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Aims To evaluate the pharmacokinetic interaction between ritonavir and me¯oquine.

Methods Healthy volunteers participated in two separate, nonfasted, three-treatment,

three-period, longitudinal pharmacokinetic studies. Study 1 (12 completed): ritonavir

200 mg twice daily for 7 days, 7 day washout, me¯oquine 250 mg once daily for

3 days then once weekly for 4 weeks, ritonavir restarted for 7 days simultaneously

with the last me¯oquine dose. Study 2 (11 completed): ritonavir 200 mg single dose,

me¯oquine 250 mg once daily for 3 days then once weekly for 2 weeks, ritonavir

single dose repeated 2 days after the last me¯oquine dose. Erythromycin breath test

(ERMBT) was administered with and without drug treatments in study 2.

Results Study 1: Ritonavir caused less than 7% changes with high precision (90% CIs:

x12% to 11%) in overall plasma exposure (AUC(0,168 h)) and peak concentration

(Cmax) of me¯oquine, its two enantiomers, and carboxylic acid metabolite, and in the

metabolite/me¯oquine and enantiomeric AUC ratios. Me¯oquine signi®cantly

decreased steady-state ritonavir plasma AUC(0,12 h) by 31%, Cmax by 36%, and

predose levels by 43%, and did not affect ritonavir binding to plasma proteins. Study 2:

Me¯oquine did not alter single-dose ritonavir pharmacokinetics. Less than 8% changes

in AUC and Cmax were observed with high variability (90%CIs: x26% to 45%).

Me¯oquine had no effect on the ERMBT whereas ritonavir decreased activity

by 98%.

Conclusions Ritonavir minimally affected me¯oquine pharmacokinetics despite

strong inhibition of CYP3A4 activity from a single 200 mg dose. Me¯oquine had

variable effects on ritonavir pharmacokinetics that were not explained by hepatic

CYP3A4 activity or ritonavir protein binding.
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Introduction

Human immunode®ciency virus (HIV) disease is a global

pandemic and is present in countries where Plasmodium

falciparum malaria, including that caused by chloroquine-

resistant strains, is endemic. As more persons with HIV are

increasingly well from antiretroviral drug therapy, they

are travelling more frequently to destinations that require

antimalarial prophylaxis. Me¯oquine is the recommended

drug for malaria prophylaxis in areas where chloroquine-

resistant malaria is widespread [1]. Me¯oquine is adminis-

tered as a racemate of (+)-RS and (±)-SR enantiomers,

which are both active against P. falciparum malaria in vitro

[2]. Protease inhibitors such as ritonavir contribute to

the improved health of HIV-positive individuals, and their

inclusion in antiretroviral regimens is commonplace.

However, protease inhibitors are often involved in clinic-

ally important drug interactions resulting from alteration

of cytochrome P450 (CYP) metabolism.

Ritonavir is mainly metabolized by the CYP3A4 iso-

enzyme and has a high binding af®nity to P-glycoprotein

Correspondence: Keith Gallicano, PhD, Axelson Biopharma Research, Inc.,

Suite 309, 2083 Alma Street, Vancouver, B.C., Canada V6R 4N6. Tel.: (604)

222±4184; Fax: (604) 222 3141; E-mail: kgallicano@axelson.net

Received 28 September 2000, accepted 16 February 2001.

f 2001 Blackwell Science Ltd Br J Clin Pharmacol, 51, 591±600 591



[3]. The drug is also an inducer and potent inhibitor of

CYP3A4-mediated metabolism and a modest agent for

blocking P-glycoprotein binding [3, 4], and is responsible

for elevating plasma concentrations of a number of

CYP3A4 and P-glycoprotein substrates such as saquinavir

and ketoconazole [5, 6]. Me¯oquine does not interact

with many compounds, although there are in vitro data

suggesting it is a substrate and inhibitor of CYP3A4 and

P-glycoprotein [7±9] and animal data indicating it

reduces bile production in rats [10]. The main metabolite

of me¯oquine in humans is an inactive carboxylic acid

derivative, the formation of which is catalysed by CYP

enzymes [9, 11].

This paper presents data on the pharmacokinetics

of me¯oquine, its carboxylic acid metabolite and two

enantiomers, and ritonavir. The objectives of this study

were to evaluate the bidirectional pharmacokinetic inter-

action between ritonavir and me¯oquine, including their

effect on hepatic CYP3A4 activity, and to assess the safety

and tolerance of these agents when used concurrently.

Methods

Participants

Healthy nonsmoking men and women who were between

the ages of 18 and 50 years and within 20% of their ideal

body weight for height and gender (Metropolitan Life

Scale) were eligible to participate in the study. Subjects

were excluded from participating if they met one of the

following criteria: pregnancy, breast feeding, history of

hypersensitivity reactions to protease inhibitors, me¯o-

quine or similar agents (quinine, chloroquine, quinidine,

quinolones), use of any medications that could potentially

interact with either study drug (including cardiac medica-

tions such as b-adrenoceptor blockers and any agents that

affect CYP), serum creatinine greater than 1.5 times the

upper limit of normal, any liver function test more than

three times the upper limit of normal, or evidence by

history or physical examination of gastrointestinal, psy-

chiatric, cardiovascular or neurological disorders. Women

who were taking oral contraceptives that contained

ethinyloestradiol were required to also practice barrier

contraceptive methods because of potential reductions in

ethinyloestradiol concentrations caused by ritonavir [12].

