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AIMS

Oxidative bioactivation of amodiaquine (AQ) by cytochrome P450s to a reactive quinoneimine is considered as an important
mechanism underlying its idiosyncratic hepatotoxicity. However, because internal exposure to its major metabolite N-
desethylamodiaquine (DEAQ) is up to 240-fold higher than AQ, bioactivation of DEAQ might significantly contribute to covalent
binding. The aim of the present study was to compare the kinetics of bioactivation of AQ and DEAQ by human liver microsomes
(HLM) and to characterize the CYPs involved in bioactivation of AQ and DEAQ.

METHODS

Glutathione was used to trap reactive metabolites formed in incubations of AQ and DEAQ with HLM and recombinant human
cytochrome P450s (hCYPs). Kinetics of bioactivation of AQ and DEAQ in HLM and involvement of hCYPs were characterized by
measuring corresponding glutathione conjugates (AQ-SG and DEAQ-SG) using a high-performance liquid chromatography
method.

RESULTS

Bioactivation of AQ and DEAQ in HLM both exhibited Michaelis-Menten kinetics. For AQ bioactivation, enzyme kinetical pa-
rameters were Ky, 11.5 £ 2.0 umol I”!, V., 59.2 + 3.2 pmol min™' mg~" and Cl;,;, 5.15 ul min~' mg~". For DEAQ, parameters
for bioactivation were K, 6.1 - 1.3 umol I”", V;.4, 5.5 £ 0.4 pmol min~' mg ™" and CL;,;0.90 ul min~' mg~'. Recombinant hCYPs
and inhibition studies with HLM showed involvement of CYP3A4, CYP2C8, CYP2C9 and CYP2D6 in bioactivation.

CONCLUSIONS

The major metabolite DEAQ is likely to be quantitatively more important than AQ with respect to hepatic exposure to reactive
metabolites in vivo. High expression of CYP3A4, CYP2C8, CYP2C9, and CYP2D6 may be risk factors for hepatotoxicity caused by
AQ-therapy.

DOI:10.1111/bcp.13148 © 2016 The British Pharmacological Society
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WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT

e Oxidative bioactivation of amodiaquine by cytochrome P450s is considered as an important mechanism underlying its

idiosyncratic hepatotoxicity.

¢ N-desethylamodiaquine, the principal metabolite of amodiaquine, shows 100- to 240-fold higher internal exposure than
amodiaquine and is considered to determine pharmacological activity of amodiaquine-treatment.
e The contribution of individual human cytochrome P450s to hepatic bioactivation of amodiaquine and N-

desethylamodiaquine has not yet been characterized.

WHAT THIS STUDY ADDS

e Enzyme kinetic parameters of microsomal bioactivation of amodiaquine and N-desethylamodiaquine were determined.

e Based on differences in internal exposure and intrinsic clearances, bioactivation of N-desethylamodiaquine is expected to
contribute more to hepatic exposure to reactive intermediates than amodiaquine.

e Multiple human cytochrome contributed to amodiaquine and N-desethylamodiaquine bioactivation; CYP3 A4, CYP2CS,

CYP2C9 and CYP2D6 are the most important isoforms.

Tables of Links

TARGETS LIGANDS

Enzymes [2] CYP2C19 Chloroquine NADPH
CYPTA1 CYP2D6 Glutathione Perchloric acid
CYP1A2 CYP2E1 Ketoconazole Quercetin
CYP1B1 CYP2)2 Magnesium Quinidine
CYP2B6 CYP3A4 NADP"

CYP2C8 CYP3A5

CYP2C9 CYP3A7

CYP2C18 Myeloperoxidase

These Tables lists key protein targets and ligands in this article that are hyperlinked to corresponding entries in http://www.guidetopharmacology.org,
the common portal for data from the I[UPHAR/BPS Guide to PHARMACOLOGY [1], and are permanently archived in the Concise Guide to

PHARMACOLOGY 2015/16 [2].

Introduction

Amodiaquine (AQ), a 4-aminoquinoline antimalarial drug,
has been widely used in the endemic areas of Africa and
Asia for more than 50 years. As an antimalarial drug, AQ has
a higher efficacy compared with other 4-aminoquinoline
antimalarial drugs [3]. For example, AQ shows efficacy
against chloroquine-resistant strains of Plasmodium
falciparum [4] and was proposed to replace chloroquine as
the first line drug in Africa. However, severe idiosyncratic
agranulocytosis and hepatotoxicity occurring in 1 of
2000 patients overshadow the therapeutic advantages of
AQ [5-7]. This eventually led to either the withdrawal of
AQ in several countries or the prohibition of usage as sin-
gle administration or as prophylaxis [8]. Identification of
the risk factors underlying these adverse drug reactions
might assist in protection of susceptible patients against
AQ toxicity. Although the exact mechanisms of these idio-
syncratic reactions remain to be established, oxidative
bioactivation to protein-reactive metabolites is considered
to play an important role [9-11].

