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Abstract 

Artemether (AM) is one of the most effective anti-malarial drugs. The elimination 

half-life of AM is very short and it shows large interindividual variability in pharmacokinetic 

parameters. The aim of this study was to identify cytochrome P450 (CYP) isozymes 

responsible for the demethylation of AM, and to evaluate functional differences between 26 

CYP2B6 allelic variants in vitro. Of 14 recombinant CYPs examined in this study, CYP2B6 

and CYP3A4 were primarily responsible for production of the desmethyl metabolite 

dihydroartemisinin. The intrinsic clearance (Vmax/Km) of CYP2B6 was 6-fold higher than that 

of CYP3A4. AM demethylation activity was correlated with CYP2B6 protein levels (P = 

0.004), however it was not correlated with CYP3A4 protein levels (P = 0.27) in human liver 

microsomes. Wild-type CYP2B6.1 and 25 CYP2B6 allelic variants (CYP2B6.2-CYP2B6.21 

and CYP2B6.23-CYP2B6.27) were heterologously expressed in COS-7 cells. In vitro analysis 

revealed no enzymatic activity in 5 variants (CYP2B6.8, CYP2B6.12, CYP2B6.18, 

CYP2B6.21, and CYP2B6.24), lower activity in 7 variants (CYP2B6.10, CYP2B6.11, 

CYP2B6.14, CYP2B6.15, CYP2B6.16, CYP2B6.20, and CYP2B6.27), and higher activity in 

4 variants (CYP2B6.2, CYP2B6.4, CYP2B6.6, and CYP2B6.19), compared to wild-type 

CYP2B6.1. In kinetic analysis, 3 variants (CYP2B6.2, CYP2B6.4, and CYP2B6.6) exhibited 

significantly higher Vmax, and 3 variants (CYP2B6.14, CYP2B6.20 and CYP2B6.27) 

exhibited significantly lower Vmax compared with CYP2B6.1. This functional analysis of 

CYP2B6 variants could provide useful information for individualization of anti-malarial drug 

therapy. 
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Introduction 

Malaria is a very serious problem in many countries, and there are more than 200 

million cases that result in approximately 1 million deaths worldwide each year (World Health 

Organization, World Malaria Report 2009, available from 

http://www.who.int/malaria/world_malaria_report_2009/en/index.html). The management of 

malaria has traditionally relied on monotherapy with quinolines such as quinine, mefloquine, 

and chloroquine. However, the widespread and excessive use of these agents has resulted in 

drug resistance (Wernsdorfer et al., 1991; Price et al., 2001; Le Bras et al., 2003). Recently, 

artemisinins, unique sesquiterpene lactone endoperoxides, have been used in areas with 

multidrug resistant Plasmodium falciparum malaria (Woodrow et al., 2005; Gautam et al., 

2009; World Health Organization, Guidelines for treatment malaria, second edition, available 

from http://who.int/malaria/publications/atoz/9789241547925/en/index.html). 

Artemisinin is a natural anti-malarial derived from the Chinese medicinal plant 

Artemisia annua (Klayman et al., 1985). The artemisinin derivative artemether (AM) is the 

most effective anti-malarial drug. AM has a fast onset of action, therapeutic efficacy against 

multidrug-resistant malaria, and few side effects, although neurotoxicity has been observed in 

experimental mammals (Hien et al., 1993; Brewer et al., 1994). AM is mainly converted to 

dihydroartemisinin (DHA) (Fig. 1), a desmethyl metabolite that contributes to the majority of 

the antimalarial activity. The conversion of AM to DHA is catalyzed by cytochrome P450 

(CYP) (van Agtmael et al., 1999A; van Agtmael et al., 1999B; Navaratnam et al., 2000). 

However, the elimination half-life of AM is very short, and it shows large inter-individual 

variability in pharmacokinetic parameters (Na Bangchang et al., 1994; Mordi et al., 1997; van 

Agtmael et al., 1999C; Lefevre et al., 2002; Mwesigwa et al., 2010; Ali et al., 2010). 

The CYP isozymes CYP2B6 and CYP3A4 are thought to catalyze AM demethylation 
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(Navaratnam et al., 2000). In contrast, it has been reported that CYP2D6 and CYP2C19 make 

no major contribution to this reaction (van Agtmael et al., 1998) and the role of other CYPs 

remains unclear. CYP2B6 plays a major role in the biotransformation of several 

therapeutically important drugs, including cyclophosphamide, bupropion, selegiline, efavirenz, 

nevirapine, and methadone (Roy et al., 1999; Hesse et al., 2000; Hidestrand et al., 2001; 

Salonen et al., 2003). Many genetic polymorphisms in the CYP2B6 gene have been reported, 

and these are thought to be responsible for inter-individual and inter-ethnic differences in 

responses to CYP2B6 substrate drugs (Zanger et al., 2007; Mo et al., 2009; Human CYP 

Allele Nomenclature Web site at http://www.cypalleles.ki.se/cyp2b6.htm). In the case of 

chemotherapy using cyclophosphamide, the increasing enzymatic activity of CYP2B6 

variants can be associated with the increased blood concentration of the active metabolite of 

the drug, resulting in a heightened risk of side effects (Xie et al., 2003; Xie et al., 2006; 

Nakajima et al., 2007). 