All participants gave written informed consent, and

approval was obtained from the Ottawa Hospital Research

Ethics Board and Radiation Safety Committee.

Study design

This was an open-label, nonfasting, three-treatment,

three-period, longitudinal (®xed sequence) design in

two separate, sequential pharmacokinetic studies

(Figure 1). The ®rst study, designated as study 1, enrolled

seven male and seven female Caucasian volunteers. The

second study, designated as study 2, enrolled ®ve male and

seven female Caucasian subjects after the ®rst study was

completed, eight of whom had participated in the ®rst

study.

At the start of each blood collection period in both

studies, participants fasted from midnight of the day

before. In the morning, 30 min before the next scheduled

dose, subjects reported to the Clinical Investigation Unit

of the Ottawa Hospital and received a standard full

breakfast (566 kcal; 17% protein, 41% fat, 42% carbohy-

drate) in study 1 and a light breakfast (443 kcal; 11%

protein, 17% fat, 72% carbohydrate) in study 2. Each dose

was given within 10 min after the subject ®nished

breakfast and was administered with about 200 ml of

water. Subjects remained in the Unit for 12 h with

supervision for blood sampling and, if necessary, returned

on subsequent days for single blood collections as

described later.

Study 1 In period 1, participants received 13 doses of

200 mg ritonavir (Norvir, 2.5 ml of an 80 mg mlx1

solution) by oral syringe, twice daily at 08.00 h and

20.00 h for 6 days (days 1±6) as outpatients and at 08.00 h

on the morning of day 7 in the Unit. Blood samples were

collected after the last dose over the 12 h dosing interval

for ritonavir baseline pharmacokinetics. In period 2,

following a 7 day washout, a 250 mg tablet of me¯oquine

(Lariam) was administered by mouth at 08.00 h once daily

for 3 days (days 15±17) as a loading dose, then once

weekly for 3 weeks (days 24, 31, 38) as maintenance

dosing. Subjects took the ®rst ®ve doses as outpatients.

Figure 1 Design of studies 1 and 2. Blood samples were

collected over 12 h for ritonavir and over 168 h (7 days) for

me¯oquine. RTV: ritonavir 200 mg every 12 h; MFQ:

me¯oquine 250 mg; ERMBT: erythromycin breath test; PK:

pharmacokinetics.
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On day 38, after the third weekly (6th) dose, blood

sampling was performed over the 1 week me¯oquine

dosing interval (days 38±44) for me¯oquine baseline

pharmacokinetics.

In period 3, volunteers were restarted on ritonavir

200 mg twice daily for 1 week (days 45±51) and received

one further weekly dose of me¯oquine (day 45). The ®rst

dose of ritonavir was administered simultaneously with the

®nal (7th) me¯oquine dose on day 45. Blood sampling was

again performed over 1 week (days 45±51) for me¯oquine

pharmacokinetics in the presence of ritonavir, and over

12 h during the morning of the last (13th) ritonavir dose

(day 51) for ritonavir pharmacokinetics in the presence

of me¯oquine.

Safety follow-up included physical examinations and

blood work on 4 separate study days (days 7, 38, 45, 51).

Electrocardiograms were performed at baseline, at

steady-state me¯oquine (day 38), and after 1 week of

me¯oquine and ritonavir coadministration (day 51).

Further follow-up safety evaluations were scheduled

at the discretion of the physician.

Study 2 This study followed the same procedures as

those in study 1 except ritonavir was given as a single dose

and with no washout period after ritonavir alone in period

1, me¯oquine was dosed for two instead of four weekly

doses and at 20.00 h instead of 08.00 h, and ritonavir was

given at 2 instead of 7 days after the last me¯oquine dose.

Subjects received a single 200 mg dose of ritonavir on day

1 (period 1) followed by three daily (days 2±4) and two

weekly (days 11, 18) 250 mg doses of me¯oquine (period

2). In period 3, 2 days later, a single 200 mg dose of

ritonavir was administered in the presence of me¯oquine.

Serial blood samples were collected over 24 h for ritonavir

pharmacokinetics on day 1 (drug alone) and day 20 (with

me¯oquine) and for me¯oquine measurements on day 20.

Erythromycin breath test

To test hepatic CYP3A4 enzyme activity, the erythro-

mycin breath test (ERMBT) was performed at 09.00 h on

the day before the start of study 2 (day x1), at 12.00 h on

day 1 (i.e. 4 h after administration of ritonavir alone), at

09.00 h on day 19 (i.e. 13 h after the last dose of

me¯oquine alone), and at 12.00 h on day 20 (i.e. 4 h after

administration of ritonavir in the presence of me¯oquine).

