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ABSTRACT
Background: Organic anion-transporting polypeptide 1B1 (OATP1B1) and the ATP-binding cassette
subfamily G member 2, ABCG2, are important transporters involved in the transport of endogenous
substrates and xenobiotics, including drugs. Genetic polymorphisms of these transporters have effect
on transporter activity. There is significant interethnic variability in the frequency of allele variants.
Aim: To determined allele and genotype frequencies of ABCG2 and SLCO1B1 genes in Croatian popula-
tions of European descent.
Subjects and methods: A total of 905 subjects (482 women) were included. Genotyping for ABCG2
c.421C>A (rs2231142) and for SLCO1B1 c.521T>C (rs4149056), was performed by real-time polymer-
ase chain reaction (PCR) using TaqManVR DME Genotyping Assays.
Results: For ABCG2 c.421C>A, the frequency of CC, CA and AA genotypes was 81.4%, 17.8% and
0.8% respectively. The frequency of variant ABCG2 421A allele was 9.7%. For SLCO1B1 c.521T>C, the
frequency of TT, TC and CC genotypes was 61.7%, 34.8% and 3.5% respectively. The frequency of vari-
ant SLCO1B1 521C allele was 20.9%.
Conclusion: The frequency of the ABCG2 and SLCO1B1 allelic variants and genotypes in the Croatian
population is in accordance with other European populations. Pharmacogenetic analysis can serve to
individualise drug therapy and minimise the risk of developing adverse drug reactions.
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Introduction

Membrane-bound proteins (transporters), which control
access of important nutrients and ions into the cell, excrete
cellular waste, environmental toxins and other xenobiotics,
are also important determinants in the absorption, distribu-
tion and excretion of drugs (International Transporter
Consortium 2010). Through the mechanisms of uptake and
excretion, transporters play an important role in modulating
the adverse effects of these compounds on the body. While
metabolic enzymes are predominantly found in the liver and
intestine, transporters are located in many tissues, including
intestinal, renal and hepatic, and affect drug pharmacokinet-
ics (PK) and pharmacodynamics (PD). Depending on the
transmission direction across the cell membrane, the trans-
porters are divided into those that carry in (influx) or take
out (efflux) substrates from the cell (Franke et al. 2010). They
also differ in transmission mode depending on energy
because they can transfer substrates with or without energy
consumption. Furthermore, similar to metabolising enzymes,
transporters can be inhibited, and some of them are also

inducible (Endres et al. 2006; Tirona 2011; Bruhn and
Cascorbi 2014; Bruckmueller and Cascorbi 2021a).

According to the HUGO Gene Nomenclature Committee
(HGNC), there are more than 660 transporters that can be
classified into one of two superfamilies: ATP-binding cassette
(ABC) transporters or Solute Carriers (SLC) (HGNC 2022). For
more than two decades, The International Transporter
Consortium representing scientists from academia, industry,
and regulatory bodies, have been examining transporters’
relevance for PK and PD (Huang et al. 2010; Hillgren et al.
2013; Zamek-Gliszczynski et al. 2018). Variability in drug
exposure and response can be modulated by a transporter’s
gene polymorphism and drug–drug interactions (DDIs)
(Endres et al. 2006; Yee et al. 2018).

