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”The shortest and surest way to live with honour in the world is to be in reality what we 
would appear to be; and if we observe, we shall find, that all human virtues increase and 
strengthen themselves by the practice of them”. 

     -Socrates 





ABSTRACT

The heme containing cytochrome P450 (CYP450) enzymes participate in the phase I 

metabolism of drugs and other xenobiotics as well as endogenous substrates. CYP1A2 

is one of the major CYP450 enzymes and account for about 13% of the total CYP450 

content in the liver and is responsible for the metabolism of several clinically used 

drugs, e.g clozapine, olanzapine and theophylline. Even though the CYP1A2 gene is 

relatively conserved it shows a wide interindividual and ethnic differences in enzyme 

activity.  

The aims of this PhD thesis were to investigate the importance of genetic and 

environmental factors in the regulation of CYP1A2 gene expression and enzyme 

activity. We further wanted to elucidate the role of CYP1A2, multi drug resistant

(MDR1), and uridine diphosphate glucuronosyltransferase 1A4 (UGT1A4) genetic 

variants for the metabolism of olanzapine in schizophrenic patients. 

Comparison of CYP1A2 enzyme activity in healthy Swedes with Koreans 

using the paraxanthine (17X)/ caffeine (137X) ratio, indicated that Swedes had a 

1.54- fold higher 17X/137 ratio, and hence higher enzyme activity compared to 

Koreans (p<0.0001). In both Swedes and Koreans, smokers had significantly higher 

CYP1A2 activity than non-smokers and oral contraceptive (OC) users had 

significantly lower CYP1A2 activity. Haplotype CYP1A2*1F was found to be 

associated with higher enzyme inducibility in Swedish smokers. There were no 

significant gender differences in enzyme activity in neither Swedes nor Koreans. 

None of the investigated CYP1A2 haplotypes are critical for variation in enzyme 

activity, except for CYP1A2*1F.

The effect of daily coffee consumption on CYP1A2 activity was studied in 

healthy Swedes and Serbs. Daily consumption of at least three cups of coffee 

significantly increased CYP1A2 enzyme activity among non-smokers and non- OC 

users in both populations. Swedes had significantly higher enzyme activity than Serbs 

when controlling for the effects of smoking and heavy coffee consumption. 

About 48% of the human livers displayed significant allele-specific expression 

(ASE) with no significant correlation to CYP1A2 mRNA expression. The mean DNA 

methylation of a CpG site in exon 2 was inversely correlated with CYP1A2 mRNA 



expression (p=0.018). The results imply that ASE and DNA methylation are important 

contributing factors in the regulation of CYP1A2 gene expression.  

Smokers had significantly lower plasma olanzapine concentration to-daily 

dose ratio (C/D) than non-smokers (p<0.003) and men had significantly lower C/D than 

females (p<0.005). Investigating for the effect of one factor while controlling for other 

factors by using regression analysis, we found that male gender, 1 hour increase in time 

between last dose and sampling, smoking, CYP1A2*1F haplotype and 

UGT1A4 142T>G allele, each predicting a significant decrease in dose normalised 

plasma concentration of olanzapine of 29%, 2%, 19%, 10% and 24%, respectively, thus 

explaining only 30% of the interindividual variation in plasma C/D. 

The CYP1A2 gene expression is regulated by genetic, epigenetic and 

environmental factors contributing to the observed wide interindividual variation in 

CYP1A2 enzyme activity. 
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1 GENERAL INTRODUCTION 
Most patients regardless of ethnicity respond differently to the same drug treatment. This 

interindividual difference in response to drug therapy can lead to poor effect or toxicity in the 

form of adverse drug reaction that in the worst case can lead to death. In fact, drug concentration 

in plasma can vary more than 600-fold between two individuals given the same drug dosage. 

Both environmental factors, e.g. smoking and diet, drug interactions, and genetic factors, e.g. 

variation in genes coding for drug metabolizing enzymes, receptors and drug transporters 

contribute to the interindividual differences in drug response. Genetic factors account for 15%–

30% of interindividual differences in drug metabolism and response, but for some drugs it can 

account for up to 95% of the interindividual variability [1]. 

CYP1A2 is a polymorphic enzyme and is responsible for the metabolism of 5% of all drugs 

metabolized by the cytochrome P450 superfamily (from Bertz R.J and Granneman G.R (1997) 

cited by Ingelman-Sundberg) [2]. The CYP1A2 gene is relatively conserved.  Although there are 

some variants of the gene explained in the literature, they cannot entirely explain the observed 

wide interindividual and ethnic differences in enzyme activity.  

This thesis is focused on the CYP1A2 gene and its expression, and factors that may 

affect its regulation and activity to further explain the variation in enzyme activity, as well as the 

effect of genetic polymorphisms in the CYP1A2, MDR1 and UGT1A4 genes on the metabolism 

of the antipsychotic drug olanzapine.  

1.1 DRUG METABOLISM 
Most drugs are lipophilic, which facilitates their passing through biological membranes. Drug 

metabolism or biotransformation is the conversion of lipophilic xenobiotics into more 

hydrophilic, water-soluble metabolites to facilitate their excretion from the body. In addition, 

biotransformation is also involved in the toxicity induced by compounds such as polycyclic 

aromatic hydrocarbons (PAHs) [3]. It is not always the parent drug that is toxic but rather the 

metabolites which are toxic reactive intermediates, a process referred to as the metabolic 

activation. The biotransformation of drugs is normally divided into phase I and phase II 

reactions. In phase I reactions a functional group is introduced to the parent drug by reduction, 

oxidation and hydrolysis. The more polar intermediates from phase I reactions are conjugated 

with water-soluble groups in phase II reactions through the action of  uridine diphosphate (UDP) 

glucuronosyltransferases (UGTs), gluthatione-S-transferases (GSTs) etc., to further facilitate the 

excretion.  
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Cytochrome P450s (CYP450s) are the most important phase I drug metabolizing 

enzymes involved in the oxidation of xenobiotics to facilitate their excretion from the body. 

Genetic variation in CYP450s can lead to interindividual differences in the ability to metabolize 

drugs and can thus lead poor efficacy of drug therapy and adverse drug reactions or even death.  

By determining a patient’s allelic variants (genotyping) and/or measure the activity of drug 

metabolizing enzymes (phenotyping), it is possible to improve drug therapy and reduce ADR.  

1.2 GENOTYPING 
The genotype is the inheritable genetic constitution of an individual. Genotyping determines the 

allelic variants of different genes, encoding e.g. drug metabolizing enzymes. There are several 

techniques that can be used for genotyping such as allele specific PCR (Polymerase chain 

reaction), PCR-RFLP (PCR-Restriction fragment length polymorphism), Taqman and 

sequencing,  by using small amounts of DNA isolated from blood sample or buccal swab. In 

addition to these, there are high throughput techniques to analyze many samples and SNPs 

simultaneously such as DNA chips and microarray methods and minisequencing using tag 

arrays. The method of choice depends on the number of samples and SNPs to be analyzed, 

accuracy, time, availability and cost. 

1.3 PHENOTYPING 
Phenotyping considering drug metabolizing enzymes can be defined as the activity of a certain 

enzyme. However, the phenotype is not constant at all times and can be changed during time 

when affected by potent inducers and inhibitors of enzymes, age and disease etc. In vivo

phenotyping of drug metabolizing enzymes is performed by administering usually a single dose 

of a specific probe drug of the enzyme, e.g. caffeine for CYP1A2. After a certain time, blood, 

urine or salivia samples are collected and the parent drug and the metabolite concentrations are 

measured using techniques such as HPLC (High performance liquid chromatography) and LC-

MS (Liquid chromatography- mass spectrometry). Thus the ratio of parent drug over the 

metabolite is usually used to assess the activity of a specific enzyme. 

1.4 ETHNIC DIFFERENCES 
Drug metabolizing enzymes show marked ethnic differences in the distribution of allelic 

variants. Ethnicity is thus an important determinant of drug metabolism and response that 

contributes to interindividual variability.  Ethnicity can account for both pharmacokinetics and 

pharmacodynamics of a drug and it is therefore important to take into account for optimization 

of drug therapy and drug development.  Variations in the distribution of genetic polymorphisms 
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in drug metabolizing enzymes and drug transporters affecting drug metabolism among different 

ethnical groups are well described. For example, the existence and variability of CYP2D6 PMs 

are more frequent in Caucasians than in Chinese with frequencies of 7% and 1%, respectively. 

Being a CYP2D6 PM is a contributing factor for differences in drug metabolism during 

treatment with drugs catalyzed by CYP2D6 [4].  

During drug development and especially during the evaluation of a drug’s pharmacokinetic and 

the safety and efficacy, it is important to include ethnicity as a factor due to the fact that 

ethnicity is a contributing factor for variability in drug metabolism [5-7]. Ethnical differences are 

not only dependent on genetic variations, but is also influenced by factors such as diet, 

environmental and socioeconomic background, that can have both inducible and inhibitory 

effects on gene expression  

1.5 ADVERSE DRUG REACTION 
The definition of an adverse drug reaction (ADR) according the World Health Organization 

(WHO) is “a response to a medicinal product which is noxious and unintended and which occurs 

at doses normally used in man for the prophylaxis, diagnosis or therapy of disease or for the 

restoration, correction or modification of physiological function”. It is estimated to be 

responsible for 5.3%-6.7% of all hospital admissions, costing the US society 100 billion USD 

and ranked as between the 4th and 6th leading cause of death in the USA [8-11]. Adverse effects 

are more likely to occur if a drug has a narrow safety range or is dependent on only one 

enzyme for metabolism. The response and effect of a drug, given to several patients with the 

same dosage, differ in the way that some patients have a good clinical outcome, some 

experience low or no effect at all and some with toxic or even fatal outcome.  