After oral administration, AQ is rapidly absorbed and me-
tabolized by CYP2C8 to N-desethylamodiaquine (DEAQ), its
major stable metabolite [12]. Other minor metabolites identi-
fied in the circulation include N-bisdesethylamodiaquine

(bis-DEAQ) and 2-hydroxyl-desethylamodiaquine (Figure 1)
[13, 14]. Because of its rapid conversion to DEAQ, and the fact
that DEAQ has a 20- to 50-fold longer half-life than AQ, the
area-under-curve (AUC) of DEAQ is 100- to 240-fold higher
when compared to that of AQ [15-17]. Therefore, although
in vitro pharmacological studies showed that AQ is about
three-fold more potent than DEAQ, the antimalarial activity
of AQ will be mainly determined by DEAQ [13].

Besides the formation of stable metabolites, it has been
demonstrated that AQ is bioactivated to reactive metabolites
in vitro and in vivo [9, 18, 19]. Based on the structure of a
glutathione (GSH) conjugate identified in rat bile, the
reactive metabolite was identified as amodiaquine
quinoneimine (AQ-QI) resulting from dehydrogenation of
the 4-aminophenol moiety (Figure 1). Covalent binding of
AQ-QI to cellular macromolecules therefore is considered to
be involved in the immune-mediated toxicity of AQ [19,
20]. Although covalent binding of radiolabeled AQ to liver
microsomes appeared to result mainly from autoxidation [9,
21], cytotoxicity to hepatocytes and neutrophils appeared
to be strongly dependent on bioactivation to AQ-QI by cyto-
chrome P450 and myeloperoxidase, respectively [22-24].

Although P450-dependent bioactivation of AQ by human
liver microsomes (HLM) has been demonstrated previously
[25, 26], bioactivation of DEAQ has not yet been studied.
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Furthermore, the individual human cytochrome P450s
(hCYPs) involved in bioactivation of AQ and DEAQ have
not yet been characterized. Because the expression level and
activity of hepatic hCYPs can vary strongly among the popu-
lation [27, 28], overexpression of bioactivating hCYPs may be
important risk factors determining individual susceptibility
to AQ-induced toxicity. Recently, the extrahepatic isoforms
CYP1A1, CYP1B1 and CYP2J2 were shown to bioactivate
both AQ and DEAQ to their corresponding quinoneimines,
as demonstrated by trapping experiments with N-acetyl cys-
teine as nucleophile [29]. However, the activity of the hepatic
hCYPs have not been reported yet. The aims of the present
study were: (1) to study and characterize the kinetics of
bioactivation of AQ and DEAQ in HLM; and (2) to identify
the hCYP isozymes involved in the bioactivation of AQ and
DEAQ using recombinant hCYPs and by incubations of
HLM in presence of specific inhibitors. Formation of reactive
metabolites was determined by trapping and quantitative
measurement of GSH conjugates of AQ and DEAQ from incu-
bation samples.

Methods

Materials

AQ dihydrochloride was obtained from INC Biomedicals
(Aurora, OH, USA). DEAQ was purchased from BD Biosciences
(Franklin Lakes, NJ, USA). Human liver microsomes (Lot No.
1210347), pooled from 200 donors, were purchased from
Xenotech (Lenexa, KS, USA). Supersomes containing
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cDNA-baculovirus-insect cell-expressed P450 enzymes were
obtained from BD Biosciences (Breda, the Netherlands).
The enzymes used were CYP1A1 (Lot No. 456 211), CYP1A2
(Lot No. 456203), CYP2A6 (Lot No. 456254), CYP2B6
(Lot No. 456 255), CYP2C8 (Lot No. 456252), CYP2C9*1
(Argl44) (Lot No. 456258), CYP2C18 (Lot No. 456222),
CYP2C19 (Lot No. 456259), CYP2D6*1 (Lot No. 456217),
CYP2E1 (Lot No. 456206), CYP2J2 (Lot No. 456264),
CYP3A4 (Lot No. 456207), CYP3AS (Lot No. 456256)
and CYP3A7 (Lot No. 456237). All other chemicals and
reagents were of analytical grade and obtained from
standard suppliers.

Identification and structural elucidation of
GSH conjugates of AQ and DEAQ

The GSH conjugate of AQ was synthesized chemically as
described by Harrison et al. [18]. The GSH conjugate of
DEAQ (DEAQ-SG) was prepared biosynthetically by
performing a large scale incubation of DEAQ, GSH and a drug
metabolizing mutant of bacterial CYP102A1 [30], as detailed
in the Supplemental Information. After isolation of the
GSH-conjugates of AQ and DEAQ by preparative high-
performance liquid chromatography (HPLC), their purity
and identity were determined by analytical HPLC-UV and
LC-time-of-flight (TOF)-mass spectrometry (MS; see Section
2.6), and by 'H-nuclear magnetic resonance (NMR)
spectroscopy. "H-NMR spectra were recorded on a Bruker
Avance 500 (Fallanden, Switzerland) operating at
500.1 MHz to characterize the structure of the GSH conju-
gates. The "H-NMR spectrum of the GSH-conjugate of AQ
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was identical to that published previously [18], and corre-
sponds to a GSH-conjugate with the GSH-moiety attached
to the C'5-position of AQ. The biosynthetical GSH conjugate
of DEAQ showed almost identical chemical shifts and cou-
pling patterns of aromatic protons, when compared to those
of AQ-SG, and is therefore also consistent with a GSH-moiety
attached to the C’5-position of DEAQ (see Figure S1 and
Table S1). The H-H correlation spectroscopy spectrum con-
firmed the structure of DEAQ-SG (see Figure S2).

