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SUMMARY 

The contribution of the enzymes CYP2D6 and CYP2C19 to the metabolism of artemether was evaluated in a cross-over study in 
seven healthy adult Caucasian subjects. The pharmacokinetic properties of artemether and its active metabolite dihydroartemisimn 
were compared when given 100 mg artemether orally alone or in combination with either CYP2D6-inhibitor quinidine or CYP2C19-
inhibitor omeprazole. Plasma concentrations of artemether and dihydroartemisinin were measured with reversed phase high perfor
mance liquid chromatography with electro-chemical detection (HPLC-ED). Artemether was rapidly absorbed with a mean W of 0.8 h 
(95% confidence interval, CI = 0.5-1.1) reaching a mean Cmax of 29 ng/ml (14-45 ng/ml). The mean elimination half-life was 1.3 h 
(0 8-1 8 h). The pharmacokinetic parameters for dihydroartemisinin were not significantly different from those for artemether. Arte
mether combined with quinidine revealed no significant changes in the plasma concentrations of either artemether or dihydroartemis
inin No changes were seen in the combination with omeprazole as a CYP2C19 inhibitor. A second peak in the plasma concentration 
profile was observed 2-4 h after drug intake.This phenomenon was possibly related to variable gastric emptying. No major contribu
tion of the enzymes CYP2D6 or CYP2C19 was found in artemether metabolism. No interethnic differences in artemether metabolism 
on the basis of a genetic polymorphism of these enzymes is to be expected. 
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INTRODUCTION 

Plasmodium falciparum is becoming increasingly 
resistant to the currently available antimalarial drugs, 
such as chloroquine and quinine, and, therefore, new 

Please send reprint requests to : Prof. C.J. van Boxtel, 
Department of Clinical Pharmacology and Pharmacotherapy, 
Meibergdreef 9, 1105 AZ Amsterdam, The Netherlands. 

drugs are being developed (1). Among these new 
drugs belong artemisinin and its derivatives (2,3). 
Artemisinin or qinghaosu is extracted from the 
medicinal herb Artemisia annua and forms a group of 
potent antimalarial drugs with artemisinin as the 
parent compound, dihydroartemisinin as its reduction 
product and artesunate, arteether and artemether as 
derivatives. Artemether, the methylether derivative, 
has been synthesized for greater antimalarial activity 
and better solubility in oil than artemisinin (4). 
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The pharmacokinetic profile of artemether after an 
oral dose is characterized by a rapid but probably 
incomplete absorption resulting in a peak concent
ration occurring 1-2 h after drug intake and a short 
elimination half-life in the range of 1-3 h (5-8). 
Artemether is rapidly distributed over several tissues 
and is able to cross the blood brain barrier (9). In 
vitro, liver slices metabolize artemisinin more than 
kidney and lungs, while intestines and blood do not 
metabolize the drug. This suggests that the liver is the 
most likely site for the metabolism of artemisinin 
derivatives (9). Through oxidative demethylation of 
artemether its major metabolite dihydroartemisinin is 
formed (9). 

Many drugs are subject to hepatic biotrans
formation by one of the isoenzymes of cytochrome 
P-450 and show polymorphic drug oxidation. This is 
an important contributing factor to the interindividual 
differences in drug biotransformation. This genetic 
polymorphism can also result in interethnic differences 
in drug metabolism. Thus, 7% of Caucasian people 
have an inactive CYP2D6 and are poor metabolizers 
for the drugs oxidized by this enzyme, whereas only 
1% of Oriental people have an inactive CYP2D6. For 
the enzyme CYP2C19, 3% of Caucasians and up to 
22% of Orientals represent a poor metabolizer 
phenotype (10). Inter-racial differences in enzyme 
activity will have consequences when comparing 
pharmacokinetic studies in different continents and 

enzyme inhibition. Quinidine is a class la anti
arrhythmic agent and a specific inhibitor of CYP2D6. 
For this immediate inhibition a single dose of 50 mg 
suffices (14,15). Omeprazole is a H+/K+-proton pump 
inhibitor and substrate for CYP2C19 (16). 
Interphenotype differences in disposition of the effects 
of omeprazole on gastrin levels have been used as a 
probe for CYP2C19 (17). Omeprazole is also an 
inhibitor of CYP2C19 and interethnic differences in 
omeprazole's inhibition of diazepam metabolism have 
been described (18). 

