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1 Introduction 

Inter-individual differences in drug-metabolizing capacity are considered to be one of the major 

risk factors of drug inefficiency and adverse reactions. The inter-individual variations of drug 

metabolism are required to be identified, which can facilitate personalized medication and 

reduction of drug inefficiency and side effects. Pharmacogenetic approaches attempt to predict 

patients’ drug metabolizing capacity and to adjust drug therapy on the basis of genetic 

information. However, for exploitation of genetic information, genotype-phenotype 

associations of drug metabolizing enzymes must be revealed, and non-genetic factors 

influencing the expression and the activity of drug metabolizing enzymes, should also be 

identified. 

Cytochrome P450s (CYP) play crucial role in the Phase I metabolism of drugs and in 

pharmacokinetic properties of pharmacons. In the present work, our aim was to investigate 

genotype-phenotype matching of two highly polymorphic CYP enzymes, the CYP2C19 and 

CYP2D6 using liver tissues of Hungarian organ donors. For the improvement of phenotype 

prediction, non-genetic factors, which might influence CYP phenotype appearance, were also 

taken into consideration. CYP genotype-based phenotype prediction was applied in a clinical 

trial focusing on the pharmacokinetic variations of two antipsychotics, clozapine and 

aripiprazole, due to the patients’ CYP2C19, CYP2D6, CYP3A genotypes and mRNA levels as 

well as co-medication with CYP2D6 inhibitor drugs. Our further aim was to identify those 

factors that can potentially influence clozapine and aripiprazole blood concentrations, and by 

which the risk of drug inefficiency and adverse drug reactions can eventually be reduced. 

  



2 Aims 

The purpose of pharmacogenetics is to achieve personalized medication by prediction of drug 

metabolizing capacity of individuals from genetic information. Accordingly, genotype-

phenotype matching of drug metabolizing enzymes is required to be clarified, and the factors 

influencing the expression of these enzymes should also be identified. In the present work, 

genotype-phenotype associations of two highly polymorphic CYP enzymes (CYP2C19 and 

CYP2D6) were investigated using microsomes isolated from liver tissues of Hungarian organ 

donors. 

1.1 Our aim was to clarify the role of CYP2C19 and CYP2D6 genotypes in hepatic enzyme 

activities and the phenotypic appearance of CYP2C19 and CYP2D6. Comparison of 

CYP2C19 and CYP2D6 genotype-based phenotype prediction may reflect the 

significant differences between the gene regulation of CYP2C19 and CYP2D6. The 

expression of CYP2C19 gene containing nuclear receptor sensitive regions in the 

promoter is inducible by xenobiotics via nuclear receptors, such as CAR, PXR and GR, 

and, while, according to our current knowledge, the expression of CYP2D6 gene is 

constitutive. 

1.2 Non-genetic factors, which might be responsible for genotype-phenotype mismatches, 

were searched by reviewing the anamnesis of the tissue donors. 

Our in vitro gained experiences were tested in in vivo trials. Drug metabolizing capacity of 

psychiatric patients was determined to optimize clozapine and aripiprazole therapy. The 

following issues were focused on:  

2. Can CYP2C19*17 allele variant evoke increased expression of CYP2C19 gene in vivo? 

3. Do the CYP2C19 genotype and mRNA expression play any role in the metabolism of 

clozapine and in clozapine serum levels? 

4. Associations were also investigated between the CYP2D6- and CYP3A-status 

(CYP2D6, CYP3A4, CYP3A5 genotypes, CYP3A4 mRNA expression) and the 

aripiprazole or dehydroaripiprazole serum concentrations. 

5. Finally, it was aimed to reveal the influence of co-medication with CYP2D6 inhibitors 

on aripiprazole metabolism?  



3 Methods 

3.1 In vitro genotype-based phenotype prediction 

3.1.1 Human liver tissue donors 

CYP2C19 and CYP2D6 activities were determined in liver microsomes of 114 and 128 

Hungarian organ donors, respectively. Liver tissues were from the Department of 

Transplantation and Surgery, Semmelweis University. The use of human tissues for scientific 

purposes was approved by the Hungarian Committee of Science and Research Ethics. 

