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Abstract

1. Cytochrome P450 enzyme system is the most important contributor to oxidative metabolism
of drugs. Modification, and more specifically inhibition, of this system is an important

determinant of several drug—drug interactions (DDIs).
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2. Effects of the antimalarial agent artemisinin and its structural analogues, artemether,

artesunate and dihydroartemisinin, on seven of the major human liver CYP isoforms

History

(CYP1A2, 2A6, 2B6, 2C9, 2C19, 2D6 and 3A4) were evaluated using recombinant enzymes

(fluorometric assay) and human liver microsomes (LC-MS/MS analysis). Inhibitory potency
(ICsp) and mechanisms of inhibition were evaluated using nonlinear regression analysis.
In vitro—in vivo extrapolation using the [/I/K; ratio was applied to predict the risk of DDI

in vivo.
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3. All compounds tested inhibited the enzymatic activity of CYPs, mostly through a mixed type
of inhibition, with CYP1A2, 2B6, 2C19 and 3A4 being affected. A high risk of interaction
in vivo was predicted if artemisinin is coadministrated with CYP1A2 or 2C19 substrates.

4. With respect to CYP1A2 inhibition in vivo by artemisinin compounds, our findings are in line
with previously published data. However, reported risks of interaction may be overpredicted

and should be interpreted with caution.

Introduction

Malaria, a life-threatening parasitic disease caused by proto-
zoan parasites belonging to the Plasmodium genus, is one of
the major public health challenges undermining development
in the poorest countries in the world. Today the World Health
Organization (WHO) recommends artemisinin-based com-
bination therapies as the first-line treatment (WHO, 2010).
The parent compound of the artemisinin class of drugs,
artemisinin, is isolated from the plant Artemisia annua.
In most countries the clinical use of artemisinin has been
superseded by its semi-synthetic derivatives, such as arte-
mether, artesunate and dihydroartemisinin. The unique feature
of these compounds is the presence of an endoperoxide bridge
as pharmacophore being essential for their antimalarial
activity (van Agtmael et al., 1999b).

With today’s comprehensive drug development, increased
medical knowledge about diseases, and an increased life
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expectancy, many patients undergo multiple-drug therapy,
using more than one medication. Multiple-drug therapy poses
several advantages, such as simultaneous treatment of condi-
tions, or multidrug therapy for the treatment of complex
chronical disorders, including hypertension, HIV, tubercu-
losis, malaria, cancer and neuropathic pain, resulting in
a better treatment outcome compared to monotherapy
(Backonja et al., 2006). However, coadministration of mul-
tiple drugs increases the risk for drug—drug interactions
(DDIs), many of which are pharmacokinetically based and
often involve drug metabolism (Shou et al., 2001). The most
common cause of DDIs is modification of the enzymatic
activity of Cytochrome P450 (CYP) enzymes, specifically
through inhibitory effects. This enzymatic system constitutes
a superfamily of isoforms that play the most important role
in the oxidative phase I metabolism of drugs and, therefore
have a significant impact on the severity of DDIs (Pelkonen
et al., 2008). Inhibition of CYP enzymes in vivo may result
in unexpected elevations in the plasma concentrations of
concomitant drugs, leading to adverse effects. Therefore,
regulatory authorities require preclinical (in vitro) and clinical
(in vivo) interaction studies in the drug development process
(FDA, 2012).

Artemisinin and artemether have previously been found to
inhibit the activity of CYP2B6 in a non-time-dependent
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fashion (Ericsson et al., 2012). The present study aimed to
further investigate the effect of artemisinin, artemether,
artesunate and dihydroartemisinin on the activity of seven
of the major human liver CYP enzymes (CYP1A2, 2A6, 2B6,
2C9, 2C19, 2D6 and 3A4) in vitro. The CYP inhibitory
potential of these endoperoxides was evaluated individually
for each isoform, using recombinant enzymes (rCYP) and a
fluorometric assay that utilizes biotransformation of pro-
fluorescent substrates into fluorescent metabolites. Further,
their inhibitory potential on the metabolic activity of the
seven CYP enzymes were also evaluated simultaneously
using a substrate cocktail approach using human liver
microsomes (HLM) and LC-MS/MS analysis to simultan-
eously measure the formation of seven CYP-specific substrate
metabolites.

Materials and methods
Materials

Pooled HLM (pool of 24 individuals, lot number 34689),
BD supersomes, expressing CYP1A2, 2A6, 2B6, 2C9, 2C19,
2D6 and 3A4, respectively, and dibenzylfluorescein (DBF)
were purchased from BD Bioscience (Woburn, MA). 3-[2-
(N,N-Diethyl-N-methylammonium)-ethyl]-7-methoxy-4-
methylcoumarin  (AMMC), 7-benzyloxy-4-trifluoromethyl-
coumarin  (BFC),  7-ethoxy-3-cyanocoumarin  (CEC),
7-ethoxy-4-trifluoromethylcoumarin (EFC), 7-methoxy-4-tri-
fluoromethylcoumarin (MFC), coumarine, 7-hydroxycou-
marin, bupropion, hydroxybupropion, dextrormethorphan,
dextrorphan, mephenytoin, 4’-hydroxymephenytoin, midazo-
lam, 1-hydroxymidazolam, phenacetin, acetaminophen,
tolbutamide, 4-hydroxytolbutamide, chlorpropamide, furafyl-
line, ketoconazole, quinidine, sulfaphenazole, tranylcypro-
mine, glucose-6-phosphate  dipotassium salt hydrate,
NADP, glucose-6-phosphate dehydrogenase, magnesium
chloride hexahydrate, potassium phosphate dibasic trihydrate
and potassium phosphate monobasic were obtained from
Sigma-Aldrich (St Louis, MO). Artemisinin was obtained
from National Institute of Malariology, Parasitology and
Entomology (NIMPE — Hanoi, Vietnam), artemether from
Novartis (Basel, Switzerland), artesunate from the University
of Algarve (Algarve, Portugal) and dihydroartemisinin was
obtained from DK Pharma, Hanoi, Vietnam.
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Fluorometric assay and conditions for recombinant
enzymes incubations

