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Chloroquine has been used for many decades in the prophylaxis and treatment of malaria. It is
metabolized in humans through the N-dealkylation pathway, to desethylchloroquine (DCQ) and
bisdesethylchloroquine (BDCQ), by cytochrome P450 (CYP). However, untii recently, no data
are available on the metabolic pathway of chloroquine. Therefore, the metabolic pathway of
chloroquine was evaluated using human liver microsomes and cDNA-expressed CYPs. Chlo-
roquine is mainly metabolized to DCQ, and its Eadie-Hofstee plots were biphasic, indicating
the involvement of multiple enzymes, with apparent K, and V.., values of 0.21 mM and 1.02
nmol/min/mg protein 3.43 mM and 10.47 nmol/min/mg protein for high and low affinity compo-
nents, respectively. Of the cDNA-expressing CYPs examined, CYP1A2, 2C8, 2C19, 2D6 and
3A4/5 exhibited significant DCQ formation. A study using chemical inhibitors showed only
quercetin (2 CYP2CS8 inhibitor) and ketoconazole (a CYP3A4/5 inhibitor) inhibited the DCQ for-
mation. In addition, the DCQ formation significantly correlated with the CYP3A4/5-catalyzed
midazolam 1-hydroxylation (r=0.868) and CYP2C8-catalyzed paclitaxel 6a-hydroxylation (r =
0.900). in conclusion, the results of the present study demonstrated that CYP2C8 and
CYP3A4/5 are the major enzymes responsible for the chloroquine N-deethylation to DCQ in
human liver microsomes.
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INTRODUCTION

30-50% of an administered dose of chioroquine is
metabolized by the liver, presumably through cytochrome

Crloroquine has been used for the prophylaxis and
treat ment of malaria for many decades. Following the oral
adm nistration of single and multiple doses to healthy
voluntears or malaria patients, chloroquine is metabolized
throLgh a dealkylation pathway, to monodesethylchloroquine
(DCQ) and bisdesethylchloroguine (BDCQ) (Fig. 1).

Tre concentrations of DCQ and BDCQ in plasma reach
48 znd 13% of the chloroquine level, respectively. Even
thoujh chloroquine has an extremely long half-life, it has
a ncn-negligible total clearance, with equal contributions
by “he liver and kidneys in its elimination (Gustafsson et
al., 9t 3; Frisk-Holmberg et al., 1984; Ette et al., 1989;
Augslijns et al,, 1992). It has been estimated that
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P450 enzymes (CYPs) (Ofori-Adjei and Ericsson, 1985).
Previously, Ducharme and Farinotti (1997) reported that
chloroquine is metabolized into DCQ and BDCQ in
human liver microsomes, suggesting the involvement of
CYPs in its metabolism. However, there has been no
previous demonstration that CYP iscforms are involved in
the metabolism of chloroquine.

This study was undertaken to identify the CYP isoforms
responsible for the metabolism of chloroquine using
human liver microsomes and cDNA expressing CYP
isoforms.

MATERIALS AND METHODS

Chemicals and reagents

The chloroquine, phenacetin, acetaminophen, dextro-
methorphan, quinidine, sulfaphenazole, ketoconazole,
diethyldithiocarbamate (DDC), furafyliine, chlorozoxazone,
B-nicotinamide adenine dinucleotide phosphate (3-NADP),
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B-nicotinamide adenine dinucleotide phosphate, reduced
form of NADPH, EDTA, MgCl,, glucose-6-phosphate (G-
6-P) and glucose-6-phosphate dehydrogenase (G-6-PDH)
were all purchased from Sigma Chemical Co. (St. Louis,
MO). The desethyichloroquine (DCQ) and Bisdesethyl-
chlroquine (BDCQ) were generously donated by the
Malarial Research Centre in Indian, Council of Medical
Research, India. The S-Mephenytoin, 4-hydroxymephenytoin,
6-hydroxychlorzoxazone and 1-hydroxymidazolam were
purchased from Ultrafine Chemical Co. (Manchester, UK).
The acetonitrile and methanol were provided by Fisher
Scientific (Pittsburgh, PA). All other reagents and chemicals
were of analytical or HPLC grade.

