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ABSTRACT 
 

With more than 500 million cases and at least 1 million deaths each year, malaria is a major 
global health problem. The main problem with malaria control is the emerging drug 
resistance among parasites causing the infection. Consequently, there is an urgent need for 
new drugs. The artemisinin endoperoxide antimalarials are highly effective, well tolerated 
and have become the most important class of drugs in the treatment of malaria. The parent 
compound, artemisinin, exhibits remarkable time-dependent pharmacokinetics, resulting 
from a pronounced capacity for auto-induction. Artemisinin has also been shown to 
influence the cytochrome P450 (CYP) mediated metabolism of other drugs, increasing the 
risk of drug–drug interactions. The artemisinin antimalarials are recommended to be used in 
combination treatment. It is therefore crucial to elucidate which principal CYP enzymes are 
affected by these drugs.  
 Using the cocktail approach it was demonstrated that several principal CYP enzymes 
were affected by the antimalarials artemisinin, dihydroartemisinin, artemether, arteether and 
artesunate in healthy volunteers. Metabolic changes were moderate but in several cases 
shared by all five endoperoxides studied, suggesting a class effect. At therapeutic doses 
artemisinin appeared to be associated with the strongest capacity for enzyme induction and 
inhibition. The time-dependent metabolism of artemisinin was described in both healthy 
volunteers and malaria patients by a previously developed pharmacokinetic auto-induction 
model. Further results indicate artemisinin to induce the activity of CYP2A6 in healthy 
subjects, but to which extent could not be demonstrated. Problems with studying induction 
of CYP2A6 using available probe compounds were highlighted. Pharmacogenetic data of 
genes coding for principal CYP enzymes involved in antimalarial treatment obtained in 
healthy Vietnamese volunteers, were in general agreement with reports from other Asian 
populations. Artemisinin is suggested to be an alternative marker to assess the activity of 
CYP2B6. Further studies are needed to investigate the metabolic fate of artemisinin, and 
evaluate its potential use as an in vitro and in vivo CYP2B6 probe.  
 In conclusion, this thesis has contributed with pharmacokinetic and metabolic 
information on the artemisinin antimalarials, useful in the development of new derivatives 
and combination treatments. The potential of these drugs to affect CYP enzymes has to be 
considered in order to reduce the risk of drug-drug interactions and achieve optimal 
treatments of malaria. 
 
Keywords: artemisinin, autoinduction, cytochrome P450, induction, inhibition, malaria, 
metabolism, pharmacogenetics, pharmacokinetics, probe 
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INTRODUCTION 

The artemisinin antimalarials  

Background 
The plant ´qinghao´ (Artemisia annua L.) or sweet wormwood has been used in Chinese 
traditional medicine to treat fever and malaria for many centuries. In 1972, Chinese scientists 
isolated and discovered the antimalarial properties of the compound qinghaosu, or 
artemisinin, from the leaves of the plant [1]. Artemisinin is a sesquiterpene trioxane lactone 
with a peroxide bridge essential for its paraciticidal effect (Figure 1a). The mechanism of 
action remains uncertain but appears to involve an interaction with intraparasitic haeme, 
yielding free radical formation followed by alkylation of parasite proteins and destruction of 
parasite membrane [2].  
 
Malaria remains a major health problem in large areas of the world. With more than 500 
million cases and at least 1 million deaths per year, malaria is one of the most important 
infectious diseases in terms of human suffering and death [3]. People at risk of malaria live 
in the poorest countries of the world. Most cases and deaths occur among infants, young 
children and pregnant women in sub-Saharan Africa. Malaria is a parasitic infection 
transmitted by female Anopheline mosquitoes. There are four species of the plasmodium 
parasite that infect humans and one of them, Plasmodium falciparum, causes the most deadly 
type of malaria infections. Bad health infrastructures and poor socio-economic conditions 
complicate malaria control in many tropical countries. However, the major problem with 
malaria treatment today, is the spread of drug-resistance among parasites [4]. Extensive use 
of antimalarials such as chloroquine during the past decades has provided an enormous 
selection pressure on the parasites to develop mechanisms of resistance. At present, 
resistance to most antimalarial drug classes exists and consequently there is an urgent need 
for new drugs [5].       
 
To improve the poor solubility of artemisinin and increase the antimalarial activity, several 
semisynthetic derivatives have been developed. The more potent dihydroartemisinin (DHA) 
can easily be formed by reduction of the lactone and the derivatives artemether, arteether 
(artemotil) and artesunate have been synthesized from DHA (Figure 1b). Today these 
derivatives have replaced the parent compound artemisinin and become important drugs in 
the treatment of malaria. They are rapidly acting, well tolerated and there is no wide-spread 
resistance to any of the members in the artemisinin class of drugs so far. The treatment of 
severe malaria is now relying on the artemisinin derivatives. There are some concerns about 
recent reports of reduced susceptibility to the artemisinin drugs both in vitro and in vivo at the 
Thai-Cambodian border [6]. Although these isolates of the parasite are not highly resistant 
compared to most other regions of the world [7], correct dosing and good quality drugs are 
essential in preventing the development of resistance. 
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            artemisinin  DHA   R1 = H, R2 = OH 
      artemether R1 = H, R2 = OCH3 
      arteether R1 = H, R2 = OCH2CH3 
      artesunic acid R2 = H, R1 = O2CCH2CH2CO2H
  
Figure 1. Chemical structure of artemisinin (a) and its derivatives, dihydroartemisinin, artemether, arteether, 
and artesunic acid (b). 
 

Pharmacokinetics and drug metabolism 
Multiple dose studies in both healthy subjects and patients have shown remarkable time-
dependent pharmacokinetics of artemisinin, with an up to five-fold increase in oral clearance 
of the drug [8-11]. A pronounced, unusual capacity for auto-induction of drug metabolism 
appears to be the explanation of this time-dependency [12]. Absence of a corresponding 
change in elimination half-life indicates the compound to be highly extracted by the liver, 
with the increase in hepatic clearance primarily affecting its bioavailability. Time-dependent 
pharmacokinetics of artemisinin has also been shown to result in decreased saliva 
concentrations following repeated oral administration of the compound [13, 14]. Artemisinin 
has demonstrated a capacity to increase the metabolism of other drugs mediated by different 
Cytochrome P450 (CYP) enzymes, including CYP2C19 and CYP2B6 [11, 15, 16]. The 
mechanism of induction is suggested to entail activation of nuclear receptors, pregnane X-
receptor (PXR) and/or constitutive androgen receptor (CAR) [17, 18]. Artemisinin is also an 
inhibitor of drug metabolism. In an in vitro screening study, artemisinin and DHA were 
found to be potent inhibitors of CYP1A2 and CYP2C19 [19] and the inhibitory effect on 
CYP1A2 by artemisinin has later been confirmed in healthy subjects [20]. In addition, 
artemisinin has been suggested to be an inhibitor of glucuronidation in healthy volunteers 
[21]. The in vitro metabolism of artemisinin is primarily mediated by CYP2B6, with a 
secondary contribution of CYP3A4 in individuals with low expression of CYP2B6, and a 
minor involvement of CYP2A6 [22]. Four compounds recovered in human urine following 
oral administration of artemisinin have been suggested, but not confirmed, as metabolites 
[23]. None of them exhibit the endoperoxide bridge essential for antimalarial effect. The 
elimination half-life of artemisinin is reported to be 2-3 hours after oral administration in 
healthy subjects and patients with falciparum malaria [24]. 

O

O

O
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Me

Me

O
O
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Artemether, arteether and artesunate are all rapidly converted back to DHA after oral and 
parenteral administration. DHA is metabolized by glucuronidation, most likely mediated by 
UGT1A9 and UGT2B7 [25]. The in vitro metabolism of artemether is suggested to involve 
CYP1A2, CYP2B6, CYP2C19 and CYP3A4 [26]. In healthy subjects, no major contribution 
of CYP2D6 and CYP2C19 was seen in the demethylation of artemether [27], whereas 
intestinal CYP3A4 appears to be involved in its first-pass metabolism [28]. CYP3A4 seems 
not responsible for the time-dependent pharmacokinetics of artemether observed following 
repeated oral administration to healthy subjects and malaria patients [29]. Declining 
concentrations of DHA and artesunate have, although less convincingly, been reported after 
multiple administration of artesunate to malaria patients [30]. CYP3A4 is the primary 
enzyme involved in the in vitro metabolism of arteether, with a minor contribution of 
CYP3A5 and CYP2B6 [31]. The water-soluble artesunate, is considered as a pro-drug 
because of its very rapid conversion by hydrolysis to DHA in vivo [23]. After intravenous 
administration, hydrolysis of the drug appears to be mediated by esterase in the blood [26]. 
The in vitro metabolism of artesunate has been reported to involve CYP2A6 [32].      
 
In general, absorption of the artemisinin drugs following oral administration appears to be 
rapid but incomplete. Data on intravenous administration is only available for artesunate and 
high relative bioavailability (82%) has been reported of DHA after intravenous 
administration of artesunate to malaria patients [33]. Compared to oral treatment with 
artemisinin, relative bioavailability following rectal administration was approximately 30% in 
malaria patients [9]. The relative bioavailability of intramuscular and intrarectal artemether 
has been reported to be 25% and 35%, respectively, compared to oral artemether in healthy 
volunteers [34]. Arteether is available for intramuscular injection only, and has an 
elimination half-life of > 20 h due to a slow absorption from the injection site [35]. The 
other derivatives appear to be rapidly eliminated after administration. Artemether has an 
elimination half-life of approximately 1 hour after oral administration [28]. Half-lives of 
approximately 3 min and 40 min have been reported for artesunate and DHA, respectively, 
following oral and intravenous administration of artesunate [33]. 
 

Artemisinin-based combination treatment (ACT) 
The main problem with the artemisinin drugs when given as mono-therapy and for a short 
duration, is frequent recrudescence of infection [36]. This is probably related to the short 
half-lives of the drugs. A seven-day treatment course is therefore required to maximize cure 
rates. To reduce recrudescence and prevent or slow development of resistance, the 
artemisinin drugs are recommended to be used in combination with another effective, more 
slowly eliminated antimalarial drug. Artemisinin-based combination treatments (ACTs) are 
now promoted by WHO as first-line treatment for all uncomplicated falciparum malaria 
[37]. Since the combination partner drug usually has a longer half-life than the artemisinin 
component, this allows a treatment course to be completed in three days [7]. Examples of 
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currently used ACTs include artemether-lumefantrine, artesunate-amodiaquine, artesunate-
mefloquine and DHA-piperaquine. 
 
The artemisinins are safe and well-tolerated drugs, when used in short-course treatments of 
malaria. The safety and tolerability of ACTs is therefore mainly determined by the partner 
drug. Despite the wide-spread use of artemisinin and its derivatives, there have been very 
few reports of clinically significant toxicity reactions. Minor gastrointestinal adverse effects 
such as diarrhea, nausea and abdominal pains have been reported [38]. One major concern 
raised is dose-dependent neurotoxicity which has been observed in animal models. 
Prolonged exposure following intramuscular injection of oil-based artemisinin derivatives, 
has been suggested to be the main cause of these observations [39]. No evidence of 
neurotoxicity have been found in humans [40, 41]. Embryotoxic effects have been reported 
in experimental animals exposed to artemisinin drugs during early pregnancy [42]. The 
artemisinins are not recommended for treatment during the first trimester. 
 
The production of artemisinin has been increased in recent years, but the market price for an 
adult treatment course is still too high for many people in malaria endemic countries. There 
are several initiatives to reduce the cost of ACTs. Development of entirely synthetic 
antimalarial peroxides is one strategy and a large number of substances have been 
synthesized during the last years. However, it has been difficult to find candidates with 
satisfactory bioavailability which are easily synthesized, stable and inexpensive. Hybrid 
molecules combining two mechanisms of actions, trioxaquines, have shown to be more 
stable peroxides and are hence promising developments [7]. The tetraoxanes is another 
potential group of new peroxides which have been reported to be highly active, inexpensive 
and demonstrate low toxicity [43].       
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Drug Metabolism  
Metabolism is the principal elimination pathway for a majority of drugs. Lipophilic parent 
drugs are transformed by enzymes to commonly more hydrophilic metabolites facilitating 
their excretion into bile or urine. The liver is the central organ for drug metabolism, but 
other tissues such as the gastrointestinal tract, kidneys, skin and lungs are also involved. 
Drug metabolism is usually divided into two different types of reactions, phase I and phase 
II. Phase I, or functionalisation reactions, expose or introduce a functional group on a 
molecule. These reactions include hydrolysis, reduction and oxidation. Phase II metabolism 
involves conjugation of a functional group of the molecule with hydrophilic endogenous 
substrates. While phase I reactions generally result in a small increase in hydrophilicity, will 
the consequence of most phase II reactions be a large increase in hydrophilicity [44]. 
Glucuronidation, sulfation, acetylation and gluthatione conjugation are examples of phase II 
metabolism. Glucuronidation is quantitatively the most important conjugation reaction for 
drugs. Drug metabolizing enzymes are primarily located in the endoplasmatic reticulum and 
the cytosol. Oxidative phase I enzymes are almost entirely localized in the endoplasmatic 
reticulum together with the phase II enzyme UDP-glucuronosyltransferase (UGT), while 
other phase II enzymes, such as sulfotransferase and glutathione-S-transferase, are found in 
the cytosol [45]. 
 