Several functional analyses of CYP2B6 variant proteins, using an in vitro expression 

system, have been reported. Watanabe et al. (2010) characterized the functional relevance of 

many CYP2B6 variants, including CYP2B6.1-CYP2B6.28, using 

7-ethoxy-4-trifluoromethylcoumarin and selegiline as substrates, and reported that CYP2B6.8, 

CYP2B6.11, CYP2B6.12, CYP2B6.13, CYP2B6.15, CYP2B6.18, CYP2B6.21, CYP2B6.24, 

and CYP2B6.28 were inactive with regard to these compounds. These results were consistent 

with those of a number of in vitro studies using bupropion as a substrate. In contrast, 

CYP2B6.16, CYP2B6.19, and CYP2B6.27 exhibited activity toward 

7-ethoxy-4-trifluoromethylcoumarin and inability to detect selegiline metabolism. Several 

researchers have reported that these CYP2B6 variants exhibited decreased protein 

expression/activity when bupropion was used as the CYP2B6 substrate (Lang et al., 2004; 
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Klein et al., 2005; Wang et al., 2006; Rotger et al., 2007). These results suggest that some 

allelic variants of CYP2B6 are associated with a substrate-dependent decrease in the catalytic 

properties of the enzyme. To date, there have been no reports of functional characterization of 

CYP2B6 variants in relation to AM demethylation activity. 

In this study, we carried out an in vitro analysis of 14 CYPs (CYP1A1, CYP1A2, 

CYP1B1, CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP2E1, CYP2J2, 

CYP3A4, CYP3A5, and CYP4A11) to identify isoforms responsible for AM demethylation, 

and evaluated functional differences among 26 CYP2B6 allelic variants (Fig.2).
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Material and methods 

Chemicals 

AM, DHA, and artemisinin (ART) were purchased from Tokyo Chemical Industry 

Corporation (Tokyo, Japan). Recombinant CYP1A1, CYP2A6, CYP2B6, CYP2C8, CYP2D6, 

CYP2J2, and CYP4A11 SUPERSOMES were purchased from BD Biosciences 

(Massachusetts, USA). CYP1A2, CYP2C9, CYP2E1, CYP3A4, and CYP3A5 

BACULOSOMES were purchased from Invitrogen (Carlsbad, California, USA). NADPH 

was obtained from Oriental Yeast (Tokyo, Japan). Protease Inhibitor Cocktail Set III was 

purchased from Merck Chemicals (Darmstadt, Germany). Methanol (CH3OH) and acetonitrile 

(CH3CN) of LC/MS grade were obtained from Kanto Chemical (Tokyo, Japan). Ammonium 

formate (HCOONH4) and formic acid (HCOOH) of LC/MS grade were obtained from Wako 

Pure Chemical Industries (Tokyo, Japan). 

DHA stock solution (5 mM) was prepared in CH3CN/H2O (50/50, v/v), and working 

solutions (1.0, 2.0, 5.0, 10, 25, 50, 100, and 200 µM) were prepared from the stock solution. 

These solutions were further diluted in 50 mM potassium phosphate buffer (pH 7.4), and the 

final calibration curves were obtained with 0.1, 0.2, 0.5, 1.0, 2.5, 5.0, 10 and 20 µM solutions. 

Working solutions (100 µL) were prepared in 1.5-mL plastic tubes, and 100 µL CH3OH, 5 µL 

internal standard (IS; ART at 100 µM), and 100 µL H2O were added. The resulting mixture 

was vortexed. After centrifugation at 12,000 g for 10 min, 80 µL of the supernatant was 

transferred to a new plastic tube and passed through a filter (pore size: 0.2 µm, YMC). 

Subsequently, 10 µL of the filtered solution was injected into the liquid 

chromatography/tandem mass spectrometry (LC/MS/MS) system for analysis. All peaks were 

integrated automatically by the Xcalibur software. Levels of DHA were calculated from the 

calibration curves by the ratios of their peak areas to that of ART. An 8 point calibration curve 
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was plotted for DHA concentration (0.1, 0.2, 0.5, 1.0, 2.5, 5.0, 10, and 20 µM). 

Sample preparation for analysis of specific activity 

AM demethylation activity was determined by measurement of the formation of DHA, 

according to the method of Asimus et al. (2009), with minor modifications. AM stock solution 

(50 mM) was prepared in CH3CN/H2O (50/50, v/v), and a working solution (500 µM) was 

prepared by dilution of the stock solution in potassium phosphate buffer (pH 7.4). The 

incubation mixture contained AM as a substrate (1 and 50 µM), recombinant CYP enzymes 

(CYP1A1, CYP1A2, CYP1B1, CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, 

CYP2E1, CYP2J2, CYP3A4, CYP3A5, and CYP4A11; 0.5 pmol) or human liver microsomes 

(50 µg), 0.5 mM NADPH, 5 mM MgCl2, and 50 mM potassium phosphate buffer to a final 

volume of 90 µL. After pre-incubation (3 min at 37°C), the reaction was started by adding 

NADPH. Reactions were carried out for 30 min and terminated by the addition of 100 µL 

methanol. Then, 5 µL of internal standard (IS; ART at 100 µM) and 100 µL of H2O were 

added. The resulting mixture was vortexed. After centrifugation at 12,000 g for 10 min, 80 µL 

of the supernatant was transferred to a new plastic tube and passed through a filter (pore size: 

0.2 µm, YMC). Subsequently, 10 µL of the filtered solution was injected into the LC/MS/MS 

system for analysis. All peaks were integrated automatically by the Xcalibur software. Levels 

of DHA were calculated from the calibration curves by using the ratios of their peak areas to 

that of ART. Formation of DHA was in the linear range between 10 and 60 min and 30 and 50 

µg of microsomal protein. 

