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The pharmacogenetics global panel analyzes genetic-based variation in the response to different drugs with a single 
panel. This study covers all drugs and genetic variants contained in the recommendations of the main practice  
pharmacogenetics guidelines.
The pharmacogenetics global panel provides information on treatment individualization for more than 175 drugs, 29 
genes, and 950 genetic regions.

Sources of  information and main clinical practice guidelines in pharmacogenetics:
• Clinical Pharmacogenetics Implementation Consortium (CPIC) [47 drugs].
• Royal Dutch Association for the Advancement of Pharmacy - Pharmacogenetics Working Group (DPWG) [86 drugs].
• Canadian Pharmacogenomics Network for Drug Safety (CPNDS) [8 drugs].
• Guidelines by other scientific societies: Groupe de Pharmacologie Clinique Oncologique (GPCO-Unicancer), Réseau National de 

Pharmacogénétique Hospitalière (RNPGx), American College of Rheumatology (ACR) [2 drugs].
• US FDA Table of Pharmacogenomic Biomarkers in Drug Labeling [145 drugs]

ABCC3 [1 allele, 1 region]
CALU [2 alleles, 2 regions]
COMT [3 alleles, 3 regions]
CYP1A2 [16 alleles, 14 regions]

CYP2C18 [1 allele, 1 region]
CYP3A4 [22 alleles, 20 regions]
GGCX [4 alleles, 4 regions]
NAT1 [15 alleles, 16 regions]

NAT2 [15 alleles, 9 regions]
RARG [1 allele, 1 region]
SLC28A3 [1 allele, 1 region]
UGT1A6 [1 allele, 1 region]

Secondary genes [12]:

1Whole-gene sequencing and CNV analysis using our depth-of-coverage technique. Comparative analysis of high-homology regions 
(CYP2D6, CYP2D7, and CYP2D8). 2Analysis of ambiguous HLA alleles (IMGT/HLA v3.12) using an in-house developed software.

CYP2B6 [23 alleles, 18 regions]
CYP2C19 [15 alleles, 15 regions]
CYP2C9 [13 alleles, 14 regions]
CYP2D61 [28 alleles, 24 regions, CNVs 
analysis]
CYP3A5 [15 alleles, 13 regions]
CYP4F2 [3 alleles, 2 regions]

DPYD [12 alleles, 10 regions]
F5 [1 allele, 1 region]
G6PD [212 alleles, 173 regions]
HLA-A [1 allele, 1 region]
HLA-B2  [2932 alleles, 627 regions]
IFNL3 [1 allele, 1 region]

NUDT15 [3 alleles, 2 regions]
SLCO1B1 [19 alleles, 15 regions]
TPMT [12 alleles, 7 regions]
UGT1A1 [8 alleles, 6 regions]
VKORC1 [1 allele, 1 region]

Main genes [17]:

Pharmacogenetics Global Panel
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Genitourinary system                
and sex hormones

Oral contraceptives: 
ethinylestradiolGuideline

Urinary antispasmodics:  
darifenacin FDA, fesoterodine FDA, 
mirabegron FDA

Benign prostatic hyperplasia: 
tamsulosin FDA, tolterodine FDA

Other: elagolix FDA, flibanserin FDA, 
ospemifene FDA

Digestive system and 
metabolism

Gastric protectors (proton pump 
inhibitors): dexlansoprazole 
FDA, esomeprazole Guideline, FDA,       
lansoprazole Guideline, FDA, omeprazole 
Guideline, FDA, pantoprazole Guideline, FDA, 
rabeprazole Guideline, FDA

Antiemetics: dronabinol Guideline, 
metoclopramide Guideline, ondansetron 
Guideline, FDA, palonosetron FDA, 
tropisetronGuideline

Intestinal anti-inflammatories5:  
sulfasalazine FDA

Oral antidiabetics:  chlorpropamideFDA, 
gliclazide Guideline, FDA, glimepiride Guideline, FDA, 
glibenclamide Guideline, FDA

Drugs for Gaucher disease 
treatment: eliglustat Guideline, FDA

Respiratory system

Beta-2 adrenergic agonists: 
salmeterol

Antitussives: dextromethorphan FDA

Dermatology

Topical antibiotics: mafenide FDA, silver 
sulfadiazine FDA

Other

Sodium nitrite FDA, succimer FDA

Analgesics, anesthetics, 
and musculoskeletal
system

Opioid analgesics: codeine Guideline, FDA, 
oxycodoneGuideline, tramadol Guideline, FDA

Nonsteroidal anti-inflamatory drugs 
(NSAIDs): celecoxib FDA, IbuprofenGuideline, 
flurbiprofenFDA, lornoxicamGuideline, 
meloxicamGuideline, piroxicamFDA, 

Guideline, tenoxicamGuideline, aceclofenac, 
acetylsalicylic acid, diclofenac, o 
indomethacin, ketorolac, lumiracoxib, 
metamizole, nabumetone, naproxen, 
sulindac

Antigout: allopurinolGuideline, lesinurad 
FDA, pegloticase FDA, rasburicase FDA

Local anesthetics: chloroprocaine FDA, 
lidocaine FDA, mepivacaine FDA, prilocaine 
FDA, ropivacaine FDA, tetracaine FDA 

Centrally acting muscle relaxants: 
carisoprodol FDA

Antidepressants:

Selective serotonin reuptake 
inhibitors (SSRIs): citalopramGuideline, FDA, 
escitalopramGuideline, FDA, fluoxetineGuideline, FDA, 
fluvoxamineGuideline, FDA, paroxetineGuideline, FDA, 
sertralineGuideline, FDA

Serotonin–norepinephrine reuptake 
inhibitors (SNRIs): desvenlafaxine, 
duloxetineGuideline, FDA, venlafaxineGuideline, FDA

Non-selective monoamine reuptake 
inhibitors or tricyclic antidepressants 
(TCAs): amitriptylineGuideline, FDA, 
amoxapine FDA, clomipramineGuideline, FDA, 
desipramineGuideline, FDA, doxepinGuideline, FDA, 
imipramineGuideline, FDA, nortriptylineGuideline, FDA, 
trimipramineGuideline, FDA

Monoamine oxidase inhibitors (MAOIs): 
moclobemide Guideline

Atypical antidepressants and other 
antidepressants: agomelatine, 
bupropion, mianserin, mirtazapineGuideline, 
moclobemide, nefazodoneFDA, reboxetine, 
trazodone, vortioxetine FDA

Antipsychotics: 

First-generation antipsychotics 
(FGA): chlorpromazine, clotiapine, 
droperidol, fluphenazineGuideline, 
haloperidolGuideline, levomepromazine, 
loxapine, perphenazineFDA, periciazine, 
pimozideGuideline, FDA, zuclopenthixolGuideline

Second-generation antipsychotics 
(SGA): amisulpride, aripiprazolGuideline, 

FDA, asenapina, brexpiprazole FDA, 
cariprazine FDA, clozapine, iloperidone 
FDA, olanzapineGuideline, paliperidone, 
quetiapineGuideline, risperidoneGuideline, FDA, 

sertindole, sulpiride, tiapride, ziprasidone

Antiepileptics: 

Brivaracetam FDA, carbamazepineGuideline, 

FDA, clonazepam, stiripentol, 
ethosuximide, phenytoinGuideline, FDA, 
fosphenytoin FDA, lacosamide FDA, 
oxcarbazepineGuideline, FDA, perampanel, 
tiagabine, zonisamide

Drugs indicated for ADHD: 

AtomoxetineGuideline, FDA

Benzodiazepines: 

Alprazolam, bromazepam,        
clobazam FDA, diazepam FDA

Drugs indicated for dementias 
(cholinesterase inhibitors): 

DonepezilFDA, galantamineFDA, 
rivastigmine

Other drugs that act on the nervous 
system: 

Amifampridine FDA, cevimeline FDA, 
deutetrabenazine FDA, hydroxyzine, 
lofexidine FDA, tetrabenazine FDA

Cardiovascular system

Antiplatelet agents: clopidogrelGuideline, 

FDA, prasugrel FDA, ticagrelor FDA

Oral anticoagulants:     
acenocoumarol3 Guideline, FDA, apixaban, 
dabigatran, edoxaban, rivaroxaban, 
warfarin3 Guideline, FDA

Hypolipidemic agents: 
atorvastatinGuideline, fluvastatinGuideline, 
lovastatin, pitavastatin, pravastatin, 
rosuvastatin FDA, simvastatinGuideline

Betablockers: atenolol Guideline,  
bisoprolol Guideline, carvedilol, celiprolol, 
metoprolol, nebivolol FDA, propranolol FDA, 
sotalol Guideline

Antiarrhythmics: amiodarone Guideline, o 
disopyramide Guideline, dronedarone, 
flecainide, propafenoneGuideline, FDA, 
quinidine FDA

Hemostatic agents: lusutrombopag FDA

Immunosuppressive
agents

Calcineurin inhibitors:                    
tacrolimus Guideline

Thiopurines: azathioprine Guideline, 

FDA, mercaptopurine Guideline, FDA, 
thioguanineGuideline, FDA

Antineoplastic agents

Fluoropyrimidines: 5-fluorouracilGuideline, 

FDA, capecitabineGuideline, FDA, tegafur Guideline, 

FDA

Topoisomerase inhibitors: irinotecan 
Guideline, FDA

Hormonal therapy: tamoxifenGuideline, FDA

Anthracyclines4: daunorubicin Guideline, 
doxorubicin Guideline

Platins4: cisplatin Guideline

Antiandrogens: flutamide FDA

Tyrosine kinase inhibitors: trametinib 
FDA, gefitinib FDA, nilotinib FDA

PARP inhibitors: rucaparib FDA

Anti-infective agents

Antifungal agents:                
voriconazole Guideline, FDA

Antiviral agents-HCV: ribavirin Guideline

Antiviral agents-HIV: abacavir Guideline, 

FDA, atazanavir Guideline, FDA, dolutegravir FDA, 
efavirenz Guideline, FDA, raltegravir

Antiparasitics: chloroquine FDA, 
hydroxychloroquine FDA, primaquine FDA, 
quinine FDA, tafenoquine FDA

Other: nalidixic acid FDA, dapsoneFDA, 
isoniazid FDA, nitrofurantoin FDA, o 
trimethoprim-sulfamethoxazoleFDA

Central nervous system: psychiatry and neurology

Drugs included in the report

*Guidelines: Pharmacogenetics clinical practice guidelines. FDA: FDA (Food and Drug Administration) Table of Pharmacogenomic 
Biomarkers. 3 An algorithm to calculate starting doses is available. For more information, please contact the clinical team at Health in 
Code. 4 Pharmacogenetic study for pediatric patients.  5 The study includes other indicated drugs; see section "Immunosuppressive 
agents - Thiopurines".

The pharmacogenetic study is of very high clinical value for the underlined drugs.
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On pharmacogenetics and its clinical value

Pharmacogenetics studies the effect of genetic variations on a person's capacity to metabolize and process drugs, 
as well as their relationship with the pharmacological effects produced by drugs. Individuals who carry certain genetic 
variants respond differently to prescribed drugs. The prescribed dose and posology may be adequate for one 
individual but be ineffective or even cause severe adverse effects in another.

Pharmacogenetic studies provide clinicians with very valuable information to prescribe a personalized treatment 
plan to the patient and to study the causes for atypical responses observed during clinical practice. The genetic 
variants of interest for personalized drug prescription are located in genes that encode drug-metabolizing enzymes, 
pharmacological targets, signaling pathways, or immune system proteins.

Pharmacogenetics as a strategy for personalized medicine

It increases the efficacy of pharmacological treatment:
Generally, only 50-60% of patients benefit from prescribed treatments. This percentage is even lower in some 
diseases, as is the case with oncological treatments. The prescribing physician is forced to modify the treatment 
following a trial-error process; meanwhile, the disease progresses and patients continue to suffer the symptoms 
(Spear et al.).

It reduces adverse pharmacological reactions:
Epidemiological studies in different healthcare settings have shown that drugs constitute the main cause of healthcare-
related adverse events. Several publications have estimated that the systematic application of pharmacogenetics 
would reduce the number of adverse events in the general population by 10% and 25% (Spear et al., Carpenter et al.).

It increases adherence and therapeutic compliance:
About half of patients take their prescribed treatment according to the instructions received. Poor treatment 
adherence is more common in certain groups of patients, such as patients who are taking several medications or 
those who suffer from chronic pathologies. Patients who follow a dosing regimen based on pharmacogenetic 
recommendations are more adherent to their treatments (Haga et al).

It has a good cost-benefit ratio and reduces medical expenses:
Over 80% of the economic evaluation studies of different pharmacogenetic tests show that they have a good 
cost-benefit ratio or save costs (Berm et al).

The Health in Code clinical team, which is formed by cardiologists, neurologists, immunologists, geneticists, 
pharmacists, and biologists specialized in medical genetics, systematically reviews and evaluates published clinical 
bibliography, especially pharmacogenetic clinical practice guidelines. Our clinical report provides specific therapeutic 
strategies supported by clinical practice guidelines to increase the patients’ quality of life.

•  Spear BB, Heath-Chiozzi M, Huff J. Clinical application of pharmacogenetics. Trends Mol Med. 2001;7(5):201-204.
• Ministerio De Sanidad SSEI. Estrategia Seguridad del Paciente 2015-2020. https://www.seguridaddelpaciente.es/es/informacion/publicaciones/2015/estrategia-
seguridad-del-paciente-2015-2020/. Published 2015. Accessed August 24, 2018.
• Carpenter JS, Rosenman MB, Knisely MR, Decker BS, Levy KD, Flockhart DA. Pharmacogenomically actionable medications in a safety net health care system. SAGE 
open Med. 2016;4:2050312115624333.
• Haga SB, LaPointe NMA. The potential impact of pharmacogenetic testing on medication adherence. Pharmacogenomics J. 2013;13(6):481-483. doi:10.1038/
tpj.2013.33.
• Berm EJJ, Looff M de, Wilffert B, et al. Economic Evaluations of Pharmacogenetic and Pharmacogenomic Screening Tests: A Systematic Review. Second Update of 
the Literature. Bruns H, ed. PLoS One. 2016;11(1):e0146262.
• Schork NJ. Personalized medicine: Time for one-person trials. Nature. 2015;520(7549):609-611.

ABILIFY® 
(Aripiprazol) 
Schizophrenia

NEXIUM® 
(Esomeprazol) 
Acidity

CRESTOR® 
(Rosuvastatin) 
Hyperlipidemia

CYMBALTA® 
(Duloxetine) 
Depression

PLAVIX ® 
(Clopidogrel) 
Myocardial infarction

Drug efficacy. For every patient that benefits (blue), between 4 and 26 patients fail to do so (grey)

Representation based on numbers needed to treat (NNT) for the 10 top drugs in terms of economic resource spending in the USA. 
Published by Schork et al.
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Eligible patients for a pharmacogenetic study

Patients are usually selected according to the drug that they are receiving or will receive due to their diagnosis.

Genes of interest encode enzymes which are either involved in the metabolism of the drug or in its transport between 
different tissues, or are targets of pharmacological action. These genes are not essential for life and, therefore, it 
has been shown that, many function-modifying variants accumulate in the general population. The effect of these 
variants is only manifested when the individual receives a certain treatment.

Implementation programs from the United States report that more than 90% of individuals carry clinically relevant 
variants in the main genes included in clinical practice guidelines (Dunnenber et al.).

Generally, patients that can be considered eligible for study are those that meet one or more of the 
following criteria:

• Diagnosed with a condition for which some of the studied drugs are indicated, especially those with higher clinical 
relevance. Ideally, the study must be performed prior to treatment prescription.

• History of numerous treatment changes due to toxicity problems, lack of response, etc.

• Condition for which many drugs with different adverse effects and metabolic profiles are available (depression, 
schizophrenia, dyslipidemias, etc.).

• Polymedication (numerous drugs with possible interactions between them).

• Vulnerable populations (children, elderly people with pathologies of a certain degree of severity, transplanted 
patients) have a higher risk of suffering adverse effects.

• Toxic treatments (oncology) or treatments with potentially very severe toxicity that can be predicted by 
pharmacogenetics (e.g., antiepileptics and adverse dermatological reactions, general anesthetics, and neuroleptic 
malignant syndrome).

Dunnenberger HM, Crews KR, Hoffman JM, et al. Preemptive clinical pharmacogenetics implementation: current programs in five US medical centers. Annu Rev 
Pharmacol Toxicol. 2015;55:89-106.

Health in Code pharmacogenetic studies

From genotype to therapeutic recommendation: pharmacogenetics 
clinical report 

Health in Code provides the clinician with the necessary tools and information to make decisions based on the 
best available knowledge on the variants detected in the patient. The test is not intended as a substitute for clinical 
examination by a physician.

Health in Code reports focuses on those drugs the patient is taking or can be prescribed for their diagnosis. We have 
established a clinical recommendation priority level system constituted by four categories. Each evaluated drug is 
assigned one of the categories. This process takes into account the magnitude of the expected clinical effect of the 
identified genetic variants on drug response and the need for an assessment of the adequacy of the treatment provided 
to the patient.

Our team of experts analyzes all the genetic variants that influence the drug and elaborates a common 
recommendation. 

Requires an alternative 
treatment or a major dose 

adjustment

Consider dose adjustment 
or alternative treatment

May require adjustment 
(clinically confirm adequate 

response)

Similar response to the 
general population

The patients can store the test results on a USB flash drive and show them to their physician.
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Clinical interpretation and initial guidelines 
about the indicated treatment.

Frontpage: clinical interpretation and initial counseling on the indicated treatment. Table of clinical priority 
classification of the recommendation.

Health in Code report is divided into:

Table summarizing the classification of the 
clinical priority of recommendations.

pharmacogenetic report frontpage pharmacogenetic report frontpage 
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Result interpretation—
summary: 

Recommendations 
that must be taken 

into account for drug 
prescription. It combines 

all available information on 
the different genotypes 

and from the literature.

Ordered according to 
therapeutic groups  (ATC).

Genotypes associated 
with pharmacogenetic 
response and 
classification.

Relevant literature 
references.

Classification of the 
recommendation's priority.

Study results contains a table with key information about each drug. This information contains a therapeutic 
recommendation summary for each individual drug and also for the genotypes that have been taken into account 
to provide the recommendation.

 pharmacogenetic report detailed results section

Detailed results expands on the information which is presented in the previous table charts. It lays out the clinical 
information identified in the medical literature that the team of experts at Health in Code has evaluated.

Genotypes identified in the patient: 

Table with genotype results associated with 
drug response. 

