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Metabolic interactions of selected antimalarial and non-antimalarial drugs
with the major pathway (3-hydroxylation) of quinine in human liver
microsomes

Xue-Jun Zhao & Takashi Ishizaki
Department of Clinical Pharmacology, Research Institute, International Medical Center of Japan, Tokyo, Japan

Aims Nine antimalarial ( plus two metabolites of proguanil ) and twelve non-
antimalarial drugs were tested for their possible interaction with CYP3A4-catalysed
3-hydroxylation of quinine by human liver microsomes in vitro.
Methods 3-Hydroxyquinine was assayed in the incubation mixture by an h.p.l.c.
method using fluorometric detection. The respective IC50 values were estimated for
the twenty-one drugs and two metabolites of proguanil tested herein.
Results Thirteen drugs exhibited an inhibitory effect on the 3-hydroxylation of
quinine. According to the respective mean IC50 values, the inhibitory rank order of
the drugs was: ketoconazole>troleandomycin (TAO, with preincubation)>
doxycycline>omeprazole>primaquine>tetracycline=TAO (without preincu-
bation)>nifedipine>erythromycin>verapamil>cimetidine>diltiazem>oleando-
mycin>hydralazine. Other drugs or metabolites showed little or no inhibition of
quinine metabolism (mean IC50>200 or 500 mm). Among the antimalarial drugs,
doxycycline showed relatively potent inhibition of quinine 3-hydroxylation with a
mean IC50 value of 17 mm, followed by primaquine and tetracycline, with mean
IC50 values of 20 and 29 mm, respectively.
Conclusions When the plasma/serum concentrations possibly attained after their
usual therapeutic doses were taken into account, tetracycline, doxycycline,
omeprazole, ketoconazole, nifedipine, TAO and erythromycin are likely to be
inhibitors of quinine metabolism in patients when the drugs are co-administrated
with quinine.
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(CYP) isoform(s) involved have been only recently
Introduction

elucidated; the formation of 3-hydroxyquinine from
quinine is the major metabolic pathway [11, 12], and theQuinine is an important antimalarial drug with potent

schizontocidal effects against all human Plasmodium species 3-hydroxylation is catalysed mainly by CYP3A4 in human
liver microsomes [13, 14]. In addition, a recent study [13][1]. Plasmodium falciparum resistance to chloroquine, meflo-

quine and pyrimethamine/sulphadoxine has been rapidly has shown that CYP2C19 (S-mephenytoin 4∞-hydroxylase)
is involved to a minor extent in this metabolic pathwayincreasing in endemic areas such as Southeast Asia, South

America and East Africa [2–4] and this has resulted in an of quinine.
Quinine has a low therapeutic index with adverseincreased use of quinine, either singly or in combination

with other antimalarials, for the treatment of malaria [1, 5, reactions such as cinchonism, hypoglycaemia and cardiac
arrhythmias [1, 5, 6]. Plasma quinine concentrations between6]. In addition, two recent clinical trials have shown that

quinine is as effective as artemether, a promising antimalarial 8 and 15 mg ml−1 are considered to be clinically effective
and unlikely to be toxic in severe falciparum malaria [5].effective against P. falciparum malaria [7], in children with

cerebral malaria [8] and in adults with severe falciparum Furthermore, many inhibitors and/or inducers of CYP3A4
[15–17] are widely used in clinical practice, and somemalaria [9]. Thus, quinine is considered to be one of the

most effective drugs for the treatment of malaria. substrates of CYP3A4 (e.g., diazepam, lignocaine) may be
co-administered with quinine for the management ofThe primary route of elimination of quinine in humans

is hepatic metabolism with less than 20% of the drug complications of severe falciparum malaria [18]. Quinine is
also co-administered with other antimalarials for the treat-excreted unchanged in urine [1, 6, 10]. However, the

detailed metabolism of quinine and cytochrome P450 ment and/or chemoprophylaxis of malaria [1, 4–6]. The
aim of the present study was to investigate the possible
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15 min. After the reaction was stopped by addition of 500 ml
Methods

of cold methanol, the mixture was centrifuged at 1,500 g
for 10 min, and 30 ml of supernatant was injected onto a

Drugs and chemicals
high-performance liquid chromatography (h.p.l.c.) system as
described below.Synthetic 3-hydroxyquinine was a generous gift from Dr