Fluorescence-based P450 activity assays were performed by
direct incubations of recombinant enzymes (rCYP1A2, 2A6,
2B6, 2C9, 2C19, 2D6 and 3A4) in microtiter plates (F96,
NUNC, Thermo Scientific LPG LCD, Fischer Scientific,
Gothenburg, Sweden) with selected substrates (Table 1).
Stock solutions of test compounds, positive controls and
substrates were prepared in acetonitrile with a final aceto-
nitrile concentration in all wells <2% v/v. All incubations
were conducted at 37°C with a final working volume of
200 pL/well, containing either phosphate buffer, pH 7.4
rCYP1A2, 2B6, 2C9, 2C19, 2D6 and 3A4) or Tris buffer,
pH 7.4 (rCYP2AG6; inhibited by phosphate; Stresser, 2004)
and an NADPH-regenerating system (1.3mM NADP*,
3.3mM G-6-P, 3.3mM MgCl, and 0.4 U/mL G-6-P-D for
rCYP1A2, 2B6, 2C9 and 2D6; 8.2uM NADP*, 0.41 mM
G-6-P, 0.14 mM MgCl, and 0.4 U/mL G-6-P-D for rCYP2A6,
2C19 and 3A4). Test compounds, positive control or vehicle
in buffer and NADPH-regenerating system were pre-incu-
bated (37°C) for 10 min in a 96-well plate. Reactions were
initiated by the addition of an enzyme/substrate solution
(final substrate concentration approximately equal to their
respective K,,; Stresser, 2004) and were allowed to run for
the respective incubation time (Table 1). Reactions were
stopped by the addition of 75 pL stop solution containing
Tris—acetonitrile, 20:80 v/v (or 2M NaOH for the DBF
reaction with CYP3A4). Fluorescence was measured using
a Tecan Infinite F200 fluorometer (Tecan Nordic AB,
Molndal, Sweden), with the intensity of the response used
as a measure of the metabolite formation rate. The percentage
activity remaining was calculated by comparing the inhibited
activity (fluorescence intensity) with non-inhibited controls.

Inhibition studies with rCYP
Single point inhibition assay

The enzymatic activities of rCYP1A2, 2A6, 2B6, 2C9, 2C19,
2D6 and 3A4 were evaluated in the absence and presence of
artemisinin (80 uM), artemether (80 uM), artesunate (80 M)
dihydroartemisinin (80 pM) or positive controls (30 pM
furafylline, rCYP1A2; 8uM tranylcypromine, rCYP2A6;
40 uM tranylcypromine, rCYP2B6; 3 uM sulfaphenazole,

Table 1. Experimental conditions for the single point inhibition assay and the ICs, assay with recombinant enzymes.

[Substrate] Enzyme Incubation

P450 isoform Substrate/metabolite (M) (nmol/L) Buffer (mM) time (min)
1A2 CEC/CHC 5 2.5 KPO, (100) 15
2A6 COU/HC 3 5 TRIS (100) 30
2B6 EFC/HFC 2.5 5 KPO, (100) 30
2C9 MFC/HFC 75 20 KPO, (25) 45
2C19 CEC/CHC 25 5 KPO,4 (50) 30
2D6 AMMC/AMHC 1.5 7.5 KPO, (100) 15
3A4 BFC/HFC 50 5 KPO,4 (200) 30
3A4 DBF/Fluorescein 1 1 KPO, (200) 10

Abbreviations: AMMC, 3-[2-(N,N-diethyl-N-methylammonium)-ethyl]-7-methoxy-4-methylcoumarin; BFC, 7-benzyloxy-
4-trifluoromethylcoumarin; CEC, 7-ethoxy-3-cyanocoumarin; COU, coumarin; DBF, dibenzylfluorescein; EFC,
7-ethoxy-4-trifluoromethylcoumarin; MFC, 7-methoxy-4-trifluoromethylcoumarin; AMHC, 3-[2-(N,N-diethyl-N-
methylammonium)ethyl]-7-hydroxy-4-methylcoumarin; HFC, 7-hydroxy-4-trifluoro-methylcoumarin; CHC, 7-hydroxy-

3-cyanocoumarin; HC, 7-hydroxycoumarin.
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rCYP2C9; 55 uM tranylcypromine, rCYP2C19; 0.2 uM quini-
dine, rCYP2D6; 0.2uM ketoconazole, rCYP3A4). Test
compound concentration was set to a level that was expected
to produce a relevant inhibitory effect in the event of enzyme
inhibition. After pre-incubation (37°C), reactions were
initiated by the addition of an enzyme/substrate solution,
allowed to run for recommended incubation times, before
termination followed by fluorescence measuring as described
above. Experimental conditions are shown in Table 1.

ICs¢ determinations

Based on the results from the single point inhibition assay
described above, the enzymatic activity of inhibited enzymes
(rCYP1A2,2B6,2C19 and 3A4) was further investigated in the
absence and presence of multiple concentrations of test
compound (0.1-240 uM). After pre-incubation (37 °C), reac-
tions were initiated by the addition of an enzyme/substrate
solution, allowed to run for the respective incubation time,
before termination followed by fluorescence measuring as
described above. Experimental conditions are shown in
Table 1.

Determination of inhibition mechanism and K;

The recombinant enzyme/test compound combinations that
showed inhibition in the ICsy assay described above, were
further investigated to estimate the inhibition constant (K;) and
determine the mechanism of inhibition. Multiple concentra-
tions of substrate (CEC for rCYP1A2 and 2C19; EFC for
rCYP2B6) were incubated in absence and presence of artemi-
sinin test compounds (three concentrations). The NADPH-
regenerating system was added as cofactor and the reactions
were initiated by the addition of recombinant enzymes and
were allowed to run for an appropriate time before termination
followed by fluorescence measuring as described above.
Experimental conditions are shown in Table 2.