General information on the drug and its 
pharmacogenetics.

Conclusions:

It lays out and discusses in greater detail the 
bibliographical information of interest for the 
patient's genotype.

pharmacogenetic report study results section
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In-house developed database and 
bioinformatics software

The response to a drug can be altered by the presence of an individual genetic variant, but it generally depends on 
a series of variants in a certain gene combined in a specific manner (haplotype). Combinations of specific variants 
frequent in the general population that are associated with differences in pharmacological response between 
individuals have been described and characterized.

In addition, the presence of structural variants (e.g. copy number variations or "CNVs") is fundamental to explain 
differences in pharmacological response between individuals. 

Health in Code uses:
• In-house developed database of drugs, genetic variants, and medical literature of interest on clinical 

pharmacogenetics.

• Custom bioinformatics software to evaluate combinations of genetic variants identified by massive sequencing. 

This database is fundamental for the provision of personalized medicine, allowing us to generate detailed reports with 
the available clinical information on the detected variants. The quality and relevance of this information are assessed 
by our experts, who provide advice on practical applications and recommendations for the clinical management of 
each patient.

The interpretation of Health in Code studies is performed in accordance with the standards of the main clinical 
practice guidelines for pharmacogenetics. These standards facilitate decision-making and the clinical application of 
the genotyping results obtained in the laboratory (Caudle et al.).

Advanced management of genetic information and medical knowledge

Study of variant combinations (haplotypes). In color (different from blue) are represented the variants that define the different 
haplotypes. 

Drug response is usually associated with a combination of specific variants (haplotype). These combinations of variants are inherited 
together as a block. Certain combinations of variants frequent in the general population, which are named with a common standard, 
have been identified and characterized.

Mother’s haplotype: *2

Mother’s haplotype: *1

Father’s haplotype: *3

Father’s haplotype: *3
*1/*3
Daughter

Son
*2/*3

Mother
*1/*2

*3/*3
Father
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Next generation sequencing panels

Exhaustive study of genetic regions of interest with clinically-oriented custom panels 
Health in Code studies are carried out by massive NGS using a panel of custom designed capture probes. Massive 
sequencing allows us to use more efficient sequencing panels that include more variants; therefore, it reduces the 
possibility of errors due to partial designs with a lower number of genetic variants of clinical interest.
The validation of pharmacogenetic studies has been performed with well-characterized control samples from the 
GeT-RM project (Pratt et al.) and with samples from intercorporate projects that we participate in. 

Established 
phenotype:

Normal 
metabolizer

Normal 
metabolizer

Intermediate 
metabolizer

Ultrarapid 
metabolizer

The importance of selecting variants in the 
panel

A CYP2D6 assay that only detects 2 variants, 
c.2850C> T (rs16947) and c.4180G> C 
(rs1135840), cannot distinguish between *2 
(c.2850C> T, c.4180G> C), *17 (c. 1023C> 
T [rs28371706], c.2850C> T, c.4180G> C), 
and *21 (c.2573_2574insT [rs72549352], 
c.2850C> T, c.4180G> C).

For the same sample, laboratory 1 would 
establish a normal metabolizer (*1/*2) a 
more complete analysis (laboratory 2) 
reduces the possibility of error. This error 
may not be clinically important (*1/*17); or 
it could and, what is more, with opposing 
effects: intermediate metabolizer (*1/*17) or 
ultrarapid metabolizer (*1/*2xN) (Pratt et al.). *2XN

*1

*21

*1

*17

*1

*2

*1

La
b 

1
La

b 
2

1023C >T

2573_2574insC

2850C >T

4180G >C

Analysis of a deletion in CYP2D6

Comparative analysis of the 
coverage data (top panel) and 
normalized coverage (bottom 
panel) in CYP2D6. Each blue 
line represents a sample 
from a patient. The green line 
corresponds to the sample 
median. The red line
corresponds to a deletion in 
heterozygosity.

Study of highly polymorphic genes
Health in Code employs custom NGS capture probes to study highly polymorphic genes, together with an in-house 
algorithm that takes into account the identified variants, alignments with different haplotypes, and coverage data.
HLA is a highly polymorphic gene. Some variants in this gene are associated with immune-mediated hypersensitivity 
adverse reactions to some drugs, such as antiepileptics (carbamazepine, phenytoin), allopurinol, etc.

Study of structural variations (CNVs)
Health in Code has developed an algorithm for detecting large duplications and deletions (CNV) based on the comparative 
analysis of the coverage data that our NGS studies generate. This approach allows us to improve the diagnostic yield of 
our panels without increasing their price.

Structural variants are frequent in genes related to drug metabolism and have a high prevalence in the general 
population (over 5,500 CNVs in pharmacogenetics genes in a cohort of 60,000 individuals). Some of them are very 
relevant, such as CYP2D6, which metabolizes approximately 25% of drugs on the market (Santos et al.).

• 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. 2016;(January):1-9. doi:10.1038/gim.2016.87.
• Pratt VM, Everts RE, Aggarwal P, et al. Characterization of 137 Genomic DNA Reference Materials for 28 Pharmacogenetic Genes: A GeT-RM Collaborative Project. J 
Mol Diagnostics. 2016;18(1):109-123. doi:10.1016/j.jmoldx.2015.08.005.
• Santos M, Niemi M, Hiratsuka M, et al. Novel copy-number variations in pharmacogenes contribute to interindividual differences in drug pharmacokinetics. Genet Med. 
2018;20(6):622-629. doi:10.1038/gim.2017.156



19

*Guidelines: Clinical practice pharmacogenetic guidelines. FDA: FDA (Food and Drug Administration) Table of Pharmacogenomic 
Biomarkers. 

Selective serotonin reuptake inhibitors 
(SSRIs)

Second generation antipsychotics         
(ASG, SGA)Benzodiazepines

Anticonvulsants

Drugs indicated in dementias 
(cholinesterase inhibitors)

Other drugs that act on the nervous systemTricyclic antidepressants (TCAs)

Indicated drugs for ADHD

Serotonin-norepinephrine reuptake 
inhibitors (SNRIs)

Monoamine oxidase inhibitor

Atypical antidepressants and other 
antidepressants

MoclobemideGuideline

Pharmacogenetic testing can provide clinically useful information for therapy with the drugs listed below. For most of 
them, international clinical practice guidelines providing genotype-based strategies and therapeutic recommendations 
have been published.

CitalopramGuideline, FDA               

EscitalopramGuideline, FDA              

FluoxetineGuideline, FDA         

Amisulpride

Aripiprazol Guideline, FDA

Asenapine 

BrexpiprazoleFDA

Cariprazine FDA

Clozapine Guideline, FDA

Iloperidone FDA

Olanzapine Guideline

Alprazolam 

Bromazepam 

Brivaracetam FDA

CarbamazepineGuideline, FDA 

Clonazepam 

Stiripentol 

Ethosuximide

Phenytoin Guideline, FDA

Donepezil FDA

Galantamine FDA

AmitriptylineGuideline, FDA

AmoxapineFDA

ClomipramineGuideline, FDA

DesipramineGuideline, FDA

Atomoxetine Guideline, FDA

DesvenlafaxineFDA

DuloxetineGuideline, FDA

FluvoxamineGuideline, FDA               

ParoxetineGuideline, FDA

SertralineGuideline, FDA

Paliperidone 

Quetiapine Guideline

Risperidone Guideline, FDA

Sertindole 

Sulpiride

Tiapride

Ziprasidone 

Clobazam FDA

Diazepam FDA

Fosphenytoin FDA

Lacosamide FDA

OxcarbazepineGuideline, FDA

Perampanel 

Tiagabine 

Zonisamide

Rivastigmine

DoxepinGuideline, FDA

ImipramineGuideline, FDA

NortriptylineGuideline, FDA

TrimipramineGuideline, FDA

VenlafaxineGuideline, FDA

Bupropion

MirtazapineGuideline

NefazodoneFDA

Trazodone 

Reboxetine 

VortioxetinaFDA

Agomelatine 

Mianserin 

First generation antipsychotics            
(APG, FGA)

Chlorpromazine 

Clotiapine

Droperidol 

Fluphenazine Guideline

Haloperidol Guideline

Levomepromazine

Loxapine 

Zuclopenthixol Guideline

Perphenazine FDA

Periciazine

Pimozide Guideline, FDA

Amifampridine FDA

Cevimeline FDA

Deutetrabenazine FDA

Hydroxyzine 

Lofexidine FDA

Tetrabenazine FDA

NEUROPSYCHIATRY AREA
Studied drugs:
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Antidepressants are a substrate of the cytochrome P450 (CYP) enzymes that metabolize them. Genetic variants 
that produce alterations in the activity of said enzymes can modify the response to these drugs, by decreasing 
their effectiveness and/or increasing the incidence of adverse effects. Some clinical practice guidelines [Clinical 
Pharmacogenetics Implementation Consortium (CPIC), Dutch Pharmacogenetics Working Group (DPWG)] and data 
sheets of regulation agencies (FDA, AEMPS) have established treatment strategies for many antidepressant drugs 
based on the patient’s genotype.

The majority of antidepressants are metabolized in a relevant manner by two or more CYP enzymes. The 
pharmacogenetic counseling is done by considering the combination of the results for the participating enzymes, 
depending on each case.

Relevant clinical guidelines

Antidepressants

• Jukić MM, Haslemo T, Molden E, Ingelman-Sundberg M. Impact of CYP2C19 genotype on escitalopram exposure and therapeutic failure: A retrospective 
study based on 2,087 patients. Am J Psychiatry. 2018;175(5):463-470. doi:10.1176/appi.ajp.2017.17050550.
• Pérez V, Salavert A, Espadaler J, et al. Efficacy of prospective pharmacogenetic testing in the treatment of major depressive disorder: results of a 
randomized, double-blind clinical trial. BMC Psychiatry. 2017;17(1):250. doi:10.1186/s12888-017-1412-1.
• Hall-Flavin DK, Winner JG, Allen JD, et al. Utility of integrated pharmacogenomic testing to support the treatment of major depressive disorder in a 
psychiatric outpatient setting. Pharmacogenet Genomics. 2013;23(10):535-548. doi:10.1097/FPC.0b013e3283649b9a.
• Maciel A, Cullors A, Lukowiak AA, Garces J. Estimating cost savings of pharmacogenetic testing for depression in real-world clinical settings. 
Neuropsychiatr Dis Treat. 2018;14:225-230. doi:10.2147/NDT.S145046.
• Winner JG, Carhart JM, Altar CA, et al. Combinatorial pharmacogenomic guidance for psychiatric medications reduces overall pharmacy costs in a 1 
year prospective evaluation. Curr Med Res Opin. 2015;31(9):1633-1643. doi:10.1185/03007995.2015.1063483.

Clinical relevance

The prescription and dosage of antidepressants based on the patient's genotype improves the probabilities of 
therapeutic response and reduces the frequency of adverse reactions:

• Jukić et al. analyzed 2,087 patients who were treated with escitalopram in whom the CYP2C19 genotype was 
studied. Plasma concentrations were 3.3 and 1.7 times higher in carriers of two alleles and of one loss-of-function 
allele, respectively. Treatment changes were 3.3, 1.6, and 3 times higher in patients with two non-functional alleles, 
one allele, and two gain-of-function alleles, respectively. Thirty-three percent of the analyzed patients had a 
genotype compatible with an alteration in the metabolic pathway.

• Pérez et al. observed a response improvement in 51.3% of patients that had a pharmacogenetic study, whereas 
this number was 36.1% in those with no study, OR=1.86 (PGI-I<2, 12 weeks) and less adverse effects: 51.4% 
versus 68.5% OR=0.49; (FIBSER≤2, 12 weeks).

• Hall-Flavin et al. have estimated a response improvement in 38.6% versus 17.7%, OR=2,92 (HAM-D-17<8, 8 
weeks); 29.8% versus 11%, OR=3,27 (QIDS-C16<6, 8 weeks); 33.3% versus 11.5%, OR=3,85 (PHQ-9<5, 8 weeks).

Pharmacogenetic testing for the dosage of antidepressants has demonstrated to have a favorable cost-benefit 
relation:

• Maciel et al. estimated that 3,962 USD will be saved per patient per year in North America. This savings estimate 
took into account the mean costs attributed to responsive patients, in remission and non-responsive, and also the 
genetic study cost, which was valued at 2,000 USD per patient.

• Winner et al. estimated a reduction in medicine costs of 1,035,60 USD per patient per year in North America. 
In their study, they included patients with different psychiatric pathologies (mainly depressive disorder and anxiety 
disorder) that had a failed first pharmacological treatment.
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> Tricyclic antidepressants

Pharmacogenetics 

Main enzymes that participate in amitriptyline metabolism.

Clinical implications:

Genetic variants in CYP2D6 and in CYP2C19 
have been associated with differences in the 
plasma concentrations of amitriptyline and 
of its metabolites, as well as with differences 
in the risk of adverse reactions and in the 
therapeutic effectiveness.

Amitriptyline is a tertiary amine that is metabolized by CYP2C19 
to a secondary amine, at the same time that the secondary 
amine and amitriptyline are metabolized through CYP2D6 to less 
active hydroxy metabolites. 

In the case of using amitriptyline as antidepressant treatment, 
specific recommendations made by clinical practice guidelines 
for the different phenotype combinations of CYP2D6 and 
CYP2C19 exist.

CYP2D6  I  Cytochrome P450 2D6 

CYP2C19  I  Cytochrome P450 2C19

Clinical recommendations based on DPWG and CPIC guidelines:

Ultrarapid 
metabolizer

Normal      
metabolizer

Intermediate 
metabolizer

Poor metabolizer

Rapid o ultrarapid 
metabolizer

Alternative  
treatment1, 2

Alternative     
treatment1

Alternative 
treatment1

Alternative   
treatment1

Normal metabolizer Alternative   
treatment2

Usual doses Initial dose    
reduction of 25% - 
40%1,2

Alternative treatment 
or 50% reduction of 
the initial dose1,2

Intermediate 
metabolizer

Alternative   
treatment2

Usual doses1 Initial dose    
reduction of 25%3

Alternative treatment 
or 50% reduction of 
the initial dose3

Poor metabolizer Alternative   
treatment2

Initial dose reduction  
of 50%1

Alternative 
treatment3

Alternative   
treatment3

1 CPIC recommendations (Clinical Pharmacogenetics Implementation Consortium).  2 DPWG recommendations (Dutch 
Pharmacogenetics Working Group). 3 PharmaGKB . 4 CYP2D6 does not present the "rapid metabolizer" phenotype.

AMITRIPTYLINE

CYP2D64

CYP2C19
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Antipsychotics are effective in 30-60% of patients, and approximately 7% of the patients who receive pharmacological 
treatment experience a severe adverse reaction. A great part of interindividual variability in the response and secondary 
effects is due to genetic factors. 

The majority of antipsychotics have an important first step metabolism; therefore, alterations in the activity of the 
metabolizer enzymes can play an important role in the patient's response to antipsychotic treatment. CYP2D6, 
CYP3A4, CYP1A2, and CYP2C19 constitute the main genes associated with variability in the metabolism of these 
drugs.

Antipsychotics

Relevant clinical guidelines

Clinical relevance

The genetic study allows to identify patients who have a risk of lack of response or adverse effects to clozapine 
due to their metabolism:

• Eap et al. published the cases of four patients in whom the CYP1A2*1F allele was associated with a lack of 
response to clozapine due to a metabolism increase and low plasma levels. A good clinical control of the patients 
was obtained through two strategies: clozapine dosage increase (1,400 mg/day) or combined with low dose of 
fluvoxamine (50-100 mg/day, CYP1A2 inhibitor).

• Bolla et al. published the cases of three patients in whom the presence of the CYP1A2*1C allele was associated 
with a reduction in the metabolism of clozapine and third degree neurological adverse effects. Conventional 
clozapine dosage (150-300 mg/day) was administered and other causes, such as renal and hepatic disease, and 
pharmacological interactions were ruled out.

The patient's genotype is important to dose the antipsychotics when they are swapped from oral intake to 
parenteral. Presystemic metabolism of orally-administered drugs does not occur when administered parenterally:

• Panagiotidi et al. reported that the influence of the CYP2D6 genotype on the plasma levels of haloperidol was 
different when administered orally or parenterally due to presystemic metabolism.

• Hendset et al. reported that serum concentrations of aripiprazole and the sum of aripiprazole and dehydroaripiprazole 
were 70% and 50% higher, respectively, in patients with CYP2D6 loss of function.

Performing a pharmacogenetic study for antidepressants has proven to have a favorable cost-benefit relation:

• Fagerness et al. reported that the prescription of treatment based on the genotype increased medication 
adherence by 6% and reduced outpatient spending by 9.5%, or 562 USD per patient during the 4-month 
follow-up period.

• Eap CB, Bender S, Jaquenoud Sirot E, et al. Nonresponse to clozapine and ultrarapid CYP1A2 activity: clinical data and analysis of CYP1A2 gene. J Clin 
Psychopharmacol. 2004;24(2):214-219. 
• Bolla E, Bortolaso P, Ferrari M, et al. Are CYP1A2*1F and *1C associated with clozapine tolerability?: a preliminary investigation. Psychiatry Res. 
2011;189(3):483. 
• Hendset M, Hermann M, Lunde H, Refsum H, Molden E. Impact of the CYP2D6 genotype on steady-state serum concentrations of aripiprazole and 
dehydroaripiprazole. Eur J Clin Pharmacol. 2007;63(12):1147-1151. 
• Panagiotidis G, Arthur HW, Lindh JD, Dahl M-L, Sjöqvist F. Depot haloperidol treatment in outpatients with schizophrenia on monotherapy: impact of 
CYP2D6 polymorphism on pharmacokinetics and treatment outcome. Ther Drug Monit. 2007;29(4):417-422. 
• Fagerness J, Fonseca E, Hess GP, et al. Pharmacogenetic-guided psychiatric intervention associated with increased adherence and cost savings. Am 
J Manag Care. 2014;20(5):e146-56. 
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Pharmacogenetics 

Enzyme associated with the variability in haloperidol 
metabolism.

Clinical implications:

Genetic variants in CYP2D6 have been 
associated with differences in haloperidol 
plasma concentrations and its metabolites, 
and with an increase in the risk of adverse 
effects (QT interval prolongation).

> First generation antipsychotics 
(APG, FGA)

The main metabolic pathway for haloperidol is hepatic 
glucuronidation. To a lesser degree, cytochrome's P450 
isoenzyme, CYP2D6, also intervenes. Haloperidol can interact 
with voltage dependent cardiac potassium channels, leading 
to prolongation of the QT interval, torsades de pointes, and 
potentially fatal adverse reactions. The DPWG guidelines 
recommend dose modifications based on the patient's CYP2D6 
genotype to lower the risk of toxicity. 

