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Unanticipated CNS Safety Signal in a  
Placebo- Controlled, Randomized Trial of  
Co- Administered Atovaquone- Proguanil and 
Amodiaquine
Stephan Chalon1,*, M. Farouk Chughlay1, Nada Abla1, Andre Marie Tchouatieu1, Amina Haouala1, Ben 
Hutter2, Ulrike Lorch2 and Fiona Macintyre1

Atovaquone- proguanil (ATV- PG) plus amodiaquine (AQ) has been considered as a potential replacement for 
sulfadoxine- pyrimethamine plus AQ for seasonal malaria chemoprevention in African children. This randomized, 
double- blind, placebo- controlled, parallel group study assessed the safety, tolerability, and pharmacokinetics 
(PKs) of ATV- PG plus AQ in healthy adult males and females of Black sub- Saharan African origin. Participants 
were randomized to four treatment groups: ATV- PG/AQ (n = 8), ATV- PG/placebo (n = 12), AQ/placebo (n = 12), and 
placebo/placebo (n = 12). Treatments were administered orally once daily for 3 days (days 1– 3) at daily doses of 
ATV- PQ 1000/400 mg and AQ 612 mg. Co- administration of ATV- PG/AQ had no clinically relevant effect on PK 
parameters for ATV, PG, the PG metabolite cycloguanil, AQ, or the AQ metabolite N- desethyl- amodiaquine. Adverse 
events occurred in 8 of 8 (100%) of participants receiving ATV- PG/AQ, 11 of 12 (91.7%) receiving ATV- PG, 11 of 12 
(91.7%) receiving AQ, and 3 of 12 (25%) receiving placebo. The safety and tolerability profiles of ATV- PG and AQ were 
consistent with previous reports. In the ATV- PG/AQ group, 2 of 8 participants experienced extrapyramidal adverse 
effects (EPAEs) on day 3, both psychiatric and physical, which appeared unrelated to drug plasma PKs or cytochrome 
P450 2C8 phenotype. Although rare cases are reported with AQ administration, the high incidence of EPAE was 
unexpected in this small study. Owing to the unanticipated increased frequency of EPAE observed, the combination 
of ATV- PQ plus AQ is not recommended for further evaluation in prophylaxis of malaria in African children.

Most malaria deaths occur in African children under 5  years of 
age, and morbidity impedes child development and increases the 
susceptibility to other illnesses.1 In particular, of the ~ 24 million 
African children under 5 years old infected with P. falciparum in 

2018, 13.8 million were estimated to suffer from severe or moder-
ate anemia.2

Seasonal malaria chemoprevention (SMC) with sulfadoxine- 
pyrimethamine (SP) plus amodiaquine (AQ) is recommended for 
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE 
TOPIC?
 New antimalarial drug combinations are needed for sea-
sonal malaria chemoprevention (SMC) in African children to 
overcome and anticipate parasite resistance to existing agents. 
Atovaquone- proguanil (ATV- PG) is a registered antimalarial 
with both chemoprotective and therapeutic activity and re-
quires investigation as a potential component of SMC with 
amodiaquine (AQ).
WHAT QUESTION DID THIS STUDY ADDRESS?
 This randomized study evaluated the tolerability, safety, and 
pharmacokinetics (PKs) of ATV- PG and AQ alone and in com-
bination vs. placebo in African adults.

WHAT DOES THIS STUDY ADD TO OUR 
KNOWLEDGE?
 Transient extrapyramidal symptoms were observed in two 
of the eight participants who received the combination. Similar 
adverse events have been reported rarely with AQ administra-
tion, but not for ATV- PG. However, there were no important 
differences in the PKs of ATV- PG/AQ when given alone or in 
combination.
HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?
 The combination of ATV- PG/AQ is associated with a cen-
tral nervous system safety profile which is incompatible with its 
use in SMC in African children, and the regimen should not be 
investigated further.
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children aged 3– 59 months during the malaria season in areas of 
highly seasonal malaria transmission across the Sahel sub- region 
of Africa.3 SMC maintains therapeutic antimalarial blood concen-
trations throughout the period of greatest risk, preventing around 
three- quarters of clinical malaria episodes.3,4 Up to four SP + AQ 
treatment courses are given at monthly intervals. A single SP + AQ 
dose is given on day 1 followed by daily AQ for 2 subsequent days. 
The regimen is well- tolerated, inexpensive, and allows artemisinin- 
containing regimens to be reserved for the treatment of clinical 
malaria.3 However, replacements for SMC are needed because 
of widespread P. falciparum resistance to both SP and AQ.5– 7 
Currently, SMC is not recommended in eastern and southern 
Africa because of high- level resistance to SP.3

AQ is a 4- aminoquinoline antimalarial with a similar mecha-
nism of action to chloroquine.8 AQ has a relatively short half- life 
(~ 5 hours),9,10 but is rapidly and almost completely metabolized 
via cytochrome P450 2C8 (CYP2C8) to the active metabolite N- 
desethyl- amodiaquine (DEAQ),11,12 which has a terminal half- life 
of around 4– 18  days.9,10,13 Antimalarial activity against P. falci-
parum after a standard 3- day treatment course derives primarily 
from DEAQ, with minimal AQ concentrations synergistically po-
tentiating the DEAQ antimalarial effect.14

Atovaquone- proguanil hydrochloride (ATV- PG) is a fixed- dose 
combination registered for malaria prophylaxis in travelers, and 
for the treatment of acute uncomplicated P. falciparum malaria.15 
The drug is approved for pediatric use, but is not currently used 
for malaria chemoprevention or treatment in African populations. 
Common adverse reactions for the curative regimen are abdomi-
nal pain, nausea, vomiting, headache, diarrhea, asthenia, anorexia, 
and dizziness in adults, and in children, vomiting, pruritus, and 
diarrhea.15

A combination of ATV- PG plus AQ (ATV- PG/AQ) is a poten-
tial replacement for SP + AQ in SMC. The postdose prophylac-
tic duration of the ATV- PG curative dose,16,17 and the AQ dose 
used for SMC,18,19 suggest a similar dosing regimen to SP + AQ. 
A 3- day ATV- PG/AQ treatment once a month for 3 to 4 consec-
utive months may achieve the target 75% reduction in malaria in-
cidence rate in the pediatric population.3 Experiments in human 
liver microsomes using validated methods,20 showed minimal in-
hibition (half- maximal inhibitory concentration (IC50) > 20 μM) 
of CYP2C8- mediated AQ N- desethylation by ATV, PG, and its 
active metabolite cycloguanil (CG), suggesting a low potential for 
CYP2C8- mediated metabolic drug– drug interactions, and a low 
risk of adverse reactions associated with reduced CYP2C8 me-
tabolism (Medicines for Malaria Venture, data on file, reference 
CDCO_MMV_PBPK_20_003).