P. Winstanley (University of Liverpool, Liverpool, UK). 3-Hydroxyquinine was assayed in the incubation mixture
by the h.p.l.c. method using fluorometric detection, accord-Quinine HCl, primaquine 2H3PO4, doxycycline HCl, rac-

verapamil, ketoconazole, troleandomycin (TAO), cimetid- ing to a published method [12], with minor modifications
as employed in our recent study [13]. Briefly, the h.p.l.c.ine, erythromycin, nifedipine, diltiazem HCl, oleandomycin

H3PO4, hydralazine HCl, pyrimethamine, chloroquine system consisted of a model L-7100 pump (Hitachi Ltd,
Tokyo, Japan), a model L-7200 autosampler (Hitachi), a2H3PO4, and norfloxacin were purchased from Sigma

Chemical Co. (St. Louis, MO, USA). Omeprazole and model D-7500 integrator (Hitachi) and a 2×100 mm
reversed-phase C18 column (Shandon, London, UK). Thelignocaine HCl were obtained from Fujisawa-Astra (Osaka,

Japan) and Fujisawa Pharmaceutical Co. Ltd. (Osaka, Japan), mobile phase consisted of a 40/60 (v/v) mixture of
acetonitrile and 0.05 m sodium phosphate buffer, containingrespectively. Tetracycline HCl, quinidine, a-naphthoflavone,

acetonitrile, methanol and other reagents of analytical grade 10 mm sodium dodecyl sulphate and 0.1 mm tetrabutylam-
monium bromide. The pH of the mobile phase was finallywere purchased from Wako Pure Chemical Industries Ltd

(Osaka, Japan). Proguanil, cycloguanil and 4-chlorophenylbi- adjusted to 2.1, and the mobile phase was delivered at a
flow rate of 0.5 ml min−1. Inter- and intra-assay coefficientsguanide (CPB) were kindly supplied by Zeneca

Pharmaceuticals (Alderley Edge, UK). NADP+, glucose- of variation for each procedure (n=6) were <10%, and the
lowest limits of detection for both 3-hydroxyquinine and6-phosphate and glucose-6-phosphate dehydrogenase were

obtained from Oriental Yeast (Tokyo, Japan). quinine, defined as the lowest concentration with a signal-
to-noise ratio of 10, were 5 ng ml−1.

Human liver samples
Inhibition study on quinine 3-hydroxylation by selected drugs

Six histologically normal liver samples were obtained from
Japanese patients with hepatic metastatic disease who The drugs tested for the possible inhibitory effect on quinine

3-hydroxylation were dissolved in methanol, except forunderwent a partial hepatectomy at the Division of General
Surgery, International Medical Center of Japan, Tokyo, chloroquine which was dissolved in 0.1 m phosphate buffer

(pH 7.4). To identify the respective IC50 (a 50% inhibitionJapan. Approval for the study was granted by the Institutional
Ethics Committee of the International Medical Center of of quinine 3-hydroxylation compared with the control)

values, various inhibitor/substrate concentrations wereJapan. Livers were stored as 10–20 g portions at −80° C
until required. chosen ranging from 0.001 to 500 mm and the quinine

concentration was set at 100 mm, which is around the mean
apparent Km value for quinine 3-hydroxylation as determined

Preparation of liver microsomes
previously by Zhao et al. [13]. Fifty ml of each drug dissolved
in methanol was evaporated to dryness before addition ofWashed microsomes were prepared by the classical differen-

tial centrifugation technique [19, 20]. After the determi- the other reaction constituents. Three to four different
microsomal samples were used in the experiments, and thenation of microsomal protein by the method of Lowry et al.

[21], the individual microsomal samples were aliquoted and assays were carried out in duplicate. In all cases, the inhibited
activities were compared with those from the respectivestored at −80° C until used.
control incubations.

The drugs tested for their possible interaction effects on
Assay with human liver microsomes

quinine 3-hydroxylation were selected for the following
reasons: primaquine, doxycycline, tetracycline, pyrimeth-The basic incubation medium contained 0.05 to