3.1.2 CYP2C19 and CYP2D6 enzyme assays 

Mephenytoin 4’-hydroxylation and dextromethorphan O-demethylation activities selective for 

CYP2C19 and CYP2D6 were measured in human liver microsomes. The incubation mixture 

contained NADPH-generating system (1 mM NADP, 10 mM glucose 6-phosphate, 5 mM 

MgCl2 and 2 units/ml glucose 6-phosphate dehydrogenase), human liver microsomes (1 mg/ml) 

and the probe substrates (1 mM). The reaction was terminated by ice-cold methanol. Formation 

of 4’-hydroxy-mephenytoin was measured by LC-MS/MS, while formation of dextrorphan was 

measured by HPLC-UV method. Formation of metabolites was quantified based on “per mg 

microsomal protein and per minute”. 

3.1.3 CYP genotyping 

After isolation of genomic DNA, clinically relevant CYP allele variants most frequently 

occurring in Caucasian populations were identified by RT-PCR (real-time PCR). TaqMan 

assays were used to identify CYP2C19*2, CYP2C19*3, CYP2C19*4, CYP2C19*17, 

CYP2D6*3 CYP2D6*4, CYP2D6*6, CYP2D6*10, CYP2D6*41, CYP3A5*3 alleles as well as 

the -1584C>G SNP. PCR was carried out with 30 ng of genomic DNA by using Luminaris 

Probe qPCR Master Mix (Thermo Fisher Scientific, Waltham, MA). Wild-type allele (*1) was 

assessed when none of these alleles (mutations) was detected. 

3.1.4 Determination of allele-specific CYP2D6 copy number 

For identification of CYP2D6 gene copy number, TaqMan® Copy Number Assay (assay id: 

Hs00010001_cn) was purchased from Thermo Fisher Scientific (Waltham, MA). To distinguish 

duplication of CYP2D6*1 allele and CYP2D6*4 allele, a RT-PCR method was developed 

combining quantitative PCR method and genotyping PCR with TaqMan probes. Human RNase 

P was applied as the reference gene (TaqMan Copy Number Reference Assay, Thermo Fisher 

Scientific). CYP2D6*4 genotyping and RNase P reference assay were performed by multiplex 



reaction, then relative copies of the wild type (CYP2D6*1) and CYP2D6*4 alleles were 

obtained based on the relative quantity of each alleles compared to a control sample carrying 

exactly one wild type allele and one CYP2D6*4 allele. PCR was carried out with 20 ng of 

genomic DNA by using Luminaris Probe qPCR Master Mix (Thermo Fisher Scientific). 

3.1.5 CYP2C19 mRNA expression 

For assaying CYP2C19 expression, RNA was isolated from liver tissues, reverse transcribed 

into single-stranded cDNA, and then RT-PCR was performed with TaqMan probes. The 

quantity of target RNA relative to that of the housekeeping gene glyceraldehyde 3-phosphate-

dehydrogenase (GAPDH) was determined. GAPDH expression is constant in all cells and 

independent of experimental conditions; therefore, its expression was set to 1 and CYP mRNA 

levels were normalized by GAPDH expression. PCR was carried out using 2x Kapa Probe Fast 

qPCR Master Mix (Kapa Biosystems, Wilmington, MA). 

3.2 Clinical studies 

3.2.1 Blood samples 

116 patients under clozapine therapy and 93 subjects treated with aripiprazole at the Department 

of Psychiatry and Psychotherapy, Semmelweis University were enrolled. The investigations 

were approved by the Hungarian Committee of Science and Ethics.  Patients’ demographic data 

as well as the details of antipsychotic therapy were recorded. Adult patients (≥ 18 years) on 

stable clozapine or aripiprazole dose for more than 4 weeks were included in the study. 

Clozapine and aripiprazole dosage was recorded for 4 weeks before blood sampling for testing 

patients’ CYP status and for drug assay. 

3.2.2 Determination of blood concentrations 

The blood samples of patients were taken between 8 and 9 am before the morning dose of 

clozapine or aripiprazole (generally 12 h since last drug intake). The blood samples were taken 

at the same time for CYP testing and for therapeutic drug monitoring. The steady-state 

concentrations of clozapine, norclozapine and clozapine N-oxide as well as aripiprazole and 

dehydroaripiprazole were determined by LC-MS/MS. 