Human liver microsomes and cDNA-expressed
P450s

Human liver microsomes (HG-42, HG-43, HG-56, HG-
93) from four different donors were provided by BD
Gentest Co. (Woburn, MA), which were stored frozen at
80°C until use. Eight different human cDNA expressing
CYP450s, 1A2, 2C8, 2C9, 2C19, 2D6, 2E1, 3A4 and 3A5
(Supersomes®), were purchased from BD Gentest Co.
(Woburmm, MA). The manufacturer supplied information
regarding the protein concentration and CYP content.

Metabolism of chloroquine in human liver micro-
somes or cDNA-expressed P450 isoforms

All incubations were performed in duplicate, and the
mean values were used. The incubation mixtures, contain-
ing either 25 pL of microsomes (1 mg protein/mL of stock,
prepared from three different human liver microsomal pre-
parations), or 25 uL of cDNA expressing CYP (diluted to
20-100 pmol/mL with phosphate buffer, pH 7.4), and various
concentrations of chloroquine (12000 uM), reconstituted
in 100 uM phosphate buffer (pH 7.4), were preincubated
for 5 min at 37°C. The reactions were initiated by the
addition of the NADPH-regenerating system (including 1.3
mM NADP, 3.3 mM G-6-P, 3.3 mM MgCl, and 1.0 U/mL
G-6-PDH), and the reaction mixtures (final volume of 250
uL) incubated for 30 min at 37°C in a shaking water bath.
The time of incubation, and the concentration of micro-
somes used, for each assay were determined to be in the
linear range for the rate of the metabolite formation. The
reactions were terminated by placing the incubation tubes
on ice and adding 80 plL. acetonitrile. The incubation mixtures
were then centrifuged for 5 min at 10,000xg at 4°C. An
aliquot of the supematant fraction was subjected to analysis
using high-performance liquid chromatography (HPLC).

HPLC analysis

The DCQ and BDCQ were analyzed using high-per-
formance liquid chromatography (HPLC), with fluorescence
detection. The HPLC analyses were carried out on a Capcell
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Pak Cig (250x1.5 mm, 5 um, Shiseido Co, Tokyo, Japan)
connected to a Shiseido SI-1 chromatographic system,
consisting of a pump (model 2001), an autosampler (model
2003) and a fluorescence detector (model FP-2020, Jasco
Co., Tokyo, Japan). Elution was performed at a flow rate
of 150 pl/min, with a mobile phase composed of acetonitrile,
methanol and 0.2 M potassium dihydrogen phosphate
solution (5/30/65, viviv), with 1% triethylamine. Analytes
were monitored by fluorescence detection (excitation 250
nm, excitation 380 nm). The data sampling and the peak
integration were performed using the chromatography
software, DsChrom2000 (Donam Instrument Co., Suwon,
Korea).

Chemical inhibition study

The selective inhibitors of 9 major CYPs (CYP1A2, 2A6,
2B6, 2C8, 2C9, 2C19, 2D6, 2E1 and 3A4/5) were chosen
according to the results of previous studies (Bourrie et al.,
1996; Eagling et al., 1998). Two concentrations of inhibitor
were used: furafylline (CYP1A2; 10 and 50 uM), coumarin
(CYP2A6; 100 and 200iM), orphenadrine (CYP2B6; 100 and
200 pM), quercetin (CYP2C8; 20 and 100 uM), sulfaphenazole
(CYP2C9; 5 uM, 20 uM), omeprazole (CYP2C19; 10 uM,
100 uM), quinidine (CYP2D6; 1 and 10 uM), DDC (CYP2E1;
100 and 200 uM) and ketoconazole (CYP3A4/5; 1 and 10
uM). In the cases where the inhibitors had previously dem-
onstrated mechanism-based inactivation of CYPs (furafylline,
orphenadrine, and DDC), they were preincubated with
microsomes and NADPH, at 37°C for 15 min, before the
substrate was added. The control reactions for the
orphenadrine, furafylline and DDC experiments included a
pre-incubation without the inhibitor.