Sample preparation for analysis of kinetic parameters of CYP2B6 and CYP3A4 

AM stock solution (50 mM) was prepared in CH3CN/H2O (50/50, v/v), and working 

solutions (0.25, 0.50, 1.25, 2.5, 5.0, 12.5, and 25 mM) were prepared by dilution of the stock 

solution. These solutions were diluted with 50 mM potassium phosphate buffer (pH 7.4), and 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on July 11, 2011 as DOI: 10.1124/dmd.111.040352

 at A
SPE

T
 Journals on A

pril 17, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD Manuscript # 40352 

 9

the final calibration curves were obtained with 0.5, 1.0, 2.5, 5.0, 10, 25, 50, and 100 µM. 

CYP2B6 and CYP3A4 activity was evaluated using the concentration ranges 0.5–50 µM and 

2.5–100 µM, respectively. Samples were prepared as described above. 

Determination of DHA and ART using online column-switching LC/MS/MS 

Levels of DHA were determined by the LC/MS/MS method described by Huang et al., 

with minor modifications. A NANOSPACE SI-2 LC system, comprising an LC pump, 

auto-sampler, column oven maintained at 40°C, and on-line degasser (Shiseido, Tokyo, Japan), 

was used. The on-line column-switching valve system consisted of an automated switching 

valve (6-port valve) connected to pump A and pump B. Pump A was connected via the 

switching valve to the trap column, a CAPCELL PAK C18 SG II (10 mm × 2 mm i.d., 3 µm 

particle size) (Shiseido, Tokyo, Japan), and pump B was connected via the switching valve to 

the analytical column, a Sunfire C18 (150 mm × 2.1 mm i.d., 3.5 µm particle size) (Waters, 

Massachusetts, USA). The outlet of the analytical column was connected to the mass 

spectrometer via a divert valve. 

 Sample loading: A 10-µL aliquot of sample was injected onto the trap column using 

pump B with the switching valve in position 1. Impurities on the trap column were eluted to 

waste using 0.1%HCOOH-H2O/CH3CN (5/95, v/v) at a flow rate of 200 µL min-1 for 4 min. 

Concurrently, initial flow was maintained by pump A at 200 µL min-1 with 10 mM 

HCOONH4-H2O (adjusted to pH 4.1 using HCOOH)/0.1% HCOOH -CH3CN (20/80, v/v) via 

the analytical column. 

 Sample elution: At 4 min, the switching valve was switched to position 2 in order to 

allow the purified DHA and ART to be eluted from the trap column onto the analytical 

column and subsequently into the mass spectrometer. Isocratic flow was maintained by pump 

B at a rate of 200 µL min-1 for 11 min. Concurrently, the flow from pump A was passed 
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through the trap column and diverted directly to waste. At 11 min, the switching valve was 

switched back to position 1, and the configuration of the online column switching system 

reverted back to that in the initial conditions (described for the sample loading above). A 

divert valve was used to divert the LC effluent to waste during the first 4.5 min and last 0.5 

min of the chromatographic run. The total run time was 11 min. 

 Quantification analyses by MS were performed in the selected reaction monitoring 

(SRM) mode owing to the high selectivity and sensitivity of SRM data acquisition, in which 

the transitions of the precursor ion into the product ion were monitored: m/z 302→145 and 

302→267 for DHA; m/z 300→151 and 300→209 for ART. The optimized parameters for MS 

are as follows: pos HESI spray voltage, 3 kV; heated capillary temperature, 300°C; sheath gas 

pressure, 50 psi; auxiliary gas setting, 20 psi; and heated vaporizer temperature, 300°C. Both 

the sheath and auxiliary gas were nitrogen. The collision gas was argon at a pressure of 1.5 

mTorr. The LC/MS/MS system was controlled by the Xcalibur software (Thermo Fisher 

Scientific, San Jose, CA), and data were also collected with this software. The retention times 

of DHA and ART were 7.0 and 7.5 min, respectively. 

Liver specimens 

 Human liver specimens were obtained from the Human and Animal Bridging 

Research Organization (HAB) in Chiba, Japan, using frozen human livers (most of the donors 

were Caucasians). Microsomes were prepared from these specimens using differential 

centrifugation. Research protocols were approved by the Ethics Committees of the Graduate 

School of Pharmaceutical Sciences, Tohoku University. 

Expression of CYP2B6 variant proteins in COS-7 cells 

CYP2B6 variant proteins were expressed in COS-7 cells as described by Watanabe et al. 

(2010). 
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Determination of protein expression levels by immunoblotting 

Western blotting was performed according to standard procedures, with 10% sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis, and 30 µg microsomal fractions loaded 

into each lane. Recombinant CYP2B6 SUPERSOMES reagent (BD Gentest, Massachusetts, 

USA) was coanalyzed as the standard on each gel and used to quantify the CYP2B6 protein. 

