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To evaluate the pharmacokinetic interactions between ritonavir and
quinine in healthy volunteers.

Ten healthy volunteers were each given 600-mg single oral doses

of quinine alone, ritonavir alone (200 mg every 12 h for 9 days),

and quinine in combination with ritonavir, in a three-period
pharmacokinetic nonrandomized sequential design study. Quinine
was co-administered with the 15th dose of ritonavir. Blood samples
collected at predetermined time intervals were analysed for ritonavir,
quinine and its major metabolite, 3-hydroxyquinine, using a validated
high-performance liquid chromatography method.

Concurrent ritonavir administration resulted in about fourfold increases
in both the Cnax and AUGt [Crax 2.79 *+ 0.22 vs. 10.72 = 0.32 mg |, 95%
confidence interval (Cl) 7.81, 8.04; AUC 50.06 =+ 2.52 vs. 220.47 =

6.68 mg h™' I',95% Cl 166.3, 175.3], a significant increase (P < 0.01) in
the elimination half-life (11.15 = 0.80 vs. 13.37 = 0.33 h, 95% Cl 1.64,
2.77) and about a 4.5-fold decrease in CL/F (12.01 = 0.61 vs. 2.71 +
0.09 1 h™) of quinine. Also, with ritonavir, there was a pronounced
reduction of AUC(metabolite)/AUC(unchanged drug) ratio of quinine
(1.35 £ 0.10 vs. 0.13 = 0.02) along with a marked decrease in Cyax (1.80
+ 0.12 vs. 0.96 + 0.09 mg I”") and AUCy_4g (62.80 = 6.30 vs. 25.61 *+
2.44 mg h™' ") of the metabolite. Similarly, quinine caused modest but
significant increases (P < 0.01) in the Cyax, AUC and elimination Ti/, of

Downward dosage adjustment of quinine appears necessary when
concurrently administered with ritonavir.
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Introduction

Malaria is widespread across areas of the world where
resources are limited, and most of these areas also bear the
brunt of the human immunodeficiency virus (HIV) pan-
demic. Therefore, there is a wide geographical overlap in
occurrence of both diseases, resulting in high incidence
of co-infection [1, 2]. With access to antiretroviral drugs
increasing, it is important that potential interactions
between therapies of these two infections are investi-
gated. Quinine is available in oral and injectable formula-
tions and has tolerable side-effects if used correctly and
at the normal therapeutic doses. Development of quinine
resistance in Plasmodium falciparum has been relatively
slow and incomplete by comparison with those of the
other principal antimalarial drugs (e.g. chloroquine, meflo-
quine, and sulphadoxine-pyrimethamine), and resistance
to quinine is rare in Africa [3]. Parenteral quinine is the drug
of first choice for severe malaria, and oral quinine is an
option for uncomplicated malaria where multidrug resis-
tance is a problem [4]. Although there have been concerns
that the efficacy of quinine is declining in some parts of
South East Asia, a series of trials to find drugs that are
suitable alternatives to quinine has demonstrated that the
drug is as effective as artemisinin derivatives, artesunate
and artemether [5].

Protease inhibitors such as ritonavir contribute to the
improved health of HIV+ individuals, and their inclusion
in antiretroviral regimens is commonplace. However, pro-
tease inhibitors are often involved in clinically important
drug interactions resulting from alteration of cytochrome
P450 metabolism [6].

Ritonavir is primarily metabolized by the CYP3A4 isoen-
zyme and it has a high binding affinity to P-glycoprotein
(P-gp) [7]. The drug is also a potent inhibitor of CYP3A4-
mediated metabolism and a modest agent for blocking
P-gp binding [7, 8]. Studies have shown that ritonavir
causes elevation of plasma concentrations of a number
of CYP3A4 and P-gp substrates including saquinavir and
ketoconazole [7,9,10].Since quinine is mainly metabolized
by the same isoenzyme and is also a substrate of P-gp [11],
it is plausible for an interaction to occur between these
two drugs. Inhibition of quinine metabolism has the
potential of increasing the risk of cardiotoxicity of the
drug, as was observed in an overlapping treatment with
artemether-lumefantrine and quinine, which was reported
to result in prolongation of the QTc interval [12]. The
metabolism of both lumefantrine and artemether are
known to be mediated by CYP3A4 [13].On the other hand,
since ritonavir and quinine are substrates for the same
drug-metabolizing enzyme, there is also a possibility for
quinine to competitively displace ritonavir from the meta-
bolic site, with resultant increased ritonavir plasma levels
and attendant increased risk of toxicity. However, the mag-
nitude and clinical significance of these potential interac-
tions need elucidation since the interaction of ritonavir
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and CYP enzymes is complex, as it autoinduces its own
metabolism on chronic administration [14].