Effects of artemisinin antimalarials on CYP enzymes 3
Cocktail incubation with HLM

To assess the enzymatic activity of CYP1A2, 2A6, 2B6, 2C9,
2C19, 2D6 and 3A4 in microsomal incubations, a substrate
cocktail inhibition assay using HLM followed by LC-MS/MS
analysis for the quantification of formed metabolites was
used. The method was developed based on modifications of a
previous described assay by Kim et al. (2005). CYP P450
enzyme-specific substrates were divided into two sets of
cocktail doses. Set A included phenacetin (CYP1A2),
coumarin (CYP2A6), S-mephenytoin (CYP2C19), dextro-
methorphan (CYP2D6) and midazolam (CYP3A4), and set B
included bupropion (CYP2B6) and tolbutamide (CYP2C9).
The final substrate concentrations used were approximately
equal to their respective K, value (Table 3). All incubations
were conducted in a 96-well plate format at 37 °C with a final
working volume of 200 pL/well, containing 0.1 M phosphate
buffer (pH 7.4), NADPH-regenerating system (1.3 mM
NADP*, 3.3mM G-6-P, 3.3mM MgCl,, 0.4U/mL G-6-P-
D), 0.25mg/mL microsomal protein, substrates (set A or
set B) and a test compound, positive controls or vehicle
(no inhibitor). Due to inhibition of the 4-hydroxylation
of tolbutamide by methanol (>1%), and the inhibition of
7-hydroxylation of coumarin by acetonitrile (<1%) (Chauret
et al,, 1998), test compounds and positive controls were
dissolved in methanol for incubations containing substrate
set A and in acetonitrile for incubations containing substrate
set B (final solvent concentration <1%).

Test compounds, positive control or vehicle in phosphate
buffer and NADPH-regenerating system were pre-incubated
(37°C) for 10min. The reactions were initiated by the
addition of a pre-warmed (37 °C) solution containing HLM
and substrates (set A or set B). Incubations were allowed to
run for 20min before being terminated by placing the
plates on ice and adding 200 pL of cold acetonitrile contain-
ing 20uM chlorpropamide as an internal standard (IS).

Table 2. Experimental conditions for the K; assay with recombinant enzymes.

Artemisinin test compound (uM)*

Enzyme Incubation
P450 isoform (nmol/L) Substrate (LM) Buffer (mM) time (min) ART ARM ARS DHA
1A2 25 CEC (0.02-10) KPO, (100) 15 3, 10, 30 NIP NI® 15, 40, 120
2B6 5 EEC (0.25-100) KPO, (100) 15 5, 50, 100 5, 50, 100 NI® NI®
2C19 5 CEC (1.5-80) KPO, (50) 30 3, 10, 30 6, 20, 60 NI® 10, 30, 90

“Three concentrations of artemisinin test compound used in each assay run; ART, artemisinin, ARM, artemether; ARS, artesunate; DHA,

dihydroartemisinin.

No inhibition observed in the single point inhibition assay; K; assay not applied.

Table 3. Experimental conditions and MRM parameters for the P450 probe substrates and IS used in the cocktail assays.

P450 isoform Substrate Concentration (UM) Metabolite Transition (m/z) Collision energy (eV)
1A2 Phenacetin 50 Acetaminophen 152> 120 24
2A6 Coumarin 5 7-Hydroxycoumarin 163 > 107 22
2B6 Bupropion 50 Hydroxybupropion 256 > 238 16
2C9 Tolbutamide 100 4-Hydroxytolbutamide 287 >89 16
2C19 S-Mephenytoin 100 4’'-Hydroxymephenytoin 235> 150 (25)*
2D6 Dextromethorphan 5 Dextrorphan 258 > 157 10
3A4 Midazolam 5 1-Hydroxymidazolam 342> 203 14
IS Chlorpropamide 277> 175 12 (24)*

“MRM parameter values for the 4’-hydroxymephenytoin LC-MS/MS method using an API 4000 instrument.
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The samples were centrifuged at 3000 g for 20 min in room
temperature. Corresponding supernatants from set A and set
B were pooled together and analyzed by LC-MS/MS along
with calibration standards.

Calibration standards were prepared at six concentrations
in a blank microsomal incubation mixture. The concentration
range differed depending on the sensitivity of the method
for each metabolite; acetaminophen 0.05-25puM, 7-hydro-
xycoumarin 0.005-2.5 uM, hydroxybupropion 0.01-50 uM,
4-hydroxytolbutamide 0.01-50 uM, 4’-hydroxymephenytoin
0.1-50 uM, dextrorphan 0.005-2.5uM and 1-hydroxymida-
zolam 0.005-2.5 pM.

Inhibition studies with HLM
Single point inhibition assay

The enzymatic activities of CYP1A2, 2A6, 2B6, 2C9, 2C19,
2D6 and 3A4 in HLM were evaluated in the absence and
presence of artemisinin (80 uM), artemether (80 uM), artesu-
nate (80 M), dihydroartemisinin (80 uM) and positive con-
trols (30 uM furafylline, CYP1A2; 50 uM tranylcypromine,
CYP2A6; 50 uM tranylcypromine, CYP2B6; 3 uM sulfaphe-
nazole, CYP2C9; 50 uM tranylcypromine, CYP2C19; 0.2 uM
quinidine, CYP2D6; 5uM ketoconazole, CYP3A4). After
pre-incubation (37°C), reactions were initiated by the add-
ition of a HLM/substrate start solution, allowed to run for
20min before being terminated and samples processed as
described above.

1Cs determinations

Based on the results from the single point inhibition assay
described above, the enzymatic activity of inhibited
enzymes (CYP1A2, 2B6, 2C19 and 3A4) was further
investigated in the absence and presence of multiple
concentrations of test compounds (0.1-400 uM). After the
pre-incubation (37 °C) the reactions were initiated by the
addition of a HLM/substrate start solution, allowed to run
for 20min before terminated and samples processed as
described above.

LC-MS/MS method for cocktail incubations

An API 3000 triple quadrupole mass spectrometer (Applied
Biosystems/MDS SCIEX, Foster City, CA) equipped with an
electrospray ionization (ESI) interface operated in the positive
ion mode and multiple reaction monitoring (MRM) was used
for quantification of formed metabolites in the pooled HLM
cocktail incubation samples. The mass spectrometric condi-
tions were optimized for each metabolite by infusing a 0.1-
1 uM solution at a flow rate of 10 pL./min using a Harvard
infusion pump (Harvard Apparatus, Holliston, MA) con-
nected directly to the mass spectrometer. The ESI temperature
was maintained at 400°C and the ESI voltage was set to
5000 V. High purity nitrogen was used as nebulizer gas (9 psi),
curtain gas (6 psi) and collision gas (8 psi). MRM transitions
(m/z) and the optimized collision energies determined for
each metabolite and IS are listed in Table 3.