This phase I study assessed the safety, tolerability, and pharma-
cokinetics (PKs) of the registered ATV- PG curative dose plus the 
adult equivalent of the AQ dose approved for SMC when adminis-
tered alone and in combination, in comparison to placebo.

METHODS
Study design and participants
This randomized, double- blind, placebo- controlled, parallel group, 
phase I study was conducted between April 4 and October 29, 
2019 at Richmond Pharmacology Ltd., London, and registered at 

ClinicalTrials.gov with the identifier NCT04002687. The study pro-
tocol is provided in the supplementary materials (Protocol S1). Using a 
computer- generated randomization schedule, 52 participants were to be 
randomized (4:3:3:3) to 1 of 4 treatment groups: ATV- PG/AQ (n = 16), 
ATV- PG/placebo (n = 12), AQ/placebo (n = 12), and placebo/placebo 
(n  =  12). The placebo group was sufficiently large to allow corrected 
QT (QTc) interval modelling with AQ (to be published separately). 
Following dose completion for the first 20 randomized participants, the 
ATV- PG/AQ arm was discontinued because of extrapyramidal adverse 
effects (EPAEs) in 2 of 8 participants. A further 24 volunteers were in-
cluded in the study in 3 cohorts of 8 participants, re- randomized so that 
12 participants were included in the remaining 3 treatment arms. Thus, 
the safety population included 44 randomized volunteers (20 men and 
24 women): ATV- PG/AQ (n  =  8), ATV- PG/placebo (n  =  12), AQ/
placebo (n = 12), and placebo/placebo (n = 12). One participant in the 
placebo group did not complete the study after withdrawing consent on 
day 8 for personal reasons.

Eligible participants were healthy men or women aged 18– 45  years, 
weighing ≥  50  kg, and with a body mass index 18.0– 25.0  kg/m2 
(Table  S1). To ensure a pharmacogenetically representative population, 
all participants were of Black sub- Saharan African origin (both parents of 
Black sub- Saharan African origin). Participants were malaria naïve, with-
out visiting a malaria- endemic region for more than 4 weeks within the 
previous 12  months. Female participants required a negative pregnancy 
test and could not be lactating. All participants agreed to use effective 
contraception. Further requirements were no clinically significant ab-
normalities based on a medical history, physical examination, vital signs, 
12- lead electrocardiogram (ECG), and clinical laboratory evaluation, or 
any known allergy or hypersensitivity to the study drugs. Key exclusion 
criteria were any current or recurrent disease or condition that might af-
fect the action, absorption, or disposition of ATV- PG or AQ, a history of 
photosensitivity or retinopathy, a QT interval corrected using Fridericia’s 
formula (QTcF) >  450  ms, or any other significant disease or disorder 
which in the investigator’s opinion might put the participant at risk, in-
fluence study results, or impair the volunteer’s ability to participate in the 
study. Participants were ineligible if they had a positive test for alcohol, 
drugs of abuse, or a history of alcohol abuse, had used any tobacco or 
nicotine- containing product within the previous 3 months, any prescrip-
tion medication within 14  days or 10 half- lives (whichever longer), any 
nonprescription medication within 7 days or 5 half- lives, any moderate/
strong CYP inhibitor or inducer within 30 days or 5 half- lives, or any in-
vestigational product or device within 90  days or 5 half- lives before the 
first dose of study drug.

The study complied with current United Kingdom law, the Good 
Clinical Practice standards of the International Conference on 
Harmonization (Topic E6), and the Declaration of Helsinki. Ethical ap-
proval was granted by South Central– Berkshire B Ethics Committee. 
Informed written consent was obtained from all participants before any 
study- related procedure.

Study drugs and procedures
Participants were screened within 20  days prior to admission to the 
study unit on day −1, with day 0 to normalize to the environment. Study 
drugs were administered on days 1, 2, and 3, with discharge on day 4, and 
outpatient follow- up visits on days 8, 15, 22, 29, and 36 (± 1 day). Study 
drugs were ATV- PG 250/100 mg tablets (GlaxoSmithKline, Uxbridge, 
UK), AQ hydrochloride 200  mg tablets containing 153  mg AQ base 
(Guilin Pharmaceuticals, Guangxi, China), and unmatched ATV- PG 
and AQ placebo tablets. Four tablets of each drug or unmatched placebo 
(i.e., 8 tablets in total) were administered in the morning orally once 
daily for 3  days in the fed state (standard breakfast), with 240  mL of 
water. Total daily doses were ATV- PQ 1000/400 mg and AQ 612 mg. 
Blindfolded participants were dosed by an unblinded staff member be-
hind a curtain, with assessments conducted by study staff blinded to 
treatment.
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Safety assessments included standard laboratory tests (hematology, 
coagulation, biochemistry, and urinalysis), vital signs, physical examina-
tions, triplicate 12- lead ECG, continuous telemetry, and adverse event 
monitoring. Adverse events were categorized using Medical Dictionary 
for Regulatory Activities (MedDRA; version 21). Participants completed 
a Profile of Mood Scales (POMS) questionnaire for evaluation of central 
nervous system (CNS) subjective symptoms on days 1, 4, 8, and 29. A 
basic neurological exam was conducted to assess tone, power, coordina-
tion, and proprioception in all limbs, gait, cranial nerves examination, and 
mental status assessment on days 1 to 4 and days 8 and 29.

Blood samples were collected from participants for plasma concentra-
tion measurement of ATV, PG, CG, AQ, and DEAQ at the following time 
points: predose and at 1, 2, 3, 4, 5, 6, 8, and 12 hours postdose on day 1, 
predose on day 2, predose and 1, 2, 3, 4, 5, 6, 8, 12, and 24 hours postdose 
on day 3, and on day 8 (120 hours postdose day 3), day 15 (288 hours post-
dose day 3) and day 22 (456 hours postdose day 3). Plasma concentrations 
were determined using validated liquid chromatography- tandem mass 
spectrometry methods at Swiss BioQuant AG, Reinach, Switzerland.21,22 
The lower limit of quantification in plasma was 100  ng/mL for ATV, 
5.0 ng/mL for PG, 1.5 ng/mL for CG, 0.5 ng/mL for AQ, and 3.0 ng/
mL for DEAQ.