Clinical recommendations based on the DPWG guidelines:

CYP2D6 Therapeutic recommendation Level of evidence:1 
and degree of clinical 
relevance:2 DPWG

Poor metabolizers
[two non-functional alleles] 
0.4-5.5 % population

Reduce the initial dose by 50% and follow-up on the therapeutic 
response for dose adjustment. Consider alternative treatment 
not metabolized by CYP2D6 (e. g., flupentixol, fluphenazine, 
quetiapine, olanzapine, clozapine).

4C

Intermediate metabolizers
[one non-functional allele] 
0.5 – 11 % population

Prescribe conventional dose and provide routine clinical 
follow-up.

4A

Normal metabolizers 
[two functional alleles]   
65-90 % of the population

Prescribe conventional dose and provide routine clinical 
follow-up.

-

Ultrarapid metabolizers
[gain-of-function alleles]             
1-20 % of the population

Close follow-up of the response; using higher than usual dose 
may be necessary. Adjustment according to response and 
monitoring of plasma levels. Consider alternative treatment 
not metabolized by CYP2D6 (e. g., flupentixol, fluphenazine, 
quetiapine, olanzapine, clozapine).

4C

1 Level of evidence: range from 0 (weak evidence) to 4 (strong evidence) 2 Degree of clinical relevance: range from AA (low 
impact) to F (high impact).

HALOPERIDOL

CYP2D6   I  Cytochrome P450 2D6 
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Clinical recommendations based on the DPWG1 and FDA2 guidelines

CYP2D6 Therapeutic recommendation Level of evidence:3 
and degree of clinical 
relevance:4 DPWG

Poor metabolizers
[two non-functional alleles] 

1 Reduce the maximum dose to 10 mg/day or 300 mg/month 
(67-75% of the standard maximum dose)
2 Oral aripiprazole: reduce the initial dose to 50%. Reduce 
by 75% in patients that also take strong CYP3A4 inhibitors 
(itraconazole, clarithromycin). 
2 Parenteral aripiprazole: Reduce from 400 mg to 300 mg or 200 
mg in patients that also receive CYP3A4 inhibitors.

4C

Intermediate metabolizers
[one non-functional allele] 

1, 2 Prescribe conventional dose and provide routine clinical 
follow-up.

4B

Normal metabolizers 
[two functional alleles]   

1, 2 Prescribe conventional dose and provide routine clinical 
follow-up.

-

Ultrarapid metabolizers
[gain of function]             

1, 2 Prescribe conventional dose and provide routine clinical 
follow-up.

3AA#

Aripiprazole is mainly metabolized by the CYP3A4 and CYP2D6 
enzymes. Poor CYP2D6 metabolizers present an increase in 
aripiprazole plasma concentrations of 80% and a 30% reduction 
of its active metabolite when compared with normal metabolizers.

> Second generation antipsychotics 
(ASG, SGA)

Pharmacogenetics 

Enzyme associated with variability in aripiprazole 
metabolism.

Clinical implications:

Genetic variations in CYP2D6 have been 
associated with differences in the sum of 
aripiprazole plasma concentrations and its 
active metabolite, and with an increase in the 
risk of adverse effects.

CYP2D6     I  Cytochrome P450 2D6

3 Level of evidence: range from 0 (weak evidence) to 4 (strong evidence). 4Degree of clinical relevance: range from AA (low 
impact) to F (high impact) AA# indicates positive clinical effect. 

ARIPIPRAZOLE
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• Brown JT , Abdel-Rahman SM  , van Haandel L  , Gaedigk A  , Lin YS , Leeder JS  . Single dose, CYP2D6 genotype-stratified pharmacokinetic study of 
atomoxetine in children with ADHD. Clin Pharmacol Ther. 2016 Jun;99(6):642-50.

Atomoxetine is an inhibitor of noradrenaline reuptake that is 
used for the treatment of attention deficit hyperactivity disorder 
(ADHD). It is used as a second-line treatment when there is a lack 
of response or contraindications to central action stimulants 
(methylphenidate or lisdexamfetamine). Genetic variation in 
CYP2D6 has a very important influence on the pharmacokinetics 
of atomoxetine.

Clinical relevance

The pharmacogenetic study can identify patients that do not respond to atomoxetine and proposes personalized 
dosing strategies: 

• Brown et al. carried out a pharmacogenetic study which was stratified according to CYP2D6 genotypes regarding 
the dose-exposure relation for atomoxetine in children with ADHD. The indicated maximum dose on the technical 
sheet could be sufficient in some patients. Systemic exposition varies greatly: AUC 4.4 μM*h in UM, 5.8 μM*h in 
EM, 16.3 μM*h in IM, and 50.2 μM*h in PM.

Clinical recommendations based on the DPWG and CPIC guidelines:

CYP2D6 Therapeutic recommendations CPIC degree of 
recommendation. DPWG level of 
evidence1 and clinical relevance2 

Ultrarapid metabolizers
[gain-of-function alleles] 
1-20 % of the population

Closer follow-up due to decrease in the treatment's 
efficacy.

Initial dose of 0.5mg/kg/day and increase to 1.2 mg/kg/day 
three days later. Adjust according to plasma levels if there 
is no response in two weeks.

CPIC: ++ (moderate)

DPWG: 3AA

Normal metabolizers                                                         
[two functional alleles] 
65-90% of the population

Prescribe conventional dose and provide routine clinical 
follow-up.

CPIC: ++ (moderate)

DPWG: -

Intermediate 
metabolizers 
[one non-functional allele]   
0.5-11% of the population

Initial dose 0.5 mg/kg/day. Close follow-up due to a greater 
predisposition to adverse reactions (2- to 3-fold increase in 
plasma concentrations).

If secondary effects occur or the patient does not respond 
after 2 weeks*, dose according to plasma levels. 

CPIC: ++ (moderate)

DPWG: 4B

Poor metabolizers            
[two non-functional alleles]             
0.4-5.5 % of the population

Initial dose 0.5 mg/kg/day. Close follow-up due to a greater 
predisposition to adverse reactions (8-11 fold increase in 
plasma concentrations).

If secondary effects occur or the patient does not respond 
after 2 weeks*, dose according to plasma levels.

CPIC: +++ (strong)

DPWG: 4B

*two weeks CPIC and nine weeks DPWG. 1 Level of evidence: range from 0 (weak evidence) to 4 (strong evidence). 2 Degree 
of clinical relevance: range from AA (low impact) to F (high impact).

Pharmacogenetics

Atomoxetine suffers biodegradation mainly through the 
CYP2D6 enzymatic system. The main oxidative metabolite that 
is formed is 4-hydroxyatomoxetine, which is equally as potent 
as atomoxetine, though it does circulate in plasma in much 
lower concentration.

Clinical implications:

Increases between 5 and 10 times in plasma 
concentrations of individuals with loss of 
function of CYP2D6 are observed.

CYP2D6 I  Cytochrome P450 2D6

Relevant clinical guidelines

Atomoxetine                                                                          
[Indicated drugs for ADHD]
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Drug category Drugs Genes of interest and additional information

Selective serotonin 
reuptake inhibitors 
(SSRIs)

Citalopram CPIC, DPWG, FDA [CYP2D6, CYP2C19, CYP3A4, CYP2B6]

SSRIs are metabolized through different cytochrome P450 isoenzymes, 
mainly CYP2D6, CYP2C19, and CYP2C9. Certain variants in these genes have 
been associated with interindividual differences in the plasma concentrations 
of drugs, and also with the treatment's efficacy and adverse effects frequency.

The metabolic pattern for each of the SSRIs is different, allowing for the 
selection of the most suitable treatment for each patient and avoiding those 
drugs that use metabolic pathways that are altered in the patient.

In a general manner, individuals with genetic variants that modify the function 
of CYP2D6 present an alteration in the response to paroxetine, fluvoxamine, 
and fluoxetine; variants in CYP2C19 are associated with alterations in 
citalopram, escitalopram, and sertraline; variants in CYP2C9 are associated 
with alterations in fluoxetine. Clinical practice guidelines, technical sheets 
from regulation agencies, and clinical protocols provide specific dosing 
strategies for each of these cases.

Escitalopram CPIC, DPWG, FDA

Fluoxetine DPWG, FDA

FluvoxamineCPIC, DPWG, FDA

ParoxetineCPIC, DPWG, FDA

SertralineCPIC, DPWG, FDA

Serotonin-
norepinephrine 
reuptake inhibitors 
(SNRIs)

DesvenlafaxineFDA [CYP2D6, CYP3A4, CYP1A2]

CYP2D6 metabolizes SNRIs (venlafaxine, desvenlafaxine, and duloxetine) 
in different degrees. Alteration of the gene's enzymatic activity has a larger 
clinical relevance for venlafaxine and duloxetine than for desvenlafaxine. This 
last one could be an adequate alternative for individuals that suffer enzymatic 
alterations in CYP2D6.

Duloxetine DPWG, FDA

VenlafaxineDPWG, FDA

Drug category Drugs Genes of interest and additional information

Tricyclic 
antidepressants 
(TCAs)

AmitriptylineCPIC, DPWG, FDA [CYP2D6, CYP2C19, CYP3A4, CYP1A2]

Depending on the structure, TCAs and their metabolites show differences in 
their metabolism and relative affinity for neurotransmitter receptors. Tertiary 
amines (amitriptyline, clomipramine, doxepin, imipramine, and trimipramine) 
have a more pronounced serotonergic effect, and secondary amines 
(nortriptyline and tertiary amine metabolites) have a larger noradrenergic 
effect. Regarding their metabolism, tertiary amines are metabolized by 
CYP2C19 to secondary amines and by CYP2D6 to hydroxymetabolites. 
Secondary amines are mainly metabolized by CYP2D6 to hydroxymetabolites. 
Hydroxymetabolites do not keep their antidepressant activity, but they do 
keep their cardiac toxicity activity.

Genetic variants in CYP2D6 and CYP2C19 have been associated with 
differences in the plasma concentrations of different drugs and their 
metabolites, as well as with differences in the risk of adverse reactions 
and therapeutic efficacy. TCA selection and dosing strategies have been 
developed according to the genotype, backed by clinical practice guidelines 
and technical sheets from the drug's regulation agencies.

AmoxapineFDA

ClomipramineCPIC, DPWG, FDA

DesipramineCPIC, FDA

DoxepinCPIC, DPWG, FDA

ImipramineCPIC, DPWG, FDA

NortriptylineCPIC, DPWG, FDA

TrimipramineCPIC, DPWG, FDA

Atypical 
antidepressants 
and other 
antidepressants

Mirtazapine DPWG [CYP1A2, CYP2A6, CYP2C9, CYP2E1, CYP2C19, CYP3A4, CYP2D6, 
CYP2B6]

Antidepressants such as mirtazapine, moclobemide, vortioxetine, and 
nefazodone have an important therapeutic role in patients that do not 
respond or that have suffered adverse effects to first line therapies (SSRIs, 
SNRIs). Study of the metabolic profile, especially of CYP2D6, is useful for the 
selection of treatments that are especially indicated in patients that have 
failed to previous treatments or that have suffered adverse reactions with 
first line treatments.

Nefazodone FDA

Trazodone

MoclobemideDPWG

Reboxetine

Vortioxetine FDA

Agomelatine

Mianserin

Bupropion
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Drug category Drugs Genes of interest and additional information

First generation 
antipsychotics (APG, 
FGA)

Chlorpromazine [CYP2D6, CYP3A4, CYP1A2, CYP2C19]

FGA and SGA are metabolized through different cytochrome P450 
isoenzymes. Among them, CYP2D6 is the most widely studied one at the 
pharmacogenetic level and is the one included in clinical practice guidelines.

Study of the remaining isoforms of the CYP complex allows for tailoring of the 
prescription of antipsychotic treatment.

Individuals with loss of function of one of the enzymes have a reduced 
metabolic capacity compared with the reference population, which can lead 
to an increase in plasma concentrations of certain FGA and SGA. This fact 
can be associated with the appearance of severe adverse effects, such as 
the prolongation of the QT interval.

Likewise, an increase in enzymatic activity is associated with the need of 
dose increase and risk of therapeutic failure.

Also, patients with altered metabolism respond differently to a change in the 
way the drug is administered.

In the case of pimozide, the FDA has published an alert in which they 
recommend genotyping CYP2D6 when doses higher than 0.05 mg/kg/day 
are used in children and 4 mg/day in adults.

Clotiapine

Droperidol

Fluphenazine DPWG

Haloperidol DPWG

Levomepromazine

Loxapine

Periciazine

Perphenazine FDA

Pimozide DPWG, FD

Zuclopenthixol DPWG

Second generation 
antipsychotics (ASG, 
SGA)

Amisulpride

Aripiprazole DPWG, FDA

Asenapine

BrexpiprazoleFDA

Cariprazine FDA

Clozapine DPWG, FDA

Iloperidone FDA

Olanzapine DPWG

Paliperidone

Quetiapine DPWG

Risperidone DPWG, FDA

Sertindole

Sulpiride

Tiapride

Ziprasidone

Drug category Drugs Genes of interest and additional information

Anticonvulsants Brivaracetam FDA [CYP2C9, CYP2C19]

The FDA table of pharmacogenomic biomarkers mentions that patients with 
reduced activity of CYP2C19 may need lower doses, since the formation of 
its metabolite can be reduced two to tenfold, while brivaracetam levels are 
increased 22% and 42%, respectively, in individuals with one or two mutated 
alleles.

Carbamazepine CPIC, 

CPNDS, FDA
[CYP1A2, CYP2C9, CYP2C19, CYP3A4, HLA-B]

Certain alleles of the HLA-B gene have been associated with an increase 
in the risk of developing immune-mediated hypersensitivity reactions. This 
association is more documented for carbamazepine, oxcarbazepine, and 
phenytoin; however, their cross-reaction with the remaining anticonvulsants 
of aromatic structure is very probable. Clinical practice guidelines and 
technical sheets of regulation agencies recommend using an alternative 
treatment in patients who are carriers of the associated alleles and HLA-B 
variants.

The selection and dosage of antiepileptics is a trial and error process based 
on clinical criteria. Some patients may not respond adequately or present 
adverse reactions. Some of them are due to matters related to metabolism. 
In clinical practice, it is usual to observe pharmacological interactions that 
can be produced in these patients before a determined drug is added or 
withdrawn. Genetic information allows for a more precise dosage plan and 
evaluation of the response to pharmacological treatment. The case that 
stands out the most and has the most bibliographical support is the study 
of CYP2C9 in the prescription of phenytoin and fosphenytoin. The value of 
personalized clinical treatment is evident due to its narrow therapeutic range 
and the great interindividual variability in dosage.  CYP2C9 explains a large 
part of interindividual variability in plasma levels, and, also, clinical practice 
guidelines with strategies for personalized dosage based on this gene's 
genotype have been published.

Phenytoin CPIC, DPWG, FDA

Fosphenytoin FDA

Oxcarbazepine CPIC , FDA

Clonazepam

Stiripentol

Ethosuximide

Lacosamide FDA

Perampanel

Tiagabine

Zonisamide
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Drug category Drugs Genes of interest and additional information

Centrally acting 
sympathomimetics

Atomoxetine CPIC, DPWG, FDA [CYP2D6]

Atomoxetine is metabolized through CYP2D6. The drug’s clinical practice 
guidelines and technical sheets contain information on the association of 
variants in this gene with response to the drug. Specifically, genetic study 
allows to identify patients who are non-responsive to the treatment who can 
benefit from higher than conventional dose, and also patients with a higher 
risk of adverse effects. In adults, a larger prevalence of adverse effects 
of anticholinergic type (blurry vision, dried mouth, constipation), sleeping 
disorders (insomnia), and sexual function disorders stand out; in children and 
adolescents, a greater proportion of weight loss has been noted.

Clinical practice guidelines with strategies for personalized dosage based on 
the genotype have been published.

Benzodiazepines Alprazolam [CYP3A4, CYP2C19]

The pharmacogenetic differences between benzodiazepines condition a 
different profile with respect to the beginning of their action, the duration 
of their effects, or their relative potency. Certain genetic variants in the 
enzymatic systems that metabolize benzodiazepines have been associated 
with interindividual variations in the beginning, duration, and potency of the 
effects. This fact can be related to a larger prevalence of adverse effects 
(e. g., due to a more intense or lasting action) or an inadequate response in 
individuals who are carriers for certain genetic variants.

Technical sheets for several benzodiazepines contain information on these 
associations between the genotype and the pharmacological response, 
and propose recommendations for individualized dosage in these patient 
populations.

Bromazepam FDA

Clobazam FDA

Diazepam FDA

Drug category Drugs Genes of interest and additional information

Anti-dementia drugs 
(cholinesterase 
inhibitors)

Donepezil FDA [CYP2D6, CYP3A4]

Even though they have the same action mechanism, cholinesterase 
inhibitors have different elimination mechanisms and a different degree of 
participation of the renal and hepatic systems, which determine the necessity 
of personalized selection and dosage. Rivastigmine has an elimination which is 
mainly renal, galantamine mainly hepatic, and donepezil's is mixed. Depending 
on the patient's renal and hepatic functions and the genotype of the enzymes 
that metabolize each of the drugs, personalized dosing strategies that 
improve the response expectations while at the same time reducing the 
derived adverse effects can be proposed. For example, patients who poorly 
metabolize CYP2D6 present a reduced clearance (31.5% slower for donepezil 
and a 25% reduction in the case of galantamine) which can be associated with 
an increase in the risk of developing adverse effects.

Galantamine FDA

Other drugs that 
act on the nervous 
system

Amifampridine FDA [NAT2, CYP1A2, CYP2D6, CYP3A4, CYP3A5, CYP2C19]

Genetic variants that modify the function of the enzymes that metabolize 
these drugs can be associated with alterations in the therapeutic response.

In the case of tetrabenazine, the FDA recommends a maximum daily dose of 
50 mg for CYP2D6 PM (with a maximum individual dose of 25 mg), whereas 
the maximum dose is 100 mg/day for NM and IM (maximum individual dose of 
37.5 mg).

Cevimeline FDA

Deutetrabenazine FDA

Hydroxyzine 

Lofexidine FDA

Tetrabenazine FDA

*CPIC: Clinical Pharmacogenetics Implementation Consortium, DPWG: Dutch Pharmacogenetics Working Group, CPNDS: 
Canadian Pharmacogenomics Network for Drug Safety, FDA: (Food and Drug Administration) table of biomarkers.
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* Guidelines: Pharmacogenetics-based clinical practice guidelines. FDA: FDA (Food and Drug Administration) Table of Pharmacogenomic 
Biomarkers.