Subjects received the ERMBT in a fasted state on days x1

and 19 and before lunch was served (4.5 h after a light

breakfast) on days 1 and 20. The ERMBT was delayed on

days 1 and 20 to allow for maximum ritonavir plasma

concentrations to be achieved and to avoid the effects of

food (breakfast) on the ERMBT. A light breakfast was

served on these days to accommodate administration of

ritonavir. Subjects were given 3 mCi (0.04 mg) of [14C-N-

methyl]erythromycin (Metabolic Solutions, Inc., Nashua,

NH) intravenously while at rest, and breath samples were

collected at 20 min after injection. The exhaled radio-

labeled carbon dioxide (14CO2) was measured by liquid

scintillation counting as previously described [13]. Average

background 14C activity in the CO2 trapping solution was

determined from three separate samples into which a

control subject exhaled without prior injection of the

radiolabeled erythromycin. The disintegrations per minute

of 14C in each sample were corrected for mean

background activity. ERMBT results were expressed

two ways: (1) as the percentage of administered 14C

exhaled minx1 at 20 min (%M minx1) [13], and (2) as the

percentage of administered 14C exhaled during the ®rst

hour after injection (%M hx1). The %M hx1 values were

estimated from the %M minx1 values by a quadratic

equation [14]. Although ERMBT values are usually

reported as %M hx1, the error in estimates of %M hx1

increases as the values of %M minx1 approach back-

ground levels with strong CYP3A4 inhibitors. Therefore

both values are reported.

Blood sampling procedure

Blood samples (5 ml) were collected into Vacutainer tubes

(Becton Dickinson, Rutherford, NJ) containing ethylene-

diamine tetraacetic acid as the anticoagulant. In study 1,

blood samples for measurements of me¯oquine, the (+)-

RS and (±)-SR enantiomers of me¯oquine, and MMQ

were taken over the weekly dosing interval immediately

before and at 0.5, 1, 2, 3, 4, 6, 8, 10, 12, 24, 96, 144 and

168 h after administration of me¯oquine, and blood

samples for ritonavir measurements were collected over

the 12 h dosing interval immediately before and at 0.5, 1,

2, 3, 3.5, 4, 4.5, 5, 6, 8 and 12 h after the dose. The same

ritonavir time points were used in study 2 except hour 4

(time of ERMBT) and with an additional sample collected

at 24 h after the single dose. Blood was equilibrated at

20uC for 10 min and then centrifuged (1500 g at 20uC for

10 min) to separate plasma. The plasma aliquots were

stored at x70uC or less until analysis.

Drug analysis

Concentrations of total ritonavir, racemic me¯oquine, and

MMQ in plasma were measured simultaneously with

high-performance liquid chromatography (h.p.l.c.) with

u.v. detection after an ion-pair liquid-liquid extraction.

The extraction procedure was a modi®cation of the

procedure of Bergqvist et al. [15]. Clomipramine inter-

nal-standard solution (0.2 ml of 0.2 mol lx1 citric acid/

0.1 mol lx1 potassium dihydrogen phosphate/methanol

(1 : 1 : 2, v/v/vol)) and ion-pairing solution (0.7 ml of

0.3 mol lx1 tetrabutylammonium hydrogen phosphate)

were added to plasma samples (1 ml). The mixture was

Me¯oquine and ritonovir interaction
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basi®ed with 10% ammonium hydroxide (0.5 ml) and

extracted with methyl t-butyl ether (6 ml). The organic

extract was isolated and evaporated to dryness, and the

residue was dissolved in 0.1 mol lx1 potassium dihydro-

gen phosphate in 50% methanol (0.3 ml). The solution

was washed with hexane (3 ml) and the hexane wash was

re-extracted with 0.1 mol lx1 citric acid in 50% metha-

nol. The aqueous extracts were combined and analysed

(0.075 ml) by h.p.l.c. The h.p.l.c. conditions were as

follows: column, Supelcosil ABZ-plus, 3 mm particle size,

4.6r150 mm; column temperature, 45uC; mobile phase

composition, 0.02 mol lx1 potassium dihydrogen phos-

phate and 0.02 mol lx1 octylsulphonic acid adjusted

to pH 2.25/methanol/acetonitrile (42 : 29 : 29, v/v/vol);

¯ow rate, 1 ml minx1; and u.v. detector wavelength,

240 nm for ritonavir and 280 nm for the other analytes.

The retention times of clomipramine, me¯oquine, MMQ,

and ritonavir were 4.3, 4.9, 6.4 and 8.4 min, respectively.

The lower limits of quanti®cation for me¯oquine, MMQ,

and ritonavir were 230, 250 and 30 ng mlx1, respectively.

The me¯oquine h.p.l.c. peak was isolated automatically

by fraction collection, and the (+)-RS and (±)-SR

enantiomers were measured with h.p.l.c. with u.v.

detection after derivatization with (±) ± (9-¯uorenyl)ethyl-

chloroformate according to the method of Bergqvist et al.

[16]. The percentage of each enantiomer in the racemic

mixture was determined from a plot of area ratio of RS/

SR peaks vs milligram percentage of RS in a standard

enantiomeric mixture.

Total and unbound plasma concentrations of ritonavir

for protein binding determinations were measured with

h.p.l.c. with tandem mass-spectrometric detection [17].

For each patient per treatment, plasma samples (1 ml) were

pooled over the dosing interval into a single aliquot, and a

portion was ultra®ltered (2000 g, 25uC, 20 min) through

an Amicon 1 ml capacity ultra®ltration tube (Centrifree

Micropartition Device, no. 4104, Amicon Inc., Beverly,

MA) to remove protein. The lower limit of quanti®cation

of the assay was 0.2 ng mlx1.

Assay data

The 90% con®dence limits around the mean assay biases of

duplicate quality-control samples were determined at low,

medium, and high concentrations from h.p.l.c. data

pooled over 12 batches for me¯oquine analytes and 17

batches for ritonavir. Values at the three levels ranged from

x14.8% to 10.9%, x21.5% to 16.0%, and x12.5% to

10.2% for me¯oquine, MMQ, and ritonavir, respectively.