The CYP2B6 protein was detected using the anti-human CYP2B6 antibody (BD Gentest) and 

horseradish peroxidase-conjugated goat anti-rabbit IgG (Dakocytomation, Glostrup, 

Denmark). CYP3A4 BACULOSOMES reagent (Invitrogen, Carlsbad, California, USA) was 

coanalyzed as the standard on each gel and used to quantify the CYP3A4 protein. The 

CYP3A4 protein was detected using the anti-human CYP3A4 antibody (NOSAN, Yokohama, 

Japan) and horseradish peroxidase-conjugated goat anti-rabbit IgG (Dakocytomation, 

Glostrup, Denmark). Immunoblots were developed using the SuperSignal West Dura 

Extended Duration Substrate (Thermo). Chemiluminescence was quantified using a 

lumino-imaging analyzer (LAS-1000; FUJIFILM, Tokyo, Japan) and the ImageJ software 

(National Institutes of Health, Bethesda, Maryland, USA). 

Sample preparation for analysis of kinetic parameters of CYP2B6 variants 

Microsomal fractions (50 µg) obtained from COS-7 cells were used for evaluation of 

the activity of CYP2B6 variants. Samples were prepared as described above. 

Statistical analysis 

 Apparent Km and Vmax parameters were determined using nonlinear regression 

analysis. All data are as the mean ± SD in triplicate. Statistical analyses of enzymatic 

activities and kinetic parameters were performed by analysis of variance using the Dunnett 

method. A P value of 0.05 or less was considered significant.
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Results 

AM demethylation by recombinant human CYPs 

 The activities of AM demethylation were measured in 14 recombinant human CYP 

enzymes (CYP1A1, CYP1A2, CYP1B1, CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19, 

CYP2D6, CYP2E1, CYP2J2, CYP3A4, CYP3A5, and CYP4A11) at 1 and 50 µM substrate 

concentrations. The lower concentration used was intended to approximate plasma AM 

concentrations reported to be clinically relevant (0.3-1 µM) (Ali et al., 2010). At 1 µM AM, 

AM demethylation activity of recombinant CYP2B6 and CYP3A4 were 6.61 and 2.50 

pmol•min-1•pmol-1 P450, respectively. Under the lower substrate conditions used in this 

study, DHA was not formed by the other CYP isoforms with the exception of CYP2B6 and 

CYP3A4. At higher concentration 50 µM AM, AM was principally metabolized by CYP2B6, 

followed by CYP3A4. A low rate of demethylation was observed for CYP1A2, CYP2C9, 

CYP2C19, CYP2D6, CYP2J2, and CYP3A5; CYP1A1, CYP1B1, CYP2A6, CYP2C8, 

CYP2E1, and CYP4A11 were inactive (Fig. 3). 

Kinetics of AM demethylation by CYP2B6 and CYP3A4 

 The kinetics of AM demethylation were investigated for each of recombinant 

enzymes CYP2B6 and CYP3A4 by Michaelis-Menten plots (Fig. 4). Apparent Km, Vmax, and 

Vmax/Km values for CYP2B6 were estimated as 1.95 µM, 17.9 pmol·min-1·pmol-1 P450, and 

9.19 µL·min-1·pmol-1 P450, respectively; those of CYP3A4 were 8.24 µM, 12.3 

pmol·min-1·pmol-1 P450, and 1.49 µL·min-1·pmol-1 P450, respectively, demonstrating a higher 

Km and lower Vmax, resulting in an approximately one-sixth Vmax/Km value for CYP3A4 

relative to that for CYP2B6. 

Comparison of AM demethylation activities (at 50 µM AM) to immunoquantified 

CYP2B6 and CYP3A4 protein levels in 13 human liver microsomes 
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 As shown in figure 5, AM demethylation activity in 13 human liver microsomes was 

correlated with immunoquantified CYP2B6 content (r2 = 0.548, P = 0.004), but not with 

immunoquantified CYP3A4 content (r2 = 0.109, P = 0.272). 

Enzymatic properties for AM demehylation by wild-type and 25 variant CYP2B6s 

 The demethylation activities of wild-type and 25 variant microsomal CYP2B6 

proteins were determined using AM (50 µM) as a substrate (Fig.6). For CYP2B6.8, 

CYP2B6.12, CYP2B6.18, CYP2B6.21, and CYP2B6.24, no AM demethylation activity was 

detected. The enzymatic activity of CYP2B6.3 could not be calculated because its expression 

level could not determined by immunoblotting. CYP2B6.10, CYP2B6.11, CYP2B6.14, 

CYP2B6.15, CYP2B6.16, CYP2B6.20, and CYP2B6.27 exhibited significantly decreased 

activities compared with wild-type CYP2B6. 

 The Michaelis-Menten kinetics for AM demethylation were determined for 

CYP2B6.1, CYP2B6.2, CYP2B6.4, CYP2B6.5, CYP2B6.6, CYP2B6.7, CYP2B6.9, 

CYP2B6.10, CYP2B6.13, CYP2B6.14, CYP2B6.17, CYP2B6.19, CYP2B6.20, CYP2B6.23, 

CYP2B6.25, CYP2B6.26, and CYP2B6.27. The kinetic parameters are summarized in Table 1. 