0.1 mg ml−1 human liver microsomes, 0.5 mm NADP+, amine, dapsone, chloroquine, norfloxacin, proguanil and
quinidine have been used and may be co-administered with2.0 mm glucose-6-phosphate, 1 iu ml−1 glucose-6-phos-

phate dehydrogenase, 4 mm MgCl2, 0.1 mm EDTA, 100 mm quinine for the treatment and/or chemoprophylaxis of
malaria [1, 4–6, 22, 23]. Cycloguanil (active againstpotassium phosphate buffer ( pH 7.4) and 100 mm quinine in

a final volume of 250 ml. All the reactions, except for TAO, P. falciparum) and CPB (inactive against P. falciparum) were
selected because they are biotransformed from the prodrugwere initiated by addition of the NADPH-generating system

without preincubation, and the mixture was incubated at proguanil in humans [24, 25]. Calcium-entry channel
blockers (verapamil, nifedipine and diltiazem), omeprazole,37° C in a shaking water bath for 15 min. The reactions

were initiated for TAO in two different ways: incubation ketoconazole, macrolide antibiotics (TAO, oleandomycin
and erythromycin), cimetidine, lignocaine and dapsone weremixture containing TAO was once preincubated in the

presence of the NADPH-generating system at 37° C for selected for the study, because they have been documented
as the inhibitors/substrates of CYP3A4 [15–17] by which15 min and then the reactions were initiated by addition of

the substrate quinine. The reaction was also initiated without quinine is 3-hydroxylated [13, 14]. Quinidine is also a
substrate toward CYP3A4 [16, 17]. Calcium-antagonistspreincubation by addition of the NADPH-generating system

with the incubation mixture containing quinine and TAO such as verapamil were selected for an additional reason: the
reversal of chloroquine resistance against P. falciparum hassimultaneously, and the mixture was incubated at 37° C for
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Table 1 Mean (±s.d.) IC50 values for inhibition of quininebeen observed by verapamil [26], and therefore they might
3-hydroxylation by various drugs in human liver microsomes inbe used for a combination treatment with antimalarial(s) in
vitro.the future. Hydralazine was selected, because an animal

in vitro study [27] has revealed that this antihypertensive
Drugs IC50 (mm)drug is an inhibitor of aldehyde oxidase involved in the

metabolism of cinchona antimalarials including quinine. We
Primaquine 20±9

have been unable to evaluate the possible interaction Doxycycline 17±6
between quinine and other antimalarials such as mefloquine, Tetracycline 29±14
sulphadoxine, qinghaosu and its derivatives, halofantrine, Verapamil 64±32
amodiaquine, amopyraquine and atovaquone. This was Omeprazole 18±14

Ketoconazole 0.026±0.013because these antimalarials were not available for the study
TAO* 29±5in Japan.
TAO** 8.3±2.3All the experimental data are expressed as mean±s.d.
Cimetidine 97±16throughout the text.
Erythromycin 61±15
Nifedipine 38±6
Diltiazem 127±62Results
Oleandomycin 143±49
Hydralazine 197±38Chromatograms and assessment of incubation conditions
Lignocaine >500

Using the chromatographic conditions described above, Pyrimethamine >500
except for quinidine, none of the drugs tested gave rise to Dapsone >200

Chloroquine >200any chromatographic peaks interfering with 3-hydroxyquin-
Diazepam >200ine and quinine. Quinidine, a diastereoisomer of quinine,
Norfloxacin >200was not studied further. Quinidine is metabolized to
Proguanil >2003-hydroxyquinidine, a major metabolite of quinidine, by
Cycloguanil >200CYP3A4 [28], and 3-hydroxyquinidine has a retention time
CPB >200nearly identical to that of 3-hydroxyquinine [11, 12].
Quinidine ***

Preliminary studies revealed that the 3-hydroxylation of
quinine with human liver microsomes was linear with regard Abbreviations are: TAO, troleandomycin; CPB, 4-chlorophenylbiguanide;
to the incubation time from 5 to 60 min when 100 mm of IC50, a 50% inhibition of the 3-hydroxyquinine formation from quinine
quinine was incubated with microsomes equivalent to as compared with the control value.
0.1 mg of protein ml−1. A linear relationship was also *=TAO was not preincubated with microsomes in the presence of the

NADPH generating system for 15 min.observed between the rate of the metabolite production in
**=TAO was preincubated with microsomes in the presence of the15 min and protein concentration for up to 0.25 mg ml−1.
NADPH generating system for 15 min.Accordingly, the subsequent kinetic and inhibition studies
***=not detectable because of the interference with the assay ofwere performed with a 15-min incubation time and a
3-hydroxyquinine.microsomal protein content of 0.05 to 0.1 mg ml−1.
The IC50 data are derived from three to four experiments with different
human liver microsomes.