Human cytochrome P450 enzymes 
The main enzymes involved in phase I drug metabolism are the Cytochrome P450s. They 
are haeme-containing proteins catalyzing oxidation reactions by inserting molecular oxygen 
into substrates. This enables transformation reactions resulting in N-, O-, and S-dealkylation, 
aliphatic and aromatic hydroxylation. The CYP enzymes also have a key role in the 
biosynthesis and degradation of many endogenous compounds such as lipids, steroids and 
vitamins. Broad and often overlapping substrate specificities of the CYP enzymes makes it 
difficult to name them after the type of reaction they catalyses [44]. Individual CYP enzymes 
are therefore classified on the basis of similarities in their amino acid sequence and are 
named by a family number, a subfamily letter and a number for each isoform within a 
subfamily. Individual CYPs responsible for approximately 80% of the metabolism of 
clinically used drugs in humans are belonging to the CYP1, CYP2 and CYP3 families. 
CYP3A is the most abundant subfamily in both liver and small intestine [46]. Principal 
isoforms involved in drug metabolism include CYP1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 
2E1 and 3A4. The relative amount of each of these isoforms in human liver and the relative 
contribution of the most important enzymes in drug metabolism is depicted in Figures 2a 
and b, respectively. 
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Figure 2. Relative amount of CYP isoforms in human liver according to Pelkonen et al [47] (a) and relative 
contribution of different CYP isoforms to the metabolism of clinically used drugs (based on the clearance of 
315 drugs, 56% primarily cleared by CYP enzymes, reported by Bertz et al [48] (b). 
 
 
The CYP isoform 2B6 was initially thought to play a rather insignificant role in overall drug 
metabolism (no information about this enzyme was available in the data from Bertz et al, 
Figure 2b), most likely due to its presumed low level of expression in human liver [49]. Lack 
of selective probe compounds has also limited the investigation of its importance in human 
drug metabolism. Studies with more specific techniques have now suggested higher 
abundance of CYP2B6 than what was originally reported [50]. Considerable interindividual 
variability as well as ethnic differences in expression level have contributed to an increased 
attention to this enzyme [51, 52]. An increasing number of clinically important drugs, 
including bupropion, ketamine, propofol, cyclophosphamide, nevirapine and efavirenz, have 
been recognized as CYP2B6 substrates [53]. 
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In vitro metabolism of drugs 
There are several useful experimental systems (primary cultures of hepatocytes, liver tissue 
slices, subcellular fractions and heterologously expressed enzymes) available for studying the 
in vitro metabolism of drugs. Human liver microsomes, vesicles from fragmented 
endoplasmatic reticulum, are widely used to investigate CYP metabolism, UGT activity and 
in high-throughput screening for metabolic stability of compounds. They have good long-
term stability and associated assays are usually simple, rapid and sensitive [54]. However, the 
production of metabolites can differ from in vivo conditions due to the closed experimental 
system [55]. Except for glucuronidation, no other phase II reactions are possible. By 
measuring disappearance rates of known substrates for particular CYP isoforms in liver 
microsomes, information about the activities of the enzymes of interest can be obtained 
[56]. A linear correlation between metabolic rate constants of two different substrates in the 
same microsomes indicates that the metabolic reactions are principally mediated by the same 
CYP isoform.      
 

Induction of CYP enzymes 
The drug-metabolizing capacity in man is susceptible to changes due to influence of a variety 
of chemicals, administered for medical reasons or associated with our lifestyle. Many 
clinically used drugs from different therapeutic groups and with various chemical structures 
are known to induce or inhibit the metabolism of other drugs, leading to important drug-
drug interactions. In recent years, much effort has been spent in trying to understand the 
mechanisms leading to induction of drug metabolism. The expression of genes can be 
increased by an induced gene transcription, processing or stabilization of mRNA. Induction 
can also result from enzyme stabilization [57]. The mechanism of induction for most CYP 
genes appears to be an increased gene transcription as a consequence of binding of inducers 
to intracellular receptors such as, aryl hydrocarbon receptor (AhR), pregnane X-receptor 
(PXR), constitutive androgen receptor (CAR) and glucocorticoid receptor (GR). PXR is 
directly activated in the nucleus upon binding of xenobiotics, while CAR undergoes 
translocation from the cytoplasm to the nucleus [58]. GR is suggested to enhance CYP 
induction by PXR and CAR [59]. The gene families CYP2 and CYP3 are activated by a 
similar mechanism through ligand-activation of nuclear receptors PXR and/or CAR. AhR is 
involved in the regulation of CYP1A1, while CYP1A2 is induced by stabilization or 
processing of mRNA [45, 60, 61]. CYP2E1 is induced at the posttranscriptional level by 
stabilization of mRNA a swell as by enzyme stabilization [62, 63]. Several CYPs are known 
to be inducible. CYP1A, CYP2A, CYP2B, CYP2C, CYP2E and CYP3A can be induced by 
dietary factors, drinking, smoking and therapeutic drugs [64]. CYP2D6 is considered to be a 
non-inducible enzyme, but increased CYP2D6 activity has been observed during pregnancy 
[65].  
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Enzyme induction is generally a slow process, involving the de novo synthesis of proteins. As 
a consequence the process is expected to be time- and dose-dependent [60, 66]. A new 
enzyme steady-state level will result from a balance between its biosynthesis and 
degradation, regardless of which underlying induction mechanism is involved [67]. It will 
also take time for normalization of enzyme activity to base-line levels after discontinuing the 
inducing agent [60]. The time it takes to reach a new steady state level of the enzyme is 
determined by a change in its half-life, as long as this is longer than the half-life of the 
inducing agent in the system [68, 69]. Induction of drug metabolism usually results in lower 
plasma levels of the compound, and becomes important especially for drugs with narrow 
therapeutic windows. For these drugs previously effective dosages can turn out to be 
ineffective upon induction. Enzyme induction can be associated with toxicity, due to an 
increased production of reactive metabolites, but the process is generally considered less 
important in causing serious adverse effects compared to enzyme inhibition [44].  
 
There are several different examples of pharmacokinetic models describing enzyme 
induction. Despite this, little is known about the time-course of enzyme activity, including 
the onset and duration of induction [70]. A few models have been presented illustrating the 
auto-induction phenomena of drugs, including cyclophosphamide [71], ifosphamide [72], 
methadone [73] and artemisinin [14]. While most of these models describe changes in 
clearance of the drug, the latter model predicts the induction in terms of an increase in 
intrinsic clearance of the compound, which makes it possible to estimate the time-course of 
drugs with various degrees of extraction. Also, this model describes the commonly observed 
lag-time for the initiation of the induction process.   
 

Inhibition of CYP enzymes 
In contrast to induction, inhibition of drug metabolism is more or less an immediate 
process. As a result of inhibition, drug plasma concentrations could rapidly increase and 
cause toxic effects. There are several types of enzyme inhibitors. Reversible inhibitors can be 
competitive, noncompetitive or uncompetitive, while mechanism-based inactivators or 
suicide inhibitors are classified as irreversible inhibitors. Competitive inhibition seems to be 
a relatively common mechanism of action for CYP enzymes. The inhibitor shares structural 
similarities with the substrates and can thereby compete for the active site of the enzyme. 
Both noncompetitive and uncompetitive inhibitors bind to the enzyme at a site distinct from 
that which binds the substrate, but the uncompetitive inhibitor will only bind to the enzyme-
substrate complex. However, clear examples of the latter two types of reversible inhibitors 
are rather uncommon for enzymes involved in drug metabolism [74]. Inhibition of CYP 
enzymes is not always mediated by a substrate as in the case of mechanism-based 
inactivators, where the inhibitory effect is due to a metabolite. These inhibitors are defined 
as any compound that is catalytically transformed by the enzyme to give a reactive 
metabolite which inactivates the enzyme without leaving it [75, 76]. It involves the formation 
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of a covalent binding or complex between the reactive metabolite and the enzyme itself, 
leading to a loss of a variable part of catalytic activity from the enzyme [67].             
 

Induction and inhibition of phase II enzymes 
In addition to the CYPs, many other enzymes involved in the metabolism of drugs are 
induced to various extents. However, limited information is available about induction of 
phase II enzymes compared to the substantial knowledge about induction of CYP enzymes. 
Nuclear receptors PXR, CAR and AhR seems to be involved the expression of UGTs [77, 
78] as well as in the induction of glutathione-S-transferase [79, 80]. Several phase II enzymes 
exist in multiple forms or as homo/heterodimers of two sub-units, which can be 
differentially induced and thereby dependent on the type of inducer [45]. A number of drugs 
have been characterized to act as competitive inhibitors of phase II enzymes. Glutathione-S-
transferase enzymes are very abundant and thought to be competitively inhibited by some 
hydrophobic compounds [44]. Competitive as well as non-competitive inhibitors have been 
reported for UGTs [81]. The consequence of drug-drug interactions due to inhibition of 
phase II enzymes is so far largely unexplored.  
 

Probe substrates and metrics for assessment of enzyme activities 
Substrates that are mostly or exclusively metabolized by one specific isoform have been 
identified, although overlapping substrate specificities are common among the CYPs. These 
so called probe drugs are commonly used for phenotyping to provide information on 
metabolic drug-drug interactions and polymorphisms in the elimination capacity of a drug. 
They are selected on the basis that a quantifiable pathway of its metabolism is primarily or 
completely mediated by the individual enzyme of interest [82]. An ideal probe drug should 
be specific for one CYP isoform, safe to use in humans, commonly available and easily 
measured in biological fluids. The pharmacokinetics of the probe drug should preferably be 
linear, determined by metabolism and not by plasma protein binding or liver blood flow 
[67]. It has been difficult to reach conclusions regarding optimal phenotyping methods since 
almost all available probe drugs are associated with advantages and limitations [83]. 
Nevertheless, there are recommended in vivo probe drugs for most of the principal CYPs 
involved in drug metabolism as shown in Table 1.  
 