It is not always easy to understand why patients respond differently to the same drug. 

However since interindividual variations are known to be caused by genetic variability in drug 

metabolizing enzymes, drug transporters and drug receptors, drug interactions, environmental 

factors and the patient’s physiological status they become important to characterize in order to 

avoid unwanted effects.  

Most of the drugs that are associated with ADR are well characterized and genetic variations in 

drug metabolizing enzymes, e.g. CYP450s, appears to predict possible ADR to a significant 

extent. Several studies reported the association of clinical outcome with CYP polymorphisms. 

For example, individuals who were CYP2D6 poor metabolizers and who are treated with the 

anti-anginal drug perhexilene displayed reduced clearance and accumulation of the drug in 

organs leading to hepatotoxicity and peripheral neuropathy. This drug was previously withdrawn 
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from the market due to serious ADR which were poorly understood at that time. However it was 

later reintroduced in clinical practice after its mechanism of action and the molecular basis of its 

toxicity was elucidated. Because perhexilene plasma concentration is well correlated with 

CYP2D6 genotype, Barclay et al. suggested that genotyping prior to or at initiation of drug 

therapy with perhexilene would reduce the risk of toxic plasma concentrations in poor CYP2D6 

metabolizers [12].  However, despite that there is evidence where polymorphisms in CYP450s 

affect the clinical outcome for many drugs; it has not been used in clinical practice, which is to 

genotype for specific CYP450 status prior to drug prescription. There are many reasons for this 

but some factors include the lack of cost effectiveness in routine genotyping, drugs with wide 

therapeutic window have adverse effects that are milder and are improved by dose reduction, 

difficultness in associating a specific polymorphism with changes in drug plasma concentration 

and ADR. In addition to these factors there are methodological problems where genotyping and 

phenotyping methods are not routinely available. Beside genetic and methodological problems, 

it is also important to recognize environmental factors such as smoking, ethnicity, age, gender, 

diet, disease and drug interactions as possible sources of variability.  

1.6 PHARMACOGENETICS 
Pharmacogenetics was first coined by Friedrich Vogel [13] and is defined as “the study of 

variability in drug response due to heredity”, including genetic polymorphism of drug 

metabolizing enzymes, drug transporters, e.g P-glycoprotein, and drug receptors. It is one of the 

most rapidly growing areas in pharmacological science and is becoming increasingly 

important in clinical pharmacology and research aiming to identify genetic differences, 

responsible for ADRs and/or the lack of therapeutic response.   

It is believed that pharmacogenetics was recognized already in 510 B.C. by Pythagoras when he 

observed that some individuals who eat the fava bean experience some kind of bad reaction 

which later was found to be ADR in the form of hemolytic anemia in individuals who are 

deficient in glucose-6-phosphate dehydrogenase. 

Pharmacogenomics is relatively a new term introduced that emphasis the development 

of novel drugs based on the completion of sequencing the human genome, aiming to identify 

disease genes and new drug response markers in an effort to identify all pharmacologically 

relevant genes. 
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1.6.1 The relevance of pharmacogenetic testing in the clinics 
Even though we are far away from understanding the pharmacogenetic as an underlying cause 

for the variability in most drug responses there are some examples where genotyping can be 

helpful tool in order to optimize drug therapy. Genotyping of individual patients have several 

benefits such as better effect of drug therapy and fewer serious ADR leading to fewer hospital 

admissions and death. 

Genotyping of drug metabolizing enzymes where certain polymorphisms are known to affect 

drug treatment, e.g. CYP2D6, CYP2C9 and CYP2C19 gene variants, are applied in routine 

laboratories in Sweden as well as other countries.  

There are also examples where genotyping prior to treatment have been shown to be 

useful to improve drug therapy. Thiopurine methyltransferase (TPMT) is a hepatic enzyme 

involved in the metabolism of azathioprine. Azathioprine is used in the management of 

inflammatory bowel disease but have severe ADR including myelosupression. Studies have 

shown that genotyping of TPMT variants prior to drug treatment with azathioprine decreases 

ADR and are cost-effective in the management of inflammatory bowel disease [14-16].  

Genetic testing prior to HIV treatment with abacavir is also shown to be cost-effective. 

Hypersensitivity to Abacavir is associated with the human leukocyte antigen (HLA) variant 

HLA-B*5701 and screening for this variant can prevent the toxic effect of abacavir [17-19]. 

It has longed been discussed whether genetic testing prior to treatment with the anticoagulant 

drug warfarin would improve the clinical outcome. It was however advised by the US Food and 

Drug Administration (FDA) last year (August 16, 2007) to screen individuals on warfarin 

treatment for CYP2C9 and VCORC1 (gene coding for vitamin K epoxide reductase) gene 

variants. Two prospective studies have also shown that CYP2C9 and VCORC1 significantly 

influence warfarin and propose that genotyping-based prescribing of warfarin is safer and more 

cost-effective [20, 21]. 

1.6.2 Pharmacogenetics in the pharmaceutical industry 
The fields of pharmacogenetics and pharmacogenomics have become important practical tools 

to progress goals in medical and pharmaceutical research and development.

Improving predictions of drug efficacy and safety is crucial to the future medical and 

commercial success of drug discovery and development. The ability to predict a patient’s drug 

response on the basis of his or hers genetic information would benefit the development of new, 

innovative drugs.  In order to encourage a better understanding in how drugs might differ in their 

action in individual patients, the FDA requires that the age group, gender and ethnicity of the 



 6

participants in clinical trials to be listed. To this list there are also additional characteristics 

required such as the safety, effectiveness, dose-exposure results of treatment, characterization of 

subgroups in the population with patients with different severity of the disease and patients with 

hepatic or renal failure, and patients with a particular metabolic characterization such as 

CYP2D6 ultra rapid metabolizers.  

There is an increase in pharmacogenetic testing among pharmaceutical companies were the 

population in clinical trials is genotyped, which is due to the increasing knowledge about genetic 

variability in drug response. However, even though there are clear associations of certain 

genotypes with clinical response of drugs, this it is not always the case and further evaluations 

are needed.  

With the increasing knowledge of pharmacogenetics and pharmacogenomics, insight 

into genetic variations can be used as a tool for personalized drug therapy, decreasing the time 

spent on finding the most beneficial drug and dosage for a patient, minimizing exposure to 

ineffective treatments, reducing ADR, and improving the economic efficiency of the health-

care system. 

1.7 CYTOCHROME P450 SYSTEM 
The mammalian cytochrome P450s are membrane bound heme-thiolate proteins, found in most 

tissues with the greatest portion found in the liver. Even though most of them are localized on 

the cytosolic side of the smooth endoplasmatic reticulum, there are some found in the 

mitochondrial inner membrane. Cytochrome P450 was first named in 1961 because the pigment 

(P) has a 450 nm spectral peak when reduced and bound to carbon monoxide [22]. 

The CYP450s are divided into two major groups depending on their substrates: CYP450s that 

are involved in the oxidative metabolism of endogenous substances such as steroids, fatty acids, 

and prostaglandins and those that are responsible for the metabolism of exogenous substances 

such as drugs, environmental pollutants and carcinogens. In contrast to the latter with wide 

substrate specificity and a relatively poor species structural conservation, CYP450s that are 

involved in the oxidative metabolism of endogenous substances have very high affinities for 

their substrates and are very well conserved within species. The CYP450 enzymes in families 1–

3 mediate 70–80% of all phase I-dependent metabolism of clinically used drugs [2, 23]. They 

are responsible for the biotransformation, detoxification and excretion of foreign chemicals such 

as drugs from the body after the desired effect has been reached in humans by converting them 

into more water-soluble products, which makes them easier to be excreted via urine or the bile. 
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1.7.1 Cytochrome P450 nomenclature 
Through sequence comparisons, it has been shown that there are extensive similarities between 

CYP450s identified in man and bacteria. It has therefore been suggested that the cytochrome 

P450 superfamily originates from a common ancestral gene some three billion years ago through 

gene duplication, conversion, amplification and SNPs as a defense mechanism to protect 

organisms from environmental toxicants [24]. The completion of the draft sequence of the 

human genome revealed the presence of 57 active human CYP450 genes, which are divided into 

18 families and 43 subfamilies and 58 pseudogenes 

(http://drnelson.utmem.edu/CytochromeP450.html).

Since CYP450s are highly polymorphic and there are a lot of novel SNPs discovered 

continuously, there is a need to gather all the information about the consequences of the different 

allelic variants, and also have a consensus nomenclature system that is accepted and used by 

everyone in this particular field. For this purpose, a Web page, 

http://www.imm.ki.se/CYPalleles, has been developed and contains the latest updated 

knowledge about the allelic variants of CYP1, CYP2, CYP3, CYP4, CYP5, CYP8, CYP19, 

CYP21 and CYP26 genes in human [25].  