Inhibition experiments

Of the twenty-three tested compounds, thirteen exhibited
an inhibitory effect on quinine 3-hydroxylation by human investigated after the co-incubation of quinine and TAO

with human liver microsomes. With increasing TAOliver microsomes (Table 1 and Figure 1). The remaining
eight drugs and metabolites of proguanil showed little or no concentrations, a concentration-dependent inhibition of

quinine 3-hydroxylation was observed (Figure 1c). Theinhibition of the 3-hydroxylation of quinine as judged by
their mean IC50 values of >200 or 500 mm (Table 1). All mean IC50 value for TAO was determined to be 29 mm

(Table 1).of the thirteen drugs inhibited the microsomal metabolism
of quinine in a concentration-dependent manner, but the In the second protocol, human liver microsomes were

preincubated for 15 min with TAO in the presence of themagnitude of the inhibition differed among them (Figure 1a
to c). The inhibitory rank order of these drugs was as NADPH-generating system. The preincubated microsomes

were then incubated with quinine concentration of 100 mmfollows: ketoconazole>TAO (with preincubation)>
doxycycline>omeprazole>primaquine>tetracycline=TAO and the rate of quinine 3-hydroxylation was evaluated. After

preincubation of microsomes with increasing TAO concen-(without preincubation)>nifedipine>erythromycin>vera-
pamil>cimetidine>diltiazem>oleandomycin>hydralazine, trations, a concentration-dependent inhibition of quinine

3-hydroxylation was observed (Figure 1c). The mean IC50according to the respective mean IC50 values (Table 1).
Quinine 3-hydroxylation is catalysed mainly by CYP3A4 value for TAO obtained under this in vitro condition was

calculated to be 8.3 mm (Table 1).in vitro [13, 14]. TAO is a mechanism-based inhibitor of
this isoform and requires an NADPH-dependent complexion Otherwise, an activation (about 35%) of the formation of

3-hydroxyquinine from quinine was observed when quininefor inactivation [29]. Thus, experiments were performed
using two different protocols (i.e., with and without was incubated in the presence of diazepam (Figure 1b).

However, no discernible activation was observed whenpreincubation). First, the inhibitory effect of TAO was
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Figure 1 Effects of antimalarial (a) and non-antimalarial drugs (b) and (c) on the formation of 3-hydroxyquinine from quinine by
human liver microsomes. Data plotted are the mean values of experiments performed with microsomes from three to four different
livers. The horizontal (x) axes in (a) and (b) are shown as an arithmetic scale, whereas the horizontal axis in (c) as a logarithmic scale for
the clarification of data plots. CPB=4-chlorophenylbiguanide; TAO=troleandomycin.

quinine was incubated with a-naphthoflavone (25 mm ), a interaction may occur between quinine and these drugs in
vivo. Nevertheless, such a prediction must be confirmed inwell-known activator of CYP3A4/5 [30].
the clinical situation by a kinetic study on quinine in patients
with malaria given quinine concurrently with other antima-

Discussion
larials. This is because an in vivo drug interaction is dependent
on blood or more importantly hepatic tissue drugTwo recent in vitro studies with human liver microsomes

[13, 14] have indicated that the major pathway (i.e., concentrations.
Primaquine and verapamil may not have any clinical3-hydroxylation) of quinine is mediated mainly by CYP3A4.

In this extended in vitro microsomal study, we observed that significance since their maximum serum concentrations (0.4
and 0.8 mm, respectively) attained after their usual doses [31]antimalarial drugs, doxycycline, primaquine and tetracycline,

inhibited quinine 3-hydroxylation in human liver micro- are much (50 and 80 times) lower than their mean IC50

values (20 and 64 mm, respectively) (Table 1). On the othersomes with mean IC50 values of 17, 20 and 29 mm,
respectively (Table 1). Thus, on a theoretical basis, a drug hand, doxycycline and tetracycline reach serum concen-

© 1997 Blackwell Science Ltd Br J Clin Pharmacol, 44, 505–511508
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trations of about 4 and 8 mm after normal doses [32]. [35], whereas the mean IC50 value of omeprazole for
quinine 3-hydroxylation was 18 mm (Table 1). Therefore,Although these concentrations of doxycycline and tetracyc-

line are not close to their mean IC50 values (17 and 29 mm, omeprazole appears to have the greater inhibition potential
for CYP3A4 compared with CYP2C19. Christians et al.respectively) (Table 1), there is the possibility that these

antibiotics may cause an interaction when co-administered [45] have also reported that omeprazole inhibits the
metabolism of an immunosuppressive macrolide, tacrolimuswith quinine in vivo. Indeed, Karbwang et al. [33] have

observed a pharmacokinetic interaction between doxycycline (a substrate of CYP3A4 [16, 17]), competitively with a
mean apparent Ki value of 34 mm.and quinine ( i.e., plasma levels of quinine were elevated by

doxycycline), although another clinical study [34] failed to Diazepam stimulated the 3-hydroxylation of quinine by
about 35% at a 100 mm concentration of diazepamdetect an interaction in patients with acute falciparum

malaria. (Figure 1b), which is consistent with previous reports [36,
46] that diazepam can stimulate its own metabolism byAmong the drugs listed in Table 1, calcium-antagonists