Characterization of enzyme kinetics of
oxidative metabolism of AQ and DEAQ by
HLM

Incubations with HLM were performed at 37°C in
100 mmol I"! potassium phosphate buffer (pH 7.4) contain-
ing 2 mmol I ethylenediaminetetraacetic acid and
5 mmol 1! magnesium chloride (MgCl,). Firstly, one single
concentration of AQ (10 pmol I"") and DEAQ (5 pumol 174
were incubated with HLM in the presence of 5 mmol 1™
GSH for the identification of metabolites of AQ and DEAQ.
Because a GSH dependency experiment showed maximal
trapping of reactive quinonimines of AQ and DEAQ at a
GSH concentration of 5 mmol 1™ (data no shown) this GSH
concentration was used in all incubations. After assessing lin-
earity of product formation with respect to incubation time
and protein concentration, incubations with HLM were done
at 1 mg ml~! and with incubation times of 10 min for AQ and
45 min for DEAQ. Enzyme kinetics was determined by incu-
bating AQ and DEAQ at seven concentrations and in a final
volume of 100 pl in duplicate. Reactions were initiated by
adding NADPH-regenerating system (NRS) resulting in final
concentrations of 0.1 mmol I} NADP*, 10 mmol 1!
glucose-6-phosphate, and 0.5 U ml~" glucose-6-phosphate
dehydrogenase. To determine involvement of autoxidation,
incubations of AQ and DEAQ without NRS were performed.
Reactions were terminated by the addition of ice-cold
perchloric acid, final concentration 1% (v/v), and cooled on
ice for 10 min. Precipitates were removed by centrifugation
for 15 min at 14 000 rpm. The supernatants were analyzed
by HPLC-UV and HPLC-TOF-MS, as described in Section 2.6.
After correction for autoxidation, enzyme kinetical parame-
ters were calculated by nonlinear regression using the
Michaelis-Menten equation using GraphPad Prism 5 soft-
ware (San Diego, CA, USA).

Incubations of AQ and DEAQ with
recombinant human CYPs

Incubations of AQ and DEAQ with recombinant human CYPs
were conducted in 100 mmol I potassium phosphate buffer
(pH 7.4) containing 5 mmol I GSH, 2 mmol I"' EDTA and
5 mmol I"' MgCl, at a final volume of 100 pl in duplicate.
Each individual recombinant human CYP was incubated at
a concentration of 100 nmol I"! at 37°C in presence of AQ at
10 pmol I"! and 100 pmol ™' and DEAQ at 5 pmol I"! and
50 umol I respectively. Incubation times for AQ and DEAQ
were 10 and 60 min, respectively. The reactions were initiated
and terminated as described above. The supernatants were
analyzed by HPLC-UV, as described in Analytical methods.

Effect of specific inhibitors of hCYPs on
metabolite formation in incubations of AQ and
DEAQ with HLM

To identify the hCYPs involved in oxidative metabolism of
AQ and DEAQ, incubations were performed with HLM
(1 mg mI™") in the presence or absence of isoenzyme-specific
inhibitors. Incubations were performed in 100 mmol 1™ po-
tassium phosphate buffer (pH 7.4, containing 5 mmol 17
GSH, 2 mmol 1" EDTA and 5 mmol "' MgCl,) containing
10 pmol I"' AQ or 5 ymol I"' DEAQ at a final volume of 100 pl
in duplicate at 37°C. Inhibitors used were a-naphtoflavone
(a-NF, 10 pmol 1'1), quercetin (QCT, 15 pmol 1’1),
sulfaphenazole (SPZ, 10 pumol ™), (+)-N-3-benzyl-nirvanol
(BNV, 1 umol I, quinidine (QND, 2 pmol I,
diethylthiocarbamate (DDC, 20 pmol 1Y) and ketoconazole
(KTZ, 2 pmol I to investigate the involvement of human
P4501A2, P4502C8, P4502C9, P4502C19, P4502D6, P4502E1
and P4503A4, respectively [31]. All inhibitors except DDC
were dissolved in methanol. Concentrations of methanol in
all incubations were kept below 0.5% (v/v). All reactions were
initiated by the addition of NRS as described above, except in-
cubations containing mechanism-based inhibitor DDC. DDC
was preincubated for 15 min in the presence of NRS before
the addition of AQ or DEAQ. Reactions with AQ proceeded
for 10 min and with DEAQ proceeded for 60 min regarding
the product formation linearity and then terminated with
ice-cold perchloric acid at a final concentration of 1% (v/v).
After centrifugation, supernatants were analyzed by HPLC-UV
as described in Analytical methods.