The estimated kinetic parameters apparent Km, Vmax, and Vmax/apparent Km for AM 

demethylation by CYP2B6.1 were 3.10 µM, 36.0 pmol·min-1·pmol-1 CYP2B6, and 12.4 

µL·min-1·pmol-1 CYP2B6, respectively. The Vmax values of CYP2B6.14, CYP2B6.20, and 

CYP2B6.27 were significantly decreased, whereas those of CYP2B6.2, CYP2B6.4, and 

CYP2B6.6 were significantly increased, relative to the wild-type enzyme.
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Discussion 

 In this study, we have determined the human CYP enzymes responsible for AM 

demethylation. Among 14 human CYPs, CYP2B6 has the highest intrinsic activity for AM 

demethylation, followed by CYP3A4. In the kinetic parameter analysis, the affinity of 

CYP2B6 was 4-hold higher than that of CYP3A4, and the Vmax/ apparent Km of CYP2B6 was 

6-fold higher than that of CYP3A4. These results suggest that AM demethylation is likely to 

be mainly catalyzed by CYP2B6 in the liver. The contribution of CYP2B6 in AM 

demethylation by human liver microsomes was further substantiated by showing a correlation 

to CYP2B6 protein content (r2 = 0.548). However, van Agtmael et al. (1999A; 1999B) have 

reported that administration of AM with grapefruit juice, a CYP3A4 inhibitor, increased the 

blood concentration of AM and DHA but not their elimination half-life. Thus, CYP3A4 might 

also play an important role in the metabolism of AM. 

 CYP2B6 is a genetically polymorphic enzyme (Zanger et al., 2007; Arenaz et al., 

2010). In vitro functional characterization of polymorphically expressed CYP2B6 variants 

revealed that CYP2B6.4 and CYP2B6.6 increased AM demethylation activity, whereas 

CYP2B6.8, CYP2B6.11, CYP2B6.12, CYP2B6.14, CYP2B6.15, CYP2B6.16, CYP2B6.18, 

CYP2B6.20, CYP2B6.21, CYP2B6.24, and CYP2B6.27 exhibited no activity or decreased 

activity. These alterations were consistent with those of previous in vitro studies performed 

using bupropion, 7-ethoxy-4-trifluoromethylcoumarin, and selegiline as CYP2B6 substrates 

(Lang et al., 2004; Klein et al., 2005; Wang et al., 2006; Rotger et al., 2007; Watanabe et al., 

2010). However, CYP2B6.2 exhibited increased AM demethylation activity, and the activity 

of CYP2B6.13 was similar to that of wild-type CYP2B6.1. There have been several reports 

that CYP2B6.2 exhibited no functional differences compared to CYP2B6.1 (Jinno et al., 

2003; Watanabe et al., 2010), and that CYP2B6.13 had no metabolic activity toward 
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7-ethoxy-4-trifluoromethylcoumarin and selegiline (Watanabe et al., 2010). These results 

suggest that these CYP2B6 variants show substrate-dependent changes in the catalytic 

properties of the enzyme. 

 Gay et al. (2010) recently determined the crystal structure of CYP2B6, allowing the 

prediction of precise locations within the three-dimensional structure where amino acid 

substitutions occur. They suggested that the K262R substitution on the G/H loop is assembled 

into a hydrogen-bonding network with H252, T255, D263, and D266, and is involved in 

protein stability. In this study, the AM demethylation activities of CYP2B6.12 (G99E) and 

CYP2B6.24 (Q476D) were not detectable. In the CYP2B6 protein structure, the G99 and 

Q476 residues are located in substrate recognition site (SRS) 1 and SRS6, respectively. These 

amino acid changes may reduce the affinity of CYP2B6 for AM. However, a number of 

amino acids with altered AM demethylation activity are located far from substrate recognition 

sites. Indeed, the apparent Km values of AM demethylation were not significantly different 

among the CYP2B6 variants (Table 1). We hypothesize that the functional effects of these 

variants are transduced via long-range hydrogen-bonding networks or through subtle 

differences in the placement of secondary structural elements. In addition, most of the amino 

acid substitutions that abolished enzymatic activity are conserved among human CYPs and 

are therefore critical for CYP2B6 activity. 

 This is the first study to functionally analyze CYP2B6 genetic variants with respect 

to AM demethylation activity. If CYP2B6 has a significant role in the metabolism of AM in 

vivo as well as in vitro, individuals with poor CYP2B6 metabolism might have higher plasma 

AM concentrations than those with more active variants of this enzyme. However, because 

DHA also has an anti-malarial effect, it would be difficult to assess the clinical outcome in 

subjects who polymorphically express CYP2B6 without in vivo data. To more fully 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on July 11, 2011 as DOI: 10.1124/dmd.111.040352

 at A
SPE

T
 Journals on A

pril 17, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD Manuscript # 40352 

 16 

understand the mechanistic basis of our findings, it would be of great value to clinically 

examine the relationship between CYP2B6 genotypes and the plasma concentration of AM 

and its metabolites. 

 In conclusion, demethylation of AM was mainly catalyzed by recombinant CYP2B6, 

although recombinant CYP3A4 also exhibited this metabolic activity. In addition, we 

performed a comprehensive analysis, using COS-7 cells as a heterologous expression system, 

to characterize nonsynonymous CYP2B6 variants. Many of the 26 variants expressed in 

COS-7 cells exhibited significantly altered AM demethylation activity. This study provides 

insights into the genotype-phenotype associations of CYP2B6 and lays a foundation for future 

clinical studies on interindividual variation in drug efficacy and toxicity.