3.2.3 Assaying CYP2C19, CYP2D6 and CYP3A-status 

Patients’ drug metabolizing capacity was determined on the basis of their CYP2C19, CYP2D6 

and CYP3A-status. CYPtesting included identification of polymorphic alleles and CYP 

expression in leukocytes. According to our previous work, strong correlation exists between 

the enzyme activities of CYP2C19 and CYP3A4 in the liver and CYP expression in leukocytes. 



Therefore, hepatic CYP activities in patients with homozygous wild genotype can be estimated 

by CYP mRNA levels in leukocytes isolated from peripheral blood (CYPtestTM). CYP2C19 

genotypes and CYP2C19 expression were determined in patients under clozapine therapy, 

whereas CYP2D6 and CYP3A enzymes were assayed in patients treated with aripirazole. The 

CYP2C19, CYP2D6 and CYP3A genotypes were determined by assaying the most common 

allelic variants in Caucasian population using RT-PCR with TaqMan probes. For assaying 

CYP2C19 and CYP3A4 expression, RNA was isolated from leukocytes, reverse transcribed 

into single-stranded cDNA, and then RT-PCR was performed with TaqMan probes. The 

quantity of target RNA relative to that of the housekeeping gene GAPDH was determined. 

3.3 Inhibition of aripiprazole metabolism 

In vitro metabolite formation from aripiprazole in the absence and presence of potential 

CYP2D6 inhibitors (risperidone, 9-hydroxy-risperidone, metoprolol and propranolol) was 

determined in human liver microsomes. For aripiprazole metabolism, the incubation mixture 

contained the NADPH-generating system, human liver microsomes, and aripiprazole. After 60-

min incubation, reactions were terminated by the addition of ice-cold acetonitrile. The amounts 

of aripiprazole metabolites (dehydroaripiprazole, N-dealkyl-aripiprazole, and monohydroxy-

aripiprazole) produced were determined by LC–MS/MS. Ki values were calculated from Dixon 

plots of 1/velocity vs inhibitor concentration at the three aripiprazole concentrations.  

3.4 Statistical analysis 

Frequency distribution of CYP2C19 and CYP2D6 activities were analyzed by Kolmogorov-

Smirnov normality test (OriginPro 2018, OriginLab Co., Northampton, MA). Based on CYP 

activities, four categories were distinguished for poor (PM), intermediate (IM), extensive (EM) 

and ultra-rapid metabolizers (UM). Approximately 10–15% of the donors displaying low 

CYP2C19 activity were designated as phenotypic PMs, whereas 10– 15% of the donors with 

ultra-high activities were designated as phenotypic UMs. The cut-off value between IMs and 

EMs was the median of CYP activities. The donors’ CYP2C19 phenotypes were also predicted 

from their CYP2C19 genotypes (low, intermediate, high, ultra-high metabolizers), and the 

accuracy of prediction was evaluated on the basis of the activity-based CYP2C19 categories. 

The nonparametric Mann–Whitney test was performed for the comparison of mRNA expression 

levels between diplotype groups. 

Statistical significance of CYP3A4 expression, and CYP2D6 and CYP3A5 genotypes as 

covariates of aripiprazole plasma concentrations was analyzed by principal component analysis 

and partial least-squares (PLS) modelling. Between-group differences were calculated by the 



use of Kruskal–Wallis analysis of variance followed by Dunn’s multiple comparisons test. For 

the evaluation of co-medication with CYP2D6 inhibitors, the prevalence of outliers with 

exaggerated concentrations of aripiprazole (> 300 ng/ ml) was compared in patients carrying 

CYP2D6*1 by the use of Fisher’s exact test. Differences between CYP2C19 diplotype groups 

in normalized clozapine serum concentrations were also calculated by the use of Kruskal–

Wallis analysis of variance followed by Dunn’s multiple comparisons test. 