The objective of this study was to investigate the 
role of CYP2D6 and CYP2C19 enzyme activity in the 
metabolism of artemether and to question whether 
interethnic differences were to be expected on the 
basis of the genetic polymorphism of these enzymes. 
For this purpose, concentration-time courses and 
pharmacokinetic parameters of artemether and 
dihydroartemisinin were studied with and without the 
co-administration of either quinidine or omeprazole as 
inhibitors of CYP2D6 and CYP2C19, respectively. 
The growing international use of artemether in the 
treatment of malaria and these known interethnic 
differences in phenotype distributions of CYP2C19 
and CYP2D6 justifies investigating the role of these 
enzymes in the metabolism of artemether. 

MATERIALS AND METHODS 



134 

advising dosing regimens for different ethnic groups. 
A substantial number of drugs commonly used in 
clinical practice, such as propranolol and diazepam, 
are substrates of the enzymes CYP2D6 or CYP2C19 
(10,11). Poor metabolizers have an increased 
incidence of adverse effects after taking these drugs 
(12). In this context, it is important to note that 
neurotoxicity has been described in animals treated 
with high doses of artemether (13). Although no 
neurotoxicity has been reported in humans, 
theoretically the chance of developing neurotoxic side 
effects would be greater in a poor metabolizer of 
artemether. On the other hand, a poor metabolizer of 
artemether will have prolonged therapeutic drug con
centrations. This could possibly reduce the incidence 
of recrudescence. Recrudesence or relapse of malaria 
is a known problem in the treatment with this group of 
drugs and related to the short elimination half-life. 
However, if the active metabolite dihydroartemisinin 
is formed by one of these poor metabolizing enzymes, 
the efficacy of the drug will be reduced. 

To investigate the influence of CYP2D6 and 
CYP2C19 on artemether metabolism in healthy 
subjects, we pharmacologically induced a transient 

Seven healthy male Dutch Caucasian subjects, 
students aged between 19 and 26 years, with a mean 
height of 1.86 m (range 1.79-1.97 m) and a mean 
body weight of 75.4 kg (range 65-90 kg) were 
recruited. All subjects were without a history of liver 
or kidney disease, alcohol-, caffeine- or drugs-abuse 
and had not recently used any medication. A physical 
examination, an electrocardiogram and routine hem
atology and chemistry blood and urine analysis before 
inclusion revealed no abnormalities. The study had a 
cross-over design with a non-randomised sequence as 
order effects were not to be expected. The subjects 
were fasted overnight and received a single oral dose 
of 100 mg artemether as two 50 mg tablets (Arte-
nam®, Profarma NV, Belgium) on day one. The 
tablets were administered with a glass of water. The 
subjects were not allowed to take food during the first 
3 h after artemether administration. After a wash-out 
period of 1 week, each subject received a 50 mg 
quinidine tablet (Hospital Pharmacy, Academic 
Medical Center, Amsterdam, The Netherlands), 1 h 
prior to 100 mg artemether administration. Vital signs 
and an ECG were repeated 4 and 8 h after quinidine 
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administration. After another wash-out period of 1 
week each subject received 2 tablets of 20 mg 
omeprazole (Losec®, Astra, The Netherlands), 1 h 
prior to 100 mg artemether administration. 

Sampling procedures 

Blood samples were taken just before drug intake and 
at 0.5, 1, 1.5, 2, 2.5, 3, 4, 8 and 12 h after artemether 
administration. From an inserted intravenous catheter 
(Venflon®), 5 ml blood samples were drawn into 
vacuum polystyrene tubes (Venoject II®, Terumo 
Europe, Leuven, Belgium) containing lithium hepar-
inate. The blood samples were centrifuged for 10 min 
at 4000 rpm and transferred into plastic tubes and 
stored (less than 2 months) at -70°C until analysis. It 
has been demonstrated that storage of plasma samples 
at temperatures of 4°C or higher would produce a 
rapid loss of dihydroartemisinin (8). 

