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ABSTRACT 

In Sweden about 550 individuals die every year due to drug intoxication. A 
challenge for the forensic toxicologist is to determine whether or not the 
analytical results can explain intoxication as a cause of death. The most 
common drugs found among intoxication cases are psychiatric drugs and 
analgesics. Many of these drugs are metabolised by CYP-enzymes such as 
CYP2D6 and CYP2C19. Genetic variations, polymorphisms, in the genes 
coding for these enzymes can lead to an inactive enzyme resulting in poor 
metabolism, which can lead to adverse drug reactions, even with fatal 
outcome. The CYP2D6 gene can be multiplied, which can lead to an ultra-
rapid metabolism if the alleles are active. Another polymorphism, in the 
CYP2C19 gene, can also lead to an ultra-rapid metabolism. This increased 
metabolism can result in insufficient drug plasma concentration and, with 
that, failed treatment. Alternately, if the drug is a pro-drug and has to be 
activated by these enzymes, it can lead to a high amount of active metabolites. 
There is a large inter-individual variation of these polymorphisms and also a 
large variation between different populations. Additional information about 
an individual’s pharmacogenetics may possibly facilitate the interpretation of 
the postmortem result and contribute to solve the “toxicological puzzle”. 

The general aim of this thesis was to study if genetic variation in the drug 
metabolising enzymes, CYP2D6 and CYP2C19 can contribute to fatal 
intoxication. 

Reliable and rapid SNP and CNV assays suitable for forensic samples using 
PCR and pyrosequencing were developed for CYP2D6 and genotype 
frequencies in a Swedish population were shown to be in concordance with 
earlier published data. SNP assays were established for polymorphisms in the 
CYP2C19 gene. 

Genotype distributions in fatal intoxication cases were compared with 
Swedish blood donors and significant difference between the materials were 
established. The allele CYP2D6*4 was found to be less frequent among the 
intoxication cases, as compared with the blood donors. No differences in 
CYP2C19 genotype frequencies were found between the materials. These 



 

findings are the opposite of our hypothesis that we expected to find an 
increased number of individuals carrying genetic variations, leading to poor 
metabolism among fatal intoxication cases. However, we are convinced that 
information concerning an individual’s genotype can be of importance in 
specific intoxication cases. Further studies are required to illuminate this 
question. Two further autopsy materials were studied; suicide cases 
(intoxications excluded) and natural death cases. A significant increased 
number of individuals carrying more than two active CYP2D6 alleles among 
the suicide cases were found compared to natural death cases. Furthermore, 
we found some significant differences between the materials when the 
individuals in each material were grouped according to how many active 
CYP2D6 alleles they carry in combination with the CYP2C19 genotype, which 
was divided into six subgroups. We do not currently have any explanation for 
the differences between the materials.  



  

POPULÄRVETENSKAPLIG SAMMANFATTNING 

I Sverige dör ca 550 individer varje år av förgiftning genom läkemedel eller 
droger, dvs. efter döden har så pass stora mängder av läkemedel eller drog i 
blodet kunnat påvisas att det bedömts vara orsaken till att individen avlidit. 
Det är en utmaning för rättstoxikologen att avgöra om analysresultaten från 
den toxikologiska undersökningen tyder på att dödsorsaken är förgiftning eller 
inte. I kroppen finns särskilda enzymer som omvandlar, metaboliserar, 
substanser till mera vattenlösliga ämnen så att de kan utsöndras via njurarna. 
Vi har studerat två av dessa enzymer, CYP2D6 och CYP2C19, vilka är 
involverade i metabolismen av läkemedel som är vanligt förekommande bland 
förgiftningsfallen, nämligen psykiatriska och smärtstillande läkemedel. När 
enzymerna tillverkas i kroppen finns instruktioner för hur de skall se ut lagrad 
i vår arvsmassa (den genetiska koden, DNA). DNA-t är uppbyggt av fyra olika 
byggstenar, baserna A, T, G och C. För att kroppen skall kunna tillverka ett 
fullt fungerande enzym krävs det en alldeles speciell ordning på byggstenarna. 
Det räcker att en enda byggsten är felaktig, låt säga att ett A blir utbytt mot ett 
G, för att enzymets funktion skall förstöras helt och hållet. Dessa individer 
kommer då att ha en sämre förmåga eller helt sakna förmågan att omvandla 
läkemedel till mera vattenlösliga ämnen, läkemedlen lagras då istället i kroppen 
och individen kan bli förgiftad. Det är dessa små förändringar i enstaka 
byggstenar, DNA-baser som vi har studerat för att kunna ta reda på hur bra 
förmåga olika individer har att omvandla läkemedel. Hos vissa individer är 
instruktionen för tillverkning av enzym sådan att det produceras mycket 
enzym, konsekvensen kan bli att individen inte får någon effekt av en normal 
dos av läkemedlet, eftersom det snabbt omvandlas och kissas ut. För att 
studera hur olika individers DNA såg ut använde vi oss av en metod som 
kallas PCR (polymerase chain reaction), som gör miljontals identiska kopior av 
en viss del av DNA-t. Ordningen på baserna kunde sedan bestämmas med en 
annan metod, pyrosekvensering, som innebär att den genetiska koden avläses 
bas för bas genom att olika reaktioner ger upphov till ljusblixtar som kan 
detekteras med en speciell kamera. Förekomsten av dessa förändringar, 
genetiska variationer, varierar mellan olika individer och är olika vanligt 



 

förekommande i olika populationer. Den här utökade informationen om en 
individs genetiska möjligheter att omvandla läkemedel kan underlätta 
tolkningen av de övriga toxikologiska analysresultaten. Målsättningen med 
mitt avhandlingsarbete har varit att studera om genetisk variation i CYP2D6 
och CYP2C19 kan medverka till fatal läkemedelsförgiftning. 

Vi har utvecklat tillförlitliga och snabba metoder för att kunna studera 
genetiska variationer i båda dessa gener. Vi har analyserat ett stort antal prov 
från svenska blodgivare och visat att våra resultat stämmer väl överens med 
tidigare publicerade data. Vidare har vi studerat ett stort antal prov från 
individer som har genomgått en rättsmedicinsk obduktion. Dessa individer 
har delats in i tre olika grupper beroende på fastställd dödsorsak; dödliga 
läkemedelsförgiftningar, självmordsfall (exklusive förgiftningar) samt naturliga 
dödsfall. Först studerade vi förgiftningarna och använde blodgivarna som 
jämförelsematerial. Då genetiska variationer leder till olika 
metaboliseringsförmåga delades individerna in efter detta; ingen, medelgod 
och god metaboliseringsförmåga Vi fann en signifikant skillnad mellan 
materialen med avseende på genetisk variation i CYP2D6 genen. Vi fann 
vidare att speciellt en genetisk variant återfanns mera sällan bland 
förgiftningsfallen jämfört med blodgivarna. Dessa fynd visar tvärtemot vår 
hypotes att finna fler individer med anlag för en långsam metabolism bland 
förgiftningarna, vilket då skulle ha kunnat förklara förgiftningen i en del fall. 
Emellertid så är vi övertygade att information om en individs genetiska 
variation i läkemedelsmetaboliserande gener kan vara viktig i specifika fall av 
läkemedelsförgiftning. Framtida studier får styrka det. Vidare så studerade vi 
två ytterligare obduktionsmaterial, självmordsfall och naturliga dödsfall. Vi 
fann då fler individer med en genetisk variation i CYP2D6 genen som leder till 
en ökad metaboliseringsförmåga i gruppen med självmordsfall jämfört med 
naturliga dödsfall. När vi vidare studerade resultatet för kombinationen av 
båda generna, CYP2D6 och CYP2C19 fann vi flera skillnader mellan 
grupperna. Vi har inte idag någon förklaring till dessa fynd.  
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ABBREVIATIONS 

The most important abbreviations used in this thesis are listed below: 
 
 
ADR adverse drug reaction 
APS  adenosine 5´phosphosulfate 
ATP adenosine triphosphate 
AUC area under the curve 
CCD charge coupled device 
CNV copy number variation 
CYP cytochrome P450 
cSNP coding single nucleotide polymorphism  
dbSNP single nucleotide polymorphism database 
DME drug metabolising enzyme 
EC50 half maximal effective concentration 
EM extensive metaboliser 
IM intermediate metaboliser 
iSNP intergenic single nucleotide polymorphism 
kb kilobase 
MR metabolic ratio 
PD pharmacodynamics 
PGt pharmacogenetics 
PGx pharmacogenomics 
PK pharmacokinetics 
PM poor metaboliser 
PPi pyrophosphate 
pSNP perigenic single nucleotide polymorphism 
PXR pregnane X receptor 
SNP single nucleotide polymorphism 
UM ultra-rapid metaboliser 
Å Angstrom unit, 1 Å = 1x10-10 metres 
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 INTRODUCTION 

Forensic Medicine 
The first medico-legal expert who combined the science of law with medicine 
was Imhotep, the Grand Vizier, Chief Justice, and Physician to King Zozer in 
Egypt 3000 BC (Smith 1951). In Sweden, the first statutory regulation 
concerning an examination of a body and the collection of samples for 
chemical analysis came in 1819. The first Professor was appointed in forensic 
medicine in 1841 at the Karolinska Institutet, Stockholm (RMV-rapport 
1997). Today, six departments of forensic medicine are organized under the 
National Board of Forensic Medicine. This organization also includes two 
departments of forensic psychiatry, and the department of forensic genetics 
and forensic toxicology. 

In Sweden, approximately 5 500 forensic autopsies are performed every 
year. The purpose is to investigate unnatural death and to elucidate whether or 
not a crime has been committed. The majority of these 5 500 cases, 
approximately 2 900, are found to be natural death cases and approximately   
1 400 are accidents. Of the remaining cases, approximately 1 100 are suicides 
and, of them, approximately 50% are drug intoxications. Approximately 100 
death cases each year are the result of violent crime. 
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Forensic Toxicology 
The interest for poisons and their effects on humans and other species was 
also described early. The papyrus rolls from Egypt, 1000 years BC, make clear 
Egypt’s knowledge about plant toxins and poisonous minerals. In 1813, the 
Spaniard Mateu JB Orfila published his observations on the effects of drugs 
on animal’s reactions and their organ changes. He is considered to be one of 
the founding fathers of forensic toxicology (Bertomeu-Sánchez and Nieto-
Galan 2006). 

The object of forensic toxicology is to analyse drugs and poisons in living 
and dead for legal purposes and to interpret the results in a scientific way. In 
Sweden, samples are taken for toxicological analyses in most of the forensic 
autopsies (>90%), in order to investigate the occurrence of alcohol, 
pharmaceuticals, illegal drugs and other substances. Almost 70% show a 
positive analytical result, which means that one or more drug were detected in 
the samples. 

Forensic toxicology comprises several areas, such as postmortem 
toxicology, investigations concerning alcohol and drugs in traffic safety, and 
drug abuse analysis among prison inmates and in persons suspected for minor 
narcotic offences. In postmortem toxicology, the analytical results can in 
some cases confirm a suspected intoxication and in other cases they can 
exclude the presence of drugs in a driver involved in an accident that proved 
fatal. It is a special challenge for the forensic toxicologist to draw the right 
conclusions from the analytical results in postmortem toxicology. There are 
many different aspects to consider, such as sample collection and storage and 
choice of analytical methods. Another important aspect is at which 
concentration level a drug is lethal. That requires, among other things, 
knowledge about postmortem redistribution. The question to answer is often 
whether or not the analytical results can explain intoxication as a cause of 
death. It is important to emphasize that the cause of death in the 
approximately 550 individuals that are assessed to be fatal intoxications each 
year in Sweden is based not only on the analytical result but also on the entire 
death investigation excluding other causes of death (Jonsson et al . 2007). 
Taking one step further and adding information about an individual’s 
metabolic capacity may possibly facilitate the interpretation of the 
postmortem result. 