(verapamil, nifedipine and diltiazem), macrolide antibiotics CYP3A4/5. In contrast, a-naphthoflavone (25 mm ) failed to
enhance the 3-hydroxylation of quinine in the present(TAO, erythromycin and oleandomycin), ketoconazole,

omeprazole and cimetidine are inhibitors/substrates of study. Interaction data with a-naphthoflavone appear
to conflict among different in vitro studies with humanCYP3A4 [15–17, 20, 35, 36]. Although to date no

information is available on the involvement of CYP liver microsomes [46–49]: Depending on concentration
CYP3A4-catalysed reactions are either stimulated [46, 47],isoform(s) in the metabolism of primaquine, doxycycline

and tetracycline in humans, our data suggest that they might or inhibited by a-naphthoflavone [48, 49].
Of the non-antimalarial drugs tested, some were knownbe substrates or inhibitors of CYP3A4. Supporting this, Na

Bangchang et al. [37] have indicated that ketoconazole, a substrates/inhibitors of CYP3A [15–17, 35, 36]. Therefore,
it is reasonable to observe inhibition of quinineCYP3A4 inhibitor [15–17, 38], was a potent inhibitor of

primaquine metabolism in human liver microsomes. 3-hydroxylation by these drugs. Indeed, ketoconazole was a
potent inhibitor of quinine metabolism (Figure 1c), with aHowever, the authors employed a >25 mm concentration

of ketoconazole, and the IC50 and apparent Ki values yielded mean IC50 value of 0.026 mm, followed by TAO (with and
without preincubation), nifedipine and erythromycin.by this inhibitor for the primaquine metabolism were 15

and 6.7 mm, respectively [37]. At such concentrations, Because the plasma/serum concentrations of these drugs
attained after their usual therapeutic doses [31, 32] are nearketoconazole inhibits several CYP isoforms including

CYP3A4 [38], 2C [39, 40] and 1A2 [41]. Studies [42, 43] their respective IC50 values (Table 1), a significant interaction
may occur when these drugs are administered concomitantlyhave shown the specificity of ketoconazole toward CYP3A4

when used at a low concentration (<1 mm ). Therefore, with quinine in vivo. Other substrates/inhibitors of CYP3A4,
which were weaker inhibitors (e.g., diltiazem with a meanfrom the data of Na Bangchang et al. [37], no definite

conclusion can be drawn that primaquine is a substrate or IC50>100 mm) of quinine metabolism (Table 1), may not
have any significant inhibitory effects on quinineinhibitor of CYP3A4, although our data suggest this

possibility. 3-hydroxylation in vivo. Also lignocaine, a substrate of
CYP3A4 [15–17], produced no inhibition (IC50>500 mm ).Different inhibitory effects of TAO were observed with

and without preincubation of the microsomal samples Lignocaine may have a low affinity for CYP3A4 and/or be
metabolized very readily and thus eliminated from the(Figure 1c). Preincubation of microsomes with TAO for

15 min gave a mean IC50 value of 8.3 mm. Without incubation mixture rapidly. Therefore, lignocaine would
not be able to exert its inhibitory effect over the durationpreincubation, the mean IC50 value was 29 mm (Table 1). A

considerable loss of quinine 3-hydroxylase activity occurs of the incubation. This observation is also consistent with a
previous study [50], indicating that various CYP3A4during the 15 min preincubation with TAO, suggesting that

the mechanism-based inactivation is important for the substrates interact differently with the enzyme or perhaps
with different isoforms. This may partly explain the observedinhibitory effects. Thus, the observation that TAO is a

mechanism-based inhibitor of quinine 3-hydroxylation, lack of the in vivo correlation between some substrates.
In conclusion, although we recognise that a drug identifiedmediated dominantly by CYP3A4 [13, 14], is in agreement

with the results reported by Watkins et al. [29]. as an inhibitor in an in vitro study is not necessarily an
inhibitor in the in vivo situation, drugs that fail to inhibitOmeprazole, a substrate of CYP2C19 [17, 19, 35],

inhibited the 3-hydroxylation of quinine with a mean IC50 the metabolism of a substrate in vitro will not be inhibitors
in vivo [45]. Thus, antimalarial drugs such as chloroquine,value of 18 mm (Table 1). This is in agreement with our

recent study [13] that the 3-hydroxylation of quinine is pyrimethamine, proguanil and its metabolites (cycloguanil
and CPB), norfloxacin as well as dapsone screened in thepartly catalysed by CYP2C19. However, omeprazole is also

a substrate for CYP3A4 [17, 35]. In addition, the content present study (Table 1) are unlikely to cause a clinically
significant drug interaction with quinine. On the otherof CYP3A is the highest in human liver microsomes (about