Assay procedures 

Reversed phase HPLC with electrochemical detection 
was used to measure the concentration of artemether 
and dihydroartemisinin (6). The analytical equipment 
was set up as previously published by Melendez et al., 
with some modifications (19,20). Instead of the BAS 
200 liquid Chromatograph, a Pump Spectroflow 400 
(flow rate 1.5 ml/min) liquid Chromatograph with 

with a 100 U.1 loop. Chromatographic separations were 
obtained with a Versapack column (Alltech, The 
Netherlands): CN 10 (im, (300 x 4.6 mm) 10 u.m 
particle size, maintained at 30°C. The mobile phase 
was composed of 60% aceto-acetate buffer (100 mM) 
and 40% acetonitrile with a pH of 5. The 
chromatograms were recorded and analyzed with 
Kontron Datjet integrator software. The detection limit 
was 5 ng/ml. The assay was validated between 5 and 
220 ng/ml and the intra- and inter-assay variability 
was under 6% for artemether and under 9% for 
dihydroartemisinin. Drug concentration units are given 
in ng/ml. To convert to SI units (nmol/1) multiply by 
1000 and divide by the molecular weight. Molecular 
weights of artemether and dihydroartemisinin are 296 
and 282 respectively. 

Pharmacokinetic analysis 

The individual pharmacokinetic parameters were 
estimated by non-linear regression analysis of the 10 
concentration-time data points from 0 to 12 hours 
using the program Scientist for Windows (21). A one 
compartment model with a first order input and output 
was used (model 1). We used as variable parameters a 
lag time (t|ag), an absorption rate constant (Kabs), an 
elimination rate constant( Ke)) and a volume of 
distribution/bioavailability (Vd/F). The artemether 
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Triathlon auto-injector (Spark Holland Separations, 
Hendrik Ido Ambacht, The Netherlands) coupled to an 
electrochemical detector (Decade, Antec, Leiden, The 
Netherlands) were used. The instrument was operated 
in the reductive mode as a closed system under 
chromatography grade helium to exclude any oxygen 
at the detector. The electrochemical detector contains 
glassy carbon working electrodes, a reference 
Ag/AgCl and an auxiliary 316 stainless steel electrode. 
All glass materials were silanised to minimize drug 
adsorbtion to the glass. We used 1 ml of plasma for 
extraction and added 25 \il of the internal standard 
solution (1 pg/ml artemisinin) to the samples, 
followed by vortex-mixing for 20 s. Then, 10 ml 
1-chlorobutane/ethyl acetate (9:1) was added and 
shaken for 10 min on a mechanical shaker. The 
samples were centrifuged for 10 min at 4000 rpm at a 
temperature of 23°C. The organic layer was put into 
clean glass tubes and evaporated under a continuous 
nitrogen stream at room temperature. The samples 
were dissolved in 250-500 \i\ ethanol/water (1:1) and 
injected after deoxygenation. The Triathlon 
auto-injector executed sample degassing with argon 
for 15 min and injection of the deoxygenated sample 

dose (D) was put in as a constant. Unexpectedly, we 
observed a second rise in the artemether and dihydro-
artemisinin plasma concentration 2-A h after drug 
intake in most subjects. Therefore, we applied a 
similar model modified with a dose that could be 
absorbed in two fractions with two lag times (model 2, 
two fractions model). We added a fraction A with lag 
time a and fraction B with lag time b (between 2-A h) 
where the total dose = fraction A + fraction B. For 
describing the kinetic profile of dihydroartemisinin, 
we used the same model and assumed that the 
absorption rate constant included the biotrans
formation rate constant of artemether into dihydro
artemisinin. 

The goodness of fit of the modelling procedure 
was evaluated by considering the sum of squared 
differences between the observed and predicted 
concentrations. This resulted in acceptable parameter 
values with low inter-parameter correlation and small 
confidence intervals, producing a reasonable 
correlation coefficient of at least 90% between 
observed and predicted values. We weighted the few 
data points that were clear outliers (due to technical 
errors) with weighting factor 0. We applied the same 
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Table I : Mean (95% CI) pharmacokinetic parameters of artemether after oral administration of 100 mg artemether and mean 
differences (95% CI) when combined with quinidine or omeprazole. 