 

INTRODUCTION | 17  

Pharmacodynamics 
Pharmacodynamics (PD) can be described as the study of the effects of drugs 
on the body, the mechanisms of drug action and the relationship between 
drug concentration and effect. 

The receptors are the major sites of drug action, the role of which is to 
mediate activating (agonist) as well as blocking (antagonist) effects. There are 
two major classes of receptors: cell surface receptors and intracellular 
receptors. The cell surface receptors are transmembrane proteins with one 
extracellular domain and one intracellular domain. The intracellular receptors 
are soluble proteins localized within the nucleoplasm or the cytoplasm. The 
ligand to an intracellular receptor has to cross the cell membrane to reach the 
receptor. 

G-protein coupled receptors are one of many classes of transmembrane 
receptors. Many of the clinically used drugs are ligands to this receptor type. 

When a ligand interacts with a cell-surface receptor, a series of events inside 
the cell is initiated. Depending on the type of receptor, different intracellular 
responses are achieved. Upon binding, the ligand initiates the transmission of 
a signal across the plasma membrane by inducing a conformation change of 
the receptor. This change can either lead to an exposure of a binding site for 
other signaling proteins within the cell or result in the activation of an 
enzymatic activity contained within the receptor. The signal is forwarded into 
the cytoplasm by means of so called second messenger molecules. They 
activate protein kinases, which in turn activate or inactivate other proteins 
during phosphorylation. 

When a drug is given continuously, the effect is often gradually diminished. 
This phenomenon is called desensitization when it develops in the course of a 
few minutes and tolerance when taking days or more to develop. Many 
different mechanisms can give rise to this, such as change in receptors, loss of 
receptors, exhaustion of mediators, increased metabolic degradation, and 
physiological adaptation. 

In order to study the dose-response relationship of a drug it is fundamental 
to have knowledge about at which level a drug achieves a proposed effect 
while at the same time staying in the safety range, and not being toxic. If the 
response (PD) is plotted on the y-axis and the logarithm of the dose, 
concentration or AUC (PK) is plotted on the x-axis, a curve with sigmoid 
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Figure 1. Exposure-response relationship. 
The x axis shows the logarithm of an exposure (PK), for example dose, AUC or concentration. The y axis shows a 
response (PD). The therapeutic range is the interval between the exposure to a drug which corresponds to an 
optimal effect and that which give rise to adverse drug reactions. Exposure below the therapeutic range gives rise to 
a sub-optimal response.  
PD, pharmacodynamics, PK, pharmacokinetics, AUC, area under the curve. 

shape is created for many drugs (Figure 1). The half maximal effective 
concentration (EC50) for the drug can be calculated, as well as the therapeutic 
window.  
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Pharmacokinetics 
Pharmacokinetics explores what the body does to a drug. In order to obtain 
the desired effect of a drug, the concentration in the target organ is decisive. 
In other words, after oral administration, the drug is absorbed through the 
digestive system, into the blood stream and distributed to the target organ. 
How much of the drug is absorbed and at what rate it is absorbed and 
distributed depends on a series of factors such as the drug’s chemical-physical 
properties (lipid solubility, basic or acidic compound), the formulation of the 
drug (slow-release or not), and the emptying frequency of the stomach (which 
can be affected by disease, other drugs, and alcohol). In cases of intoxication, 
huge amounts of drugs are often ingested at the same time, leading to a 
prolonged absorption time and a delayed time for reaching the blood 
concentration maximum. As soon as the drug reaches the blood it can bind to 
different plasma proteins, such as albumin (binding acidic substances) and 
orosomucoid (binding basic substances). The amount of drug reaching the 
tissues is dependent on the degree of protein binding. It is only the unbound 
drug molecules (free fraction) that can be distributed, pass membranes and 
give a pharmacological effect. 

Before the drug reaches the systemic circulation, it has to pass through the 
liver via the portal vein. During its passage through the liver, the drug is 
metabolised. This is termed the first-pass metabolism and means that the 
amount of the drug reaching the systemic circulation is much lower than the 
amount that was originally absorbed. A drug’s bioavailability designates the 
amount which reaches the systemic circulation unchanged and thus gives rise 
to an effect. The most important organs for elimination of drugs are the liver, 
with its drug metabolising enzymes, and the kidneys. Small hydrophilic 
substances can pass into the urine through glomerular filtration. More 
lipophilic substances need to undergo biotransformation in the liver. The 
metabolism takes place in two steps, the Phase I and the Phase II reactions.  
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Drug metabolising enzymes 
Most xenobiotics, such as drugs and toxins that enter the body have to be 
modified by enzymes before they can be excreted. This biotransformation is 
performed by drug metabolising enzymes (DMEs). 

The body’s strategy to convert lipophilic substances into more water-
soluble and, with that, more readily excreted polar products is either to add a 
polar, often oxygen-containing group, to the compound or to unmask a polar 
group on the compound, known as the Phase I reaction. These reactions can 
either lead to activation, or to inactivation of the compound. Further increases 
in solubility are often achieved through the compound being conjugated with 
a highly polar agent such as glucuronic acid, Phase II reaction. 

There is great inter-individual variability in the response to different drugs. 
This variability is partly explained by genetic variations (polymorphisms) in 
DMEs, as well as in drug transporters and receptors. Other factors that can 
influence the individual’s drug response include gender, age, nutrition, 
enterohepatic circulation, intestinal flora and ethnic background.  

 

Pharmacogenetics  
Pharmacogenetics is the study of the linkage between an individual’s genotype 
and the disposition of drugs in the body. The term ‘pharmacogenetics’ was 
coined by Friedrich Vogel in 1959 (Vogel 1959). The first variations in drug 
response due to genetic deficiencies was observed a few years earlier 
(Hockwald et al. 1952, Alving et al. 1956, Lehmann and Ryan 1956, Kalow and 
Staron 1957, Hughes et a l. 1954) and Arno Motulskys paper with the title 
‘Drug reactions, enzymes, and biochemical genetics’ from 1957 laid the 
foundation for the field of pharmacogenetics (Motulsky 1957), which was 
subsequently established as a novel discipline by Werner Kalow in 1962 
(Kalow 1962). 

More than 30 years ago, the polymorphism of CYP2D6 was discovered 
independently in three different laboratories. Sjöqvist and co-workers showed 
an enormous interindividual variation in plasma concentration of nortriptyline 
and desimipramine at the same dosage and they identified two different 
phenotypes (Hammer and Sjoqvist 1967). Smith and co-workers also 
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identified two different phenotypes with the antihypertensive drug 
debrisoquine (Mahgoub et al. 1977) and Eichelbaum and co-workers made the 
same discovery for the antiarrhytmic drug sparteine (Eichelbaum et al. 1979). 
Ten years later in 1988, collaboration between Meyer and Gonzalez surveyed 
the genetic basis for the debrisoquine polymorphism (Gonzalez et a l. 1988, 
Skoda et al. 1988, Heim and Meyer 1990). 

Apart from genetic variation in drug metabolising enzymes, 
pharmacogenetics today also includes genetic variation in drug transporters 
and receptors. A new term has been established in the field, 
pharmacogenomics, which relates to studies of the genome i.e. not only 
variations in the genes which represents about 5% of the genome. Sometimes 
it can be somewhat confusing because these two terms, pharmacogenetics and 
pharmacogenomics, are used interchangeably. The United States Food and 
Drug Administration (http://www.fda.gov/Cder/guidance/8083fnl.pdf) has 
defined the two terms as follows: pharmacogenomics (PGx) is “The 
investigation of variations of DNA and RNA characteristics as related to drug 
response” and pharmacogenetics (PGt) is a subset of pharmacogenomics and 
is “The influence of variation in DNA sequence on drug response”. 

 

Genetic polymorphism 
The term polymorphism came from the two Greek words ´poly´ meaning 
´many´ and ´morph´ meaning ´form´. It can be defined as the occurrence of 
two or more clearly different phenotypes existing in the same population of a 
species. A genetic polymorphism is a variation in the DNA sequence within 
the population, leading to the occurrence of at least two alleles. In the past, 
the frequency of the minor allele has to be greater than or equal to one 
percent to be defined as a polymorphism. Today, this definition is no longer 
necessary, e.g. the SNP database, dbSNP, includes variations with lower allele 
frequency than one percent. Over 20 million SNPs are registered in the 
dbSNP BUILD 129 for the human genome. 

Most of the genetic polymorphisms are single nucleotide polymorphisms 
(SNP). A SNP can consist of a base pair substitution, a nucleotide insertion or 
deletion. Different types of SNPs exist, depending of were they are located in 
the genome. The majority of the SNPs do not have any function and are 
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mainly located between the genes, named intergenic SNPs (iSNPs). SNPs that 
are located in a gene’s non-coding regions, such as the upstream regulatory 
regions, in introns, as well as consisting of silent mutations are named 
perigenic SNPs (pSNPs). The type of SNPs that are important, for example 
by giving differential response to drugs, are the coding SNPs (cSNPs), located 
in a gene’s coding regions.  
 The Danish botanist Wilhelm Johannsen coined the terms genotype and 
phenotype in 1903 (Johannsen 1903). An individual’s genotype is the full 
hereditary information, even if not expressed, it carries within its genetic code. 
The genotype is constant during an individual’s lifetime. The term phenotype 
came from the two Greek words ´phainein´ meaning ´to show´ and ´typos´ 
meaning ´type´. A phenotype is an individual’s actual observed characteristics 
such as morphology, development and behaviour. Different phenotypes result 
from the expression of an individual’s genes, as well as the influence of 
environmental factors. An individual’s phenotype can change throughout life 
because of changes in the environment and changes associated with aging. 

An individual’s phenotype regarding drug metabolism can be measured in 
plasma or urine after giving a single oral dose of a probe drug. The 
concentration of the parent substance and a metabolite are analysed and the 
metabolic ratio, MR ([parent substance]/[metabolite]) is calculated. The MR is 
compared to a reference value, for the specific probe drug used, determined 
from a large population. Extensive metabolisers have values lower than the 
reference value, while poor metabolisers have values higher than the 
reference. This phenotype reflects the individual’s metabolic capacity just 
under the circumstances at the time for the sample collection. It can change 
due to factors such as co-medication with other drugs and differing liver or 
kidney function. The metabolism of the actual drug might also include other 
enzymes which further complicate the interpretation of the phenotype. 

Determining an individual’s genotype is an easier method, with several 
advantages over phenotyping. It has only to be performed once in a lifetime 
and requires a small amount of DNA containing material, such as blood or a 
buccal swab. This sample can be taken at any time and with the individual on 
current medication. The individual also avoids being exposed to a probe drug.  
Another advantage is that genotyping can be carried out in post mortem 
samples. A disadvantage of genotyping is the need to be aware of the possible 
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presence of unknown sequence variants, which can affect the enzyme activity. 
Additional factors can be of substantial importance for the specific drug 
metabolism and this also needs to be taken into account. 