The coef®cient of variation (CV) of the slope of standard

curves for the batches was less than 5% for me¯oquine and

its enantiomers, 18.3% for MMQ, 9.3% for multiple-dose

ritonavir, and 2.2% for single-dose ritonavir, and was a

re¯ection of between-batch imprecision for peak-response

data.

Pharmacokinetic analysis

The plasma concentration (C) vs time (t) data of ritonavir,

me¯oquine, me¯oquine enantiomers, and MMQ were

analysed with noncompartmental methods. The highest

concentration (Cmax), hour 0 concentration (predose C0),

hour 12 concentration of ritonavir (postdose C12), hour

168 concentration of me¯oquine (postdose C168), and the

time to reach Cmax (tmax) were obtained directly from the

observed data. For ritonavir, the apparent terminal

disposition half-life (t1/2,z) after single dose or the clinically

relevant t1/2,z within one 12 h dosing interval was

calculated from the ®nal slope (± lz) of the log-linear

concentration-time curve (ln C, t) by least-squares linear

regression. The slope was estimated from the data set

(n i 3 points) with the smallest 90% con®dence interval

around the slope. Area under the plasma concentration-

time curve (AUC) from time zero to 24 h (AUC(0,24 h))

for single-dose ritonavir or over the dosing interval (t)
(AUC(0,t)) where t=12 h for ritonavir and 168 h for

me¯oquine) was calculated with the linear trapezoidal

method. After single dose, AUC(0,?) was estimated

by adding C24/lz to AUC(0,24 h), where C24 is the

predicted plasma concentration at 24 h that was calculated

from the linear regression equation. The extrapolated tail

segments (24 h to ?) of total AUC were <11%. The

apparent oral plasma clearance of the analytes (CL/F,

where F is the bioavailability) was calculated by dividing

the dose by AUC(0,?) or AUC(0,t).

Statistical analysis

Differences in mean pharmacokinetic parameters between

treatment periods were analysed by analysis of variance

(ANOVA) appropriate for a longitudinal study. The ANOVA

model included the effects of subject-nested-within-

gender, gender, period, and gender-by±period interaction.

All parameters except tmax were logarithmically (ln)

transformed before analysis, and ANOVA summary statistics

were based on least-squares geometric means. The 90%

con®dence limits around the ratio of geometric means

were calculated relative to the reference drug-alone

treatment. Median tmax values were compared by the

Wilcoxon signed-rank test. The signi®cance level for each

comparison was set at 0.05.

Differences between the treatment periods in geometric

mean ERMBT parameters were evaluated as above by

ANOVA, followed by Dunnett's test for multiple compar-

isons of the treatments in periods 1, 2 and 3 against base-

line measurements. Dunnett's test was used to maintain

the experimentwise error rate at 5% (a=0.05) for the three
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pairwise comparisons, with a resultant P value of <0.020

considered statistically signi®cant at the 5% level. The 90%

con®dence limits around the ratio of geometric means

were calculated relative to the baseline mean with use

of the critical t-value from the Dunnett's test.

For logarithmically transformed data, intraindividual

CV was calculated as 100%r(eMSRx1)1/2 and interindi-

vidual CV was estimated as 100%r(e(MS ± MSR)/n ± 1)1/2,

where MS is the subject mean square and MSR

is the mean-square residual in the ANOVA model, and n

is the number of periods being compared (n=2 for

pharmacokinetic comparisons and n=4 for ERMBT

comparisons).

Correlations between ERMBT and ritonavir pharma-

cokinetic parameters were evaluated by the Pearson

correlation coef®cient from simple linear regression

analysis and the Spearman correlation coef®cient from

analysis of ranks. The relationship between change in

multiple-dose ritonavir AUC(0,12 h) in the presence of

me¯oquine and me¯oquine AUC(0,168 h) over the 7 day

dosing interval from days 45±51, MMQ AUC(0,168 h)

over the same period, and change in ritonavir fraction

unbound to plasma proteins was explored by stepwise

multiple-regression analysis. The signi®cance level for

each test of zero correlation was set at 0.05.

Results

Study 1

Six men and six women completed the study. The

meants.d. age and weight of the subjects were 26.6t
7.1 years (range, 19±40 years) and 77.5t11.8 kg (range,

56.5±96.7 kg), respectively. All subjects experienced

reversible mild adverse effects that were primarily

neurological or gastrointestinal: six individuals had head-

ache or abdominal pain, ®ve had insomnia, abnormal

dreams, or diarrhea, and three had abdominal pain. Three

persons had changes from baseline in their electrocardio-

gram (one with ®rst degree atrioventricular block and two

with sinus dysrhythmia), although none was considered

clinically signi®cant. Two subjects were withdrawn from

the study, one because of gastrointestinal intolerance to

ritonavir during the ®rst period of the study, and the

second because of side-effects of dizziness, syncope, and

palpitations (no electrocardiographic changes) attributed

to me¯oquine during the second period of the study. Both

subjects recovered without sequelae. All subjects who

completed the study had evaluable pharmacokinetics

except one female who inadvertently took an extra

ritonavir dose before coming to the Unit in period 3 and

one male who was nonadherent with his last ritonavir dose

as an outpatient in period 3.