Antiplatelet agents Antiarrhythmics

Hypolipidemic agents

Direct oral anticoagulants

Hemostatic agents

Vitamin K antagonist oral anticoagulants

Betablockers

Clopidogrel Guideline, FDA                 Ticagrelor FDA 

Prasugrel FDA 

Amiodarone Guideline 

Disopyramide Guideline

Dronedarone                 

Atenolol Guideline 

Bisoprolol Guideline 

Carvedilol Guideline, FDA 

Celiprolol

Atorvastatin Guideline               

Fluvastatin Guideline              

Lovastatin         

Pitavastatin              

Apixaban               

Rivaroxaban              

Lusutrombopag FDA

Acenocoumarol Guideline, FDA        Warfarina Guideline, FDA          

CARDIOVASCULAR AREA

Pharmacogenetic testing can provide clinically useful information for therapy with the drugs listed below. For most of 
them, international clinical practice guidelines providing genotype-based strategies and therapeutic recommendations 
have been published.

Metropolol Guideline, FDA                                  

Nebivolol FDA

Propranolol FDA

Sotalol Guideline

Flecainide            

Propafenone Guideline, FDA                

Quinidine FDA

Pravastatin

Rosuvastatin FDA

Simvastatin Guideline

Dabigatran             

Edoxaban

Studied drugs:
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Relevant clinical guidelines

CYP2C19   I  Cytochrome P450 2C19  

Individualization of antiplatelet treatment aims to maximize 
the reduction in risk of cardiovascular events while minimizing 
adverse events, such as bleeding. Clinical risk factors constitute 
the basis for treatment selection. Certain genetic variants 
can alter the risk-benefit ratio of each drug, and their analysis 
contributes to informed decision-making.

Antiplatelet agents

Pharmacogenetics 
Clopidogrel is an inactive prodrug that requires metabolic 
transformation, catalyzed by CYP2C19, to form an active 
metabolite that inhibits the P2RY12 receptor.

Clinical implications 
Carriers of non-functional alleles of the CYP2C19 gene, 
approximately 30% of the population, produce lower amounts 
of the active drug. For them, efficacy of clopidogrel is reduced 
and risk of thrombosis is higher when the standard dose is 
administered.

Antiplatelet agent selection:
Efficacy of prasugrel and ticagrelor is not 
affected by CYP2C19.

However, its pharmacological potency is 
higher, and they have been associated with 
a higher risk of hemorrhagic episodes in its 
pivotal trials.

Moreover, their cost is higher: prasugrel, 
€798.18/year, and ticagrelor, €1168.13/year, 
vs. clopidogrel, €219.13/year.

Clinical relevance

• A cost-benefit study by Fragoulakis et al. showed that genotype-based prescription led to an improvement in 
quality of life (0.9446 vs. 0.9379 QALYs) while reducing total cost (€2971 vs. €3205) (1) .

• A randomized controlled clinical trial by Xie et al. showed that genotype-based prescription decreased the 
frequency of cardiac and cerebrovascular adverse events from 9% to 2.7%. Moreover, bleeding events tended 
to be smaller in the CYP2C19 genotype-based prescription group than in the conventional treatment group (1.3% 
vs. 3.7%) (2). Additionally, a study by Cavallari et al. showed that most cardiac events occurred within the first 30 
days after coronary intervention (83%) (3).

• The TROPICAL ACS study by Sibbing, D. et al. assessed early de-escalation from prasugrel to clopidogrel 14 days 
after starting treatment, based on results from platelet aggregation tests. This strategy reduced healthcare costs 
while maintaining efficacy and decreasing risk of hemorrhage (4).

• Fragoulakis V, Bartsakoulia M, Díaz-Villamarín X, et al. Cost-effectiveness analysis of pharmacogenomics-guided clopidogrel treatment in Spanish 
patients undergoing percutaneous coronary intervention. Pharmacogenomics J. 2019. doi:10.1038/s41397-019-0069-1.
• Xie X, Ma YT, Yang YN, et al. Personalized antiplatelet therapy according to CYP2C19 genotype after percutaneous coronary intervention: A randomized 
control trial. Int J Cardiol. 2013;168(4):3736-3740. doi:10.1016/j.ijcard.2013.06.014.
• Cavallari LH, Magvanjav O, Anderson RD, et al. Clinical Implementation Of CYP2C19-genotype Guided Antiplatelet Therapy Reduces Cardiovascular 
Events After PCI. Circulation. 2015;132(Suppl 3):A11802. https://www.ahajournals.org/doi/abs/10.1161/circ.132.suppl_3.11802.
• Sibbing D, Aradi D, Jacobshagen C, et al. Guided de-escalation of antiplatelet treatment in patients with acute coronary syndrome undergoing 
percutaneous coronary intervention (TROPICAL-ACS): a randomised, open-label, multicentre trial. Lancet (London, England). 2017;390(10104):1747-
1757. doi:10.1016/S0140-6736(17)32155-4.

CYP2C19 Therapeutic recommendation CPIC degree of 
recommendation. DPWG level of 
evidence1 and clinical relevance2 

Poor metabolizers 
[2 non-functional alleles] 
0.25% population

Prescribe an alternative antiplatelet agent: prasugrel, 
ticagrelor in the absence of contraindications.

CPIC: Strong (+++)

DPWG: 4F

Intermediate metabolizers
[1 non-functional allele] 
27% population

Use a double dose: 150 mg/day (CPIC) (600 mg 
loading dose) or use an alternative antiplatelet agent 
(DPWG and CPIC).

CPIC: Moderate (++)

DPWG: 4F

Normal metabolizers 
[2 functional alleles]   
40% population

Prescribe conventional doses and perform routine 
clinical monitoring.

CPIC: Strong  (+++)

Rapid and ultrarapid 
metabolizers
[Gain of function]             
32% population

Prescribe conventional doses and perform close clinical 
monitoring. Theoretical increase in risk of hemorrhage.

CPIC: Strong (+++)

DPWG: 4A

1DPWG level of evidence: ranges between 0 (weak evidence) and 4 (strong evidence). 2DPWG clinical relevance: ranges 
between AA (low impact) and F (high impact).

Clinical recommendations based on the CPIC and DPWG guidelines:
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It is the main enzyme responsible for drug clearance.

It is the drug target and participates in the metabolism of vitamin K.

Play a secondary role in the metabolism of vitamin K.

Relevant clinical guidelines

CYP2C9    I  Cytochrome P450 2C9    

VKORC1  I  Vitamin K epoxide reductase 

CYP4F2, GGCX and CALU 

Vitamin K antagonist oral anticoagulants (warfarin and 
acenocoumarol) have a narrow therapeutic range and are 
highly variable in terms of dose requirements. Dosing is usually 
empirical, based on INR results. Genetic determinants are 
responsible for over 50% of variability in dose requirements.

Vitamin K antagonist oral anticoagulants                        
[Acenocoumarol and warfarin]

Other relevant information:

The reported incidence of major hemorrhage 
is up to 16%, and incidence of fatal 
hemorrhage is up to 2.9%.

Adverse events associated with the use of 
oral anticoagulants constitute one of the 
primary causes of emergency room visits.

It is the most frequent cause of drug-related 
mortality.

Clinical relevance

• The GIFT study (Gage et al.) demonstrated that pharmacogenetic dosing reduces the risk of major hemorrhage 
(R=0.24), of INR≥4 (RR=0.71), and of venous thromboembolism (RR=0.85) in patients treated with warfarin after 
knee or hip surgery (1).

• A cost-benefit study (Verhoef et al.) assessed pharmacogenetic dosing of warfarin and referred an incremental 
cost-effectiveness ratio (ICER) of £6702 per QALY (quality-adjusted life year) in the United Kingdom (2).

• The pharmacogenetic dosing algorithm for acenocoumarol developed by Borobia et al. in Spanish thromboembolic 
disease patients estimated a number of 5 genotyped patients required to prevent overdosing or underdosing 
cases (3).

• Gage BF, Bass AR, Lin H, et al. Effect of Genotype-Guided Warfarin Dosing on Clinical Events and Anticoagulation Control Among Patients Undergoing 
Hip or Knee Arthroplasty The GIFT Randomized Clinical Trial. JAMA. 2017;318(12):1115-1124. doi:10.1001/jama.2017.11469
• Verhoef TI, Redekop WK, Langenskiold S, et al. Cost-effectiveness of pharmacogenetic-guided dosing of warfarin in the United Kingdom and Sweden. 
Pharmacogenomics J. 2016;16(5):478-484. doi:10.1038/tpj.2016.41.
• Borobia AM, Lubomirov R, Ramírez E, et al. An acenocoumarol dosing algorithm using clinical and pharmacogenetic data in Spanish patients with 
thromboembolic disease. PLoS One. 2012;7(7):1-10. doi:10.1371/journal.pone.0041360.

Therapeutic recommendation CPIC and CPNDS degree of 
recommendation. DPWG level of 
evidence1 and clinical relevance2 

(1) Calculate dose using pharmacogenetic algorithms: reduces the time required 
to reach stable INR and increases time within range, thus reducing the risk of 
hemorrhagic and thromboembolic events.

CPIC: Strong (+++)
CPNDS: ++++
DPWG: 4A

(2) Consider alternative treatment in poor CYP2C9 metabolizers. CPIC, CPNDS: Strong (+++)
DPWG: 4A-D

(1) For initial loading dose, use EU-PACT algorithm.

(2) Decrease the calculated dose by 15-30% in carriers of CYP2C9*5, *6, *8 or *11.

CPIC: Optional (+)

(3) Increase the dose by 5-10% in carriers of CYP4F2 rs2108622 T. CPIC: Optional (+)
CPNDS: ++

Candidate patients for genetic study according to CPNDS

• Patients at risk of hemorrhagic complications.
• Patients consistently showing out-of-range INR values or unexplained INR fluctuations for over 3-4 weeks.
• Patients experiencing adverse events (bleeding) while on warfarin (B: moderate level of recommendation).
• All pediatric patients (B: moderate level of recommendation).
• Not recommended for patients who have reached stable INR (A: strong level of recommendation).

1DPWG level of evidence: ranges between 0 (weak evidence) and 4 (strong evidence). 2DPWG clinical relevance: ranges 
between AA (low impact) and F (high impact).

Clinical recommendations based on the CPIC, DPWG, and CPNDS guidelines for warfarin:



45

• Li JH, Joy SV, Haga SB, et al. Genetically guided statin therapy on statin perceptions, adherence and colesterol lowering: a pilot implementation study in primary care 
patients. J Pers Med. 2014;4(2):147-162. Doi:10.3390/jpm4020147.

The most common adverse effect related to statins is skeletal 
muscle toxicity (myalgia, myopathies, and rhabdomyolysis). 
Myalgia occurs in 1-5% of exposed individuals. According to data 
from the American National Health and Nutrition Examination 
Survey, the “number needed to harm” is 17.

Statins                                           
[Hypolipidemic agents]

Pharmacogenetics

It is the protein responsible for hepatic transport of statins. 
Alterations in SLCO1B1 function have been associated with 
changes in the systemic distribution of statins and their higher 
availability in skeletal muscle.

Clinical implications:

Individuals with decreased or absent 
SLCO1B1 function are at higher risk of 
myopathy when treated with certain statins. 
Between 12% and 45% of individuals carry 
genetic variants associated with SLCO1B1 
alterations.

Relevant clinical guidelines

Clinical recommendations based on the CPIC Guidelines:

SLCO1B1 Risk of toxicity Therapeutic recommendation CPIC degree of 
recommendation

Normal or increased function

[2 alleles with normal or 
increased function]

80-85% of the population

Similar to the general 
population

There are no recommendations for 
statin selection. Use regular doses.

Strong [+++]

Reduced or poor function

[1 or 2 alleles with reduced 
activity]

15-20% of the population

Increased Consider prescribing pravastatin 
or rosuvastatin. Consider routine 
CK (creatine kinase) testing during 
treatment with statins. 

Strong [+++]
Organic anion-transporting polypeptide 1B1 – OATP1B1
SLCO1B1

Clinical relevance

• A study by Li et al. showed that genotyped patients improved their LDL-C levels (12.4 mg/dl vs. 6.3 mg/dl) 
and had an increased rate of new statin prescriptions (55% vs. 20%) and increased BMQ (Brief Medication 
Questionnaire) scores related to treatment adherence.1
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Drug category Drugs Genes of interest and additional information

Antiplatelet agents Clopidogrel CPIC, DPWG, FDA [CYP2C19, CYP3A4, CYP2B6, CYP2C9, CYP3A5]

Clopidogrel and prasugrel are inactive prodrugs that require metabolic 
transformation to exert their effects. Ticagrelor is an active drug that is 
mainly cleared by CYP3A4.

Approximately 30% of the population does not benefit from treatment 
with clopidogrel due to the presence of variants in CYP2C19 that prevent 
drug activation. The CPIC and DPWG clinical guidelines and the regulatory 
agencies’ summaries of product characteristics recommend alternative 
prescription strategies in these patients.

Genotype-based prescription has proved more cost-effective than 
universal prescription of clopidogrel, prasugrel, or ticagrelor, considering the 
differences in cost, efficacy, and risk of hemorrhage of the three alternatives.

Prasugrel FDA

Ticagrelor FDA

Vitamin K antagonist 
oral anticoagulants Acenocoumarol DPWG, FDA [CYP2C9, CYP2C19, CYP1A2, VKORC1, CYP4F2, APOE, CYP4F2, CALU, 

GGCX]

Dose variability is highly dependent on genetic factors. VKORC1, the 
therapeutic target, accounts for 47% of variability, while CYP2C19, the main 
metabolic enzyme, accounts for up to 27%.

Dosing of oral anticoagulants using pharmacological criteria is described in 
several clinical practice guidelines and summaries of product characteristics 
from pharmaceutical regulatory agencies. This practice reduces the time 
required to reach therapeutic INR and increases the time within range, which 
results in a decreased risk of hemorrhagic and thromboembolic events.

Certain patients can benefit from the use of direct oral anticoagulants.

Warfarin CPIC, DPWG, CPND, FDA

Drug category Drugs Genes of interest and additional information

Direct oral 
anticoagulants

Apixaban [CYP1A2, CYP2C19, CYP2C8, CYP2C9, CYP2J2, CYP3A4, CYP3A5]

While new oral anticoagulants have a wider therapeutic range, genetic 
alterations in drug-metabolizing enzymes can modify plasma levels and risk of 
hemorrhage, particularly in patients with additional risk factors.

The metabolic pathways responsible for clearance are specific for each one 
of the drugs in this group. For example, CYP3A4 is the main responsible for the 
metabolism of apixaban and rivaroxaban. Summaries of product characteristics 
by regulatory agencies recommend against the concomitant administration 
of rivaroxaban and apixaban with metabolism inhibitors of CYP3A4. Carriers of 
variants that alter metabolism through this pathway could benefit from the use 
of dabigatran or edoxaban.

Rivaroxaban

Dabigatran

Edoxaban

Hypolipidemic 
agents

Atorvastatin DPWG [CYP2C8, CYP2C9, CYP2C19, CYP3A4, CYP2D6, SLCO1B1]

SLCO1B1 is the protein responsible for hepatic transport of statins. Alterations 
in SLCO1B1 function have been associated with changes in the systemic 
distribution of statins and their higher availability in skeletal muscle. Individuals 
with decreased SLCO1B1 function would be at higher risk of myopathy with 
certain statins but not with others. Therefore, prescription can be personalized 
according to the genotype.  The CPIC and DPWG guidelines provide strategies 
in this regard.

Between 12% and 45% of individuals carry genetic variants associated with 
alterations in SLCO1B1.

Additionally, genetic variants in metabolic enzymes can modify plasma 
concentration of statins and increase the risk of adverse events or inefficacy. 
Each statin has specific metabolic characteristics; thus, an alteration of 
a certain pathway can affect some statins but not others, allowing for 
personalized prescription based on genotype.

Fluvastatin DPWG

Lovastatin

Pitavastatin

Pravastatin

Rosuvastatin FDA

Simvastatin CPIC, DPWG
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Drug category Drugs Genes of interest and additional information

Antiarrhythmics Amiodarone DPWG [CYP2C8, CYP3A4, CYP2D6, CYP1A2, G6PD]

Antiarrhythmic drugs can be inefficient or induce unwanted symptoms, 
including potentially fatal arrhythmias, even when administered at 
conventional doses. This variability in therapeutic response has been 
closely associated with inter-individual differences in metabolic capacity of 
the different cytochrome isoenzymes.

Determining hepatic cytochrome activity before administering 
antiarrhythmic agents allows selecting the most suitable antiarrhythmic 
drugs and doses. Propafenone and flecainide are mainly metabolized 
through CYP2D6, while amiodarone and dronedarone are mainly 
metabolized by CYP3A4. The DPWG clinical practice guidelines and 
summaries of product characteristics by regulatory agencies provide 
specific dosing recommendations for carriers of variants altering the 
activity of these enzymes.

Disopyramide DPWG

Dronedarone

Flecainide

Propafenone DPWG, FDA

Quinidine FDA

Hemostatic agents Lusutrombopag FDA [F5]

Lusutrombopag is included in the FDA Table of Pharmacogenomic 
Biomarkers. This document recommends considering the potential risk of 
thrombosis in patients with predisposing risk factors, among which is factor 
V Leiden. The risk-benefit ratio must be reassessed in patients with this 
genotype.

Drug category Drugs Genes of interest and additional information

Beta blockers Atenolol DPWG [CYP1A2, CYP2C9, CYP2D6, CYP2E1, CYP3A4, CYP2C19]

Inter-individual variability in response to β-blockers has been observed and 
associated with the presence of certain genetic variants in the enzymatic 
systems metabolizing β-blockers, such as CYP2D6. 

CYP2D6 is involved in the hepatic clearance of several β-blockers. In the 
case of metoprolol, this pathway accounts for 70-80% of its metabolism. 
Carvedilol, nebivolol, and propranolol are substrates of the enzyme, but 
their contribution to its metabolism is smaller. Others, such as atenolol, are 
largely eliminated by the kidneys, with no metabolic changes involved.

Determining the CYP2D6 phenotype can guide the dosing of the different 
β-blockers or prioritize the use of β-blockers that are not metabolized by 
CYP2D6 in patients unlikely to respond adequately. The DPWG clinical 
practice guidelines and summaries of product characteristics from 
regulatory agencies provide specific dosing recommendations.