The possibility of predicting an individual’s phenotype on the basis of the 
genotype can be used clinically to individualize a patient’s drug therapy, so 
called personalized medicine. The first described systems distinguished mainly 
between poor and extensive metabolisers of CYP2D6 (Mahgoub et al . 1977, 
Eichelbaum et al . 1979).  The urinary MR of debrisoquine or sparteine was 
determined and shows a bimodal or trimodal distribution in a Caucasian 
population. As a consequence of the availability of various commercial 
genotyping platforms, a huge quantity of genotype information is accessible. 
The growing number of alleles and their range of activity make the prediction 
increasingly challenging. Steimer and coworkers developed the 
“semiquantitative CYP2D6 gene dose” system from antidepressant drug 
plasma concentration data (Steimer et al. 2004). This system has the advantage 
of accounting for the effect of the single CYP2D6 alleles. An additional new 
system, as described by Gaedigk et al, utilises an “activity score” method to 
evaluate and simplify genotype interpretation and improve phenotype 
prediction (Gaedigk et al. 2008). A very large data set of phenotyped patients 
was used and the system is based on the presumed activity of individual 
CYP2D6 alleles. 

Kirchheiner et al speculate that the traditional classification into four 
different phenotypes within a population: poor metabolisers (PMs), who lack 
a functional enzyme, intermediate metabolisers (IMs), who are heterozygous 
for a defective allele or carrying two alleles with reduced activity, extensive 
metabolisers (EMs), who carry two active alleles, and ultra-rapid metabolisers 
(UMs), who carry more than two active alleles (Ingelman-Sundberg 2004, 
Zanger et al. 2004) will be surpassed by a new quantitative system accounting 
more precisely for the individual allelic activity (Kirchheiner 2008). 

Figure 2 shows a theoretical example of the traditional classification of a 
phenotype distribution in a population. One possible corresponding genotype 
and a theoretical plasma concentration-time course for each of the 
phenotypes PM, IM, EM and UM are also shown. 
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Figure 2. Traditional classification of phenotype distribution in a population. 
The figure shows a theoretical example of the four different phenotypes, PM, IM, EM and UM, for CYP2D6 that can 
usually be identified in a population. For each phenotype, a possible genotype and a theoretical plasma 
concentration-time course is shown.  
PM poor metaboliser, IM intermediate metaboliser, EM extensive metaboliser, UM ultra-rapid metaboliser.  
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Figure 3. The nomenclature for the cytochrome P450 superfamily. 
Cytochrome P450 is designated with the abbreviation “CYP” followed by an Arabic numeral indicating the gene 
family, a capital letter indicating the subfamily, another numeral for the individual gene (isoform). The last numeral 
with an asterisk before defines allele variants. 

Cytochrome P450 System  
The most important element of oxidative metabolism (Phase I reactions) is 
the very large and diverse super family of hemeproteins; cytochrome P450 
(CYP). They are found in all living organisms. Human CYP enzymes account 
for >75% of the total drug metabolism (Guengerich 2008). 

CYP proteins are primarily membrane-associated, mainly located in the 
endoplasmic reticulum and in the inner mitochondrial membrane of cells. 
Most of the CYP enzymes are expressed in the centrilobular area of the liver 
(Oinonen and Lindros 1998). 

The nomenclature of the cytochrome P450s is based on similarities in the 
amino acid sequence. The proteins can be divided into families (>40% amino 
acid identity), subfamilies (>55% amino acid identity) and isoforms (Figure 
3). Fifty seven putatively functional human CYP genes and 58 pseudogenes 
have been identified so far (Nelson et al . 2004). The evolution of CYP genes 
started around 400 million years ago when ocean-living organisms became 
land-living, which increased the number of CYP genes. A possible reason for 
this can be the changed supply of food. The plants developed new alkaloids to 
limit the risk of being consummated by animals – the animals developed new 
enzymes to metabolise the plant toxins (Heim and Meyer 1992). 
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CYP enzymes not only metabolise most of the drugs used in modern 
medicine (Wolf and Smith 1999), and illicit drugs commonly abused, they also 
play a key role in steroid hormone biosynthesis, the metabolism of 
polyunsaturated fatty acids (such as arachidonic acid and prostaglandins) and 
activation of vitamins (A and D3) to hormones (Estabrook 2003). 

All the CYPs that belong to the families 1-3 are polymorphic, with the 
exception of CYP1A1, CYP2E1, and CYP3A4, which are relatively well 
conserved (Ingelman-Sundberg 2004). The functional importance of the 
different allele variants differs, as do allele frequencies between different 
ethnical groups. Ethnical differences depend on genetic variation and are also 
influenced by other factors such as diet, environmental and socioeconomic 
background, which can both have inducible and inhibitory effects on gene 
expression. 

Allele variants in CYP enzymes can be derived from other types of genetic 
polymorphisms than SNPs, such as deletion of a whole gene, multiple copies 
of a gene and deletions or insertions of fragments of DNA within a gene. 
Some allelic variants may lead to absent, deficient or enhanced enzyme activity 
but not all are of functional importance (Meyer 1994). The major CYP 
polymorphisms of clinical relevance are found in CYP2D6, CYP2C9 and 
CYP2C19 (Bertilsson et al . 2002, Goldstein 2001). These three enzymes are 
involved in about 40% of CYP mediated drug metabolism. CYP2C19 and 
CYP2D6 metabolise many of the most frequently encountered drugs in 
forensic toxicology, whereas CYP2C9 metabolises mainly warfarin.  

More than 50% of prescribed pharmaceuticals are metabolised by CYP3A4, 
which is the most expressed CYP enzyme (Zhou 2008). The expression level 
can vary up to 100-fold between individuals but this variation can not be 
explained by the over 300 known SNPs in the gene. A member of the nuclear 
receptor family of ligand-dependent transcription factors, the pregnane X 
receptor, has been identified as a key regulator for the expression of CYP3A4 
and many other genes involved in xenobiotic metabolism (Orans et al. 2005). 
The transcription of, for example, CYP3A4 is increased when lipophilic 
compounds/drugs bind and activate PXR. 
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Figure 4. The CYP2D gene cluster. 
The CYP2D6 gene, the non-functional CYP2D7 gene and the pseudogene CYP2D8P constitute the CYP2D gene 
cluster on chromosome 22q13. CYP2D6 nine exons are shown enlarged. 

CYP2D6 
The CYP2D6 gene (OMIM 124030), is located on chromosome 22q13.1 in 
humans (Gough et al . 1993). It consists of nine exons which give rise to a 
polypeptide containing 497 amino acids. This enzyme was originally called 
sparteine hydroxylase or debrisoquine hydroxylase due to two independent 
pharmacokinetic studies in man (Eichelbaum et al. 1975, Mahgoub et al. 1977). 
CYP2D6 together with the pseudogene CYP2D8P and the nonfunctional 
CYP2D7 gene is a part of the highly homologous CYP2D gene cluster which 
is located within a contiguous region of about 45 kb (Figure 4) (Kimura et al. 
1989). 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
CYP2D6 is mainly expressed in the liver, but it has also been detected at 

lower levels in extrahepatic tissues, such as the intestine, lung and brain 
(Zanger et al. 2001, Bieche et al. 2007). Even in the liver CYP2D6 is expressed 
at relatively low levels compared to the other hepatic CYP enzymes. 
Nevertheless, CYP2D6 plays an important role in drug metabolism (Zanger et 
al. 2004). 
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It has been estimated that CYP2D6 is involved in the metabolism, at least 
in part, of 20 to 25% of all clinically used drugs (Ingelman-Sundberg 2004). 
Common groups of drugs which are substrates for CYP2D6 are 
antidepressants, antipsychotics, analgesics, antiarrythmics and β-blockers 
(Rendic 2002). 

Most substrates for CYP2D6 contain a protonable basic nitrogen atom at a 
distance of about 5 to 7 Å from the site of oxidation (Wolff et al. 1985). 

Some of the substrates for CYP2D6 are known to be inhibitors of the 
enzyme, which can turn a genotypic extensive metaboliser into a poor 
metaboliser’s phenotype. This phenomenon is called phenocopying and it has 
been demonstrated for substances such as quinidine, paroxetine, bupropione, 
flecainide, moclobemid, fluoxetine, and fluvoxamine (Gram and Brosen 1993, 
Brosen et al . 1987, Guzey et al . 2002, Laine et a l. 2001, Sindrup et al . 1992, 
Haefeli et al. 1990, Vandel et al. 1995).  

Most of the cytochrome P450s that metabolise xenobiotics are inducible 
with the exception of CYP2D6. It is not induced, either by known hormones 
or by any known environmental agent. It is believed that induction was an 
important additional feature in the past for increasing the defence against 
environmental toxins. An alternative to enzyme induction is whole-gene 
duplication or even multiplication, which may be a possible regulation 
mechanism for CYP2D6 (Ingelman-Sundberg et al. 1999). It has been 
proposed that selection of alleles carrying multiple active CYP2D6 genes has 
occurred in North East Africa as a result of periods of starvation (Ingelman-
Sundberg 2005). It was a benefit to be able to detoxify plant toxins to a higher 
extent, which increases access to edible food. CYP2D6 has been shown to 
have a very high affinity for plant toxins like alkaloids (Fonne-Pfister and 
Meyer 1988). 

More than 70 different alleles have been reported for CYP2D6 on the 
Home Page of the Human Cytochrome P450 (CYP) Allele Nomenclature 
Committee (http://www.cypalleles.ki.se/cyp2d6.htm). Most of them are rare 
and associated with a decrease or absence of CYP2D6 activity.  Other allele 
variants cause normal or increased enzyme activity. 

An individual carrying a genotype with no active allele is in concordance 
with the poor metabolisers’ phenotype (PM), for example CYP2D6*4/*4. The 
most frequent PM alleles among Caucasians are *4 (a splicing defect) 
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(Kagimoto et a l. 1990), *5  (whole gene deletion) (Gaedigk et al. 1991), *3 (a 
frameshift) (Kagimoto et al. 1990) and *6 (a frameshift) (Saxena et al. 1994), in 
decreasing order. These four alleles can predict 93-98% of the PM phenotypes 
in Caucasians (Marez et al. 1997, Sachse et al. 1997, Sachse et al. 1998). About 
7-10% of Caucasians lack CYP2D6 and are known as poor metabolisers (Dahl 
et al . 1992). The corresponding figure is only ~1% in an Asian population 
(Shimizu et al . 2003) despite this group displaying a lower CYP2D6 activity 
than Caucasians. This is explained by a reduced activity variant allele, 
CYP2D6*10, only present in Chinese (56%) and Japanese (39%) (Ji et al. 2002, 
Shimizu et al. 2003).  

