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Aplicación de datos farmacogenéticos/farmacogenómicos para personalizar el
tratamiento en la práctica clínica habitual. Revisión narrativa

r e s u m e n

Objetivo: El objetivo de este artículo ha sido realizar una revisión narrativa de cómo se está aplicando la

farmacogenética y la farmacogenómica en la clínica, especialmente en España.

Método: Se han revisado las publicaciones y sitios web de mayor interés.

Resultados: Se discuten los farmacogenes y variantes en uso en varios centros hospitalarios, las metodologías

empleadas y el proceso de implementación.

© 2023 Sociedad Española de Farmacia Hospitalaria (S.E.F.H). Publicado por Elsevier España, S.L.U. Este es un

artículo Open Access bajo la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Thanks to scientific and technological progress, identifying and ap-

plying the most effective therapeutic strategy for each patient appears

to be within reach and remains the goal of most healthcare systems.1,2

Thus, the concept of precision medicine has emerged as the identifica-

tion and application of the most effective therapeutic, diagnostic, and

preventive strategy for each patient or population subgroup, taking

into account genetic information and the influence of the

environment.3 From the perspective of pharmaceutical practice, this

concept involves the assessment of genomics, environmental expo-

sure, lifestyle, and the analysis of other unique patient or disease

characteristics in order to guide drug selection and dosing.4,5 In both

cases, the focus is on genes or genomes, where genomes are under-

stood as the combination of genes and other genetic elements rather

than just the sum total of genes. This focus gives rise to pharmacoge-

netics and pharmacogenomics. Hereafter, we use the abbreviation

PGx to refer to them interchangeably, as their objectives are essentially

the same.

The implementation of PGx is expected to be hugely influential in

modern society, where prescription drug use is very widespread.6 On

the one hand, PGx implementation can help prevent adverse effects

that require attention and, in many cases, hospitalisation; on the other

hand, it can help select treatments and eliminate those that are ineffec-

tive. By genotyping the population, PGx can also be used to predict

treatment.7 In fact, it is relatively common for individuals to possess ge-

netic variants associated with PGx and to be exposed to multiple drugs
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over their lifetime, either serially or concurrently. Thus, PGx could help

prevent adverse effects related to polypharmacotherapy.

Given this background, PGx implementation should be widespread;

however, it appears that this is not the case. Therefore, we considered

that it would be of interest to determine how PGx is applied in routine

clinical practice in Spain (genes, variants, and methods) and the ele-

ments involved in its implementation.

Methods

Several resources were used to conduct this review: (1) The litera-

ture: A non-systematic review of the last 10 years of PubMed, WOS.

The following terms were used as search terms: “Farmacogenética”,

“Farmacogenómica”, “Medicina de Precisión”, “Medicina

Personalizada”, “Farmacoterapia de Precisión”, and “Farmacoterapia

Personalizada”, as well as their English translations: “Pharmacogenet-

ics”, “Pharmacogenomics”, “Precision Medicine”, “Personalised Medi-

cine”, “Precision Pharmacotherapy”, and “Personalised

Pharamacotherapy”; (2) Databases: The Pharmacogenomics Knowl-

edge Base (PharmGKB),8 Pharmacogene Variation (PharmVar),9 and

ClinVar.10 PharmGKB contains information on pharmacogenes that

have been approved by the US Food and Drug Administration

(FDA),11,12 EuropeanMedicines Agency (EMA),13 Swiss Agency of Ther-

apeutic Products (Swissmedic),14 the Japanese Pharmaceuticals and

Medical Devices Agency (PMDA),15 and Health Canada (Santé Canada)

(HCSC).16 PharmVar mainly contains CYP450 variants. ClinVar contains

pharmacogenes and other biomarkers and is the reference for

genotype–phenotype relationships in humans; (3) Clinical guidelines:

From the American perspective, the Clinical Pharmacogenetics Imple-

mentation Consortium (CPIC)17 (cpicpgx.org), and from the European

perspective, the Dutch Pharmacogenetics Working Group

(DPWG)18–22; and (4) Spanish institutions and organisations: Consejo

General de Colegios de Farmacéuticos (https://www.farmaceuticos.

com/), Sociedad Española de Farmacia Hospitalaria (https://www.sefh.

es/), Sociedad Española de Farmacogenética y Farmacogenómica

(https://seff.es/), Sociedad Española de Farmacia Clínica, Familiar y

Comunitaria (https://www.sefac.org/).