The present study was therefore aimed at determining
the bi-directional pharmacokinetic interactions between
ritonavir and quinine following co-administration of mul-
tiple doses of ritonavir and single doses of quinine. Such a
study was deemed important since ritonavir and quinine
are likely to be administered concurrently for treatment of
patients with HIV and malaria.

Methods

Subjects

Healthy non-smoking men and women who were within
20% of their ideal body weight for height and gender (Met-
ropolitan Life Scale) were regarded eligible to participate
in the study. Subjects were excluded if they met one of
the following criteria: pregnancy, breast feeding, history of
hypersensitivity reactions to protease inhibitors, quinine or
similar agents (mefloquine, chloroquine, quinidine, quino-
lones), serum creatinine >1.5 times the upper limit of
normal, liver function test more than three times the upper
limit of normal, or evidence by history or physical exami-
nation of gastrointestinal, psychiatric, cardiovascular or
neurological disorders. Electrocardiograms were also
recorded. All subjects gave written informed consent, and
the study protocol received the approval of the Obafemi
Awolowo University Teaching Hospitals Research Ethics
Board and Radiation Safety Committee. Six men and four
women who were all certified healthy by a doctor (A.R.O.)
in the team completed the study.The mean = SD age and
weight of the subjects were 26.6 * 2.3 years (range 22-29)
and 654 * 4.0kg (range 60-71), respectively. None of
them had received any other drugs for at least 1 month
before the study.

Study design, drug administration and blood
sampling

This was an open-label, three-period, pharmacokinetic,
nonrandomized sequential design study. A scheme depict-
ing the study design is presented in Figure 1. In period 1,
after an overnight fast, single oral doses of 600 mg quinine
sulphate (two tablets of 300 mg quinine sulphate; Wock-
hardt, UK Ltd, Wrexham, UK) were given to each of the
10 volunteers. Blood samples (5 ml) were withdrawn by
venepuncture from the forearm of each subject prior to
andat1,2,4,6,8,12,24,36 and 48 h after drug administra-
tion into heparinized tubes, for baseline quinine phar-
macokinetics evaluation. The blood samples were
immediately centrifuged (1500 g for 10 min) to separate
plasma, which was stored at —20°C until analysis for
quinine and 3-hydroxyquinine. In period 2, which was after
a wash-out period of 3 weeks, each of the volunteers
received oral doses of 200 mg ritonavir (two capsules of
Medavir® 100 mg; Cipla Ltd, Mumbai, India) every 12 h for
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Figure 1

Scheme depicting the study design

13 doses. Blood samples (5 ml) were taken just before the
13th dose (i.e.on day 7) and over 12 h (at 1, 2,4, 6, 8 and
12 h) within the dosing interval, for ritonavir baseline phar-
macokinetics.The blood samples were drawn into heparin-
ized tubes, centrifuged (1500 g) for 10 min and plasma was
stored at —20°C until analysis for ritonavir. In period 3,
without allowing a wash-out period, subjects continued on
the 200 mg ritonavir every 12 h for five additional doses. A
single 600-mg quinine sulphate oral dose was given con-
currently with the 15th ritonavir dose (day 8) to each of the
subjects, and blood samples were collected over 48 h for
evaluation of pharmacokinetics of quinine and ritonavir in
the presence of each other.No other drugs or alcohol were
allowed to be taken throughout the duration of the study.

Drug analysis

The concentrations of ritonavir, quinine and its major
metabolite, 3-hydroxyquinine, in plasma were determined
using a new ion-pair reversed-phase high-performance
liquid chromatographic method recently developed in
our laboratories [15] for simultaneous analysis of the
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three compounds in human plasma. This involved simple
extraction with diethyl-ether under alkaline conditions.
Chromatographic separation was achieved on a 5-um
particle size C-18 column (200 x 4.6 mm i.d.) using a
mobile phase consisting of methanol:acetonitrile:0.02 M
potassium dihydrogen phosphate (15:10:75) containing
75 mmol I perchloric acid (pH 2.8), which was pumped
through the column at a flow rate of 1.0 ml min™'. Reten-
tion times for ritonavir, 3-hydroxyquinine, quinine and the
internal standard (pyrimethamine) were 2.8, 4.0, 7.0 and
12 min, respectively. The limits of detection and validated
lower limits of quantification were 10 and 12.5 ng ml™ for
ritonavir while the corresponding values were 5 and
70 ng ml™ for both quinine and 3-hydroxyquinine, respec-
tively. The coefficients of variation for both the intraday
and interday analysis ranged from 1.10 to 8.42% for
quinine, 2.75 to 9.20% for 3-hydroxyquinine, and 1.53 to
2.20% for ritonavir. The absolute recovery was >90% for
the three compounds. Our laboratory does not partici-
pate in an external quality assessment programme for
ritonavir or quinine.



