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1. Introduction 

 

Many undesired side-effects or therapeutic failures of drugs are the results of 

differences or changes in drug-metabolism, primarily depending on the levels and activities of 

cytochrome P450 (CYP) enzymes. Of significant importance in interindividual differences is 

the genetic variability of drug-metabolizing CYP enzymes, causing reduced or even no 

enzyme activity. The genetically determined variance in CYP enzyme activities is transiently 

modulated by internal (age, sex, diseases, hormonal status) and environmental (drugs, 

pesticides, food additives, smoking, alcohol consumption) factors. The drug-metabolizing 

capacity is generally estimated by the DNA analysis of the polymorphic CYP genes important 

in drug metabolism; however, CYP-genotyping does not provide information about the drug-

metabolizing capacity of patients who do not have mutations. The current drug-metabolizing 

capacity can be determined by CYP enzyme activities or CYP gene expression. By 

recognizing individual differences in drug metabolism, personalized drug therapy adjusted to 

a patient’s drug-metabolizing capacity can help to avoid the potential side effects of drugs.  

Therapeutic failure can occur in patients with extensive or ultra-rapid metabolizing 

phenotype. In case of a prodrug, the lack of the pharmacological effect of the drug occurs in 

the poor metabolizers, while harmful side effects and drug toxicity can occur in extensive 

metabolizers.  

Pharmacogenetic analysis of the polymorphic CYP enzymes (CYP2C9, CYP2C19, 

CYP2D6 and CYP3A5) have expanded world-wide, which can provide the preliminary 

estimation of the drug-metabolizing capacity. The basic methods for estimating drug-

metabolizing capacity are determination of the catalytic activities of individual CYPs by 

CYP-selective activity probes. Although these techniques are reliable in hepatic microsomes, 

the catalytic analyses require a relatively large amount of liver tissues, which is a serious 

drawback for human studies. Information on drug-metabolizing capacity obtained from 

peripheral blood would be of clinical interest, if CYP mRNA levels in blood reflect the 

hepatic CYP enzyme activities (CYP1A2, CYP2B6, CYP2C9, CYP2C19, CYP2D6 and 

CYP3A5).  
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2. Aims 

 

The goal of the present work is to introduce a global approach by combining CYP-genotyping 

and CYP-phenotyping tools to estimate patients’ drug-metabolizing capacity. Our aim was to 

determine the drug-metabilizing capacity of patients suffering from different types of diseases 

(cardiovascular diseases, neurological and psychiatric diseases, tumorous diseases, or 

transplant patients). 

 

 The first task is to screen the defective CYP alleles that result in a clinically significant 

reduction in CYP activities. A preliminary CYP-genotyping for the most frequent 

polymorphisms in Caucasian populations (CYP2C9*2, CYP2C9*3, CYP2C19*2, 

CYP2C19*3, CYP2D6*3, CYP2D6*4, CYP2D6*6 and CYP3A5*3) was carried out 

before CYP-phenotyping.  

 Since CYP activities and expression dynamically change, the estimation of drug 

metabolizing capacity in those subjects who have wild-type CYP genes, was our 

additional aim (CYP-phenotyping). The basic methods for estimating drug-

metabolizing capacity are determination of the catalytic activities of individual CYPs 

in liver microsomes. Our aim was to develop a method for CYP-phenotyping, which 

can be applied in clinical practice. First, we compared the hepatic CYP (CYP1A2, 

CYP2B6, CYP2C9, CYP2C19, CYP2D6 and CYP3A4) enzyme activities with CYP 

mRNA levels in liver. Liver biopsy provide an appropriate amount of tissues to 

determine CYP mRNA levels, but it is risky and impractical to obtain specimens from 

the liver in patients. Therefore, the major advantage would be in easily accessible 

biological samples, e.g., peripheral blood, providing information on drug-metabolizing 

capacity.  Leukocytes isolated from peripheral blood are appropriate for the 

measurement of CYP expression. Our aim was to compare the hepatic CYP enzyme 

activities with CYP expression levels in leukocytes.  