Mean or median plasma pharmacokinetic data for

ritonavir, me¯oquine, its two enantiomers, and MMQ are

summarized in Table 1. Mean plasma concentration-time

data of multiple-dose ritonavir are illustrated in Figure 2a

and those of the me¯oquine analytes are shown in

Figure 3. From AUC data, plasma concentrations of

MMQ were about 1.8-fold (range, 0.5±4.3) higher than

those of me¯oquine and levels of the (±)-SR enantiomer

were about 3-fold (range, 2.2±4.7) higher than those of the

(+)-RS enantiomer. In the presence of ritonavir, with the

exception of trough levels of (+)-RS me¯oquine, less

than 7% changes were observed with high precision (90%

CIs: x14% to 15%) in the pharmacokinetic parameters of

the me¯oquine analytes. Ritonavir signi®cantly increased

C168 values of the (+)-RS enantiomer by 34% (range,

x3% to 202%).

Steady-state coadministration of me¯oquine resulted in

signi®cant increases of 45% in ritonavir CL/F (range,

x17% to 141%). Correspondingly, there were signi®cant

decreases of x31% in steady-state AUC(0,12 h) (range,

x59% to 20%), of x36% in Cmax (range, x73% to 19%),

and of x43% in C0 (range, x78% to 38%), with no

change in half-life values of ritonavir (range, x28% to

35%). Changes in AUC and Cmax were greater than 20%

in seven of the 10 evaluable subjects. There were small and

insigni®cant decreases of x6% in the fraction of ritonavir

unbound to plasma proteins ( fu: range, x63% to 175%)

and of x12% in C12 (range, x48% to 97%) values, but

the intraindividual variability was large (>29%) in these

parameters. Mean values of ritonavir fu were less than 0.5%

in the absence or presence of me¯oquine.

The ANOVA indicated no gender effects in any pharmaco-

kinetic parameter of ritonavir or me¯oquine, and no

differential effect of me¯oquine on change in ritonavir

pharmacokinetics in the ®ve males compared with the

®ve females. There was no correlation (P>0.1) between

change in ritonavir AUC (ratio) and either me¯oquine or

MMQ AUC in period 3 or change in ritonavir protein

binding.

Study 2

Five men and six women completed the study. The

meants.d. age and weight of the subjects were 29.0t
7.7 years (range, 19±41 years) and 75.2t 10.6 kg (range,

60.5±93.0 kg), respectively. Seven individuals experi-

enced reversible mild to moderate neurological (n=3)

or gastrointestinal (n=4) adverse events that were similar

to those observed in study 1. One subject withdrew from

the study during period 2 because she experienced chest

pain, palpitations, dyspnoea, fatigue, insomnia, nausea, and

diarrhea while taking me¯oquine alone. For this person,

only baseline and period 1 ERMBT data were evaluable,
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and comparison of ritonavir pharmacokinetics was not

possible.

For single-dose ritonavir, mean or median plasma

pharmacokinetic data are summarized in Table 2 and

mean plasma concentration-time data are shown in

Figure 2b. Me¯oquine plasma exposures were similar to

those in study 1 over the same 24 h period, but

me¯oquine did not alter single-dose ritonavir pharmaco-

kinetics. Less than 8% changes in AUC and Cmax were

observed with high variability (90%CIs: x26% to 45%).

Ritonavir peak concentrations were signi®cantly higher

by 60% in women than in men over the two periods (2513

vs 1573 ng mlx1, P=0.031). Changes in single-dose and

multiple-dose AUC or Cmax parameters (point estimates)

Table 1 Study 1: Mean multiple-dose plasma pharmacokinetic parameters of racemic me¯oquine, me¯oquine enantiomers and carboxylic acid

metabolite, and ritonavir for the three treatments: ritonavir alone (period 1), me¯oquine alone (period 2), and ritonavir with me¯oquine (period 3)

Parameter

Treatment* Ritonavir

and me¯oquine

(Period 3)

Drug alone

(Period 1 or 2)