Correlation study

Correlation studies with 12 human microsomal samples
were performed in duplicate, under the same conditions,
with a chloroquine concentration of 25 uM. The human
hepatic microsomal CYP activities were determined by
HPLC. The correlation coefficients were determined by
Pearson Moment correlations, using Prism Software
(Graphpad Software Inc.).

Assays for the respective products of the CYP marker
reactions were carried out using HPLC. The reaction
probes used were phenacetin O-deethylation for CYP1A2
(Tassaneeyakul et al., 1993), S-mephenytoin 4-hydroxyla-
tion for CYP2C19 (Wrighton et al., 1993), dextromethorphan
O-demethylation for CYP2D6 (Broly et al., 1989), paclitaxel
6o-hydroxylation for CYP2C8 (Harris et al., 1994) and
midazolam 1-hydroxylation for CYP3A4/5 (Thummel et
al., 1994).

Data analysis
The results are expressed as the meanstS.D. of estimates
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obtaired from four different liver microsome preparations,
from duplicate experiments. The enzyme kinetic para-
meters viere obtained by a nonlinear regression analysis
{(WIinhONLIN; SCI, Inc., Apex, NC). The kinetic analyses
of the: retabolite formation were initially assessed by
visual inspection of the Eadie-Hofstee plots. A single K,
value (rectangular hyperbolic) model was suggested by
the rresence of a straight-line plot. When the plot
deviated from linearity, a multiple K, was suggested. The
Michzelis-Menten  equation, V=V, [SV(Kn + [S]) +
Vinarz - [SI(Knz + [S]), was fitted to the formation rates of the
metatbiolite (DCQ) versus the substrate concentrations. V
is the velocity of the reaction at substrate concentration [S],
Vimaxt 3N Voo are the maximum velocities and K.,; and
K. the substrate concentrations at which the reaction
velocity s 50% of V... The intrinsic clearance of the in
vitro incubation was calculated as Cly = Vo/Kn.

RESJLTS

Chloroquine N-deethylation in human liver micro-
somes

Fig. 1 shows the DCQ formation in human liver micro-
somes. The Eadie-Hofstee plots for DCQ formation were
biphasic (inset in Fig. 1), suggesting the involvement of
multig le enzymes. The enzyme kinetic parameters for the
chlorogrine N-deethylation were therefore estimated ac-
cordir g o a two enzyme model. The apparent K, and V.,
values of DCQ formation, along with intrinsic clearance
(Vi K from four human liver microsomes, are summa-
rized in Table I. The average K., V..., and intrinsic clear-
ance values for high and low affinity component were 0.21
miM, - .0:2 pmol/min/mg protein and 4.94 ulL/min/mg protein,
and 3.43 mM, 10.47 pmol/min/mg protein and 3.09 uL/
min/mg protein, respectively. The BDCQ was also found
to be formed from an incubation study with chloroquine.
However, the formation rate was relatively small (V. =
0.53 pmol/min/mg protein), and the K, value too high (K,
> 10( M), compared with those of the DCQ formation,
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NH,

Desethylchloroquine Bisdesethylichloroquine
(DCQ) (BDCQ)

Fig. 1. Chemical structures of chioroquine, desethylchioroguine (DCQ)},
and bisdesethylchloroguine (BDCQ)

suggesting the minimal contribution of BDCQ formation in
the metabolism of chloroguine.

Inhibition of DCQ formation by CYP-selective
chemical inhibitors

Selective inhibitors of the nine major CYPs were used
to identify the dominant CYPs that mediate the formation
of DCQ (Fig. 3). Ketoconazole (CYP3A4/5) inhibited the
formation of DCQ by 33 and 45% at concentrations of 1
and 10 pM, respectively. Quercetin (CYP2C8) also inhibit-
ed the formation of DCQ by 21 and 39% at concentrations
of 20 and 100 uM, respectively. In contrast, furafylline
(CYP1A2), coumarin (CYP2A8), orphenadrine (CYP2B6),
sulfaphenazole (CYP2CS9), (S)-mephenytoin (CYP2C19),
quinidine (CYP2D6) and DDC (CYP2E1) showed weak or
no inhibition of the formation of DCQ.