Another polymorphism, 2850C>T in allele CYP2D6*2 (R296C) (Johansson 
et al . 1993) is also present in a number of other alleles, which some are 
associated with a normal or increased enzyme activity and others with low or 
no activity (http://www.cypalleles.ki.se/cyp2d6.htm). A variant with reduced 
enzyme activity is CYP2D6*17 (Masimirembwa et a l. 1996) that is highly 
prevalent in African Americans (~21%) (Gaedigk et al . 2002). The allele *41 
was shown to have improved predictivity for the IM phenotype in a white 
population (8.4%) (Raimundo et a l. 2004). Poor metabolisers and individuals 
with reduced activity variant alleles may have an increased risk of adverse 
reactions and in some cases unexpected intoxication, even with fatal outcome, 
upon administration of drugs in normal therapeutic doses. In contrast, 1% of 
a Swedish population carry more than two active alleles, which corresponds to 
the ultra-rapid metabolisers’ phenotype (UM), for example CYP2D6*1/*2x2 
(Dahl et al. 1995). UMs may not reach therapeutic plasma levels of the drugs 
and their treatment fails (Bertilsson et al . 1993). UMs can also produce 
potentially toxic metabolites, which then lead to a dangerous intoxication 
(Stamer et al. 2008, Kirchheiner et al. 2008). UMs may also convert an inactive 
pro-drug into an active substance, which can lead to a rapid and toxic 
accumulation of the active substance (Voronov et al. 2007). 
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CYP2C19  
The CYP2C19 gene (OMIM 124020) is located on chromosome 10q24.1-
q24.3 (Riddell et a l. 1987, Spurr et a l. 1987). The gene spans over a 90 kb 
region and consists of nine exons. A correlation between the levels of 
CYP2C19 and S-mephenytoin 4’-hydroxylase activity has been demonstrated 
in the human liver (Wrighton et al . 1993, Goldstein et al . 1994). CYP2C19 is 
one of four genes forming the CYP2C gene cluster spanning approximately 
500 kb. The cluster is arranged in the following order: CYP2C18, CYP2C19, 
CYP2C9 and CYP2C8 (Gray et al. 1995). 

CYP2C8, CYP2C9 and CYP2C19 comprise approximately 20% of the total 
CYP content in the liver (Shimada et a l. 1994). CYP2C9 is responsible for 
most of this expression and CYP2C19 and CYP2C8 are expressed to a much 
lower extent (Lasker et al . 1998). CYP2C19 is also expressed at low levels in 
the small intestine (Paine et al. 2006). 

CYP2C19 is at least partly involved in the metabolism of numerous drugs, 
such as proton pump inhibitors, antidepressants, antipsychotics, 
benzodiazepines, and β-blockers (Rendic 2002). 

Substrates for CYP2C19 are either neutral or weakly basic in character and 
they contain hydrogen bond donor/acceptor groups (Lewis et al. 1998).  

CYP2C19 has been shown to be induced by rifampicin (Zhou et al . 1990, 
Feng et al. 1998) probably through the activation of nuclear receptors, such as 
PXR (pregnane X receptor) (Chen et a l. 2003). Another group showed that 
CYP2C19 mRNA was inducible by rifampicin and phenobarbital but to a 
lesser extent as compared to CYP2C8 and CYP2C9 (Gerbal-Chaloin et a l. 
2001). Others have failed to identify any induction of CYP2C19 at all with 
rifampicin treatment (Youdim et al. 2007).  

The only endogenous function shown for CYP2C19 is its suggested 
involvement in the catabolism of estrogens. CYP2C19*17 has been shown to 
be associated with a decreased breast cancer risk, which has been suggested to 
be due to an increased catabolism of estrogens by CYP2C19 (Justenhoven et 
al. 2008). 

Three alleles, CYP2C19*2 (a splicing defect) (de Morais et al. 1994b), 
CYP2C19*3 (a premature stop codon) (De Morais et a l. 1994a) and 
CYP2C19*4 (A>G mutation in the initiation codon) (Ferguson et al . 1998) 
account for ~91% of the CYP2C19 PM alleles among Caucasians and >99% 
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among Orientals (Ferguson et al. 1998). Two to 5% of Caucasians and 13-23% 
in an Oriental population lack this enzyme and can be classified as PMs 
(Wilkinson et al. 1989). Recently, a common novel variant has been described, 
CYP2C19*17, that is associated with an increased enzyme activity due to a 
mutation in the 5´-flanking region, leading to an increased gene transcription 
(Sim et al. 2006). The reported allele frequencies are 0.18 in both Swedes and 
Ethiopians and 0.04 in Chinese subjects. 

 
Forensic Pharmacogenetics 
The use of pharmacogenetics in the forensic field is still very rare, but it is 
highly relevant because an individual’s response to drug treatment varies due 
to genetic deficiencies, which can cause adverse drug reactions (ADRs) or 
even occasional deaths. Phillips and co-workers considered that 59% of drugs 
that are cited in ADR studies are metabolised by polymorphic phase I 
enzymes. Of these, 86% belong to the cytochrome P450 superfamily (Phillips 
et al. 2001). Some studies, which I shall describe later, show the importance of 
recognising poor metabolisers, who might have accumulated the drug and 
reach a toxic level. Other studies, which I shall also describe later, show the 
importance of identifying individuals with ultra-rapid metabolism if the 
enzyme converts a pro-drug into an active drug.  

Druid and co-workers were the first to show that CYP2D6 genotyping can 
be carried out in postmortem blood samples (Druid et a l. 1999). Forty six 
cases were genotyped, 22 where the ratio of parent drug/metabolite was 
unexpectedly high and 24 control cases. Only one PM in the total of 46 
samples was found. This result, together with the concomitant use of other 
drugs in the various cases, leads to the conclusion that although genotyping 
provides extra information in specific cases, drug-drug interactions might be a 
greater problem than metabolic deficiency. 

The first report of a fatal drug intoxication case caused by a genetic 
polymorphism in the CYP2D6 gene was by Sallee et al (Sallee et a l. 2000). A 
nine-year-old boy was treated with a combination of methylphenidate, 
clonidine and fluoxetine. Very high concentrations of fluoxetine and its main 
metabolite norfluoxetine were found in the postmortem toxicology 
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evaluation. His parents were first accused of homicide, but the expanded 
investigation including genotyping of CYP2D6 acquitted them from any 
suspicion of a crime. The analysis showed a homozygous defective CYP2D6 
genotype, which results in an impaired metabolism of drugs, such as 
fluoxetine. Additional studies to investigate the significance of genotyping 
postmortem cases have been performed for some drugs: oxycodone (Jannetto 
et al . 2002), methadone (Wong et a l. 2003), tramadol (Levo et al. 2003),  
carisoprodol (Bramness et al . 2003), citalopram (Holmgren et a l. 2004), 
amitriptyline (Koski et a l. 2006) and fentanyl (Jin et a l. 2005). The authors of 
these papers concluded that genotyping was a valuable tool in interpreting the 
toxicological results. 

Codeine is bioactivated to morphine by CYP2D6. This O-demethylation is 
a minor pathway of the codeine metabolism. The main pathway is 
glucuronidation to the inactive morphine-3-glucuronide (M3G), while a small 
fraction is conjugated to the active morphine-6-glucuronide(M6G) catalyzed 
by the enzyme uridyl glucuronosyltransferase 2B7 (UGT2B7). N-
demethylation of codeine to norcodeine by CYP3A4 is a further pathway. 
Gasche et al describe life-threatening opioid intoxication in a patient after 
administration of small doses of codeine (Gasche et al. 2004). Phenotyping of 
CYP2D6 and CYP3A4 showed on ultra-rapid metabolism of CYP2D6 and 
drug-induced inhibition of the CYP3A4 activity. Genotyping of CYP2D6 
showed three or more functional alleles that are consistent with an ultra-rapid 
metaboliser. The authors conclude that CYP2D6 gene duplication and the 
inhibition of CYP3A4, together with a transient reduction in renal function 
may have contributed to the observed toxic effects. Fatal morphine poisoning 
in a breastfed neonate of a codeine-prescribed mother carrying CYP2D6 gene 
duplication was described by Koren et al (Koren et al . 2006). An extremely 
high blood concentration of morphine was found in the postmortem analysis 
and in the breast milk. The authors gave several examples of ways of 
preventing life-threatening neonatal toxicity: one was to genotype the mother 
for CYP2D6 before the treatment with codeine. In a recent article, Madadi 
and co-workers investigated the prevalence of opioid toxicity in breastfed 
infants and the mechanism underlying such toxicity in a case-control study 
comprising 72 mother-child pairs (Madadi et al . 2009). The mothers were 
genotyped for CYP2D6 and UGT2B7. Three were found to carry functional 
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duplications of CYP2D6. Two of them were also homozygous for the 
UGT2B7*2 allele, which has been reported to give a higher M6G : morphine 
ratios than in those who are wild-types. These two mothers had reported 
symptomatic infants during codeine treatment. The third mother, carrying 
duplications of CYP2D6 was heterozygote for UGT2B7*1/*2 and reported an 
asymptomatic infant during codeine treatment. The authors conclude from 
their findings that breastfed infants of mothers who are CYP2D6 UMs 
combined with the UGT2B7*2/*2 are at increased risk of potentially life-
threatening CNS depression.  

As described above, only a few papers have been published in this field, 
some of them only as case reports. In most studies, the sample numbers are 
often limited and few genetic polymorphisms have been detected. This 
relatively new research area combining forensic toxicology with 
pharmacogenetics is interesting and challenging. Future studies in this field 
will investigate to what extent it may serve as a useful complement when the 
cause and manner of death are determined. 
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 AIMS OF THE THESIS 

The general aim of this thesis was to study whether genetic variation in the 
drug metabolising enzymes, CYP2D6 and CYP2C19 can contribute to fatal 
intoxication. 

 

Specific aims: 
1. To develop a single nucleotide polymorphism (SNP) analysis for identification of the 

most common CYP2D6 alleles useful in forensic autopsy samples, and to investigate the 
genotype frequencies in a Swedish population (Paper I). 
 

2. To study the genotype distributions of CYP2D6 and CYP2C19 in a larger group of 
individuals, where the deaths had been caused by intoxication with pharmaceuticals or 
illegal drugs (Paper II). 
 

3. To develop a copy number variation (CNV) analysis for determination of CYP2D6 gene 
copy numbers using pyrosequencing (Paper III). 
 

4. To develop a method for identification of which of the alleles were duplicated in 
samples with multiple CYP2D6 genes (Paper IV). 
 

5. To study the genotype distributions of CYP2D6 and CYP2C19 in three different 
autopsy materials: fatal intoxication cases, suicide cases (intoxications excluded) and 
natural death cases (Paper IV). 
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MATERIAL AND METHODS 

Case selection 
In papers I, II and III, samples from a DNA-bank established at our 
department in 1998 were used. The DNA-bank consists of samples collected 
from Swedish blood donors at the University hospital in Linköping, Sweden. 
All donors had given their informed consent. 

 In papers II and IV, 242 consecutive autopsy samples from cases where 
the cause of death was considered by the forensic pathologist to be fatal 
intoxication (including both intentional and accidental intoxications) were 
collected at The National Board of Forensic Medicine, Department of 
Forensic Toxicology in Linköping, Sweden during the period 2001-2002. The 
samples consist of femoral blood with potassium fluoride added as a 
preservative and they were obtained from 128 women (mean age 54 years old, 
range 19 to 89 years) and 114 men (mean age 51 years old, range 20 to 93 
years). In most of these cases, a mixture of several drugs was found at the 
autopsy investigation. Approximately 50% of the drugs observed are 
substances known to be a substrate or inhibitor of the CYP2D6 enzyme 
(Table I).  

In paper III, a total of 200 pregenotyped DNA samples were received from 
different laboratories and used in the development work for the new assay. 
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In paper IV, femoral blood from consecutive autopsy cases where the 
cause of death was considered to be suicide (intoxications excluded) in 
Linköping during 2002 were collected and potassium fluoride was added. The 
suicide material included a total of 262 cases: 36 women (mean age 45 years 
old, range 14 to 87 years) and 226 men (mean age 53 years old, range 12 to 94 
years) where the manner of death was considered by the forensic pathologist 
to be suicide: by hanging (26 women and 134 men), shooting (2 women and 
64 men), sticking/cutting (2 women and 10 men) or jumping from a height (6 
women and 18 men). The material here referred to as natural deaths included 
a total of 212 cases: 41 women (mean age 68 years old, range 33 to 92 years) 
and 171 men (mean age 66 years old, range 37 to 95 years) that had died but 
not by intoxication or suicide, as described above. 