Bisoprolol DPWG

Carvedilol DPWG, FDA

Celiprolol

Metoprolol DPWG, FDA

Nebivolol FDA

Propranolol FDA

*CPIC: Clinical Pharmacogenetics Implementation Consortium. DPWG: Dutch Pharmacogenetics Working Group. CPNDS: 
Canadian Pharmacogenomics Network for Drug Safety. FDA: FDA (Food and Drug Administration) Table of Pharmacogenomic 
Biomarkers.
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*Guidelines: Pharmacogenetics-based clinical practice guidelines. FDA: (Food and Drug Administration) Table of Pharmacogenomic 
Biomarkers.

Fluoropyrimidines

Platinum (pediatric patients)

Anthracyclines (pediatric patients)

Topoisomerase inhibitors

MEK1 tyrosine kinase inhibitor

EGFR tyrosine kinase inhibitor

Bcr-Abl tyrosine kinase inhibitor

PARP inhibitor

Hormonal therapy

Antiandrogens

5-fluorouracil Guidelines, FDA                 Tegafur Guidelines 

Capecitabine Guidelines 

Cisplatin Guidelines

Flutamide FDA 

Doxorrubicin Guidelines               

Irinotecan Guideline, FDA                       

Trametinib FDA

Gefitinib FDA

Nilotinib FDA

Rucaparib FDA

Tamoxifen Guideline, FDA        

Pharmacogenetic testing can provide clinically useful information for therapy with the drugs listed below. For most of 
them, international clinical practice guidelines providing genotype-based strategies and therapeutic recommendations 
have been published.

Daunorrubicin Guidelines               

ONCOLOGY AREA
Studied drugs:
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Fluoropyrimidines (5-fluorouracil, capecitabine, and tegafur) are 
extensively used in solid tumor treatment, such as colorectal 
cancer, breast, or lung cancer. Approximately 10-40% of patients 
treated with fluoropyrimidines develop severe toxicity (e.g., 
neutropenia).

Pharmacogenetics 

It is an enzyme in charge of eliminating fluoropyrimidine active 
metabolites. Great interindividual variability has been observed 
in the enzymatic activity of DPD; this modifies a patient's 
exposure to fluoropyrimidines.

Clinical implications:

Individuals with non-functional DPYD 
alleles who receive conventional doses 
of fluoropyrimidines are at a higher risk 
of developing dose-dependent adverse 
reactions. The observed increase in plasma 
levels is between 40-80% and in the 
prevalence of toxicity episodes between 
39-61%.

• Deenen MJ, Meulendijks D, Cats A et al. Upfront genotyping of DPYD*2A to individualize fluoropyrimidine therapy: a safety and cost analysis. J Clin 
Oncol 2016; 34(3): 227–234
• Mercier C, Brunet C, Yang C et al. Pharmacoeconomic study in head and neck cancer patients: Impact of prospective DPD deficiency screening with 
5-fluorouracil (5-FU) dose tailoring on toxicities-related costs. J Clin Oncol 2009; 27(15 Suppl): 6515

Clinical relevance

• Deenen et al. reported that study of DPYD reduced the incidence of toxicity level ≥3 from 73% to 28% and lethal 
cases from 10% to 0%.1

• Mercier et al. reported that the cost per patient is reduced from $6,279 to $294 by applying strategies for 
individualized therapy based on the DPYD genotype.2

DPYD Therapeutic recommendation CPIC degree of recommendation. 
DPWG level of evidence1 and 
clinical relevance2

Normal metabolizer 
[two functional alleles] 
95 % of the population

Apply usual dose. CPIC: Strong (+++)

Intermediate metabolizer
[one non-functional allele] 
3-5 % of the population

Reduce initial dose (75%, 50%, or 25%, depending 
on the combination of the genetic variants identified 
in the patient) and adjust later doses according to 
the drug's toxicity and plasma levels.

CPIC Strong (+++)/ moderate(++)

DPWG: 4F

Poor metabolizer
[two non-functional alleles]   
0,3 % of the population

Avoid the use of fluoropyrimidines. If adequate 
alternatives are not available, use very reduced initial 
dose and consider monitoring of the drug's plasma 
levels.

CPIC: Strong (+++)

DPWG: 4F

 1DPWG level of evidence: ranges between 0 (weak evidence) and 4 (strong evidence). 2DPWG clinical relevance: ranges 
between AA (low impact) and F (high impact).

Relevant clinical guidelines

Clinical recommendations based on the CPIC and DPWG guidelines:

Fluoropyrimidines                                                         
[5-fluorouracil, capecitabine, tegafur]

DPYD  I  Dihydropyrimidine dehydrogenase - DPD
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• Goetz MP, Suman VJ, Hoskin TL, et al. CYP2D6 metabolism and patient outcome in the Austrian Breast and Colorectal Cancer Study Group trial 
(ABCSG) 8. Clin Cancer Res. 2013 Jan 15;19(2):500-7. doi: 10.1158/1078-0432.CCR-12-215
• Saladores P, Mürdter T, Eccle, et al. Tamoxifen metabolism predicts drug concentrations and outcome in premenopausal patients with early breast 
cancer. Pharmacogenomics J. 2015 Feb; 15(1):84-94. doi:10.1038/tpj.2014.34.

Tamoxifen is a weak antiestrogen that is extensively metabolized. 
Its therapeutic activity depends on its metabolites, which are 
numerous and have a variable antiestrogen activity. One of them, 
endoxifen, has an antiestrogen potency 100 times superior to 
tamoxifen and is considered the main active metabolite.

Tamoxifen

Clinical relevance

The risk of relapse increases in patients with reduced function of CYPD2D6 and with low concentrations of endoxifen.

• Goetz et al. reported that female patients carrying two non-functional alleles treated with tamoxifen for five years 
had an OR=2.45 relapse risk and female carriers of combinations of non-functional and reduced-function alleles 
had an OR=1.67 compared with female carriers of fully functional alleles.1

• Saladores et al. published that low endoxifen concentrations (<14 nM), compared with high concentrations (>35 
nM), were associated with relapse-free survival in short-term (HR = 1.94). In their study, relapse-free survival in 
long-term increased with higher enzymatic activity of CYP2D6 (HR = 0.62).2

Relevant clinical guidelines

1Level of evidence: range from 0 (weak evidence) to 4 (strong evidence) 2Degree of clinical relevance: range from AA (low 
impact) to F (high impact).

Clinical recommendations based on the CPIC and DPWG guidelines:

Pharmacogenetics 

Enzyme in charge of the metabolism from tamoxifen to 
endoxifen. The CYP2D6 genotype explains between 34% 
and 52% of the variability in the absolute concentrations of 
endoxifen.

Clinical implications:

Patients with low CYP2D6 enzymatic activity, 
as a result of genetic variants in CYP2D6 or 
the co-administration of potent inhibitors of 
CYP2D6, show significantly lower endoxifen 
concentrations. This is associated with a 
reduction in efficacy and a higher probability 
of relapse.

CYP2D6 Therapeutic recommendation CPIC degree of recommendation. 
DPWG level of evidence1 and 
clinical relevance2

Poor metabolizer
[two non-functional alleles] 
0,4-5,5 % of the population

Prescribe alternative hormone therapy (CPIC and 
DPWG) or increase the dose of tamoxifen to 40 mg/
day (DPWG).

CPIC: Strong (+++)

DPWG: 4F

Intermediate metabolizer
[reduced-function or 
non-functional alleles] 
0,5-11 % of the population

Prescribe alternative hormone therapy (CPIC and 
DPWG), increase tamoxifen dose to 40 mg/day 
(CPIC), or increase tamoxifen dose according to the 
plasma concentrations of  endoxifen (DPWG).

CPIC: Moderate (++)

DPWG: 4E

Normal metabolizer
[two normal-function alleles]   
65-90 % of the population

Usual dose. CPIC: Strong (+++)

Ultrarapid metabolizer         
[duplication of normal-
function alleles]
1-20 % of the population

Usual dose. CPIC: Strong (+++)
DPWG: 4A

CYP2D6  I  Cytochrome P450 2D6
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Drug category Drugs Genes of interest and additional information

Fluoropyrimidines 5-fluorouracil CPIC, DPWG, FDA [DPYD]

DPD is an enzyme in charge of eliminating fluoropyrimidine active 
metabolites. Great interindividual variability has been observed in 
the enzymatic activity of DPD; this modifies a patient's exposure to 
fluoropyrimidines. Individuals with non-functional DPYD alleles who 
receive conventional doses of fluoropyrimidines are at a higher risk of 
developing dose-dependent adverse reactions. The observed increase 
in plasma levels is between 40-80% and in the prevalence of toxicity 
episodes between 39-61%.

Clinical practice guidelines with strategies for individualized dosage of 
fluoropyrimidines in patients who are carriers of variants in DYPD are 
available.

Capecitabine CPIC, DPWG

TegafurCPIC, DPWG

Hormonal therapy Tamoxifen CPIC, DPWG, CPNDS, FDA [CYP2D6]

Tamoxifen is a weak antiestrogen and its pharmacologic action depends 
on the formation of higher activity metabolites (endoxifen).

The CYP2D6 genotype explains between 34% and 52% of the variability 
in the absolute concentrations of endoxifen. Patients with low CYP2D6 
enzymatic activity, as a result of genetic polymorphisms of CYP2D6 or 
the co-administration of potent CYP2D6 inhibitors, show significantly 
lower concentrations of endoxifen. This is associated with a higher risk of 
relapse.

Clinical practice guidelines with strategies for individualized dosage in 
carriers of CYP2D6 variants are available.

Topoisomerase 
inhibitors

IrinotecanDPWG, RNPGx/

GPCO-Unicancer, FDA

[UGT1A1]

UGT1A1 is the enzyme in charge of eliminating SN38, active metabolite 
of irinotecan. Patients with a low SN38 glucuronidation capacity have a 
higher risk of severe irinotecan-induced toxicity.

Clinical practice guidelines with strategies for dosage and monitoring of 
irinotecan in patients with UGT1A1 variants have been published.

Drug category Drugs Genes of interest and additional information

Anthracyclines 
(pediatric patients)

Doxorrubicin CPNDS [RARG, UGT1A6, SLC28A3]

The RARG, UGT1A1, and SLC28A3 genotype allows for the stratification 
of pediatric patients into three groups according to their anthracycline 
cardiotoxic risk (low, medium, and high). This stratification allows 
for individualizing their treatment and subsequent clinical follow-up 
according to clinical practice guidelines.

Follow-up after treatment is especially relevant, because many times 
toxicity develops in a subacute or chronic form years after treatment has 
ended.

High-risk patients can benefit from the use of less cardiotoxic agents or 
of cardiac protectors.

Daunorrubicin CPNDS

Platinum (pediatric 
patients)

Cisplatin CPNDS [TPMT, COMT, ABCC3]

Genetic variants in methyltransferase proteins that metabolize the drug  
(TPMT, COMT) or transporters (ABCC3) have been associated with 
ototoxicity induced by cisplatin in pediatric population patients. Although 
these variants in TPMT do not identify all cases of ototoxicity by cisplatin, 
they have a very high positive predictive value (92%); the great majority of 
carriers develop hearing loss (reversible or irreversible), which may result 
in delay in learning, especially at certain ages.

Antiandrogens Flutamide FDA [G6PD]

Patients who are carriers of variants associated with glucose-6-phosphate 
dehydrogenase deficiency are more susceptible to methemoglobinemia 
due to certain drugs and oxidant compounds.

G6PD generates the NADPH necessary to protect erythrocytes from 
oxidative stress.

Pivotal clinical assays of trametinib excluded patients with G6PD deficit.

MEK1 tyrosine 
kinase inhibitor

Trametinib FDA
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Drug category Drugs Genes of interest and additional information

EGFR tyrosine 
kinase inhibitor

Gefitinib FDA [CYP2D6, CYP3A4]

FDA technical sheets report that patients who are carriers of variants 
associated with loss of function of CYP2D6 (poor metabolizers) suffer 
from twice the exposure to the drug than the general population. This 
could be associated with an increase in the risk of dose-dependant 
adverse reactions. Indeed, there are no recommendations regarding 
alternative dosing strategies, and a close control of adverse reactions 
must be performed.

Bcr-Abl tyrosine 
kinase inhibitor

Nilotinib FDA [CYP3A4, CYP2C8, UGT1A1]

Nilotinib metabolizes mainly through CYP3A4. An increase in the activity 
of this enzyme can reduce the systematic exposure to this drug in a 
significant way and reduce its clinical efficacy. On the other hand, the 
UGT1A1*7/*7 genotype, associated with a decrease in UGT1A1 function, 
has been associated with a clinically significant increase in the risk of 
hyperbilirubinemia.

* CPIC: Clinical Pharmacogenetics Implementation Consortium. DPWG: Dutch Pharmacogenetics Working Group. RNPGx: 
French Réseau National de Pharmacogénétique Hospitalière. GPCO: Le Groupe de pharmacologie clinique oncologique. 
CPNDS: Canadian Pharmacogenomics Network for Drug Safety. FDA: FDA (Food and Drug Administration) Table of 
Pharmacogenomic Biomarkers.

*Guidelines: Pharmacogenetics-based clinical practice guidelines. FDA: FDA (Food and Drug Administration) Table of Pharmacogenomic 
Biomarkers.

Thiopurines Calcineurin inhibitors

Azathioprine Guidelines, FDA                 

Mercaptopurine Guidelines, FDA 

Thioguanine Guidelines, FDA

Tacrolimus Guideline

Pharmacogenetic testing can provide clinically useful information for therapy with the drugs listed below. For most of 
them, international clinical practice guidelines providing genotype-based strategies and therapeutic recommendations 
have been published.

IMMUNOSUPPRESSANTS AREA
Studied drugs:
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Tacrolimus is the most commonly used immunosuppressive 
drug after solid organ transplantation or hematopoietic stem cell 
transplantation. Tacrolimus has a narrow therapeutic window. 
Underdosing is associated with a higher risk of transplant 
rejection, while overdosing is associated with a higher risk of 
adverse reactions (nephrotoxicity, neurotoxicity, hypertension, 
or hyperglycemia). In addition, dose requirements vary widely 
among individuals. Therefore, dosing is usually based on plasma 
concentrations and clinical response.

Pharmacogenetics 

Approximately 15-20% of the Caucasian population express 
CYP3A5. These individuals metabolize tacrolimus to a greater 
extent, show lower plasma concentrations, and take longer to 
reach therapeutic concentrations.

Clinical implications:

Low therapeutic levels are associated with a 
higher risk of transplant rejection, particularly 
during the first weeks after transplantation.

• Birdwell KA, Decker B, Barbarino JM, et al. Clinical Pharmacogenetics Implementation Consortium (CPIC) guidelines for CYP3A5 genotype and 
tacrolimus dosing. Clin Pharmacol Ther. 2015;98(1):19-24.
• Rojas, L. et al. Effect of CYP3A5*3 on kidney transplant recipients treated with tacrolimus: a systematic review and meta-analysis of observational 
studies. Pharmacogenomics J. 15, 38–48 (2015).
• Pallet N, Etienne I, Buchler M, et al. Long-Term Clinical Impact of Adaptation of Initial Tacrolimus Dosing to CYP3A5 Genotype. Am J Transplant. 2016 
Sep;16(9):2670-5.

Clinical relevance

Genotype-based prescription of tacrolimus improves pharmacokinetic parameters and reduces risk of transplant 
rejection.

• A meta-analysis by Rojas et al. estimated that patients expressing CYP3A5 have an odds ratio of transplant 
rejection of 1.32 and 1.8 to 2.5 times lower dose-adjusted plasma concentrations.

• A study by Pallet et al. assessed the results of pharmacogenetic dosing of tacrolimus. The proportion of patients 
with levels of tacrolimus within therapeutic range (10-15 ng/ml) at day 10 after transplantation was significantly 
higher in the CYP3A5-adapted dose group (42%) than in the standard dose group (25%). 

CYP3A5 Therapeutic recommendations CPIC degree of 
recommendation. DPWG level of 
evidence1 and clinical relevance2

Normal or intermediate 
metabolizer
[one or two functional alleles] 
15-20 % of the population

CPIC: Increase starting dose to 1.5-2 times the 
standard starting dose. Total starting dose should not 
exceed 0.3 mg/kg/day. Adjust dose by monitoring drug 
levels.

DPWG: Increase starting dose 1.75-2.5 times.

CPIC: Strong (+++)

DPWG: 2E

Poor metabolizer
[two non-functional alleles] 
80-85 % of the population

Start treatment at standard dose. Adjust dose by 
monitoring drug levels.

CPIC: Strong (+++)

1Level of evidence: range from 0 (weak evidence) to 4 (strong evidence). 2Degree of clinical relevance: range from AA (low 
impact) to F (high impact).

Relevant clinical guidelines

Pharmacogenetic dosing recommendations based on the CPIC and DPWG clinical guidelines.

Calcineurin inhibitors                                                         
[Tacrolimus]

CYP3A5  I  Cytochrome P450 3A5
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Thiopurines are widely used drugs in the treatment of leukemia 
and autoimmune diseases. Their use is associated with a risk of 
very serious adverse events such as hepatotoxicity or immune 
depression.

Pharmacogenetics 

TMPT is responsible for thiopurine 
metabolization to inactive compounds.

Clinical implications:

Carriers of variants associated with loss of function of TPMT 
are intolerant to thipourines at conventional doses.

There is a 30-60% incidence of myelosuppression episodes 
among intermediate metabolizers and universal incidence 
among poor metabolizers.

• Relling M V, Gardner EE, Sandborn WJ, et al. Clinical pharmacogenetics implementation consortium guidelines for thiopurine methyltransferase 
genotype and thiopurine dosing: 2013 update. Clin Pharmacol Ther. 2013;93(4):324-325.
• Coenen MJ, de Jong DJ, van Marrewijk CJ, et al. Identification of Patients With Variants in TPMT and Dose Reduction Reduces Hematologic Events 
During Thiopurine Treatment of Inflammatory Bowel Disease. Gastroenterology. 2015 Oct; 149(4):907-17.e7.
• Dubinsky MC, Reyes E, Ofman J, et al WJ. A cost-effectiveness analysis of alternative disease management strategies in patients with Crohn's disease 
treated with azathioprine or 6-mercaptopurine. Am J Gastroenterol. 2005 Oct;100(10):2239-47

Clinical relevance

• The TOPIC study (Thiopurine response Optimization by Pharmacogenetic testing in Inflammatory bowel disease 
Clinics) by Coenen et al. prospectively assessed the application of TPMT dose individualization in patients with 
Crohn's disease or ulcerative colitis.