CYP2C8 polymorphisms can affect the biotransformation of AQ to 
DEAQ and hence exposure. Following the observation of EPAE, a proto-
col amendment was implemented and a supplementary pharmacogenetic 
analysis conducted to identify CYP2C8 status in the remaining 15 volun-
teers recruited. CYP2C8 alleles *1, *2, *3, and *4 were investigated using 
standard methods.12,23 CYP2C8 metabolizer status was defined as exten-
sive metabolizer (*1/*1), or intermediate metabolizer (*1/*2).

Outcomes
The primary outcome was an assessment of ATV- PG and AQ safety and 
tolerability when administered alone and in combination, in compari-
son with placebo. The PK of ATV, PG, CG, AQ, and DEAQ follow-
ing administration of ATV- PG and AQ alone or in combination was a 
secondary outcome. Determination of the relationship between AQ and 
DEAQ and ECG parameters and any impact of the combination with 
ATV- PG was also a secondary outcome. A post hoc analysis of the effect 
of CYP2C8 polymorphism on DEAQ exposure was also conducted.

Statistics
In this exploratory phase I study, sample size was based on the number 
of participants needed to adequately describe the tolerability, safety, and 
PKs of the study treatments. The parallel group design and limited sam-
ple size are such that this study was not powered to investigate a formal 
PK drug– drug interaction. The statistical analysis plan was prospectively 
prepared.

Safety outcomes were reported using descriptive statistics. PK param-
eters were calculated from ATV, PG, CG, AQ, and DEAQ measured 
plasma concentrations using noncompartmental analysis. For individual 
plasma concentration data, the actual blood sampling time relative to the 
time of study drug administration was used to derive PK parameters. Area 
under the curve (AUC) values were calculated using the linear/log trape-
zoidal method, applying the linear trapezoidal rule up to maximum plasma 
concentrations (Cmax) and the log trapezoidal rule for the remainder of 
the curve. AUC was calculated from zero to time t of the last measured 
concentration above the limit of quantification (AUC0- t) and AUC from 
predose to 24 hours postdose (AUC0- 24h).

Samples below the limit of quantification (BLOQ) prior to the first 
quantifiable concentration were set to zero. Samples with concentrations 
BLOQ after the first quantifiable concentration were set to “missing” and 
omitted from the analysis. Other PK parameters were calculated accord-
ing to standard equations (Phoenix WinNonlin version 6.3, Pharsight 
Corporation, Mountain View, CA, USA). Geometric mean ratios for 
Cmax and AUC values with 90% confidence limits were calculated by 

comparing the ATV, PG (and CG) PK following placebo or AQ co- 
administration. The PK of AQ and DEAQ when co- administered with 
placebo or ATV- PG were compared similarly.

RESULTS
Safety
Adverse events occurred in 8 of 8 (100%) participants receiv-
ing ATV- PG/AQ, 11 of 12 (91.7%) receiving ATV- PG, 11 of 
12 (91.7%) receiving AQ, and 3 of 12 (25%) receiving placebo. 
Adverse events were primarily mild (32/44 (72.7%)) or moderate 
(4/44 (9.1%)) in severity. No adverse event led to study withdrawal 
and there were no deaths. When given individually, the safety pro-
files for ATV- PG and AQ were as expected: dizziness, headache, 
nausea, and abdominal pain were most commonly reported with 
ATV- PG24; dizziness and nausea with AQ19 (Figure 1). There was 
one serious adverse event in the ATV- PG/AQ group of EPAE (see 
below). There was one adverse event of special interest, a decrease 
in plasma hemoglobin levels in a 39- year- old woman participant re-
ceiving ATV- PG/AQ (from 122 g/L to 101 g/L), which recovered 
by study end, which was not considered drug related. Otherwise, 
there were no clinically relevant findings in any laboratory results 
or vital signs. No participant had clinically important ECG find-
ings, QTcF interval prolongation > 480 ms, or a change in QTcF 
from baseline > 60 msec. QTcF interval prolongation > 450 ms on 
day 3 at 4– 5 hours postdose was noted for 3 of 8 participants in 
the ATV- PG/AQ group, resolving by 12 hours postdose, and 2 of 
12 in the AQ group, resolving by 24 hours postdose.

Extrapyramidal adverse effects
All participants had normal baseline POMS and neurological 
examinations. In the ATV- PG/AQ group, 2 of 8 participants 
(participant numbers 11010 and 12013) reported EPAE, both oc-
curring on day 3 and associated with anxiety; an additional partic-
ipant who received ATV- PG/AQ reported a loss of consciousness 
(participant 11001; (Commentary S1).

Participant 11010 was a man, 25 years old, with the lowest body-
weight among men in the ATV- PG/AQ group (58.6  kg, mean 
62.1  kg). The day 3 neurological examination at 15:55 was nor-
mal. EPAE started 11 hours 20 minutes after the last dose on day 
3 (at 22:05 hours on day 3) and the participant was admitted to 
the hospital for evaluation. Symptoms were both physical (akathi-
sia and dystonia) and psychiatric (anxiety); all were moderate in 
intensity. Neurological examination on day 4 noted involuntary 
tongue movements and related difficulty in speech, present for 
~  2  hours, which did not recur, and no treatment was required. 
EPAE resolved by day 5, and neurological examination on day 8 
was normal. However, mild intermittent anxiety persisted until the 
participants’ last follow- up on day 195.

Participant 12013 was 27  years old, with the lowest body 
weight among women in the ATV- PG/AQ group (52.6 kg; mean 
62.7 kg). As for the previous case, EPAE occurred after the final 
dose on day 3, were more focused on anxiety, starting at 15:25 on 
day 3, but with some akathisia (shaking and restlessness). One oral 
diazepam dose (2 mg) was given on day 3 at 21:00. Symptoms con-
tinued before fully resolving on day 5. No persistent anxiety was 
reported after day 5.
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Participant 11001, a 27- year- old woman, developed lighthead-
edness 3.5 hours after dosing on day 3, and fainted on standing, 
waking up on the floor seconds later. The episode was unwitnessed 
and no concurrent vital signs were recorded. After assessment by 
staff, ~  10  minutes after the event, the participant walked back 
to bed unassisted. There was no history of fainting, and she also 
experienced diarrhea, dizziness, nausea, and vomiting, which were 
considered related to study drug administration.