Artemether Artemether + quinidine Artemether + omeprazole 

Fraction of dose % 69 (60-78) +7 (-14-27) +7 (-12-27) 

Lag time h 0.1 (0.0-0.2) 0.0 (-0.1-0.2) +0.1 (-0.2-0.3) 

Tabsorb 1/2 h 0.3(0.1-0.5) 0.0 (-0.3-0.4) +0.1 (-0.2-0.4) 

Tmax h 0.8(0.5-1.1) +0.3 (-1.1-1.7) 0.0 (-0.3-0.4) 

Cmax ng/ml 29 (14-45) -€(-23-10) 0 (-20-20) 

AUC ng.h/ml 98 (65-132) -33 (-69-^) -8 (-38-21) 

Vd/F I 2311 (1281-3341) +295 (-1133-1723) -492 (-1583-600) 

Telim 1/2 h 1.3(0.8-1.8) -0.2 (-0.7-0.4) -0.3 (-0.9-0.2) 

Fraction of dose = percentage of dose responsible for the first peak; lag time = time between intake of drug and absorption; 
Tabsorti 1/2 = absorption half-life; Tmax = time to reach Cmax; Cmax = first maximum concentration; 

AUC = area under the concentration-time curve; Vd/F = volume of distribution divided by bioavailability; 
Teiim 1/2 = elimination half-life. 

weighting schemes for the different models. Both 
models were compared using a modified Akaike's 
Information Criterion called the Model Selection 
Criterion (MSC). According the definition of this 
criterion, the most appropriate model was the model 
with the largest MSC (21). 

Statistical methods 

In this cross-over design, a paired comparison was 
made of the observed mean difference of several 
pharmacokinetic parameters between the control group 

and the intervention group (quinidine or omeprazole). 
The null hypothesis was that there was no difference. 
A one sample two-tailed paired Student's f-test was 
used, assuming the differences to be normally 
distributed around zero. We assumed that with 
effective enzyme inhibition doubling of the AUC of 
artemether was feasible as we have observed in other 
enzyme inhibition studies with artemether (not yet 
published). Furthermore, other studies have shown that 
quinidine doubled the AUC of propranolol (14). Using 
a mean difference of 100 ng.h/ml for the AUC and 
presumed standard deviation of the difference of 70 
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Fig. 1 : Mean (± SE) artemether concentrations in 7 healthy adults after intake of 100 mg artemether orally alone or in combination 
with quinidine or omeprazole. 
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Table II : Mean (95% CI) pharmacokinetic parameters of' dihydroartemisinin after oral administration of 100 mg artemether and mean 
differences (95% CI) when combined with quinidine or omeprazole. 

Artemether Artemether + quinidine Artemether + Omeprazol 

Fraction of dose % 70 (57-83) +15 (-4-34) +23 (+5-40) 

Lag time h 0.1 (0.0-0.2) +0.2 (0.0-0.4) +0.1 (0.0-0.3) 

Transform 1/2 h 0.14 (0.01-0.27) -0.11 (-0.32-0.10) +0 11 (-0.22-0.44) 

Tmax h 1.6(0.9-2.3) -0.3 (-0.9-0.3) -0.5 (-1.1-0.1) 

Cmax ng/ml 32 (19-44) -3 (-19-14) +4 (-19-27) 

AUC ng.h/ml 132 (65-200) -48 (-124-28) -26 (-91-40) 

Vd/F I 1729(1038-2419) +351 (-224-926) -199 (-1268-869) 

Telim 1/2 h 1.4(0.8-2.1) -0.2 (-0.6-0.3) -0.3 (-1.0-0.5) 

Transform 1/2 = transformation half-life of artemether forming dihydroartemisinin 

ng.h/ml as found in an earlier study, a power of 80% 
and a significance level of 0.05, we calculated that we 
needed 7 subjects to detect this difference between the 
intervention and control group (22,23). This small 
number of persons studied made the likelihood of 
including a poor metabolizer in the group negligible. 