Table I. Most frequently observed drugs in the intoxication cases. 

No. of          
observations 

Observed drug 

         72 Dextropropoxyphene 
         65 Paracetamol 
         54 Propiomazine 
         50 Zopiclone 
         39 Diazepam 
         37 Flunitrazepam 
         31 Citalopram 
         23 Amitriptyline 
         23 Sertraline 
         20 Nortriptyline 

No. of          
observations 

Observed drug 

         19 Alimemazine 
         19 Nitrazepam 
         17 Zolpidem 
         15 Venlafaxine 
         14 Alprazolam 
         14 Morphine 
         11 Clomipramine 
         10 Hydroxyzine 
         10 Mirtazapine 

 

Sample preparation 
Genomic DNA from the Swedish blood donors included in the DNA-bank 
was extracted according to the DTAB/CTAB method (Gustincich et al. 1991). 
Genomic DNA from the autopsy cases was extracted in two different ways, 
depending on what method was available at the time of extraction. The 
samples from the fatal intoxication cases were extracted using a GenoM48 
robotic workstation (GenoVision, Austria). The samples from the suicide 
cases and the natural death cases were extracted using King Fischer ML 
(QIAGEN, Netherlands). Extracted DNA was stored frozen at -20 °C until 
analysed. 
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Ethics committee permission 
The Regional Ethics Committee, Faculty of Health Sciences Linköping 
University, Sweden gave permission for the studies included in this thesis with 
the following diary numbers: 98267, 02-458, and M87-08. 
 
 

Genotyping 
Pyrosequencing technology 
PyrosequencingTM is a nonelectrophoretic, real-time DNA sequencing 
technology (Figure 5) (Ronaghi et al. 1996, Ahmadian et al. 2000). Prior to the 
sequence analysis, the DNA sample has to be prepared. First a PCR is 
performed with one biotinylated primer. The PCR product is immobilised to 
streptavidine-coated sepharose beads and denaturated. A sequencing primer is 
hybridized to the single-stranded PCR template. Enzymes such as DNA 
polymerase, ATP sulfurylase, luciferase, and apyrase, and the substrates 
adenosine 5´-phosphosulfate (APS) and luciferin are added. The sequencing 
analysis is started by addition of nucleotides. The nucleotides are added 
sequentially in a predetermined dispensation order. The DNA polymerase 
catalyzes the incorporation of the nucleotides into the DNA strand if it is 
complementary to the base in the template strand. Pyrophosphate (PPi) is 
released in an equimolar amount for each nucleotide incorporated. A cascade 
of reactions takes place: PPi is quantitatively converted to ATP by ATP 
sulfurylase in the presence of APS. This ATP drives the luciferase-mediated 
conversion of luciferin to oxyluciferin that, in turn, generates visible light in 
amounts that are proportional to the amount of ATP. This light is detected by 
a charge coupled device (CCD) camera and converted to a peak in a 
pyrogramTM. The peak height is proportional to the number of nucleotides 
incorporated. Unicorporated nucleotides and excess ATP are continuously 
degraded by apyrase. 
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Figure 5. The principle of pyrosequencing technology. 
In the pyrosequencing reaction, a DNA polymerase incorporates nucleotides if complementary to the template 
strand upon release of pyrophosphate (PPi). Adenosine 5´phosphosulfate (APS) and PPi is converted by sulfurylase 
to ATP, which is used by luciferase to convert luciferin to oxyluciferine, whereas light is produced. The light, 
registered by a charge couple device camera, is displayed in a pyrogram where the height of the peak is 
proportional to the amount of incorporated nucleotides. 

 
 

 

 

 

 

 

 

 

 

 
 
 
 

SNP identification 
Single nucleotide polymorphism (SNP) analysis using pyrosequencing to 
identify CYP2D6*2, * 3, * 4, and *6 was developed in Paper I and used for 
analysis in Papers I to IV (Table II). One specific DNA fragment for each 
SNP position with the following fragment lengths: *2 (128 bp), *3 (230 bp), 
*4 (302 bp), and *6 (225 bp) was amplified with PCR. The following sequence 
analysis with SNP position identification was carried out for each of the 
fragments using pyrosequencing. As an example, Figure 6  shows pyrograms 
of three different individuals analysed for 2850C>T, which is the definition of 
the allele CYP2D6*2. The single-strand template preparation described in 
Paper I was modified and this modification was used from Paper II onwards. 
Instead of using streptavidine-coated magnetic beads and a magnetic tool 
(PSQ96 Sample Prep Tool) to separate the DNA strands, streptavidine-coated 
sepharose beads and a Vacuum Prep Tool were used. 

Published with permisson from QIAGEN GmbH, Hilden. 
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      Table II.  CYP2D6 and CYP2C19 genetic variant alleles studied in this thesis. 

Allele Nucleotide change, 

cDNA 

RefSNP ID Effect on protein Enzyme 

activity 

CYP2D6*1 wild-type   normal 

CYP2D6*1xN wild-type and gene 

duplication 

 xN active genes increased 

CYP2D6*2 2850C>T rs16947 R296C normal 

CYP2D6*2xN 2850C>T and gene 

duplication 

 xN active genes increased 

CYP2D6*3 2549delA rs35742686 frameshift none 

CYP2D6*4 1846G>A rs3892097 splicing defect none 

CYP2D6*4xN 1848G>A and gene 

duplication 

 xN inactive genes none 

CYP2D6*5 gene deletion  CYP2D6 deleted none 

CYP2D6*6 1707delT rs5030655 frameshift none 

     

CYP2C19*1 wild-type   normal 

CYP2C19*2 681G>A rs4244285 splicing defect none 

CYP2C19*3 636G>A rs4986893 premature stop codon none 

CYP2C19*4 1A>G rs28399504 GTG initiation codon none 

CYP2C19*17 -3402C>T rs11188072   increased 

  CYP2D6, cytochrome P450 2D6. CYP2C19, cytochrome P450 2C19. 
 

 
Allele-specific amplification of CYP2D6*3, * 4, and *6 described by 

Hersberger et al were used for evaluation of specificity and sensitivity of the 
new pyrosequencing method for SNP analysis developed in Paper I 
(Hersberger et a l. 2000). Tetra-primer PCR was performed for each SNP 
position, including two outer gene-specific primers and two inner allele-
specific primers. The PCR was carried out with two on each other following 
cycle set. Amplified fragments were separated by agarose gel electrophoresis. 

Verification of the new method in Paper I included establishing that the 
PCR products originated only from the CYP2D6 locus and not from 
corresponding sequences in the CYP2D7 or- D8P loci; this was performed 
using pyrosequencing. Sequencing primers which in theory can hybridize to all 
three genes, D6, D7, and D8P was designed to bind close to regions where 
differences among the three genes exist. 
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Multiplex PCR followed by pyrosequencing for the identification of three 
CYP2C19 alleles, CYP2C19*2, * 3, and *4 was established according to 
Eriksson and co-workers and used in Papers II and IV (Eriksson et al. 2002). 
In Paper IV, an assay for the CYP2C19*17 was established according to Sim 
and co-workers using PCR and pyrosequencing (Sim et al. 2006). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 

Figure 6. SNP position identification in a pyrogram. 
Results from three different SNP genotypes at position 2850C>T analysed by pyrosequencing. The first line shows a 
homozygote C, which indicates that this individual does not carry a *2 allele. The second line shows a heterozygous 
individual (C/T). This person carries one *2 allele. The third line shows a homozygote T/T corresponding to the 
CYP2D6 genotype *2/*2. 
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Figure 7. Alignment of genes in the CYP2D gene cluster and primer positions. 
Alignment of the three highly homologous genes, CYP2D6, CYP2D7 and CYP2D8P (GenBank accession no. 
M33388 for CYP2D6, X58467 for CYP2D7, and M33387 for CYP2D8P). Arrows indicate PCR primers (A1058FP 
and A1051RPB) and sequencing primers (A685FP and A1050FP). The shaded areas cover the bases generating 
peaks in the respective pyrosequencing reaction. 

CNV identification 
Individuals that were found to be homozygous for CYP2D6*1, *2, *3, *4, or 
*6 in the SNP analysis in Papers I-III were tested for CYP2D6*5 by a 
multiplex long PCR (Hersberger et al . 2000). Two long PCR amplifications 
were multiplexed. One of the fragments, a 3.2 kb product indicates the *5 
allele (deletion of whole CYP2D6), and the other, a 5.1 kb product indicates 
the wild-type allele. The length of the product was established using agarose 
gel electrophoresis. 

Analysis of gene duplications with a long fragment PCR method according 
to Lovlie et al was established (Lovlie et al. 1996). Some of the samples from 
blood donors used for assay development and verification in Paper III were 
analysed with this method to establish any gene duplications. Two different 
forward primers and one reverse primer were used in the PCR assay. One of 
the forward primers together with the reverse primer always yielded a 5.2 kb 
product which functioned as an internal control for the reaction. In samples 
with a duplicated allele, this primer-combination also yields a 3.6 kb product. 
The other primer-combination yields a 3.2 kb product only in samples with 
duplicated alleles. With this method, only duplications can be shown. The 
number of gene copies can not be determined. 
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Figure 8. Example of a pyrogram representative for the sequencing primer A685FP. 
A discrepancy in the sequence between the CYP2D6 and the CYP2D8P genes was used to determine the copy 
number variation for CYP2D6. The first and second nucleotides seen in the pyrogram were a G and an A which 
originated from both genes. The third nucleotide dispensed was a C, unique for two positions in the CYP2D6 gene 
sequence followed by an A and a C, also originating from the CYP2D6 gene. The next nucleotides dispensed were a 
T and a C, both unique for the CYP2D8P gene. 

 

In Paper III, we describe a new method for determination of whole-gene 
deletion (CYP2D6*5) and whole-gene multiplication (for example: 
CYP2D6*1xN, CYP2D6*2xN, and CYP2D6*4xN) of the CYP2D6 gene, a so 
called copy number variation (CNV) analysis. With this method, the exact 
number of CYP2D6 gene copies can be determined. The method is based on 
relative quantification from the pyrosequencing reaction using the highly 
homologous pseudogene CYP2D8P as a reference for a single-copy gene. A 
single-set of PCR primers (named A1058FP and A1051RPB) was used to co-
amplify both CYP2D6 and CYP2D8P in the same reaction (Figure 7 ). Two 
different sets of sequencing primers (named A685FP and A1050FP) were 
used to obtain a more robust and reliable method. One sequencing primer to 
each of the positions was hybridized to both the CYP2D6 and the CYP2D8P 
fragment. It is first in the following pyrosequencing analysis the two genes are 
distinguished. The dispensation orders for the nucleotides were chosen 
manually to generate specific peaks for the targeted CYP2D6 and CYP2D8P 
PCR fragments and to reveal any false amplification from the CYP2D7.  
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A discrepancy in the sequence between the two genes was used to 
determine the copy number variation in CYP2D6. An example of a pyrogram 
representative for the sequencing primer A685FP is shown in Figure 8. The 
first and second nucleotides seen in the pyrogram were a G and an A, which 
originate from both the CYP2D6 and –D8P genes.  The third nucleotide 
dispensed was a C, unique for two positions in the CYP2D6 gene sequence 
followed by an A and a C also originating from the CYP2D6 gene. The next 
nucleotide dispensed was a T and a C, both unique for the CYP2D8P gene. It 
can be noticed in Figure 8 that the A peak is a little higher than the other 
peaks. This is expected (10-20% higher) and depends on the use of a modified 
nucleotide, dATPα(S) in the pyrosequencing reaction. 