The two very important polymorphic transporters associ-
ated with the variable pharmacokinetics of drug substrates
are the ATP-binding cassette subfamily G member 2
(ABCG2), known as the breast cancer resistance protein
(BCRP), encoded by the ABCG2 gene, and an organic anion
transporting polypeptide 1B1 (OATP1B1), encoded by the
SLCO1B1 gene. Genetic variations of these two transporters,
which vary across populations, can serve as genetic markers
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in the individualisation and optimisation of pharmacother-
apy. The genotyping of ABCG2 and SLCO1B1 can help
achieve optimal therapeutic effects since the phenotypes
associated with genetic variations contribute to differences
in PK, PD and adverse drug reactions (ADRs) risk (Hirota
et al. 2020; Turner, Fontana, et al. 2020; Turner, Radman,
et al. 2020) and the influence on drug–drug, drug–gene and
drug–drug–gene interactions are also observed (Verbeurgt
et al. 2014; Malki and Pearson 2020; Bruckmueller and
Cascorbi 2021b). All of the above can have a significant
impact on the efficacy and safety of pharmacotherapy with
the drug substrates. Clinically relevant drug substrates of
BCRP/ABCG2 are cytostatics, such as camptothecin analogues
(diflomotecan, irinotecan, topotecan), methotrexate, mitoxan-
trone, tyrosine kinase inhibitors (TKIs, e.g. erlotinib, gefitinib,
imatinib, nilotinib), hypolipidemic (rosuvastatin, ezetimibe,
fibrates), proton pump inhibitors (PPIs, e.g. pantoprazole),
anticoagulants (apixaban and rivaroxaban), and cyclosporine
(Mao and Unadkat 2015; Hira and Terada 2018; Heyes et al.
2018; Safar et al. 2019). Clinically relevant drug substrates of
OATP1B1 are antibacterial drugs (benzylpenicillin, cefditoren,
rifampicin), cytostatics (SN-38, pazopanib), protease inhibitors
(darunavir, lopinavir) and hypolipidemics (atorvastatin, pra-
vastatin, rosuvastatin, ezetimibe) (Niemi et al. 2011; Gessner
et al. 2019).

The genetic structure of the Croatian population agrees with
its geographical position at the crossroads of Central and
Southeast Europe, on the coast of the Adriatic Sea. The majority
of the inhabitants of Croatia are Croats (90.4%), followed by
Serbs, Bosnians, Italians, Albanians, Hungarians, Slovenes, etc.
Moreover, different studies testify that chromosome variants of
Croatians can be adequately explained within typical European
maternal and paternal genetic landscapes, while the observed
structuring of Y chromosomal variance reveals an evident Slavic
component in the paternal gene pool of Croatian men (Peri�ci�c,
Bara�c Lauc et al. 2005; Perici�c, Lauc et al. 2005).

Given that a clear link has been established between gen-
etic defects in drug-metabolising enzymes and drug trans-
porters and their impact on the efficacy and toxicity of
certain drugs, the clinical guidelines for healthcare professio-
nals have been developed and published by different work-
ing groups and organisations (Wilke et al. 2012; Ramsey
et al. 2014; Cooper-DeHoff et al. 2022; DPWG 2022) to reduce
the incidence of ADRs and associated costs. It has been
documented for ADRs to be the fourth leading cause of
death in hospitalised patients in the United States (Lazarou
et al. 1998). Consequently, some of the guidelines have been
included in Patient Information Leaflets (PILs) and Summaries
of Product Characteristics (SmPCs) by regulatory bodies, such
as the Food and Drug Administration (FDA) and European
Medicines Agency (EMA) (Ehmann et al. 2015; Skvrce et al.
2020; FDA 2021; PharmGKB 2021).

The Clinical Pharmacogenetics Implementation
Consortium (CPIC) is an international consortium with the
aim of transferring knowledge and using pharmacogenomic
testing results for clinical purposes. One of the obstacles to
implementing pharmacogenomic testing in clinical practice is
the difficulty in transferring genetic results into specific drug

prescribing decisions. The CPIC’s goal is to address this bar-
rier to the clinical implementation of pharmacogenomic tests
by creating and publishing freely available, peer-reviewed,
evidence-based, updated and detailed guidelines for applica-
tion in clinical practice (CPIC 2022). The most recent CPIC
guidelines published in January 2022 replace the original
2012 guidelines and the updates from 2014 (Wilke et al.
2012; Ramsey et al. 2014; Cooper-DeHoff et al. 2022). In add-
ition to the gene-based guideline for prescribing simvastatin
based on SLCO1B1 genotype, recommendations based on
SLCO1B1 (simvastatin, rosuvastatin, atorvastatin, pravastatin,
pitavastatin, fluvastatin, and lovastatin), CYP2C9 (fluvastatin)
and ABCG2 (rosuvastatin) genotype, were added with the
purpose of reducing the risk of statin-associated musculo-
skeletal symptoms. Furthermore, the guidelines are specific-
ally used in cases when the results of pharmacogenomic
tests are available to achieve the best possible clinical results
with the most suitable statin in its optimal dose (Cooper-
DeHoff et al. 2022).