Chloroquine N-deethylation activity screening in
cDNA-expressed CYPs
To evaluate the contribution of the major CYPs to the

Table |. Kinetic parameters for chloroquine N-deethytation to DCQ in human microsomes

High affinity component Low affinity component
Vinax (nmol/iminymg protein) K, (mM)  Cli, (uL/min/mg protein) Vs (nmol/min/mg protein) K, (mM)  Cl; (uL/min/mg protein)
H3-42 1.34 0.27 4.96 9.06 257 3.53
H343 1.49 0.30 497 126 412 3.06
H3-£6 049 0.1 445 1.78 410 287
H3-€3 0.75 0.14 5.36 8.42 2.91 2.89
Meen+3.D. 1.02+0.48 0.21+0.09 4.94+0.37 10.47+2.04 3.43+0.80 3.09+0.30

Clyy, inTinsic clearance

Vmax T€presents the maximal reaction velocity and K., is the substrate concentration corresponding to 50% of V... Values were estimated from the

nonline ar east regression analysis using WinNONLIN program.
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Fig. 2. Representative substrate saturation plot of chloroguine N-
deethylation to DCQ in human liver (HG-56) microsomes with inset
Eadie-Hofstee plot demonstrating biphasic kinetics
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Omeprazole (100 )
DDC (100 M)

DDC (200 pM)
Quinidine (1 uM)
Quinidine {10 M)

Ketoconazole (1 yM)

Ketoconazole (10 yM)

T I T T T
0 20 40 60 80 100
% Control Activity

Fig. 3. Inhibition of chtoroquine N-deethylation to DCQ in human liver
microsomes by CYP-specific chemical inhibitors. Chemical inhibitors
of CYPs were used in this experiment: furafylline (CYP1A2),
coumarin (CYP2A8), orphenadrine (CYP2B6), gquercetin (CYP2C8),
sulfaphenazole (CYP2C9), omeprazole (CYP2C19), diethyldithiocarbamate
(DDC, CYP2E1), quinidine (CYP2D6), and ketoconazole (CYP3A).
The results represent the meantS.D. of percentage of remaining
activity relative to control DCQ formation rate (90.5+£16.5 pmol/min/
mg protein at 25 uM chloroquine).

chloroquine N-deethylation to DCQ, 25 uM chloroquine
was incubated with a series of cDNA expressing CYPs
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Fig. 4. Formation of DCQ after addition of 25 uM chloroquine in cDNA-
expressed CYP isoforms. The results represent the mean (+S.D.) of a
duplicate experiment done in each cDNA-expressed CYP. Formation
rates are expressed per picomole of cDNA-expressed CYPs at a
chloroguine concentration of 25 uM.

(1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, 3A4 and
3A5). As shown in Fig. 4, of all the CYPs tested, CYP2D6
displayed the greatest N-deethylation activity, followed by
CYP2C8, 1A2, 2C19, 3A5 and 3A4, whereas little activity
was observed with CYP2A6, 2C9 and 2E1.

Chloroquine N-deethylation activity in cDNA-ex-
pressed CYPs

Among the cDNA expressing CYPs tested, substrate
saturation experiments were conducted in CYP1A2,
2C8, 2C19, 2D6, 3A4 and 3A5. The apparent K., Viax,
and intrinsic clearance values of DCQ formation from
chloroquine are summarized in Table Il. Chloroquine
showed the highest affinity in the CYP2C8 isoform and
the highest capacity in the CYP2D6 isoform. The
intrinsic clearance of chloroquine was highest in the
CYP2D6 isoform, followed by 2C8, 2C19, 1A2, 3A5
and 3A4 (Table II).

Table II. Kinetic parameters for chloroguine N-deethylation to DCQ
in cDNA-expressed CYP1A2, CYP2C8, CYP2D6, CYP3A4, and
CYP3AS.