For determination of the number of CYP2D6 gene copies, the different 
peak patterns in the pyrogram, generated from samples containing a known 
number of gene copies, were used. Figure 9 shows representative pyrograms 
from the sequencing primer A685FP showing zero, one, two, three and four 
CYP2D6 gene copies. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9.  Typical pyrograms from the 
sequencing primer A685FP showing 
different CYP2D6 gene copies. 
The x axes are time axes, showing the addition of 
nucleotides to the sequencing reaction. The y axes 
show light emission obtained as relative light units. 
nxD6 indicates the number of CYP2D6 gene 
copies: (A) 0xD6, (B) 1xD6, (C) 2xD6, (D) 3xD6 
and (E) 4xD6. Arrows indicate peaks generated 
from nucleotide incorporations specific for CYP2D6 
(thin arrows) and CYP2D8P (thick arrows). 
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Standard curves were generated for both A685FP and A1050FP, by 
dividing the peak height from a CYP2D6 specific peak (C in position 6 for the 
A685FP sequencing primer) with the peak height from a CYP2D8P specific 
peak (C in position 8 for the A685FP sequencing primer) (Figure 10). When 
analysing an unknown sample, its ratio can be used to calculate how many 
gene copies it contains. The Sequence Analysis Software, Biotage AB, was 
used for measurement of peak heights, and the results were exported to 
Microsoft Excel for further calculations. In Paper IV, this method was used to 
analyse samples from different forensic cases. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In order to optimize the assay, the effect of different annealing 

temperatures (50-65 °C) on the peak heights from CYP2D6 and CYP2D8P 
was tested in a gradient PCR instrument. An optimal annealing temperature 
was chosen and 40 selected pre-genotyped samples, of different genotypes, 
were analysed. 

In order to study the reproducibility of the assay, four samples with known 
CYP2D6 gene copy numbers were repeatedly analysed on nine different days. 
The D6/D8P ratios were plotted against the expected number of CYP2D6 
copies. 

Figure 10. A standard curve representative for the A685FP sequencing primer. 
A standard curve was generated by dividing the peak height from a CYP2D6 specific peak (C in position 6) with the 
peak height from a CYP2D8P specific peak (C in position 8). When analysing an unknown sample, its ratio can be 
used to calculate how many gene copies it contains. 
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Allele identification 
In samples with multiple CYP2D6 gene copies, it is of great value to 
determine which of the alleles that is multiplied. This renders the possibility of 
categorising the individuals into different groups according to the number of 
active CYP2D6 alleles. For example, a sample with three gene copies and the 
genotype CYP2D6*1/*2 can be *1x2/*2 or it can be *1/*2x2 (Figure 11). 
Based on additional information collected from the pyrogram established in 
the SNP analysis, the allele identification can be elucidated. The peak height 
relation in the SNP position was used to evaluate which of the alleles that was 
duplicated. As an example, for a heterozygote individual, CYP2D6*1/*2, the 
peak height relation in the SNP position (C/T) was expected to be equal if the 
CNV analysis results showed two CYP2D6 gene copies. If however, the CNV 
analysis results showed three gene copies, the peak height relation in the SNP 
position was askew. The C peak was higher than the T peak when the allele *1 
was duplicated and the T peak was higher than the C peak when the allele *2 
was duplicated. In order to facilitate the interpretation of the peak height 
relation, theoretical peak patterns were established for each of the allele 
combinations by calculating the internal relationship between the expected 
peak heights in the pyrogram when an extra allele was added. This new 
approach is described and used in Paper IV. 

 

 

 
 

 

 

 
 

 

 
 

 

 

 
 Figure 11. Allele identification. 

Example of SNP analyses results from three different samples genotyped as CYP2D6*1/*2. The left column shows 
theoretical peak height patterns and the right column shows the real pyrograms. The CNV analyses show that 
sample (A) carryies two CYP2D6 gene copies and samples (B) and (C) carry three CYP2D6 gene copies. The peak 
height relation in the SNP position (in this example, 2850C>T) was used to evaluate which of the alleles that was 
duplicated. 
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Statistics 
The CYP2D6 and CYP2C19 genotype frequencies for each material were 
tested for Hardy Weinberg equilibrium with Fisher´s Exact Test. Increased or 
decreased allele frequencies were tested according to Pearson’s Chi-square 
analysis by two-by-two tables. The distributions of the number of active 
CYP2D6 alleles and the CYP2C19 genotype subgroups in the different 
materials were tested according to Pearson’s Chi-square analysis in 
contingency tables. A p value <0.05 was regarded as significant; p values for 
divergent allele frequencies were corrected according to Bonferroni. Fisher´s 
Exact Test was performed using a free program called GDA (Genetic Data 
Analysis) by Paul O. Lewis and Dmitri Zaykin. It can be obtained through the 
“Software” section of the website located at http://lewis.eeb.uconn.edu/ 
lewishome/. All other statistical tests were performed using SPSS 16.0 from 
SPSS Inc. (Chicago, Illinois). 



 

RESULTS AND DISCUSSION | 49 

     RESULTS AND DISCUSSION 

Paper I  
A basic prerequisite for the use of pharmacogenetic applications in the 
forensic field is availability of robust and reliable SNP analyses, in order to 
meet the difficulties involved with the highly degraded DNA of autopsy 
samples. Paper I describes new SNP analyses for the identification of four 
CYP2D6 alleles *2, *3 , *4  and *6 using PCR and pyrosequencing. Because 
there is a very high sequence homology between the three genes, CYP2D6, –
D7 and –D8P, the primer design was a very important part of this method 
development. It is of a crucial importance to amplify only the CYP2D6 gene 
and not the others. In order to achieve a reliable and robust pyrosequencing 
analysis, it is also important to generate specific fragments in the PCR, i.e. 
fragments from a specific position in the genome and with the expected 
length. The assays were designed with primers generating relatively short 
fragments in the PCR, *2 (128 bp), *3 (230 bp), *4 (302 bp) and *6 (225 bp), 
with the consideration of degraded DNA in forensic samples. All fragments 
showed the expected lengths by agarose gel electrophoresis. The four 
fragments were partly sequenced to verify that they were derived from the 
CYP2D6 gene and not from the CYP2D7 or –D8P genes. As an example, 
Figure 12 shows the sequence that was used to verify the origin of the *4 
fragment. The differences between the three genes are marked in grey. The 
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arrows in the pyrogram indicate the bases unique for the CYP2D7 gene (a C 
in the first position) and for the CYP2D8P gene (an A in the tenth position). 
The lack of these bases indicates that it is only the CYP2D6 gene that was 
amplified in the PCR.  

 In order to investigate the genotype frequencies, DNA from 282 Swedish 
blood donors was genotyped using the new method. A multiplex long PCR 
for whole gene deletion of CYP2D6 was established to give a more complete 
view of the genotype frequencies. The blood donor samples that were found 
to be homozygous for CYP2D6*1, *2, *3, *4 or *6 were tested for CYP2D6*5 
by this method. Relative genotype frequencies for the blood donors were 
calculated and were shown to be in genetic equilibrium according to the 
Hardy-Weinberg formula. The fraction of individuals carrying two inactive 
CYP2D6 alleles found in this material (8.5%) corresponds well with the range 
of 7-10% of PMs among Caucasians, reported in previous studies (Dahl et al. 
1992). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12. A pyrogram showing verification of an amplified fragment. 
A pyrogram from the verification of an amplified fragment for CYP2D6*4 analysis is shown. Bases not derived from 
CYP2D6 are marked with arrows. The first added nucleotide (C) produced no reaction, indicating that the fragment 
cannot be derived from the CYP2D7 locus. The second added nucleotide (G) produced a response corresponding to 
the incorporation of one base - also indicating that the fragment cannot be derived from the locus CYP2D7.  The 
third nucleotide (C) produced a response similar to four bases and the fourth nucleotide (T) to three bases. The fifth 
nucleotide (C) corresponded to incorporation of one base and the sixth nucleotide (G) also to one base. The seventh 
nucleotide (A) produced no response. The incorporation of G and not A shows that the fragment is a copy of 
CYP2D6 and is not from CYP2D7 or –8P.  

 

D6:  G C C C C T T T C G C C C C 
D7:  C G C C C T T T C G C C C C 
D8:  G C C C C T T T C A C C C C 
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The reproducibility of the method was tested by reanalysing 20 of the 
blood donor samples with the same pyrosequencing method to confirm the 
genotype. The results on the two analytical occasions indicated an identical 
genotype in all samples. These samples were also analysed by allele-specific 
amplification to confirm the result further. The two methods gave an identical 
genotype in all samples except one. That sample failed due to lack of visible 
control fragments in the allele-specific amplification.  

  The new SNP analyses used to genotype some patients who exhibited 
adverse reactions and/or high blood concentrations after use of drugs known 
to be metabolised by CYP2D6. The results show that all these patients have 
genotypes associated with poor metabolism. The method has also been used 
to genotype forensic autopsy samples. Preliminary data show that this method 
is also reliable in these complicated samples. 

Pyrosequencing was found to be a fast and efficient tool for genotyping in 
clinical samples, as well as in forensic autopsy samples. The method is robust, 
reliable and rapid and has high throughput. Furthermore, it is easy to increase 
the number of alleles by the addition of new PCR and sequencing primers. It 
is also possible to multiplex the assay in both the PCR and the 
pyrosequencing step. That requires a more extensive method development but 
it reduces the cost and yields a higher throughput in the long-term. 
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Paper II 
The aim in Paper II was to study the genotype distributions of CYP2D6 and 
CYP2C19 in a larger group of individuals, where the deaths had been caused 
by intoxication with pharmaceuticals or illegal drugs. Two hundred and forty 
two cases of fatal intoxication were genotyped for both CYP2D6 and 
CYP2C19. The 281 Swedish blood donors earlier genotyped for CYP2D6 in 
Paper I were also genotyped for CYP2C19. Our new method described in 
Paper I was used for the CYP2D6 genotyping, with a modification in the 
single-strand template preparation by using sepharose beads instead of 
magnetic beads. The multiplex long PCR for identification of whole gene 
deletion was also used. A multiplex pyrosequencing assay was established for 
CYP2C19*2, *3 and *4 (Eriksson et al. 2002).  

Relative genotype frequencies for CYP2D6 and CYP2C19 were calculated 
and the fatal intoxication cases were shown to be in Hardy-Weinberg 
equilibrium. We found that the genotype distribution for CYP2D6 differed 
significantly (p<0.01) between the fatal intoxication cases and the blood 
donors. We observed a tendency to a decreased frequency of individuals 
carrying two inactive CYP2D6 alleles among the fatal intoxications. 

When the individuals were grouped according to their number of inactive 
CYP2D6 alleles (two, one or none) a significant difference (p<0.0005) was 
observed between the two materials (Table III). 

 
 

Table III. Number of individuals according to their number of inactive CYP2D6 alleles: two,  
one or none in fatal intoxication cases and in blood donors. 

 
No. of inactive CYP2D6 alleles 

 

 
2 1 0 

Total no. of 

 q/q p/q p/p individuals 

Fatal intoxication cases 11 (4.7%) 87 (37%) 138 (58%) 236 

Blood donors 24 (8.5%) 127 (45%) 130 (46%) 281 

          p<0.0005 
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Table IV. Allele frequencies of CYP2D6 in fatal intoxication cases and in Swedish blood donors. 