How CYP450s are classified depends on the amino acid sequence homology. The 

CYP450 enzymes that share less than 40% in amino acid sequence similarity belong to different 

families and are designated by an Arabic number, e.g. CYP1. Further on, gene families are 

subdivided into gene subfamilies when sharing over 55% amino acid similarity and are 

designated by a letter, e.g. CYP1A. A second Arabic number indicates the individual 

isoenzymes, e.g. CYP1A2. The first allele to be sequenced is used as the reference allele, 

assigned as *1 and when there are additional nucleotide changes (single or combinations of 

nucleotides) in the gene the number is followed by a letter, e.g. CYP1A2*1C , CYP1A2*1D

assuming that the alleles are very similar to in sequence and enzyme activity. To define new 

allelic variants, an asterisk followed by a number is used, e.g. *2 [26-29] 

1.7.2 Genetic polymorphism of P450s and drug metabolism 
All drug metabolizing cytochrome P450s in families 1–3 are polymorphic. A genetic 

polymorphism refers to a variation in the genotype in which a mutation in a gene results in 

altered trait with frequency of 1% or greater. Major forms of importance for drug metabolism 

are CYP2C9, CYP2C19, CYP2D6 and CYP3A4. Genetic polymorphism in genes coding for 
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drug metabolizing enzymes may lead to abolished, reduced, altered, or increased enzyme 

activity which in turn can affect the therapeutic effect of a drug and lead to ADR. Interindividual 

variability in drug metabolism is caused by variation in amount and/or activity of specific drug 

metabolizing enzymes and these factors are mainly governed by genetic factors. Abolished 

enzyme activity is commonly seen where the whole gene has been deleted or if there are 

mutations causing altered splicing, stop codons, abolished transcriptional start sites and 

deleterious amino acid changes. Subjects carrying two alleles with such mutations, called poor 

metabolizers (PM) do suffer from adverse drug reaction and show pronounced drug effect and 

toxicity. Ultra rapid metabolism (UM) is due to increased enzyme activity, caused by gene 

duplication, and the clinical consequence is therapeutic failure upon treatment with a usual dose 

[30-32]. Since genetic polymorphisms in human CYP450s can cause dramatic differences in the 

response to specific drugs, knowledge of an individual’s metabolic capacity can be helpful to 

avoid therapeutic failure in fast metabolizers or the development of adverse reactions in poor 

metabolizers. Identification of genetic factors which cause increased, abolished, diminished or 

altered drug metabolism in a specific patient may allow individualization of drug dosage 

because differences in drug disposition could be compensated for by dose adjustment and 

thereby improve the efficacy and safety of drug therapy. 

1.7.3 Cytochrome P450 1A2 (CYP1A2) - substrates and regulation 
CYP1A2 belongs to the CYP1 family, which contains 3 subfamilies, 3 genes and 16 

pseudogenes. The CYP1 family enzymes (1A1, 1A2, and 1B1) are important catalysts of 

carcinogen bioactivation reactions, such as PAH epoxidation and aromatic/heterocyclic amine 

N-hydroxylation [33]. CYP1A2 is the only member of the CYP1 family expressed constitutively 

at significant levels in human liver, accounting for 13% of the  CYP450s expressed in the liver 

[34], and is involved in metabolism of several clinically important drugs such as clozapine [35] 

and theophylline [36].  

Substrates catalyzed by CYP1A2 are characteristically planar molecules with 

polyaromatic rings that fit the narrow and planar active site of the enzyme (Figure 1.) [37]. 
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Figure 1. Crystal structure of human CYP1A2 enzyme in complex with the aryl hydrocarbon 

receptor (AhR) agonist -naphthoflavone (http://www.ncbi.nlm.nih.gov, [38]. 

 

 
 

 

Among the procarcinogenic substances that CYP1A2 metabolizes are heterocyclic amines, 

arylamines [39], which are derived from tobacco smoke, charcoal broiled and fried food and 

aflatoxin B1. When these are metabolized by CYP1A2, they might become reactive and 

potentially mutagenic substances [40]. Endogenous substrates of CYP1A2 include estradiol and 

melatonin [41, 42].  

 

CYP1A2 is inducible by a number of xenobiotics such as PAHs like benzo[a]pyrene 

from cigarette smoke, 3-methylcholanthrene and 2,3,7,8-tetrachloro-dibenzo-p-dioxin (TCDD), 

industrial pollutants or food derived heterocyclic and aromatic mutagens [43]. This induction is 

through the helix-loop-helix protein, aryl hydrocarbon receptor (AhR), which is a transcription 

factor that is activated by binding of PAHs. Following ligand binding in the cytoplasm the AhR-

ligand complex translocates to the nucleus, where it dimerizes with a second protein, the AhR 

nuclear translocater (ARNT). In the nucleus, the AhR forms a heterodimer where it interacts 

with dioxin response elements (DREs) and thus enhances transcription of CYP1A2 gene (Figure 

2.) [44]. Oral contraceptives [45], fluvoxamine [46, 47]   and fluoroquinolones [48] are known 

inhibitors of CYP1A2 (Table 1).  
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Figure 2. Main mechanisms in CYP1A2 gene induction through the AhR. 
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    Table 1. Inhibitors, inducers and drugs metabolized by CYP1A2 

Substrates Inducers Inhibitors Probe drug 
Amitriptyline 
Acetaminophen 
Caffeine 
Clomipramine 
Clozapine 
Cyclobenzaprine 
Fluvoxamine 
Estradiol 
Melatonin 
Paracetamol 
Theopylline 
R-warfarin 
Olanzapine 
Propranolol 
Verapmil 

Tobacco smoking 
Omeprazole 
Rifampicin 
TCDD 

Fluvoxamine 
Oral contraceptives 

Caffeine  
Melatonin  
Phenactin (in vitro) 
Ethoxyresorufin (in vitro) 
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1.7.3.1 CYP1A2 Gene Structure 

The CYP1A2 gene is located on chromosome 15 and spans 7.8 kb, comprising 7 exons and 6 

introns (Figure 3.). Including the first noncoding exon of 55 bp, the entire mRNA is 3,121 bp 

long. The open reading frame starts with nucleotide 10 of exon 2. Between CYP1A2 and 

CYP1A1, exons 2, 4, 6, and especially 5 are strikingly conserved in both nucleotides and total 

number of bases. Exons 2-6 are highly conserved in the orthologous human, mouse, rat, and 

rabbit CYP1A2 genes [49], which could mean that these exons have a crucial role in the 

catalytic activity in these enzymes. 

Figure 3. Human CYP1A2 gene from http://www.ncbi.nlm.nih.gov 

1.7.3.2 Polymorphisms 

So far there are 16 different CYP1A2 alleles identified (CYP1A2*1-CYP1A2*16)

(http://www.imm.ki.se/CYPalleles). Even though there are several polymorphisms found in the 

5´flanking region and intron 1, most of them being associated with decreased enzyme activity, 

they do not entirely explain the wide interindividual variation in CYP1A2 activity in humans. 

Unlike other polymorphic CYP450s such as CYP2D6 and CYP2C19, the frequency of coding 

region SNPs in CYP1A2 that cause amino acid substitutions are rare. 

CYP1A2*1F (-163C>A) located in intron 1 is a common polymorphism in both 

Caucasians and Asians. While some studies reported its association with higher enzyme 

inducibility by smoking [50, 51] other found no association [52-56].  CYP1A2*1K which 

contains combination of -739T>G, -729C>T and -163C>A is found in high frequency among 

Ethiopians, causes lower activity and inducibility of CYP1A2 while CYP1A2*1J (-739T>G; -

163C>A) does not have any effect on the enzyme activity [52]. CYP1A2*1C (-3860G>A),

located in the 5´-flanking region is associated with decreased enzyme activity in Japanese 

smokers [57]. 
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1.7.3.3 Caffeine as a CYP1A2 probe 

Caffeine (1,3,7-trimethylxanthine,(137X)), an odorless and colorless substance with bitter taste, 

is one of the most ingested drugs in the world, presented in coffee, tea, soft-drinks, chocolate 

and in medications. Ingested caffeine is rapidly and almost completely absorbed from the 

gastrointestinal tract in humans. Peak plasma levels are reached within 30-75 minutes after 

ingestion with an average plasma half life (t1/2) of 4-6 hours in healthy adults [58, 59]. 

Caffeine is predominantly (84%) eliminated via N3- demethylation to 1,7- dimethylxanthine 

(paraxanthine, 17X) by CYP1A2 [60, 61]. Paraxanthine is further metabolized to 1,7- 

dimethyluric acid (17U), 1- methylxanthine (1X) and 5-acetylamino-6-formylamino-3-

methyluracil (AFMU) (Figure 4). For references see Carrillo et al. 2000 [62]. Because caffeine 

is predominately metabolized by CYP1A2, it has become a popular metabolic probe for 

assessing the activity of CYP1A2. Caffeine clearance in either plasma or saliva is considered as 

a “gold standard” of CYP1A2 activity in humans and the paraxanthine/caffeine ratio has been 

validated to best reflect CYP1A2 activity when a sample is obtained 3-7 hours after a caffeine 

dose [62]. Samples collected later reflect the paraxanthine degradation rather than CYP1A2 

activity. 