30% of the total CYPs) [44], whereas the content of hand, for the antimalarial or non-antimalarial drugs, which
showed inhibition of quinine metabolism in vitro (Table 1),CYP2C19 is only about 1% of the total CYPs [44].

Therefore, omeprazole might inhibit the activity of CYP3A4 further assessment of the possible interactions is required in
clinical studies, particularly for doxycycline, tetracycline,more than that of CYP2C19, since quinine is principally

3-hydroxylated by CYP3A4 [13, 14]. On the other hand, omeprazole, ketoconazole, TAO, nifedipine and erythromy-
cin. When these drugs and quinine are prescribed concur-the apparent Km values for omeprazole metabolism were

about 8 mm via CYP2C19 and about 49 mm via CYP3A4 rently in patients with malaria, a close monitoring of the
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16 Brockmöller J. Roots I. Assessment of liver metabolic(e.g., >20 mg ml−1 [5, 6]) and thereby related toxicity.
function: clinical implications. Clin Pharmacokinet 1994; 27:
216–248.

The authors thank Dr P. Winstanley, University of 17 Andersson J. Pharmacokinetics, metabolism and interactions of
Liverpool, for the generous donation of 3-hydroxyquinine acid pump inhibitors. Focus on omeprazole, lansoprazole and
and Zeneca Pharmaceuticals, Alderley Edge, UK, for the pantoprazole. Clin Pharmacokinet 1996; 31: 9–28.
donation of proguanil, cycloguanil and 4-chlorophenylbigu- 18 Panisko DM, Keystone JS. Treatment of malaria—1990.
anide as the respective in vitro assay standards used in the Drugs 1990; 39: 160–189.

19 Chiba K, Kobayashi K, Manabe K, Tani M, Kamataki T,present study. They also thank Dr Wanwimolruk, University
Ishizaki T. Oxidative metabolism of omeprazole in humanof Otago, New Zealand, for supplying the column as an
liver microsomes: cosegregation with S-mephenytoinanalysing tool of 3-hydroxyquinine. This study was sup-
4∞-hydroxylation. J Pharmacol Exp Ther 1993; 266: 52–59.ported by a grant-in-aid from the Ministry of Human

20 Echizen H, Kawasaki H, Chiba K, Tani M, Ishizaki T. AHealth and Welfare and by a postdoctoral fellowship training
potent inhibitory effect of erythromycin and other macrolideprogramme from the Bureau of International Cooperation,
antibiotics on the mono-N-deakylation metabolism ofInternational Medical Center of Japan, Tokyo, Japan.
disopyramide with human liver microsomes. J Pharmacol Exp
Ther 1993; 264: 1425–1431.

21 Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. ProteinReferences
measurement with the Folin phenol reagent. J Biol Chem
1951; 193: 265–275.1 Tracy JW, Webster LT. Drugs used in the chemotherapy of

22 Shanks GD, Edstein MD, Surigamongkol V, Jimaad S,protozoal infections. Malaria. In Goodman & Gilman’s The
Webster HK. Malaria chemoprophylaxis using proguanil/Pharmacological Basis of Therapeutics, Ninth Edition, eds

Hardman JG, Limbird LE, Molinoff PB, Ruddon RW, dapsone combinations on the Thai-Cambodian border. Am
Gilman AG, New York: McGraw-Hill, 1996, pp. 965–985. J Trop Med Hyg 1992; 46: 643–648.

2 Moran JS, Bernard KW. The spread of chloroquine-resistant 23 Sarma PS. Norfloxacin: a new drug in the treatment of
malaria in Africa. Implication for travelers. JAMA 1989; 262: falciparum malaria. Ann Int Med 1989; 111: 336–337.
245–248. 24 Carrington HC, Crother AF, Davey DG, Levi AA, Rose TL.

3 Wernsdorfer WH. The development and spread of drug- A metabolite of Paludrine with high antimalarial activity.
resistant malaria. Parasitol Today 1991; 7: 297–303. Nature 1951; 168: 1080.