Data and statistical analysis

The peak plasma concentrations (Cmax) and time to reach
peak concentration (Tma) were noted directly from
the concentration vs. time profiles of quinine, 3-
hydroxyquinine and ritonavir. Other pharmacokinetic
parameters were calculated from individual plasma con-
centration vs. time profiles, employing standard noncom-
partmental methods [16].For example, the total area under
plasma concentration vs. time curve (AUGC;) was deter-
mined using the linear trapezoidal rule to the last datum
and with extrapolation to infinity. The area from the last
datum point (C) to infinity was obtained as G/B. B,
the elimination rate constant, was calculated by linear
regression analysis of the terminal phase of the log
concentration—time profile. The elimination half-life (T:,[3)
and oral plasma clearance (CL/F) were evaluated from the
ratios of 0.693/f and dose/AUG;, respectively. The pharma-
cokinetic calculations were done using the pharmacoki-
netic program package WinNonlin Standard Edition,
Version 1.5 (Scientific Consultant Inc., Apex, NC, USA).In the
model option for the noncompartmental analysis, the
linear trapezoidal rule was used for calculation of the area
under the curve (AUC).

The Wilcoxon matched pairs signed ranked test was
used to evaluate the difference between any pair of data,
i.e. effects of quinine and ritonavir on the pharmacokinet-
ics of each other, or the effect of ritonavir on
3-hydroxyquinine disposition. Results were recorded as
mean = SD. In all, a value of P < 0.05 was considered
statistically significant.

Results

Figure 2 shows the mean = SD plasma concentration vs.
time profiles of quinine and 3-hydroxyquinine following
oral administration of single doses of 600 mg of quinine
sulphate alone, and with concurrent ritonavir, to each of 10
volunteers. Some derived pharmacokinetic parameters of
quinine following administration of the drug alone or with
ritonavir are presented in Table 1. Co-administration of
ritonavir was associated with marked increases (P < 0.001)
in the Cmax and AUG; of quinine compared with the values
obtained following administration of the antimalarial
alone (Table 1). The results show that the Cna, AUCr and
elimination T;,, of quinine increased by 284% [95% confi-
dence interval (Cl) 280, 288], 341% (95% Cl 332, 350) and
20% (95% Cl 15, 25), respectively, in the presence of
ritonavir. Also, the oral plasma clearance (CL/F) of quinine
was highly reduced with concurrent ritonavir administra-
tion by about 77% (95% Cl 74, 81). However, the values of
Tmax Were comparable, with or without ritonavir (P > 0.1).
The pharmacokinetic parameters of 3-hydroxyquinine
following administration of quinine, with and without
ritonavir, are also shown in Table 1.The Cnax and AUCg_sgn Of
the metabolite were significantly diminished in the pres-
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ence of ritonavir (P < 0.01). The Cnax reduced by 50% (95%
Cl 41, 52) while AUCq_4sn reduced by 60% (95% Cl 52, 67).
Co-administration of ritonavir also resulted in a pro-
nounced decrease in the ratio of the AUC of quinine
metabolite to that of unchanged drug (metabolic ratio) by
about 90% (95% Cl 82,99).There was no significant change
(P> 0.1) in the Ty of the metabolite.

The mean =+ SD plasma concentration vs. time profiles
of ritonavir following oral administration of multiple doses
of the drug alone, and with quinine, to each of 10 volun-
teers are shown in Figure 3, while some of the derived
pharmacokinetic parameters of the drug are presented in
Table 2.Concurrent quinine administration caused modest
but significant increases (P < 0.05) in the Cpax (15%
increase; 95% ClI 10,20) and AUC (21% increase; 95% CI 10,
32) of ritonavir. There was also a considerable decrease in
plasma clearance of ritonavir evidenced by the elimination
half-life, which increased by 32% (95% Cl 20, 44). The Cnin,
which was the concentration at the end of ritonavir dosing
interval of 12 h, showed the highest increase of about 66%
(40-72%), while the Ty values were not significantly
altered (P > 0.05).