Figure 4. The major pathways of caffeine metabolism, and the major enzymes involved in the 

different reaction steps.  
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1.8 DISPOSITION OF OLANZAPINE 
The atypical antipsychotic drug olanzapine is extensively metabolized to form 10-N-

glucuronide, 4´-N-desmethyl, 2-hydroxymethyl and 4´-N-oxide metabolites by UGT1A4, 

CYP1A2, CYP2D6, and the flavin-containing monoxyenase (FMO), respectively. The major 

metabolite of olanzapine is the 10-N-glucuronide [63, 64]. P-glycoprotein is involved in the 

efflux transport of several antipshycotic drugs including olanzapine [65].  

The pharmacokinetic of olanzapine is linear and dose-proportional within approved dosage 

range. Olanzapine is 90% bound to albumin, with a mean t1/2 of 33 hours in healthy individuals 

and have an apparent plasma clearance of 26L/h. Olanzapine shows a 4-fold interindividual 

variation in plasma clearance with both genetic, environmental and the physical status as 

contributing factors [63, 66]. 

1.8.1 UGT1A4 
The uridine diphosphate glucuronosyltransferase 1A4 (UGT1A4) gene belongs to the UGT1A 

family, consisting of 9 functional gene products located on chromosome 2q37. They all consist 

of an individual first exon located in the 5´region and have 4 common exons (exons 2-5) at the 

3´end of the gene locus. They show tissue specific expression, with UGT1A4 found in the liver. 

Most UGTs are involved in phase II reactions with glucuronidation of metabolites, but the 

glucuronidation of olanzapine catalyzed by UGT1A4 is via direct glucuronidation, which is 

usually a minor pathway for most drugs. The UGT1A4 gene is polymorphic with 19 variants in 

exon 1 found in Japanese population [67]. In Caucasians there are two polymorphisms leading to 

amino acid changes; the UGT1A4*2 (70C>A) (acn. AF465196) with proline to threonine amino 

acid change at codon 24 (P24T) and UGT1A4*3 (142T>G) (acn. AF465197) with leucine to 

valine amino acid change at codon 48 (L48V). They are in linkage disequilibrium and have been 

associated with reduced glucuronidation activities [68]. The regulation of the UGT1A4 gene is 

recently proposed to be mediated through the AhR pathway [69]. 

1.8.2 P-glycoprotein 
The transmembrane P-glycoproteins (P-gps) were discovered by their ability to confer multidrug 

resistance (MDR) to cancer cells [70] and the gene encoding P-gp (170-kDA) was therefore 

termed MDR gene 1. P-gp functions as an efflux transporter in different cells and is localized in 

normal tissues including the apical membrane of the gastrointestinal tract, blood cells, biliary 

tract, kidney and the luminal membranes of endothelial cells in cerebral capillaries forming the 

blood- brain barrier [71]. The P-gp plays a major role in absorption, distribution and elimination 
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of drugs by the ability to limit cellular uptake of xenobiotics by excreting these compounds into 

bile, urine and intestinal lumen, and limit accumulation in the brain. Several novel antipsychotic 

drugs are transported by P-gp including olanzapine and polymorphisms identified in the MDR1

gene [72] are extensively discussed whether they have a significant correlation with the 

expression level of P-gp and if they affect drug pharmacokinetics and disease susceptibility. The 

two most debated polymorphisms are the non-synonymous MDR1 2677G/T/A (P-gp -

893Ala/Ser/Thr) triallelic variant and the linked synonymous SNP 3435C>T.  Two recent 

papers have investigated the effect of 2677G/T/A and 3435C>T variants on P-gp transport 

functions. In one study it was found that the transport capacity was dependent on the 2677G/T/A

variants with the 893Ser and 894Thr variants having higher capacity to transport vincristine 

[73]. In contrast, another study reported that it is the SNP 3435C>T in combination with other 

polymorphisms that is responsible for the altered substrate specificity of P-gp rather than the 

non-synonymous polymorphism 2677G>T [74]. However, these studies were performed using 

in vitro models and the clinical impact needs to be evaluated.   

1.9 ADDITIONAL FACTORS INFLUENCING GENE EXPRESSION 

1.9.1 Allele-specific expression 
In addition to the influence of polymorphisms, gene expression is regulated by various 

mechanisms that include cis- and trans-acting transcriptional components, alternative splicing, 

RNA stability, and epigenetics (histone modifications, DNA methylation, regulatory RNA 

molecules), among others [75]. 

Classic Mendelian inheritance assumes that genes from maternal and paternal chromosomes are 

expressed and function equally and additively in somatic cells under normal physiologic 

conditions. Although most genes are expressed from both alleles, some genes may be expressed 

only from one allele. This monoallelic expression phenomenon is called allele-specific 

expression (ASE) and is seen for example in imprinted genes (where alleles of a gene are 

expressed differentially depending on their parental origin) and X chromosome inactivation. 

This phenomenon has been shown by some reports to occur frequently in human genes [76-78] 

and has been shown to be promising as a quantitative phenotyping method for identifying cis-

acting factors effecting gene expression since individuals heterozygous for cis-acting 

polymorphism will show a different level of mRNA expression originating from one allele 

compared with the other [76, 79, 80]. 
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A cis- regulatory element is a region of DNA that regulates the expression of genes 

located on that same strand and is often situated in the immediate 5´ region of the transcription 

start site. Trans-acting factors can bind to cis- regulatory element to control gene expression. In 

contrast to cis-regulatory elements, trans-regulatory elements can regulate the expression of 

genes distant from the gene they were transcribed from. Studies show that both cis- and trans- 

regulatory polymorphisms give rise to differential allelic expression [81-83].  

Whether genes coding for drug metabolizing enzymes display ASE or not has not been fully 

explored. However, a recent study reported importance of ASE for CYP2D6, CYP2C9 and 

MDR1 [84]. The existence of ASE may further explain the existing wide interindividual 

variability in mRNA expression and perhaps also the phenotypic variability in the outcome of 

drug therapy. 

1.9.2 Pharmacoepigenetics 
In addition to the terms pharmacogenetics and pharmacogenomics where genetic changes are in 

focus to describe response to drug treatment with the goal to personalize drug treatment, the 

field of pharmacoepigenetics defined as variations in drug treatments response due to epigenetic 

differences in individuals is recently introduced.  

1.9.2.1 DNA methylation 

Two mechanisms of epigenetic changes in humans are DNA methylation and changes in 

chromatins structure resulting from histone modifications. DNA methylation is an epigenetic 

mechanism that has brought a lot of attention for the past decades. The definition of epigenetics 

is “the study of mitotically and/or meiotically heritable changes in gene function that cannot be 

explained by changes in DNA sequence” from Russo et al. 1996 cited by Bird 2002 [85].  

The target of DNA methylation in humans, through the action of DNA methyltransferase 

enzymes, is cytosines in the 5´position of the pyrimidine ring (Figure 5). Methylcytosines are 

mainly found in cytosine-guanine (CpG) dinucleotides and are often located in 5´-flanking 

regions of genes [86].  

DNA methylation is associated with mitotically regulating gene expression by suppression and 

silencing of genes. It is heritable by cell division and can be passed from one generation to the 

next via the egg and sperm. Environmental factors influence DNA methylation during gestation, 

neonatal development, puberty and old age with the most vulnerable time point being during 

embryogenesis due to the high DNA synthetic rate [87].  
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Most CpG islands are unmethylated in normal tissues even though there are some exceptions 

from this. A small proportion of CpG islands become methylated during development with 

promoter silencing as a consequence. This phenomenon is a programmed mechanism and occurs 

in imprinted genes and X chromosome inactivation [85, 88, 89].  

The mechanisms behind de novo DNA methylation in adult somatic genes are not fully explored 

but do occur (~1% of total DNA bases) [90] and is also responsible in cancer development such 

as in silencing of tumor suppressor genes [91].   
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Figure 5. Cytosine pyrimidine ring with methylation at position 5

1.9.2.1.1 DNA methylation in cytochrome P450s 

The role of DNA methylation in CYP450s is beginning to get attention. There are some studies 

that have reported the role of DNA methylation in the expression of different CYP450s. For 

example, the status of DNA methylation at an CpG site at bp -2759 in the 5´-flanking region 

close to an AP-1 site in the CYP1A2 gene has been correlated with gene expression [92], 

association of CYP2E1 gene hypomethylation and decreased expression of corresponding 

protein has been observed [93] and the expression of both CYP7B1 and CYP1B1 genes are 

reported to be regulated by DNA methylation and are involved in the progression of prostate 

cancer [94, 95].  
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Epigenetic mechanisms, as well as ASE, may thus be important contributions in explaining 

interindividual and ethnic variation in the expression of CYP450s when genetic polymorphisms 

and environmental factors fail to do so.  
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2 THE PRESENT STUDY 

2.1 AIMS 
The primary aims of this thesis were to 1) investigate interethnic variations in CYP1A2 genetic 

polymorphisms and enzyme activity 2) identify genetic, epigenetic or environmental factors of 

importance to explain the interindividual and ethnic differences in CYP1A2 gene expression and 

activity and finally 3) to investigate the clinical importance of CYP1A2, MDR1 and UGT1A4

genetic polymorphisms on olanzapine kinetics among schizophrenic patients. 

The main aim of each study is as follows: 

Paper I: To compare CYP1A2 genetic polymorphism, enzyme activity and investigate CYP1A2

genotype-phenotype relationship, controlling for the effect of smoking and OC use in Swedes 

and Koreans. 