BCRP/ABCG2

The ATP-binding cassette subfamily G member 2, ABCG2
(breast cancer resistance protein, BCRP, first discovered in
breast cancer), is an efflux transporter expressed in the apical
cell membranes of the placenta, brain, gastrointestinal tract,
bile ducts, gallbladder, hepatocytes, renal tubules, stem cells,
adrenal gland, prostate, testes, ovaries, uterus, central ner-
vous system, endothelium of veins and capillaries and retinal
capillary endothelial cells (Mao and Unadkat 2015; Fohner
et al. 2017). It primarily functions as an apical efflux pump in
enterocytes, as a canalicular efflux pump transporting sub-
strates from hepatocytes into the bile, and as a transporter
in the brain microvascular endothelial cells, renal proximal
tubular cells and placental syncytiotrophoblasts. Therefore,
this transporter contributes to the absorption, distribution,
and elimination of compounds and tissue protection against
xenobiotic exposure (Poirier et al. 2014).

The ABCG2 is considered the major determinant of renal
and extrarenal urate secretion, and reduced-function ABCG2
variants are linked to the risk for developing gout and hyper-
uricaemia (Matsuo et al. 2011; Fohner 2017). In addition, it is
proven that ABCG2 has a crucial protective role in lowering
cadmium’s intracellular concentration, which could be nega-
tively altered by the Q141K genetic variant (Wen et al. 2021).
At first, it was thought that ABCG2 substrates include a wide
range of cytostatics, such as mitoxantrone, irinotecan, metho-
trexate and tyrosine kinase inhibitors (TKIs) such as imatinib,
gefitinib and nilotinib. However, BCRP substrates are not lim-
ited to chemotherapeutics but include different drugs like
erlotinib, prazosin, rosuvastatin, cimetidine, apixaban, sulfa-
salazine, etc. (Giacomini et al. 2013; Mao and Unadkat 2015;
Hira and Terada 2018; Heyes et al. 2018; Safar et al. 2019;
Toyoda et al. 2019; Svedberg et al. 2020).

Many studies have highlighted the ABCG2 c.421C>A vari-
ant as a determinant of pharmacokinetics, and the efficacy
and toxicity of several drugs (Keskitalo, Pasanen, et al. 2009;
Giacomini et al. 2013; Miro�sevic Skvrce et al. 2013; Hirota et
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al. 2020; Miro�sevi�c Skvrce et al. 2015; Horsey et al. 2016;
Hirota et al. 2020; Ganoci et al. 2021; Mer�cep et al. 2022).
Single nucleotide polymorphism of ABCG2 c.421C>A
(rs2231142, p.Q141K) results in its reduced activity
(Giacomini et al. 2013) – mRNA expression is maintained, but
protein expression and function are reduced by 50-70% due
to enhanced susceptibility to proteasomal degradation
(Kondo et al. 2004; Furukawa et al. 2009). The frequency of
the ABCG2 variant allele in populations of European descent
is estimated at around 10–15% (Robey et al. 2009; Sakiyama
et al. 2014). The variant has a low incidence in individuals of
African descent (2%), however, the incidence of about 30%
has been established in the populations of East Asia, includ-
ing Chinese and Japanese (Keskitalo, Pasanen, et al. 2009;
Sakiyama et al. 2014; Hirota et al. 2020). First of all, the vari-
ant was associated with changes in response to the xanthine
oxidase inhibitor, allopurinol, and statins (simvastatin, rosu-
vastatin and fluvastatin). The area under the curve (AUC) of
inactive simvastatin lactone was 111% higher, and for fluvas-
tatin and atorvastatin, 72% higher in subjects with ABCG2
421A/A genotype compared to concentrations recorded in
the carriers of 421 C/C genotype (Hofman et al. 2019). This
increase is most likely due to the increased bioavailability of
orally administered drugs due to a decrease in the efflux
transporter function of the BCRP associated with the ABCG2
421A/A genotype. Furthermore, the Keskitalo group reported
that subjects with ABCG2 421A/A genotype had a 72%
greater mean area under the curve for atorvastatin and a
144% greater mean area under the curve for rosuvastatin
than the ones who carried ABCG2 421 C/C genotype
(Keskitalo, Zolk, et al. 2009). A study on the Japanese popula-
tion showed that individuals with one variant allele for
ABCG2 421 C>A had a 55% increase in atorvastatin’s oral
bioavailability compared to the wild type homozygotes
(Tsamandouras et al. 2017). A recent meta-analysis on rosu-
vastatin pharmacokinetics showed that subjects carrying
ABCG2 421A variant allele have significantly increased AUC0-
1 and Cmax values compared to subjects with the CC geno-
type (Song et al. 2022). Similarly, a case-control study has
shown the ABCG2 c.421C>A variant allele was associated
with adverse events of rosuvastatin (Mer�cep et al. 2022).
Klarica Domjanovic et al. also revealed that interaction
between variant ABCG2 421A allele and the antiepileptic
drug valproate was observed. Variant ABCG2 421A allele and
valproate interact in their effects on the disposition of lamo-
trigine. Lamotrigine mono-treated variant allele carriers (vs.
wild type homozygotes) had 25% lower troughs, but they
had 70% higher lamotrigine troughs when cotreated with
valproate. Moreover, valproate increases lamotrigine troughs
by 2.3-fold in wild type homozygotes and 5.2-fold in variant
allele carriers (Klarica Domjanovi�c et al. 2018). Another study
showed that risperidone exposure and clinical response is
conditional on the ABCG2 421 C>A polymorphism (Ganoci
et al. 2021). A study in hypertensive breastfeeding women
found that concentrations of nifedipine in breast milk in
ABCG2 421C/A genotype carriers were approximately three
times greater than in ABCG2 421 C/C genotype carriers
(Malfar�a et al. 2019). In addition, the variant is associated