ANOVA for longitudinal

design Point estimate

(90% CI){ (%) P value

Pooled

Intra-subject %CV

Pooled

Inter-subject %CV

Ritonavir

AUC(0,12 h) (mg mlx1 h) 19.4t9.3 27.5t11.7 68.8 (55.7±84.9) 0.011 25.3 51.6

Cmax (ng mlx1) 3463t1842 5063t2468 63.5 (47.1±85.6) 0.022 36.2 57.1

C0 (ng mlx1) 739t499 1288t1001 57.0 (41.3±78.6) 0.012 39.3 114

C12 (ng mlx1) 585t259 714t446 88.1 (68.9±113) 0.366 29.6 44.3

t1/2,z (h){ 3.1t0.8 3.1t0.7 100 (89.1±113) 0.950 13.2 18.2

CL/F (ml minx1) 229t146 146t76.1 145 (118±180) 0.011 25.3 51.6

tmax (h) 4.0 (2.0, 5.0) 4.0 (3.0, 5.0) 0 h >0.05 15.1 8.2

fu (%) 0.43t0.19 0.45t0.15 93.5 (65.4±134) 0.735 47.8 ne

Me¯oquine

AUC(0,168 h) (mg mlx1 h) 140t26.7 144t30.7 98.0 (91.6±105) 0.598 9.1 17.7

Cmax (ng mlx1) 1211t210 1212t312 101 (93.1±110) 0.795 11.4 17.6

C0 (ng mlx1) 664t167 699t217 95.7 (86.0±107) 0.471 14.6 23.3

C168 (ng mlx1) 689t143 664t167 105 (95.0±115) 0.411 13.2 20.3

CL/F (ml minx1) 30.6t5.6 30.1t5.3 102 (95.4±109) 0.598 9.1 17.7

(+)-RS Me¯oquine

AUC(0,168 h) (mg mlx1 h) 34.6t7.2 33.5t7.0 103 (96.7±111) 0.388 9.2 17.0

Cmax (ng mlx1) 326t64.4 341t94.3 97.3 (88.3±107) 0.613 13.1 18.4

C0 (ng mlx1) 128t40.0 152t62.5 88.3 (70.1±111) 0.351 32.1 26.5

C168 (ng mlx1) 171t46.8 128t40.0 134 (116±156) 0.005 20.7 20.5

CL/F (ml minx1) 62.4t11.6 64.5t12.3 96.7 (90.4±104) 0.388 9.2 17.0

(±)-SR Me¯oquine

AUC(0,168 h) (mg mlx1 h) 106t23.3 109t26.5 96.7 (90.5±103) 0.391 9.1 19.9

Cmax (ng mlx1) 895t195 902t246 100 (90.9±110) 0.984 13.1 19.7

C0 (ng mlx1) 533t141 544t165 98.3 (89.3±108) 0.755 13.0 24.4

C168 (ng mlx1) 524t127 533t141 98.8 (90.0±109) 0.826 12.7 23.3

CL/F (ml minx1) 20.5t4.1 19.8t3.7 103 (96.7±111) 0.391 9.1 19.9

AUC SR/AUC RS 3.1t0.6 3.3t0.6 93.6 (90.2±97.0) 0.007 4.9 16.4

MMQ

AUC(0,168 h) (mg mlx1 h) 244t82.6 254t119 99.4 (92.5±107) 0.875 9.7 40.6

Cmax (ng mlx1) 1835t700 1791t831 104 (98.0±111) 0.247 8.3 38.0

C0 (ng mlx1) 1403t543 1436t609 98.4 (89.3±108) 0.770 13.3 41.5

C168 (ng mlx1) 1422t556 1403t543 102 (92.2±112) 0.772 13.3 40.1

AUC MMQ/AUC MFQ 1.81t0.76 1.85t0.94 101 (93.5±110) 0.764 11.0 50.7

MFQ, me¯oquine; MMQ, me¯oquine carboxylic acid metabolite; CI, con®dence interval; ne, not estimable. * Ritonavir pharmacokinetic

measurements were taken after the 13th ritonavir dose (200 mg every 12 h for 7 days, 13 doses) alone and with me¯oquine after the 7th dose of

me¯oquine (250 mg daily for 3 days then weekly for 4 weeks, 7 doses). Me¯oquine pharmacokinetic measurements were taken after the 6th

me¯oquine dose alone and with ritonavir after the 7th me¯oquine dose. Values of treatment means are expressed as arithmetic meants.d. (n=10,

ritonavir, except n=11 for tmax, t1/2,z and fu; n=12, me¯oquine, MMQ and enantiomers); tmax values are expressed as medians (with minimum and

maximum given in parentheses). { Percentage ratio of the least-squares geometric treatment mean of the coadministered treatment in period 3 relative

to that of the drug-alone treatment in period 1(ritonavir) or 2 (me¯oquine). The value for tmax is the point estimate of the absolute difference in

medians, relative to the drug-alone treatment. The level of signi®cance was set at 0.05. { Harmonic means are 2.9 h for both arms.
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of ritonavir in the presence of me¯oquine in the subjects

who participated in both studies were not linearly

correlated (P>0.24, Pearson r2<0.33).

ERMBT The ERMBT results expressed as percentage

dose metabolized per minute at 20 min and over the ®rst

hour are tabulated in Table 3. Me¯oquine alone had no
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Figure 2 Mean (t s.d.) plasma concentrations of (a) multiple-

dose ritonavir in 10 healthy subjects (study 1), and (b) single-dose

ritonavir in 11 healthy individuals (study 2) in the absence (%)

and presence (%) of me¯oquine. Missing error bars are outside

the lower range of the y-axis.

Time after dose (h)
0 24

b

P
la

sm
a 

dr
ug

 c
on

ce
nt

ra
tio

n 
(n

g 
m

l–1
)

1500

0
48 72 96 120 144 168

2000

500

1000

0 24

a

600

0
48 72 96 120 144 168

1000

200

400

800

Figure 3 Mean plasma concentrations of (a) the (+) RS

(triangles;) and (±) SR (diamonds) enantiomers of me¯oquine,

and (b) racemic me¯oquine (circles) and the carboxylic acid

metabolite of me¯oquine (squares) in 12 healthy subjects in the

absence (solid lines) and presence (dotted lines) of ritonavir.

Table 2 Study 2: Mean single-dose plasma pharmacokinetic parameters of ritonavir for the two treatments: ritonavir alone (period 1), and ritonavir

with me¯oquine (period 3).