Paper II: To investigate the influence of coffee consumption and gender on CYP1A2 enzyme 

activity controlling for the effects of smoking and OC use among Serbs and Swedes, and to 

compare CYP1A2 activity between the two populations.

Paper III: To investigate whether the CYP1A2 gene expression is regulated by DNA 

methylation and displays allele-specific expression using human livers from Scandinavian 

origin.

Paper IV: To study the effect of smoking, gender and polymorphisms in CYP1A2, MDR1 and 

UGT1A4 genes on olanzapine plasma concentration in schizophrenic patients.
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2.2 MATERIAL AND METHODS 

2.2.1 Subjects 
In paper I, there were 194 healthy unrelated Swedish volunteers included from a Karolinska 

cocktail study, where they were given five different probe drugs to phenotype five cytochrome 

P450 enzymes [96]. In brief, the subjects received 100 mg oral dose of caffeine, losartan, 

quinine, omeprazole and debrisoquine for the phenotyping of CYP1A2, CYP2C9, CYP3A4, 

CYP2C19 and CYP2D6, respectively. All study subjects had to refrain from caffeine containing 

food and beverages at least 36 hours before study start and for 4 hours after receiving the oral 

dose of caffeine. One hundred and fifty healthy unrelated Koreans from a similar study 

conducted at the Inha University Hospital, Incheon, Korea were also included. No medications 

were allowed throughout the study except for oral contraceptives. There were 39 OC users 

among Swedish women and only one among Korean woman using OC. All oral contraceptive 

users were excluded in the genotype-phenotype comparisons. 

In paper II, 149 Swedish volunteers from the Karolinska cocktail study in paper I who were not 

oral contraceptive users and with known information about their habitual daily coffee 

consumption and smoking habits were selected together with 100 healthy unrelated Serbian 

volunteers from a similar study conducted in Serbia. 

In paper III, we used 65 human livers of Scandinavian origin belonging to a donor liver biobank 

established at the Division of Clinical Pharmacology, Karolinska University Hospital, Huddinge, 

Sweden. 

In paper IV, 121 schizophrenic patients being treated with olanzapine were recruited from 

specialized psychosis outpatient departments mainly in Stockholm County, to elucidate the role 

of genetic variations in CYP1A2, UGT1A4 and MDR1 on steady state olanzapine kinetics. 

2.2.2 Phenotyping using caffeine as a probe drug (paper I and II) 
The HPLC method used for phenotyping CYP1A2 was developed by Christensen et al, 2003 

[96]. Caffeine (100 mg) was given to the Swedish, Korean and Serbian volunteers in the 

morning and blood samples were drawn 4 hours after dose. Plasma was prepared and stored at -

20ºC until analysis. All samples including the quality controls were run in duplicates and the 

ratio of plasma 17X/137X was used as a measurement of CYP1A2 activity. A high 17X/137X 

ratio indicates a high enzyme activity and vice versa. 
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The within-day coefficients of variation (CVs) of caffeine and paraxanthine, respectively, were 

less than 10% and the between-day CVs of caffeine and paraxanthine, respectively, were less 

than 5%. 

2.2.3 Quantification of plasma olanzapine concentration (paper IV) 
The plasma olanzapine concentration was measured using a HPLC method developed in our 

department. Methylolanzapine was used as an internal standard and the plasma olanzapine 

concentration was measured by taking the olanzapine over the olanzapine standard with known 

concentration. The HPLC analyzes were approved when the control sample differed less than 

15% and when the samples in duplicate differed less than 15% from the mean. 

2.2.4 Genotyping (paper I, III and IV) 
Genotyping of MDR1 and UGT1A4 polymorphisms were performed by PCR-RFLP methods 

(paper IV).Genotyping of CYP1A2 was initially also performed by PCR-RFLP and Taqman 

methods (paper I). However since these methods are costly and time-consuming, a cheaper and 

time saving method, minisequencing using tag arrays [97] was developed for CYP1A2

genotyping where a multiplex PCR can be run for simultaneously analysis of several SNPs. PCR 

primers covering the SNPs and minisequencing primers with tags designed to anneal 

immediately adjacent and upstream of the SNP site were designed for CYP1A2 rs 2470890, 

 -729 C>T and –163C>A in papers III and IV, respectively.  

2.2.5 Quantitative Real-time PCR (paper III) 
The relative quantification of CYP1A2 gene expression was performed in the human liver 

samples and the B16A2 cell lines using real- time PCR. The fluorogenic probe used this method 

contains a reporter dye and a quencher dye. When the primers anneal to the sequence and the 

Taq polymerase becomes activated, it removes the probe by separating the quencher from the 

reporter and thus allowing the reporter to emit its energy.   

The amount of target normalised to the endogenous control used, 18S rRNA, and relative to a 

calibrator is calculated by 2- Ct , where Ct is the threshold cycle where the fluorescence passes a 

fixed threshold set in the exponential phase of the amplification curve. 

2.2.6 Tool searching for CpG island(s) in CYP1A2 (paper III)
The whole CYP1A2 gene from National Center for Biotechnology Information with gene ID 

1544 was searched for CpG islands using Methyl Primer Express® Software from Applied 
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Biosystems. One CpG island was found in exon 2. The definition of a CpG island is followed by 

the criteria of a minimum of 500 base pairs, a GC content of 55%, and an observed vs. 

expected CpG ratio of 0.65 [98]. 

2.2.7 Sodium bisulfite treatment (paper III) 
DNA isolated from the human liver samples was treated with sodium bisulfite before 

quantifying the DNA methylation in the CpG island. This treatment converts the unmethylated 

cytosines to uracil leaving the 5-methylcytosines intact. For DNA methylation analysis this step 

is crucial to make sure complete conversion of the unmethylated cytosines and avoid false 

positive DNA methylation.  

2.2.8 Pyrosequencing (paper III) 
To determine the degree of DNA methylation in the CpG island located in exon 2, we used the 

pyrosequencing technology from Biotage, Uppsala, Sweden. Compared to other methods 

available for the quantification of DNA methylation such as methylation specific PCR (MSP) 

and cloning of PCR products into vectors, pyrosequencing is a fast, easy to use, with high 

quality and high throughput analysis of DNA methylation.   

Even though it was only possible to analyze 3-5 CpG sites at the same time, the advantages of 

the pyrosequencing with the rapid processing time (~20 minutes for a 96-well plate) made it 

easy to analyze shorter fragments of the PCR product by designing 6 different sequencing 

primers to cover the whole CpG island. The analysis of the sequences was done by using the 

Pyro Q-CpG software where the degree of methylation is calculated by dividing the peak height 

of the methylated peak with the sum of the peaks corresponding to the methylated and the 

unmethylated peaks (figure 6). 

Pyrosequencing method has also been shown to be a fast and efficient way to genotype 

CYP450s variants, e.g. CYP2D6 [99]. In addition, pyrosequencing can also be used to determine 

the gene copy number of CYP2D6 [100].  
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Figure 6. Picture of a pyroprogram where the cytosines after the CpG sites are added in the 

dispensation order as a control of complete bisulfite treatment. The percent DNA methylation of 

each CpG site is indicated in the square box on top of the peaks. 
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2.2.9 AzaC treatment of human hepatoma cell lines (paper III) 
To further confirm our findings that DNA methylation in the CYP1A2 gene is inversely 

correlated with mRNA levels, we performed an in vitro experiment using human hepatoma cell 

lines B16A2. After culturing, the cell lines were treated with different concentrations of the 

hypomethylating chemical 5-Aza-2´-deoxycytidine (AzaC). RNA isolated from the AzaC 

treated cell lines were used for quantifying the total CYP1A2 mRNA expression.  

2.2.10 Statistical analysis 
For all statistical analysis, p<0.05 was considered as significant.  Data were log-transformed 

when necessary before statistical analysis. One-way analysis of variance (ANOVA) was used 

when studying the effect of different factors, e.g. genotype, haplotype, smoking, coffee 

consumption, gender and OC, on the 17X/137X ratio and plasma C/D of olanzapine. 

Independent t-test was used to compare 17X/137X ratio between Koreans and Swedes based on 

gender differences, smoking habit and OC use.  Chi-square and Fisher exact tests were used to 

compare obtained vs. expected allele frequencies in the allele and haplotype frequency 

distributions of CYP1A2, MDR1 and UGT1A4 in Swedes, Koreans and schizophrenic patients. 
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Arlequin version 2.000 was used for haplotype analysis and estimation of expected haplotype 

frequency from the raw genotype data. 

Spearman Rank correlation test and regression analysis were used to analyze the association 

between mean DNA methylation with CYP1A2 mRNA levels and ASE phenotype.   

Multiple regression analysis was used to investigate the effect of one factor while controlling for 

other factors at the same time on olanzapine C/D. 