• Pharmacogenetic dosing decreased the incidence of hematological adverse drug reactions (2.6 % vs. 29.9 %; 
RR=0.11) while maintaining its therapeutic activity. 

• A cost-benefit study by Dubinsky et al. reported that the mean annual cost of treatment per patient was lower in 
the genotype-based dosing patient group ($3861 vs $7142).

TPMT Therapeutic recommendations CPIC degree of 
recommendation. DPWG level of 
evidence1 and clinical relevance2

Normal metabolizer
[two functional alleles] 
90 % of the population

Prescription of standard doses and routine clinical 
monitoring.

CPIC: Strong (+++)

Intermediate metabolizer
[one non-functional allele] 
10 % of the population

Increased risk of severe hematotoxicity.

30-70% lower starting doses and a 3- to 4-week 
period to reach stationary equilibrium.

CPIC: Strong (+++)

DPWG: 4E

Poor metabolizer
[two non-functional alleles] 
0,3 % of the population

Very high risk of toxicity.
Consider alternative treatment or use very low 
doses (about 10 times lower, administered only 
three times a week) and allow for a 4- to 8-week 
period to reach stationary equilibrium.

CPIC: Strong (+++)

DPWG: 4E

1 Level of evidence: range from 0 (weak evidence) to 4 (strong evidence). 2 Degree of clinical relevance: range from AA (low 
impact) to F (high impact).

Relevant clinical guidelines

Pharmacogenetic dosing recommendations for azathioprine and mercaptopurine based on the CPIC and 
DPWG clinical guidelines:

Thiopurines                                            
[azathioprine, mercaptopurine, thioguanine]

TPMT   I  Thiopurine methyltransferase
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Drug category Drugs Genes of interest and additional information

Thiopurines Azathioprine CPIC, DPWG, FDA [TPMT, NUDT15]

Thiopurines are widely used drugs in the treatment of leukemia and 
autoimmune diseases. Their use is associated with a risk of very serious 
adverse events such as hepatotoxicity or immunodepression.

TPMT is an enzyme that is responsible for thiopurine metabolization to 
inactive compounds. Carriers of variants associated with loss of function 
of TPMT are intolerant to thiopurines at conventional doses.

The incidence of myelosuppression episodes is 30-60% among 
intermediate metabolizers and is universal among poor metabolizers.

These patients benefit from the use of lower doses or alternative 
treatments according to recommendations in clinical guidelines.

MercaptopurineCPIC, DPWG, FDA

ThioguanineCPIC, DPWG, FDA

Drug category Drugs Genes of interest and additional information

Calcineurin inhibitors Tacrolimus CPIC, DPWG [CYP3A5, CYP3A4]

Tacrolimus has a narrow therapeutic window. Underdosing is associated 
with a higher risk of transplant rejection, while overdosing is associated 
with a higher risk of adverse reactions (nephrotoxicity, neurotoxicity, 
hypertension, or hyperglycemia). In addition, dose requirements vary widely 
among individuals. For this reason, it is usually dosed according to its 
plasma concentrations and clinical response.

Approximately 15-20% of the Caucasian population express the 
CYP3A5 enzyme and show increased tacrolimus metabolism. The use of 
conventional doses in these patients is associated with infratherapeutic 
plasma concentrations and, therefore, with a higher risk of transplant 
rejection. While dose adjustment in these patients can reach therapeutic 
plasma concentrations, it requires longer titration periods. This delay in 
reaching therapeutic plasma concentrations takes place during the first 
weeks post-transplantation, when the risk of rejection is higher.

Personalized dosing strategies for these patients have been proposed in 
clinical practice guidelines.

* CPIC: Clinical Pharmacogenetics Implementation Consortium, DPWG: Dutch Pharmacogenetics Working Group, CPNDS: 
Canadian Pharmacogenomics Network for Drug Safety. FDA: FDA (Food and Drug Administration) Table of Pharmacogenomic 
Biomarkers. 
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* Guidelines: Pharmacogenetics-based clinical practice guidelines. FDA: FDA (Food and Drug Administration) Table of Pharmacogenomic 
Biomarkers.

Quinolones

Integrase inhibitor antivirals

Sulfones

Protease inhibitor antivirals

Antivirals for the treatment of infections 
caused by the hepatitis C virus

Sulfonamides

Antifungal agents

Antiparasitics

Other anti-infective agents

Reverse transcriptase inhibitor antivirals

Antituberculosis drugs

Nalidixic acid FDA                 

DolutegravirFDA

Isoniazid FDA 

Dapsone FDA               

Abacavir Guidelines, FDA               

Atazanavir Guideline, FDA                       

Ribavirin Guideline

Sulfamethoxazole and trimethoprim FDA

Voriconazole Guideline, FDA

Chloroquine FDA

HydroxychloroquineFDA

PrimaquineFDA

Nitrofurantoin FDA

Studied drugs:
Pharmacogenetic testing can provide clinically useful information for therapy with the drugs listed below. For most of 
them, international clinical practice guidelines providing genotype-based strategies and therapeutic recommendations 
have been published.

Efavirenz Guidelines, FDA               

QuinineFDA

TafenoquineFDA

INFECTIOUS DISEASES AREA
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Indicated for the combined retroviral treatment of HIV infection 
in adults, teenagers, and children. The FDA recommends that the 
pharmacogenetic study be carried out prior to the prescription 
of abacavir.

Pharmacogenetics 

HLA participates in the immunological recognition of cells and 
tissues.

Certain alleles have been associated with the development of 
immune-mediated adverse drug reactions.

The HLA-B*57:01 allele is relatively frequent in the European 
population (6-7%) and in populations from Southeast Asia (up 
to 20%).

Clinical implications:

The presence of HLA-B*57:01 is associated with 
the development of potentially severe immune-
mediated abacavir hypersensitivity reactions. 
Its predictive value is approximately 50%.

Symptoms include fever, exanthem, nausea, 
vomiting, abdominal pain, fatigue, and severe, 
life-threatening coughing and dyspnea.

• Mallal, S. et al.; PREDICT-1 Study Team. HLA-B*5701 screening for hypersensitivity to abacavir. N. Engl. J. Med. 358, 568–579 (2008).
• Ruiz-Iruela C, Padullés-Zamora N, Podzamczer-Palter D, Alonso-Pastor A, Candás-Estébanez B, Alía-Ramos P, Padró-Miquel A: HLAB*57:01 genotyping 
in the prevention of hypersensitivity to abacavir: 5 years of experience. Pharmacogenet Genomics 2016, 26:390e396

Clinical relevance

• The PREDICT-1 (a double-blind, randomized prospective study by Mollal et al.) showed that the prospectively 
screened arm did not show any immunologically confirmed ABC hypersensitivity event (by positive 
epicutaneous test), compared with a 2.7% incidence in the standard monitoring arm. 1

• In the PREDICT-1 study, the number needed to genotype (NNG) to identify a case in which abacavir should not be 
prescribed was 31.1

• Retrospective data from a 5-year-long study by Ruiz-Iruela et al. demonstrated systematic genotyping of candidate 
patients for abacavir therapy to be cost-effective.2

HLA-B Therapeutic recommendation CPIC degree of 
recommendation. DPWG level of 
evidence1 and clinical relevance2

Carrier of HLA-B*57:01 
[6-7 % Caucasians] 

The use of abacavir is not recommended (CPIC, DPWG). CPIC: Strong (+++)

DPWG: 4E

Non-carrier of   
HLA-B*57:01

Use standard doses of abacavir as recommended by 
clinical practice guidelines (CPIC).

CPIC: Strong (+++)

DPWG: -

1 Level of evidence: range from 0 (weak evidence) to 4 (strong evidence). 2 Degree of clinical relevance: range from AA (low 
impact) to F (high impact).

Relevant clinical guidelines

Clinical recommendations based on the CPIC and DPWG guidelines

Abacavir                                                         

HLA-B   I  Human leukocyte antigen B
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Individualization of therapeutic strategy for voriconazole is 
instrumental for treatment optimization. Its use is limited due to 
its narrow therapeutic range and its wide variability among 
patients in terms of plasma concentrations, which are 
directly related to both efficacy and adverse reactions. Clinical 
guidelines and regulatory agencies include CYP2C19 in their 
dosing guidelines as the most important pharmacogenetic 
biomarker.

Pharmacogenetics 

CYP2C19 is one of the main enzymes involved in the 
metabolism of voriconazole. 

Numerous polymorphisms in this gene that affect its enzymatic 
activity have been described.

Clinical implications:

Increased and decreased CYP2C19 activity 
are associated with decreased and increased 
plasma levels of voriconazole, respectively.

This, in turn, is related to an increased 
likelihood of a lack of response to treatment 
and increased prevalence of adverse 
reactions.

• Mason NT, Bell GC, Quilitz RE, Greene JN, McLeod HL. Budget impact analysis of CYP2C19-guided voriconazole prophylaxis in AML. J Antimicrob 
Chemother. 2015 Nov;70(11):3124-6. doi: 10.1093/jac/dkv224. Epub 2015 Aug 1.
•  Issam S. Hamadeh , Kenneth P. Klinker , Samuel J. Borgert et al.  Impact of the CYP2C19 Genotype on Voriconazole Exposure in Adults with Invasive 
Fungal Infections. Pharmacogenet Genomics. 2017 May; 27(5): 190–196.

Clinical relevance

• A cost-benefit study by Mason et al. demonstrated that prescription based on the CYP2C19 genotype 
improved patient outcomes while slightly reducing costs, decreasing prolonged hospitalization periods. The 
implementation of prospective screening for all AML (acute myeloid leukemia) patients in a simulated 100-patient 
cohort is expected to save a total cost of 41,467 USD, or 415 USD per patient.

• In a study of 70 patients (aged 51 ± 18 years) by Hamadeh et al., 39% showed gain of function of CYP2C19. These 
patients showed a lower stationary concentration (4.26 ± 2.2 vs. 2.86 ± 2.3, p = 0.0093) and a higher prevalence 
of subtherapeutic trough levels (16% vs. 52%, p = 0.0028), with OR 5.6 (CI 95%: 1.64–19.24, p = 0.0059).

1Level of evidence: range from 0 (weak evidence) to 4 (strong evidence) 2Degree of clinical relevance: range from AA (low 
impact) to F (high impact).

Relevant clinical guidelines

Table of recommendations based on the main clinical guidelines (CPIC, DPWG):

Voriconazole                                                         

CYP2C19   I  Isoform 2C19 of the cytochrome P450 

CYP2C19 Therapeutic recommendation CPIC degree of 
recommendation. DPWG level of 
evidence1 and clinical relevance2

Rapid or ultrarapid 
metabolizer 
[gain-of-function
alleles] 
32 % of the population

CPIC: Prescribing an alternative treatment not dependent 
of CYP2C19 as its main metabolic pathway.

E.g.: isavuconazole, liposomal amphotericin B, and 
posaconazole.

DPWG: Starting dose 1.5 times higher than the standard 
dose and monitoring plasma concentrations.

CPIC: Moderate (++)

DPWG: 4A

Normal metabolizer
[2 normal function alleles] 

CPIC and DPWG: Prescribe conventional dose and 
perform routine clinical follow-up.

CPIC: Strong (+++)

DPWG: -

Intermediate metabolizer
[1 loss-of-function allele]   
27 % of the population

CPIC and DPWG: Prescribe conventional dose and 
perform routine clinical follow-up.

CPIC: Moderate (++)

DPWG: 4B

Poor metabolizer                     
[2 loss-of-function alleles]
0.25 % of the population

CPIC:  (a) Prescribe an alternative treatment not 
metabolized by CYP2C19 as its main pathway 
(isavuconazole, liposomal amphotericin B, or 
posaconazole). 

(b) If voriconazole is deemed the most suitable drug, use 
lower than standard doses of voriconazole and monitor 
response to treatment more closely.

DPWG: Use 50% of standard doses and monitor plasma 
concentrations.

CPIC: Moderate (++)

DPWG: 4B
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Drug category Drugs Genes of interest and additional information

Protease inhibitors AtazanavirCPIC, FDA [UGT1A1, CYP3A4]

UGT1A1 is an enzyme involved in the glucuronidation of bilirubin and, therefore, 
participates in its elimination. Atazanavir inhibits UGT1A1; said inhibition is 
association with increased unconjugated bilirubin levels in serum and jaundice. 
Unconjugated hyperbilirubinemia caused by atazanavir is not associated with 
conjugated hyperbilirubinemia or elevated transaminases, nor is it indicative 
of liver damage; however, it is a common cause for treatment interruption in 
patients. Several retrospective studies have associated the presence of genetic 
variants that cause a decrease in UGT1A1 activity with increased probability of 
treatment interruption due to unconjugated hyperbilirubinemia and/or jaundice. 
The frequency of treatment interruption due to hyperbilirubinemia is estimated 
to be between 20% and 60%, depending on the study population, compared 
with 3-3.5% in the general population.

Sulfones DapsoneFDA [G6PD]

Patients who are carriers of variants associated with glucose-6-phosphate 
dehydrogenase deficiency are more susceptible to methemoglobinemia due 
to certain drugs and oxidizing agents.

G6PD generates the NADPH necessary to protect eryhtrocytes from oxidative 
stress.

Integrase inhibitors Dolutegravir FDA [CYP3A4, UGT1A1]

Dolutegravir is mainly metabolized by UGT1A1, with the participation of CYP3A. 
The loss of function of these drug-metabolizing enzymes is associated with 
increased plasma concentrations of dolutegravir and a potentially increased 
risk of adverse reactions.

Antituberculosis drugs Isoniazid FDA [NAT1, NAT2]

Isoniazid is mainly metabolized by the liver through acetylation and 
dehydrazination. The acetylation rate is genetically determined. Slow 
acetylators can show higher plasma concentrations of isoniazid and a higher 
risk of adverse reactions.

Drug category Drugs Genes of interest and additional information

Quinolones Nalidixic acid FDA [G6PD]

Patients who are carriers of variants associated with glucose-6-phosphate 
dehydrogenase deficiency are more susceptible to methemoglobinemia due 
to certain drugs and oxidizing agents.

G6PD generates the NADPH necessary to protect eryhtrocytes from 
oxidative stress.

Reverse transcriptase 
inhibitors

AbacavirCPIC, DPWG, FDA [HLA-B]

HLA participates in the immunological recognition of cells and tissues.

Certain alleles have been associated with the development of immune-
mediated adverse drug reactions.

The HLA-B*57:01 allele is relatively frequent in the European population 
(6-7%) and in populations from Southeast Asia (up to 20%).

The presence of HLA-B*57:01 is associated with the development of 
potentially severe immune-mediated abacavir hypersensitivity reactions. Its 
predictive value is approximately 50%.

Symptoms include fever, exanthem, nausea, vomiting, abdominal pain, 
fatigue, coughing, and severe and life-threatening dyspnea.

EfavirenzCPIC, DPWG, FDA [CYP2B6, CYP3A4]

Efavirenz dosing based on CYP2B6 genotype proved to be 
associated with decreased toxicity at the central nervous system 
level while maintaining antiviral efficacy. The use of lower doses is 
recommended for poor and intermediate CYP2B6 metabolizers.
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Drug category Drugs Genes of interest and additional information

Antivirals for the 
treatment of infections 
caused by the hepatitis 
C virus

Ribavirin CPIC [IFNL4]

Genetic variations in IFNL3 (IL28B) (rs12979860) are the main baseline 
predictive factor of response to treatment regimens containing 
PEG-interferon alpha in patients infected with genotype-1 HCV. An intention-
to-treat analysis showed that Caucasian patients with rs12979860 CC had 
greater probability than TC or TT patients of showing an undetectable viral 
load at week 4 (28% vs. 5% and 5%, respectively) and higher probabilities 
of reaching sustained viral response (69% vs. 33% and 27%, respectively). 
Similar patterns were observed in Hispanic and African-American patients 
in this cohort (Thompson et al., 2010).

Sulfamides Sulfamethoxazole   
and trimethoprim FDA

[NAT1, NAT2, G6PD]

NAT1 and NAT2 are acetyltransferases that participate in the elimination 
of cotrimoxazole. Acetylation capacity is highly dependent on the patient's 
genotype. Slow acetylators can be more prone to idiosyncratic reactions to 
sulfonamides.

Patients who are carriers of variants associated with glucose-6-phosphate 
dehydrogenase deficiency are more susceptible to methemoglobinemia 
due to certain drugs and oxidizing agents.

G6PD generates the NADPH necessary to protect eryhtrocytes from 
oxidative stress.

Antifungal agents VoriconazoleCPIC, DPWG, 

FDA
[CYP2C19, CYP3A4, CYP2C9]

CYP2C19 is the main enzyme that metabolizes voriconazole to inactive 
compounds. Genetic variants in CYP2C19, along with other factors (e.g., 
age, concomitant therapies, inflammation, and liver function), explain part 
of the inter-individual variability in plasma concentrations of voriconazole. 
Variations in plasma concentrations have been associated with variations in 
drug efficacy and safety.

Drug category Drugs Genes of interest and additional information

Antiparasitics ChloroquineFDA [G6PD]

Patients who are carriers of variants associated with glucose-6-phosphate 
dehydrogenase deficiency are more susceptible to methemoglobinemia 
due to certain drugs and oxidizing agents.

G6PD generates the NADPH necessary to protect eryhtrocytes from 
oxidative stress.

HydroxychloroquineFDA

PrimaquineFDA

QuinineFDA

TafenoquineFDA

Other anti-infective 
agents

Nitrofurantoin FDA [G6PD]

Patients who are carriers of variants associated with glucose-6-phosphate 
dehydrogenase deficiency are more susceptible to methemoglobinemia 
due to certain drugs and oxidizing agents.

G6PD generates the NADPH necessary to protect eryhtrocytes from 
oxidative stress.

* CPIC: Clinical Pharmacogenetics Implementation Consortium. DPWG: Dutch Pharmacogenetics Working Group. FDA: FDA 
(Food and Drug Administration) Table of Pharmacogenomic Biomarkers
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* Guidelines: Pharmacogenetics-based clinical practice guidelines. FDA: FDA (Food and Drug Administration) Table of Pharmacogenomic 
Biomarkers.

Oral Contraceptives

Benign prostatic hyperplasia

Urinary antispasmodics

Other

Ethinylestradiol Guideline                 

Tamsulosin FDA

Darifenacin FDA

Fesoterodine FDA

Flibanserin FDA

Ospemifene FDA

Studied drugs:
Pharmacogenetic testing can provide clinically useful information for therapy with the drugs listed below. For most of 
them, international clinical practice guidelines providing genotype-based strategies and therapeutic recommendations 
have been published.