Discussion

There is a rapid increase in access to antiretroviral therapy
in developing countries. However, there is gap in current
knowledge that defines interactions with other drugs,
especially antimalarial drugs.There is very sparse informa-
tion on interactions between antimalarial and antiretrovi-
ral drugs, including ritonavir. A study has been reported on
the pharmacokinetic interaction between mefloquine and
ritonavir, where it was observed that the disposition of
mefloquine was not significantly altered by multiple dose
administration of ritonavir, but the presence of mefloquine
reduced the AUC and Cnax of ritonavir by 31 and 36%,
respectively [17].There are no published data on the phar-
macokinetic interaction between quinine and ritonavir.
Results from the present study indicate that quinine is
rapidly absorbed after oral administration, with an average
Tmax Of 2-4 h. The pharmacokinetic parameters obtained
for quinine when administered alone, such as Ty, elimina-
tion Ty, CL/F and AUG, are in general agreement with the
findings of other workers [3, 18-21].This study has demon-
strated significant increases in Cnax (@ fourfold increase),
elimination Ty, (@ 20% increase) and AUC; (a fourfold
increase) of quinine following concurrent administration
of ritonavir (Figure 1 and Table 1). These indicate a very
significant alteration of quinine disposition by ritonavir.
Since the major metabolic pathway of quinine is through
CYP3A4 subfamily [11], inhibition of the isoenzyme by
ritonavir could account for the increased plasma quinine
levels.Inhibition of CYP3A4 by ritonavir leading to elevated
plasma drug concentrations as well as increased elimina-
tion half-life of CYP3A4 substrates have been frequently
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Figure 2

Mean (=) SD plasma concentration vs. time profiles of quinine (a) and 3-hydroxyquinine (b) following administrations of a single 600-mg oral dose of quinine
sulphate with or without concurrent multiple oral doses of ritonavir (200 mg 12 hourly for 9 days) to each of 10 healthy volunteers. The quinine dose was
co-administered with the 15th dose (day 8) of ritonavir. (A) Quinine alone (—<—); Quinine with Ritonavir (—&—); (B) 3-hydroxyquinine alone (—<—);

3-hydroxyquinine in presence of ritonavir (—&—)

reported. For example, ritonavir practically completely
inhibited the formation of 14-(R)-hydroxyclarithromycin
from clarithromycin [22]. The capacity-limited formation
of 14-(R)-hydroxyclarithromycin has been shown to be
effected by CYP3A4 in human liver microsomes [23]. The
AUC for clarithromycin increased by 77% with concomi-
tant ritonavir, and the mean terminal half-life increased
form 5 to 14 h [22]. Ritonavir also substantially increased
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the plasma concentrations of the rifabutin metabolite,
25-O-desacetyl-rifabutin, whose elimination is apparently
mediated by CYP3A4 metabolism [24]. Inhibition of
CYP3A4 in gastrointestinal (GI) tract enterocytes has the
potential also to contribute to increased plasma levels of
CYP3A4 substrates. However, studies have shown that
grapefruit juice, a potent inhibitor of intestinal CYP3A4,
does not affect the disposition of quinine [25]. This sug-



Table 1
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Mean pharmacokinetic parameters of quinine and its major metabolite (3-hydroxyquinine) following administration of 600 mg single oral doses of quinine
sulphate alone or with multiple doses of ritonavir (200 mg 12 hourly for 9 days) to each of 10 healthy volunteers

Mean difference (95%

confidence interval of

Pharmacokinetic parameter Quinine alone

Quinine 3.20 (2-4)
Tmax (h) 2.79 = 0.22
Crmax (Mg 1) 11.15 = 0.80
T2 (h) 50.06 + 4.01
AUCr (mg h™' IF) 12.01 £ 0.61
CL/F(1h™) 8.80 (8-12)
3-hydroxyquinine 1.80 = 0.12
Tmax (h) 62.80 + 6.30
Cmax (mg ") 1.35 = 0.10
AUCq_48n (Mg h=11-")

MR

Quinine with ritonavir mean difference)

3.40 (2-4) 0.2 (-0.25, 0.65)
10.72 £ 0.32 7.92 (7.81, 8.04)*
13.32 £ 0.33 2.21(1.64, 2.77)*

220.47 * 6.68 170.78 (166.3, 175.3)*

2.71 £ 0.10 -9.30 (-9.71, -8.89)*

9.20 (8-12) 0.40 (-0.51, 1.31)

0.96 = 0.09 -0.84 (-0.94, -0.73)*
25.61 = 2.44 —37.49 (-42.12, -32.83)*

0.13 = 1.01 -1.22 (-1.34, -1.11)*

*Statistically significant (P < 0.01); the pharmacokinetic parameters are as described in the text. Quinine was co-administered with the 15th dose (day 8) of ritonavir. MR, metabolic

ratio.