Kinetic parameters of DCQ formation
Vinax (Pmol/min/pmol CYP) K, (mM) Cl,, (uL/min/pmol CYP)

CYP1A2 230.0 448 0.051
CYP2C8 52.1 0.43 0.121
CYP2C19 13.2 2.39 0.047
CYP2D6 479.8 3.72 0.129
CYP3A4 166.5 5.00 0.033
CYP3A5 215.1 4.98 0.043

Cliy, intrinsic clearance

Viax TEpresents the maximal reaction velocity and K, is the substrate
concentration corresponding to 50% of V... Values were estimated
from the non-linear least regression analysis using WIinNONLIN
program.
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Table ll. Correlation of chloroquine N-deethylation activity with CYP
isoforr1-specific activities in 12 human liver microsomes.

Isoform-specific activities

Midazclam 1-hydroxylation (CYP3A4/5)

Correlation Coefficient (r)
0.900 (P=0.0004)

S-Meg 1erytoin 4-hydroxylation (CYP2C19) 0.056'
Dextrc meihorphan O-demethylation (CYP2D6)  0.342'
Paclitzxel 3o-hydroxylation (CYP2C8) 0.868 (P=0.0011)
Phenazeti1 O-deethylation (CYP1A2) 0.208"

* ot «ign ficant (P>0.05)

Correlation of chloroquine N-deethylation activ-
ity in a panel of human liver microsomes

Thi2 chloroquine N-deethylation activity, measured in
human liver microsomes from 12 human livers, ranged
from 7.17 to 25.25 pmol/min/mg protein. Correlations of
these: activities, from a panel of human liver microsomes,
with “heir standard CYP isoform-specific activities, demon-
strated a correlation with the CYP3A4/5-catalyzed midazolam
1-hydroxylation (r=0.900, P=0.0004) and CYP2C8-catalyzed
paci.axel 6-hydroxylation (r=0.868, P=0.0011) (Table II).

DISICUSSION

Thz i1 vitro metabolism of chloroquine in the presence
of human liver microsomes and cDNA expressing CYPs
have been demonstrated in this report for the first time.
The CV'P2C8 and CYP3A4/5 were observed to be the
majcr enzymes in the formation of DCQ from chloroquine.

Ir this study, it was identified that the chloroquine was
metz belized into DCQ in human liver microsomes; this is
consistent with previous data (Ducharme and Farinotti,
1997). "he Eadie-Hofstee plots of chloroquine N-deethylation
in Fuman liver microsomes were clearly biphasic, indicat-
ing 1e involvement of multiple enzymes. Consistent with
this :assumption, several CYP isoforms (i.e. CYP1A2, 2C8,
2C1Y, D6, 3A4/5) were found to be involved in the formation
of DCQ using cDNA expressing CYPs. However, when
the inhioition of the DCQ formation was estimated, by CYP-
seletive chemical inhibitors, only quercetin (a CYP2C8
inhikito-) and ketoconazole (a CYP3A4/5 inhibitor) showed
sign ficant inhibitions. The other CYP-selective chemical
inhikitors showed no, or only weak inhibition, of the me-
tabclisrn of chloroquine. A correlation study also supported
the ole of both CYP2C8 and CYP3A in the formation of
DCQ i1 human liver microsomes. Altogether, CYP2C8
and CYP3A had a significant contribution to the formation
of LCQ) in human liver microsomes. The other CYPs that
showved DCQ formation may also contribute to a minimal
extent.

