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Abstract. The pharmacokinetics (PK) and ex vivo activity (pharmacodynamics [PD]) of two artemisinin combination
therapies (ACTs) (artemisinin–piperaquine [ARN–PPQ] [Artequick®] andartesunate–amodiaquine [ARS–AQ] [Coarsucam™])
in healthy Vietnamese volunteerswere compared following 3-day courses of theACTs for the preselection of the drugs for
falciparum malaria therapy. For PK analysis, serial plasma samples were collected from two separate groups of 22 vol-
unteers after ACT administration. Of these volunteers, ex vivo activity was assessed in plasma samples from seven
volunteers who received both ACTs. The area under the concentration–time curve (AUC0–‘) was 3.6-fold higher for
dihydroartemisinin (active metabolite of ARS) than that for ARN, whereas the AUC0–‘ of desethylamodiaquine (active
metabolite of AQ) was 2.0-fold lower than that of PPQ. Based on the 50% inhibitory dilution values of the volunteers’
plasma samples collected from 0.25 to 3 hours after the last dose, the ex vivo activity of ARS–AQ was 2.9- to 16.2-fold
more potent than that of ARN–PPQ against the drug-sensitive D6Plasmodium falciparum line. In addition, at 1.5, 4.0, and
24 hours after the last dose, the ex vivo activity of ARS–AQ was 20.8-, 3.5-, and 8.5-fold more potent than that of
ARN–PPQagainst theARN-sensitiveMRA1239 line. By contrast, at 1.5 hours, the ex vivo activity of ARS–AQwas5.4-fold
more active than that of ARN–PPQ but had similar activities at 4 and 24 hours against the ARN-resistant MRA1240 line.
The PK–PD data suggest that ARS–AQ possesses superior antimalarial activity than that of ARN–PPQ and would be the
preferred ACT for further in vivo efficacy testing in multidrug-resistant falciparum malaria areas.

INTRODUCTION

Although morbidity and mortality from malaria has reduced
over thepast decade, thedisease is still a serious public health
problem with 214 million infections and 438,000 deaths in
2015.1,2 Of the global malaria burden, sub-Saharan Africa
carries a disproportionately high share, with 88% of malaria
cases and90%ofmalaria deaths reported in 2015.3 Artemisinin
(ARN)-based combination therapies (ACTs) are currently rec-
ommended worldwide for first-line treatment of uncomplicated
Plasmodium falciparum malaria.4 Of the commercially avail-
able fixed-dose ACTs, Coartem® (artemether–lumefantrine)
or Coarsucam™ (artesunate–amodiaquine [ARS–AQ], also
available as ASAQ Winthrop®) are used as first-line treat-
ment of falciparum malaria in Africa.1 In Southeast Asia,
dihydroartemisinin–piperaquine (DHA–PPQ) is the ACT of
choice for the treatment of falciparum malaria in several
countries such as Cambodia, Indonesia, and Vietnam.1 Arte-
quick® (ARN–PPQ) is another fixed-dose ACT, which is ad-
ministered either as a 2-day or 3-day regimen with the longer
regimen being more efficacious in Thailand.5–7 Artemisinin is
cheaper to produce than its derivatives ARS, artemether, or
DHA and, thus, Artequick, particularly a 2-day regimen, would
be a more cost-effective ACT than DHA–PPQ if proven to be
efficacious. However, further studies are required to de-
terminewhetherArtequick ismoreeffective againstmultidrug-
resistant P. falciparum malaria than that of standard ACTs
such as ARS–AQ.
Resistance to ACTs has been reported in the Southeast

Asian countries of Cambodia, Laos, Myanmar, Thailand, and

Vietnam.1 Since 2008, high failure rates to ARS–mefloquine8

and DHA–PPQ9 have been reported in Cambodia, ARS–
mefloquine10 in Thailand, and reducedARNsusceptibility also
observed in Vietnam.11,12 This is of immense concern, as drug
options to ACTs are limited, and until new non-ACTs are de-
veloped, there is an urgent need to contain and eliminate ACT-
resistant malaria parasite populations. Also, alternative ACTs
need to be assessed if first-line treatment drugs start to fail. In
2012, we reported that Coarsucam and Artequick were highly
efficacious with a cure rate > 98% in Vietnamese patients
treated for uncomplicated falciparummalaria in south-central
Vietnam.6Becauseof reducedsusceptibility toDHA–PPQ11,12

and a recent report of high treatment failures (PCR-corrected
26%) of the ACT in Vietnam,13 further studies of other ACTs
are required to determine their potential nationwide thera-
peutic efficacy.
Information from ex vivo antimalarial bioassay systems that

study the pharmacokinetic (PK)–pharmacodynamic (PD) in-
teraction in sera or plasma collected from healthy volunteers
or malaria patients following antimalarial drug treatment has
been found to be a useful and a potentially cost-effective
strategy to guide the selection and development of drugs,
including ACTs.14–18 To further demonstrate the utility of such
PK–PD studies, we compared the PK and ex vivo antimalarial
activity of ARS–AQ (Coarsucam) and ARN–PPQ (Artequick) in
plasma fromhealthyVietnamese volunteers administeredwith
the twoACTs todeterminewhichACThad thesuperior PK–PD
profile for further in vivo efficacy assessments.