Both participants who experienced EPAE had the lowest body-
weight by gender, and some of their PK parameters were outliers in 
the group receiving ATV- PG/AQ (Figure 2). Participant 11010 
had the highest ATV Cmax on day 1 (5,000  ng/mL) and day 3 
(7,970 ng/mL), the highest ATV AUC0- t on day 1 (74902 ng.h/
mL) and AUC0- 24h on day 3 (147,889  ng.h/mL), the highest 
AQ Cmax on day 3 (30.5  ng/mL), and AQ AUC0- 24h on day 3 
(174  ng.h/mL). Participant 12013 had the highest CG Cmax on 
day 3 (136 ng/mL), AUC0- t on day 1 (1,635 ng.h/mL), and AUC0- 

24h on day 3 (2,081 ng.h/mL). Both participants had the highest 
ATV Cmax and AUC0- 24h and AQ Cmax and AUC0- 24h on day 3 
when adjusted for bodyweight (Figure S1).

Pharmacokinetics
Plasma concentration data were available for all 44 participants. 
On day 3, one participant in the AQ group experienced vomiting 
on 2 occasions after dosing, and their PK values for day 3 were ex-
cluded from the analysis. Geometric mean plasma concentrations– 
time profiles and PK parameters are shown for ATV, PG, and CG 
in Figure 3, Figure S2, and Table 1 and for AQ and DEAQ in 
Figure 4 and Table 2. PK values for the placebo group were BLOQ 
and are not shown. Overall, in this parallel group design, the PK 
of ATV, PG, CG, AQ, and DEAQ were not affected to a clinically 
relevant extent following ATV- PG/AQ co- administration versus 
ATV- PG or AQ administered individually.

Compared with ATV- PG, following ATV- PG/AQ co- 
administration the Cmax and AUC0- t for ATV were 12.0% and 
11.0% higher on day 1, but 18.2% and 16.0% lower on day 3, re-
spectively, and time to maximum concentration (Tmax) was longer 
on both day 1 and day 3 (Table 3). As the ATV Tmax was 24.0 hours 
on day 3, the longer Tmax was probably not related to the initial 
absorption of ATV. Following ATV- PG/PQ administration, PG 
Cmax and AUC0- t were higher on day 1, whereas both parame-
ters were about 11% lower on day 3 (Table 3). For CG, Cmax and 
AUC0- t were higher on both day 1 and day 3 following ATV- PG/
PQ administration (Table 3).

Compared with AQ alone, following co- administration with 
ATV- PG, the AQ Cmax and AUC were 8.0% and 19.0% higher on 
day 1 and 29.0% and 12.0% higher on day 3, respectively (Table 3). 
For DEAQ, Cmax was similar on day 1, but increased by 23.0% on 
day 3, whereas AUC0- t was higher on day 1 by 14.0% and day 3 by 
10.0%, following ATV- PG/PQ administration (Table 3).

Pharmacogenetics
CYP2C8 metabolizer status was determined for 15 of 44 study 
participants. CYP2C8*2 was present at an allelic frequency of 
16.7%, noted in 5 of 15 volunteers, who were all heterozygous 

Figure 1 Frequency of adverse events following administration of 
atovaquone- proguanil (ATV- PG), amodiaquine (AQ) or ATV- PG/AQ. 
Values are the percentage of participants experiencing the adverse 
event.
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(*1/*2) intermediate metabolizers (Table  S2). None were 
CYP2C8 poor metabolizer homozygous (*2/*2). For the 2 par-
ticipants with EPAE, CYP2C8 metabolizer status could not be 
analyzed for participant 11010 owing to the timing of the protocol 
amendment, but participant 12013 was an extensive metabolizer 
(Table S2). Of the five intermediate metabolizers, four received 
AQ and one received ATV- PG/AQ. Of the 10 extensive metab-
olizers, 5 received AQ and 5 ATV- PG/AQ. There was no rela-
tionship between CYP2C8 metabolizer status and AQ or DEAQ 
exposure (Table S2, Figure S3).

DISCUSSION
This investigation examined the safety, tolerability, and PK of 
ATV- PG and AQ when administered individually and in com-
bination to healthy adult volunteers as a preliminary assessment 

of the combination for SMC in African children. Adverse events 
for ATV- PG and AQ when administered individually were con-
sistent with their known safety profiles.15,19 However, the occur-
rence of EPAE at a high incidence (2/8 participants) when the 
drugs were co- administered was not anticipated. A few antima-
larial agents, including chloroquine and AQ, are associated with 
EPAE.25– 27 To our knowledge, this adverse event has not been re-
ported for ATV- PG, and it is not noted on the summary of prod-
uct characteristics.24

In 2015– 2016, 37.6 million SMC SP + AQ doses were admin-
istered to children in sub- Saharan Africa, with one EPAE case re-
corded.28 EPAEs are also a rare adverse event (< 0.1%) with AQ in 
combination with artesunate (AS + AQ) for the treatment of un-
complicated malaria.26– 30 However, pharmacovigilance in malaria 
endemic regions is not well- developed, and EPAE in patients with 

Figure 2 Individual participant values for maximum plasma concentration (Cmax) and area under the concentration– time curve (AUC) for 
atovaquone (ATV), proguanil (PG), cycloguanil (CG), amodiaquine (AQ), and N- desethyl- amodiaquine (DEAQ) following administration of ATV- PG/
AQ. Participants that experienced extrapyramidal adverse effects (EPAEs) are shown with a black square (participant 11010) and a black 
triangle (participant 12013). Participants without EPAE are shown with black circles.
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malaria could be masked by the symptoms of acute infection. Thus, 
AQ- induced EPAE in African pediatric populations are likely 
under- reported.31 For AQ and other drugs associated with EPAE, 

cases tend to be in children and young adults, more commonly male 
patients, with symptoms starting on the third or fourth day after 
AQ commencement, including transient involuntary contractions 

Figure 3 Plasma concentration– time profiles for atovaquone (ATV), proguanil (PG), and cycloguanil (CG) following administration of ATV- PG or 
ATV- PG/amodiaquine (AQ). See also Figure S2 for the extended plasma concentration– time profile for ATV up to day 22.
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in the muscles of the neck, jaws, tongue, lips, and extremities.30 
These occur in patients with normal DEAQ plasma levels follow-
ing a standard AQ dose.32 The AQ dose used in artemisinin com-
bination therapy (AS + AQ 200/540 mg once daily for 3 days) is 
lower than the AQ chemoprotective dose of 612 mg once daily for 
3 days administered in our study.