 We determined the frequency distribution of CYP1A2, CYP2B6, CYP2C9, 

CYP2C19, CYP2D6 and CYP3A enzyme activities in Hungarian liver donors. 

Correlation analysis was carried out for the evaluation of the association between the 



 3 

hepatic CYP enzyme activities and the CYP mRNS levels in the liver, or in the 

leukocytes.  

 Combining the results of CYP-genotyping and CYP-phenotyping, the drug-

metabolizing capacity of the donors was qualified as poor, intermediate and extensive 

metabolizers. On the basis of the cut off values for distinguishing various metabolizer 

phenotypes, the patients’ drug-metabolizing capacity was also evaluated. 

 Additional aim was to determine the allele and genotype frequencies of polymorphic 

CYP enzymes (CYP2C9, CYP2C19, CYP2D6 and CYP3A5) as well as the CYP-

phenotype frequencies. We compared allele and genotype frequencies with the results 

obtained in other Caucasian (white) populations. The analysis was carried out in 

blood samples of donors and patients. 

 Our further aim was to minimize the costs of the measuremets, therefore we 

compared the cost effective HRM (High Resolution Melting Curve) analysis method  

with the expensive SNP (Single Nucleotide Polimorphism) analysis using TaqMan 

probes.  

 

3. Methods 

 

3.1. Liver and blood samples 

The drug-metabolizing capacity of the liver and blood samples of 164 Hungarian 

donors was determined. The liver and blood samples were derived from Transplantation and 

Surgical Clinic, Semmelweis University (Budapest). The use of human tissues for scientific 

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

patients’ blood samples were from several clinics and hospitals (Transplantation and Surgical 

Clinic, Psychiatry and Psychoterapeutic Clinic; II. Paediatric Clinic of Semmelweis 

University; Department of Bone-marrow Transplantation of St László Hospital; Department 

in Madarász street of Heim Pál Hospital; St György Hospital, Székesfehérvár; Gottsegen 

György Hungarian Institute of Cardiology). 

 

3.2. CYP enzyme assays 

Microsomal fraction was prepared from human liver tissues, and the following CYP-

selective enzyme activities were determined: phenacetin O-dealkylation for CYP1A2, 

mephenytoin N-demethylation for CYP2B6, tolbutamide 4-hydroxylation for CYP2C9, 
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mephenytoin 4’-hydroxylation for CYP2C19, dextromethorphan O-demethylation for 

CYP2D6, and nifedipine oxidation, midazolam 1’- and 4-hydroxylation for CYP3A4/5.  

 

3.3. Determination of CYP mRNA levels by quantitative RT-PCR (real-time polimerase 

chain reaction) 

Leukocytes were isolated from peripheral blood, and total RNA was prepared from 

leukocytes. RNA was reverse transcribed into single stranded cDNA and real-time PCR with 

human cDNA was performed for CYP1A2, CYP2B6, CYP2C9, CYP2C19, CYP2D6 and 

CYP3A4. The quantity of target RNA relative to that of the housekeeping gene 

glycerinaldehyde 3-phosphate-dehidrogenase (GAPDH) was determined. The primers were 

designed in two consecutive exons separated by an intron on the corresponding genomic 

DNA; thus the primer pairs amplified the cDNA generated from the CYP mRNA and did not 

yield products on any possible contamination with genomic DNA.  

 

3.4. CYP-genotyping with TaqMan probes 

 

Genomic DNA was isolated from leukocytes and hydrolysis SNP (single nucleotide 

polymorphism) analysis (for one base change or one base deletion) was performed using 

TaqMan probes. Allelic discrimination was based on the design of two TaqMan probes, 

specific for the wild-type allele or the mutant allele labelled with different fluorescent tags 

emitting different wave length of visible light.  