with the harmful effects of various anti-cancer drugs. It has
been shown that ABCG2 421 C>A polymorphism had a sig-
nificant impact on the induction of severe thrombocytopenia
as the most common ADR of sunitinib and gefitinib (Cusatis
et al. 2006; Low et al. 2016), while it was also associated
with clinically significant changes in pharmacokinetics/
pharmacodynamics of sulfasalazine (Gotanda et al. 2015).
The real-world study linking genotype data of Finnish bio-
banks suggested possible association of ABCG2 c.421C>A
variant with bleeding events in apixaban and dabigatran
users (L€ahteenm€aki et al. 2021). These results are in line with
findings from studies of ABCG2 c.421C>A effect on plasma
concentrations and apixaban clearance (Ueshima et al. 2018;
Gulilat et al. 2020).

Due to the high frequency of alleles, especially in Asian
populations, and the fact that the transporter is a determin-
ant of the pharmacokinetics of many drugs, it is very likely
that this variant will be increasingly important in personal-
ised medicine (Robey et al. 2009; Miro�sevic Skvrce et al.
2013; Miro�sevi�c Skvrce et al. 2015; Hirota et al. 2020).

OATP1B1

Organic anion-transporting polypeptide 1B1 (OATP1B1; also
known as OATP-C, OATP2, and liver-specific transporter 1),
expressed on the basolateral membrane of human hepato-
cytes, represents one of the main influx transporters
(Kalliokoski and Niemi 2009; Giacomini et al. 2010; Klaassen
and Aleksunes 2010). OATP1B1, encoded by the SLCO1B1
gene, is responsible for uptake into the liver of mainly
weakly acidic drugs and endogenous compounds e.g. statins,
methotrexate, rifampicin, SN-38 (the active metabolite of iri-
notecan), valsartan, bosentan, enalapril, HIV protease inhibi-
tors and bilirubin, bile acids (taurocholic acid), conjugated
steroids, and leukotriene C4 (Kalliokoski and Niemi 2009;
Giacomini et al. 2010; Klaassen and Aleksunes 2010). More
than 40 nonsynonymous variants (nsSNPs) have
been identified in this transporter’s gene, some of
which result in reduced transport function (Kalliokoski and
Niemi, 2009). For two genetic polymorphisms, SLCO1B1
c.388A>G (p.Asn130Asp; rs2306283) and SLCO1B1 c.521T>C
(p.Val174Ala; rs4149056), it has been detected how they can
change the transport capacity of OATP1B1 (Hagenbuch and
Meier 2003; Hagenbuch and Meier 2004; Kalliokoski and
Niemi 2009; Niemi et al. 2011; Horsey et al. 2016; Hirota
et al. 2020; Turner, Radman, et al. 2020). SLCO1B1 c.521T>C
results in a change of the amino acid sequence, Val147Ala,
and is associated with decreased membrane expression of
the transporter, with consequently reduced transport cap-
acity (Niemi et al.2011). Furthermore, this variant increases
systemic exposure to simvastatin (221% increase in area
under the curve, AUC, for 521 C/C homozygous patients)
(Pasanen, Neuvonen et al. 2006). Therefore for individuals
with reduced function of OATP1B1 who receive simvastatin,
the Clinical Pharmacogenetics Implementation Consortium
recommends a lower dose of simvastatin or use of alterna-