Samples (5pL) were injected onto a Luna Spum C18
column (30 mm x 2.00mm) (Phenomenex, Torrance, CA),
protected by a SecurityGuard C18 HPLC column

Xenobiotica, Early Online: 1-12

(Phenomenex ApS, DK), using a Perkin Elmer 200 Series
autoinjector connected to two Perkin Elmer 200 Series pumps
(Perkin Elmer, Waltham, MA). The mobile phase consisted of
0.1% formic acid in water (A) and 0.1% formic acid in
acetonitrile (B). Analytes were eluted using a gradient flow
(0.2 mL/min), with mobile phase B linearly increasing from
10% to 80% during 1 min, held at 80% for an additional 2 min
and then linearly decreasing to 10% over 30s for re-equili-
bration. Samples were run at room temperature with a total
analysis time of 6.5 min.

Data acquisition and quantification were performed
using Analyst 1.4 (Applied Biosystems/MDS SCIEX). The
percentage activity remaining was calculated by comparing
the calculated substrate metabolite concentrations of inhibited
samples with the calculated substrate metabolite concentra-
tions of non-inhibited control samples.

LC-MS/MS method for 4'-hydroxymephenytoin

To enable measurements of low concentrations of
4'-hydroxymephenytoin present in the pooled HLM cocktail
incubation samples, the assay was further optimized using
an API 4000 triple quadrupole mass spectrometer equipped
with an ESI interface (Applied Biosystems/MDS SCIEX).
The system was operated in the positive ion mode and tuned
for the MRM for the detection of 4’-hydroxymephenytoin
and IS chlorpropamide. The ESI temperature was maintained
at 225 °C and the ESI voltage was set to 5500 V. Collision gas
was set to 12 psi, curtain gas to 17 psi, and ion source gas one
and two to 12 and 19 psi, respectively. The MRM transitions
(m/z) and collision energies determined for 4’-hydroxyme-
phenytoin and IS are listed in Table 3.

A temperature-controlled CTC PAL Autosampler (Leap
Technologies, Carrboro, NC) set at 6°C was used to inject
sample (10pL) onto the same LC columns as described
above. The mobile phase consisted of 0.1% formic acid in
water (A) and 0.1% formic acid in acetonitrile (B). Two
Perkin Elmer 200 Series pumps were used to generate a
gradient flow (0.2 mL/min), with mobile phase B held at
25% during 1.5 min, before linearly increasing to 95% over
0.1 min, and held at this value for an additional 1.5 min,
before finally linearly decreasing to 25% over 0.1 min for
re-equilibration. Samples were run at room temperature with
a total analysis time of 5.5 min. During the first 0.6 min after
injection, the LC eluent was diverted to waste to minimize
contamination of the ion source.

Data acquisition was performed using Analyst 1.4. The
percentage remaining activity was calculated by comparing
the analyte/IS ratio of inhibited samples with the analyte/IS
ratio of non-inhibited control samples. Due to very low
amount of formed 4’-hydroxymephenytoin in the pooled
HLM cocktail incubation samples, only the analyte/IS ratio
was used.

Data analysis
Single point inhibition assay

The percentage remaining activity was calculated by
comparing the formation of metabolite in each sample
relative to the average metabolite formation in control
samples.
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The formation of metabolite in each sample relative to the
average non-inhibited control (percentage remaining activity)
was calculated and ICs, values were estimated by fitting either
an inhibitory effect I,,,,x model (Equation (1); v = 1 =fixed) or
an inhibitory effect sigmoid I,,,x model (Equation (1);
v estimated) to pooled (n=4) and unweighted data using
Phoenix® WinNonlin® 6.2 (Pharsight Corp, Mountain View,
CA).

~

Inax X [1]”

% Remaining activity = Ej — ——————
° ST g

; (1)
where E represents maximal enzyme activity in the absence
of inhibitor, I, iS the maximum drug induced inhibition
of the enzyme activity, [I] is the concentration of the
inhibitory drug and 7 describes the sigmoidicity of the
relationship.Model discrimination was based on evaluation
of parameter estimate precisions (relative standard error),
correlation between observed and predicted variable values,
residual plots and the Akaike information criterion.

Determination of inhibition mechanism and K;

To evaluate the mechanism of rCYP1A2, 2B6 and 2C19
inhibition apparent V., and K, values in the absence and
presence of increasing concentrations of inhibitors (see
Table 2) were estimated. A single-site Michaelis—Menten
equation, V= Vyax X [SD/(Kn+[S]), was fitted to mean
metabolite formation (fluorescence intensity, n =4) of control
and inhibited samples versus substrate concentration, using
Sigma Plot 2001, Enzyme Kinetics Module 1.1 (SPSS Science
Ltd, Birmingham, UK). To further investigate the mechanism
of inhibition and to estimate K; values, a model-based approach
with nonlinear regression analysis was adopted. Enzyme
kinetic parameters (K, Vimax and K;) for recombinant enzymes
were estimated by simultaneously fitting eight kinetic equa-
tions, describing different mechanisms of inhibition, to mean
metabolite formation (fluorescence intensity, n=4) in the
absence and presence of increasing concentration of inhibitors
versus substrate concentration, using Sigma Plot 2001, Enzyme
Kinetics Module 1.1. Discrimination between competing
models was performed as described above.

Predicted change in drug exposure in vivo

To evaluate the clinical relevance of a potential enzyme
inhibition, a static model using the [/]/K; ratio was applied,
where [I] is the inhibitor concentration and K; represents the
inhibition constant. The degree of interaction is expressed as
the increase in the exposure, represented by the area under the
plasma concentration-time curve (AUC), of a substrate in
the presence of an interacting, inhibitory drug. Assuming
that the inhibited metabolic pathway is the only route of
metabolism of the substrate, the ratio of AUCs is dependent
on the [[]/K; ratio, explained by Equation (2).