The EPAE observed in the current study are consistent with 
previous reports following AQ administration, with symptoms 
manifest in both cases on day 3 and co- incident with maximal 
AQ/DEAQ plasma concentrations. However, why this adverse 
event should appear at high frequency in such a small cohort at 
normal AQ/DEAQ exposures and only following ATV- PG/AQ 
co- administration is intriguing.

Both participants with EPAE had low bodyweight, but their 
AQ and DEAQ exposures were not markedly different from those 
of heavier participants who received AQ, either alone or in com-
bination. In addition, exposures were similar to those observed for 
adults following therapeutic AS  +  AQ doses,19,33,34 although, in 
this study, total rather than free AQ/DEAQ plasma concentra-
tions were measured. Thus, the findings cannot be explained by 
a PK interaction between ATV- PG and AQ/DEAQ, or by inter-
individual variability in PK parameters. Neither is a pharmacog-
enetic explanation probable. In Africans, CYP2C8*2 is the most 
common variant related to a poor metabolizer phenotype.35,36 
Individuals homozygous for CYP2C8*2 show 6- fold lower in-
trinsic clearance of AQ, a longer AQ half- life, and an increased 
incidence of drug- induced adverse events vs. wild- type individu-
als.12,23,37 CYP2C8 metabolizer status was investigated after the 
first EPAE case; the second EPAE case had an extensive metab-
olizer CYP2C8 phenotype. DEAQ exposure showed no consis-
tent relationship to CYP2C8 metabolizer status and was similar 
across all participants. We did not analyze other enzymes that 
could impact further DEAQ metabolization.38 Although AQ is 
predominantly metabolized by CYP2C8 to DEAQ, there is some 
evidence of metabolism to an aldehyde formation via CYP1A1 
and CYP1B1.39 Some aldehydes are toxic, and this is another pos-
sibility for consideration.

ATV, PG, CG, and AQ are known to cross the blood– brain bar-
rier.40– 42 Studies with agents known to cause EPAE suggest involve-
ment of antagonistic binding of dopaminergic D2 receptors within 
the mesolimbic and mesocortical pathways.43 More specifically, 
transient aminoquinoline- induced EPAE is associated with a rel-
ative excess of dopamine in the basal ganglia, and is spontaneously 
reversible following drug elimination.44 Both AQ and chloroquine 
enhance the functions of the orphan nuclear receptor (Nurr1) 
in the CNS, leading to activation of midbrain dopaminergic 
neuron- specific function and beneficial effects in rodent models of 
Parkinson’s disease.45 Nurr1 is also implicated in levodopa- induced 
dyskinesia, an adverse effect of dopamine replacement strategies in 
Parkinson’s disease.45

Two mechanisms for a potential interaction between AQ/
DEAQ and ATV/PG/CG can be hypothesized. A pharmacody-
namic interaction could occur at the level of a brain target, such 
as the dopaminergic DA2 receptors. For example, if AQ and/or 
DEAQ and one of the co- administered drugs bind to the same 
target, or if one drug alters the receptor binding affinity of the Ta
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other.46 Similarly, there could be a synergistic pharmacological ef-
fect on the target. Alternatively, a PK drug– drug interaction at the 
blood– brain barrier, causing increased exposure to AQ or DEAQ 
in the CNS could potentiate AQ/DEAQ- associated neurological 
symptoms. Drug– drug interactions at this interface may be caused 
by altered activity of influx and efflux transporters, although few 
cases have been reported. The major efflux transporters described 
at the blood– brain barrier are the P- glycoprotein (P- gp), multi-
drug resistance proteins (MRPs), and the breast cancer resistant 
protein (BCRP).46,47 In vitro studies suggest that AQ is not a sub-
strate of P- gp or BCRP,48,49 although no information is available 
for DEAQ. ATV was shown in vitro to be a potent BCRP inhibi-
tor, with an IC50 of 0.23 µM,50 significantly lower than total Cmax, 
suggesting that it could act as a BCRP inhibitor in vivo. However, 
further in vitro work is needed to determine whether DEAQ is 
a BCRP substrate, and to assess the potential for an interaction 
between DEAQ and ATV at the blood– brain barrier. Besides, 

incomplete information is available regarding the clearance path-
ways for ATV, and hence the risk of this drug to be a victim of 
co- administered drugs is not fully understood. In addition to in 
vitro transporter studies, physiological- based PK modeling could 
be used to estimate brain concentrations of the different drugs ad-
ministered in this study and their major metabolites and to simu-
late potential drug– drug interactions at the blood– brain barrier, 
in case in vitro data suggest that such an interaction is possible.

The EPAE observed in this study most likely represent an un-
anticipated CNS pharmacological drug– drug interaction between 
ATV- PG and AQ, or their metabolites, independent of total 
plasma drug exposure and CYP2C8 metabolizer status. Despite 
a favorable PK profile of ATV- PQ and AQ in combination in 
African adults, the high incidence of transient EPAE in this phase 
I study is inconsistent with its use for SMC in children in Africa. 
This study reinforces the need to conduct comprehensive safety 
assessments for combinations of registered pharmaceuticals, even 

Figure 4 Plasma concentration– time profiles for amodiaquine (AQ) and N- desethyl- amodiaquine (DEAQ) following administration of AQ or 
atovaquone- proguanil (ATV- PG)/AQ.
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when the safety liabilities of the individual components are well 
understood. Further clinical investigation of ATV- PG/AQ for 
SMC in African children is not recommended.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical 
Pharmacology & Therapeutics website (www.cpt-journal.com).

ACKNOWLEDGMENTS
The authors acknowledge the contribution of Stephan Duparc of 
Medicines for Malaria Venture for advice on the study design. Naomi 
Richardson of Magenta Communications Ltd wrote the first draft of this 
article based on a clinical study report, incorporated author comments, 
and provided editorial and graphic services with funding from Medicines 
for Malaria Venture. Pharmacokinetic analysis was performed by Adnan 
Mohamed Abdi from Swiss BioQuant AG, Reinach, Switzerland and was 
funded by Medicines for Malaria Venture. Open Access Funding provided 
by Medicines for Malaria Venture.