Analytical methods

After centrifugation of terminated incubations, the superna-
tants were analyzed by reverse-phase LC using a Phenomenex
Luna 5-um C18 column (4.6 x 150 mm) as stationary phase,
protected by a 4.0 x 3.0 mm i.d. security guard (5 pm) C18
guard column from Phenomenex (Torrance, CA, USA). An
isocratic method (9% acetonitrile in 5 mmol 1! of ammo-
nium acetate buffer, pH 2.4, adjusted by formic acid) was used
for the separation of AQ and DEAQ related metabolites. The
flow rate was 0.75 ml min~' and the UV detector was set at
342 nm. To quantify metabolites, standard curves were con-
structed for AQ-SG (ranging from 0.05 to 5 pmol 1I™!), DEAQ-
SG (ranging from 0.01 to 5 pmol 1"") and DEAQ (ranging from
0.02 to 20 pmol IY). The lower limits of quantification of AQ-
SG, DEAQ-SG and DEAQ were 0.05 pmol I"!, 0.01 pmol I!
and 0.02 pmol 17}, respectively.

The LC-MS system used for metabolite identification
consisted of an Agilent 1200 Series Rapid resolution LC sys-
tem connecting to a TOF Agilent 6230 mass spectrometer,
equipped with electrospray ionization source, and operating
in the positive mode. Metabolites were separated using a
Phenomenex Luna 5 pm C18 column and a gradient con-
structed of eluent A (5 mmol I"' ammonium acetate buffer,
pH adjusted to 2.4 with formic acid) and eluent B (acetoni-
trile) according to the following program: 0-5 min, isocratic
at 10% eluent B; 5-30 min, linear increase to 15% eluent B;
30-35 min, linear increase to 40% B; decrease to 10% B in
0.5 min, and reequilibration at 10% solvent B until
45.5 min. The MS ion source parameters were set as follows:
capillary voltage, 3500 V; nitrogen gas temperature, 350°C;
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nitrogen drying gas rate, 10 1 min~'; nitrogen nebulizing gas
pressure, 344738 Pa. Data analysis was performed using the
Agilent MassHunter Qualitative Analysis software, Version
B. 05. 00.

Results

Identification and structural elucidation of AQ
and DEAQ metabolites from HLM incubations
To identify all stable metabolites and GSH conjugates, AQ
and DEAQ were first incubated with HLM in the presence of
5 mmol I"! GSH. As shown in Figure 2A, DEAQ was the major
metabolite formed in incubations of AQ with HLM, consis-
tent with previous studies. In addition a minor metabolite
eluted at 17.7 min, which was identified as the GSH-
conjugate of AQ, based on its identical retention time and
mass spectrum ([M + H|" at 661.21, see supplemental
Figure S3) when compared to synthetic AQ-SG. In addition,
a minor metabolite was eluting at 12.6 min and with m/z of
300.09 (IM + HJ"), which corresponds to bis-DEAQ formed
by deethylation of DEAQ.

In incubations of HLM with DEAQ, one GSH conjugate
was found eluting at 13.5 min, Figure 2B, and with m/z of
633.19 (M + HJ"), Figure S3. The retention time and
mass spectrum was identical to that of the biosynthetic
GSH-conjugate of DEAQ, with the GSH-moiety attached to
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Figure 2

High-performance liquid chromatography-UV chromatograms of
incubations of human liver microsomes (1 mg ml™") in presence of
5 mmol I glutathione and 10 pumol I”' amodiaquine (AQ; A) or
5 umol I N-desethylamodiaquine (DEAQ; B). AQ was incubated
for 10 minutes; DEAQ was incubated for 45 min
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the C’S-position. Next to DEAQ-SG, only a minor amount
of bis-DEAQ was found, indicating that, in contrast to AQ,
N-deethylation is a minor pathway compared to the
bioactivation pathway.

Characterization of enzyme kinetics of AQ and
DEAQ bioactivation by HLM

Figure 3A shows the concentration dependency of formation
of DEAQ with AQ concentrations varying from 1 to
100 umol I"'. As expected, the corresponding Eadie-Hofstee
plot (insert Figure 3A) exhibits monophasic behavior, since
N-deethylation of AQ is considered CYP2C8-specific [12]. By
applying nonlinear regression according to the Michaelis-
Menten equation, the enzyme kinetical parameters found
were:K,,, 13.3+£1.9 umoll™, V4, 1609+ 73 pmolmin 'mg "
and CL;,;, 120.6 pl min ™' mg~* (Table 1).