 

3.5. CYP genotyping with HRM (High Resolution Melting Curve) analysis 

 

HRM assay is also an appropriate method for identification of mutations, using an 

intercalating dye (EvaGreen) instead of hydrolysis probes. We designed the primers for HRM 

assay, producing the amplicon around mutation site not longer than 100 basepair. The normal 

amplification steps were followed by a melting curve analysis, where one base pair difference 

can be determined. HRM analysis distinguishes wild type and mutant variants on the basis of 

different melting temperatures of the amplicons with different genotypes.  
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3.6. Checking the reliability of the PCR reactions 

 

The PCR reactions were checked with agarose gel electrophoresis and nucleotide 

sequence analysis. We used several electrophoresis systems: i) Experion DNA 1K Analysis 

Kit (Bio-Rad Laboratories), ii) FlashGel System (Lonza, Basel, Switzerland) with DNA 

casettes of 1.2 % agarose gel (for separation of 50-4000 base pair fragments). To validate the 

genotyping and phenotyping methods, the sequences of the amplicons were analyzed 

(Macrogen Europe, Amsterdam, Netherlands and Biomi, Gödöll , Hungary). 

 

3.7. Data analysis 

 

The hepatic CYP enzyme activities (CYP1A2, CYP2B6, CYP2C9, CYP2C19, 

CYP2D6 and CYP3A4) were determined individually in each donor, and the frequency 

distributions of the CYP-activities were recorded for 164 donors. Three categories for each 

CYP-activity, low, medium and high, were statistically distinguished by calculating the 

quartiles of the CYP-activity distributions. The cut-off values between the categories were set 

to the 1st and the 3rd quartiles of the donors. The quartiles were chosen over standard 

deviation values as the CYP-activity distributions were skewed. The low, medium and high 

activity categories were used to describe the drug-metabolizer phenotypes, as poor, 

intermediate and extensive metabolizers, respectively. The correlation among the CYP-

activities and the CYP gene expression levels was quantified, and the correlation coefficients 

(rS) and 95% confidence intervals were calculated using the Spearman approach. A strong 

correlation between the gene expression and the hepatic CYP-activities was considered if the 

probability value (P) was under 0.0001. 

 The allele and genotype frequencies for 319 patients and liver donors as well as the 

phenotype frequncies for 137 patients were also determined. 

 

 

4. Results, thesis 

 

 We developed a novel diagnostic system for the estimation of the drug-metabolizing 

capacity by the expression of the CYP enzymes (CYP-phenotyping) and by the 
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analysis of CYP gene mutations (CYP-genotyping). The steps of the registered 

CYPtest
TM

 method: 

 

• CYP-genotyping: It focuses on mutations in CYP genes, resulting in CYP 

enzymes with recuced, or even no activity or the lack of the enzyme. We 

developed  methods to screen the clinically significant mutations (CYP2C9*2, 

CYP2C9*3, CYP2C19*2, CYP2C19*3, CYP2D6*3, CYP2D6*4, CYP2D6*6 

and CYP3A5*3) of CYP enzymes, frequently occuring in Caucasian 

populations. 

• CYP-phenotyping: Since CYP expression and activities dynamically change, 

the current drug-metabolizing capacity can be estimated in those subjects who 

do not carry mutations in CYP2C9, CYP2C19, and CYP2D6 genes and have 

the CYP3A5*3/*3 genotype. Therefore we determined the expression of CYP 

enzymes important in drug-metabolism (CYP1A2, CYP2B6, CYP2C9, 

CYP2C19, CYP2D6, and CYP3A4).  

 We can estimate hepatic CYP enzyme activities from CYP mRNA levels in the liver. 

We found strong correlation between CYP1A2, CYP2B6, CYP2C9, CYP2C19, 

CYP2D6, and CYP3A4 activities and expression in the liver. 

 Drug-metabolizing capacity of the liver can be estimated from CYP mRNA levels in 

leukocytes with some limitations.  We found strong correlation between CYP1A2, 

CYP2C9, CYP2C19 and CYP3A4 enzyme activities in the liver and mRNA levels in 

leukocytes. The expression of CYP2B6 and CYP2D6 in leukocytes did not reflect the 

enzyme activities in liver. Therefore leukocytes were found to be inappropriate cells 

for the assessment of hepatic CYP2B6 and CYP2D6 activities. 