One critical factor when estimating in vivo activity of an enzyme is the determination of 
appropriate pharmacokinetic parameters of the probe compound. Theoretically, estimating 
the unbound intrinsic clearance for a particular metabolic pathway mediated by one 
individual enzyme is the closest measure of the activity of that enzyme. This partial intrinsic 
clearance ( ) can be defined as a ratio between apparent (maximal rate of drug 
metabolism) and the Michaelis-Menten constant,  (drug concentrations at half-maximal 
velocity), and is based on unbound drug concentrations in plasma [84]. However, calculation 

mCLuint, maxV

mK
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of this metric will necessitate measurements of urinary recovery of the metabolite 
( ), the area under the plasma concentration–time curve ( ), plasma protein 

binding (indicated by , fraction of unbound drug) and renal clearance ( ) of the parent 
drug and an estimation of liver blood flow ( ). In the applicable equation (equation 1), the 
liver is considered to be a ‘well-stirred’ organ and possible extra-hepatic metabolism of the 
drug and biliary excretion of drug or metabolites are not taken into account [85]. 
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When renal clearance of the drug is low relative to liver blood flow the equation can be 
simplified to the following expression (equation 2): 
 

pou

pom
m AUCf

Ae
CLu

∗
≈

∞)(
int,         (2) 

 
Measurements of protein binding and AUC are often inconvenient in large studies involving 
many individuals. Indirect metrics reflecting ,mCLuint,  such as metabolite - to - drug ratios in 
plasma and urine, total urinary recovery of metabolite and AUC, are therefore frequently 
used instead [85, 86]. Understanding the pharmacokinetic background of indirect metrics for 
enzyme activity is important to avoid misinterpretation of results. Metrics like metabolite-to-
parent drug ratios in plasma or urine are generally more specific than AUC of a parent drug 
and urinary metabolite recovery, which reflect metabolic clearance by all routes and will be 
more dependent on the fraction of drug elimination occurring by that particular pathway 
[86, 87]. Urinary based metrics can be confounded by deficient or incomplete urine 
collection. Simple metrics based on plasma sampling, such as parent drug concentrations or 
metabolic ratios measured at a single time-point, have been shown to reflect AUC, CL or 
metabolite - to - parent drug AUC ratio of several probe drugs. Single point measurements, 
however, implies that single errors will have much more impact on the outcome compared 
to when full pharmacokinetic profiles are measured [88]. Appropriate and validated indirect 
metrics are available for many of the probe compounds presented in Table 1. Single point 
measurements have been reported for caffeine [89], bupropion [90], tolbutamide [91], 
metoprolol [92], chlorzoxazone [93] and midazolam [94, 95] in order to estimate the activity 
of CYP1A2, CYP2B6, CYP2C9, CYP2D6, CYP2E1 and CYP3A, respectively. 
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Table 1. Recommended in vivo probe substrates and suggested metrics for principal CYPs 
CYP Probe substrate Metric Reference 
1A2 caffeine 

alt. theophylline  
paraxanthine/caffeine ratio in a single plasma 
or saliva sample 4-8 hours after dose 

[89] 

2B6 bupropion (S,S)-hydroxybupropion/S-bupropion in a 
single plasma sample 4 or 12 hours after dose 

[90] 

2C9 tolbutamide 
alt. warfarin + vitamin K 

tolbutamide plasma concentrations at 24 hours 
after dose 

[91] 

2C19 mephenytoin 
alt. omeprazole 

urinary excretion of 4'-OH-mephenytoin 0-12 
hours after dose 

[96] 

2D6 debrisoquine 
alt. dextrometorphan,  
metoprolol 

urinary ratio of 4-OH-debrisoquine/ (4-OH-
debrisoquine+debrisoquine) 0-8 hours after 
dose 

[97] 

2E1 chlorzoxazone 6-OH-chlorzoxazone/chlorzoxazone ratio in a 
single plasma sample 2-4 hours after dose 

[93] 

3A4 midazolam (oral and iv.) 
alt. simvastatin, atorvastatin 

clearance of iv midazolam and clearance/F of 
oral midazolam 
 

[98, 99] 

 
 
Simultaneous administration of a number of probe drugs, termed the cocktail approach, is 
useful when individual studies on each enzyme are unfeasible due to shortage of time or cost 
constraints. In this approach influence of intraindividual variability over time will be 
minimized [100]. Limitations include the risk of mutual interactions (kinetic or dynamic) 
between probe drugs and the requirement of highly selective and sensitive analytical 
methods in order to analyze several drugs and metabolites in the same biological sample 
[101]. Since the cocktail methodology first was introduced by Breimer et al [100], and later 
followed up by Frye et al [82], several different cocktails assessing the activity of principal 
drug metabolizing CYP enzymes have been described [102-107]. To minimize the 
discomfort of participating subjects and reduce the number of samples for analysis, limited 
sampling strategies have usually been preferred in these studies.  
 

Genetic variation in drug metabolism 
Genetic variation in drug metabolism is one important factor in determining interindividual 
variability in the therapeutic effect of drugs. Polymorphisms resulting from mutations in 
genes encoding drug metabolizing enzymes were discovered by observing unexpected 
therapeutic response following standard doses of a drug. Analyses of the molecular basis of 
these polymorphisms have been facilitated by well established genotyping assays and the fact 
that several systems for expression of enzymes are available [108]. Polymorphisms have now 
been described for all principal CYP enzymes and many of the main phase II enzymes 
involved in drug metabolism [109, 110].  
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A genetic polymorphism is generally defined as an inherited genetic difference that occurs 
with a frequency of at least 1% in the population. A single nucleotide polymorphism (SNP) 
is the most common cause of variation, but deletions and insertions of varying number of 
base-pairs has also been observed. Multiple gene copies of an allele or total deletion of the 
gene is quite common for the CYPs [108]. While many of these polymorphisms probably 
lack functional effects, some of them will result in altered activity or total absence of the 
enzyme. Amino acid changes influencing the substrate specificity may also be introduced. As 
a consequence of this genetic variability, populations can be divided into three 
subpopulations. Ultrarapid metabolizers (UM) have more than two gene copies coding for a 
particular CYP, extensive metabolizers (EM) present two functional genes and poor 
metabolizers (PM) lack the functional enzyme as a result of imperfect or absent genes. An 
additional phenotype, usually named intermediate metabolizers (IM), has been defined as 
individuals who carry one functional and one defective allele or two partly defective alleles 
[111].  
 
Several CYP isoforms appear to be highly polymorphic enzymes. The most important and 
also most widely studied enzyme is CYP2D6, which is involved in the metabolism of 
approximately 25% of all drugs in clinical use. About 50% of these, mainly antidepressants, 
antipsychotics, analgesics, antiarrythmics and antiemetics, are affected by polymorphisms in 
CYP2D6 [112]. Significant interethnic differences have been reported for many CYP alleles. 
With respect to CYP2D6 PMs are common in Europe, UMs frequent in North Africa, while 
a high frequency of IMs bearing the defective CYP2D6*10 allele have been found among 
Asian populations [113]. PMs with deficient CYP2C19 alleles (CYP2C19*2 and CYP2C19*3) 
seem to be more frequent in Asians compared to Caucasian and African populations [114]. 
CYP2C9*2 and CYP2C9*3 are the two main allelic variants of CYP2C9 associated with 
decreased enzyme activity. The prevalence of both alleles is higher in Caucasians compared 
to populations in Africa and Asia [115]. The great interindividual variability that has been 
reported in CYP2A6 activity also shows important ethnic differences. The frequency of PMs 
appears to be very low in Caucasians, whereas PMs are much more common among Asian 
populations [116]. A number of variant alleles that are associated with decreased activity of 
CYP2B6 have been described. One of them, CYP2B6*6, has been found to be relatively 
common in several different populations including Caucasian, African-American, African 
and Asian populations [117]. In contrast, the CYP2B6*4 allele has been reported to cause 
increased enzyme activity both in vitro [118] and in vivo [119]. The activity of CYP3A also 
varies considerably between individuals. CYP3A5 is highly polymorphic, and CYP3A5*3 
seems to be a prevalent defective allele in all ethnic groups [120]. The importance of 
polymorphisms in the CYP3A5 gene is most likely limited due to its relatively small 
contribution to overall CYP3A mediated drug metabolism. Several variant alleles have been 
described in the coding regions of CYP3A4, some of them resulting in decreased enzyme 
activity. However, all mutations described so far occur at very low population frequencies, 
and seems therefore unlikely to account for the interindividual differences seen in CYP3A4 
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activity. Polymorphisms in the nuclear receptor PXR or outside the coding regions of the 
CYP3A4 gene have been suggested as possible explanations for genetic variations in 
CYP3A4 levels [108, 111].  
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AIMS OF THE THESIS  

 
The overall aim of this thesis was to obtain pharmacokinetic and metabolic information on 
the artemisinin endoperoxide antimalarials to enable recommendation of safe and efficacious 
future combination treatments of malaria. 
 
Specific aims were to: 
 

• describe the time-course of artemisinin’s autoinduction by applying a semi-
physiological pharmacokinetic model to plasma concentration-time data from several 
studies in healthy subjects and malaria patients 

 
• investigate the ability of the artemisinin antimalarials to induce and/or inhibit 

principal CYP enzymes in healthy subjects and to compare their potential for drug-
drug interactions in order to select the most suitable artemisinin derivative to be a 
partner in combination treatment 

 
• investigate if artemisinin affects CYP2A6 activity in healthy subjects and to evaluate 

the utility of coumarin and nicotine as in vivo probe compounds for CYP2A6 
 

• obtain pharmacogenetic data in a Vietnamese population in genes coding for 
proteins involved in elimination of drugs currently used for the treatment of 
infectious diseases  

 
• compare the in vitro metabolism of artemisinin with other substrates for CYP2B6 in 

human liver microsomes from a panel of donors with different expression levels of 
CYP2B6  
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MATERIALS AND METHODS 

Experimental procedures 

Ethics  
Studies described in papers II, III and IV were conducted at the Clinical Unit of the 
National Institute of Malariology, Parasitology and Entomology, Hanoi, in accordance with 
the principles laid down in the Helsinki Declaration and International Guidance for Good 
Clinical Practise. Written informed consent was obtained from all subjects prior to study 
enrollment. These studies were approved by the Ministry of Health, Hanoi, Vietnam, the 
Swedish Medical Products Agency, Uppsala, Sweden and by the Ethics Committee at 
University of Gothenburg, Göteborg, Sweden.  
 

Subjects 
In paper I, data were obtained from six clinical studies involving oral repeated 
administration of artemisinin to 54 malaria patients and 33 healthy subjects (Table 2). 
Seventy-five healthy volunteers, 51 men and 24 women, were included in study II. Thirty-six 
of the subjects were smokers of no more than ten cigarettes per day. In paper III, twelve 
healthy male volunteers, which were required to be non-smokers, participated. None of the 
subjects included in papers II and III studies had taken any antimalarial drug within one 
month, any other drug within two weeks before the study start or had a history of alcohol 
abuse. 
 

Study design 
An overview of different artemisinin administration schedules and blood sampling in the 
studies included in paper I is presented in Table 2. In paper II, volunteers were randomized 
to repeated oral treatment with one of the following artemisinin drugs; artemisinin (500 mg), 
DHA (60 mg), artemether (100 mg), arteether (100 mg) or artesunate (100 mg) for five days 
(day 1 -5). A cocktail of six probe drugs, caffeine (100 mg), coumarin (5 mg), mephenytoin 
(100 mg), metoprolol (100 mg), chlorzoxazone (250 mg) and midazolam (7.5 mg), were 
given orally six days before (day -6) administration of the artemisinin drugs. On day 1 and 
day 5 of artemisinin drug intake, the cocktail drugs were given again, 1 hour after the 
artemisinin drugs. The cocktail drugs were then administered once more after a wash-out 
period of five days (day 10). Probe compounds were measured in blood samples taken 
immediately before, and at 4 hours after administration of the cocktail drugs on days -6, 1, 5 
and 10. On these days total voided urine was collected for 8 hours after intake of the 
cocktail drugs. The total weight of urine collected was recorded and an aliquot was kept 
frozen until analysis. Subjects underwent a physical examination on days -11 and 15. Blood  
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 Table 2. Overview of the clinical studies from which pharmacokinetic data was analyzed in paper I.  
Study 

 
Type Artemisinin dosing schedule Blood sampling Concomitant-medication n Reference 

1 Healthy  
volunteers 

Single morning dose (2x250 mg) on days 
1, 7 and 14, 250 mg BID on days 2-6  

Pre-dose, 1, 2, 3, 4, 5, 6, 7, 8 and 10 
hours after drug intake on days 1, 7 
and 14 

20 mg omeprazole on days 
-7, 1, 7 and 14 

9 [11] 

2 Healthy  
volunteers 

Single morning dose (2x250 mg) on days 
1 and 38, daily doses of 250 mg on days 
29-37  

Pre-dose, 1, 2, 3, 4, 5, 6, 7, 8 and 10 
hours after drug intake on days 1 and 
38 

500 mg tolbutamide on 
days 1 and 33, 200 mg 
mephenytoin on days 1 
and 31 

14 [16] 

3 Healthy  
volunteers 

Single morning dose (2x250 mg) on days 
1, 4, and 7, 250 mg BID on days 2, 3, 5 
and 6 

Pre-dose, 1, 2, 3, 4, 5, 6, 7, 8 and 10 
hours after drug intake on days 1, 4, 7 
and 21 

None 10 [121] 

4 Malaria  
patients 

Single morning dose (2x250 mg) on days 
1 and 5, 250 mg BID on days 2-4  

Pre-dose, 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 8, 
and 10 hours after drug intake on days 
1 and 5 

None 15 [9] 

5 Malaria  
patients 

Standard group 
Single dose (2x250 mg) on days 1 and 5, 
250 mg BID on days 2-4 
Escalating group 
Single dose (2x50 mg) on day 1, 50 mg 
BID on day 2, 125 mg BID on days 3 
and 4, and single dose (2x250 mg) on day 
5  

Pre-dose, 0.5, 1, 2, 3, 4, 5 and 8 hours 
after drug intake on days 1 and 5 in 
both groups 

None 18 [13, 122] 

6 Malaria 
patients 

Single morning dose (2x250 mg) on days 
1 and 5, and 250 mg BID on days 2-4 

Pre-dose, 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 8 
and 10 hours after drug intake on days 
1 and 5 

Nine individuals received 
one oral multivitamin 
tablet on days 1-5  

21 Unpublished  
data 
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was taken for biochemical analysis on days -11 and on days 5 and 15 the subjects were 
interviewed concerning adverse events.  
 