Results

Genes, variants, and methods

The pharmacogenes and methods employed are very similar in all

the countries analysed. Table 1 shows the most commonly employed

pharmacogenes. The table includes two Spanish examples because of

the availability of detailed information. In total, 16% of the

pharmacogenes analysed are transport proteins, 39% are metabolism

proteins, and 45% are therapeutic targets. Thus, 55% of the

pharmacogenes are bioavailability pharmacogenes (transport and me-

tabolism) and 45% are therapeutic targets. The treatments involved

show that themain therapeutic areas are antitumoral (23%), neurologi-

cal (18%), immunosuppressant (11%), antiretroviral (10%), anticoagu-

lant (8%), antihypercholesterolemic (8%), antidiabetic (8%), and

biological (5%). These results are consistent with those depicted in

Fig. 1 for services which offer PGx.

The number of variants analysed per gene is relatively small, and in

most cases is limited to one. The “rs” reference numbers are shown in

Table 1, allowing access to the description of each variant in the

dbSNP database26 (https://www.ncbi.nlm.nih.gov/snp).

The main analytical method used is PCR and, to a lesser extent, ar-

rays (results not shown). In the analysis of arrays, ad hoc variant panels

are mainly used in Spain, whereas commercially available fixed panels

are in wide use in other countries. Next-Generation Sequencing (NGS)

is rarely used, except in research settings. Two types of sequencing are

used: Whole Exome Sequencing (WES) analyses around 1%–2% of the

genome and is the most common method; and Wide Genome

Sequencing (WGS) analyses the entire genome. A unique aspect of

NGS is the number of reads or fragments into which the DNA is divided.

These are sequenced simultaneously (bulk sequencing) and then sorted

to obtain the sequence of the sample.28 Themost commonly usedNGS is

Long-Read Sequencing (LRS) with reads of up to 45 000.

Implementation of pharmacogenetics and pharmacogenomics

The implementation of PGx in hospital settings is widespread,

whereas it remains limited in the community setting. This situation is

similar in other countries. In Spanish hospitals, pharmacogenetics

units have been set up to meet the demands of different clinical areas,

especially oncohematology (Fig. 1).27 In community pharmacies, the

implementation of PGx is at an early stage and is very uneven. Unlike

the situation in hospitals, there appears to be a lack of infrastructure

and testing is outsourced to specialised laboratories.

PGx is being developed within the framework of specific programs

or projects. In other countries, development is at its most advanced in

the United States, with initiatives such as the Cleveland Clinic's

Personalised Medication Program, the CLIPMERGE PGx Program, the

eMERGE-PGx initiative, IGNITE, INGENIOUS, the 1200 Patients Project,

and PREDICT.29,30 In Europe, theNetherlands has gone furthest in devel-

oping PGx. In fact, this countrywas thefirst to publish clinical guidelines

(by the DPWG) and develop systems in which prospective data on a set

of key pharmacogenes are collected and included in patients' electronic

medical records.31 In Spain, noteworthy programs include those con-

ducted by the Instituto de Salud Carlos III,25 la Sociedad Española de

Farmacogenética y Farmacogenómica,32 Hospital de la Princesa,24 and

the MedeA Project.33

In the Spanish autonomous communities, PGx development remains

uneven34 (see Fig. 2). An analysis of the key elements of implementa-

tion shows that the most important factor is the existence of govern-

ment plans and strategies, followed by public–private collaboration

and training. The existence of a criticalmass ofwell-trained PGx special-

ists and infrastructure is much less influential.

PGx has evolved from the creation of specific units in hospitals to

solve specific clinical problems to the study of panels or mass sequenc-

ing of population groups in centralised laboratories at regional and na-

tional levels. In this sense, a noteworthy initiative is the Collaborative

Spanish Variability Server (CSVS),35 which is a database that has col-

lected genomes and exomes of individuals allowing us to determine

the prevalence of pharmacogenomic variants in the Spanish population.

Discussion

The number of pharmacogenes in use is relatively low compared to

the number of genes considered useful or actionable pharmacogenes

(284 genes associated with pharmacokinetics and 771 genes associated

with pharmacodynamics).17–22 The number of variants analysed also

shows a similar discrepancy, which seems to be due to 2 main factors:

biological significance and methods.

Regarding biological significance, 2 pharmacogenetic categories can

bedistinguished: those affectingbioavailability and those affecting ther-

apeutic targets. The biological significance of thefirst group is evident, as

these pharmacogenes have specific roles in drug absorption, metabo-

lism, distribution, and elimination, and are therefore typically included

in most protocols. However, the proteins involved in bioavailability

have broad substrate specificity and are applicable to multiple drugs,

allowing the same panels to be used in a variety of clinical situations.