FUNDING
Funding for the conduct of this study and support for preparation of this 
manuscript was provided by Medicines for Malaria Venture.

CONFLICT OF INTEREST
S.C., N.A., A.M.T., and A.H. are all employees of Medicines for Malaria 
Venture (MMV) and M.F.C. and F.M. are former employees. B.H. and U.L. 
are employees of Richmond Pharmacology Ltd. which received financial 
support from MMV to conduct the study.

AUTHOR CONTRIBUTIONS
All authors wrote the manuscript. S.C., F.M., N.A., and A.M.T. designed 
the research. S.C., F.M.I., A.H., B.H., U.L., and M.F.C. performed the 
research. S.C., F.M., N.A., A.H., B.H., U.L., and M.F.C. analyzed the data.

© 2021 The Authors. Clinical Pharmacology & Therapeutics published 
by Wiley Periodicals LLC on behalf of American Society for Clinical 
Pharmacology and Therapeutics.

This is an open access article under the terms of the Creat ive Commo ns 
Attri bution-NonCo mmercial License, which permits use, distribution and 
reproduction in any medium, provided the original work is properly cited 
and is not used for commercial purposes.

 1. World Health Organization. World malaria report <https://www.
who.int/publi catio ns/i/item/97892 40015791> (2020). Accessed 
December 29, 2020.

Table 2 PK parameters of AQ and DEAQ in plasma following administration of AQ or ATV- PG/AQ

Parameter Time

AQ (N = 12) ATV- PG/AQ (N = 8)

AQ DEAQ AQ DEAQ

AUC0- 24h (ng.h/mL) Day 3 126 (25.3)a 9,273 (23.7)a 139 (21.4) 11,080 (35.5)

AUC0- t (ng.h/mL) Day 1 72.2 (32.3) 3,202 (29.2) 80.9 (24.6) 3,655 (30.8)

Day 3 – 45,130 (21.6)a – 49,341 (27.3)

Cmax (ng/mL) Day 1 9.14 (33.4) 355 (30.2) 9.83 (36.6) 355 (36.2)

Day 3 14.0 (36.4)a 784 (31.4)a 16.5 (31.4) 889 (38.8)

λz (/h) Day 3 – 0.004 (14.9)b – 0.006c

t1/2 (h) Day 3 – 196 (13.5)b – 108c

Tmax (h) Day 1 2.03 (1.00– 6.02) 3.00 (2.00– 6.02) 3.00 (2.00– 5.00) 3.00 (2.00– 6.03)

Day 3 2.00 (1.00– 3.00)a 3.00 (2.00– 5.00)a 3.00 (2.00– 5.00) 3.52 (2.00– 12.0)

Values are geometric mean (geometric mean coefficient of variation [CV%]) except for Tmax which is median (range).
AQ, amodiaquine; ATV, atovaquone; AUC, area under the concentration– time curve; Cmax, maximum plasma concentration; DEAQ, N- desethyl- amodiaquine; PG, 
proguanil; PK, pharmacokinetic; Tmax, time to reach maximum plasma concentration, t1/2, terminal elimination half- life; λz, terminal elimination rate constant.
aN = 11; bN = 6; cN = 1.

Table 3 Comparison of plasma PK parameters following administration of ATV- PG/AQ (test) vs. reference (ATV- PG/placebo 
or AQ/placebo)

Analyte Time Cmax ratio, % (90% CI) AUC0- t ratio, % (90% CI) AUC0- 24h ratio, % (90% CI)

ATV Day 1 112 (81.1, 155) 111 (77.7, 158) 83.8 (65.5, 107)

Day 3 81.8 (63.8, 105) 84.0 (62.2, 113) – 

PG Day 1 122 (100, 148) 111 (89.6, 138) – 

Day 3 88.2 (73.2, 106) – 88.7 (70.8, 111)

CG Day 1 140 (75.8, 259) 130 (71.5, 235) – 

Day 3 113 (61.0, 210) – 112 (61.8, 202)

AQ Day 1 108 (82.4, 140) 119 (93.4, 151) – 

Day 3 129 (93.8, 176) – 112 (89.2, 141)

DEAQ Day 1 100 (77.8, 129) 114 (90.6, 144) – 

Day 3 123 (90.0, 168) 110 (91.4, 132) 125 (98.3, 158)

Values are percent point estimates (ratio of test:reference) and 90% confidence limits.
AQ, amodiaquine; ATV, atovaquone; AUC, area under the concentration– time curve; CG, cycloguanil; CI, confidence interval; Cmax, maximum plasma concentration; 
DEAQ, N- desethyl- amodiaquine; PG, proguanil; PK, pharmacokinetic.

ARTICLE

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://www.who.int/publications/i/item/9789240015791
https://www.who.int/publications/i/item/9789240015791


VOLUME 111 NUMBER 4 | April 2022 | www.cpt-journal.com876

 2. World Health Organization. World malaria report <https://www.
who.int/malar ia/publi catio ns/world - malar ia- repor t- 2019/en/> 
(2019). Accessed August 21, 2020.

 3. World Health Organization. Seasonal malaria chemoprevention 
with sulfadoxine– pyrimethamine plus amodiaquine in children: a 
field guide <https://apps.who.int/iris/bitst ream/handl e/10665/ 
85726/ 97892 41504 737_eng.pdf;jsess ionid =4A7B6 684E8 
C6785 84557 36B4B 9381C 5D?seque nce=1> (2013). Accessed 
August 20, 2020.

 4. Meremikwu, M.M., Donegan, S., Sinclair, D., Esu, E. & Oringanje, 
C. Intermittent preventive treatment for malaria in children living 
in areas with seasonal transmission. Cochrane Database Syst Rev 
2, CD003756 (2012).

 5. Grais, R.F. et al. Molecular markers of resistance to amodiaquine 
plus sulfadoxine- pyrimethamine in an area with seasonal malaria 
chemoprevention in south central Niger. Malar. J. 17, 98 (2018).

 6. Quan, H. et al. High multiple mutations of Plasmodium falciparum- 
resistant genotypes to sulphadoxine- pyrimethamine in Lagos. 
Nigeria. Infect. Dis. Poverty 9, 91 (2020).