tive statins, such as rosuvastatin or pravastatin which are less
affected by the SLCO1B1 polymorphism (Niemi et al. 2011;
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Kalliokoski and Niemi 2009; Elsby et al. 2012; Wilke et al.
2012). Besides statins, for drugs such as bosentan (Treiber
et al. 2007), valsartan (Song et al. 2021), rifampicin (Li et al.
2012; Litjens et al. 2020) and methotrexate (Bielen et al.
2018; Roszkiewicz et al. 2021; Schulte et al. 2021), this variant
might have a crucial role in toxicity. This is especially import-
ant in comedication with cyclosporine, which is a proven
OATP1B1 inhibitor (Launay-Vacher et al. 2005; Treiber et al.
2007). Furthermore, a study on Chinese autoimmune disease
patients demonstrated a significant relationship between
SLCO1B1 521 T>C polymorphism and dose-adjusted plasma
levels of mycophenolic acid, an active metabolite of myco-
phenolate mofetil, in which the carriers of SLCO1B1 521 C/C
genotype showed much higher dose-adjusted plasma levels
of mycophenolic acid than the others (Shu et al. 2021). In
addition, it was reported that SLCO1B1 521 T>C polymorph-
ism might have an impact on the pharmacokinetics of
exemestane since the statistically significant differences
between AUCs in carriers of different SLCO1B1 521 T>C gen-
otypes were found (Gregory et al. 2017), while the associ-
ation of response to menopausal hormone therapy and the
respective polymorphism was also reported. It is considered
that the bioavailability of conjugated oestrogens has an
influence on the incidence of night sweats, where it was
shown that women with SLCO1B1 521 T/C genotype had a
greater decrease in night sweats than those with SLCO1B1
521 T/T genotype (Moyer et al. 2018). Another study on
angiotensin-converting enzyme inhibitor (ACEI) enalapril
reported that male patients who were carriers of SLCO1B1
521C/C genotype had a higher risk of developing the ACEI
induced cough as ADR (vs. wild type homozygotes) (Luo
et al. 2015). Taking all of the above into account, rs4149056
polymorphism has great importance since the frequency of
allele C for the European populations is approximately 16%
(obtained from The 1000 Genomes database) (The 1000
Genomes database 2021).

In this study, we determined the frequency of the most
important ABCG2 and SLCO1B1 gene variants in the Croatian
population of European descent.

Subjects and methods

A total of 905 anonymised subjects of European descent, all
Croatian citizens, 482 women and 423 men (the median age
of 56 years; range 1-95 years), were included in the study. We
collected the data from the subjects that were genotyped in

the Zagreb University Hospital Centre over a period of
5 years. Most often it was pre-emptive testing within the
framework of pharmacogenetic projects including the
ongoing project “Pharmacogenomics in prediction of cardio-
vascular drugs adverse reaction”. Study was approved by the
institutional Ethics Committee and written informed consent
was obtained from all patients.