RESULTS 

The seven subjects experienced no side effects during 

two intervention groups. No differences between the 
three groups were observed. 

In Table II, the mean pharmacokinetic parameters 
for dihydroartemisinin are given in the first column. 
We have used the same model for the metabolite as 
for the parent drug. However, Kabs used in the model 
for dihydroartemisinin was actually a summation of 
the absorption rate for artemether + the transformation 
rate of artemether to dihydroartemisinin. We thus con
sidered the half-life calculated from this apparent Kabs 

the 'appearance half-life' of dihydroartemisin in 
plasma. The mean of the individual differences (and 
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this single dose study. No changes were seen in heart 
rate, blood pressure or on the electrocardiogram in the 
artemether + quinidine group checked 4 and 8 h after 
quinidine intake. 

The mean (and 95% confidence interval) 
pharmacokinetic parameters for artemether are shown 
in Table I. These parameters were calculated with 
model 2. In the same table, the mean of the individual 
differences (and 95% confidence interval) are given 
for the two intervention groups (artemether combined 
with quinidine or combined with omeprazole). These 
data show that, on an empty stomach, artemether is 
rapidly absorbed with moderate interindividual 
variability and no significant lag time. A mean peak 
level of 29 ng/ml was observed around 1 h after drug 
intake, with a mean AUC of 98 ng.h/ml. Artemether 
was rapidly eliminated with a mean elimination 
half-life of 1.3 h. Neither quinidine nor omeprazole 
changed Cmax, AUC or the elimination half-life of 
artemether. The AUC of artemether when 
co-administered with quinidine was somewhat lowered 
(from 98 to 61 ng.h/ml), but this reduction was not 
statistically significant. Figure 1 shows a graphical 
presentation of the observed mean (± SE) artemether 
plasma concentrations in the control group and in the 

95% confidence interval) are given in the second and 
third column for the two intervention groups. A graph 
for mean (± SE) dihydroartemisinin plasma-
concentrations in the three groups is shown in Figure 
2. Dihydroartemisinin showed similar pharmacokinetic 
characteristics as artemether and no statistically 
significant differences of the formation and elimi
nation of this metabolite were induced by either 
quinidine or omeprazole. 

Using model 2 (two fractions model) 35 of 42 fits 
had a higher MSC than model 1. This indicated that 
model 2 was more appropriate than model 1 for fitting 
these data. Model 2 also revealed a higher mean 
correlation (r = 0.976) between the observed and 
predicted values. Figure 3 shows the actual artemether 
concentrations in one subject (dots) and predicted 
concentrations calculated with model 1 (full line) and 
model 2 (dashed line). It clearly illustrates a better fit 
with model 2 than with model 1, indicating a second 
rise in the artemether concentrations in the blood after 
2-4 h. Not shown are the dihydroartemisinin 
concentrations where an identical second rise in 
concentration occurred after 2-A h. This phenomenon 
was seen in most individuals and not related to 
co-administration with either quinidine or omeprazole. 
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Fig. 2 : Mean (± SE) dihydroartemisinin concentrations in 7 healthy adults after intake of 100 mg artemether orally alone or in 
combination with quinidine or omeprazole. 
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DISCUSSION 

This study is the first to investigate artemether 
metabolism in Caucasian men and the influence of 
sequentially suppressing two major liver enzymes of 
the cytochrome P450 family CYP2D6 and CYP2C19. 
In this small study with 7 healthy Dutch students, we 
found no change in the pharmacokinetics of arte
mether after oral intake when CYP2D6 was 
suppressed with quinidine. 

No influence was observed either when CYP2C19 
was suppressed by omeprazole. However, due to the 
small sample size only major, clinically relevant, 
changes would have been detected as statistically 
significant. Both quinidine and omeprazole in the 
doses administered by us have been shown to directly 
and effectively inhibit CYP2D6 and CYP2C19, 
respectively (14-18). To avoid a diminished effect due 
to lag time or delayed absorption of quinidine or 
omeprazole tablets we administered them 1 h prior to 
the artemether administration. 