In paper III, subjects were randomized to one of two study groups. Subjects in group A 
received coumarin (200 mg) and nicotine (4 mg chewing gum) as probe drugs in the first and 
the second treatment period, respectively. Treatment periods were separated by a wash-out 
period of one month. The sequence for subjects in group B was reversed. Artemisinin (500 
mg) was administered orally in the morning for five days (days 1-5 and 43-47) in each 
treatment period. The probe drugs were given as single oral doses one week prior to (days –
7 and 36) and on the first day (days 1 and 43) and on the last day (days 5 and 47) of 
artemisinin treatment. Blood samples were taken for quantification of probe drugs and 
corresponding metabolites on days -7, 1, 5, 36, 43 and 47. When the subjects received 
coumarin, samples were drawn pre-dose and at 5, 10, 15, 20, 30, 45, 60 min and 1.5, 2, 3, 4, 
5, 6, 7 and 9 hours after drug intake. After nicotine intake, the samples were taken pre-dose 
and at 15, 30, 45, 60 min and 1.5, 2, 3, 4, 5, 7, 9, 11, 24, 48 and 72 hours. On the days of co-
administration with artemisinin (days 1, 5, 43 and 47) were additional samples taken directly 
before and 30 min after artemisinin treatment. Urine was collected in two intervals (0-3 and 
3-8 hours) after coumarin intake. The total weight of each urine sample was recorded and an 
aliquot was kept frozen until analysis. A physical examination was performed and blood was 
taken for biochemical analysis on days -12 and 52. Subjects were interviewed on adverse 
events on days 5 and 47.  
 
Some of the blood taken on day -11 (paper II) and day -12 (paper III) were used for 
genotyping of CYP2A6, CYP2B6, CYP2C19, CYP2D6, CYP3A4, CYP3A5 and MDR1 
(paper IV). Genomic DNA was extracted from blood of participating subjects. The main 
SNPs in genes mentioned above were analyzed using polymerase chain reaction (PCR) 
techniques and pyrosequencing based methods. 
 

Microsomal incubations  
In paper V, characterized human liver microsomes from twelve donors were obtained from 
Cellzdirect Inc (Pittsboro, NC, USA). Incubation mixtures consisted of human liver 
microsomes (0.25 mg protein/mL), 0.5 mM nicotinamide adenine dinucleotide phosphate 
(NADPH), 5 mM MgCl2 and 50 mM potassium phosphate buffer (pH 7.4) to a final volume 
of 1 mL. Substrate concentrations at the start of incubations were 10 µM for artemisinin and 
efavirenz and 20 µM for bupropion and propofol, respectively. After pre-incubation for 2 
min at 37º, the reaction was started by adding NADPH. Samples (100 µL) were taken at 0, 
10, 20, 30 and 60 min after start of incubation. The reaction was terminated by mixing the 
samples with 100 µL ice-cold methanol. Water (100 µL) was added to each sample before 
agitation and centrifugation (12000xg, 10 min). An aliquot (100 µL) of the supernatant was 
injected onto the high performance liquid chromatography (HPLC) system. 
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Analytical methods 
HPLC with ultraviolet (UV) or mass spectrometric detection and gas chromatography were 
used for drug quantification. The methods are summarized below. 
 

Cocktail probe drugs (paper II) 
Plasma concentrations of caffeine, paraxanthine, chlorzoxazone, 6-hydroxychlorzoxazone 
(6-OH-chlorzoxazone), 7-hydroxycoumarin (7-OH-coumarin), metoprolol, α-
hydroxymetoprolol (α-OH-metoprolol), midazolam and 1-hydroxymidazolam (1-OH-
midazolam) were measured by a liquid chromatography-tandem mass spectrometry 
(LC/MS/MS) method modified from Scott et al [123]. Concentrations of 7-OH-coumarin in 
urine were measured with the same method as used for 7-OH-coumarin in plasma with 
some modifications. Plasma and urine samples were treated with β-glucuronidase before 
analysis. A separate LC/MS/MS method described by Jansson et al was used for 
quantification of S-mephenytoin and S-4'-hydroxymephenytoin (S-4'-OH-mephenytoin) in 
plasma [124]. The median value of the inter-day precision of all quality control (QC) levels 
for the two plasma methods was 6.5% (n = 20 or 21 per compound and level) and none of 
the analytes had a coefficient of variation (CV) above 16%. Inter-day precision was below 
5.3% for three QC levels (n=6/level) in the urine analysis. 
 

Artemisinin and CYP2A6 probe drugs (paper III) 
Artemisinin plasma concentrations were measured by HPLC with UV detection, following 
on-line sample clean up and post-column derivatization according to Gordi et al [125]. The 
lower limit of quantification (LLOQ) was set at 20 ng/mL. Inter-day CVs were ≤ 16% for 
three QC levels (n= 33-36/level) with accuracies ranging from -5% to -1%. 
 
Concentrations of coumarin and 7-OH-coumarin in plasma were determined with a 
LS/MS/MS method. Chromatography was performed using a gradient at a flow-rate of 0.4 
mL/min. The mobile phase consisted of solvent A: acetonitrile in 0.1% acetic acid (2:98 
v/v), and solvent B: acetonitrile in 0.1% acetic acid (80:20 v/v). The gradient conditions 
were as follows: 0-1 min 10% B, 1- 4.83 min 10-95% B, 4.83-5.83 min 95% B, 5.83-6.83 min 
95-10% B and 6.83-8 min 10% B. Electrospray ionization in positive mode (ESI) with 
multiple reaction monitoring (MRM) was used. The transitions were mass-to-charge ratio 
(m/z) 146.9 → 91.5 and m/z 163.15 → 107.4 for coumarin and 7-OH-coumarin, 
respectively. LLOQ was 12.5 and 3.1 ng/mL for coumarin and 7-OH-coumarin, 
respectively. Inter-day CVs were below 13% for all QC levels (n = 14-17/level) with 
accuracies ranging between -2% and 8%. 
 
Plasma concentrations of 7-OH-coumarin glucuronide were analyzed by a HPLC method 
according to Bogan et al [126]. LLOQ was 47.5 ng/mL and inter-day CV were ≤ 10% for 
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four QC levels (n = 23-24/level) with accuracies ranging from -16% to 7%. Concentrations 
of 7-OH-coumarin were measured in urine samples by the same method with some 
modifications. Urine samples were incubated with β-glucuronidase for 3 hours before 
analysis. LLOQ was 240 ng/mL and inter-day CV for three QC levels were below 9% 
(n=10/level) with accuracies varying between -4% and 14%. 
 
Nicotine and cotinine plasma concentrations were determined with gas chromatography by a 
previously described method [127]. LLOQ was 1 and 6 ng/mL for nicotine and cotinine, 
respectively. 
 

CYP2B6 substrates (paper V) 
Artemisinin concentrations were quantified by HPLC with on-line post-column 
derivatization and UV detection according to Edlund et al [128] as modified by Ashton et al 
[12]. LLOQ was 0.6 µM and inter-day CVs were less than 4% for three QC levels 
(n=12/level), with accuracies ranging from -4.5% to -4.1%. Concentrations of 
hydroxybupropion and bupropion were determined according to a method adapted from 
Cooper et al with UV detection at dual-wavelengths [129]. Inter-day CVs were below 6% for 
three QC levels per compound (n=24/level and compound), with accuracies ranging from -
2.3% to 3.5%. LLOQ was set at 5.5 µM and 0.13 µM for bupropion and hydroxybupropion, 
respectively. Propofol concentrations were quantified according to a method previously 
described by Tanaka and coworkers [130]. LLOQ was set at 1.25 µM and inter-day CV was 
below 6% for three QC levels (n=24/level) with accuracies ranging from -9.1% to -7.4%. 
Efavirenz and 8-hydroxyefavirenz (8-OH-efavirenz) concentrations were determined by a 
method described by Ward et al [131]. LLOQ was set at 0.6 µM and inter-day CV was less 
than 13% for three QC levels (n=24/level) with accuracies ranging from -1.2% to 2.4%.
 

Data analysis 

Pharmacokinetic modeling (paper I) 
A previously developed model of enzyme autoinduction was applied to artemisinin log-
transformed plasma concentration-time data in paper I (Figure 3) [14], using a nonlinear 
mixed effects modeling approach as implemented in NONMEM version V (Globomax, 
MD, USA). The model consisted of two parts, one describing the pharmacokinetics of 
artemisinin and the other the time-variant amounts of the induced enzyme(s). In this model, 
artemisinin is introduced to a gut compartment followed by distribution into a liver 
compartment, from which elimination is described by a well-stirred model. Artemisinin is 
further distributed into a sampling compartment, which represents the whole body except 
that of the liver. The enzyme part of the model contains two compartments, the precursor 
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and the enzyme pool. The change in the precursor pool with time is determined by 
artemisinin liver amounts, increasing the precursor formation rate linearly.  
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Figure 3. Schematic description of the induction model applied to artemisinin plasma concentration data. 
kENZ: zero-order production rate of the enzyme precursor and first order elimination rate of the metabolizing 
enzymes, kPRE: first-order production rate of metabolizing enzymes, CLint: intrinsic clearance, fu: plasma 
unbound fraction, QH: hepatic plasma flow, EH: extraction ratio, FH: bioavailability from the liver compartment 
to the sampling compartment, ka: absorption constant rate, kPH: transfer rate constant of artemisinin from the 
sampling compartment to the hepatic compartment (set equal to QH/Vp, Vp being the volume of distribution 
of plasma), CLH: hepatic clearance, VH: volume of the liver compartment (set equal to 1), SIND: slope of the 
inducing effect of artemisinin hepatic concentration on the production rate of enzyme precursor.  
 
 
Typical population pharmacokinetic parameters, interindividual variability (IIV), 
interoccasion variability (IOV) and residual variability were estimated by the first-order (FO) 
method in NONMEM. Discriminations between models were based on the objective 
function value (OFV) provided by NONMEM at a significance level of 0.01 and on 
graphical analysis of residuals and predictions using Xpose, version 3.1 [132]. Exponential 
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variance models were used to describe IIV in intrinsic clearance and volume of distribution 
as well as IOV in the absorption rate constant. A proportional residual error model was 
applied in the final model. Modifications of the original model that were tested included a 
model with a single enzyme compartment, no absorption lag-time, linear or saturable effect 
of artemisinin hepatic amounts on the precursor/enzyme and linear or saturable effect of 
enzyme amounts on intrinsic clearance of artemisinin. The only part of the final structural 
model that differed from the original model presented by Gordi et al [14], was that no 
absorption lag-time was estimated. 
 

Non-compartmental data analysis and statistics (papers II and III) 
In paper II, the 4 hour plasma concentration ratio of paraxanthine/caffeine was used to 
evaluate CYP1A2 activity. Total recovery of 7-OH-coumarin in urine collected 0-8 hours 
after dose was used as an index for CYP2A6 activity. CYP2C19 activity was assessed by the 
S-4'-OH-mephenytoin/S-mephenytoin 4 hour concentration ratio in plasma. The 4 hour 
plasma concentration ratio of α-OH-metoprolol/metoprolol and 6-OH-
chlorzoxazone/chlorzoxazone were used to estimate the activity of CYP2D6 and CYP2E1, 
respectively. Individual enzyme activities were investigated by the described metrics on days 
-6, 1, 5 and 10. Four contrasts were estimated for comparison of enzyme activity between 
study days; day 1 vs. day -6 (day 1/day -6), day 5 vs. day -6 (day 5/day -5), day 5 vs. day 1 
(day 5/day 1) and day 10 vs. day -6 (day 10/day -6). A repeated ANOVA model with 
Gaussian random effects was applied to log-transformed data. An overall test level of 5% 
for the multiple (four) tests per treatment group was selected. According to the Bonferroni-
method for multiple testing, 98.75% confidence intervals are presented and p-values 
compared to 0.0125 in the sequel. The Proc Mixed in SAS 8.2 (SAS Company Inc, Cary, 
USA) software was used for the analysis. 
 