Figure 3B shows the concentration dependent formation
of AQ-SG in HLM after correction for the contribution of
autoxidation of AQ. Between 10 and 100 umol I AQ, autox-
idation of AQ accounted for approximately 20-30% of AQ-SG
formation. Below 10 umol I AQ, formation of AQ-SG was
below the limit of detection in absence of NRS. The enzyme-
dependent formation of AQ-SG obeyed Michaelis-Menten ki-
netics with kinetical K, 11.5 £+ 2.0 pmol 1™, V.,
59.2 £ 3.2 pmol min ! mg’1 and CLj,, 5.15 pl min ! mg’l.

Autoxidation was also observed for DEAQ and accounted
for approximately 10-20% of formation of DEAQ-SG.
Figure 3C shows concentration dependency of DEAQ-SG for-
mation in incubations of HLM with DEAQ ranging from 1 to
50 umol 1!, after correction for the contribution of autoxida-
tion. The enzyme kinetic parameters calculated using nonlin-
ear regression were: K, 6.1 + 1.3 pmol ' Vi
5.5 £ 0.4 pmol min~! mgf1 and CL;y;, 0.90 pl min ! rngfl.

Activity of recombinant hCYPs in the
bioactivation of AQ and DEAQ

To identify the individual hCYPs involved in the
bioactivation of AQ and DEAQ, incubations were conducted
with recombinant hCYP isozymes at AQ concentrations of
10 and 100 umol I"!, and at DEAQ concentrations of 5 and
50 umol 1! in order to study the contributions of P450
isozymes under non-saturated and saturated conditions.

Consistent with previous studies [12], the major metabo-
lite in AQ incubations, DEAQ, was produced at highest activ-
ity by CYP2CS8 and to a lesser extent by CYP2D6 at both AQ
concentrations, Figure 4A. As shown in Figure 4B, multiple
recombinant CYPs were active in the formation of AQ-SG at
both 10 and 100 pmol 1. Among them, CYP2J2 and CYP2D6
appeared the most active isoforms, followed by CYP2C8 and
CYP3A4. All other recombinant hCYPs show <10% activity
under 10 pmol I'! AQ and <19% under 100 umol It AQ,
when compared to the most active enzyme CYP2J2. The
formed AQ-SG in control samples at both 10 and
100 pmol 1I"" AQ were below the detection limit, indicating
that the autoxidation of AQ under these conditions was
negligible.

Similar to AQ, multiple CYPs also showed activity in the
bioactivation of DEAQ, Figure 4C. Recombinant CYP2D6
appeared to be the most active enzyme at both substrate con-
centrations. At 5 pmol 1" DEAQ, CYP2C9 also showed
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Figure 3

Enzyme kinetic analysis of oxidative metabolism of amodiaquine
(AQ) and N-desethylamodiaquine (DEAQ) by pooled human liver
microsomes. (A) Concentration dependency curve of DEAQ
formation from AQ; (B) concentration dependency curve of AQ-SG
formation from AQ; (C) concentration dependency curve of DEAQ-
SG from DEAQ. Solid lines are obtained by nonlinear regression using
the Michaelis-Menten equation. Inserts show corresponding
EadieHofstee plots

significant activity, being approximately 40% of that of
CYP2D6. At the high DEAQ concentration, CYP2CS,
CYP2C19 and CYP3A4 showed activities of approximately
10% of that of CYP2D6.

Effect of isozyme-selective inhibitors on the
bioactivation of AQ and DEAQ by HLM

Based on the enzyme kinetic parameters, inhibition experi-
ments with HLM were performed at 10 pmol I"! of AQ and

5 umol I"' of DEAQ, respectively, to get substrate concen-
trations in the range of the K,, values. Figure 5 shows the
percentage of inhibition by specific CYP inhibitors on the
bioactivation of AQ and DEAQ and the detailed values of
the inhibitory effects are shown in Table 2. As expected,
in incubations of HLM with 10 pmol I"! AQ, formation of
DEAQ was most strongly inhibited by the selective CYP2C8
inhibitor QCT. Formation of AQ-SG was strongly reduced
by 53.1% and 40.1%, by QCT and the CYP3A4 inhibitor
KTZ, respectively. Although recombinant CYP2D6 showed
activity in AQ-SG formation, the CYP2D6 inhibitor QND
did not significantly reduce AQ-SG formation in HLM
incubations. Combining the inhibitors of CYP2CS,
CYP2D6 and CYP3A4 resulted in 84.2% reduced DEAQ
formation and 79.8% reduced AQ-SG formation, respec-
tively (Figure 5A).

In incubations of HLM with DEAQ, the formation of
DEAQ-SG was moderately inhibited by selective CYP2CS,
CYP2D6 and CYP3A4 inhibitors by 19.7%, 29.1%, and
23.6%, respectively (Figure 5B). The combined inhibition of
CYP2C8, CYP2D6 and CYP3A4 showed the strongest
inhibition of 69.4% of DEAQ-SG formation compared to cor-
responding control incubations. Although the recombinant
CYP2C9 showed the second highest activity, inhibition of
CYP2C9 only gave a minor decrease of 10.7% regarding the
formation of DEAQ-SG.