4 Bradley D. Prophylaxis against malaria for travellers from the 25 Watkins WM, Sixsmith DG, Chulay JD. The activity of
United Kingdom. Br Med J 1993; 306: 1247–1252. proguanil, cycloguanil and p-chlorophenylbiguanide against

5 White NJ. Drug treatment and prevention of malaria. Eur Plasmodium falciparum in vitro. Ann Trop Med Parasitol 1984;
J Clin Pharmacol 1988; 34: 1–14. 78: 273–278.

6 White NJ. Antimalarial pharmacokinetics and treatment 26 Martin SK, Odnola AMJ, Milhous WK. Reversal of
regimens. Br J Clin Pharmacol 1992; 34: 1–10. chloroquine resistance in Plasmodium falciparum by verapamil.

7 Hien TT, White NJ. Qinghaosu. Lancet 1993; 341: 603–608. Science 1987; 235: 899–901.
8 Boele van Hensbroek M, Onyiorah E, Jaffar S, et al. A trial of 27 Beedham C, Al-Tayib Y, Smith JA. Role of guinea pig and

artemether or quinine in children with cerebral malaria. N rabbit hepatic aldehyde oxidase in oxidative in vitro
Engl J Med 1996; 335: 69–75. metabolism of cinchona antimalarials. Drug Metab Dispos 1992;

9 Hien TT, Day NPJ, Phu NH, et al. A controlled trial of 26: 889–895.
artemether or quinine in Vietnamese adults with severe 28 Guengerich FP, Müller-Enoch D, Blair IA. Oxidation of
falciparum malaria. N Engl J Med 1996; 335: 76–83. quinidine by human liver cytochrome P-450. Mol Pharmacol

10 Krishna S, White NJ. Pharmacokinetics of quinine, 1986; 30: 287–295.
chloroquine and amodiaquine. Clin Pharmacokinet 1996; 30:

29 Watkins PB, Wrighton SA, Maure JP, et al. Identification of
263–299.

an inducible form of cytochrome P-450 in human liver. Proc
11 Wanwimolruk S, Wong SM, Zhang H, Coville PF, Walker

Natl Acad Sci (USA) 1985; 82: 6310–6314.RJ. Metabolism of quinine in man: identification of a major
30 Chang T, Gonzalez F, Waxman D. Evaluation ofmetabolite, and effects of smoking and rifampicin

triacetyloleandomycin, a-naphthoflavone andpretreatment. J Pharm Pharmacol 1995; 47: 957–963.
diethyldithiocarbamate as selective chemical probes for12 Wanwimolruk S, Wong SM, Zhang H, Coville PF.
inhibition of human cytochromes P450. Arch Biochem BiophysSimultaneous determination of quinine and a major
1994; 311: 437–442.metabolite 3-hydroxyquinine in biological fluids by HPLC

31 Verapamil: pp. V12-V18, nifedipine: pp. N80-N87 andwithout extraction. J Liq Chromatogr 1996; 19: 293–305.
primaquine: pp. P209-P218, In Therapeutic drugs, eds Dollery13 Zhao X-J, Yokoyama H, Chiba K, Wanwimolruk S,
SCTC, Boobis AR, Burley D, et al., London: ChurchillIshizaki T. Identification of human cytochrome P450 isoforms
Livingston, 1991.involved in the 3-hydroxylation of quinine by human liver

32 Kapusnik-Uner JE, Sande MA, Chambers HF. Antimicrobialmicrosomes and nine recombinant human cytochromes P450.
agents. Tetracyclines, chloramphenicol, erythromycin, andJ Pharmacol Exp Ther 1996; 279: 1327–1334.
miscellaneous antibacterial agents. In Goodman and Gilman’s14 Zhang H, Coville PF, Walker RJ, Miners JO, Birkett DJ,
The Pharmacological Basis of Therapeutics, Ninth Edition, edsWanwimolruk S. Metabolism of quinine in humans: evidence
Hardman JG, Limbird LE, Molinoff PB, Ruddon RW,for the involvement of human CYP3A in the hepatic
Gilman AG, New York: McGraw-Hill, 1996, pp. 1123–1153.metabolism of quinine. Br J Clin Pharmacol 1997; 43:

33 Karbwang J, Na Bangchang K, Thanavibul A,245–252.
15 Wrighton SA, Stevens JC. The human hepatic cytochromes Wattanakoon Y, Harinasuta T. Quinine toxicity when given

© 1997 Blackwell Science Ltd Br J Clin Pharmacol, 44, 505–511510



Quinine-drug interactions by human liver microsomes

with doxycycline and mefloquine. Southeast Asian J Trop Med 43 Newton DJ, Wang RW, Lu AYH. Cytochrome P450
inhibitors: Evaluation of specificities in the in vitro metabolismPublic Health 1994; 25: 397–400.