Plasma ritonavir concentration (mg/L)

Time (hr)

Figure 3

Mean () SD plasma concentration vs. time profiles of ritonavir following
administration of multiple doses of the drug alone (200 mg 12 hourly for
9 days) or with concurrent single oral doses of quinine (600 mg) to each of
10 healthy volunteers. Quinine was co-administered with the 15th dose
(day 8) of ritonavir. Ritonavir alone (—<—); Ritonavir in presence of
quinine (—e—)

gests that reduction of quinine metabolism is principally
through inhibition of CYP3A4 located in the liver and not
in the Gl tract. In considering other possible mechanisms
for quinine-ritonavir interaction, the role of P-gp, a trans-
membrane protein associated with a phenotype of multi-

drug resistance, requires attention. There is considerable
overlap in substrate specificities with respect to CYP3A4
metabolism and P-gp transport [26, 27]. All protease inhibi-
tors are substrates and inhibitors of P-gp, with ritonavir
being the most potent inhibitor of P-gp among the pro-
tease inhibitors [7, 8, 28], while quinine had been con-
firmed as a substrate for P-gp [29]. Therefore, there is a
theoretical possibility that P-gp may play a role in quinine-
ritonavir interaction at the GI tract wall. However, since
quinine is normally well absorbed after oral administra-
tion, with a bioavailability of >80% [21, 30], inhibition of
intestinal P-gp can not account for the marked increase in
the plasma drug levels obtained with concurrent adminis-
tration of ritonavir.Hence, inhibition of hepatic metabolism
must have been the major site of the drug interaction.The
marked decreases in the Cn.x and AUCqsn of the major
metabolite of quinine (Table 1) lend credence to attribut-
ing the elevated plasma quinine levels to inhibition of
metabolism of the drug.This assertion is further supported
by the occurrence of a pronounced reduction in the ratio
of AUC of metabolite to that of unchanged drug, in the
presence of ritonavir. This parameter, AUC(metabolite)/
AUC(unchanged drug), called metabolic ratio, is a known
measure of extent of metabolism of a drug. Since quinine
has a narrow therapeutic window [31], the fourfold
increases in Cnax and AUG; of the drug by ritonavir would
obviously be associated with toxic manifestations of
quinine following therapeutic drug administration.

A single 600-mg oral dose of quinine was used in this
study so as to minimize adverse reactions that would result
from the anticipated increased plasma concentrations of
the drug with concurrent administration of ritonavir. For
example, a study that investigated amodiaquine pharma-
cokinetics following co-administration of efavirenz (using
multiple doses of amodiaquine) in HIV+ subjects had to be
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Table 2

Some derived mean pharmacokinetic parameters of ritonavir following administration of multiple doses of the drug alone (200 mg 12 hourly for 9 days) or
with concurrent single oral doses of quinine (600 mg) to each of 10 healthy volunteers

Ritonavir alone

Pharmacokinetic parameter

Mean difference (95%
confidence interval of

Ritonavir with quinine mean difference)

Tmax (h) 4.20 (4-6)

Cmax (mg I) 10.35 = 0.78
Cumin (mg )t 2.40 * 0.23
T2 (h) 3.11 =027

AUC (mg h™" I-) 102.88 = 5.39

4.0 (2-6) —-0.2 (-0.65, 0.25)
11.87 £ 0.73 1.51 (0.98, 2.05)*

3.98 = 0.44 1.58 (0.96, 1.73)*
4.10 = 0.64 0.996 (0.61, 1.38)*

124.47 = 12.44 21.59 (30.32, 32.86)*

Quinine was co-administered with the 15th dose (day 8) of ritonavir. *Statistically significant (P < 0.01). tThe concentration at the end of ritonavir dosing interval. The

pharmacokinetic parameters are as described in the text.

terminated after the first two subjects developed asymp-
tomatic but significant elevations of liver transaminases.
Addition of efavirenz increased amodiaquine AUC by
114% in one subject and by 302% in another [32].