Discussion

The aim of present study was to characterize the kinetics of
bioactivation of AQ and DEAQ by HLM in order to evaluate
which compound will have the highest contribution to cova-
lent binding to hepatic tissue. In addition, which hCYP iso-
zymes contribute to bioactivation of AQ and DEAQ was
investigated.

Previous studies showed that AQ is prone to autoxidation,
leading to covalent binding to HLM even in absence of the
cofactor NADPH [9, 21]. In the present study, we confirmed
this finding by observation of AQ-SG formation in incuba-
tions of HLM in absence of NRS. In addition, DEAQ also
showed the potency of autoxidation in incubations without
NRS. However, addition of NRS resulted in a three- to nine-
fold strong increase in formation of AQ-SG and DEAQ-SG, de-
pendent on substrate concentration (Figure S4). Also, the fact
that addition of a mixture of P450-inhibitors to HLM could
decrease formation of AQ-SG by more than 80% (Figure 4A)
only can be explained by inhibition of P450-dependent
bioactivation, since these inhibitors lack antioxidant proper-
ties (data not shown). Similarly, in incubations of AQ with re-
combinant hCYPs, formation of AQ-SG showed large
differences in formation of GSH-conjugates, which would
not be expected if bioactivation would mainly occur by au-
toxidation. Although the contribution of autoxidation in
our in vitro experiments ranged to 30% in incubations with
1 mg ml ' of HLM, the average concentration of microsomal
proteins of 128 human livers was reported to be 39.46 mg g~
liver [32]. Therefore, because of this almost 40-fold higher en-
zyme concentration the bioactivation of AQ and DEAQ will
be mainly P450-dependent in vivo.

Br ) Clin Pharmacol (2017) 83 572-583 577



Y. Zh I
BICP ang et a

Table 1

Enzyme kinetic parameters of formation of N-desethylamodiaquine (DEAQ) and C'5-glutathionly-amodiaquine (AQ-SG) from amodiaquine and of
C'5-glutathionly-N-desethylamodiaquine (DEAQ-SG) formation from DEAQ in human liver microsomes

Km(pmol I_I) Vmax(pmol min ' mgq) CLin>(ul min ' mgq)
DEAQ Formation 13.3+1.9 1609 + 73 120.6
AQ-SG Formation 11.54+2.0 59.2+3.2 5.15
DEAQ-SG Formation 6.1 £1.3 55+04 0.90

Since the peak concentration of DEAQ is more than 20-
fold higher than that of AQ itself after oral administration
of AQ, whereas the half-life of DEAQ is much longer, the in-
ternal exposure to DEAQ is up to 240-fold higher than that
of AQ, when considering the ratio AUCpgaqg/AUCaq [16].
The much shorter half-life of AQ is explained by the more
rapid oxidative metabolism by hepatic enzymes. As shown
in Figure 2, AQ was metabolized for 50% by HLM within
10 min, whereas DEAQ was metabolized for only 5% after
45 min. Because of the much higher internal exposure to
DEAQ, and the fact that bioactivation appears to be the ma-
jor pathway of oxidative metabolism, an enzyme kinetical
analysis of the bioactivation pathways was performed to es-
timate difference in internal exposure to the quinonimines
of AQ and DEAQ. Since the maximal plasma concentrations
of AQ and DEAQ found clinically are in the range of
50 nmol 1! (AQ) and 1.5-2 pmol I"' (DEAQ), the intrinsic
clearances CL;,; and the local substrate concentration will
determine the rate by which their corresponding
quinonimines will be produced. Although the CL;, of
DEAQ-SG formation appeared to be 5.7-fold lower compared
to that of AQ-SG formation, the fact that the DEAQ concen-
tration is over 40 times higher, and also present for a longer
time because of it long half-life, implies that the overall
internal exposure to chemically reactive quinonimine of
DEAQ will be much higher compared to that of AQ. Because
the body burden of covalent binding is considered an
important risk factor for idiosyncratic drug reactions [33],
DEAQ probably not only determines the pharmacological
effect of AQ-treatment, but also may determine its toxic
side effects.

To better understand the interindividual variability in
susceptibility to AQ-induced hepatotoxicity, identification
of the hCYPs involved in bioactivation of AQ and DEAQ is
important. As shown in Figure 4, multiple recombinant
hCYPs appeared to be active in bioactivation of AQ and
DEAQ. For AQ, highest activity in formation of AQ-SG was
observed with recombinant CYP2D6 and CYP2J2, while sig-
nificant activity was also found with CYP2C8 and CYP3A4.
When considering the different expression levels of hCYPs
in human liver (Table 3), the largest contribution to
bioactivation of AQ in the average liver is expected from
CYP3A4, CYP2D6 and CYP2CS8, in decreasing order. The
strong inhibition observed by the inhibitors of CYP2CS8
(QCT) and CYP3A4 (KTZ) in incubations with HLM con-
firmed their contribution to bioactivation of AQ. However,
the contribution of CYP2D6 in hepatic bioactivation appears
to be overpredicted when based on supersomes expressing
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CYP2D6, since no significant inhibition of HLM-catalyzed
bioactivation of AQ was observed with the CYP2D6-specific
inhibitor QND.