Mirabegron FDA

Elagolix FDA

Tolterodine FDA

GENITOURINARY SYSTEM AND SEX HORMONES AREA
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The most common adverse effect in treatment with oral 
contraceptives is vein thrombosis. The risk in the general 
population is 1:10 000, and contraceptives increase this risk 2 
to 6 times. Generally, the risk is proportional to the amount of 
ethinylestradiol in the drug. This risk is clinically relevant for those 
patients with additional risk factors. Among these, it is worth 
mentioning the factor V Leiden genetic variant.

Pharmacogenetics 

Coagulation factor V is involved in this process as a cofactor. 
Factor V deficiency leads to predisposition to hemorrhage, 
while some mutations (particularly factor V Leiden) predispose 
to thrombosis.

Clinical implications:
Treatment with estrogen-based oral 
contraceptives increases the risk of 
thrombosis. 

The variant known as factor V Leiden is 
an additional risk factor predisposing to 
thrombosis. 

• Smith K.J. et al. Should female relatives of factor V Leiden carreirs be screened prior to oral contraceptive use? A cost-effectiveness analysis. Thromb 
Haemost. 2008 Sep;100(3):447-53.

Clinical relevance

• Screening, counseling, and prophylactic anticoagulant treatment with low-molecular-weight heparin during periods 
of high risk of thrombosis in female relatives of factor V Leiden carriers show a favorable cost-benefit ratio (cost 
<20,000 USD/quality-adjusted life year).

1 Level of evidence: range from 0 (weak evidence) to 4 (strong evidence). 2 Degree of clinical relevance: range from AA (low 
impact) to F (high impact).

Relevant clinical guidelines

Clinical recommendations based on the DPWG guidelines:

F5   I  Coagulation factor V

Estrogen oral contraceptives                                           
[Ethinylestradiol]

F5 Therapeutic recommendation Level of evidence:1 and degree of 
clinical relevance:2 DPWG

Carrier of factor V 
Leiden
2-3 % population

If the patient has a family or personal history of thrombosis, 
avoid the use of estrogen-based contraceptives and prescribe 
an alternative non-hormonal contraceptive, such as a copper 
IUD. Progestogen-only methods, such as contraceptive 
injection, a levonorgestrel-releasing IUD, or an etonogestrel 
implant, can also be considered. 

Avoid additional risk factors for thrombosis (obesity, smoking, 
etc.).

FVL homozygote: 3D

FVL heterozygote: 4D
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Drug category Drugs Genes of interest and additional information

Oral Contraceptives Ethinylestradiol DPWG [F5]

Carriers of the factor V Leiden allele have a higher risk of presenting with 
thrombotic events associated with treatment with oral contraceptives 
containing estrogen.

The DPWG guidelines recommend avoiding modifiable risk factors 
(obesity, smoking) in carriers of risk alleles who are receiving treatment. 
Moreover, if they have a positive family history of thrombotic events, using 
an alternative contraceptive treatment (e.g., copper intrauterine device or 
progestogen-only contraception) is recommended.

Urinary antispas-
modics

Darifenacin FDA [CYP2D6, CYP3A4]

These drugs are mainly metabolized by CYP2D6 and CYP3A4. Decrease in 
the enzymatic activity through any of these pathways increases systemic 
exposure. In fact, summaries of product characteristics recommend dose 
adjustment when these drugs are administered together with potent 
CYP3A4 inhibitors (e.g., ketoconazole, itraconazole, ritonavir, nelfinavir, 
clarithromycin, and nefazodone).

Fesoterodine FDA 

Mirabegron FDA 

Drugs for benign 
prostatic hyperplasia

Tamsulosin FDA [CYP2D6, CYP3A4]

Tamsulosin: The FDA recommends special dosing strategies in patients 
with decreased activity of CYP2D6 and CYP3A4. These patients show 
increased Cmax and AUC for tamsulosin.

Tolterodine: The FDA recommends special dosing strategies in patients 
with decreased activity of CYP2D6 and CYP3A4. These patients have 
a higher risk of overdosing, and summaries of product characteristics 
recommend dose adjustment. 

Tolterodine FDA

Drug category Drugs Genes of interest and additional information

Other Flibanserin  FDA [CYP2C19, CYP2C9, CYP3A4, CYP3A5, CYP1A2, CYP2B6, CYP2C8, 
CYP2D6, SLCO1B1, UGT1A1]

Summaries of product characteristics highlight the role that decreased 
CYP3A4 and CYP2C19 activity can play in flibanserin treatment. The 
concomitant use of flibanserin with moderate or strong CYP3A4 inhibitors 
is contraindicated and can increase the risk of hypotension and syncope. 
Its concomitant use with CYP2C19 inhibitors increases the risk of 
hypotension, syncope, and CNS depression.

Moreover, concomitant use with CYP3A4 inducers is not recommended.

For ospemifene, summaries of product characteristics highlight the role 
of CYP3A4, CYP2C9, and CYP2C19. Their administration together with 
inducers of any of these cytochromes decreases systemic exposure and 
may lead to a decreased clinical effect. Concomitant administration of 
CYP3A4, CYP2C9, and CYP2C19 inhibitors increases the risk of adverse 
reactions.

Ospemifene FDA 

Elagolix FDA The transport protein OATP1B1 is involved in elagolix pharmacokinetics. 
Patients with two loss-of-function alleles of the gene that encodes 
OATP1B1 (SLCO1B1) show a 78% increase in elagolix concentrations 
compared with the general population.

* DPWG: Dutch Pharmacogenetics Working Group. FDA: FDA (Food and Drug Administration) Table of Pharmacogenomic 
Biomarkers
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ANALGESICS, ANESTHETICS AND SKELETAL MUSCLE 
SYSTEM AREA

Opioid analgesics Hypouricemic and antigout

Centrally acting muscle relaxantsNonsteroidal anti-inflammatory drugs (NSAIDs)

Local anesthetics

Codeine CPIC, DPWG, CPNDS, FDA

Tramadol DPWG, FDA

Allopurinol CPIC

Lesinurad FDA

Carisoprodol FDACelecoxib FDA

Ibuprofen CPIC

Flurbiprofen FDA

Lornoxicam CPIC

Meloxicam CPIC

Piroxicam FDA , CPIC

Tenoxicam CPIC

Aceclofenac

Acetylsalicylic acid

Chloroprocaine FDA

Lidocaine FDA

Mepivacaine FDA

Oxycodone DPWG Rasburicase FDA

Pegloticase FDA

Diclofenac

Indomethacin

Ketorolac

Lumiracoxib

Metamizole

Nabumetone

Naproxen

Sulindac

Prilocaine FDA

Ropivacaine FDA

Tetracaine FDA

Studied drugs:
Pharmacogenetic testing can provide clinically useful information for therapy with the drugs listed below. For most of 
them, international clinical practice guidelines providing genotype-based strategies and therapeutic recommendations 
have been published.

* Guidelines: Pharmacogenetics-based clinical practice guidelines. FDA: FDA (Food and Drug Administration) Table of Pharmacogenomic 
Biomarkers.
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Weak opioid analgesics require bioactivation in the organism by 
CYP2D6. This process has been reported to vary greatly in the 
general population, which has been found to contribute to the 
lack of therapeutic effect and the incidence of adverse effects 
in some patients.

Pharmacogenetics 

CYP2D6 catalyzes the formation 
of active metabolites of codeine, 
tramadol, and oxycodone (morphine, 
O-desmethyltramadol, and oxymorphone, 
respectively).

The percentage of the administered 
dose is highly dependent on the CYP2D6 
genotype.

Clinical implications:

Carriers of gain-of-function variants in CYP2D6 have a greater 
risk of drug intoxication (severe respiratory depression) when 
administered standard doses.

Loss-of-function variants may lead to lower therapeutic efficacy.

This variability in metabolism is particularly relevant in 
vulnerable populations. There have been cases of drug 
intoxication in children and newborns who were exposed to the 
drug through breastfeeding.

• Fulton CR , Zang Y  , Desta Z  , Rosenman MB  , Holmes AM  , Decker BS , Zhang Y  , T Callaghan J  , Pratt VM  , Levy KD  , Gufford BT  , Dexter PR , Skaar 
TC  , Eadon MT . Drug-gene and drug-drug interactions associated with tramadol and codeine therapy in the INGENIOUS trial. Pharmacogenomics. 
2019 Apr;20(6):397-408.
• Balyan R  , Mecoli M , Venkatasubramanian R  , Chidambaran V  , Kamos N , Clay S , Moore DL , Mavi J  , Glover CD , Szmuk P , Vinks A  , Sadhasivam S CYP2D6 
pharmacogenetic and oxycodone pharmacokinetic association study in pediatric surgical patients. Pharmacogenomics. 2017 Mar;18(4):337-348.

Clinical relevance

• An interim analysis within the prospective INGENIOUS trial (Fulton et al.), aimed at evaluating pharmacogenetic 
prescription, showed that CYP2D6 ultrarapid and poor metabolizers received an analgesic drug other than codeine 
or tramadol more frequently (OR: 19.0). Furthermore, uncontrolled pain was reported more frequently in individuals 
with reduced CYP2D6 activity (OR: 0.50).

• A comparative study by Balyan et al. showed that exposure (AUC and Cmax) to oxymorphone (active metabolite 
of oxycodone) was significantly higher in individuals with two functional CYP2D6 alleles than in carriers of one 
functional allele and non-carriers of functional alleles.

Relevant clinical guidelines

Clinical recommendations for codeine based on the CPIC guidelines:

CYP2D6   I  Citocromo P450 2D6

Opioid analgesics

CYP2D6 Therapeutic recommendation Degree of 
recommendation

Ultrarapid metabolism 
1-2 % of the population

Avoid the use of codeine due to its potential toxicity.

Consider an alternative analgesic, either opioid or non-opioid 
(NSAIDs), depending on the type of pain.

Tramadol and oxycodone are not good alternatives, because 
they are also metabolized by CYP2D6.

Strong (+++)

Normal metabolism
75-90 % of the population

Prescribe the standard dose for weight and age. Strong (+++)

Intermediate metabolism  
2-11 % of the population

Prescribe the standard dose for weight and age. In the absence 
of response, consider an alternative analgesic, either opioid or 
non-opioid (NSAIDs), depending on the type of pain.

Moderate (++)

Poor metabolism
5-10 % of the population

Avoid the use of codeine due to lack of efficacy.

Consider an alternative analgesic, either opioid or non-opioid 
(NSAIDs), depending on the type of pain.

Tramadol and oxycodone are not good alternatives, because 
they are also metabolized by CYP2D6.

Strong (+++)

* CPIC: Clinical Pharmacogenetics Implementation Consortium, DPWG: Dutch Pharmacogenetics Working Group, CPNDS: Canadian 
Pharmacogenomics Network for Drug Safety, FDA: FDA (Food and Drug Administration) Table of Pharmacogenomic Biomarkers. 
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Nonsteroidal anti-inflammatory drugs (NSAIDs) are among 
the most used analgesics due to their safety if they are used 
short periods and the lack of addictive potential in long 
periods. However, NSAIDs have the potential to cause severe 
gastrointestinal, renal, and cardiovascular adverse events. 
More than 35% of the general population is a carrier of genetic 
variants associated with a reduced metabolism and clearance of 
various drugs that belong to this class (mainly CYP2C9). These 
individuals show a greater exposure to these drugs and a higher 
incidence of adverse reactions. Clinical practice guidelines with 
prescription and dosing strategies based on the genotype that 
improve the pharmacotherapy in these patients have been 
published.

Pharmacogenetics 

The majority of adverse reactions 
associated with NSAIDs treatment and 
derived from cyclooxygenase (COX) 
inhibition are dose-dependent. Because 
of this, an increased exposure to these 
drugs is associated with an increase of the 
risk of adverse events.

Clinical implications:

The main pathway for the elimination of a large number of 
NSAIDs is the hepatic biotransformation through CYP2C9. The 
presence of alleles with reduced or loss of function of CYP2C9 
considerably increased the exposure to these drugs.

Clinical relevance

• The clinical genotyping assay of CYP2C9 carried out by Pilotto et al. via CYP2C9 genotyping has identified 
subgroups of individuals with a higher risk of gastroduodenal bleeding when treated with NSAIDs. The presence 
of the CYP2C9*3 allele has been associated with a significant increase in the risk of bleeding  (adjusted OR=7.3; IC 
95% 2.058-26.004).

• The prospective and multicenter clinical assay by Carbonell et al. supports the hypothesis that the loss-of-function 
CYP2C9*3 allele is a solid risk factor for developing acute upper gastrointestinal bleeding related with the use of 
NSAIDs other than aspirin.

Relevant clinical guidelines

CYP2C9   I  Cytochrome P450 2C9

Nonsteroidal anti-inflammatory drugs (NSAIDs)

• Pilotto A , Seripa D , Franceschi M, et al. Genetic susceptibility to nonsteroidal anti-inflammatory drug-related gastroduodenal bleeding: role of 
cytochrome P450 2C9 polymorphisms. Gastroenterology. 2007 Aug;133(2):465-71. Epub 2007 May 21.
• Carbonell N , Verstuyft C , Massard J et al. CYP2C9*3 Loss-of-Function Allele Is Associated With Acute Upper Gastrointestinal Bleeding Related to the 
Use of NSAIDs Other Than Aspirin.Clin Pharmacol Ther. 2010 Jun;87(6):693-8. doi: 10.1038/clpt.2010.33. Epub 2010 May 5

Clinical recommendations based on the CPIC guidelines:

CYP2C9 Therapeutic recommendation Degree of recommendation

Poor metabolizers
(combination of two 
non-functional and/or 
reduced function alleles)
2 %  of the population

Use NSAIDs not metabolized by CYP2C9 (E.g. AAS, ketorolac, 
naproxen, y sulindac) or initiate therapy with 25-50% of the 
lowest starting dose and follow up on adverse events such as 
blood pressure and renal function during treatment.

Moderate (++)

Intermediate 
metabolizers
(combination of one 
non-functional allele and 
one reduced function 
allele)
35 %  of the population

According to the combination of genetic variants identified in 
the patient it is recommended to:  prescribe conventional dose 
(AS*=1,5) or initiate treatment with the lowest starting dose 
and follow up on adverse events such as blood pressure and 
renal function during treatment. (AS*=1). 

Moderate (++)

Normal metabolizers
(2 functional alleles)
63 % of the population

Prescribe conventional dose and carry out routine clinical 
follow-up.

Strong (+++)

*AS (activity score): ): Score between 0 (no activity) and 2 (normal activity) that sums up the expected function of the protein 
based on the alleles present in the individual.
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*CPIC: Clinical Pharmacogenetics Implementation Group. DPWG: Dutch Pharmacogenetics Working Group. CPNDS: 
Canadian Pharmacogenomics Network for Drug Safety, FDA: FDA (Food and Drug Administration) Table of Pharmacogenomic 
Biomarkers).

Drug category Drugs Genes of interest and additional information

Opioid analgesics Codeine  CPIC, DPWG, CPNDS, 

FDA
[CYP2D6, CYP3A4]

The opioid analgesics codeine, tramadol, and oxycodone require bioacti-
vation in the body by CYP2D6 to exert their effects. Their active metabolites 
(morphine, desmethyltramadol, and oxymorphone) have a high affinity for 
the opioid receptor. The percentage of the dose that is metabolized varies 
greatly and largely depends on CYP2D6 activity and genotype.

Carriers of loss-of-function variants in CYP2D6 have a lower capacity to 
generate active metabolites and do not receive analgesic benefit. Carriers 
of gain-of-function variants have a greater risk of drug intoxication when 
administered standard doses.

In addition to CYP2D6 activity, the FDA warns that CYP3A4 activity plays 
a role in the effects of codeine and recommends that this fact be kept in 
mind in patients receiving concomitant therapy with CYP3A4 inhibitors and 
inducers.

The CPIC, DPWG, and CPNDS guidelines and the data sheets of drug 
regulatory agencies provide alternative prescription strategies for patients 
with variants in CYP2D6.

Tramadol DPWG, FDA

Oxycodone DPWG

Nonsteroidal 
anti-inflammatory 
drugs (NSAIDs)

Celecoxib FDA
[CYP2C9, CYP2C8, CYP3A4]

Patients with a reduction in metabolism due to genetic causes may present 
abnormally high levels of these drugs if usual doses are administered. This 
leads to an increase in dose-dependent adverse reactions: cardiovascular, 
renal, and gastrointestinal such as digestive bleeding.

The metabolic pathways that NSAIDs use are different and the genetic 
variants do not equally affect all of them. Therefore, adjustments on doses 
can be done or a personalized selection of the drug according to the 
patient’s genotype. These prescription strategies are collected in clinical 
practice guidelines and in the data sheets of the drug’s regulation agencies.

Ibuprofen CPIC

Flurbiprofen FDA

Lornoxicam CPIC

Meloxicam CPIC

Piroxicam FDA, CPIC

Tenoxicam
Aceclofenac
Acetylsalicylic acid
Diclofenac
Indomethacin
Ketorolac
Lumiracoxib
Metamizole
Nabumetone
Naproxen
Sulindac

Drug category Drugs Genes of interest and additional information

Hypouricemic and 
antigout

Allopurinol CPIC [HLA-B]

The HLA-B*58:01 allele is associated with the development of 
immune-related hypersensitivity reactions.  Alternative treatment is 
recommended in carriers of the allele (e.g., febuxostat, pegloticase, or 
benzbromarone.

Lesinurad FDA [CYP2C9]

FDA's dosing strategy focuses on poor CYP2C9 metabolizers and on 
patients receiving concomitant treatment with potent CYP2C9 inhibitors, 
with the consequent risk of overdose. Dose adjustment is recommended 
for these patients.

Rasburicase FDA [G6PD]

Carriers of variants associated with glucose-6-phosphate dehydro-
genase deficiency are more susceptible to methemoglobinemia caused 
by certain drugs and oxidant compounds.

G6PD generates the necessary NADPH to protect eryhtrocytes from 
oxidative stress.Pegloticase FDA

Centrally acting 
muscle relaxants

Carisoprodol FDA [CYP2C19]

Patients with variants associated with deficient activity of CYP2C19 
show on average four times greater exposure to carisoprodol and 
decreased exposure to meprobamate (metabolite) when co-adminis-
tered with inhibitors.

Local anesthetics Chloroprocaine FDA [G6PD]

Patients who are carriers of variants associated with glucose-6-phos-
phate dehydrogenase deficiency are more susceptible to methemoglo-
binemia due to certain drugs and oxidant compounds.