This study also investigated the effect of quinine on the
pharmacokinetics of ritonavir. The dose of ritonavir
selected in the present study was lower than the therapeu-
tic dosage of the drug (600 mg twice daily), due to the
apparent lower tolerability of ritonavir in normal volun-
teers. In addition, ritonavir is now commonly used in com-
bination with other protease inhibitors at a booster dose of
100 or 200 mg [33]. However, the low ritonavir dose still
provided strong inhibition of the metabolism of quinine, as
it does for other drugs including other protease inhibitors
[7, 34]. It has recently been demonstrated that ritonavir
produces maximum inhibition of CYP3A4 activity at a dose
level of 100 mg [35]. Hence, the dose of 200 mg twice daily
as used in the present study would not be expected to
result in increased inhibition of quinine metabolism com-
pared with the effect of a 100 mg twice daily regimen.The
duration of treatment was adequate to achieve steady
state for ritonavir, based on earlier findings that ritonavir
auto-induction is minimal at a low dose of 200 mg every
12 h and a steady state is achieved by 1 week with this
regimen [14, 36]. A study that investigated the pharmaco-
kinetic interaction between mefloquine and ritonavir in
healthy volunteers also dosed ritonavir for 7 days [17].

Studies have shown that none of the known CYP3A4
substrates or inhibitors (e.g. ketoconazole, troleandomycin
and 17a-ethinyloestradiol) was able to completely inhibit
ritonavir metabolism even at high concentrations [37].
Consistent with the findings in vitro, the present study indi-
cated modest increases (P < 0.05) in the mean values of
Cnax, AUC and elimination half-life of ritonavir with con-
comitant administration of quinine (Table 2).Because of its
high affinity to CYP3A4, the metabolism of ritonavir is gen-
erally minimally affected by CYP3A4 substrates and inhibi-
tors. For example, following concurrent administration, the
AUC of ritonavir was minimally increased by efavirenz
(18%) [38], fluconazole (12%) [39] and clarithromycin (12%)
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[22]. Also, since ritonavir is known to be partially metabo-
lized by CYP2D6 [40] while quinine is an inhibitor of this
isozyme [41], the slightly elevated ritonavir concentrations
due to quinine co-administration may be partly due to
inhibition of CYP2D6 by quinine. Although concurrent
administration of a single dose of quinine is associated
with a small degree of increase in the plasma levels of
ritonavir, the effect of multiple doses of the antimalarial on
ritonavir plasma concentrations may be more pronounced.
This is because, since competitive displacement from
CYP3A4 and inhibition of CYP2D6 mainly mediate the
interaction between ritonavir and quinine, a greater effect
on changes in the disposition of ritonavir would be
expected to result from increased plasma quinine levels.
Therefore, there is a possibility of greater inhibition of
ritonavir metabolism when multiple doses of quinine are
co-administered.

The clinical significance of this study would have been
enhanced by investigating the interaction of quinine with
low-dose ritonavir (100 mg b.i.d.) in combination with
other protease inhibitors as applied in the treatment of
HIV-infected patients. The use of only ritonavir is a limita-
tion of the study.

This study was carried out in healthy volunteers, and it
is pertinent to note that changes in quinine pharmacoki-
netics occur in patients with malaria. In malaria, there is an
elevated level of a;-acid glycoprotein that is proportional
to the severity of the infection. The raised concentrations
of this protein account for increased plasma protein
binding of quinine with resultant increased plasma
quinine levels in malaria [42, 43]. Since the unbound frac-
tion of quinine in plasma is lower in patients with malaria,
the degree of interaction between the drug and ritonavir
in these patients might be different from that observed in
healthy subjects.

In conclusion, this study has demonstrated that con-
current administration of ritonavir, a known inhibitor of
CYP3A4, with quinine, a substrate of the same isoenzyme,
results in marked increases in plasma levels of the
antimalarial, whereas the plasma concentrations of



3-hydroxyquinine, the major metabolite of quinine, are
remarkably diminished. The high magnitude of elevation
of the plasma concentrations of quinine, with its potential
adverse effects, suggests the need for downward adjust-
ment of the dosage of the drug when given concurrently
with ritonavir. Similarly, quinine caused modest but statis-
tically significant increases in ritonavir plasma levels that
might not warrant dosage adjustment of the protease
inhibitor when used at a booster dose.
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