  



4 Results 

1. The CYP genotype-phenotype association studies showed that CYP2C19 and CYP2D6 

genotypes only partially determine the phenotypic appearance. CYP2D6 phenotype 

prediction was more reliable than CYP2C19, which could be explained by the 

differences in the transcriptional regulation of the two genes. CYP2C19 promoter 

contains several nuclear receptor-binding region which are responsible for xenobiotics 

mediated induction of the CYP2C19 gene, while these regions are lacking from CYP2D6 

promoter. Furthermore, non-genetic external factors, such as chronic alcohol 

consumption, amoxicillin/clavulanic acid and CYP2C19/CYP2D6 inhibitor or substrate 

therapy as well as chronic diseases with inflammation processes, were able to modify 

CYP2C19 and CYP2D6 metabolic capacity and led to genotype-phenotype mismatches. 

2. CYP2C19*17/*17 diplotype displayed increased CYP2C19 mRNA expression both in 

vitro and in vivo. Increased CYP2C19 expression could lead to ultra-rapid metabolizer 

status; however, the effects of non-genetic factors should be taken into consideration. 

3. CYP2C19 genotype and mRNA expression were demonstrated to have no effect on 

clozapine serum concentration and metabolite formation in vivo, thus, the role of 

CYP2C19 in clozapine pharmacokinetics is considered to be negligible. 

4. The clinical study involving patients on aripiprazole therapy demonstrated that 

aripiprazole steady-state serum concentrations and dehydroaripiprazole formation were 

particularly dependent on CYP2D6 genotype, whereas the contribution of CYP3A 

enzymes to the in vivo aripiprazole clearance was marginal. In addition, co-medication 

with risperidone, metoprolol or propranolol modified aripiprazole exposure in patients 

carrying at least one CYP2D6 wild allele. Our results indicate that CYP2D6 genotype 

and co-medication with CYP2D6 inhibitors are the most important factors in 

aripiprazole pharmacokinetics. However, further in vivo studies are needed to answer 

the question whether considering CYP2D6 genotype and co-medication of CYP2D6 

inhibitors in the therapeutic strategy can improve efficacy and safety of aripiprazole. 

  



5 Conclusion 

CYP2C19 and CYP2D6 genotypes only partially determine CYP2C19 and CYP2D6 phenotypic 

appearance. CYP2D6 genotype-based phenotype prediction was more reliable than CYP2C19 

phenotype prediction, which supposedly originates from the differences between the 

transcriptional regulation of the two genes. CYP2C19 promoter contains several nuclear 

receptor-binding regions (such as CAR/PXR, GR), thus external factors may play a major role 

in the regulation of CYP2C19 gene expression. Some non-genetic factors were identified, which 

might potentially cause phenoconversion of CYP2C19 and CYP2D6, hence could lead to 

genotype-phenotype mismatches. Efficacy of phenotype prediction could be improved by 

considering non-genetic factors like chronic alcohol consumption, amoxicillin/clavulanic acid 

and CYP2C19/CYP2D6 inhibitor or substrate therapy as well as chronic diseases with 

inflammation processes. These factors could evoke significantly lower CYP enzyme activity, 

than it would be predicted from the corresponding genotype. Supposedly due to non-genetic 

factors, several donors showed poor metabolizer phenotype despite the presence of one or two 

functional CYP2C19 or CYP2D6 allele. Therapeutic dose reduction of CYP2C19 or CYP2D6 

substrates is recommended for patients with poor CYP2C19 or CYP2D6 metabolizer 

phenotype, which supports the establishment that considering the effects of non-genetic factors 

on CYP phenotypic appearance is highly relevant. 

CYP2C19*17/*17 diplotype resulted in increased CYP2C19 mRNA expression and led to ultra-

rapid metabolizer status. Although non-genetic factors could mask the increased expression of 

CYP2C19*17 allele, the information about the elevated prevalence of ultra-rapid metabolizer 

phenotype might have clinical consequences. 

The clinical study focused on the association between antipsychotic blood concentration and 

patients’ CYP-status demonstrated that CYP2C19 enzyme had no effect on clozapine 

metabolism in vivo. Aripiprazole pharmacokinetics depended mainly on CYP2D6 genotype and 

co-medication with CYP2D6 inhibitors, while contribution of CYP3A enzymes to aripiprazole 

clearance was negligible. These observations might improve aripiprazole safety in clinical 

applications, since the risk of excessive aripiprazole serum concentrations (>300 ng/ml) and 

adverse drug reactions as the consequence could be avoided by considering the patients’ 

CYP2D6 genotype and co-medication with CYP2D6 inhibitors. 
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