Treatment* ANOVA for longitudinal design

Parameter

Ritonavir and me¯oquine

(Period 3)

Drug alone

(Period 1)

Point estimate

(90% CI){ % P value

Pooled

Intra-subject %CV

Pooled

Inter-subject %CV

AUC(0,?) (mg mlx1 h) 14.0t6.3 13.5t7.1 108 (80.2±145) 0.650 39.1 32.9

Cmax (ng mlx1) 2225t900 2259t1190 104 (73.8±145) 0.851 45.3 ne

t1/2,z (h){ 4.4t1.1 4.2t1.6 107 (95.4±120) 0.309 14.7 33.0

CL/F (ml minx1) 292t143 333t230 92.7 (68.9±125) 0.650 39.1 32.9

tmax (h) 4.5 (3.0, 5.0) 4.5 (1.0, 5.0) 0 h >0.05 19.0 11.6

CI, con®dence interval; ne, not estimable. * Pharmacokinetic measurements were taken after a single 200 mg dose of ritonavir alone and with

me¯oquine after the 5th me¯oquine dose (250 mg daily for 3 days then weekly for 2 weeks, 5 doses). Values of treatment means are expressed as

arithmetic meants.d. (n=11); tmax values are expressed as medians (with minimum and maximum given in parentheses). { Percentage ratio of the

least-squares geometric treatment mean of the coadministered treatment in period 3 relative to that of the drug-alone treatment in period 1. The value

for tmax is the point estimate of the absolute difference in medians, relative to the drug-alone treatment. The level of signi®cance was set at 0.05.

{ Harmonic means are 4.1 h (with me¯oquine) and 3.6 h (without me¯oquine).
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effect on the ERMBT with less than 20% variability in

changes from baseline measurements as determined from

90% con®dence intervals around mean ratios. A single

200 mg dose of ritonavir alone or in the presence of

me¯oquine caused more than a 95% decrease from basal

activity, regardless of the parameter units. However,

changes from baseline were overestimated by about 70%

using values expressed in percentage dose metabolized

over the ®rst hour. There was no correlation between

CYP3A4 activity (measured as the percentage of basal
14CO2 activity from baseline to period 1) and the

concentration at 4.5 h postdose or AUC of single-dose

ritonavir in period 1 (P>0.3, Pearson r2<0.12). Basal

activity was signi®cantly higher by 55% in women than in

men (2.76% vs 1.77% dose metabolized per hour,

P=0.0002).

Discussion

The ®rst study was designed to evaluate the potential

interaction between ritonavir and me¯oquine after multi-

ple doses. The regimen of 250 mg me¯oquine once

weekly is the standard maintenance dose for prophylaxis of

P. falciparum malaria. The low ritonavir dose (200 mg) was

selected to minimize toxicity yet still provide strong

inhibition of CYP metabolic pathways of me¯oquine as it

does for other drugs [5, 18]. The duration of treatment was

expected to provide near steady-state conditions for both

drugs. Ritonavir autoinduction is minimal at a low dose of

200 mg every 12 h and steady-state is achieved by 1 week

with this regimen [19]. The long me¯oquine half-life of

about 18 days in Caucasians requires three daily loading

doses of 250 mg to achieve 94% of steady-state by the

third weekly dose [20, 21]. The minimal changes in

me¯oquine pharmacokinetics after the third weekly dose

indicated that steady-state was achieved by this time.

Coadministration of ritonavir and me¯oquine over 7 days

was estimated to be enough time to detect an effect of

ritonavir on me¯oquine pharmacokinetics. This was

supported by the rapid and substantial inhibitory effect

of ritonavir on the ERMBT in the presence of

me¯oquine. However, months of concurrent therapy

would be necessary for the full extent of an interaction to

be realized because of the long half-life of me¯oquine.

Any inhibitory effects of ritonavir are expected to alter

systemic clearance and half-life of me¯oquine because

me¯oquine has a high bioavailability with minimal ®rst-

pass metabolism [21].

Ritonavir was expected to increase me¯oquine plasma

levels because ketoconazole, another strong inhibitor of

CYP3A4, inhibits the formation of MMQ in vitro [8].

However, ritonavir did not alter me¯oquine pharmaco-

kinetics, despite potent inhibition of CYP3A4 activity

from a single 200 mg dose as demonstrated by the

ERMBT. The lack of correlation between CYP3A4

activity and ritonavir plasma exposures suggests that even

the reduced ritonavir exposures in the presence of

me¯oquine in our subjects would have provided strong

inhibition of CYP3A4 activity and would have been

adequate to increase me¯oquine concentrations if

CYP3A4 is a major elimination pathway. The lack of

change in me¯oquine oral clearance by ritonavir suggests

that CYP3A4-mediated metabolism of me¯oquine is

not a major route of elimination in vivo. Alternatively, a

compensatory effect of CYP3A4 inhibition and induction

by ritonavir may explain the lack of change in me¯oquine

pharmacokinetics. Even though we observed small

changes of less than 4% with low intraindividual variability

Table 3 Erythromycin breath test results in study 2 in the absence (baseline) and presence of three treatments: ritonavir alone (period 1), me¯oquine

alone (period 2), and ritonavir with me¯oquine (period 3).