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on July 11, 2011 as DOI: 10.1124/dmd.111.040352

 at A
SPE

T
 Journals on A

pril 17, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD Manuscript # 40352 

 17 

Authorship Contributions 

Participated in research design: Hiratsuka,Honda, and Hirasawa. 

Conducted experiments: Honda, Muroi, and Tamaki. 

Contributed analytic tools: Saigusa, Suzuki, Tomioka, and Matsubara 

Performed data analysis: Hiratsuka, Honda, and Oda. 

Wrote or contributed to the writing of the manuscript: Hiratsuka, Honda, and Saigusa. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on July 11, 2011 as DOI: 10.1124/dmd.111.040352

 at A
SPE

T
 Journals on A

pril 17, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD Manuscript # 40352 

 18 

References 

Ali S, Najmi MH, Tarning J, and Lindegardh N (2010) Pharmacokinetics of artemether and 

dihydroartemisinin in healthy Pakistani male volunteers treated with 

artemether-lumefantrine. Malar J 9:275. 

Arenaz I, Vicente J, Fanlo A, Vasquez P, Medina JC, Conde B, Gonzalez-Andrade F, and 

Sinues B (2010) Haplotype structure and allele frequencies of CYP2B6 in Spaniards 

and Central Americans. Fundam Clin Pharmacol 24:247-253. 

Asimus S and Ashton M (2009) Artemisinin--a possible CYP2B6 probe substrate? Biopharm 

Drug Dispos 30:265-275. 

Brewer TG, Grate SJ, Peggins JO, Weina PJ, Petras JM, Levine BS, Heiffer MH, and 

Schuster BG (1994) Fatal neurotoxicity of arteether and artemether. Am J Trop Med 

Hyg 51:251-259. 

Gautam A, Ahmed T, Batra V, and Paliwal J (2009) Pharmacokinetics and 

pharmacodynamics of endoperoxide antimalarials. Curr Drug Metab 10:289-306. 

Gay SC, Shah MB, Talakad JC, Maekawa K, Roberts AG, Wilderman PR, Sun L, Yang JY, 

Huelga SC, Hong WX, Zhang Q, Stout CD, and Halpert JR (2010) Crystal structure of 

a cytochrome P450 2B6 genetic variant in complex with the inhibitor 

4-(4-chlorophenyl)imidazole at 2.0-A resolution. Mol Pharmacol 77:529-538. 

Hesse LM, Venkatakrishnan K, Court MH, von Moltke LL, Duan SX, Shader RI, and 

Greenblatt DJ (2000) CYP2B6 mediates the in vitro hydroxylation of bupropion: 

potential drug interactions with other antidepressants. Drug Metab Dispos 

28:1176-1183. 

Hidestrand M, Oscarson M, Salonen JS, Nyman L, Pelkonen O, Turpeinen M, and 

Ingelman-Sundberg M (2001) CYP2B6 and CYP2C19 as the major enzymes 

responsible for the metabolism of selegiline, a drug used in the treatment of 

Parkinson's disease, as revealed from experiments with recombinant enzymes. Drug 

Metab Dispos 29:1480-1484. 

Hien TT and White NJ (1993) Qinghaosu. Lancet 341:603-608. 

Huang L, Jayewardene AL, Li X, Marzan F, Lizak PS, and Aweeka FT (2009) Development 

and validation of a high-performance liquid chromatography/tandem mass 

spectrometry method for the determination of artemether and its active metabolite 

dihydroartemisinin in human plasma. J Pharm Biomed Anal 50:959-965. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on July 11, 2011 as DOI: 10.1124/dmd.111.040352

 at A
SPE

T
 Journals on A

pril 17, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD Manuscript # 40352 

 19 

Jinno H, Tanaka-Kagawa T, Ohno A, Makino Y, Matsushima E, Hanioka N, and Ando M 

(2003) Functional characterization of cytochrome P450 2B6 allelic variants. Drug 

Metab Dispos 31:398-403. 

Klayman DL (1985) Qinghaosu (artemisinin): an antimalarial drug from China. Science 

228:1049-1055. 

Klein K, Lang T, Saussele T, Barbosa-Sicard E, Schunck WH, Eichelbaum M, Schwab M, 

and Zanger UM (2005) Genetic variability of CYP2B6 in populations of African and 

Asian origin: allele frequencies, novel functional variants, and possible implications 

for anti-HIV therapy with efavirenz. Pharmacogenet Genomics 15:861-873. 

Lang T, Klein K, Richter T, Zibat A, Kerb R, Eichelbaum M, Schwab M, and Zanger UM 

(2004) Multiple novel nonsynonymous CYP2B6 gene polymorphisms in Caucasians: 

demonstration of phenotypic null alleles. J Pharmacol Exp Ther 311:34-43. 

Le Bras J and Durand R (2003) The mechanisms of resistance to antimalarial drugs in 

Plasmodium falciparum. Fundam Clin Pharmacol 17:147-153. 

Lefevre G, Carpenter P, Souppart C, Schmidli H, McClean M, and Stypinski D (2002) 

Pharmacokinetics and electrocardiographic pharmacodynamics of 

artemether-lumefantrine (Riamet) with concomitant administration of ketoconazole in 

healthy subjects. Br J Clin Pharmacol 54:485-492. 