In paper III, pharmacokinetic parameters were calculated by non-compartmental methods 
from plasma concentration-time data using WinNonlin version 5.0 (Pharsight Co., CA, 
USA). The area under the concentration-time curve until the last measurable time point 
(AUCt) was calculated for 7-OH-coumarin, 7-OH-coumarin glucuronide and artemisinin by 
the linear trapezoidal rule for ascending data points and by the log-trapezoidal rule for 
descending data points. The AUC extrapolated from the last data point to infinity (AUCt-∞) 
was calculated by dividing the estimated concentration at the last data point with the 
elimination rate constant (λ), which was estimated by log-linear regression of 3 to 5 terminal 
concentration-time data points. The total area under the plasma concentration time curve 
was calculated as AUC0-∞ = AUCt + AUCt-∞. For nicotine and cotinine increasing 
concentrations of both compounds were observed in samples taken 24, 48 and 72 hours 
after nicotine intake, wherefore AUC0-11hr was used instead of AUC0-∞. A 2-tailed paired t-test 
was used to compare artemisinin AUC values on the first and the fifth day. Repeated 
measurements ANOVA, applied to log-transformed data were used to compare AUC values 
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of the probe compounds and their metabolites, metabolic ratios and the sum of urinary 
excreted 7-OH-coumarin and 7-OH-coumarin glucuronide on the different days. An overall 
test level of 5% for the multiple (three) tests was selected. Confidence intervals and p-values 
were adjusted for three tests according to the Bonferroni-method for multiple testing. The 
Proc Mixed in SAS 8.2 (SAS Company Inc, Cary, USA) software was used for the statistical 
analysis. 
 

Genotyping (paper IV) 
Genotype data obtained from healthy Vietnamese subjects (papers II and III) were in paper 
IV compared to previous published data in other Asian populations by Fisher's Exact Test. 
Differences in levels of pharmacokinetic metrics (CYP1A2; paraxanthine/caffeine plasma 
concentration ratio at 4 hours post dose, CYP2C19; S-4'-OH-mephenytoin/S-mephenytoin 
4 hour plasma concentration ratio, CYP2D6; α-OH-metoprolol/metoprolol 4 hour plasma 
concentration ratio and CYP3A; midazolam 4 hour plasma concentrations) between 
genotypes were assessed using ANOVA and Bonferroni adjusted post-hoc tests. Results 
from the ANOVA applied to original scale data are reported, but the test was also 
performed for logarithmic scale data and using the corresponding non-parametric Kruskal-
Wallis test. Using the pre-specified significance level of 0.05 no irregularities between the 
three tests were found. Hardy-Weinberg equilibrium testing for the analyzed SNPs was 
performed with the GenePop software (http://wbiomed.curtin.edu.au/genepop/). 
 

Non-linear regression analysis (paper V) 
In paper V, metabolic rate constants of artemisinin, bupropion, propofol and efavirenz were 
estimated using WinNonlin version 5.2 (Pharsight Co., CA, USA). First-order kinetic models 
were fitted to concentration-time data (pooled duplicates) obtained in incubations with 
microsomes from individual donors. For bupropion and efavirenz, metabolite formation 
data was incorporated in the model. Initial concentrations were defined as amount of drug 
added divided by volume of distribution, where the latter was estimated as a free parameter. 
Correlations between metabolic rate constants for artemisinin and the other CYP2B6 
substrates were investigated with linear regression and Pearson’s correlation coefficient using 
SPSS 16.0 for Windows (SPSS Inc., IL, USA).  
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RESULTS AND DISCUSSION 

Assessment of artemisinin pharmacokinetics by the application of a 
semiphysiological autoinduction model (paper I) 
The time-dependent plasma concentration-time profiles of artemisinin were well described 
by the applied model (Figure 4). During the model-building process, a model with an 
interindividual term on the slope accounting for the linear effect of artemisinin amounts on 
the rate of production of enzyme precursor (SIND), instead of on intrinsic clearance (CLint), 
resulted in an improved goodness-of-fit. However, a model with a variability term on CLint 

was considered more physiologically relevant and was therefore chosen. The precision of all 
estimated parameters were also better with this model.  
 
 

 
 
Figure 4. Observations (DV) vs. the population prediction (PRED) and individual prediction (IPRE).  

he enzyme half-life and intrinsic clearance of artemisinin in the pre-induced state was 

 
 
T
estimated to be 94 hours and 1760 L/h, respectively (Table 3). Simulations of five days 
repeated administration of artemisinin, resulted in a hepatic extraction ratio value of 0.74 in 
the pre-induced state, increasing to 0.98 on day five. This change in extraction ratio has no 
effect on systemic clearance of the drug but leads to a 13-fold decrease in bioavailability. 
Lack of a corresponding change in half-life indicates artemisinin to be a highly extracted 
drug. An increase in artemisinin extraction from 0.74 to 0.90, eight hours after the first dose, 
demonstrates a very fast onset of induction. Enzyme induction after a single dose of 
artemisinin is consistent with findings in a previous study, where artemisinin influenced the 
pharmacokinetics of a subsequent dose given one week later [8]. The proposed model offers 
the possibility to describe the time-course of any compound showing auto-induction of drug 
metabolism and can be used to investigate whether an increase in systemic clearance or 
decrease in bioavailability will be the main result of induction. The main components 
determining hepatic elimination (fu, CLint and QH) are included in the model, allowing 
description of other situations than induction such as enzyme inhibition or changes in 
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protein binding. The pre-cursor compartment of the model can account for the lag-time that 
is generally observed from the first dose given until induction is apparent. 
 
 
Table 3. Typical pharmacokinetic parameter values for artemisinin and associated interoccasional 
(IOV) and interindividual (IIV) variability in pooled data obtained in 33 healthy subjects and 54 
malaria patients.  

Parameter Estimate (RSE%) IOV (RSE%) IIV (RSE%) 

t1/2, ENZ (h) 94 (27) NE NE 
SIND (1/ng) 0.045 (32) NE NE 
CLint,0 (L/h) 1760 (35) NE 0.38 (24) 
Vp (L) 26.1 (15) NE 1.2 (32) 
ka (h-1) 0.09 (13) 0.64 (23) NE 
MIT (h) 2.0 (43) NE NE 
Km (ng/mL) 434 (50) NE NE 
fu 0.14 (FIXED) NE NE 
Proportional residual error 0.54 (4.7) NE NE 

t1/2, ENZ: enzyme elimination half-life; SIND: slope of the inducing effect of artemisinin hepatic concentration on 
the production rate of enzyme precursor; CLint,0: intrinsic clearance in the pre-induced state; Vp: volume of 
plasma compartment; ka: absorption constant rate; fu: plasma unbound fraction; MIT: Mean induction time; 
Km: hepatic artemisinin concentration resulting in 50% of maximal intrinsic clearance; RSE%: Relative 
standard error; NE: not estimated 
 
 

The effect of artemisinin antimalarials on principal CYP enzymes (papers II and III) 
In paper II, the cocktail procedure was generally well tolerated by the healthy volunteers 
participating in the study, although one subject discontinued the study on the first day of 
cocktail intake due to nausea. The effects of the artemisinin antimalarials on the principal 
CYP enzymes investigated are presented in Table 4. The index for CYP3A activity 
significantly increased after five days intake of artemisinin, artemether and 
dihydroartemisinin (day 5 vs. day -6). In the artemisinin group, an increase in the 1-OH-
midazolam/midazolam 4 hour plasma concentration ratio was evident after the first dose 
(day 1 compared to day -6). In contrast to findings in a previous study where omeprazole 
was used as a CYP3A4 marker and urinary excretion ratio of endogenous 6β-
hydroxycortisol/cortisol as an additional index [11], these results suggest that artemisinin 
antimalarials induce CYP3A. This observation is supported by the recent findings that 
artemisinin induces the expression of CYP3A4 in primary human hepatocytes [17]. 
Chlorzoxazone has been reported to interact with midazolam when the two drugs were 
given in the same cocktail [133]. This interaction was suggested to be an effect of 
chlorzoxazone inhibiting first-pass metabolism of midazolam by CYP3A in the gut but not 
in the liver. Both intestinal and liver CYP3A has been reported to be involved in the 
metabolism of midazolam [134]. If the artemisinin drugs induce intestinal CYP3A activity, 
this effect might not be reflected in the present study. The increase in the 4 hour 1-OH-
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midazolam/midazolam concentration ratio would then result from induction of hepatic 
CYP3A activity only. 
 
In the subjects receiving artemisinin and arteether, the 4 hour S-4'-OH-
mephenytoin/mephenytoin concentration ratio significantly increased on the fifth day of 
drug intake (day 5 vs. day -6). Nine individuals, who had no measurable concentrations of S-
4'-OH-mephenytoin were considered to be poor metabolizers of CYP2C19 and excluded 
from the data analysis. Total recovery of S-4'-OH-mephenytoin in urine and the S/R-
mephenytoin ratio in urine are commonly used metrics for estimation of CYP2C19 activity 
[82, 96, 103, 107]. Since artemisinin previously has shown to increase oral clearance of both 
S- and R-mephenytoin [16], their ratio would be confounded. Non-eliminated 
concentrations of R-mephenytoin from previous doses on days 1, 5 and 10 would further 
have confused the S/R-mephenytoin ratio on these days. Due to these reasons the 4 hour S-
4'-OH-mephenytoin/ mephenytoin plasma concentration ratio, although not pre-validated, 
was considered to be the best metric for estimating CYP2C19 activity for the situation at 
hand. Recent results from a model describing the inductive properties of the artemisinin 
antimalarials applied to mephenytoin data, confirm induction of CYP2C19 by artemisinin, 
artemether and arteether [135]. 
 
Intake of artemisinin, dihydroartemisinin and arteether significantly decreased the 4 hour 
paraxanthine/caffeine plasma concentration ratio day 1 compared with day -6, suggesting an 
inhibitory effect on CYP1A2. A significant increase in the same index was observed day 5 
compared with day 1 after repeated administration of artemisinin. The inhibitory effect on 
CYP1A2 by artemisinin antimalarials is in agreement with previous in vitro findings and 
results from a recent study in healthy subjects [19, 20]. Residual concentrations of caffeine 
and paraxanthine found in the pre-dose samples confound the CYP1A2 metric in many 
subjects. An extended period of caffeine abstinence of 36 hours has been recommended in 
future studies [104].  
 
A significant decrease in the α-OH-metoprolol/metoprolol 4 hour concentration ratio was 
observed in the artemisinin and dihydroartemisinin groups day 1 compared to day -6, 
indicating an inhibitory effect on CYP2D6. A significant increase in the same metric was 
found in the artemisinin group from day 1 to day 5. This effect was unexpected since 
CYP2D6 is considered to be a non-inducible enzyme, and might be explained by induction 
of another enzyme normally of minor importance for the metabolism of metoprolol to α-
OH-metoprolol. Two individuals were considered to be poor metabolizers of CYP2D6 and 
hence excluded from the data analysis, since they had no detectable concentrations of α-
OH-metoprolol.  
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Table 4. Pharmacokinetic metrics in the five different treatment groups (artemisinin (ART), 
dihydroartemisinin (DHA), arteether (ARE), artemether (ARM) and artesunate (AS)). The presented 
quotients (mean, 98.75% CI) are based on anti-logarithms of the contrast for the different occasions. 
Enzyme Phenotyping 

metric 
Quotients of 
metric for 
different 
occasionsb

ART DHA ARE ARM AS 

 
CYP1A2 

 
paraxanthine/ 
caffeine  
4 hour concentration 
ratio 

 
day 1/day -6 
 
day 5/day -6 
 
day 5/day 1 
 
day 10/day -6 
 
 

 
0.27 
(0.18-0.39)a
0.59 
(0.41-0.85)a
2.22 
(1.54-3.21)a
1.26 
(0.88-1.81) 
 

 
0.73 
(0.59-0.90)a
0.85 
(0.69-1.06) 
1.17 
(0.95-1.45) 
0.94 
(0.76-1.16) 
 

 
0.70 
(0.55-0.89)a
0.70 
(0.55-0.89)a
1.00 
(0.78-1.27) 
0.84 
(0.66-1.06) 
 

 
0.83 
(0.69-1.02) 
0.81 
(0.67-0.98)a
0.97 
(0.80-1.18) 
1.06 
(0.87-1.30) 
 

 
0.87 
(0.69-1.09) 
1.00 
(0.80-1.26) 
1.16 
(0.92-1.45) 
1.10 
(0.88-1.38) 
 

 
CYP2A6 

 
7-OH-coumarin 
excreted in 0-8 hour 
urine 
 

 
day 1/day -6 
 
day 5/day -6 
 
day 5/day 1 
 
day 10/day -6 
 
 