AUC, (1]

=1+=, 2
AUC +Ki @

where AUC; and AUC stand for the area under the drug
plasma concentration—time curve in the presence and absence
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of inhibitor, respectively. An AUC ratio above 2 indicates a
high risk of DDIs, ratios between 1.1 and 2 indicate a medium
risk while an AUC ratio below 1.1 indicates a low risk of
interactions (Ito et al., 2004). The AUC ratios were calculated
based on the maximum unbound systemic concentrations of
the inhibitor ([/]ax.,) and the maximum unbound concentra-
tions of the inhibitor at the inlet to the liver ([/]max.intetu’
calculated as proposed by Ito et al. (1998)). In vivo concen-
trations and parameters used to calculate [[].x, and
[/Tmax.inlet.u for artemisinin (Alin et al., 1996; Ashton et al.,
1998b; Augustijns et al., 1996; Sidhu et al., 1998), artemether
(Colussi et al., 1999; Ezzet et al., 1998; van Agtmael et al.,
1999a; White et al., 1999) and dihydroartemisinin
(Batty et al., 2004; Na-Bangchang et al., 2004), respectively,
were taken from literature.

Results
LC-MS/MS method for cocktail incubations

The cocktail inhibition assay using HLM and LC-MS/MS
analysis for the quantification of CYP specific substrate
metabolites, previously described by Kim et al. (2005), was
optimized on an API 3000 MS system (Applied Biosystems/
MDS SCIEX, Foster City, CA). With the current instruments
and analytical settings, the method was sensitive to success-
fully analyse all calibration standards and incubation samples
for the quantification of acetaminophen (CYP1A2), 7-
hydroxycoumarin (CYP2AG6), hydroxybupropion (CYP2B6),
4-hydroxytolbutamide (CYP2C9), dextrorphan (CYP2D6), 1-
hydroxymidazolam (CYP3A4), using chlorpropamide as IS.
HPLC chromatograms from the analysis with the mass
spectrometer in MRM mode of a representative HLM
sample are available as supplemental information.

LC-MS/MS method for 4'-hydroxymephenytoin

Due to the low concentrations of 4’-hydroxymephenytoin
in the HLM cocktail incubation samples, a method
was optimized using an API 4000 LC/MS instrument
for the determination of the metabolite. Concentrations of
4'-hydroxymephenytoin could not be fully determined
because metabolite levels in the samples were below the
lowest calibration standard. Therefore, the analyte/IS ratio
was used to assess the percent remaining CYP2C19 activity,
by comparing the ratios of samples with the mean ratio of
control samples. To evaluate the precision of the analyte/IS
ratio approach, two control HLM incubation samples were
injected six times in sequence and analyzed. A mean analyte/
IS ratio (n=6) for each sample could be calculated with a
coefficient of variation (CV%) of 6.7 and 8.9, respectively,
indicating high precision. MRM chromatograms from the
analysis of a representative calibration standard are available
as supplemental information.

Single point inhibition assay

Results for incubations with a single high concentration of
test compounds or positive controls are listed in Table 4.
Artemisinin inhibited CYP1A2, 2B6 and 2C19 activities in
both in vitro systems tested, while artemether showed
inhibitory effects on recombinant and microsomal CYP2B6

RIGHTS LI N Hiy



Xenobiotica Downloaded from informahealthcare.com by University of Southern California on 04/04/14

For personal use only.

6 T Ericsson et al.

Xenobiotica, Early Online: 1-12

Table 4. Percentage remaining activity after incubation with 80 UM test compound or positive controls (see
““Materials and methods’”). Data is represented as mean value + standard deviation (n =4).

CYP isoform ART ARM ARS DHA Positive control
1A2: rCYP 7.8+0.9 NI NI 277+ 25 7.7+0.5
HLM 9.1+1.6 NI 41.7+1.2 15.7+0.5 4.1+03
2A6: rCYP NI NI NI NI 6.3+1.7
HLM NI NI NI NI 29+0.5
2B6: rICYP 9.6+0.7 3.8+0.8 NI NI 36.1+3.3
HLM 11.4+0.8 4.1+12 NI NI 11.2+0.9
2C9: rICYP NI NI NI NI 122+1.5
HLM NI NI NI NI 225+0.6
2C19: rCYP 21.5+1.9 140+ 1.6 NI 36.5+2.4 153+1.5
HLM 29.5+0.2 24.7+6.9 NI 42.7+9.0 10.6 +0.1
2D6: rCYP NI NI NI NI 3.7+04
HLM NI NI NI NI 16.0+1.0
3A4: rCYP NI* NI? NI* NI* 158+1.8
HLM 574+0.5 595+2.2 NI NI 14+04

Abbreviations: ART, artemisinin; ARM, artemether; ARS, artesunate; DHA, dihydroartemisinin; NI, no inhibition

observed.

“No observed effect on the rCYP3A4 catalyzed dealkylation of DBF, but a slight activation (percentage remaining

activity > 100%) of the BFC dealkylation.

and 2C19. Artesunate inhibited microsomal CYP1A2, while
dihydroartemisinin inhibited CYP1A2 and 2CI19 activity
in both recombinant and microsomal enzymes. The activity
of CYP3A4 was studied using three different substrates: BFC
and DBF in recombinant enzymes, and midazolam in HLM.
No effect on the rCYP3A4 catalyzed DBF dealkylation was
observed for any of the artemisinin compounds tested at
concentrations of 80uM. However, all test compounds
showed a slight activation (percentage remaining activity
>100%) of the rCYP3A4-mediated dealkylation of BFC,
while artemisinin and artemether inhibited CYP3A4 activity
and the hydroxylation of midazolam in HLM. As expected,
all the positive controls showed inhibitory effects on their
respective enzymes.

IC5o determinations

The inhibitory potency of artemisinin, artemether, artesunate
and dihydroartemisinin on affected enzymes from the single
point inhibition assay were evaluated further by estimating
ICs( values based on Equation (1). Representative inhibition
curves are presented in Figure 1. No major differences
between the two assays were seen and estimated ICsq values
obtained in recombinant enzymes and HLM were in the same
order of magnitude (Table 5). The most potent in vitro
inhibitions observed were on CYP2B6 by artemether (ICsq
estimated to 2.4 and 2.9uM in rCYP2B6 and HLM,
respectively), and on CYP1A2 by artemisinin (ICs( estimated
to 6.3 and 1.4 uM in rCYP2B6 and HLM, respectively).