Mo SL, Liu YH, Duan W, Wei MQ, Kanwar JR, and Zhou SF (2009) Substrate Specificity, 

Regulation, and Polymorphism of Human Cytochrome P450 2B6. Curr Drug Metab. 

10:730-753. 

Mordi MN, Mansor SM, Navaratnam V, and Wernsdorfer WH (1997) Single dose 

pharmacokinetics of oral artemether in healthy Malaysian volunteers. Br J Clin 

Pharmacol 43:363-365. 

Mwesigwa J, Parikh S, McGee B, German P, Drysdale T, Kalyango JN, Clark TD, Dorsey G, 

Lindegardh N, Annerberg A, Rosenthal PJ, Kamya MR, and Aweeka F (2010) 

Pharmacokinetics of artemether-lumefantrine and artesunate-amodiaquine in children 

in Kampala, Uganda. Antimicrob Agents Chemother 54:52-59. 

Na Bangchang K, Karbwang J, Thomas CG, Thanavibul A, Sukontason K, Ward SA, and 

Edwards G (1994) Pharmacokinetics of artemether after oral administration to healthy 

Thai males and patients with acute, uncomplicated falciparum malaria. Br J Clin 

Pharmacol 37:249-253. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on July 11, 2011 as DOI: 10.1124/dmd.111.040352

 at A
SPE

T
 Journals on A

pril 17, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD Manuscript # 40352 

 20 

Nakajima M, Komagata S, Fujiki Y, Kanada Y, Ebi H, Itoh K, Mukai H, Yokoi T, and 

Minami H (2007) Genetic polymorphisms of CYP2B6 affect the 

pharmacokinetics/pharmacodynamics of cyclophosphamide in Japanese cancer 

patients. Pharmacogenet Genomics 17:431-445. 

Navaratnam V, Mansor SM, Sit NW, Grace J, Li Q, and Olliaro P (2000) Pharmacokinetics of 

artemisinin-type compounds. Clin Pharmacokinet 39:255-270. 

Price RN and Nosten F (2001) Drug resistant falciparum malaria: clinical consequences and 

strategies for prevention. Drug Resist Updat 4:187-196. 

Rotger M, Tegude H, Colombo S, Cavassini M, Furrer H, Decosterd L, Blievernicht J, 

Saussele T, Gunthard HF, Schwab M, Eichelbaum M, Telenti A, and Zanger UM 

(2007) Predictive value of known and novel alleles of CYP2B6 for efavirenz plasma 

concentrations in HIV-infected individuals. Clin Pharmacol Ther 81:557-566. 

Roy P, Yu LJ, Crespi CL, and Waxman DJ (1999) Development of a substrate-activity based 

approach to identify the major human liver P-450 catalysts of cyclophosphamide and 

ifosfamide activation based on cDNA-expressed activities and liver microsomal P-450 

profiles. Drug Metab Dispos 27:655-666. 

Salonen JS, Nyman L, Boobis AR, Edwards RJ, Watts P, Lake BG, Price RJ, Renwick AB, 

Gomez-Lechon MJ, Castell JV, Ingelman-Sundberg M, Hidestrand M, Guillouzo A, 

Corcos L, Goldfarb PS, Lewis DF, Taavitsainen P, and Pelkonen O (2003) 

Comparative studies on the cytochrome p450-associated metabolism and interaction 

potential of selegiline between human liver-derived in vitro systems. Drug Metab 

Dispos 31:1093-1102. 

van Agtmael MA, Van Der Graaf CA, Dien TK, Koopmans RP, and van Boxtel CJ (1998) 

The contribution of the enzymes CYP2D6 and CYP2C19 in the demethylation of 

artemether in healthy subjects. Eur J Drug Metab Pharmacokinet 23:429-436. 

van Agtmael MA, Gupta V, van der Wosten TH, Rutten JP, and van Boxtel CJ (1999A) 

Grapefruit juice increases the bioavailability of artemether. Eur J Clin Pharmacol 

55:405-410. 

van Agtmael MA, Gupta V, van der Graaf CA, and van Boxtel CJ (1999B) The effect of 

grapefruit juice on the time-dependent decline of artemether plasma levels in healthy 

subjects. Clin Pharmacol Ther 66:408-414. 

van Agtmael MA, Cheng-Qi S, Qing JX, Mull R, and van Boxtel CJ (1999C) Multiple dose 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on July 11, 2011 as DOI: 10.1124/dmd.111.040352

 at A
SPE

T
 Journals on A

pril 17, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD Manuscript # 40352 

 21 

pharmacokinetics of artemether in Chinese patients with uncomplicated falciparum 

malaria. Int J Antimicrob Agents 12:151-158. 

Watanabe T, Sakuyama K, Sasaki T, Ishii Y, Ishikawa M, Hirasawa N, and Hiratsuka M 

(2010) Functional characterization of 26 CYP2B6 allelic variants 

(CYP2B6.2-CYP2B6.28, except CYP2B6.22). Pharmacogenet Genomics 20:459-462. 

Wang J, Sonnerborg A, Rane A, Josephson F, Lundgren S, Stahle L, and Ingelman-Sundberg 

M (2006) Identification of a novel specific CYP2B6 allele in Africans causing 

impaired metabolism of the HIV drug efavirenz. Pharmacogenet Genomics 

16:191-198. 