All statistical calculations were performed on Statistica version 7.0 except for the multiple 

regression analysis, were SPSS software version 16 was used.  
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2.3 RESULTS 
2.3.1 Paper I 
The frequencies of the six SNPs in the CYP1A2 gene investigated in the Swedes and Koreans 

differed slightly between the two populations. CYP1A2-163C>A was the most frequent SNP in 

the Swedes (71.4%) while CYP1A2-2467delT was the most frequent one in the Koreans 

followed by CYP1A2-163C>A (70.7 and 62.7%, respectively). Except for the four known 

haplotypes, e.g. CYP1A2*1A, CYP1A2*1D, CYP1A2*1F, and CYP1A2*1L, we also found two 

novel once assigned as CYP1A2*1V (-2467delT, -163C>A) and CYP1A2*1W (-2467delT, -

163C>A, -739T>G, -3113A>G) (Table 2). CYP1A2*1F was the most common haplotype 

among Swedes (56.7%) and the most frequent haplotypes among Koreans were CYP1A2*1V

and CYP1A2*1W with frequencies of 26.7 and 26.0% respectively. 

Comparison of the mean 17X/137X ratio between the two populations showed that Swedes had 

1.54 fold higher mean 17X/137X ratio than the Koreans, indicating higher enzyme activity in 

Swedes (p<0.0001). The effects of smoking and use of OC on enzyme activity were also 

investigated.  Smokers had significantly higher mean 17X/137X ratio than non-smokers in both 

Swedes and Koreans (p<0.0007 and p<0.001, respectively). The effect of OC investigated in 

Swedish women showed that women using OC had significantly lower mean 17X/137X ratio 

than non- OC users p<0.0001.  There was no significant effect of gender observed in neither 

Swedes nor Koreans after excluding woman using OCs. Comparing the mean 17X/137X ratio 

within each genotype and haplotype group after controlling for the effect of smoking and OC 

use, individuals homozygous for CYP1A2-163A and haplotype CYP1A2*1F among the Swedish 

smokers had significantly higher mean 17X/137X ratio compared to non-smokers (p=0.04 and 

p=0.02, respectively, figure 7). No significant influence of CYP1A2*1F on CYP1A2 enzyme 

inducibility by smoking was observed in Koreans. 
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Table 2. List of CYP1A2 haplotypes identified and their observed frequencies in Swedes and 

Koreans. 
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Figure 7. Distribution of 17X/137X in 35 Swedish smokers wild type,

heterozygous and homozygous for haplotype CYP1A2*1F

p=0.02

Haplotype Nucleotide changes and SNP combinations Swedes n=193 

Observed frequency 

(95% CI.) 

Koreans n=150 

Observed frequency 

(95% CI.) 

CYP1A2*1A 

CYP1A2*1D 

CYP1A2*1F  

CYP1A2*1L 

CYP1A2*1V 

CYP1A2*1W 

None 

-2467delT 

-163C>A 

-2467delT, -163C>A, -3860G>A 

-2467delT, -163C>A 

-2467delT, -163C>A, -739T>G, -3113A>G 

0.244    (0.201-0.287) 

0.034    (0.016-0.052) 

0.567    (0.518-0.616) 

0.008    (-0.001-0.017) 

0.123    (0.090-0.156) 

0.021    (0.007-0.035) 

0.217     (0.170-0.264) 

0.153     (0.112-0.194) 

0.077     (0.047-0.107) 

0.267     (0.217-0.317) 

0.260     (0.210-0.310) 

0.027     (0.009-0.045) 
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2.3.2 Paper II 
In paper II we examined the influence of coffee consumption on CYP1A2 enzyme activity in 

100 Serbs and 149 Swedes from the first study after excluding OC users. To compare the 

enzyme activity with coffee consumption habits, we used the 17X/137X ration measured by 

HPLC in both populations. The results showed that regardless of smoking habits, heavy coffee 

consumers had significantly higher mean 17X/137X ratio than non-heavy coffee consumers in 

both Serbs and Swedes (p=0.0002 and p<0.0001, respectively). Controlling for the effect of 

smoking, it was found that Swedish smokers that are heavy coffee consumers had significantly 

higher mean 17X/137X ratio than non-heavy coffee consumers (p<0.0001). This finding was 

however not observed among the Serbian smokers. 

Swedes showed significantly higher 17X/137X ratio and hence higher enzyme activity than 

Serbs when controlling for smoking habits and coffee consumption (p=0.0003). No significant 

gender differences in enzyme activity were observed among the Serbian population.  

2.3.3 Paper III 
Among the 23 liver samples that were heterozygous for the marker SNP (rs2470890) located in 

exon 7 of the CYP1A2 gene, almost half of them (47.8%) displayed significant differences in 

their allele specific expression (ASE) (Figure 8). We found no correlation between ASE 

phenotype and hepatic CYP1A2 mRNA expression level. The overall mean methylation 

frequency of the CpG island, including 17 CpG sites in exon 2, showed significantly negative 

correlation with the total CYP1A2 mRNA expression (p=0.018) in 48 human liver samples. 

High degree of DNA methylation was associated with lower total mRNA expression and vice 

versa. Analysis of methylation patterns of each CpG site showed the existence of several CpG 

sites in strong correlation with each other forming two different domains (domain-1 and domain-

2) with region-specific differences in methylation patterns. Domain-1 contained CpG sites 5, 6, 

7, 13, 17, 18, 19 and the second domain-2 consisted of CpG sites 8, 9, 10, 11, 12, 14, 15, 16, 17 

and 21 with CpG site 17 common for both domains.Domain-2 showed significant negative 

correlation with total mRNA expression while domain-1 did not (p=0.021 and 0.177, 

respectively). The mean methylation of the 23 heterozygous liver samples did not show any 

significant correlation with ASE phenotype. Upon comparing the mean methylation status of 

each CpG site in domain-2, we found that CpG sites 9 and 11 to be significantly correlated with 

ASE phenotype: the lower methylation frequency the higher the variation in the relative 

transcript level from the two alleles. As there was no correlation of ASE with total CYP1A2 

mRNA level, we found no significant correlation between methylation frequencies of CpG sites 

9 and 11 with total mRNA expression. 
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The association of DNA methylation with decreased CYP1A2 gene expression was confirmed 

by in vitro experiments, using human hepatoma B16A2 cells treated with a hypomethylating 

agent, AzaC at different concentrations.  
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Figure 8. Human liver samples showing allele specific expression are indicated above and under 
the arbitrary dashed lines. 
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2.3.4 Paper IV 
The daily dose corrected olanzapine concentration (C/D) (range 0.5-47 nmol/L/mg/day) was 

significantly influenced by smoking and gender. Smokers had significantly lower mean C/D 

than non-smokers (p<0.003). Females had significantly higher mean C/D compared to the men 

(p<0.006). Using multiple regression analysis, male gender, smoking, 1 hour increase in time 

between last dose and sampling,  CYP1A2*1F  and UGT1A4 142T/G genotype explained each a 

significant proportion of the variation in olanzapine plasma C/D independently and predicted a 

significant decrease in dose normalised plasma concentration of olanzapine of 29%, 19%, 2%, 

10% and 24%, respectively (Table 3). The whole model explained 30% of the observed 

interindividual variation in C/D. 

Table 3. Interindividual variability factors for plasma concentration of olanzapine per milligram 

given oral dose in the study population*. 

*The final linear model was as follows: Daily dose corrected plasma concentration of olanzapine = 21.4 + 

(-4.98 * Male gender) + (-0.36 * Hours between last dose and sampling) + (-4.03 * UGT1A4 142T>G) +  

(-1.71 * number of Haplotypes CYP1A2*1F) + (-3.25 * Smoking). The predicted dose corrected 

olanzapine concentration in (nmol/L)/(mg/day) in a non-smoking female, wild type for *1F haplotype 

and UGT1A4 142T>G genotype that had taken her last dose 12 hours prior to the sampling = 21.4 + (-

4.98* 0) + (-0.36 * 12) + (-4.03 * 0) + (-1.71 * 0) + (-3.25 * 0) = 17.1.   

Factors affecting olanzapine 

plasma concentration 

(nmol/L)/(mg/day) 

Expected values Std. Error  

p-value 

Male gender - 4.98 1.20  <0.001 

1 hour increase in post dose 

sampling 

- 0.36 0.13  0.005 

UGT1A4 142T>G   - 4.03 1.20  0.003 

Haplotype CYP1A2*1F -1.71 0.84  0.045 

Smoking - 3.25 1.2  0.008 
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3 GENERAL DISCUSSION AND FUTURE CONSIDIRATONS

3.1 CYP1A2 POLYMORPHISMS AND ENZYME ACTIVITY IN SWEDES, 
KOREANS AND SERBS 

There are several polymorphisms and allelic variants reported for the CYP1A2 gene. However, 

whether these variants have a clear significant importance in explaining the observed wide 

interindividual differences is still controversial. The Swedish and Korean populations were 

genotyped for six SNPs in the CYP1A2 gene. Selection of the variant CYP1A2 alleles for 

genotyping, CYP1A2*1C, CYP1A2*1D, CYP1A2*1F and CYP1A2*1K were based on previous 

reports to affect CYP1A2 gene expression or enzyme activity.  