For genotyping of SLCO1B1 c.521T>C and ABCG2
c.421C>A, 3–6mL of peripheral blood samples were col-
lected in K3-EDTA tubes. Genomic DNA was extracted from
whole blood by QIAampVR method (Qiagen, Hilden,
Germany). Genotyping was performed using TaqManVR Drug
Metabolism Genotyping Assay (TaqManVR DME) for SLCO1B1
c.521T>C (ID: C__30633906_10; rs4149056) and ABCG2
c.421C>A (ID: C__15854163_70; rs2231142) (Applied
Biosystems, Carlsbad, CA, USA) on the 7500 Real-Time PCR
System (Applied Biosystems, Carlsbad, CA, USA), according to
the manufacturer’s instructions. All genotyping methods are
part of the routine diagnostics with method validation and/
or participation in external quality assurance (EQA) programs.
Statistical analyses were performed using Microsoft Excel
2016 (Microsoft Corporation, Redmond, WA, USA). The allele
and genotype frequencies were estimated using the gene
counting method.

The Hardy-Weinberg equilibrium (HWE) was tested with
the online HWE calculator Gene Calc at the level of signifi-
cance of 0.05 (Bi�nkowski and Miks 2018).

Results

Genotype frequencies of SLCO1B1 c.521T>C and ABCG2
c.421C>A analysed in this study are presented in Table 1.
The allele frequencies of the investigated polymorphisms are
shown in Table 2. Finally, the frequency of possible combina-
tions of SLCO1B1 c.521T>C and ABCG2 c.421C>A geno-
types among the investigated subjects in the Croatian
population are shown in Table 3.

Distribution of ABCG2 c.421C>A (rs2231142) and SLCO1B1
c.521T> C (rs4149056) were consistent with Hardy
Weinberg’s law with HWE p¼ 0.85694 and p¼ 0.30453,
repectively.

For SLCO1B1 c.521T>C, 558 (61.7%) subjects were carriers
of 521 T/T genotype, 315 (34.8%) subjects were carriers of
521 T/C genotype, while 32 (3.5%) subjects were carriers of

Table 1. Genotype frequencies of ABCG2 c.421C>A and SLCO1B1 c.521T> C in the Croatian population and data on European populations from the 1000
Genomes database (The 1000 Genomes database 2021).

Gene
Number of
subjects, n Genotype

Number of
subjects, n

Observed
frequency,
Croatians
(this study)

EURa

European
(total)

CEUa

Utah
Residents
(CEPH)

TSIa

Tuscans in
Italy

IBSa

Iberian
population

GBRa

British in
England

FINa

Finnish in
Finland

ABCG2 905 421C/C 737 0.814 0.823 0.778 0.888 0.860 0.747 0.828
421C/A 161 0.178 0.165 0.212 0.103 0.140 0.220 0.162
421A/A 7 0.008 0.012 0.010 0.009 0.000 0.033 0.010

SLCO1B1 905 521T/T 558 0.617 0.698 0.717 0.607 0.776 0.725 0.667
521T/C 315 0.348 0.282 0.273 0.355 0.215 0.264 0.303
521C/C 32 0.035 0.020 0.010 0.037 0.009 0.011 0.030

aAllele frequencies were acquired from the 1000 Genomes database (http://www.1000genomes.org/); CEU, Utah residents with Northern and Western European
ancestry from the CEPH collection.
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521 C/C genotype. The frequency of variant SLCO1B1 allele in
a total of 905 subjects was C¼ 0.20939.

For ABCG2 c.421C>A, 737 (81.4%) subjects were carriers
of 421 C/C genotype, 161 (17.8%) subjects were carriers of
421 C/A genotype, and 7 (0.8%) subjects were carriers of
421 A/A genotype. The frequency of variant ABCG2 allele in a
total of 905 subjects was A¼ 0.09669. Moreover, the most
common combination of SLCO1B1 c.521T>C and ABCG2
c.421C>A genotypes is SLCO1B1 521 T/T and ABCG2 421 C/C
(50.1%), while the SLCO1B1 521 C/C and ABCG2 421A/A com-
bination is the least represented (0.11%).