G6PD generates the NADPH necessary to protect erythrocytes from 
oxidative stress.

Lidocaine FDA

Mepivacaine FDA

Prilocaine FDA

Ropivacaine FDA

Tetracaine FDA
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* Guidelines: GClinical practice guidelines on pharmacogenetic testing. FDA: FDA (Food and Drug Administration) Table of Pharmacogenomic 
Biomarkers.

Gastric proton-pump inhibitors (PPIs)

Intestinal anti-inflammatories1 

Gaucher disease treatmentAntiemetics

Hypoglycemic drugs

SulfasalazineFDA

EliglustatGuideline, FDA

LansoprazoleGuidelines, FDA

OmeprazoleGuidelines, FDA

PantoprazoleGuidelines, FDA

ClorpropamidaFDA

GlibenclamidaGuideline, FDA

GliclazidaGuideline, FDA

OndansetronGuideline, FDA

PalonosetronGuideline

TropisetronGuideline

Studied drugs:
Pharmacogenetic testing can provide clinically useful information for therapy with the drugs listed below. For most of 
them, international clinical practice guidelines providing genotype-based strategies and therapeutic recommendations 
have been published.

DexlansoprazoleFDA

EsomeprazoleGuidelines, FDA

RabeprazoleGuidelines, FDA

GlimepiridaGuideline, FDA

MetoclopramideGuideline

DronabinolGuideline

1This test also includes other drugs. See immunosuppressive agents: thiopurines.

DIGESTIVE SYSTEM AND BODY METABOLISM AREA
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Pharmacogenetics 
Main enzyme in the metabolism of 
proton-pump inhibitors.

Clinical implications:
Individuals with increased CYP2C19 function metabolize 
proton-pump inhibitors faster, which results in decreased 
plasma levels of these drugs, decreased therapeutic effect, 
and increased chances of treatment failure.

• Saito Y, Serizawa H, Kato Y, et al. First-line eradication for Helicobacter pylori-positive gastritis by esomeprazole-based tripletherapy is influenced by 
CYP2C19 genotype. World J Gastroenterol. 2015;21:13548–13554

Clinical relevance

• A study by Saito et al. showed that the response rate to H. pylori eradication treatment in CYP2C19 extensive 
metabolizers (group of the population that includes those with normal activity and with gain in enzymatic activity) 
was significantly lower (52.2%) than in intermediate (72.1%) and poor metabolizers (84.6%).

CYP2C19 Therapeutic recommendation DPWG level of evidence 
and clinical relevance*

Poor and intermediate 
metabolizers [carriers of 
reduced-function alleles]
28 % of the population

Prescribe standard dose according to clinical practice 
guidelines.

4 AA

Normal metabolizer 
40 % of the population

Prescribe standard dose according to clinical practice 
guidelines.

-

Ultrarapid metabolizer     
[carrier of increased-function 
alleles]   
32 % of the population

Increase the dose of omeprazole by 300%. 3E

* DPWG level of evidence: range from 0 (lowest evidence) to 4 (highest evidence); DPWG clinical relevance: from AA (lowest 
impact) to F (greatest impact).

Relevant clinical guidelines

Recommendations of the DPWG (Dutch Pharmacogenetics Working Group) guidelines for omeprazole:

CYP2C19  I  Cytochrome P450 2C19

Gastroprotective drugs                                                                                                    
[Proton-pump inhibitors]
Proton-pump inhibitors are safe drugs with a wide therapeutic 
window. Some patients metabolize this group of drugs more 
rapidly, in whom they lose their efficacy. As empiric therapy is 
used, there are no available tools to confirm the effects of the 
treatment until it fails. It is especially relevant in certain cases 
that require higher than usual doses (e.g., treatment of upper 
gastrointestinal bleeding or eradication of H.pylori).
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• Niewiński PA, Wojciechowski R, Śliwiński M, Hurkacz ME, Głowacka K, Orzechowska-Juzwenko K, Wiela-Hojeńska AK. CYP2D6 basic genotyping as 
a potential tool to improve the antiemetic efficacy of ondansetron in prophylaxis of postoperative nausea and vomiting.  2018 Nov;27(11):1499-1503.

5-HT3 antagonists are indicated for the management of 
nausea and vomiting induced by cytotoxic chemotherapy and 
radiotherapy. They are also used for the prevention and treatment 
of postoperative nausea and vomiting. Failure of antiemetic 
treatment can be explained by increased metabolism of the drug. 
CYP2D6 is a highly polymorphic enzyme that plays an important 
role in the pharmacokinetics of ondansetron, tropisetron, and 
palonosetron.

Relevant clinical guidelines

Table of dosing recommendations for ondansetron and tropisetron based on the CPIC guidelines:

CYP2D6

Pharmacogenetics  
Main enzyme in the metabolism of the following 
antiemetics: ondansetron, tropisetron, and 
palonosetron.

Clinical implications:
Patients whose genotype is associated with an increase in the 
drug's metabolism can show infratherapeutic plasma levels 
and a lack of response to treatment.

CYP2D6 Therapeutic recommendation Degree of recommendation

Ultrarapid metabolizer
[gain of function] 

Choose an alternative that is not metabolized mainly by 
CYP2D6 (e.g., granisetron).

Moderate (++)

Normal metabolizer
[two functional alleles] 

Start administering standard doses. Strong (+++)

Intermediate and poor 
metabolizers
[one or two non-functional 
alleles]   

Start administering standard doses.

There is no evidence that would support the notion of 
increase in the frequency of adverse events.

No recommendation

Antiemetics                                                                                                                                          
[5-HT3 antagonists]

Clinical relevance

• A study by Niewiński et al. demonstrated that treatment of PONV (postoperative nausea and vomiting) with 
ondansetron could be improved with genetic tests. Extensive metabolizers (EM) and ultrarapid metabolizers 
(UM) of CYP2D6 had a higher frequency of nausea and vomiting after isthmectomy (33.3%) than intermediate 
(IM) (10.3%) and poor metabolizers (PM) (0%). The odds ratio (OR) of the appearance of PONV was five times 
higher for EM/UM than for IM/PM.
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Drug category Drugs Genes of interest and additional information

Antiemetics OndansetronCPIC, FDA [CYP2D6, CYP3A4, CYP1A2]

Increase in the activity of CYP2D6 results in higher metabolism of these 
drugs, infratherapeutic plasma levels, and, therefore, a higher risk of thera-
peutic failure. 

Clinical practice guidelines have been published for the prescription of 
treatment according to the genotype.

PalonosetronFDA

TropisetronCPIC

MetoclopramideFDA [CYP2D6, CYB5R]

The FDA reports that CYP2D6 is an important enzyme in the prescription 
of metoclopramide. In patients who are carriers of variants associated 
with reduced CYP2D6 function, the FDA recommends alternative dosing 
regimens.

Also, CYB5R deficiency is associated with a higher risk of developing 
methemoglobinemia and/or sulfhemoglobinemia.

DronabinolFDA [CYP2C9]

The systemic clearance of dronabinol can be reduced, and its concen-
trations can increase in the presence of genetic variants associated with 
reduced function of CYP2C9. The FDA recommends controlling the increase 
in adverse reactions in patients carrying genetic variants associated with 
reduced function of CYP2C9.

Intestinal 
anti-inflammatories

SulfasalazineFDA [NAT1, NAT2, G6PD]

Acetyltransferases (NAT-1 and NAT-2) participate in the elimination of sulfa-
salazine. The FDA reports that slow acetylators may lead to a high incidence 
of adverse effects. 

Patients who are carriers of variants associated with glucose-6-phosphate 
dehydrogenase deficiency are more susceptible to methemoglobinemia 
due to certain drugs and oxidizing agents.

G6PD generates the NADPH necessary to protect erythrocytes from 
oxidative stress.

Drug category Drugs Genes of interest and additional information

Gastric protectors DexlansoprazoleFDA [CYP2C19, CYP3A4, CYP2C9 , CYP2D6]

Individuals with increased CYP2C19 function metabolize proton-pump 
inhibitors faster, which produces decreased plasma levels of these drugs 
and reduces their therapeutic efficacy.

This fact is particularly interesting in treatments that require the use of 
higher-than-conventional doses (e.g., high digestive hemorrhage and H. 
pylori eradication), in which ineffective treatment has high clinical relevance.

Clinical practice guidelines with dosage based on the genotype are 
available. 

EsomeprazoleDPWG, FDA

Lansoprazole DPWG, FDA

OmeprazoleDPWG, FDA

PantoprazoleDPWG, FDA

RabeprazoleDPWG, FDA

Hypoglycemic drugs Chlorpropamide FDA [CYP2C9, CYP3A4, G6PD]

Glibenclamide, gliclazide, and glimepiride are metabolized by CYP2C9. 
CYP3A4 also participates in the metabolism of glibenclamide.

Altered metabolism may be associated with reduced treatment efficacy or 
more intense and lasting effects (e.g., hypoglycemia).

Carriers of variants associated with glucose-6-phosphate dehydrogenase 
deficiency are more susceptible to methemoglobinemia due to certain 
drugs and oxidizing agents.

G6PD generates the NADPH necessary to protect erythrocytes from 
oxidative stress.

Glibenclamide DPWG, FDA

Gliclazide DPWG, FDA

Glimepiride DPWG, FDA

Gaucher disease 
treatment

Eliglustat DPWG, FDA [CYP2D6, CYP3A4]

Eliglustat is metabolized mainly by CYP2D6. Increased or decreased 
CYP2D6 activity due to genetic causes alters the plasma concentrations 
of eliglustat.

The FDA notes that in these cases it is necessary to use specialized dosing 
regimens to maintain efficacy and prevent an increase in the incidence of 
adverse effects.

*CPIC: Clinical Pharmacogenetics Implementation Consortium. DPWG: Dutch Pharmacogenetics Working Group. FDA: FDA 
(Food and Drug Administration) Table of Pharmacogenomic Biomarkers.
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OTHER DRUGS

Drug category Drugs Genes of interest and additional information

Beta2-adrenergic 
receptor agonists

Salmeterol [CYP3A4]

CYP3A4 is an enzyme involved in the metabolism of salmeterol. Decreased 
CYP3A4 activity can lead to increased plasma concentrations of salmeterol 
and to a higher incidence of adverse systemic effects (prolonged QT 
interval and palpitations).

Antitussives DextromethorphanFDA [CYP2D6]

The FDA reports that dextromethorphan is extensively metabolized by 
CYP2D6. Loss of function of CYP2D6 can increase the concentrations of 
dextromethorphan in the organism, up to levels several times greater than 
in the general population. This can be associated with an increased risk of 
adverse reactions (e.g. agitation, confusion, tremor, insomnia, diarrhea, and 
hypoventilation) and serotonin syndrome in the patient.

RESPIRATORY SYSTEM

*CPIC: Clinical Pharmacogenetics Implementation Consortium. DPWG: Dutch Pharmacogenetics Working Group. FDA: FDA 
(Food and Drug Administration) Table of Pharmacogenomic Biomarkers.
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*CPIC: Clinical Pharmacogenetics Implementation Consortium. DPWG: Dutch Pharmacogenetics Working Group. FDA: FDA 
(Food and Drug Administration) Table of Pharmacogenomic Biomarkers.

*CPIC: Clinical Pharmacogenetics Implementation Consortium. DPWG: Dutch Pharmacogenetics Working Group. FDA: FDA 
(Food and Drug Administration) Table of Pharmacogenomic Biomarkers.

Drug category Drugs Genes of interest and additional information

Topical antibiotics Mafenide FDA [G6PD]

Carriers of variants associated with glucose-6-phosphate dehydrogenase 
deficiency are more susceptible to methemoglobinemia caused by certain 
drugs and oxidant compounds.

G6PD generates the necessary NADPH to protect eryhtrocytes from 
oxidative stress.

Silver sulfadiazine FDA

DERMATOLOGY

Drug category Drugs Genes of interest and additional information

Antidotes Sodium nitrite FDA [G6PD]

Patients who carry variants associated with glucose-6-phosphate 
dehydrogenase deficiency are more susceptible to methemoglobinemia 
caused by certain drugs and oxidant compounds.

G6PD generates the necessary NADPH to protect eryhtrocytes from 
oxidative stress.

Dimercaptosuccinic acid 
(DMSA, succimer)FDA

ANTIDOTES
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Other genetic tests

Gene sequencing

Exome sequencing

SNP array

Variant segregation/Family studies

NextGenDx® massive sequencing (NGS)

MLPA testing

Array CGH

We offer you the possibility of requesting the study of any gene or genes that you consider to be of interest and that 
are not included in the current portfolio.
For more information, contact the sales representative of your area send us an email at clinica@healthincode.com

Gene sequencing

Individual gene sequencing and interpretation service. Depending on its size and on the regions of interest, we can 
offer an approach based on Sanger sequencing or on NGS (enrichment using amplicons or hybridization probes). The 
NGS-based approach allows detecting copy number variations (CNVs).

NextGenDx® massive sequencing (NGS)

Next Generation Sequencing (NGS), or massive sequencing, is a term used to describe a group of newly developed 
technologies able to perform massive DNA sequencing. This means that millions of small DNA fragments can be 
sequenced at once, generating a vast amount of data. These data can add up to gigabytes of information, equivalent 
to 1,000 millions of DNA base pairs. In comparison, formerly used methods could only sequence one DNA fragment 
at a time, generating between 500 and 1,000 DNA base pairs in a single reaction.

NextGenDx® is indicated when a specific group of genes needs to be analyzed at the highest levels of diagnostic 
accuracy. It is aimed at:

• Monogenic diseases or diseases associated with a small number or large genes.

• Multigenic or genetically heterogeneous diseases with complex differential diagnosis.

Exome sequencing

NGS service based on sequencing the coding portion of the human genome. It is a versatile tool that enables the 
simultaneous testing of a large amount of genes, and it is particularly useful in those cases where clinical presentation 
does not allow selecting a specific clinical panel or in pathologies with a very wide range of candidate genes, e.g. 
epilepsy. The exome service allows for TARGETED (predefined) testing of a group of candidate genes or for CLINICAL 
(open) analysis, where an ad hoc test is performed based on the clinical features of each particular case. The most 
complex cases may benefit from TRIO- or FAMILY-BASED exome testing, which jointly analyze the exomes of several 
family members, taking into account the status of each studied individual (affected or healthy) and the suspected 
inheritance pattern.
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MLPA testing

Semiquantitative technique that is widely applied in molecular genetic laboratories and that allows diagnosing patho-
logies caused by copy number variations and, in some cases, by alterations in DNA methylation. A wide variety of 
commercial kits are available to test individual genes, gene panels related to specific pathologies, or large chromo-
somal regions involved in microdeletion/microduplication syndromes. HIC offers MLPA services based on MRC-Ho-
lland kits.

SNP array

They include more than 290 microdeletion/microduplication syndromes. 
Array analysis allows detecting copy number gains or losses throughout the whole genetic material of the patient. 
Within the field of cardiology, it is considered a first-line test for patients with congenital heart disease associated with 
other malformations, particularly intellectual disability, autism spectrum disorders, and/or multiple congenital malforma-
tions. SNP array testing can detect copy number variations (CNVs) throughout the whole genetic material and allows 
confirming or ruling out microdeletion/microduplication syndromes, such as deletion 22q11 (velocardiofacial syndrome), 
deletion 7q11 (Williams syndrome), etc.

Indication for genetic testing. It is considered a first-line test in postnatal analysis for multiple non-specific congenital 
abnormalities and/or mental retardation/intellectual disability.

Among its advantages are the possibility of testing DNA from virtually any tissue, including non-cultured tissue; the 
detection of citogenetic abnormalities that cannot be detected by conventional tests; the identification of breakage 
points in chromosomal rearrangements, and the detection of loss of heterozygosity (SNP array only).

However, this technique also has some limitations. One of them is that it cannot detect balanced chromosomal rearran-
gements (balanced translocations or inversions); however, it can determine whether rearrangements show losses or 
gains at breakage points. Likewise, it cannot detect low-level mosaicism, triploidy and other levels of polyploidy, or 
some aneuploidies such as XYY. CNVs from genomic regions are not covered by the platform. Moreover, the level of 
detection depends on study density. It does not allow detecting point mutations or gene expression, nor does it allow for 
methylation analysis. It also shows some limitations in the case of trisomies secondary to translocations (trisomies 13 
and 21).

Array CGH

It is also known as molecular karyotyping, and its main advantage over classic karyotyping is its high sensitivity, which 
allows detecting structural variants that go unnoticed in conventional karyotyping. CGH array technology allows detecting 
losses and gains of genetic material and unbalanced rearrangements throughout the whole genome of an individual. 

Postnatal CGX 108K is specifically designed for genetic diagnosis. Its mean resolution is 100 kb over the whole genome, 
and high resolution is 20 kb for regions of interest of the genome (regions with direct association between copy number 
variations and a described pathology or syndrome). 

Array 37K is specifically designed for prenatal diagnosis and allows detecting genetic and chromosomal alterations 
with a single test. Its resolution is 10 times greater than that of conventional karyotyping and 50 times greater in critical 
regions for the main syndromes. Without substantially decreasing resolution in regions of interest, CGX 37K shows low 
coverage levels in the rest of the genome in order to minimize diagnostic uncertainty.

Variant segregation/Family studies

Sanger sequencing studies on carriers of variants that have been previously described in the family.
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Fluoropyrimidines [DPYD, 4 variants]*
Antiplatelet drugs [CY2C19, 4 variants]**

 

 

Genotyping services

Other genetic tests

TAT (turnaround time): 5 days* / 2 weeks**

For more information contact your sales representative

PRE-TEST AND POST-TEST COUNSELLING

Our studies include the possibility of
pre-test and post-test counselling

For more information, please contact your
sales representative

Included clinical areas:
Central nervous system: psychiatry and neurology
Cardiovascular system
Immunosuppressive agents
Antineoplastic agents
Anti-infective agents
Genitourinary system and sex hormones
Digestive system and metabolism
Analgesics, anesthetics and musculoskeletal system
Respiratory system
Dermatology
Antidotes

Pharmacogenetics Global Panel [175 drugs, 28 genes, 950 genetic regions]

Pharmacogenetic Panel for a Single Clinical Area

 NGS Panels TAT (turnaround time): 5 weeks
Reference Test

S-202009566

S-202009619

S-202007870

S-202009620

We offer you the possibility of requesting the study of any gene or genes that you consider to be of interest and 
that are not included in the current portfolio.

For more information, contact the sales representative of your area send us an email at clinica@healthincode.
com



+34 881 600 003  I  customercare@healthincode.com  I  www.healthincode.com 
For more information, please contact your sales representative