 
0.74 
(0.40-1.40) 
0.87 
(0.48-1.60) 
1.17 
(0.62-2.23) 
0.96 
(0.53-1.74) 
 

 
1.17 
(0.73-1.88) 
1.34 
(0.84-2.14) 
1.15 
(0.71-1.85) 
1.38 
(0.87-2.19) 
 

 
0.81 
(0.38-1.71) 
0.95 
(0.45-2.02) 
1.18 
(0.56-2.51) 
1.17 
(0.55-2.47) 
 

 
1.01 
(0.63-1.62) 
0.91 
(0.57-1.45) 
0.90 
(0.56-1.44) 
1.22 
(0.77-1.94) 
 

 
0.73 
(0.38-1.44) 
0.60 
(0.30-1.17) 
0.81 
(0.41-1.61) 
0.86 
(0.44-1.68) 
 

 
CYP2C19 

 
S-4'-OH-
mephenytoin/ 
S-mephenytoin 4 hour 
concentration ratio 

 
day 1/day -6 
 
day 5/day -6 
 
day 5/day 1 
 
day 10/day -6 
 
 

 
0.95 
(0.83-1.09) 
1.69 
(1.47-1.94)a
1.77 
 (1.54-2.04)a  
1.65 
(1.44-1.88)a
 

 
0.97 
(0.78-1.21) 
1.16 
(0.93-1.44) 
1.19 
(0.96-1.49) 
1.13 
(0.91-1.41) 
 

 
0.93 
(0.80-1.08) 
1.33 
(1.15-1.55)a
1.44 
(1.24-1.67)a
1.26 
(1.08-1.46)a
 

 
0.95 
(0.79-1.14) 
1.20 
(1.00-1.44) 
1.26 
(1.05-1.52)a
1.14 
(0.94-1.38) 
 

 
0.91 
(0.73-1.14) 
1.12 
(0.89-1.40) 
1.22 
(0.98-1.53) 
1.18 
(0.94-1.49) 
 

 
CYP2D6 
 
 
 
 
 
 

 
α-OH-metoprolol/ 
metoprolol 4 hour 
concentration ratio 
 
 
 
 
 
 

 
day 1/day -6 
 
day 5/day -6 
 
day 5/day 1 
 
day 10/day -6 
 
 

 
0.82 
(0.70-0.96)a
1.10 
(0.94-1.29) 
1.34 
 (1.14-1.58)a 

1.15 
(0.98-1.34) 
 

 
0.83 
 (0.71-0.96)a
0.95 
(0.81-1.10) 
1.14 
(0.99-1.33) 
0.93 
(0.80-1.08) 
 

 
0.89 
(0.75-1.05) 
1.02 
(0.86-1.21) 
1.15 
(0.97-1.37) 
0.98 
(0.83-1.17) 
 

 
0.90 
(0.76-1.05) 
0.97  
(0.82-1.13) 
1.08 
(0.92-1.27) 
0.92 
(0.78-1.09) 
 

 
0.90 
(0.79-1.04) 
1.02 
(0.89-1.18) 
1.13 
(0.99-1.30) 
1.07 
(0.93-1.24) 
 

CYP2E1 6-OH-chlorzoxazone/ 
chlorzoxazone 4 hour 
concentration ratio 

day 1/day -6 
 
day 5/day -6 
 
day 5/day 1 
 
day 10/day -6 
 
 

0.68 
(0.54-0.86)a 

0.74 
(0.58-0.94)a 

1.08 
(0.85-1.38) 
0.90 
(0.71-1.14) 
 

0.93 
(0.66-1.31) 
1.00 
(0.70-1.41) 
1.07 
(0.76-1.52) 
0.83 
(0.59-1.17) 

1.13 
(0.84-1.51) 
0.99 
(0.74-1.32) 
0.88 
(0.66-1.17) 
1.05 
(0.78-1.42) 
 

1.06 
(0.85-1.33) 
1.08 
(0.86-1.35) 
1.02 
(0.81-1.28) 
1.07 
(0.85-1.35) 
 

0.96 
(0.73-1.26) 
1.09 
(0.83-1.43) 
1.13 
(0.86-1.48) 
1.03 
(0.79-1.36) 
 

 
CYP3A 

 
1-OH-midazolam/ 
midazolam 4 hour 
concentration ratio 
 

 
day 1/day -6 
 
day 5/day -6 
 
day 5/day 1 
 
day 10/day -6 
 

 
1.60 
(1.26-2.02)a
2.66  
(2.10-3.36)a
1.67 
(1.31-2.12)a 

1.25 
(0.99-1.58) 

 
1.11 
(0.94-1.30) 
1.25 
(1.06-1.47)a  
1.13 
(0.96-1.33) 
1.16 
(0.98-1.36) 
 

 
0.97 
(0.79-1.20) 
1.16 
(0.94-1.43) 
1.19 
(0.97-1.47) 
1.12 
(0.90-1.38) 
 

 
1.22 
(0.90-1.65) 
1.54 
(1.14-2.09)a
1.27 
(0.93-1.72) 
1.15 
(0.84-1.57) 
 

 
1.17 
(0.94-1.47) 
1.25 
(1.00-1.56 
1.06 
(0.85-1.33) 
1.26 
(1.01-1.57)a
 

ap<0.0125 (α adjusted for multiple testing), b Quotients >1 indicate increased enzyme activity, quotients < 1 
indicate decreased enzyme activity 
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The marker for CYP2E1 activity was not affected by the antimalarials, except for in the 
artemisinin group where a decrease in the 4 hour 6-OH-chlorzoxazone/chlorzoxazone 
plasma concentration ratio was seen day 1 compared to day -6 and day 5 compared to day -
6, respectively. No indication of induction or inhibition of CYP2A6 was observed by the 
artemisinin antimalarials. The amount of 7-OH-coumarin excreted in urine 0-8 hours after 
coumarin intake was not significantly changed in any group. Coumarin has been widely used 
as a probe for estimation of CYP2A6 activity. Assessing the total amount of 7-OH-
coumarin excreted in urine has usually been the metric of choice. However, coumarin is a 
highly extracted drug with a systemic bioavailability of only 4% and the major metabolite, 7-
OH-coumarin, is excreted to 95% as the glucuronide in urine within 4 hours [136]. 
Therefore, the total amount of 7-OH-coumarin excreted within 8 hours after dose would 
probably not reflect a possible induction of CYP2A6 by artemisinin or its derivatives, and 
hence coumarin not an ideal probe to study enzyme induction.  
 
It would have been preferable if the subjects abstained from smoking during the study since 
it is known that smoking induces and inhibits the activity of CYP1A2 and CYP2A6, 
respectively [137, 138]. In a cultural setting where most men are smokers this was not 
possible. Low regular smoking, monitored by questioning, was therefore allowed. Since the 
data analysis was based on intraindividual changes and the daily number of cigarettes were 
monitored and kept constant, this approach was judged feasible. However, induction by the 
artemisinin antimalarials might not occur to the same extent in smokers as in non-smokers if 
the base-line level of CYP activities already is increased in these individuals.  
 
The randomization of subjects to different treatment groups were not stratified for gender, 
resulting in poorly matched number of females in the treatment groups. Some clinical 
studies have suggested that the level of CYP activities differs between men and women. On 
the other hand, gender does not appear to affect the induction of CYP enzymes in freshly 
cultured human hepatocytes [139]. The use of oral contraceptives might alter the base-line 
level of enzyme activity. In the present study, female participants were not specifically asked 
about their use of oral contraceptives. The basal level of enzyme activity might therefore be 
influenced by the different proportions of females/males in the treatment groups, but the 
induction or inhibition observed are probably not affected. 
 
In paper III, time-dependent pharmacokinetics of artemisinin was evident by a significant 
decrease in AUC0-∞ values after repeated administration of the drug in both the coumarin and 
nicotine period. No significant difference was observed in artemisinin pharmacokinetics 
whether it was co-administered with coumarin or with nicotine. Approximately 55% of the 
dose was excreted as 7-OH-coumarin or 7-OH-coumarin glucuronide when coumarin was 
given alone (day – 7/36). This value was 56% on the first (day 1/43) and 62% on the last 
(day 5/47) day of artemisinin intake (Table 5). The relative amount of the sum of 7-OH-
coumarin and 7-OH-coumarin glucuronide excreted in urine has been reported to diminish 
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when increasing the coumarin doses from 5 to 30 mg [140]. This indicates saturable 
formation of 7-OH-coumarin glucuronide and/or 7-OH-coumarin or saturable urinary 
excretion of 7-OH-coumarin glucuronide. Since a relatively high coumarin dose (200 mg) 
was administered in this study, saturation of one step in the sequence of coumarin 
metabolism could possibly explain why only 55% of the dose was excreted in the absence of 
artemisinin. 
 
The amount of 7-OH-coumarin or 7-OH-coumarin glucuronide excreted in the 3- to 8 hour 
interval significantly increased after five days of artemisinin intake, which may be an 
indication of induction of CYP2A6. However, no significant change in the sum of renally 
excreted 7-OH-coumarin and 7-OH-coumarin glucuronide were found in the 0-3 hour or 0-
8 hour intervals, respectively. This is consistent with results from paper II, where no change 
was seen in the sum of 7-OH-coumarin and 7-OH-coumarin glucuronide excreted 0-8 hours 
after five days repeated administration of artemisinin.   
 
 
Table 5. Average (SD) amounts of renally excreted 7-OH-coumarin plus 7-OH-coumarin 
glucuronide (7-OHC/G), after single oral doses of 200 mg coumarin at baseline seven days before 
(day -7/36) and on the first (day 1/43) and last day (day 5/47) of a 5-day oral regimen of 500 mg 
artemisinin in twelve healthy Vietnamese subjects.  

Parameter Baseline 

(day 7/36) 

First day 

(day 1/43) 

Last day 

(day 5/47) 

p1

7-OHC/G in 0-3 hour urine 
  (% of given dose)  

47.5 (14.3) 45.9 (17.9) 49.8 (13.6) 0.3683 

7-OHC/G in 3-8 hour urine2 

  (% of given dose) 
7.7 (2.5) 9.7 (4.8) 11.9 (3.2) 0.0173 

7-OHC/G in 0-8 hour urine 
  (% of given dose) 

55.2 (16.3) 55.6 (18.3) 61.5 (12.7) 0.1575 

Total amount 7-OHC/G in  
0-8 hour urine (µmol) 

755 (224) 761 (250) 842 (174)  

1ANOVA test for differences between occasions; 2p<0.05 last day (day 5/47) compared to baseline (day -7/36) 
adjusted for multiple testing (Bonferroni)  
 
 
Since it was known that a possible induction of CYP2A6 caused by artemisinin could be 
difficult to detect by using urinary excretion of the metabolite as a metric, the study in paper 
III aimed to use a metabolite-to-drug plasma AUC ratio as a more specific metric for 
enzyme activity. However, despite a relatively high dose of coumarin and the use of a 
sensitive LC/MS/MS method for simultaneous determination of coumarin and 7-OH-
coumarin, the extensive first-pass extraction of coumarin resulted in coumarin plasma 
concentrations being below the LLOQ in many cases. Coumarin pharmacokinetic data 
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could therefore not be obtained and a 7-OH-coumarin - to - coumarin AUC ratio could not 
be calculated as an index for CYP2A6 activity.  
 
In all subjects, five days repeated administration of artemisinin (day 5/47) significantly 
increased 7-OH-coumarin glucuronide values and the 7-OH-coumarin - to - 7-OH-
coumarin glucuronide AUC ratio compared to base-line (day -6/36) (Figure 5, Table 6), 
suggesting artemisinin to be an inducer of glucuronidation. UGT2B15 has been reported to 
be involved in the glucuronidation of coumarin, but whether artemisinin and its derivatives 
are capable of increasing the activity of other UGT isoforms remains to be shown. 
Induction of UGTs may imply a risk of drug-drug interactions between ACTs and 
antiretroviral drugs that are eliminated by glucuronidation. 
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Figure 5. 7-OH-coumarin glucuronide (7-OHCG)/7-OH-coumarin (7-OHC) AUC0-∞ values in twelve healthy 
Vietnamese subjects after intake of 200 mg coumarin at baseline seven days before (day -7/36), and on the first 
day (day 1/43) and following 5 days repeated administration of 500 mg artemisinin once daily (day 5/47).  
 