Most of the SNPs reported for the CYP1A2 gene exist in very low frequencies which makes the 

association of these genotypes to phenotype outcome difficult. In some cases a SNP might be 

frequent in a specific ethnic group were there is a significant genotype/phenotype correlation but 

cannot be confirmed in other ethnic groups due to the low frequency or absence of that particular 

SNP in other ethnic groups. An example is the CYP1A2-3113G>A which was reported to 

influence CYP1A2 activity in non-smoking healthy Chinese were individuals homozygous for 

the -3113A/A had lower plasma 17X/137X ratio compared to individuals with -3113G/A and -

3113G/G genotypes. However this finding was not confirmed in our study performed in Swedes 

and Koreans and in a study performed in Caucasians and Ethiopians by Jiang et al. [101]. The 

overall frequencies of the six SNPs investigated in Swedes and Koreans did not differ 

significantly between the two populations except for -2467delT and -3680G>A, where they were 

more frequent in the Koreans. Depending on the frequency distribution of various SNPs, the 

distribution of haplotypes differ between populations (e.g. Swedes vs. Koreans)  

Using HPLC we measured the CYP1A2 enzyme activity in Swedes, Koreans and 

Serbs. We found that Swedes had significantly higher enzyme activity than in both Koreans and 

Serbs. Several studies reported the enzyme activity in different populations previously but our 

study is the first one which has compared the enzyme activity in different populations where the 

healthy volunteers have followed the same study protocol and where the same phenotyping 

method has been used. In addition the samples were all analyzed in the same laboratory. 

Since it is known that smoking and OCs affect the CYP1A2 activity we sub grouped the 

individuals according to smoking habits and OC use. As expected we found differences in 

17X/137X ratio (enzyme activity) between smoker and non-smokers and OC users vs. non OC 

users.  
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The interindividual difference in enzyme activity between Swedes and Koreans could only be 

explained by CYP1A2-163A/A and CYP1A2*1F in Swedish smokers having higher enzyme 

activity than non CYP1A2*1F carriers. This finding was not seen in Korean smokers. This might 

be due to the fact that the CYP1A2-163C>A existed in linkage disequilibrium with other SNPs in 

Koreans giving rise to other haplotypes. These haplotypes are more frequent than the 

CYP1A2*1F haplotype in Koreans. Our results show that it is more important to focus on 

haplotypes rather than individual SNPs in investigating in genotype-phenotype relationship since 

most SNPs are in linkage disequilibrium with other SNPs.  

3.1.1 Induction of CYP1A2 
In addition to smoking we have shown that the CYP1A2 enzyme activity is also induced by 

heavy coffee consumption in both Swedes and Serbs controlling for smoking habits and 

excluding OC users. Polycyclic aromatic hydrocarbons present in cigarette smoke induce 

CYP1A2 expression by binding to the AhR, but caffeine has low affinity to this receptor [102] 

suggesting other mechanisms may be involved in the induction of CYP1A2 expression by coffee 

consumption. On the other hand, the finding of higher enzyme induction and hence higher 

enzyme activity by heavy coffee consumption could be mediated indirectly via PAHs, formed 

during coffee roasting. The temperature during roasting reaches approximately 220°C [103] and 

incomplete combustion processes of organic material at high temperature produce PAHs (from 

Lodovici et al. (1995) cited by Del Bubba et al. (2005)) [104], and the concentration of PAHs 

from roasted coffee beans could reach up to 96ng/liter of coffee brew samples [105]. PAHs are 

known substrates for AhR and ligand bound AhR binds to DREs to induce gene expression. 

It should also be mentioned that since caffeine is a substrate for CYP1A2 and we can not 

exclude the possibility of increased coffee consumption by individuals who have higher 

CYP1A2 enzyme activity to gain the same psychoactive stimuli of caffeine as individuals with 

“normal” levels of CYP1A2 enzyme activity. 

The Swedish smokers had significantly higher enzyme activity among heavy coffee consumers 

compared to the non-heavy coffee consumers but this was not observed in the Serbian smokers. 

We have shown that CYP1A2*1F is more frequent in the Swedish population (56.7%) and is 

indeed significantly associated with higher CYP1A2 enzyme activity. It would therefore be 

interesting to examine the frequency of CYP1A*1F in the Serbian population to see whether this 

haplotype is less frequent in Serbs as it was observed in the Koreans. Thus variations in 

CYP1A2*1F frequency between Swedes and Serbs might be one possible explanation. On the 

other hand our heavy coffee consumption criteria are relative, where the actual amount of 

caffeine concentration consumed per day was not controlled. Thus the amount of caffeine 
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consumed per day and volume of per cup consumed might differ between Swedes and Serbs. 

But the main finding, that relative heavy consumption increases CYP1A2 enzyme is confirmed 

in both populations. 

3.1.2 Gender differences 
The role of gender on differences in CYP1A2 enzyme activity has been discussed for a long 

time with controversial results. However, some studies that reported gender differences in 

CYP1A2 enzyme activity did not control for the effect of OC use in women [106, 107] except 

for one study [108]. In our studies, no significant gender differences in enzyme activity were 

seen in Swedes, Koreans or Serbs excluding females using OCs. Except for the observed gender 

differences in CYP2B6 [109]and CYP3A4 activities [110] , the gender differences in CYP450s 

reported seems to bee minor and few dose adjustments have been proposed due to gender. 

However, dose adjustments for physiological factors such as body weight and organ size may be 

more of importance [111-113].  

3.1.3 Diet 
There are certain dietary components that affect CYP1A2 enzyme activity and are underlying 

causes to interindividual differences. Besides smoking, cruciferous vegetables such as broccoli 

and charcoal grilled meat are also known to induce CYP1A2 activity [114, 115]. The observed 

differences in CYP1A2 enzyme activity between Swedes, Serbs and Koreans might be 

influenced also by cultural differences in diet.  

3.2 DNA METHYLATION AND ALLELE- SPECIFIC EXPRESSION 
We have shown that half of the liver samples analyzed displays ASE and the existence of 

variation in DNA methylation frequency in the CYP1A2 gene (paper III). Our finding that DNA 

methylation frequency in the CpG island found in CYP1A2 exon 2 is inversely correlated with 

CYP1A2 mRNA expression, which further contributes to the observed wide interindividual 

variation in mRNA expression. However, we did not find any correlation of ASE with mRNA 

expression or DNA methylation frequency as a contributing cis-acting factor. The main 

mechanisms behind ASE, the influence of DNA methylation and the interactions of  cis- and 

trans-acting factors on CYP1A2 gene expression is not fully understood. We have shown that 

both ASE and variation in DNA methylation frequency exists in CYP1A2 contributing to the 

wide interindividual differences in CYP1A2 gene expression. Our findings indicated the role of 

DNA methylation of the whole CpG island on mRNA expression and also that individual 
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methylation sites might have different roles depending on their location. CpG sites 14 and 16 

with the highest mean methylation frequencies in domain-2 were the only two sites that were 

significantly correlated with mRNA expression which might indicate the regulatory importance 

of these two CpG sites for CYP1A2 gene expression. Whereas the mean methylation frequencies 

at CpG sites 9 and 11 were significantly correlated with ASE phenotype.  In addition to other yet 

unknown cis- and trans-acting factors involved in the regulation of CYP1A2 gene, there are 

several transcription binding sites including the AhR binding site surrounding the CpG island 

that might be affected by DNA methylation, and hence blocking the access of transcription 

factors to bind the transcription binding sites.  

We performed DNA methylation analysis in livers originating from Scandinavia and we 

confirmed that variation in DNA methylation affects CYP1A2 gene expression. We have 

reported the presence of wide inter ethnic difference between Swedes, Koreans and Serbs 

controlling for the effect of CYP1A2 genotypes, smoking and OC use.  It is interesting to 

investigate presence of interethnic variations in CYP1A2 DNA methylation frequency between 

these populations.  Whether the observed ethnic differences in enzyme activity between Swedes 

compared to Serbs and Koreans is due to differences in the degree of DNA methylation remains 

to be investigated.  

The term “pharmacoepigenetics” is recently introduced and this field will probably 

expand with time as its role in explaining the underlying variability in the expression of certain 

CYP450s is investigated. Searching on PubMed (www.pubmed.gov, October 23, 2008) for the 

term “pharmacoepigenetics” gives so far only 1 hit [116].  

3.3 OLANZAPINE METABOLISM 
Olanzapine plasma clearance shows a 4-fold interindividual difference and its pharmacokinetics 

is influenced by gender, age, comedication with CYP1A2 inhibitors and metabolic inducers such 

as smoking and carbamazepine [66, 117]. However, their combined effect is not fully known. In 

our study we showed that the combined effects of gender, smoking, time between dose and 

sampling, UGT142T/G genotype and CYP1A2*1F together explained only 30% of the 

interindividual variation in plasma C/D of olanzapine. This indicates that there are other 

unknown genetic and/or environmental factors involved in the disposition of olanzapine. The 

role of P-gp in the transport of olanzapine seems minor, since olanzapine have an intermediate 

affinity to P-gp [65]. We did not find any correlation of variants in the MDR1 gene with 
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olanzapine C/D but on the other hand it might be other polymorphisms in MDR1 that are of 

more importance than those investigated by us.  

The CYP2D6 gene is greatly influenced by polymorphism leading to individuals with extreme 

enzyme activity i.e. PM and UM. In our study material we did not investigate the influence of 

CYP2D6 gene polymorphisms on olanzapine plasma concentration. Although previous studies 

reported a minor role [64, 66, 118] it would be interesting to investigate whether the combined 

effects of the factors investigated would also be influenced by CYP2D6 gene variants. 

Whether our proposed regression model using a limited study samples fits other observations is 

not clear yet and remains to be validated. For example, if samples are taken at another time 

point, they might not fit the model and should probably be adjusted for in the regression model. 