Inerestingly, the DCQ formation was about two- and
nine-fo:d greater in CYP2D6 than those in CYP2C8 and
3A4'5, respectively, when the CYP isoforms involved in
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the metabolism of chloroquine were screened and iden-
tified, using cDNA expressing CYPs. From this result,
CYP2D6 might be considered the main isoform involved
in the formation of DCQ. The substrate saturation experi-
ments showed the highest capacity (V,...} and intrinsic
clearance rate in CYP2D6, but its K,, value was relatively
high, suggesting it to be one of low affinity components
of chloroquine metabolism. Individual CYP data suggest
that CYP2D6 is a main isoform of chloroguine metabolism,
but different results were also found, indicating a relatively
weak relationship between the CYP2D6 and the formation
of DCQ in human microsomal preparations. Firstly, the
chemical inhibitor studies showed that quinidine (a
CYP2D6 inhibitor) did not inhibit the formation of DCQ.
Secondly, the correlation study showed no significance
between the DCQ formation, and the CYP2D6-catalyzed
dextromethorphan O-demethylation, in a panel of human
liver microsomes (r=0.342). Shimada et al. (1994) reported
that the relative CYP3A4/5, 2C8/9/18/19, 1A2, 2E1 and
2A6 contents in 60 human samples are 29, 18, 13, 7 and
4%, respectively, with a CYP2D6 level of only 2%, sug-
gesting a relatively small CYP2D6 content compared with
those of the other CYPs. Based on the relatively small
proportion of CYP2D6, and the chemical inhibitor and
correlation studies, the CYP2D6 is unlikely to be involved
in the formation of DCQ. Our in vitro results are in agree-
ment with previous studies, which outlined the role of
CYP2D6 in the metabolism of chloroquine in humans.
Imipramine, a CYP2D6 substrate and inhibitor, was shown
to elicit no difference in the plasma and urine profiles of
chloroquine or its metabolites (Onyeji et al., 1993). In con-
trast, the formation of DCQ from chloroquine was highly
correlated with midazolam 1-hydroxylation. Ketoconazole,
which is a potent inhibitor of CYP3A4/5, had a strong
inhibitory effect on the formation of DCQ. Screening for
chloroquine metabolism, with a panel of different cDNA
expressing CYPs, indicated both CYP3A4 and 3A5 to be
involved in the DCQ formation. Taken together, these
studies confirmed the significant contribution of CYP3A4/5
in the metabolism of chloroquine. Even though the intrinsic
clearance values of CYP3A4/5 are relatively lower than
for the other CYPs tested, both isoforms should catalyze
a significant portion of the DCQ formation as the respec-
tive proportions of the CYP3A4/5 contents are the largest
(Shimada et al., 1994). On the other hand, the formation
of DCQ was also significantly correlated with the CYP2C8-
catalyzed paclitaxel 6o-hydroxylation in a panel of human
liver microsomes. Quercetin, a CYP2C8 inhibitor, showed
an inhibitory effect on the DCQ formation (Bourrie et al.,
1996; Eagling et al., 1998). With these results, it was con-
firmed that CYP3A4/5 as well as CYP2C8 have an important
roles in the metabolism of chloroquine. Moreover, the
substrate saturation experiments showed that the affinity
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of the chloroquine for CYP2C8 was the highest of all the
CYPs tested, with the intrinsic clearance of CYP2C8 for
the DCQ formation also being significantly higher than the
other CYPs, with the exception of CYP2D6.

Although chloroquine is still one of the most widely used
antimalarial drugs, drug interaction studies, or case reports
on drug interactions, on chloroquine are still lacking. One
clinical study showed that pretreatment with cimetidine,
an inhibitor of nonspecific CYP isoforms, especially CYP2C
and CYP3A, resulted in a 50% increase in the halflife of
chloroquine, and was associated with a 50% decrease in
its clearance (Ette et al., 1987). Because the area under
the time-concentration curve (AUC) of DCQ increased by
47%, cimetidine probably decreased chloroquine metabo-
lism by the inhibition of the CYPs. This suggests that the
CYP-catalyzed chloroguine metabolism is affected by
inhibition of the CYP. Although chloroquine has few side
effects when used at the recommended oral doses, it has
been established that pruritus, induced by the drug, is
associated with the plasma chloroquine level (Ademowo
et al., 2000; Onyeji and Ogunboda, 2001). Because the
metabolic activity of CYPs in catalyzing the drug correlates
with their plasma concentrations, the activity of CYP2C8
and CYP3A4/5 may be related to chloroquine-induced
pruritus. However, further studies will be necessary to
deduce the mechanism(s).

In conclusion, our-data demonstrated that CYP2C8 and
CYP3A4/5 are the major enzymes responsible for the chlo-
roquine N-deethylation into DCQ in human liver microsomes.
Our results also suggested that CYP2D6, 1A2 and 2C19
have minor roles in the chloroquine N-deethylation.
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