 
An increased formation of 7-OH-coumarin glucuronide could be an alternative explanation 
to the increased renal excretion of 7-OH-coumarin and its glucuronide in one of two 
intervals of urine collection. However, since most of the 7-OH-coumarin formed is further 
metabolized to the glucuronide before excretion into urine [141], a large increase in the 
amount 7-OH-coumarin glucuronide formed seems unlikely. Therefore, induction of 
CYP2A6 could be one explanation to the increased in renally excreted 7-OH-coumarin and 
7-OH-coumarin glucuronide. These results highlight the difficulties in interpreting the 
outcome when using coumarin as a probe compound, in particular if both 7-OH-coumarin 
and its glucuronide are influenced by the studied drug.  
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Both nicotine and cotinine AUC0-11hr values significantly decreased after 5 days of artemisinin 
intake (day 5/47) compared to base-line (day -7/36). There was no significant change in the 
2 and 4 hour cotinine/nicotine plasma concentration ratio or the cotinine/nicotine AUC0-11hr 
ratio after five days repeated administration of artemisinin (Table 6). The subjects included 
in the study were supposed to be non-smokers and smoking was not allowed during the 
study. Despite this, both nicotine and cotinine were found in the pre-dose samples from 
most subjects and increasing concentrations of both compounds detected in samples taken 
24, 48 and 72 hours after supervised intake of nicotine, suggesting that subjects had been 
exposed to cigarette smoke during the study. However, provided that nicotine and cotinine 
follow linear kinetics, an induction of the formation of cotinine from nicotine by artemisinin 
would result in an increased metabolite-to-parent drug ratio, regardless if the subjects had 
varying nicotine intake during the study. The reduction of cotinine and nicotine AUC0-11hr 
values after repeated administration of artemisinin suggest an induction of CYP2A6 since 
the enzyme is involved in the metabolism of both compounds. This also implies that any 
cotinine - to - nicotine ratio would be an unreliable metric for CYP2A6 activity. 
 
 
Table 6. 7-OH-coumarin (7-OHC), 7-OH-coumarin glucuronide (7-OHCG), nicotine and cotinine 
AUC values for after a single oral dose of 200 mg coumarin and chewing a 4 mg nicotine gum, 
respectively, in twelve healthy Vietnamese subjects at baseline seven days before (day -7/36), on the 
first day (day 1/43) and following five days of once daily repeated administration of 500 mg 
artemisinin (day 5/47).    

Parameter Baseline 

(day -7/36) 

First day 

(day 1/43) 

Last day 

(day 5/47) 

p1

7-OHC AUC0-∞  

 (h*µmol/L) 
0.281 
 (0.204-0.389) 

0.298 
 (0.218-0.408) 

0.206 
 (0.152-0.279) 

0.0452 

7-OHCG AUC0-∞2 

 (h*µmol/L) 
54.7  
 (41.9-71.4) 

58.5  
 (43.5-78.6) 

68.7  

 (58.9-80.1) 

0.0054 

7-OHCG/7-OHC2, 3  
AUC0-∞ ratio 

222 (118) 
 

238 (127) 375 (176) 0.0018 

Nicotine AUC0-11hr2, 3     

(h*µmol/L) 
0.547 
 (0.292-1.02) 

0.450 
 (0.209-0.970) 

0.293 
 (0.131-0.653) 

0.0005 

Cotinine AUC0-11hr2 

(h*µmol/L) 
10.6  
 (5.91-19.1) 

9.55  
 (4.79-19.0) 

9.72   
 (6.74-14.0) 

0.0212 

Cotinine/nicotine  
AUC0-11hr ratio 

22.4 (11.5) 26.2 (16.9) 26.4 (9.02) 0.2470 

Data are presented as geometric mean and 95% CI, except for AUC ratios which are presented as mean and 
standard deviation. 1ANOVA test for differences between occasions; 2p<0.05 last day (day 5/47) compared to 
baseline (day -7/36) adjusted for multiple testing (Bonferroni); 3p<0.05 last day (day 5/47) compared to the 
first day (day 1/43) adjusted for multiple testing (Bonferroni)  
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The in vitro metabolism of artemisinin is primarily mediated by CYP2B6, with a secondary 
contribution of CYP2A6 and CYP3A4 [22]. CYP2B6 has been reported to partly explain the 
time-dependent pharmacokinetics of artemisinin [16]. The extent of CYP2A6 contribution 
to the auto-induction of artemisinin could not clearly be demonstrated with the present 
results. Neither coumarin nor nicotine was an optimal probe compound for studying 
CYP2A6 induction using applied metrics. Problems in assay sensitivity, metrics and/or 
complexity of metabolic pathways of both compounds limit their use as markers for 
CYP2A6 induction. Also, smoking has been reported to reduce CYP2A6 activity [138], 
which may further confound the interpretation of results.    
 

Pharmacogenetics of principal CYP enzymes in healthy Vietnamese volunteers 
(paper IV) 
The allele frequencies in the studied Vietnamese subjects generally follow the trends of other 
Asian populations (Table 7). Some significant differences were observed. CYP2A6*4 was 
more frequent compared with in a Chinese population and CYP2A6*5 was several-fold 
more frequent compared with all other Asian populations studied. Interestingly, CYP2B6*6 
was about 2-fold more common in Vietnamese subjects compared with Korean and 
Japanese subjects. This observation follows recent investigations showing an unusual allele 
prevalence of N-acetyltransferase 2 (NAT2) in the studied Vietnamese subjects [142]. The 
SNP (516G>T) present in CYP2B6*6 has been associated to higher plasma exposure of 
efavirenz leading to central nervous system effects [143]. The relatively high observed 
frequency of this allele indicates that about 10% of AIDS patients in Vietnam may be at risk 
of having elevated exposure to efavirenz. Two SNPs (CYP2D6 100C>T and MDR1 
3435C>T) were found to not be in Hardy-Weinberg equilibrium. Their frequencies were not 
significantly different from the observed in other Asian populations as presented in Table 7. 
Since the subjects were unrelated and the study was conducted in a large and highly 
populated city (Hanoi), a possible explanation to this observation could be a reflection of a 
certain degree of ethnic admixture.  
 
The relationship between genotype and pharmacokinetic metrics of CYP2A6, CYP2C19, 
CYP2D6 and CYP3A activities, respectively is presented in Figure 6. The subjects were 
ranked according to their metabolic capacity of each enzyme and depicted as per descending 
pharmacokinetic metric against a background of the distribution of CYP genotype. It should 
be noted that the available pharmacokinetic metrics may not represent best practice when 
relating to genotype, but is presented to illustrate how they vary with genotype in the studied 
group of Vietnamese subjects.  
 
CYP2D6 genotypes were associated with the α-OH-metoprolol/metoprolol 4 hour plasma 
concentration ratio (p<0.001). However, some individuals heterozygous for the CYP2D6*10 
allele exhibited similar metabolic ratios as subjects with homozygous wild-type genotype. 
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CYP2D6 duplications in one of the chromosomes may explain this observation. Further, the 
discriminative SNP 100C>T used for CYP2D6*10 is also present on other CYP2D6 rare 
alleles (*36, *37, *47, *49, *52 and *54) with an undefined effect on enzyme activity and not 
analyzed in this study. A strong association was found between genotype and the S-4'-OH-
mephenytoin/S-mephenytoin 4 hour plasma concentration ratio (p<0.001), supporting that 
*2 and *3 allele analysis predicts the activity of CYP2C19 in the studied subjects. The 
graphical analysis showed no meaningful association between CYP2A6 genotypes and the 
amount of 7-OH-coumarin excreted in urine 0-8 hours after dose, whereas the ANOVA 
showed a significant result (p=0.011). Variations in the urine collection, interactions of 
coumarin with the other probe compounds in the cocktail and the fact that smokers were 
included in the study, could have confounded the urinary excretion of 7-OH-coumarin as a 
metric for CYP2A6 activity. In addition, urinary excretion of a metabolite is not a specific 
metric to reflect intrinsic clearance of a drug since it is an indirect measure of enzyme 
activity. The CYP3A4*1B allele showed no significant association with 4 hour midazolam 
plasma concentrations (p=0.218). This is consistent with previous findings using midazolam 
as a probe [144], but in contrast with recent observations in East African populations, where 
CYP3A4*1B was found to be associated to decreased quinine metabolism as a consequence 
of decreased CYP3A4 activity [145]. CYP3A5*3 was the only variant allele found for 
CYP3A5. This allele results in reduced protein synthesis, but did not predict midazolam 4 
hour plasma concentrations in the studied Vietnamese subjects. 
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Table 7. Allele frequencies of 72 Vietnamese healthy subjectsc. Comparison with documented data in South East and Far East Asian populations.   
Gene 

Haplotypea  Vietnam 
N 

[ref]d Korea p 
N 

[ref]d Malaysia p 
N 

[ref]d China p 
N 

[ref]d Thailand p 
N 

[ref]d Japan p 
CYP             
2A6 *1  0.736  0.885   0.916  0.937  0.922  0.78-0.83  

 *4b (gene deletion)  0.118  0.110 0.866 0.074 0.133 0.051 0.023 0.078 0.264 0.20-0.31 No data 
 *5b (1436G>T)  0.146  

209 
[146] 

0.005 <0.0001 

540 
[147] 

0.010 <0.0001 

344 
[147] 

0.012 <0.0001 

198 
[148] 

   

[149] 

0.0  
CYP             
2B6 *1  0.646      0.655    0.732  

 *4 (785A>G)  0.083  0.050 0.214       0.093 0.871 
 *5 (1459C>T)  0         0.011  

 *6b(516G>T+ 785A>G)  0.271 

316 
[150] 

0.120 0.002 

 

  

1014 
[151] 

0.345 0.474 

 

  

530 
[152] 

0.164 0.021 
CYP             
2C19 *1  0.632  0.67  0.720  0.668  0.710  0.565  

 *2 (681G>A)  0.306  0.25 0.412 0.230 0.490 0.297 0.910 0.270 0.688 0.345 0.660 
 *3 (636G>A)  0.063  

200 
[153] 

0.08 0.676 

54 
[154] 

0.050 0.680 

200 
[153] 

0.035 0.305 

107 
[155] 

0.020 0.129 

200 
[153] 

0.090 0.424 
CYP             
2D6 *1  0.471  0.415  0.538  0.413    0.490  

 *4 (100C>T+ 1846G>A)  0.014  0.005 0.570 0.04 0.447 0.002 0.561   0.005 0.570 
 *5 (gene deletion)  0.080  0.075 0.642 0.02 0.053 0.072 0.839   0.070 0.834 
 *10 (100C>T)  0.435  

200 
[153] 

0.505 0.494 

138 
[156] 

0.402 0.740 

223 
[157] 

0.513 0.445 

 

   

200 
[153] 

0.435 0.540 
CYP             
3A4 *1A  0.979  1    1  0.991  1  

 *1B (-392A>G)  0.021  

186 
[153] 

0  
 

   

200 
[153] 

0   

320 
[158] 

0.009 0.383 

160 
[153] 

0  
CYP             
3A5 *1  0.333  0.221    0.277  0.331  0.260  

 *3 (6986A>G)  0.667  

486 
[159] 

0.780 0.303 
 

  

200 
[153] 

0.723 0.670 

320 
[158] 

0.669 0.525 

530 
[152] 

0.740 0.509 
MDR1             

 3435C  0.597  0.607  0.630  0.545    0.556  
 3435T  0.403  

632 
[160] 

0.393 0.863 

92 
[161] 

0.370 0.801 

100 
[162] 

0.455 0.635 
 

   

160 
[163] 

0.444 0.674 
aTo note that the allele frequencies presented represent the frequencies of CYP alleles defined in several cases as haplotypes of SNPs. bSignificant differences (p <0.05) between the 
Vietnamese and the other Far East Asian populations studied are highlighted with a gray fill. cThree of the analyzed subjects were of Thai origin – their inclusion in the study did 
not change any of its conclusions. dnumber of studied subjects.  



Sara Asimus  

CYP2A6

Subjects

7-
O

H
-c

ou
m

ar
in

 (m
g)

0

1

2

3

4

5

6

*1*1

*4*5

*1*5

*1*4

7-OH-coumarin (mg) excreted in urine 
CYP2A6 genotype  

 
 
 

CYP2C19

Subjects

S-
4'

-O
H

-m
ep

he
ny

to
in

/S
-m

ep
he

ny
to

in

0

2

4

6

8

*1*1

*1*3

*1*2

*2*2

*2*3

S-4'-OH-mephenytoin/S-mephenytoin 4 hr plasma concentration ratio 
CYP2C19 genotype  

 
 
 

CYP2D6

Subjects

α
-O

H
-m

et
op

ro
lo

l/m
et

op
ro

lo
l

0

1

2
5

6

*1/*5

*1/*1

*1/*10

*5/*10

*10/*10

*1/*4

*5/*5

α-OH-metoprolol/metoprolol 4 hr plasma concentration ratio
CYP2D6 genotype  

 

 
a. d.