Since the proposed model only explains 30% of the interindividual differences in olanzapine 

C/D, further studies are needed to explain other factors accounting for variations in the 

disposition of olanzapine. It is therefore still too early to draw the conclusion that the factors 

investigated by us should be routinely examined in individuals before the onset of olanzapine 

treatment.  

Olanzapine is metabolized by several enzymes and influenced by environmental 

factors. Thus it is the combined effects of different genetic and environmental factors 

influencing olanzapine plasma concentration that is important to investigate rather than the 

effect of individual factors.  

Since olanzapine and other novel antipsychotic drugs are associated with increased glucose- and 

triglyceride levels and weight gain associated with other health problems such as diabetes 

dyslipidemia and coronary artery disease [119, 120], it is of great importance to further 

characterize genetic and environmental factors causing variations in the metabolism of 

olanzapine as well as other novel antipsychotic drugs. 

As explained in the present thesis, different factors contribute to the regulation of 

CYP1A2 gene expression. Thus, it is not an understatement to say that it is indeed an complex 

network with genetics, epigenetics, environmental and probably still unknown factors in 

combination that determine the interindividual variation in enzyme activity. It is not only factors 

causing variation in CYP1A2 enzyme activity but also factors such as variations in drug 

receptors, drug transporters, and the general physiological health of a patient that affects the drug 

treatment which contributes to the difficultness in predicting clinical outcome. As the aim is to 

personalize drug treatment depending on pharmacogenetics, where genotyping and phenotyping 
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of drug metabolizing enzymes are becoming more available, epigenetics, which might not be of 

an ease in routine work, should definitely be kept in mind as a contributing factor to the wide 

interindividual differences in CYP1A2 gene expression and maybe for other CYP450s as well.    
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4 CONCLUSIONS 

No significant gender differences were observed in CYP1A2 enzyme activity in Swedes, 

Koreans or Serbs when controlling for oral contraceptive use and smoking habit. 

The inducing and inhibiting effects of smoking and oral contraceptives, respectively, on 

CYP1A2 enzyme activity were confirmed in our studies. 

Swedes have significantly higher CYP1A2 enzyme activity than both Koreans and 

Serbs. Environmental factors and CYP1A2 genotypes and haplotypes investigated in 

Swedes and Koreans could not explain this interethnic difference.   

 Haplotype CYP1A2*1F is significantly associated with increased inducibility among 

Swedish smokers. 

Heavy coffee consumption (three cups or more) is associated with higher CYP1A2 

enzyme activity. 

Liver samples displayed significant differences in CYP1A2 allele expression but no 

correlation of ASE phenotype with mRNA levels was observed. 

DNA methylation of CpG island in CYP1A2 exon 2 is inversely associated with mRNA 

expression. Thus higher degree of DNA methylation is associated with lower mRNA 

expression. 

Epigenetics contribute to the observed interindividual variation in CYP1A2 expression in 

addition to genetic and environmental factors. 

When controlling for several factors, male gender, smoking, 1 hour increase in time 

between last dose and sampling,  CYP1A2*1F  and UGT1A4 142T/G genotype, explain  

each a significant proportion of the variation independently and predicted a significant 

decrease in dose normalised plasma concentration of olanzapine of 29%, 19%, 2%, 10% 

and 24%, respectively. 

The results show the importance of genetics, epigenetics and environmental factors for 

the regulation of CYP1A2 gene expression, each explaining a part of the complex 

system. However, they do not entirely explain the observed wide interindividual and 

ethnic differences. Further studies are required to elucidate the role of genetics and 

epigenetics in CYP1A2 gene regulation.  
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5 POPULAR SCIENCE SUMMARY 
Within the health care system, it is important that each patient receives the right drug in the right 

dose for the best effect as possible. By examining the causes for why people within and between 

different ethnicities have different abilities to break down (metabolize) drugs, one can at an early 

stage and in a more efficient way treat patients with right dose and thus minimize the adverse 

side effects.  

Scientists have studied our genetic make-up that is present in the cells in our bodies and 

that carries our genetic information, so called DNA. DNA controls which proteins to be 

synthesized by the cells, e.g. proteins used to metabolize drugs. If mutations arise in the DNA, it 

can change the proteins characteristics. Such mutations are frequent in the human cells. 

Smoking, diet, and other factors such as oral contraceptives can also change the activity of 

proteins. This leads to that different individuals have different ability to metabolize drugs.  

     

The aims of this thesis were to investigate how the activity of one of these proteins, so 

called CYP1A2, involved in metabolizing a number of drugs appears in different populations 

and try to explain which factors regulate the activity of this protein. In addition, we also 

investigated if mutations in CYP1A2 have any effect on the metabolism of an antipsychotic drug 

called olanzapine. 

When we compared the CYP1A2 activity between Swedes and Koreans, we found that 

Swedes have almost 2 times higher activity than the Koreans. We could not explain this finding 

by the mutations in the genetic make-up or by the environmental factors investigated by us. This 

means that it must be other factors that are important for the regulation of CYP1A2 activity.  

We continued by studying how caffeine, a substance found in coffee, tea, chocolate and in 

certain drugs, affects the CYP1A2 activity in Swedes and Serbs and found that Swedes have 

higher basic activity than Serbs and that CYP1A2 activity increases in both populations at high  

coffee consumption. 

   

Since none of the factors investigated, such as mutations, smoking, oral contraceptives 

and coffee, could completely explain why there are differences in CYP1A2 activity, we started 

to investigate, in Swedes, the gene that controls the production of CYP1A2. 
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We found that a molecule that can bind to DNA can prevent the genetic make-up to produce 

CYP1A2 and is thus an additional explanation to why the protein levels can differ from one 

individual to another. However, we haven’t studied the effect of this molecule in the Korean and 

Serbian population and can’t therefore draw any conclusions whether this molecule can explain 

the differences in protein activity between the studied populations.  

The studied mutations in CYP1A2 did not have an effect on olanzapine metabolism by 

themselves. However, we found that the ability to metabolize olanzapine is reduced if you are a 

woman, smoker and have a specific mutation in CYP1A2 together with a mutation in another 

protein. 

5.1 POPULÄRVETENSKAPLIG SAMMANFATTNING 
Inom vården är det viktigt att varje patient får rätt läkemedel i rätt dos för den bästa effekten med 

så få biverkningar som möjligt. Genom att undersöka orsaker till varför människor inom och 

mellan olika folkgrupper har olika förmåga att bryta ned läkemedel kan man på ett tidigare 

stadium och på ett mer effektivt sätt behandla patienter. 

Forskare har bland annat studerat vår arvsmassa som finns i kroppens celler och som är 

bärare av vår genetiska information, s k DNA. DNA styr vilka proteiner som cellerna ska 

producera,  

t ex proteiner som används för att bryta ner ett antal läkemedel. Om mutationer uppstår i 

arvsmassan kan proteinernas egenskaper förändras. Sådana här mutationer förekommer normalt 

hos alla människor. Tobaksrökning, matvanor och andra faktorer så som användning av p-piller 

påverkar också proteinernas egenskaper. Det här innebär att olika människor har olika 

förutsättningar att bryta ned läkemedel.  

Målet med den här avhandlingen var att undersöka hur aktivitetetn hos ett av dessa 

proteiner, sk CYP1A2, som bryter ned läkemedel ser ut i olika populationer samt försöka 

förklara vilka faktorer som styr aktiviteten hos detta protein. Vi undersökte även om mutationer i 

CYP1A2 påverkar nedbrytningen av ett antipsykotiskt läkemedel, olanzapin. 

När vi jämförde CYP1A2 aktiviteten mellan svenskar och koreaner, fann vi att 

svenskar har nästan två gånger snabbare aktivitet än koreaner. Detta fynd kunde dock inte helt 

förklaras av mutationer i arvsmassan eller av de miljöfaktorer som vi undersökte. Det betyder att 

det måste finnas andra faktorer som spelar roll för regleringen av CYP1A2 aktivitet. 
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Vi fortsatte med att studera hur koffein, ett ämne som finns i kaffe, te, chocklad och i vissa 

läkemedel, påverkar aktiviteten av CYP1A2 i både svenskar och serbier. Vi fann att svenskar har 

högre grundaktivitet än serber och att vid hög konsumption av kaffe ökar CYP1A2 aktiviteten i 

båda populationerna. 

Eftersom inga av faktorerna som vi undersökte, så som mutationer, rökning, p-piller 

och kaffe, kunde helt och hållet förklara skillnader i aktiviteten av CYP1A2 började vi 

undersöka, i svenskar, genen som styr produktionen av CYP1A2. 

Vi fann att en molekyl som kan binda till DNA kan hindra arvsmassan från att producera 

CYP1A2 och är en ytterligare förklaring till varför proteinmängden kan skilja sig från individ till 

individ. Däremot har vi inte studerat denna molekyls påverkan i den koreanska och serbiska 

populationen och kan inte dra några slutsatser om hurvida denna molekyl kan förklara 

skillnaderna i proteinaktivitet mellan de studerad populationerna.  

De studerade mutationerna i CYP1A2 hade ingen påverkan av nedbrytningen av olanzapin var 

för sig. Däremot fann vi att  man har en minskad nedbrytningsförmåga  av olanzapin om man är 

en kvinna, rökare och har en specifik mutation i CYP1A2 tillsamans med en mutation i ett annat 

protein. 
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