Determination of inhibition mechanism and K;

Using recombinant enzymes, the mechanisms of artemisinin
test compounds inhibition on rCYP1A2, 2B6 and 2C19
activities, respectively, were evaluated by the estimation of
apparent V., values and apparent K, values in the absence
and presence of increasing inhibitor concentrations using a
single-site Michaelis—Menten equation. As shown in Figure 2
the inhibition of rCYP1A2 by artemisinin and dihydroarte-
misinin, as well as the inhibition by artemisinin and

artemether on rCYP2B6 and rCYP2C19, were characterized
by decreasing apparent V., values and increasing apparent
K., values with increasing inhibitor concentrations, indicating
mixed modes of inhibition. The inhibition of rCYP2C19 by
dihydroartemisinin did show a decrease in apparent V.«
values but unchanged apparent K, value with increasing
inhibitor concentrations, indicating a noncompetitive inhib-
ition mechanism.

Consistent with the above results, the inhibition of
rCYP1A?2 by artemisinin and dihydroartemisinin, as well as
the inhibition of both rCYP2B6 and rCYP2CI19 by artemi-
sinin and artemether were best described by a partial mixed
inhibition model (Equation (3)). The inhibitory effect by
dihydroartemisinin on rCYP2C19 was best described by the
partial noncompetitive inhibition model (Equation (4)).

(L+ (B D)/(ax Ki))) /(1 + (I/(a * Ki)))
L+ (K /S) (1 + (1/K)) /(1 + (I/ (e % K3)))
(3)

V = Viax *

Vmax
V= (4)

(1+5) « (1+4)/(1+5)

where V stands for the rate of metabolite formation, V.
represents the maximal rate of metabolite formation, S and 7
are the substrate and inhibitor concentration, respectively and
K., is a constant associated with the enzyme affinity for a
substrate. In mixed type inhibition, the inhibitor (/) and the
substrate (S) bind to different sites of the enzyme (E) and the
binding of one affects the binding affinity for the other. The
change in binding affinity (increase in apparent K,,) for the
substrate is included in the equation by the term «, and the
term /3 defines the decrease in apparent V,,,, for partial mixed
and noncompetitive inhibition, respectively. Observed and
predicted values based on Equations (3) and (4) are presented
in Figures 3 for artemisinin, artemether and dihydroartemi-
sinin on rCYP1A2, 2B6 and 2C19 activity, respectively.
Estimated parameter values are presented in Table 6.
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Figure 1. Inhibition of CYP activities by increasing concentrations (0.1-240 uM rCYP, 0.1-400 uM HLM) of artemisinin (ART), artemether (ARM)
and dihydroartemisinin (DHA) using individual substrates in recombinant enzymes and the substrate cocktail in HLM (see ‘‘Materials and methods’”).
Results in graphs A-G are presented as observed experimental data (diamonds, n =4) with the lines obtained from fitting Equation (1) by nonlinear
regression. Results in graph H are presented as mean values of observed experimental data (diamonds, n =4). Y-axis indicates the percentage of vehicle
control. Inhibition of rCYP1A2 (A) and microsomal CYP1A2 (B) by dihydroartemisinin; inhibition of rCYP2B6 (C) and microsomal CYP2B6 (D) by
artemisinin; inhibition of rCYP2C19 (E) and microsomal CYP2CI19 (F) by artemether; inhibition of microsomal CYP3A4 by artemether (G), and
activation/inhibition of rCYP3A4 catalyzed BFC dealkylation by artemether (H).

Table 5. ICsy values (WM) estimated by nonlinear regression for the
inhibition of recombinant (rCYP) and microsomal (HLM) CYPIA2,
2B6, 2C19 and 3A4 activity by artemisinin, artemether, artesunate and
dihydroartemisinin, respectively.

CYP isoform ART ARM ARS DHA
1A2: (CYP 6.3+0.8 NE NE 13.1+2.4*
HLM 14+02° NE 128+12°  72+1.1°
2B6: rCYP 74+14* 24+05° NE NE
HLM  12.8+1b> 29+04° NE NE
2C19: rICYP  15.0+4.5* 183 +2.3% NE 21.9+3.8
HLM  109+0.9° 92+1.1° NE 13.0+1.3°
3A4: ICYP NE NE NE NE
HLM  18.1+25° 344+103° NE NE

Abbreviations: ART, artemisinin; ARM, artemether; ARS, artesunate;
DHA, dihydroartemisinin; NE, not estimated.

“Parameter estimate + SE based on Equation (1) (y=1) (n=4); values
in molar unit (uM).

®Parameter estimate + SE based on Equation (1) (v estimated) (n=4);
values in molar unit (LM).

Predicted change in drug exposure in vivo

Based on the static model (Equation (2)), AUC ratios were
calculated using [/lmaxu OF [[lmax.ineru and K; values for
artemisinin, artemether and dihydroartemisinin on CYP1A2,
2B6 and 2C19, respectively, as estimated in this study
(Table 7). For artemisinin, a high risk for DDI in vivo
was predicted if coadministrated with a CYP1A2 or 2C19
substrate, while a medium risk was predicted with a CYP2B6
substrate. The predicted risk for dihydroartemisinin to change
the exposure of a CYP1A2 substrate resulting in DDI was
medium when using [/]nax.intet.us DUt low when using [/]ax.u-
For dihydroartemisinin on CYP2C19, and artemether on
CYP2B6 and 2C19, respectively, the predicted risks for DDI
were low.

Discussion

In the present study the inhibition capacities of artemisinin,
artemether, artesunate and dihydroartemisinin on seven
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Figure 2. Apparent V,,.x values (closed diamonds) and apparent K, values (open circles) for the formation of fluorescent metabolites (see Materials
and methods) in recombinant enzymes in the absence and presence of increasing concentrations of artemisinin (ART), artemether (ARM) and
dihydroartemisinin (DHA). Apparent kinetic parameters are estimated by nonlinear regression (Michaelis—Menten equation), and data are presented as
parameter estimates + SE (n =4). Maximal metabolite formation rates (V,,.x) are represented by the fluorescence intensity. Inhibition of rCYP1A2 by
artemisinin (A) and dihydroartemisinin (B); inhibition of rCYP2B6 by artemisinin (C) and artemether (D); inhibition of rCYP2C19 by artemisinin (E),

artemether (F) and dihydroartemisinin (G).

human drug-metabolizing CYPs have been investigated using
two in vitro assays; the fluorescent probe method with
recombinant human CYP enzymes, and a substrate cocktail
assay in HLM based on LC-MS/MS. The performances
in identifying potential enzyme inhibition of these in vitro
tests, in addition to the conventional single substrate assay,
have been systematically compared by Turpeinen et al.
(2006). All three assays yielded remarkably similar results,
and the fluorescence based technology and the cocktail
approach were found to be suitable for measuring the
inhibition of CYP activity compared to the traditional single
substrate assay. In the present study, the estimated ICs( values
were generally of the same order of magnitude in the two
assays used. The cocktail approach offers the advantage
of testing multiple enzymes in one study, compared to the
fluorometric assay where each CYP isoform is evaluated
separately. However, limitations of the cocktail approach
include the requirement of high selective and sensitive
analytical methods and the risk of interferences between
compounds during analysis.