 7. Somé, A.F. et al. Selection of drug resistance- mediating 
Plasmodium falciparum genetic polymorphisms by seasonal 
malaria chemoprevention in Burkina Faso. Antimicrob. Agents 
Chemother. 58, 3660– 3665 (2014).

 8. Olliaro, P. & Mussano, P. Amodiaquine for treating malaria. 
Cochrane Database Syst. Rev. 2, CD000016 (2003).

 9. Winstanley, P., Edwards, G., Orme, M. & Breckenridge, A. The 
disposition of amodiaquine in man after oral administration. Br. J. 
Clin. Pharmacol. 23, 1– 7 (1987).

 10. Krishna, S. & White, N.J. Pharmacokinetics of quinine, 
chloroquine and amodiaquine. Clinical implications. Clin. 
Pharmacokinet. 30, 263– 299 (1996).

 11. Li, X.Q., Bjorkman, A., Andersson, T.B., Ridderstrom, M. & 
Masimirembwa, C.M. Amodiaquine clearance and its metabolism 
to N- desethylamodiaquine is mediated by CYP2C8: a new 
high affinity and turnover enzyme- specific probe substrate. J. 
Pharmacol. Exp. Ther. 300, 399– 407 (2002).

 12. Parikh, S., Ouedraogo, J.B., Goldstein, J.A., Rosenthal, P.J. & 
Kroetz, D.L. Amodiaquine metabolism is impaired by common 
polymorphisms in CYP2C8: implications for malaria treatment in 
Africa. Clin. Pharmacol. Ther. 82, 197– 203 (2007).

 13. Ali, A.M. et al. Population pharmacokinetics of the antimalarial 
amodiaquine: A pooled analysis to optimize dosing. Antimicrob. 
Agents Chemother. 62, e02193– e02217 (2018).

 14. Mariga, S.T., Gil, J.P., Sisowath, C., Wernsdorfer, W.H. & 
Bjorkman, A. Synergism between amodiaquine and its major 
metabolite, desethylamodiaquine, against Plasmodium 
falciparum in vitro. Antimicrob. Agents Chemother. 48, 4089– 
4096 (2004).

 15. GlaxoSmithKline. Prescribing information: MALARONE® 
(atovaquone and proguanil hydrochloride) tablets, MALARONE® 
(atovaquone and proguanil hydrochloride) pediatric tablets 
<https://www.acces sdata.fda.gov/drugs atfda_docs/label/ 
2008/02107 8s016 lbl.pdf> (2008). Accessed August 20, 2020

 16. Shanks, G.D., Ragama, B.O. & Oloo, A.J. Time to reappearance of 
malaria parasites following various drug treatment regimens in a 
holoendemic area of western Kenya. Trans. R Soc. Trop. Med. Hyg. 
93, 304– 305 (1999).

 17. Polhemus, M.E. et al. Malaria treatment with atovaquone- 
proguanil in malaria- immune adults: implications for malaria 
intervention trials and for pre- exposure prophylaxis of malaria. 
Antimicrob. Agents Chemother. 52, 1493– 1495 (2008).

 18. World Health Organization. Overview of WHO Public Assessment 
Report (WHOPAR): MA045 -  Amodiaquine Hydrochloride -  150mg -  
Tablets -  Guilin Pharmaceutical Co., Ltd -  China <https://extra net.
who.int/prequ al/WHOPA R/ma045> (2011). Accessed August 21, 
2020.

 19. Sanofi- Aventis. Artesunate amodiaquine Winthrop 25 mg/67.5 
mg, tablet, artesunate amodiaquine Winthrop 50 mg/135 mg, 
tablet, artesunate amodiaquine Winthrop 100 mg/270 mg, tablet 
<https://www.wipo.int/expor t/sites/ www/resea rch/en/data/
sanof i/marke ted_produ cts/Artes unate_and_Amodi quine.pdf> 
(2010). Accessed August 21, 2020.

 20. Walsky, R.L. & Obach, R.S. Validated assays for human 
cytochrome P450 activities. Drug Metab. Dispos. 32, 647– 660 
(2004).

 21. Wind, C. Determination of atovaquone in human plasma samples 
from the study C18034 by LC- MS/MS (Swiss BioQuant AG, 
Reinach, 2020).

 22. Wind, C. Determination of amodiaquine, N- desethyl amodiaquine, 
proguanil, cycloguanil in human plasma samples from the study 
C18034 by LC- MS/MS (Swiss BioQuant AG, Reinach, 2020).

 23. Paganotti, G.M. et al. Distribution of human CYP2C8*2 allele in 
three different African populations. Malar. J. 11, 125 (2012).

 24. GlaxoSmithKline. Malarone SmPC <https://www.medic ines.
org.uk/emc/medic ine/756#CLINI CAL_PRECA UTIONS> (2019). 
Accessed December 29, 2020.

 25. Akindele, M.O. & Odejide, A.O. Amodiaquine- induced involuntary 
movements. Br. Med. J. 2, 214– 215 (1976).

 26. Assi, S.B. et al. Safety of a fixed- dose combination of artesunate 
and amodiaquine for the treatment of uncomplicated Plasmodium 
falciparum malaria in real- life conditions of use in Cote d’Ivoire. 
Malar. J. 16, 8 (2017).

 27. Dodoo, A.N. et al. Profile of adverse events in patients receiving 
treatment for malaria in urban Ghana: a cohort- event monitoring 
study. Drug Saf. 37, 433– 448 (2014).

 28. ACCESS- SMC Partnership. Effectiveness of seasonal malaria 
chemoprevention at scale in west and central Africa: an 
observational study. Lancet 396, 1829– 1840 (2020).

 29. McEwen, J. Artesunate-  and amodiaquine- associated 
extrapyramidal reactions: a series of 49 cases in VigiBase. Drug 
Saf. 35, 667– 675 (2012).

 30. Russom, M. et al. Artesunate/amodiaquine- induced acute 
extrapyramidal reactions in children and younger adults: Case 
series assessment. Drug Saf. 39, 763– 768 (2016).

 31. Adonis- Koffy, L., Daubrey, T., Kouadio, A., Timite- Konan, 
A.M. & Kabran, J. Misunderstood neurological side effects 
of amodiaquine: apropos of 35 cases in children at Central 
University Hospital of Yopougon at Abidjan, Cote d’ Ivoire. Bull. 
Soc. Pathol. Exot. 96, 306– 307 (2003).