34 Couet W, Laroche R, Floch JJ, Istin B, Fourtillan JB, of therapeutic agents by human liver microsomes. Drug Metab
Dispos 1995; 23: 154–158.Sauniere JF. Pharmacokinetics of quinine and doxycycline in

patients with acute falciparum malaria: A study in Africa. Ther 44 Shimada J, Yamazaki H, Miura M, Inui Y, Guengerich FP.
Interindividual variations in human liver cytochrome P-450Drug Monit 1991; 13: 496–501.

35 Andersson T, Miners JO, Veronese ME, Birkett enzymes involved in the oxidation of drugs, carcinogens and
toxic chemicals: Studies with liver microsomes of 30 JapaneseDJ. Identification of human liver cytochrome P450 isoforms

mediating omeprazole metabolism. Br J Clin Pharmacol 1993; and 30 Caucasians. J Pharmacol Exp Ther 1994; 270: 414–423.
45 Christians U, Schmidt G, Bader A, et al. Identification of36: 521–530.

36 Andersson T, Miners JO, Veronese ME, Birkett drugs inhibiting the in vitro metabolism of tacrolimus by
human liver microsomes. Br J Clin Pharmacol 1996; 41:DJ. Diazepam metabolism by human liver microsomes is

mediated by both S-mephenytoin hydroxylase and CYP 3A 187–190.
46 Pearce RE, Rodrigues AD, Goldstein JA, Parkinson A.isoforms. Br J Clin Pharmacol 1994; 38: 131–137.

37 Na Bangchang K, Karbwang J, Back DJ. Primaquine Identification of the human P450 enzymes involved in
lansoprazole metabolism. J Pharmacol Exp Ther 1996; 277:metabolism by human liver microsomes: effect of other

antimalarial drugs. Biochem Pharmacol 1992; 44: 587–590. 805–816.
47 Schwab GE, Rancy JR, Johnson EF. Modulation of rabbit38 Maurice M, Pichard L, Daujat M, et al. Effects of imidazole

derivatives on cytochromes P450 from human hepatocytes in and human hepatic cytochrome P450 catalyzed steroid
hydroxylation by a-naphthoflavone. Mol Pharmacol 1988; 33:primary culture. FASEB J 1992; 6: 752–758.

39 Back DJ, Tjia JF, Karbwang J, Colbert J. In vitro inhibition 493–499.
48 Berthou F, Dreano Y, Belloc C, Kangas L, Gautier JC,studies of tolbutamide hydroxylase activity of human liver

microsomes by azoles, sulphonamides and quinolines. Br Beaune P. Involvement of cytochrome P4503A enzyme
family in the major metabolic pathways of toremifene inJ Clin Pharmacol 1988; 26: 23–29.

40 Back DJ, Stevenson P, Tjia JF. Comparative effects of two human liver microsomes. Biochem Pharmacol 1994; 47:
1883–1895.antimycotic agents, ketoconazole and terbinafine, on the

metabolism of tolbutamide, ethinyloestradiol, cyclosporin and 49 Yun CH, Wood M, Guengerich FP. Identification of the
pharmacogenetic determinants of alfentanil metabolism:ethoxycoumarin by human liver microsomes in vitro. Br J Clin

Pharmacol 1989; 28: 166–170. cytochrome P4503A. Anesthesiology 1992; 77: 467–474.
50 Irshaid Y, Branch RA, Adedoyin A. Metabolic interactions of41 Eugster HP, Sengstag C. Saccharomyces cerevisae: an

alternative source for human liver microsomal enzymes and its putative cytochrome P4503A substrates with alternative
pathways of dapsone metabolism in human liver microsomes.use in drug interaction studies. Toxicology 1993; 82: 61–73.

42 Bourrie M, Meunier V, Berger Y, Fabre G. Cytochrome Drug Metab Dispos 1996; 24: 164–171.
P450 isoform inhibitions as a tool for the investigation of
metabolic reactions catalyzed by human liver microsomes. (Received 13 September 1996,

accepted 15 May 1997)J Pharmacol Exp Ther 1996; 277: 321–332.

© 1997 Blackwell Science Ltd Br J Clin Pharmacol, 44, 505–511 511


