● Clinical Implication: This refinement 

allows for more precise risk stratification. 

The guidelines generally recommend that 

for patients with decreased function 

phenotypes (e.g., *521CC genotype), 

clinicians should choose an alternative 

statin that is less dependent on OATP1B1 

(e.g., rosuvastatin or pravastatin) or use a 

lower dose of the potent statins. For 

simvastatin, the recommendation is often 

to avoid the 80 mg dose entirely in 

carriers and cap the dose at 20 mg or 40 

mg depending on the specific genotype. 

6.4 The "Additional Risk 

Factors" Clause 

The guidelines emphasize that genetics 

does not exist in a vacuum. The 

recommendation to alter therapy is often 

contingent on the presence of "Additional 

Significant Risk Factors" for myopathy. 

These include: 

● High statin dose. 

● Interacting medications (e.g., 

gemfibrozil, amiodarone). 

● Advanced age. 

● Low body mass index (BMI). 

Comorbidities like renal impairment. For 

patients with the SLCO1B1 521 CC or TC 

genotype and these risk factors, the 

recommendation to choose an alternative 

agent is strong. For those without 

additional risk factors, the guidance may 

be to monitor closely or use a lower 

starting dose. 

7. Artificial Intelligence in 

Pharmacogenomics (2024- 

2025) 

7.1 The AI Revolution in Genomics 

As of late 2025, Artificial Intelligence (AI) 

has moved from a research novelty to a 

core component of PGx analysis. The 

volume of data generated by Whole 

Genome Sequencing (WGS) and the 

complexity of gene-gene interactions 

exceed human analytical capacity. AI 

offers the ability to integrate multi- 

dimensional data—genomic, proteomic, 

and clinical—to generate more accurate 

predictions of drug response. 
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7.2 Key Applications 

● Predicting Phenotypes: Traditional PGx 

looks at single genes. AI algorithms are 

now capable of predicting patient 

response to complex drugs like 

antidepressants and antipsychotics by 

integrating Polygenic Risk Scores (PRS) 

and clinical variables. For instance, AI 

models can predict antidepressant 

response with significantly higher 

accuracy than single-gene CYP2C19 or 

CYP2D6 testing alone. 

 

● Structural Biology and VUS: One of the 

biggest challenges in sequencing is the 

discovery of Variants of Uncertain 

Significance (VUS). These are rare 

mutations whose effect on the protein is 

unknown. AI models (like AlphaFold 

derivatives) are being used to predict the 

3D structural impact of these variants. By 

modeling the protein structure, AI can 

predict if a specific missense mutation 

will destabilize the enzyme or alter its 

active site, allowing for rapid functional 

classification without the need for 

expensive and time-consuming in vitro 

laboratory studies. 

 

● Drug Discovery: AI is accelerating the 

discovery of new pharmacogenomic 

markers. By mining vast datasets from 

biobanks (like the UK Biobank and All of 

Us program), AI identifies subtle 

correlations between genetic variants and 

adverse event reports that would be 

invisible to standard statistical methods. 

 

7.3 AI in CRISPR and Gene 

Editing 

 

 

 

Beyond small molecule drugs, AI is 

revolutionizing gene therapy. In 2025, AI 

tools are being used to optimize CRISPR 

guide RNA (gRNA) design. * Off-Target 

Effects: A major risk of gene editing is 

"off-target" cuts, where the CRISPR 

machinery edits the wrong part of the 

genome, potentially causing cancer or 

other damage. AI models predict the 

likelihood of these off-target effects with 

high precision, allowing researchers to 

design safer gRNAs. 

 

● Repair Outcomes: AI also predicts how 

the cell will repair the DNA break (via 

Non-Homologous End Joining or 

Homology-Directed Repair), which is 

crucial for determining if the gene edit 

will be successful in correcting the 

disease-causing mutation. 

8. Implementation Barriers 

and Solutions 

8.1 Current Challenges 

 

Despite the clear evidence and the 

availability of guidelines, widespread 

implementation of PGx faces several 

significant hurdles: 

 

1. Education: There is a persistent 

knowledge gap among primary care 

providers regarding when to test, which 

test to order, and how to interpret the 

results. Surveys indicate that while 

physicians believe PGx is useful, they 

often lack the confidence to use it. 
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1. Infrastructure: Many Electronic Health 

Record (EHR) systems lack the capability 

to store genetic data as discrete fields. 

Often, results are scanned as PDF 

documents, making them "invisible" to 

Clinical Decision Support (CDS) systems. 

Without automated alerts (e.g., a pop-up 

warning when a provider prescribes 

clopidogrel to a known CYP2C19 PM), the 

utility of the data is lost. 

 

2. Cost and Reimbursement: While the 

cost of sequencing has dropped, 

reimbursement remains inconsistent. 

Payers often cover testing for specific 

indications (e.g., HLA-B for abacavir) but 

may deny broader preemptive panels, 

deeming them "investigational" despite 

Level A evidence. 

 

3. Standardization: The lack of consensus 

on testing platforms and reporting 

formats complicates data portability. A 

patient tested at one hospital often 

cannot easily transfer their genetic profile 

to another health system. 

8.2 Solutions and Future 

Directions 

● Standardized Guidelines: The 

continued work of CPIC and the Dutch 

Pharmacogenetics Working Group (DPWG) 

is vital for harmonizing interpretation. 

These organizations provide the evidence 

base that payers and regulators need to 

validate the utility of testing. 

● Preemptive Testing Programs: Pilot 

programs in 2025 (e.g., in Saudi Arabia and 

major US academic centers) are 

demonstrating the feasibility of 

preemptive testing. In these models, a 

broad panel of pharmacogenes is tested 

early in a patient's care (perhaps even at 

birth or upon entry to a health system), 

 

 

and the data is stored in the EHR, ready to 

be used whenever a drug is prescribed in 

the future. This "test once, use for a 

lifetime" model maximizes the cost- 

effectiveness of PGx. 

● Point-of-Care Testing: For acute 

situations, such as a patient presenting 

with a stroke who needs immediate 

antiplatelet therapy, rapid point-of-care 

tests (buccal swabs with 60-minute 

results) are becoming more accessible. 

These allow for immediate, genotype- 

guided decision-making at the bedside. 

9. Conclusion 

The field of pharmacogenomics has 

achieved significant milestones by 2025. 

The transition from discovering genetic 

associations to implementing rigorous, 

guideline-based care is well underway. 

The integration of CYP2C19 testing in 

cardiology, DPYD screening in oncology, 

and HLA-B testing in infectious disease 

represents a triumph of translational 

science. These interventions are no longer 

theoretical; they are preventing strokes, 

saving cancer patients from lethal 

toxicity, and stopping severe allergic 

reactions. 

However, the field is evolving. The 

October 2025 updates to SLCO1B1 

annotations and the increasing reliance 

on AI-driven interpretation signal a move 

towards a more granular and inclusive 

understanding of human genetics. The 

focus is shifting from simple monogenic 

traits to complex, AI-decoded polygenic 

predictions that account for the diversity 

of global populations. As barriers to 

implementation—such as EHR integration 

and provider education 
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—are systematically dismantled, personalized medicine: safer, more 

pharmacogenomics is poised to become effective, and equitable treatment for 

the standard of care. This evolution fulfills every patient, grounded in the unique 

the promise of reality of their own genome. 
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