 
Fatal intoxication cases Blood donors 

  

Alleles No. of 
individuals 

Relative 
frequency 

No. of 
individuals 

Relative 
frequency 

Chi2 

 

p 

 

*1 202 0.428 206 0.367 4.05  

*2 161 0.341 182 0.324 0.34  

*3     7 0.015     8 0.014 0.01  

*4   80 0.169 137 0.244 8.54 <0.005a 

*5   18 0.038   24 0.043 0.14  

*6     4 0.008     5 0.009 0.01  

      a p<0.03 with Bonferroni correction. 

 
The allele CYP2D6*4 was found less frequently (p<0.03 with Bonferroni 

correction) among the intoxication cases, as compared with the blood donors 
(Table I V). No difference in CYP2C19 genotype frequencies were found 
between the two materials and that observation supports our interpretation 
that there is a real difference concerning CYP2D6 between fatal intoxication 
cases and blood donors. To our knowledge, it has not been shown earlier that 
intoxication victims might have a different CYP2D6 genotype distribution and 
a decreased frequency of inactive alleles compared with the general 
population. The opposite situation, with an increased number of inactive 
alleles was more expected and would have been easier to explain. 
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Paper III 
The aim of this paper was to develop a robust and easy pyrosequencing 

assay for determination of copy number variation (CNV) in the CYP2D6 gene 
and to investigate the genotype frequencies in a Swedish population. Several 
methods for determination of CYP2D6 gene copy number have been 
reported. Many are relatively laborious and unreliable. The most commonly 
used method is long-range PCR spanning the CYP-REP regions flanking the 
CYP2D6 gene, followed by gel-based size analysis of the PCR-products 
(Johansson et al. 1996). Other methods are based on quantitative amplification 
of a small PCR fragment from the CYP2D6 gene, in which the amount of 
PCR product reflects the number of CYP2D6 genes in the analysed genome 
(Neville et a l. 2002, Schaeffeler et al . 2003). The amount of CYP2D6-specific 
PCR product is assessed in relation to a co-amplified region from an unrelated 
housekeeping gene, which is assumed to be a single-copy gene consistently. 
Our choice of pyrosequencing has been used for many applications, such as 
genotyping of SNPs (Ahmadian et a l. 2000, Alderborn et al . 2000), mutation 
detection (Garcia et a l. 2000, Goriely et a l. 2003) and sequence detection 
(Jonasson et al. 2002, Rahim et al. 2003). The peak heights in the pyrogram are 
directly proportional to the emitted light from the reaction, which enables 
quantitative analysis. Our assay includes both whole gene deletion 
(CYP2D6*5) and whole gene multiplication (for example CYP2D6*1xN, 
*2xN, *4xN).  The primer design was extensive and the aim was to find a set 
of primers that anneal to CYP2D6 and CYP2D8P, but not to CYP2D7. 
Choosing a pseudogene as a reference has several advantages. One is the 
possibility of using the same PCR primers as the target gene, which gives 
them similar amplification efficiency. The CYP2D8P gene was used as a 
reference, while the CYP2D7 gene was rejected because it has been reported 
to be duplicated.  Neither deletions nor duplications have been reported for 
the CYP2D8P gene. In such a case, a sample with a whole-gene deletion of 
one of the two CYP2D8P alleles, would generate pyrograms for both 
sequencing positions with CYP2D8P-specific peaks that are one half of the 
expected height relative to the CYP2D6-specific peaks. The gene 
quantification analysis would suggest an erroneous 4xD6 genotype for wild-
type (2xD6) samples. If both CYP2D8P alleles are deleted in a sample, the 
specific CYP2D8P peaks will be absent from the pyrogram, indicating the 
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necessity to use other techniques. No such sample was found among those 
tested. On the other hand, if one of the CYP2D8P alleles was duplicated, the 
quantification analysis would suggest an erroneous 1xD6 genotype for 2xD6 
samples. 

Through alignment of the three highly homologous genes and after PCR 
amplification and analysis of several potential target regions in the CYP2D6 
and CYP2D8P genes, one suitable region for PCR primer positioning and for 
two different sequencing primers was found (Figure 7). The pre-genotyped 
DNA samples were used to evaluate the different primer combinations of 
which the majority appeared to be unstable and thus unusable. 

The pyrosequencing analysis generates a pyrogram containing peaks which 
originate from both the genes or are unique for the respective genes. The peak 
heights from the unique peaks, for the CYP2D6 gene and for the CYP2D8P 
gene, are used for relative quantification between the two fragments. A ratio 
was calculated by dividing the peak height from a CYP2D6 specific peak with 
a peak height from a CYP2D8P specific peak. A ratio around 0.5 was optimal 
for one gene copy, ~1.0 for two gene copies and ~1.5 for three gene copies.  

The test of the influence of different annealing temperatures in the PCR on 
the specific peak heights for CYP2D6 and CYP2D8P, generated with the two 
different sequencing primers (A685FP and A1050FP) in a wild-type sample  
carrying two gene copies, showed that an annealing temperature of 59 ºC was 
optimal to give a ratio close to one (Figure 13). Skewed peak height relations 
between CYP2D6 and CYP2D8P indicated differences in PCR efficiency. 

 
 
 
 
 
 
 
 
 
 
 

 

Figure 13. Effect of PCR annealing temperature on peak heights.  
(A and B), peak heights (in relative light units) specific for CYP2D6 ( ) and CYP2D8P ( ) in a wild-type genome as 
an effect of a gradient annealing temperature from 50 to 65 °C. (A), sequencing primer A685FP; (B), sequencing 
primer A1050FP. (C), ratios of specific peak heights (CYP2D6/CYP2D8P) from the gradient PCR products.  

, primer A685FP; , primer A1050FP. The ratio is close to one at ~59 °C. 
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Figure 14. Scatter plots of CYP2D6-/CYP2D8P-specific peak height ratios. 
The y axes show the calculated ratio between CYP2D6-/CYP2D8P-specific peaks for the sequencing primer 
A685FP. The x axes are the serial number of the samples. Panel A show the DNA samples in order of collection, 
panel B show the samples when sorted from low to high ratios. 
 

In order to verify the new assay, 270 blood donor samples pre-genotyped 
for CYP2D6*1-*6 were analysed for CNVs. The two analysed positions, 
A685FP and A1050FP, gave interpretable results in 269 of the samples. One 
sample was excluded because of recurrently unclear results from both 
sequencing positions and from long PCR analysis. Thirteen samples were 
identified as carrying 3xD6, 232 samples carrying 2xD6 and 24 samples 
carrying 1xD6. There were no samples identified with 0xD6 among the blood 
donors. One sample identified as 2xD6 was previously genotyped as 
CYP2D6*4/*5. A possible explanation is that the *4 allele in this case 
contained a gene duplication. This is supported by long-range PCR analysis 
for multiple genes showing a duplication of one of the alleles in this sample. 
Another sample pre-genotyped as CYP2D6*2/*2 was identified as 1xD6. 
Reinvestigation using long PCR analysis did not verify the 1xD6; i.e. no gene 
deletion was observed. This was the only sample of the 270 tested for which a 
discrepancy remained. 

The 13 samples identified as carrying 3xD6 and an additional 13 samples 
selected from the blood donors carrying 2xD6 were analysed by long-range 
PCR analysis for multiple genes which verified the assay further. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
The 40 pre-genotyped samples analysed with the assay show conclusive 

centering of ratios for both positions around values of 0 (0xD6), 0.5 (1xD6), 
1.0 (2xD6), 1.5 (3xD6) and higher for three of the samples. This means, in 
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Figure 15. Atypical peak pattern in pyrogram from A1050FP sequencing primer. 
The x axes are time axes showing the addition of nucleotides to the sequencing reaction. The y axes show light 
emission obtained as relative light units. The upper row (A) and (B) show typical peak patterns for 2xD6 in the 
A1050FP assay. The lower row (C) and (D) show atypical peak patterns for 2xD6 in the A1050FP assay. Samples 
(A) and (C) show the old dispensation order and samples (B) and (D) show the new dispensation order. The 
difference between old and new dispensation orders is a T introduced as the fifth nucleotide dispensed. This change 
makes the interpretation easier if the relative common allelic variant, a C>T transition in CYP2D8P, is represented 
(indicated with an arrow). 

other words, that this assay is usable for identification of different numbers of 
gene copies in CYP2D6. Figure 1 4 shows the scatter plots for one of the 
sequencing primer positions, A685FP. Furthermore, the assay has proven to 
have high reproducibility; showing a good linearity in the analysis of copy 
numbers and in day-to-day variation for the both sequencing primer positions.  

An unexpected peak pattern in the pyrogram was observed in 13 of the 200 
pre-genotyped samples. In 11 of these cases, the deviant pattern can be 
derived to a relative common allelic variant in the CYP2D8P gene. It is a CT 
transition downstream of the A1050FP sequencing primer at the equivalent of 
position 2933 in CYP2D6. We have solved this problem by introducing a T in 
the dispensation order which makes it easier to interpret the pyrogram 
correctly even if the T variant is represented (Figure 1 5). Two other allelic 
variants found in the A685FP system exhibited a deviant peak pattern (data 
shown in Paper III). 
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Paper IV 
Three different forensic autopsy materials were genotyped for CYP2D6 and 
CYP2C19; fatal intoxication cases (the same cases as used in Paper II), suicide 
cases (intoxications excluded) and natural death cases. Firstly, the different 
alleles for both genes were determined using SNP analyses. Then the CNV for 
CYP2D6 was determined. In those samples where more than two alleles were 
found, the samples were further analysed to identify which of the alleles were 
duplicated/multiplied. This new approach made it possible to place the 
genotyped individuals into the correct genotype category and then calculate 
relative frequencies. Genotype frequencies for CYP2C19 were also calculated. 
The genotype frequencies for both CYP2D6 and CYP2C19 in all three 
materials were shown to be consistent with the Hardy-Weinberg equilibrium. 

When the individuals were grouped according to their number of active 
CYP2D6 alleles (0, 1, 2 or >2 active alleles), a significant difference was found 
in the group carrying more than 2 active alleles, corresponding to the ultra-
rapid metabolisers phenotype (Table V). An increased number of individuals 
among the suicide cases compared to the natural death cases were found to 
have more than two active alleles (p=0.007). A tendency toward an increased 
number of individuals among the fatal intoxication cases compared to the 
natural death cases was also observed (p=0.088). 

 
       Table V. Individuals grouped according to their number of active CYP2D6 alleles. 

 
Observed number of individuals carrying  

different numbers of active CYP2D6 alleles 

 
 

 
0 

n   (%) 

1 

n (%) 

2 

n (%) 

>2 

n (%) 

 Total  n 

Intoxication cases 11   (4.6) 83   (34.7) 139   (58.2)   6   (2.5) 239 

Suicide cases 20   (7.9) 91   (35.8) 131   (51.6) 12   (4.7) 254 

Natural death cases 16   (7.8) 79   (38.5) 109   (53.2)   1   (0.5) 205 

Total n of individuals 47 253 379 19 698 

 
CYP2D6, cytochrome P450 2D6, n, observed number of individuals (percentage of individuals) with none, one, two  
or more than two active CYP2D6 alleles in fatal intoxication cases, suicide cases and natural death cases. p=0.074 
according to Pearson’s Chi-square analysis of contingency table (6 DF). 
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Table VI shows the number of individuals carrying different numbers of 
active CYP2D6 alleles in combination with six subgroups of the CYP2C19 
genotype in each material. The subdivision of the CYP2C19 genotypes was 
carried out according to Rudberg and co-workers, and is as follows: def/def, 
*1/def, * 17/def, * 1/*1, * 1/*17 and *17/*17. “def” is the abbreviation of 
defective and includes the alleles CYP2C19*2, *3 and *4 (Rudberg et al. 2008).  