For DEAQ, which overall may cause a higher degree of co-
valent binding to that of AQ, as described above, also several
recombinant hCYPs showed activity in bioactivation to its
quinonimine (Figure 4C). At the low concentration of DEAQ,
the highest amount of DEAQ-SG was found with recombi-
nant CYP2D6 and CYP2C9, whereas CYP3A4, CYP2C19 and
CYP2CS8 also showed significant activity at 50 ymol I DEAQ.
Considering the different expression levels of these CYPs in
the average human liver, CYP2C9, CYP2D6 and CYP3A4 were
predicted to contribute significantly to DEAQ bioactivation,
which appear to be confirmed by the inhibition study with
P450-specific inhibitors. Although so-called “intersystem ex-
trapolation factors” [34] have been used to improve extrapo-
lation of activities of recombinant enzymes to that of HLM,
it was decided not to include this in the present study because
prediction of relative contributions of individual hCYPs in
the average human liver, might not be representative for the
relative contribution of hCYPs in the liver of susceptible
individuals.

As shown by the meta-analysis of Achour et al. [28], ex-
tremely large variabilities occur in the level of hepatic CYPs,
which may be due to genetic factors, enzyme induction
and epigenetic factors. For almost each CYP individuals
have been identified with up to 10-fold higher hepatic
levels than present in the average liver, Table 3. The very
large variability in CYP2C8 expression, the main enzyme
involved in oxidative metabolism of AQ, probably underlies
the variability in pharmacokinetics of AQ. Individuals with
high levels of CYP3A4, CYP2C8, CYP2C9 and CYP2D6 will
be exposed to higher levels of quinonimines of AQ and
DEAQ. The meta-analysis of Achour et al. [28], showed sig-
nificant correlations between abundance of CYP3A4 and
CYP2C8 and between CYP3A4 and CYP2C9. This may be
partially explained by the fact that these enzymes are in-
ducible, mediated by the same transcription factors. This
implicates that individuals with high expression levels of
all three CYP isoforms might be exposed to an increased
risk of AQ-induced toxicity.

Identification of CYPs involved in oxidative metabolism
of AQ and DEAQ may not only explain interindividual differ-
ences in pharmacokinetics, but also explain the conse-
quences of drug-drug interactions caused by drugs
administered simultaneously. AQ is often administered to-
gether with other antimalarial drugs, such as artesunate,
and antiretroviral drugs, such as nevirapine [17] and



Bioactivation of amodiaquine and N-desethylamodiaquine by human CYPs m

A I AQ 10 ymol 1
28 1 AQ 100 pmol -1

2.0

1.5

DEAQ (umol I)

1.0

0.5 ﬂ
0.0-
N

~n oA N o 3 B @ & X 5 A
S &S F Rgr:: F q‘?bq.(’ -\S',\'o"mo\ 'vdufl?' P aF oF oF
&
B Il AQ 10 pmol 7
1.5 I AQ 100 pmol -
T
3 104
£
2
I
@
g
0.5
0.0
AN (- D S D 0 Aok S A
SEEE W P 0P P
o
[ VY
C Il DEAQ 5 ymol I
4- [ DEAQ 50 pmol I-!
T
-]
£
2
? 2
5
o
1
o _p_[]_il_p_p
N fy N R R TP B T R RPN b 5 A
o“sO\ ‘9»\:@ RSO Pl 4 PHgh gt s
o & P
Figure 4

Oxidative  metabolism of amodiaquine (AQ) and N-
desethylamodiaquine (DEAQ) by recombinant human P450
(supersomes). (A) Formation of DEAQ from AQ (A); (B) formation
of AQ-SG from AQ; (C) formation of DEAQ-SG from DEAQ. AQ and
DEAQ were incubated at two concentrations in presence of
100 nmol " of each recombinant hCYPs. Control 1, empty
baculosomes; Control 2, human CYP reductase; Control 3,
baculosomes expressing only human CYP reductase

efavirenz [35]. A pharmacokinetic interaction study between
efavirenz and amodiaquine/artesunate, was prematurely
discontinued because the first two of the five healthy volun-
teers developed strong increases in plasma transaminase
levels [35]. Efavirenz is known to cause enzyme induction
of CYP3A4 and CYP2B6 in humans [36, 37]. A strong in-
crease in CYP3A4-dependent bioactivation of AQ and
DEAQ therefore may explain the hepatic damage observed
in these volunteers. Since artesunate is mainly metabolized
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Figure 5

Effect of specific CYP450 inhibitors on metabolism of amodiaquine
(AQ) at 10 pmol I' (A) and N-desethylamodiaquine (DEAQ) at
5 pmol I”" (B) by human liver microsomes. Data are expressed
as % of the control experiments where inhibitors were omitted
and represented as mean £ standard deviation of duplicate
determinations

by CYP2A6, drug-drug interaction between artesunate and
AQ or DEAQ is unlikely to occur [38]. However, both
artemisinin and dehydroartemesinin have been shown to
induce CYP3A4 in human hepatocytes, which may lead to
increased bioactivation of AQ and DEAQ when
coadministered [39].