It should be noted that many of the proteins involved are inducible;

thus, if a drug is taken with an inducing agent (e.g., alcohol or another

drug) adverse effectsmay occur as a result of variations in protein levels.

Furthermore, it should be considered that both inducibility and sub-

strate specificity can have relevant effects in polymedicated patients.

In contrast, the biological significance of the second group is less

clear, so it is not surprising that many pharmacogenes are proposed,
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but few are selected. In principle, the therapeutic target should be the

protein responsible for the problem being addressed. Nevertheless, in

most cases, the cause of the problem is an imbalance in the biological

system, involving multiple proteins and the effect of the environment

on them. In all cases, we are dealing with multifactorial problems. An

example of this situation is depicted in Fig. 3, showing the network of

factors and interactions in the case of sickle cell anaemia. As can be

seen, abnormal HbS, which is the main cause of the problem, can be af-

fected by other modifying proteins, environmental influences, and the

physiological response of the individual. In this case, all of these ele-

ments should be analysed, because they give rise to different clinical

phenotypes that can be treated individually; however, in practice,

they are usually excluded if the effect of any of these factors is modest.

Another reason why some targets are not used is that, in many cases,

they have been identified as statistical associations rather than func-

tional ones, making it unclear how they are affected. Finally, the envi-

ronment can have as much impact as genes on protein function; for

example, proteins may behave differently under varying pH levels. In

other words, genetic studies alone do not provide a definitive basis for

therapeutic decision-making. A comprehensive assessment of biological

systems can be provided by analysing the metabolome, which repre-

sents the outcomes of protein action and environmental effects. In this

sense, it is becoming increasingly common to include metabolite analy-

sis alongside genetic analysis.

Some possible variants are not always analysed, which poses some

level of risk from amethodological point of view. However, it is reason-

able to use arrays with a limited number of genomic variants and to re-

serve sequencing for special cases. The concept of special cases refers to

rare variants and structural variants; arrays, however, neither detect

them nor allow for haplotype phasing. Rare variants can have a greater

impact on gene function and expression, exhibit greater population

specificity, and play relevant roles in the genetics of complex diseases.36

Structural variants refer to deletions, duplications, insertions, inver-

sions, and translocations, as well as complex rearrangements, all of

which are very common in PGx. Regarding phasing, it should borne in

mind that although the genome is often discussed as a singular entity,
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each person actually has a dual chromosomal endowment. The position

of variants on one or the other chromosome can lead to differences in

the response to drugs such as alpelisib.37

The predominant sequencing method is Whole Exome Sequencing

(WES), which does not analyse introns. PGx has detected variants of in-

terest in introns. On the other hand, Long Read Sequencing (LRS) is

gaining momentum due to the advantage of longer read fragments,

which contribute to a reduction in sequencing errors. These errors

occur because DNA contains numerous similar sequences. Conse-

quently, when using short reads, multiple alternatives can arise. In

PGx, LRS is the preferred choice to study variants in complex genes

such as CYP2D6 or HLA.

Implementation of pharmacogenetics/pharmacogenomics

PGx has been implemented in hospitals, but could also be imple-

mented at all levels of the healthcare system. In fact, much of PGx is

focused on outpatient drugs, such as antidiabetics, statins, and so on.

Cavallari et al have outlined a set of specific elements that should be

considered when establishing a PGx service.38 These elements include

patient selection, analytical genotyping procedures, computer systems,

staff training, and quality control. Thus, hospitals are the preferred lo-

cation for PGx implementation due to their operational facilities. There

is also a historical reason for this situation: the majority of the initia-

tives have emerged from research projects, most of which have been

hospital-based. Further PGx development is likely to occur mainly in

out-of-hospital settings, and the increasing use of Internet-based

gene panels may contribute to this trend. In this regard, the FDA has

approved direct-to-consumers (DTC) genetic test kits, which assess

risk markers for cancer (BRCA 1 and 2) and other diseases (G6PDH).

Many of these tests can be done without prescription, and so there is

a clear need to inform people with community pharmacies playing a

key role.