Treatment ANOVA for longitudinal design

Parameter Baseline

Ritonavir alone

(Period 1)

Me¯oquine alone

(Period 2)

Ritonavir

and me¯oquine

(Period 3)

Pooled

Intra-subject %CV

Pooled

Inter-subject %CV

%M hx1 2.38t0.68 0.094t0.017 2.39t0.70 0.10t0.02 17.5 7.7

Point estimate (90% CI){ 4.2 (3.6±4.9){ 101 (86.2±118) 4.6 (3.9±5.4){
%M minx1 0.046t0.014 0.001t0.0003 0.046t0.014 0.001t0.0003 23.3 10.1

Point estimate (90% CI){ 2.4 (1.9±2.9){ 101 (81.5±124) 2.7 (2.2±3.3){

%M hx1 and %M minx1, percentage of administered carbon-14 exhaled as 14CO2 over the ®rst hour and exhaled per minute as 14CO2 at 20 min,

respectively, after injection of 3 mCi of [14C-N-methyl]erythromycin; CI, con®dence interval. * Erythromycin breath test was administered in the

absence of drugs on the day before the start of study 2 (baseline), at 4 h after a single dose of 200 mg ritonavir alone (period 1), at 13 h after the last (5th)

250 mg dose of me¯oquine alone (period 2), and at 4 h after a single dose of 200 mg ritonavir in the presence of the last 250 mg dose of me¯oquine

(period 3). Values of treatment means are expressed as arithmetic meants.d. (n=12, baseline and period 1; n=11, periods 2 and 3). { Percentage ratio

of the least-squares geometric treatment mean in period 3, 2 or 1 relative to that of the baseline treatment. Con®dence intervals were calculated with

use of Dunnett's critical t-value. { Signi®cant by Dunnett's test at the 5% level (P<0.020).
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in me¯oquine and MMQ Cmax values, the inhibitory

effects of the initial dose of ritonavir on me¯oquine peak

levels may be minor for highly bioavailable drugs like

me¯oquine. Short-term dosing of ritonavir (four doses of

200 mg) caused no change in peak levels but large

increases in AUC and half-life values of alprazolam [22],

whereas longer-term dosing of ritonavir (12 days titrated

upwards to 500 mg twice daily) produced a small decrease

in AUC consistent with net induction of metabolism [23].

The impact of the low dose ritonavir in our study on

CYP3A4 induction was expected to be less than that at

500 mg [19].

Me¯oquine increased multiple-dose clearance of rito-

navir by an average of 45% with no change in half-life.

However, not all subjects showed decreased ritonavir

concentrations and single-dose pharmacokinetics were not

altered with me¯oquine. Study 2 was designed after the

results of study 1 were available to help determine the

mechanism of interaction by investigation of the effect of

me¯oquine and ritonavir on the ERMBT. Study 2 was

not designed to formally compare results from single and

multiple doses of ritonavir. Therefore, the discordance

could arise from the differences in design of the two

studies. Ritonavir was not evaluated during the same phase

of me¯oquine pharmacokinetics or after comparable

duration of me¯oquine exposures. The disparity could

also have resulted from the unusually large decrease in

baseline ritonavir clearance values from single to multiple

dose, which may be partly related to the different

breakfasts served in the two studies. Additionally, the

high intraindividual pharmacokinetic variability of rito-

navir in the absence and presence of me¯oquine in the two

studies, and the greater intraindividual variability of

ritonavir after single dose complicate the interpretation

of the results. The intraindividual CVs for AUC and Cmax

were greater than 25% with values higher by 14% and 9%,

respectively, after single dose than during multiple dosing.

The increased variability in these parameters after single

dose compared with multiple doses is often observed for

drugs with nonlinear pharmacokinetics [24], and reduces

the power of detecting changes in pharmacokinetic

variables.

Various mechanisms such as decrease in plasma protein

binding, decrease in absorption, or enzyme induction

were considered to be potential causes of the lowering in

total (unbound plus bound) ritonavir exposure. A

reduction in protein binding from displacement interac-

tions for low clearence drugs with a large volume of

distribution (>0.4 l kgx1) and high binding (>98%), like

ritonavir and me¯oquine [3, 21], or a decrease in

bioavailability will produce decreases in total AUC with

no change in half-life [25]. The long elimination half-life

of me¯oquine also makes it an ideal candidate for protein

displacement interactions. However, no changes in

protein binding were detected.

The lack of change in ritonavir half-life and the lack of

effect by me¯oquine on the ERMBT support the non

involvement of hepatic, and likely gut, CYP3A4 induc-

tion. A decrease in bioavailability appears responsible for

the reduced levels. The solubility of ritonavir is greatly

improved in the presence of ionic and nonionic surfactants

[26], suggesting that the secretion of bile acids will increase

the solubility and absorption of ritonavir in the small

intestine. Because me¯oquine decreases bile production

[10], this mechanism may explain the reduced absorption

of ritonavir. Reduced bile production has been proposed

to explain the 30±40% decrease in plasma concentrations

of lumefantrine in the presence of me¯oquine [27]. Also,

because ritonavir is a substrate of P-glycoprotein [4],

induction of gut P-glycoprotein may contribute to the

decreased drug absorption. However, the ability of

me¯oquine and MMQ to upregulate P-glycoprotein

expression or change the protein to a more ef®cient

conformation is unknown, although me¯oquine has the

molecular structural properties to induce P-glycoprotein

[28]. Further study is required to determine if induction of

P-glycoprotein or other ef¯ux membrane proteins or

reduction in bile production is a likely mechanism, or if

the changes in ritonavir pharmacokinetics result from

variability rather than a true drug interaction.

In summary, me¯oquine and ritonavir were safely

coadministered at the studied dosages for the duration of

the study. Ritonavir did not in¯uence me¯oquine

pharmacokinetics despite strong inhibition of CYP3A4

activity from a single 200 mg dose. Me¯oquine had

variable effects on ritonavir pharmacokinetics, reducing

steady-state concentrations but not levels after single-dose

administration.
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