CYP3A4/CYP3A5

Subjects

M
id

az
ol

am
 (n

g/
m

L)

10

20

30

40

50

60

70

*1A*1A/*3*3

*1A*1A/*1*3

*1A*1A/*1*1

*1A*1B/*3*3

Midazolam 4 hr plasma concentration (ng/mL) 
CYP3A4/3A5 genotype  

 
 
 b. 
 
 
Figure 6. Pharmacokinetic metrics and respective 
distribution of analyzed genotypes in healthy 
Vietnamese subjects. Amount of 7-OH-coumarin 
(mg) excreted in urine collected 0-8 hours after 
coumarin intake vs. presence of CYP2A6 alleles in 
74 subjects (a); S-4'-OH-mephenytoin/S-
mephenytoin 4 hour plasma concentration ratio 
after oral intake of 100 mg mephenytoin vs. 
CYP2C19 alleles in 74 subjects (b); α-OH-
metoprolol/metoprolol 4 hour plasma 
concentration ratio after oral intake of 100 mg vs. 
CYP2D6 alleles in 71 subjects (genotype only 
available for 71 subjects) (c); midazolam plasma 
concentrations (ng/mL) 4 hour after oral intake of 
7.5 mg midazolam vs. CYP3A4/5 alleles in 74 
subjects (d). 
 

c. 
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Artemisinin as a putative CYP2B6 probe (paper V) 
Artemisinin and propofol concentration-time data, obtained from incubations with human 
liver microsomes from different donors, were described by a first order depletion model. 
For bupropion and efavirenz the formation of their respective major metabolite could be 
followed with time wherefore metabolite data was incorporated in the model. Estimated 
metabolic rate constants for each substrate varied considerably in microsomes from 
different donors. Values for volumes of distribution were estimated to be almost equal to 
the experimental incubation volume of 1 mL. For efavirenz, concentrations of the 
metabolite were in many cases below the LLOQ. For that reason the response from the UV 
detector measured as peak areas of efavirenz and 8-OH-efavirenz were used as substitutes 
for concentrations in the non-linear regression. Efavirenz concentrations at time zero were 
in many cases lower than in samples taken at 10 min, possibly explained by dissolution not 
being instantaneous. Efavirenz values at time zero where therefore excluded in the final data 
analysis.  
 
The rate constants of artemisinin depletion were well correlated to the metabolic rate 
constants for bupropion, propofol and efavirenz (r ≥ 0.88) Figure 7. These results reaffirm 
artemisinin to be principally metabolized by CYP2B6 and further suggest that the 
compound could be an alternative CYP2B6 probe substrate. Artemisinin has some 
properties that are favorable of a probe compound. An analytical method for its 
quantification in saliva samples is available, offering a non-invasive sampling method [125]. 
The compound is reported to be a safe and well-tolerated drug with few adverse effects 
reported [164]. The short half-life of artemisinin makes it possible to obtain pharmacokinetic 
parameters such as AUC with a limited number of samples over a short duration of time. 
The potential use of artemisinin as an in vivo probe drug is also associated with several 
drawbacks. There are today no registered artemisinin products, even though the compound 
has been extensively used in the treatment of malaria. The pronounced capacity for auto-
induction implies that any use of artemisinin as a probe drug should be restricted to single 
dose administration. Further, artemisinin has also been reported to induce the metabolism of 
other drugs [11, 16]. Due to the risk of drug–drug interactions it would therefore not be 
recommended to use artemisinin in combined phenotyping, such as the cocktail approach, 
which involves the administration of a number of probe compounds simultaneously. 
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Figure 7. Correlations of the rate constant of 
artemisinin depletion with that of propofol 
depletion (a), bupropion depletion (b), 
hydroxybupropion formation (c), efavirenz 
depletion (d) and 8-hydroxyefavirenz formation 
(e) in human liver microsomes from 12 donors 
(duplicate incubations). Initial concentrations 
were 10 µM for artemisinin and efavirenz and 20 
µM for bupropion and propofol, respectively. 
Also shown is the Pearson’s correlation 
coefficient (r). 

r = 0.95 
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CONCLUSIONS 
 
The artemisinin antimalarials have become the most important new class of antimalarials 
since half a century. The parent compound, artemisinin, is associated with time-dependent 
pharmacokinetics, caused by autoinduction of drug metabolism, and an ability to induce the 
metabolism of other drugs. A better understanding of the pharmacokinetics and drug 
metabolism of artemisinin antimalarials is essential to elucidate their potential for drug-drug 
interactions, especially since they are recommended to be used in combination with other 
drugs. Also, to a large extent antimalarial treatment is taking place against a backdrop of 
concurrent TB/HIV-treatments.  
 
The time-dependent pharmacokinetics of artemisinin in both healthy subjects and malaria 
patients can be described by a previously developed semi-physiological autoinduction model. 
With this model, conditions other than enzyme induction, such as enzyme inhibition and 
changes in plasma protein binding, can be described. The model can thus be of value when 
studying the changes in the pharmacokinetics of drug combinations by illustrating the effect 
of an inducer/inhibitor on the elimination of a second drug.  
 
A cocktail of six probe drugs was used to investigate the potential induction and inhibition 
of principal CYP enzymes by the artemisinin drugs in healthy subjects. Changes in the 
applied metrics were shown, indicating that several of the investigated enzymes were 
affected by artemisinin, dihydroartemisinin, artemether, arteether and artesunate. The 
observed changes in individual metrics were not significant in all treatment groups but 
pointed in the same direction for the five artemisinin drugs studied in many cases, suggesting 
a class effect. At therapeutic doses, artemisinin appeared to be associated with the strongest 
capacity for induction and inhibition. The most suitable artemisinin drug to be used in 
combination treatment, with respect to drug-drug interactions, could not be selected based 
on the present results. The observed metabolic changes were moderate but could be of 
clinical importance for some individuals in the population and needs to be taken into 
account in the development of new derivatives and drug combinations for malaria 
treatment.  
 
Induction of CYP2A6 was of particular interest since this enzymes has been shown to be 
involved in the in vitro metabolism of artemisinin. Coumarin and nicotine were used as probe 
drugs for CYP2A6. The results show that artemisinin might be able to induce CYP2A6, but 
to what extent could not be demonstrated since both coumarin and nicotine were associated 
with limitations using the applied metrics. Artemisinin appears to be an inducer of also 
glucuronidation, an effect that needs to be further investigated and evaluated for the other 
artemisinin derivatives as well. These results illustrate the difficulties of studying CYP2A6 
induction in a population where most men are smokers using available probe drugs.  
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Pharmacogenetic data of genes coding for principal CYP enzymes involved in the 
metabolism of antimalarial drugs were obtained in 78 healthy Vietnamese subjects. The 
frequencies of the main SNPs of CYP2A6, CYPB6, CYPC19, CYP2D6, CYP3A and MDR1 
were in general agreement with other Asian populations, with some significant different 
trends. Genotypes of CYP2C19 and CYP2D6 were associated to available metrics for 
enzyme activity, whereas no relationship was found between CYP2A6 and CYP3A 
genotypes and the pharmacokinetic metrics used. 
 
Artemisinin has been shown to primarily be metabolized by CYP2B6 in vitro. Investigations 
of this enzyme have until recently been limited due to lack of selective probe substrates. The 
in vitro metabolism of artemisinin appears to be well correlated to that of the recommended 
CYP2B6 probe bupropion, suggesting artemisinin to be an alternative marker to assess 
CYP2B6 activity. However, further studies are needed in order to characterize the metabolic 
fate of artemisinin and its potential use as an in vitro and in vivo CYP2B6 probe compound.  
 
Overall, this thesis contributes with pharmacokinetic and metabolic information on the 
artemisinin antimalarials, useful in the development of new artemisinin derivatives and 
possible combination treatments. The potential of these drugs to affect CYP enzymes has to 
be considered in order to reduce the risk of drug-drug interactions and achieve optimal 
future treatments of malaria.  
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SWEDISH SUMMARY 
 
Malaria är ett av de största hälsoproblemen i världen idag. Miljontals människor insjuknar 
och över en miljon, framför allt barn, dör i malaria varje år, huvudsakligen till följd av 
begränsad tillgång på effektiva läkemedel. Ett av de största hoten mot malariabehandling är 
en allt snabbare spridning av läkemedelsresistenta parasitstammar, vilket medför ett 
betydande behov av nya verksamma läkemedel. Artemisinin och dess derivat är en grupp 
läkemedel som har visat sig vara mycket effektiva och förenade med få biverkningar. Hög 
återfallsfrekvens av malaria är ett problem som har visats i kliniska studier där artemisinin 
och dess derivat har givits som monoterapi. För att minska återfallsfrekvensen och förhindra 
uppkomsten av resistens mot dessa preparat är rekommendationen att de skall ges i 
kombination med ett mer långverkande antimalarialäkemedel.  
 
Artemisinins omsättning i kroppen (farmakokinetik) är tidsberoende till följd av att 
substansen kraftigt kan öka sin egen nedbrytning i levern (metabolism) efter upprepad 
administrering. Förutom denna förmåga till autoinduktion av läkemedelsmetabolism kan 
artemisinin också påverka andra substansers metabolism via en grupp enzymer i levern som 
kallas cytokrom P450 (CYP). Med en ökande användning av artemisinin och dess derivat i 
kombinationsterapi är det därför viktigt att känna till vilka CYP enzym som kan påverkas 
och hur de olika derivaten skiljer sig åt i förmåga att inducera och inhibera. Det 
övergripande målet med denna avhandling var att öka kunskapen om artemisinins 
farmakokinetik och metabolism och därmed bidra till en mer effektiv och säker 
kombinationsbehandling av malaria. Avhandlingen sammanfattar resultaten från fem 
delarbeten.  
 
Det första arbetet visar att en farmakokinetisk modell kan beskriva artemisinins 
autoinduktion hos både friska försökspersoner och malariapatienter. Samma modell skulle 
också kunna användas för att beskriva farmakokinetiska förändringar vid 
kombinationsbehandling till följd av enzyminduktion eller enzymhämning. 
 
Resultat från det andra arbetet visar att artemisinin och dess kliniskt använda derivat kan 
påverka aktiviteten av ett antal huvudsakliga CYP enzym hos friska försökspersoner. 
Resultaten tyder på att effekten på enzymaktivitet delas av de fem undersökta läkemedlen, 
vilket indikerar en klasseffekt. En sådan klasseffekt är viktig att ha i åtanke när nya 
artemisininderivat och läkemedelskombinationer för behandling av malaria utvecklas. 
 
I det tredje arbetet undersöktes artemisinins förmåga att påverka aktiviteten av CYP2A6 hos 
friska försökspersoner, med hjälp av två olika modellsubstanser för detta enzym. Resultatet 
antyder att artemisinin inducerar CYP2A6, men i vilken utsträckning gick inte att fastställa i 
den här studien. Däremot visar resultaten på svårigheter med att studera induktion av 
CYP2A6 med de modellsubstanser som finns tillgängliga.  
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Det fjärde arbetet beskriver genetisk variation av de enzym som studerades hos friska 
vietnamesiska försökspersoner i arbete två och tre. Förutom några signifikanta skillnader, 
som kan ha betydelse för läkemedelsmetabolism hos vissa individer, visar resultaten att den 
genetiska variationen av de undersökta enzymen hos vietnameser stämmer överens med vad 
som rapporterats i övriga asiatiska befolkningar och som kan ha inverkan vid behandling 
exempelvis malaria, tuberkulos och HIV/AIDS. 
 
Resultat från det femte och sista arbetet föreslår att artemisinin kan användas som en 
alternativ modellsubstans för att undersöka aktiviteten av CYP2B6, ett specifikt och ännu 
relativt outforskat CYP enzym. Ytterligare studier är dock nödvändiga för att vidare utreda 
hur lämplig artemisinin är som en sådan modellsubstans.  
 
Sammanfattningsvis bidrar denna avhandling med information som ger ökad kunskap om 
artemisinin och dess derivats farmakokinetik och metabolism, som kan vara till nytta vid 
utveckling av nya läkemedel och kombinationer för malariabehandling. Dessa substansers 
förmåga att påverka läkemedelsmetabolism är viktig att känna till för att förhindra 
interaktioner mellan läkemedel och uppnå en optimal behandling av malaria.    
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