Our data show that artemether elimination was 
rapid in Caucasian healthy subjects after an oral dose 
of 100 mg with a mean T1/2 between 1-2 h. Studies in 
healthy Thai or Malaysian subjects reported half-lives 
of 2-3 h (7,8,24) Interethnic differences have been 

described for many drugs like some antidepressants 
and some benzodiazepins (10). These could play a role 
in the metabolism of the artemisinin derivatives and 
explain these unequal elimination half-lives of 
Caucasian and Oriental healthy volunteers. However, 
comparable artemether elimination half-lives of 1-2 h 

Fig. 3 : Observed artemether concentrations in one subject 
(black dots) and fitted curve with model 1 (full line) 
and model 2 (2 fractions model, dashed line). 
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were found by us in another study in Chinese malaria 
patients (25). 

The mean elimination half-life of dihydro-
artemisinin did not exceed 1.5 h. Overall, the con
centration-time profile of the metabolite dihydro-
artemisinin paralleled the parent drug artemether. It 
suggests a high production rate of dihydroartemisinin 
and a similar elimination rate as artemether (26). 

We calculated a high Vd/F (apparent volume of 
distribution, Vd, divided by bioavailability, F) of 2311 
1 or 31 1/kg. It means that artemether has either a high 
volume of distribution or a low bioavailability or both. 
Since there is no intravenous formulation, the absolute 
bioavailability of artemether is not known. A previous 
study in Thai volunteers revealed a mean oral 
bioavailability relative to intramuscular administration 
of 43% (27). In an earlier multiple dose study with 
artemether in Chinese patients, we found a lower Vd/F 
around 11 1/kg (25). This difference in Vd/F may be 
explained by several factors such as unequal drug 
preparations, different ideal body weights, febrile 
disease affecting Vd and F and possible inter-racial 
differences in first-pass effect. Bioavailability can be 
low because of incomplete absorption or due to a high 
first pass effect when the drug is metabolised in the 
gut wall or liver before reaching the systemic 
circulation. The high values of Vd/F and its large 
variability in our seven healthy volunteers are 
explained, in our opinion, by both a Significant inter-

The significance of the reduction in AUCs of 
artemether and dihydroartemisinin when artemether 
was given with quinidine is unclear .This unexpected 
trend might be found by chance or is possibly a result 
of diminished intestinal motility, a known side effect 
of quinidine, which would reduce the absorbtion of 
artemether. 

We conclude that artemether absorption and 
elimination is rapid in healthy Caucasian volunteers, 
and artemether metabolism is most likely not 
influenced by inhibited activity of CYP2D6 and 
CYP2C19. Although Svensson found that artemisinin 
induced CYP2C19 activity, neither this enzyme nor 
CYP2D6 seems to be of major importance for the 
elimination of artemether or dihydroartemisinin (34). 
Clinically important interethnic differences in the 
metabolism of these two artemisinin derivatives are 
not to be expected in view of the genetic 
polymorphism of these enzymes. 
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as well as intra-individual variation in absorption and 
first pass-effect. 

In this study, we found that artemether absorption 
can be subject to a biphasic kinetic profile. A second 
concentration peak was seen after 2-4 h. First, this 
double peak phenomenon has been described earlier 
for Cimetidine, furosemide, paracetamol and aspirin 
(28-31). It is believed that variable gastric emptying 
rates in the fasted state can result in variable 
absorption rates from the gastrointestinal tract causing 
double peaks in the plasma curves of drugs (28). 
Second, enterohepatic recycling of artemether could 
be another reason for this rise in drug plasma 
concentration 3 h after drug intake. A third reason for 
the two peaks could be an asynchronous disintegration 
and solubilisation of the two tablets, as in each experi
ment two tablets of 50 mg artemether were given. For 
drugs with low solubility and permeability, like arte
mether, dissolution, transit, and uptake in the gastro
intestinal tract are heterogeneous processes. These 
processes can cause high variability in gastrointestinal 
drug absorption (32). Moreover, Vietnamese artemis-
inin tablets and capsules have shown poor disinteg
ration behaviour, according to dissolution data (33). 
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