In conclusion, based on the present study covalent
binding by the quinoneimine of both AQ and DEAQ might
significantly contribute to the hepatotoxicity observed in a
small subgroup of AQ-treated patients, several human
CYPs, such as CYP3A4, CYP2D6, CYP2C8 and CYP2C9 ap-
pear to be involved in bioactivation of AQ and DEAQ to
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Table 2

Inhibitory effects of specific P450-inhibitors on the formation of N-desethylamodiaquine (DEAQ), C'5-glutathionly-amodiaquine (AQ-SG) and C’
5-glutathionly-N-desethylamodiaquine (DEAQ-SG) in human liver microsomes incubations

Specific P450 inhibitor DEAQ formation

Quercetin (2C8)

229 +0.4
(+)-N-3-Benzyl-nirvanol (2€19) 101.1 £ 5.1
Diethylthiocarbamate (2E1)

122.0+5.4

Combinantion inhibition® 158 +1.3

AQ-SG formation DEAQ-SG formation

469 £1.5 80.3 £9.6

101.3+0.9 96.5+0.6
1151+ 8.6

96.4 £ 5.6

20.24+0.2 30.6 £0.3

Values are the expressed as mean =+ standard deviation from duplicated experiments and as percentage (%) relative to control incubations without

inhibitors

2Combination inhibition for AQ-SG and DEAQ-SG formation: quercetin (CYP2C8) + quinidine (CYP2D6) + ketoconazole (CYP3A4)

their respective quinoneimines, as depicted in Figure 6.
Therefore, genetic and nongenetic factors influencing
interindividual variability of these isozymes in the liver
are likely to be important factors determining the

Table 3

susceptibility of patients to AQ-induced toxicity. Future in-
vestigations focusing on the genotyping of relevant hCYPs
of patients encountered AQ-induced toxicity would be of
clinical importance.

Specific activities of recombinant human cytochrome P450s (hCYPs) in the formation of glutathione conjugates of amodiaquine (AQ-SG) and
desethylamodiaquine (DEAQ-SG) and predicted contribution of each hCYP isozyme in the average human liver

AQ 10 pmol I”'

Average abundance® AQ-SG formation®

(range)

CYP1A2 39 (1-263) 444 +5.5 15.0

Relative
(pmol min " nmol ' P450) contribution® (%)

DEAQ 5 pmol I
DEAQ-SG formation® Relative
(pmol min ' nmol ' P450) contribution® (%)

43+£0.2 4.5

CYP2B6 16 (0-180) ND 0 ND 0
CYP2C9 61 (0-277) ND 0 61.2+2.1 100.0

CYP2C19 11 (0-67) ND

14.8 £0.1 4.4

CYP2E1 64.5 (2-201) ND 0 1.7 +£0.1 3.0

CYP3A4

93 (0-601)

124.6 £10.5

CYP3A7 9 (0-90) ND 0

100.0

13.1+£0.2 32.6

1.8+0.2 0.4

“Values in pmol mg_1, adapted from Reference [28]

PSpecific activities were determined from duplicated experiments. Values were presented as mean + standard deviation (n = 2)
“Values were calculated by multiplying the mean specific activity of each hCYP isozyme with its average abundance in liver

ND, not detectable
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Figure S1 Comparison of aromatic regions of 'H-nuclear
magnetic resonance spectra of (A) C’S-glutathionyl-
amodiaquine (AQ-SG) and (B) C’5-glutathionly-N-
desethylamodiaquine (DEAQ-SG)

Figure $2 H-H correlation spectroscopy spectrum of C’5-
glutathionly-N-desethylamodiaquine

Figure $3 Mass spectra of C’5-glutathionyl-amodiaquine (A)
and C’5-glutathionly-N-desethylamodiaquine (B) extracted
from human liver microsome incubations with amodiaquine
and N-desethylamodiaquine, respectively

Figure S$4 Concentration dependency of C’S-glutathionyl-
amodiaquine formation (A) in the presence (closed circle)
and absence (open circle) of NADPH-regenerating system
when incubating amodiaquine varying from 1 to
100 umol I"' with 1 mg ml™' human liver microsomes
and C’5-glutathionly-N-desethylamodiaquine formation
(B) in the presence (closed triangle) and absence (open
triangle) of NADPH-regenerating system when incubating
N-desethylamodiaquine varying from 1 to 50 pmol 1" with
1 mg ml™' human liver microsomes. Lines are only
intended to guide the eye. Detailed incubation conditions
can be found in the text

Table S1 'H-nuclear magnetic resonance spectra of aro-
matic protons of glutathione conjugates of amodiaquine
and N-desethylamodiaquine

Br ] Clin Pharmacol (2017) 83 572-583 583


http://onlinelibrary.wiley.com/doi/10.1111/bcp.13148/suppinfo