 
Table VI. Individuals grouped according to their number of active CYP2D6 alleles in   

combination with six subgroups of the CYP2C19 genotype. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

      CYP2D6, cytochrome P450 2D6. CYP2C19, cytochrome P450 C19. n, observed number of individuals  
      (percentage of individuals) with none, one, two or more than two active CYP2D6 alleles in combination with  
      the CYP2C19 genotype divided into six subgroups (def, defective). (I) fatal intoxication cases, (S) suicide cases  
      and (N) natural death cases. p=0.227 according to Pearson’s Chi-square analysis of contingency table (42 DF). 
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We found a decreased number of natural death cases carrying one active 
CYP2D6 allele in combination with the CYP2C19 subgroup *1/def compared 
to fatal intoxication cases (p=0.022). An increased number of natural death 
cases carrying one active CYP2D6 allele in combination with the CYP2C19 
wild-type, *1/*1 was found compared to fatal intoxication cases (p= 0.008). We 
also found a decreased number of suicide cases carrying two active CYP2D6 
alleles in combination with the CYP2C19 *1/*17 subgroup compared to the 
fatal intoxication cases (p=0.042). Of the twelve suicide cases carrying more 
than two active CYP2D6 alleles, one was in combination with the CYP2C19 
*1/def subgroup, two with the *17/def subgroup and nine with the, *1/*1. It is 
difficult to say what these findings mean because there is an age difference 
between the materials, the natural death cases are about 15 years older than 
the fatal intoxication cases and the suicide cases. We also have a difference in 
gender between the materials; fewer women than men in the suicide cases 
(14%) and in the natural death cases (19%). Another difference between the 
materials is the way the individuals have died; by drug intoxication (intentional 
or accidental), actively ended their lives by hanging, shooting, sticking/cutting 
or jumping from a height, or died a natural death. 

One of the suicide samples genotyped as CYP2D6*1/*2 and 
CYP2C19*1/*4 was also found to be homozygous for the CYP2C19 allele 
*17. This sample was reanalysed but it gave the same result. Presumably this is 
a variant allele of CYP2C19*4 that has not previously been found and 
reported. In Table VI , this sample was classified in the CYP2C19 genotype 
subgroup *17/def. Further work is ongoing to investigate this sample’s 
genotype. 
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CONCLUSIONS 

• We have developed reliable and rapid SNP assays for CYP2D6 genotyping 
using PCR and pyrosequencing. Pyrosequencing has been shown to be an 
easy and flexible methodology, which can be utilised for genotyping in 
clinical samples, as well as in difficult forensic autopsy samples. The 
presented assays can identify the CYP2D6 alleles *2, *3 , *4  and *6 but it is 
also very easy to include further alleles of interest. 

 

• Genotype frequencies for CYP2D6*1 - *6 in a Swedish population were 
investigated and the results agreed with earlier published data. 

 

• Genotype distributions for CYP2D6 and CYP2C19 in a larger group (n=242) 
of individuals where the deaths had been caused by intoxication with 
pharmaceuticals or illegal drugs have been studied. When the individuals were 
grouped according to their number of inactive alleles, a significant difference 
(p<0.0005) between the fatal intoxication cases and the blood donors was 
observed. The allele CYP2D6*4 was found to be less frequent among the 
intoxication cases, as compared with the blood donors. No differences in 
CYP2C19 genotype frequencies were found between the materials. These 
findings are contrary to our hypothesis: of an increased number of individuals 
carrying genetic variations leading to poor metabolism among fatal 
intoxication cases. The intoxication should then in some cases be explained 
by a decreased drug metabolism. Our hypothesis was therefore rejected. 
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However, we are convinced that information about an individual’s genotype 
can be of importance in specific intoxication cases. Further studies are 
required in order to illuminate this question. 

 

• A robust and easy pyrosequencing assay for determination of CNVs in the 
CYP2D6 gene has been developed. This assay is based on the usage of the 
pseudogene, CYP2D8P, as a reference for a single-copy gene and includes the 
determination of whole gene duplications, and even multiplications, as well as 
whole gene deletions. To our knowledge, this is the first report describing an 
analysis using a highly related gene as reference.  

 

• For samples with a proven multiple CYP2D6 gene, the SNP results were 
further analysed to determine which of the alleles that was duplicated. This 
new approach made it possible to distinguish between an individual with e.g. 
the genotype CYP2D6*1x2/*4, carrying two active (*1) alleles, and 
CYP2D6*1/*4x2, carrying one active (*1) allele. In that way, the individuals 
were categorized into the correct group according to their number of active 
CYP2D6 alleles.  

 

• The genotype distributions of CYP2D6 and CYP2C19 have been studied in 
three different autopsy materials: fatal intoxication cases, suicide cases 
(intoxications excluded) and natural death cases. A significantly increased 
number of individuals carrying more than two active CYP2D6 alleles were 
found among the suicide cases as compared to the natural death cases. 
Furthermore, we found some significant differences between the materials 
when the individuals in each were grouped according to how many active 
CYP2D6 alleles they carry in combination with the CYP2C19 genotype, 
which was divided into six subgroups. We do not currently have any 
explanation for the differences between the materials. 

 

• In one of the suicide cases, we found a new combination of nucleotide 
changes in the gene. The sample was genotyped as CYP2C19*1/*4 and was 
also shown to be homozygote for the allele *17. To our knowledge this SNP 
combination has never been reported before. 
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FUTURE PROSPECTS 

During the last 10-20 years, the use of molecular genetic analysis in the 
forensic field has increased sharply and today it is used, for example, to 
identify human remains, both occasional identification and mass-fatality 
identification, for investigation of disputes on kinship and for binding an 
individual to biological trace evidence. There has been huge technology 
development during this period, from restriction fragment length 
polymorphism analysis (RFLP) for identification of variable number of 
tandem repeats (VNTRs) to capillary electrophoresis for identification of 
short tandem repeats (STRs) and single nucleotide polymorphisms (SNPs). In 
the near future or even today, microarrays can be used for identification of 
hundred thousands of SNPs and copy number variations (CNVs) 
simultaneously. A great work is going on to find genes that underlie physical 
traits e.g. pigmentation, stature and facial morphology, with the purpose of 
creating a “phantom picture” of the remains of an individual. In the work of 
identifying an unknown individual, it is also of great value to obtain genetic 
information about which population he/she belonged to and such work is 
currently ongoing at our department. 
 Molecular biology methods can also be an important complement to 
traditional medicolegal examination, especially in sudden death investigations. 
Some examples follow below where identification of genetic variation can play 
an important role in the death investigation. Death from a variety of genetic 
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defects, such as catecholaminergic polymorphic ventricular tachycardia 
(CPVT), congenital long QT syndrome (LQTS), congenital short QT 
syndrome and Brugada syndrome, leave no identifiable morphologic 
abnormalities during autopsy. In these cases, referred to as conventional 
autopsy-negative sudden unexplained death (SUDs), postmortem genetic 
testing, named molecular autopsy, can explain the cause of death in some 
cases. Furthermore, it can be of great value to identify relatives carrying these 
mutations that predispose to sudden death.  
 While cardiac aetiology is most frequent in adults, infections are of 
importance in children. Sudden infant death syndrome (SIDS) is the most 
common cause of post-neonatal infant mortality in the developed world. No 
clear aetiology has been found so far, but many theories have been proposed 
to explain the implication of viruses. Since SIDS has always been the subject 
of legal investigation, in order to exclude the possibility of a crime, a wide 
range of microbiological analyses should be included in the investigation. 
 The possibility of studying an individual’s genetic variation important for 
drug metabolism is believed to be highly relevant in suspected intoxication 
investigations. Pharmacogenetics has for many years already been used 
clinically to individualize drug treatment and to identify patients at a higher 
risk of developing adverse drug reactions and this use is likely to increase even 
in the future. From a forensic perspective, pharmacogenetics gives the 
opportunity to obtain additional information about e.g. an individual’s genetic 
possibility to metabolise drugs in specific intoxication cases. The studies in 
this thesis have rendered possible genotyping of forensic samples during the 
development of adjusted methods for these complicated samples. We have 
applied these new experiences and genotyped forensic cases with different 
causes of deaths to obtain knowledge about the genotype distributions among 
forensic cases. One of the challenges now is to elucidate whether the 
additional information about an individual’s genotype may facilitate the 
interpretation of the postmortem result. Furthermore, it is important to 
investigate in which cases a genotype analysis should be carried out. Because 
of the costs it is impossible to genotype all cases. Finding an answer to that 
will involve studying a large material of forensic intoxication cases, selected on 
the basis of well-specified criteria about e.g. identified drugs in the 
toxicological analysis with consideration of substrate, inhibitor/inducer of 
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DMEs, the number of drugs with consideration of drug-drug interactions, 
information about whether the drug intake was believed to be intentional or 
accidental and information about the individual’s earlier medical history and 
the drugs being prescribed. In an ongoing project, we are studying fatal 
intoxication cases of venlafaxine, a serotonin-norepinephrine reuptake 
inhibitor (SNRI). Blood concentrations of both the enantiomeres and their 
metabolites will be measured and correlated to the CYP2D6 genotype.  
 Substance abuse is another area where identification of genetic variation 
might become of value in the future. As an example, it has been observed that 
individuals who are CYP2D6 poor metabolisers are less prone to develop 
abuse of codeine than extensive metabolisers. 
 The huge variation in the response of psychiatric patients to drug treatment 
might be due not only to polymorphisms in drug metabolising enzymes but 
also in drug transporters, as well as in receptors which might be additional 
factors to consider in the future. 
  Our significant findings of an increased number of individuals carrying 
more than two active CYP2D6 alleles among the suicide cases (intoxications 
excluded) and a fairly high frequency among the fatal intoxication cases, 
compared with the natural death cases may serve as a basis for continuing 
discussion. One possible explanation is, if they had a medical prescription e.g. 
for a depressive disorder, that the treatment failed and they have taken their 
lives because they do not reach therapeutic levels of the drug. Another 
interesting point is whether CYP enzymes, such as CYP2D6 and CYP2C19 
are involved in the metabolism of endogenous substances and in that way can 
contribute to different behaviours. CYP2D6 has been shown to be expressed 
in the brain and involved in the synthesis of serotonin and dopamine. Since 
these neurotransmitters are involved in the biology of human behaviour, it is 
likely that genetic polymorphisms in CYP2D6 are associated with individual 
personality traits. Expression of CYP2C19 in the brain and any involvement 
in metabolism of neurotransmitters has not yet been reported. The association 
between CYP2D6 or CYP2C19 genotype and personality traits has been 
studied but with contradictory results. This is an exciting new area of research, 
where a lot of things remain to be investigated. From this point of view, we 
welcome cooperation with psychiatry, especially forensic psychiatry, which is 
an additional group of experts, within our government authority.  



 

66 | FUTURE PROSPECTS  

 Pharmacogenetics can be a useful tool not only when prescribing drugs to 
patients, but also to elucidate intoxication cases. Further studies are needed in 
this field to fully interpret our findings presented in this thesis. 
 An increased knowledge of pharmacogenetics can contribute to a safer use 
of drugs in the future. 
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