However, despite significant advances in knowledge, it is striking

that the implementation of PGx has been so slow, both in Spain and in

other countries.39 The reasons given for this situation include a certain

level of scepticism, technical difficulties, the lack of specialists, and bud-

get constraints.31,40 Critics highlight the lack of clarity concerning

pharmacogenes. Furthermore, genotyping tests and registration pro-

cesses often lack standardisation. In addition, recognition by drug agen-

cies, which employ varying different criteria, is relevant to PGx

implementation. In Spain, at least those medicines for which the Span-

ish Agency of Medicines and Medical Devices and the EMA include

PGx analysis in their data sheets should be included. Regarding techni-

cal difficulties, the issues primarily stem from managing the results

rather than from the analyses themselves.41 Thus, the analysis of a

vast amount of data to provide a solution necessitates reliable mathe-

matical algorithms. This aspect has significantly improvedwith the evo-

lution of artificial intelligence and the substantial increase in

computational capacity, thus enabling the rapid identification and ap-

plication of solutions. However, this aspect remains a challenge because

many such databases lack structure and interoperability, rendering

their integration nearly impossible. The analytical aspect has transi-

tioned from the early, almost handcrafted techniques to today's easily

applicable automated methods. Finding a laboratory is not difficult

and, currently, the SEFF is drawing up a map of laboratories in Spain.

In other countries, the availability of genetic testing is very widespread

and can be consulted in the Genetic Testing Registry database.42 The

number of specialists is gradually increasing and costs are steadily

decreasing.

The implementation of PGx has paralleled progress in precision

medicine, both in Spain and in other countries. Government plans

and strategies have significantly shaped the development of precision

medicine in Spain. For example, the Spanish strategy for personalised

medicine was launched in 2020. Governments are investing heavily,

especially in infrastructures such as the Spanish IMPaCT program.43

Another key aspect is collaboration between the public and private

sectors. In the biomedical field, such collaboration has stemmed from

government programs and the keen interest of private companies,

which have recognised this field as a good business opportunity.

Consequently, this synergy has contributed to the remarkable growth

of biotech companies in Spain (https://www.asebio.com/en). This

aspect, among others, has led to an increase in the use of biotechnolog-

ical treatments and the associated increase in costs, which contrasts

with the expected reduction following the implementation of PGx.

Some authors have suggested that this trend could lead to social in-

equalities by limiting access to medicines for people in lower socioeco-

nomic groups.44

PGx training is of particular concern as a criticalmass of well-trained

PGx specialists is needed for its implementation to becomewidespread.

As mentioned, some biomarkers have strong scientific and clinical sup-

port, whereas others are merely statistical associations that have been

proven to be misleading and to have clinical implications. Discriminat-

ing between them requires well-trained specialists. In both pharmacy

and medicine, undergraduate training in PGx is very scarce and post-

graduate training does not include PGx as a speciality. However, courses

do exist, some of which are free of charge, such as those offered by the

COPHELA consortium.45 The current trend is to form multidisciplinary

teams in which pharmacists, with their training in pharmacokinetics

and pharmacodynamics, should play a key role. In relation to PGx, phar-

macists' responsibilities include promoting the optimal use and timing

of PGx tests, interpreting PGx test results, and educating healthcare pro-

fessionals, patients, and the general public about the field of

pharmacogenomics.46,47 Setting up such teams in hospitals is straight-

forward and improving with the creation of translational medicine

units. Although this aspect can be challenging in community pharmacy,

it is not insurmountable, thanks to information and communication

technology.

The concept of precision medicine and PGx have evolved

simultaneously.44 Initially, the concept was captured by the term

personalised medicine (i.e., where each person receives the most effec-

tive treatment while avoiding adverse effects). Subsequently, the con-

cept was referred to as precision medicine, which includes population

subgroups as well as individuals, thus avoiding the possible misinter-

pretation of the term “personalised”. The concept, which was originally

based on genetics, has also evolved to include other factors. Medical re-

cords increasingly contain PGx data along with so-called Medically Ac-

tionable Predisposition conditions.23 Finally, there is a trend toward

preventive medicine where PGx focuses on characterising populations

in anticipation of possible treatments.48 This is a global trend,49 and a

good example is provided by the GENOTRIAL project at the Hospital
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Fig. 3. Biological factors and interactions determining the clinical phenotype in sickle cell
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de la Princesa (Madrid, Spain). This approach is part of a broader global

strategy to collect all the biomarkers that showvariation.50 This newap-

proach has been welcomed with great interest by the pharmaceutical

industry for population selection in clinical studies.

Conclusions

The application of PGx data in routine clinical practice in Spain is

similar to that in other countries, and has been advancing in parallel

with precision medicine. Key elements for its development are transla-

tional research, governmental support, and specialist training.
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