Wernsdorfer WH (1991) The development and spread of drug-resistant malaria. Parasitol 

Today 7:297-303. 

Woodrow CJ, Haynes RK, and Krishna S (2005) Artemisinins. Postgrad Med J 81:71-78. 

Zanger UM, Klein K, Saussele T, Blievernicht J, Hofmann MH, and Schwab M (2007) 

Polymorphic CYP2B6: molecular mechanisms and emerging clinical significance. 

Pharmacogenomics 8:743-759. 

Xie HJ, Yasar U, Lundgren S, Griskevicius L, Terelius Y, Hassan M, and Rane A (2003) Role 

of polymorphic human CYP2B6 in cyclophosphamide bioactivation. 

Pharmacogenomics J 3:53-61. 

Xie H, Griskevicius L, Stahle L, Hassan Z, Yasar U, Rane A, Broberg U, Kimby E, and 

Hassan M (2006) Pharmacogenetics of cyclophosphamide in patients with 

hematological malignancies. Eur J Pharm Sci 27:54-61. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on July 11, 2011 as DOI: 10.1124/dmd.111.040352

 at A
SPE

T
 Journals on A

pril 17, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD Manuscript # 40352 

 22 

Footnotes 

This work was supported by the Japan Society for the Promotion of Science 

[KAKENHI 20590154]; and in part by a grant from the Smoking Research Foundation. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on July 11, 2011 as DOI: 10.1124/dmd.111.040352

 at A
SPE

T
 Journals on A

pril 17, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD Manuscript # 40352 

 23 

Legends for figures 

Fig.1. Metabolic pathway of artemether (AM) to dihydroartemisinin (DHA) by CYP 

enzymes 

 

Fig.2. Structures of CYP2B6 alleles characterized in this study 

The 9 exons are indicated by numbered boxes. Some promoter and intronic polymorphisms 

are not shown. 

 

Fig.3. AM demethylation activity of 14 CYP isozymes 

The concentration of AM was 50 µM. Each number corresponds to a CYP subtype. Results 

are presented as the mean ± S.D. in triplicate. N.D., not detectable (Activities were lower than 

0.22 pmol·min-1·pmol-1 P450). 

 

Fig.4. The Michaelis-Menten curves for the demethylation of AM with recombinant 

CYP2B6 and CYP3A4. 

 

Fig.5. Comparison of AM demethylation activities (at 50 µM AM) to immunoquantified 

CYP2B6 (A) and CYP3A4 (B) protein levels in 13 human liver microsomes. 

Correlation coefficients (r2) obtained in these cases are shown. 

 

Fig.6. AM demethylation activity of CYP2B6 proteins expressed in COS-7 cells 

The concentration of AM was 50 µM. Each number corresponds to CYP2B6 variant proteins. 

Results are presented as the mean ± S.D. in triplicate. *P < 0.05 compared to CYP2B6.1. N.D., 

not detectable. 
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Table 1. Kinetic parameters of AM demethylation by CYP2B6 proteins expressed in COS-7 cells. 

Variants Apparent Km 
(µM) 

Vmax 
(pmol/min/pmol 

CYP2B6) 

Vmax/apparent Km 
(µL/min/pmol CYP2B6) 

Vmax/apparent Km 
ratio 

(% CYP2B6.1) 

CYP2B6.1 3.10 ± 1.1 36.0 ± 5.67 12.4 ± 4.11  
CYP2B6.2 4.29 ± 2.7  64.4 ± 3.92 * 18.8 ± 9.19 129 
CYP2B6.4 2.73 ± 0.45  70.6 ± 9.29 * 26.0 ± 2.42 223 
CYP2B6.5 6.87 ± 6.8 19.8 ± 3.06 8.91 ± 11.3 24.8 
CYP2B6.6 6.72 ± 3.0  150 ± 15.9 * 24.2 ± 6.84 192 
CYP2B6.7 2.80 ± 1.4 50.1 ± 12.3 19.2 ± 4.65 154 
CYP2B6.9 4.44 ± 1.7 33.1 ± 5.20 8.38 ± 3.94 64.2 
CYP2B6.10 1.93 ± 0.68 17.0 ± 5.03 9.98 ± 5.05 75.7 
CYP2B6.13 7.33 ± 4.1 18.2 ± 5.54 2.93 ± 1.73 21.3 
CYP2B6.14 5.06 ± 5.8   7.06 ± 1.63 * 6.70 ± 9.40 12.0 
CYP2B6.17 2.17 ± 0.40 21.2 ± 4.73 9.44 ± 2.45 84.0 
CYP2B6.19 8.06 ± 8.9  36.9 ± 21.9 7.38 ± 6.15 39.4 
CYP2B6.20 6.47 ± 9.8   9.85 ± 2.22 * 8.79 ± 7.22 13.1 
CYP2B6.23 1.91 ± 0.72 31.4 ± 7.71 17.6 ± 5.93 142 
CYP2B6.25 2.04 ± 1.9 25.7 ± 7.31 21.6 ± 15.7 108 
CYP2B6.26 5.50 ± 3.4 37.3 ± 6.04 10.1 ± 8.13 58.4 
CYP2B6.27 4.50 ± 0.98  10.6 ± 6.16 * 2.59 ± 1.82 20.2 

Results represent the mean ± S.D. in triplicate. *P < 0.05 compared to CYP2B6.1. 
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