Discussion

Since there is strong scientific evidence on the importance of
BCRP/ABCG2 and OATP1B1 for the pharmacokinetics of vari-
ous endogenous and xenobiotic substrates, pharmacogenet-
ics of OATP1B1 and BCRP/ABCG2 in the Croatian population
was investigated. Both transporters show significant genetic
variability, and the frequency of polymorphisms SLCO1B1
c.521T>C and ABCG2 c.421C>A has a large population and
ethnic variability. Therefore, the analysis of these two poly-
morphisms may serve to individualise and optimise pharma-
cotherapy with drug substrates and minimise the risk of side
effects. All subjects included in the study were of European
descent, all Croatian citizens from different parts of Croatia,
and were good representatives of a mixed Croatian popula-
tion of European descent. According to obtained results, the
frequencies of investigated alleles and genotypes are similar
to other populations of European descent as per the 1000
Genomes database (The 1000 Genomes database 2021),
Genome Aggregation Database (gnomAD 2022) and other
published results (Pasanen et al. 2008; Xiao et al. 2020).

BCRP/ABCG2

Genotyping of ABCG2 c.421C>A variant revealed the fre-
quency of variant allele A of 9.7%, which is similar to data
obtained in individuals of European descent (10–15%
respectively) (Robey et al. 2009; Brunham et al. 2012;
Sakiyama et al. 2014). According to the data obtained from
the 1000 Genomes database (The 1000 Genomes database
2021) and Genome Aggregation Database (gnomAD 2022)
the variant allele ABCG2 421A is the most common in East
Asians (30%) and Latin Americans (23%), while it is the rarest
in the African population (3%). Data from our study are com-
parable to other European populations, especially the Finnish
population (9.1%), but are slightly higher than data on
Tuscan Italians (6.1%) and the Iberian (7.0%) population (The
1000 Genomes database 2021). The frequency of the variant
allele ABCG2 421A is reported to be the highest in the
British (14.3%) population (The 1000 Genomes database
2021). This transporter has now been recognised as one of
the key drug transporters involved in clinically relevant drug
disposition (FDA 2017, EMA 2012). A large number of ABCG2
inhibitors have been identified (Mao and Unadkat 2015) and
some convincing data point to ABCG2 as an importantTa
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mediator of drug-drug interactions in humans (International
Transporter Consortium 2010).

A personalised approach to treatment and administration
based on pharmacogenetic analysis can improve patients’
adherence to medication. Choosing the right drug and dose
minimises the risk of developing various side effects that are
the main reason for discontinuation of therapy and non-
cooperation of patients, which could result in deteriorating
health (Scarpini et al. 2012).

OATP1B1

The variant allele SLCO1B1 521C is more common in
European (15%), than in Asian (14%) and African (1%) popu-
lations (Tirona et al. 2001; Nozawa et al. 2002; Jada et al.
2007; Link et al. 2008; Donnelly et al. 2011; Grapci et al.
2015; Turongkaravee et al. 2021). One study showed an even
higher frequency for the European population (18%)
(Pasanen et al. 2008). The frequency of the variant SLCO1B1
521C allele in our study on the Croatian population is
slightly higher than in previously mentioned studies, about
20.9% for variant allele C. In comparison with data obtained
from the 1000 Genomes database (The 1000 Genomes data-
base 2021) and Genome Aggregation Database (gnomAD
2022), our results correspond to the data obtained on the
Tuscan Italian population, which is a neighbouring country
to Croatia (21.5% respectively), but are slightly higher than
data obtained on Utah residents, British, Finnish and Iberian
populations (The 1000 Genomes database 2021). Data
obtained on the Macedonian and Albanian populations in
another study show frequencies of variant allele C of 14.0%
and 12.0%, respectively (Grapci et al. 2015); slightly lower
than our results. Still, studies on Finnish (20.0%) (Pasanen,
Backman et al. 2006), Dutch (18.0%) (Brunham et al. 2012)
and Israeli (20.0%) populations (Pasanen et al. 2008) show
higher frequencies that are in agreement with results
obtained in our study on the Croatian population. Genotype
frequencies reflect the results described above – it is indi-
cated that patients who are statin takers and who are car-
riers of the CC and TC genotypes have a higher risk for
myopathy development than those who are TT genotype
carriers (Turongkaravee et al. 2021).

In conclusion, the ABCG2 c.421C>A and SLCO1B1
c.521T>C gene variants show significant interindividual vari-
ability and are therefore good candidates for pharmacoge-
netic analysis in clinical practice. They can serve in predicting

the variable pharmacokinetics of substrate drugs and in mini-
mising the risk of drug side effects.
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