 32. Adjei, G.O., Goka, B.Q., Rodrigues, O.P., Hoegberg, L.C., Alifrangis, 
M. & Kurtzhals, J. Amodiaquine- associated adverse effects after 
inadvertent overdose and after a standard therapeutic dose. 
Ghana Med. J. 43, 135– 138 (2009).

 33. Sugiarto, S.R., Davis, T.M.E. & Salman, S. Pharmacokinetic 
considerations for use of artemisinin- based combination 
therapies against falciparum malaria in different ethnic 
populations. Expert Opin. Drug Metab. Toxicol. 13, 1115– 1133 
(2017).

 34. Ogutu, B. et al. Fixed dose artesunate amodiaquine -  a phase 
IIb, randomized comparative trial with non- fixed artesunate 
amodiaquine. Malar. J. 13, 498 (2014).

 35. Totah, R.A. & Rettie, A.E. Cytochrome P450 2C8: substrates, 
inhibitors, pharmacogenetics, and clinical relevance. Clin. 
Pharmacol. Ther. 77, 341– 352 (2005).

 36. Peko, S.M. et al. Distribution of the cytochrome P450 CYP2C8*2 
allele in Brazzaville, Republic of Congo. Int. J. Infect. Dis. 85, 49– 
53 (2019).

 37. Gil, J.P. Amodiaquine pharmacogenetics. Pharmacogenomics 9, 
1385– 1390 (2008).

 38. Zhang, Y., Vermeulen, N.P. & Commandeur, J.N. Characterization 
of human cytochrome P450 mediated bioactivation of 
amodiaquine and its major metabolite N- desethylamodiaquine. 
Br. J. Clin. Pharmacol. 83, 572– 583 (2017).

 39. Johansson, T., Jurva, U., Grönberg, G., Weidolf, L. & 
Masimirembwa, C. Novel metabolites of amodiaquine 
formed by CYP1A1 and CYP1B1: structure elucidation using 
electrochemistry, mass spectrometry, and NMR. Drug Metab. 
Dispos. 37, 571– 579 (2009).

 40. Takabe, H. et al. A repurposed drug for brain cancer: enhanced 
atovaquone amorphous solid dispersion by combining a 
spontaneously emulsifying component with a polymer carrier. 
Pharmaceutics 10, 60 (2018).

 41. Mudassar, F., Shen, H., O’Neill, G. & Hau, E. Targeting tumor 
hypoxia and mitochondrial metabolism with anti- parasitic drugs 

ARTICLE

https://www.who.int/malaria/publications/world-malaria-report-2019/en/
https://www.who.int/malaria/publications/world-malaria-report-2019/en/
https://apps.who.int/iris/bitstream/handle/10665/85726/9789241504737_eng.pdf;jsessionid=4A7B6684E8C67858455736B4B9381C5D?sequence=1
https://apps.who.int/iris/bitstream/handle/10665/85726/9789241504737_eng.pdf;jsessionid=4A7B6684E8C67858455736B4B9381C5D?sequence=1
https://apps.who.int/iris/bitstream/handle/10665/85726/9789241504737_eng.pdf;jsessionid=4A7B6684E8C67858455736B4B9381C5D?sequence=1
https://www.accessdata.fda.gov/drugsatfda_docs/label/2008/021078s016lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2008/021078s016lbl.pdf
https://extranet.who.int/prequal/WHOPAR/ma045
https://extranet.who.int/prequal/WHOPAR/ma045
https://www.wipo.int/export/sites/www/research/en/data/sanofi/marketed_products/Artesunate_and_Amodiquine.pdf
https://www.wipo.int/export/sites/www/research/en/data/sanofi/marketed_products/Artesunate_and_Amodiquine.pdf
https://www.medicines.org.uk/emc/medicine/756#CLINICAL_PRECAUTIONS
https://www.medicines.org.uk/emc/medicine/756#CLINICAL_PRECAUTIONS


CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 111 NUMBER 4 | April 2022 877

to improve radiation response in high- grade gliomas. J. Exp. Clin. 
Cancer Res. 39, 208 (2020).

 42. Kinoshita, K., Matsumoto, K., Kurauchi, Y., Hisatsune, A., 
Seki, T. & Katsuki, H. A Nurr1 agonist amodiaquine attenuates 
inflammatory events and neurological deficits in a mouse model of 
intracerebral hemorrhage. J. Neuroimmunol. 330, 48– 54 (2019).

 43. D’Souza, R.S. & Hooten, W.M. Extrapyramidal Symptoms. In 
StatPearls [Internet] (StatPearls Publishing, Treasure Island, FL, 
2021). Available from: https://www.ncbi.nlm.nih.gov/books/ 
NBK53 4115/.

 44. Osifo, N.G. Drug- related transient dyskinesias. Clin. Pharmacol. 
Ther. 25, 767– 771 (1979).

 45. Kim, C.H., Leblanc, P. & Kim, K.S. 4- amino- 7- chloroquinoline 
derivatives for treating Parkinson’s disease: implications for drug 
discovery. Expert Opin. Drug Discov. 11, 337– 341 (2016).

 46. Eyal, S., Hsiao, P. & Unadkat, J.D. Drug interactions at the blood- 
brain barrier: fact or fantasy? Pharmacol, Ther, 123, 80– 104 
(2009).

 47. Löscher, W. & Gericke, B. Novel intrinsic mechanisms of active drug 
extrusion at the blood- brain barrier: potential targets for enhancing 
drug delivery to the brain? Pharmaceutics 12, 966 (2020).

 48. Charman, S.A. et al. An in vitro toolbox to accelerate antimalarial 
drug discovery and development. Malar. J. 19, 1 (2020).

 49. Senarathna, S.M., Page- Sharp, M. & Crowe, A. The interactions of 
p- glycoprotein with antimalarial drugs, including substrate affinity, 
inhibition and regulation. PLoS One 11, e0152677 (2016).

 50. Rijpma, S.R., van den Heuvel, J.J., van der Velden, M., Sauerwein, 
R.W., Russel, F.G. & Koenderink, J.B. Atovaquone and quinine 
antimalarials inhibit ATP binding cassette transporter activity. 
Malar. J. 13, 359 (2014).

ARTICLE

https://www.ncbi.nlm.nih.gov/books/NBK534115/
https://www.ncbi.nlm.nih.gov/books/NBK534115/