All four tested artemisinin compounds were shown to
inhibit CYP enzymes, with CYP1A2, 2B6, C19 and 3A4
being affected. This is in line with previously published data
showing inhibition on the given CYP isoforms by artemisi-
nins. CYP1A2 has been reported to be inhibited by artemi-
sinin and dihydroartemisinin in recombinant enzymes and
HLM (Bapiro et al., 2001; He et al., 2007). The inhibitory
effect on CYP1A2 activity has also been confirmed in healthy
subjects (Asimus et al., 2007; Bapiro et al., 2005), with an
inhibition of the enzymatic activity in vivo by 66% exerted by
artemisinin (Bapiro et al., 2005). These in vivo data support
our findings with a predicted medium to high risk for DDIs
with dihydroartemisinin and artemisinin, respectively, on
CYPIA2. CYP2B6 activity has been reported to be inhibited
by artemisinin compounds in several in vitro systems,
including recombinant enzymes, HLM and primary hepato-
cytes (Ericsson et al., 2012; Xing et al., 2012). The enzymatic
activity of recombinant and microsomal CYP2C19 is subject
to inhibition by artemisinin and dihydroartemisinin (Bapiro
et al., 2001). Finally, a minor, but negligible, inhibitory effect
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Figure 3. Observed (diamonds) and predicted (lines) formation of fluorescent metabolites (see ‘‘Materials and methods’’), represented by the
fluorescence intensity, in recombinant enzymes in the absence and presence of increasing concentrations of artemisinin (ART), artemether (ARM) and
dihydroartemisinin (DHA). The predicted inhibition of rCYP1A2 by artemisinin (A) and dihydroartemisinin (B), of rCYP2B6 by artemisinin (C) and
artemether (D), and of rCYP2C19 by artemisinin (E) and artemether (F), respectively, are all based on a partial mixed inhibition model (Equation (3))
fitted to the pooled data. The predicted inhibition of rCYP2CI19 by dihydroartemisinin (G) is based on a partial noncompetitive inhibition model
(Equation (4)). Observed data in the graphs are presented as mean + SE (n=4).

Table 6. Enzyme kinetic parameters (K, Vin.x and Kj) for artemisinin, artemether and dihydroartemisinin
incubated with rCYP1A2, 2B6 and 2C19, respectively, estimated by nonlinear regression analysis. For partial mixed
inhibition, the decrease in binding affinity (increased apparent K,) is described by the term o (>1). The decrease in
apparent V., for both partial mixed inhibition and partial noncompetitive inhibition is defined by the term (3. Data
presented as parameter estimate + SE (n=4).

CYP isoform — inhibitor Vinax- Ky, (UM) K; (uM) « 16]

CYP1A2 — ART® 28.7+0.5 0.8 +0.05 1.0+0.1 32+06 0.17+0.02
CYP1A2 — DHA® 33.7+0.6 1.2+0.07 34+04 5.8+1.2 0.29+0.03
CYP2B6 — ART® 144+0.3 43+0.5 62+1.5 3.7+1.1 0.13+0.04
CYP2B6 — ARM" 26.4+0.5 5.6+0.6 2.7+0.5 17+7.0 0.38+0.08
CYP2C19 — ART® 22.5+0.4 42+04 1.4+03 1.6+0.2 0.58 +0.03
CYP2C19 — ARMP 28.9+0.7 6.6+0.7 9.1+£2.1 1.6+0.4 0.18 +£0.04
CYP2C19 — DHA® 32.3+0.6 8.7+0.5 489+9.3 - 0.18 +0.06

“Maximal fluorescence intensity (x 10’3).
"Parameter estimates based on a partial mixed inhibition model (Equation (3)).
“Parameter estimates based on a partial noncompetitive inhibition model (Equation (4)).

on CYP3A4 by artemisinin have been reported by Xing and potent in vitro inhibitors have been demonstrated to cause

et al. (2012). adverse DDIs in humans (quinidine and CYP2D6, ketocon-
It is well accepted that in vitro data are essential for azole and CYP3A4, etc.; Pelkonen et al., 2008). However,
understanding a potential enzyme inhibition and DDI in vivo, an observed in vitro inhibition of a CYP enzyme does not
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Table 7. Predicted change in drug exposure and risk for DDI in vivo based on own estimated K; values and the maximum unbound systemic
concentrations of inhibitor ([/]max.,) Or the maximum unbound concentrations of inhibitors at the inlet to the liver ([/]max.inern) fOr artemisinin,
artemether and dihydroartemisinin on rCYP1A2, 2B6 and 2C19, respectively.