 We determined the frequency distribution of CYP1A2, CYP2B6, CYP2C9, 

CYP2C19, CYP2D6 and CYP3A enzyme activities in Hungarian (Caucasian) liver 

donors. The donors were considered to be healthy individuals. We calculated the cut 

off values between the categories of low, medium and high activities, characterizing 

poor, intermediate and extensive metabolizer phenotypes, respectively. The cut off 

values were determined both for the liver tissues (for CYP1A2, CYP2B6, CYP2C9, 

CYP2C19, CYP2D6 and CYP3A4) and for the leukocytes (for CYP1A2, CYP2C9, 

CYP2C19 and CYP3A4). The calculated cut off values can be applied in clinical 

practice. 
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 Combining the results of CYP-genotyping and CYP-phenotyping analyses, patients’ 

drug-metabolizing capacities can be estimated by the CYP-expression in the liver and 

in leukocytes with some limitations. Patients’ genetic and non-genetic variations in 

CYP status can guide the appropriate selection of drugs and the optimal dose, 

minimizing the risk of harmful side effects and ensuring a successful outcome of drug 

therapy. 

 In cooperation with several Hungarian clinics and hospitals, the genomic DNA from 

the leukocytes of 319 patients and donors were CYP-genotyped. The allele and 

genotype frequencies of Hungarian donors and patients were similar to that of other 

Caucasian (white) populations. 

 The patients’ CYP expression were determined in leukocytes, characterizing CYP1A2, 

CYP2C9, CYP2C19 and CYP3A4 enzyme activities and qualifying the drug-

metabolizig capacity. Most of the patients were poor metabolizers for CYP1A2, 

CYP2C9 and CYP2C19, while most of them were intermediate metabolizer for 

CYP3A4.  

 Minimizing the costs of the CYP-genotyping measurements, HRM (High Resolution 

Melting Curve) analysis method was compared with the allele discrimination method 

using TaqMan probes. The cost effective HRM method was found to be an 

appropriate CYP-genotyping method. 

 

5. Conclusions 

 

The present work indicates that hepatic CYP activities can be estimated by combining 

CYP-genotyping and CYP-phenotyping analysis of liver biopsy samples or leukocytes. It is 

suggested that CYP-genotyping analysis for frequent mutations in CYP genes should be 

carried out first. CYP-genotyping determines the permanent poor metabolism, because 

defective CYP alleles produce enzymes with reduced activity or even nonfunctional enzymes. 

CYP-phenotyping analysis of liver samples for CYP1A2, CYP2B6, CYP2C9, CYP2C19, 

CYP2D6, and CYP3A4 provides information about the current hepatic CYP activities in those 

subjects who do not carry mutations in CYP2C9, CYP2C19, and CYP2D6 genes and have the 

CYP3A5*3/*3 genotype. Peripheral blood is a more easily accessible biological sample; 

therefore, a CYP-phenotyping analysis of leukocytes is preferred to that of liver tissues. CYP-

phenotyping for CYP1A2, CYP2C9, CYP2C19, and CYP3A4 in leukocytes provides 
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information on hepatic CYP activities in those subjects who carry homozygous wild-type 

genotypes of CYP2C9 and CYP2C19 or a homozygous mutant genotype of CYP3A5 (Figure 

1). In conclusion, a patient’s drug-metabolizing capacity can be qualified by CYP-genotyping 

and CYP-phenotyping in liver samples and in leukocytes with some limitations. The profile of 

a patient’s genetic and nongenetic variations in drug-metabolism can guide the selection of 

drugs and the optimal dose that can minimize harmful side effects and ensure a more 

successful outcome. Tailored medication eventually will contribute to the improvement of the 

quality of patients’ lives. 

 

 

 

Figure 1: Estimation procedure for a patient’s drug-metabolizing capacity in leukocytes 

isolated from peripheral blood. 
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