AUC ratio®

CYP isoform — inhibitor Ki (HM) [I]max,u (HM)a [I]max,intel,u (HM)a []]max,u [I]max,inlet,u Risk for DDI
CYPIA2 — ART 1.0 0.32 53 1.3 6.3 High High
CYP1A2 — DHA 3.4 0.091 0.72 1.0 1.2 Low Medium
CYP2B6 — ART 6.2 0.32 53 1.1 1.9 Medium Medium
CYP2B6 — ARM 2.7 0.016 0.056 1.0 1.0 Low Low
CYP2C19 — ART 1.4 0.32 53 1.2 4.8 High High
CYP2C19 — ARM 9.1 0.016 0.056 1.0 1.0 Low Low
CYP2C19 — DHA 48.9 0.091 0.72 1.0 1.0 Low Low
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4Calculated based on literature.
®Calculated based on Equation (2).

necessarily mean that the compound will cause clinically
relevant interactions. Many factors influence drug interactions
mediated by CYP inhibition, including the contribution of
the hepatic clearance to the total clearance of the affected
drug, the fraction of the hepatic clearance which is subject to
metabolic inhibition, and the ratio of the inhibition constant
(K;) over the in vivo concentration of the inhibitor (Ito et al.,
1998). The in vivo concentration of the inhibitor needs to be
high enough for the inhibition to occur, and depending on
the therapeutic index of the affected drug, the change in
plasma drug concentration caused by the inhibition might be
manifested in adverse effects (Pelkonen et al., 2008). The fact
that the artemisinin class of endoperoxides has been shown to
exert inductive effects on CYP enzymes (Asimus et al., 2007,
Elsherbiny et al., 2008; Mihara et al., 1999; Svensson et al.,
1998; Xing et al., 2012), makes it hard to predict the clinical
relevance of potential inhibitory effects of these drugs on the
CYP system. CYP inhibition is considered to be an almost
immediate response, and an enzyme inhibition caused by an
artemisinin compound would perhaps have an initial effect on
the pharmacokinetics of a coadministrated drug that is highly
metabolized by the affected enzyme. However, if the same
enzyme is target for a simultaneous induction, which is a
slow process that might affect the plasma concentrations and
the efficacy of the coadministrated drug in a time-dependent
manner, the net inhibition of the enzyme might have little
impact on the overall exposure of the coadministated
drug. The artemisinin compounds have also been shown to
autoinduce their own metabolism, resulting in decreased
concentrations and exposure over time (Ashton et al., 1998a;
Gordi et al., 2002; Simonsson et al., 2003; van Agtmael et al.,
1999a). These factors need to be considered, and therefore the
calculated risks of DDIs reported in this study may in some
cases be overpredicted. Further support for this statement
lies in the fact that the [/]/K; approach has been reported
to overpredict the interaction risk, especially when using
[/Tmax.inletus Which has been shown to overestimate the
unbound concentration in the liver which actually participated
in the inhibition of metabolism (Kanamitsu et al., 2000;
Perdaems et al., 2010).

CYP3A4 is the most abundant isoform in the adult human
liver and responsible for the oxidative metabolism of the
greatest number of drugs that are cleared from the body
through hepatic elimination (Pelkonen et al., 2008). CYP3A4
catalyzed reactions are complex and atypical kinetic profiles

have been reported, including substrate-dependent inhibition
of the enzyme (Stresser et al., 2000; Turpeinen et al., 2006).
The lack of CYP3A4 inhibition with a single probe substrate
may be applicable to other probe substrates, but not neces-
sarily. Therefore, it has been suggested that the inhibition of
CYP3A4 activity in vitro should be identified using multiple
substrates (Stresser et al., 2000; Turpeinen et al., 2006).
In the current study, the effect of four artemisinin compounds
on recombinant CYP3A4 activity were evaluated using the
preferred fluorometric substrates BFC and DBF, respectively
(Stresser et al., 2000). For the rCYP3A4 catalyzed deal-
kylation of DBF no effect could be observed for any of the
artemisinin compounds tested, while all of them showed
a slight activation coupled to an inhibitory response of the
dealkylation of BFC as seen in graph H in Figure 1. These
opposing results are other important aspects of atypical
kinetics and heterotropic effects, namely the occurrence
of an effector molecule acting as an enzyme activator at
low concentrations while changing to an inhibitor at higher
concentrations. Therefore, the behavior of any effector
compound (inhibitor, activator, etc.) does not only depend
on the substrate that is being metabolized by the affected
enzyme, but also on the concentrations of both effector and
substrate (Atkins, 2005). In the current study microsomal
CYP3A4 activity and the hydroxylation of midazolam,
another well-known 3A4 substrate (Pelkonen et al., 2008),
were inhibited by artemisinin and artemether, while artesu-
nate and dihydroartemisinin did not affect the enzymatic
activity. These findings demonstrate the complexity and the
atypical kinetic characteristics of CYP3A4, and the challenge
in interpreting how such in vitro observations predict the
effect in vivo.

Most of the identified inhibitory effects exerted by the
artemisinin test compounds on the CYP enzymes were best
described by the partial mixed inhibition model (Equation (3);
a#1 and 0<fB<1). Only the inhibition of CYP1A2 by
dihydroartemisinin was described by a partial noncompetitive
inhibition model (Equation (4); =1 and 0<(<1). In the
present study, inhibition of CYP-mediated reactions is
commonly observed to be partial at saturating levels of
inhibitor (0 < (< 1). Partial inhibition has been suggested to
be a consequence of the formation of a substrate—inhibitor—
enzyme complex that is still active, resulting in an incom-
plete inhibition of the metabolism of the substrate, even
at saturating concentrations of the inhibitor (Atkins, 2005;
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Shou et al., 2001). Theses kinetics can be explained by either
the one-site or the two-site model; the former suggesting
the inhibitor to bind to the enzyme, thereby preventing the
binding of the substrate, and the latter proposing simultaneous
binding of both substrate and inhibitor to the enzyme,
resulting in partial inhibition due to interactions in the
catalytic pocket of the enzyme (Shou et al., 2001).

Conclusions

The data presented in this study show that the artemisinin
class of endoperoxides are inhibitors of CYP enzymes
in vitro, with the most prominent effects on CYP1A2, 2B6,
2C19 and 3A4. Together, these four enzymes are responsible
for the clearance mechanisms for 60% of the drugs currently
marketed (Zanger et al., 2008). Some of the predicted risks
of DDIs in vivo reported in the present study are supported
by previously published data with respect to CYPIA2.
However, the risk of interactions caused by a net inhibition
may be overpredicted in some cases due to the ability of
artemisinin drugs to induce several CYP isoforms (Asimus
et al., 2007; Elsherbiny et al., 2008; Mihara et al., 1999;
Svensson et al.,, 1998; Xing et al.,, 2012). Furthermore,
their ability of artemether and artemisinin to autoinduce their
own metabolism, resulting in decreasing exposure over
time could have an impact on the inhibitory outcome
(Ashton et al., 1998a; Gordi et al., 2002; Simonsson et al.,
2003; van Agtmael et al., 1999a).
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