MATERIALS AND METHODS

Drugs. Artemisinin, ARS, desethylamodiaquine (DAQ),
DHA, and PPQ tetraphosphate were obtained from the
Worldwide Antimalarial Resistance Network (WWARN QA/
QC Reference Material Program, Bangkok, Thailand), and AQ
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hydrochloride, chloroquine disphosphate, and mefloquine
hydrochloride were obtained from Sigma (St. Louis, MO).
Parasites. Three laboratory-adapted P. falciparum lines

were used in this study: D6 from Sierra Leone is chloroquine
and pyrimethamine sensitive but innately less susceptible to
mefloquine, MRA1239 is DHA sensitive but chloroquine and
mefloquine resistant, andMRA1240 is DHA, chloroquine, and
mefloquine resistant.19 Both MRA139 and MRA1240 are re-
cent lines from Cambodia and were obtained from BEI Re-
sources (Manassas, VA).
Volunteers and study site. Two groups of 22 healthy male

Vietnamese volunteers (Group 1mean [± stand deviation (SD)]
age: 21.01 [1.8] years; weight 59.6 [2.2] kg and Group 2: 20.5
[1.5] years; weight 64.1 [4.7] kg) participated in the study. The
study was carried out in the Central Military Hospital in Hanoi
(Vietnam). The volunteers were judged healthy based on
medical history, normal vital signs, electrocardiogram (ECG),
and laboratory testing (hematology and biochemistry) within
normal range. Physical examination and laboratory blood
tests were performed during screening and blood tests re-
peated on day 7 after commencement of the ACTs. A 12-lead
ECGwas recorded for each volunteer during screening and at
approximately 6 hours after the last ACT dose. The corrected
QT (QTc) interval for heart rate was calculated using the
Fridericia’s (QTcF = QT/3√RR) formula,20 where RR is the
timebetween the start of theQwave and the end of the Twave
in the volunteer’s heart’s electrical cycle. The ECGs were
reviewed by the hospital’s cardiologist. Volunteers were not
allowed to drink alcohol or caffeine-containing beverages for
1 day before and after drug administration. The Review and
Scientific Board of Central Military Hospital 108 (1368/QD-
BV108) and the Australian Defense Human Research Ethics
Committee (ADHREC No. 562-09) gave ethical approval for
the study and the volunteers gave written informed consent
before entering the trial.
Study design and drug administration. The study was an

open-label design with no randomization. Artequick tablets
(each tablet contains 62.5 mg ARN and 375 mg PPQ base)
were obtained from Artepharm Co., Ltd., Guangdong, China.
Two tablets of Artequick were administered to Group 1 vol-
unteers once daily for 3 days. Coarsucam tablets (each tablet
contains 100 mg ARS and 270 mg AQ) were obtained from
Sanofi-Aventis, France. Two tablets of Coarsucam were ad-
ministered to Group 2 volunteers once daily for 3 days. Drug
administration took place 10–15 minutes after the volunteers
had ingested a low-fat (16.7 g) breakfast of one packet of
instant noodles. The Artequick and Coarsucam tablets were
administered with 200 mL of water. There was a 19-week
washout period for seven volunteerswho received bothACTs.
Blood sampling. Venous blood samples (7 mL at each

time point) were collected with 3.5 mL transferred to a fluoride
oxalate tube for drug analysis and 3.5 mL to a lithium heparin
tube for ex vivo assay at 0 (pre-dose), 1, 3, and 6 hours after
the first and second dose of Artequick or Coarsucam admin-
istration. Immediately before the last dose, an indwelling
cannula was inserted into a forearm vein and kept patent with
heparinized saline. Blood samples (7 mL each) were then
collected at 0, 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, and 12 hours
after drug administration. Fluoride oxalate was used as the
anticoagulant for the PK samples to minimize further hydro-
lysis of ARS to DHA because of plasma esterases.21 Because
fluoride oxalate is toxic to the malaria parasite, plasma

samples for ex vivo antimalarial studies were collected in
heparin, which does not inhibit parasite growth. Subsequent
blood samples were collected by venipuncture at days 3, 4,
7, 14, 21, and 28 for both ACTs, with additional collections on
days 35 and 42 for volunteers on Artequick. All blood samples
were centrifuged at 1,400×g for 15minutes and the separated
plasma samples were stored at −80�C before transport to
Australia ondry ice for drug analysis at theDepartment ofDrug
Evaluation, Australian Army Malaria Institute. The laboratory
participates in the WWARN quality control and assurance
proficiency testing program with satisfactory performance.22

Drug analysis. Plasma concentrations of AQ and its ac-
tive metabolite DAQ, ARN, ARS and its active metabolite
DHA, andPPQweremeasured using liquid chromatography-
tandem mass spectrometry (LC/MS/MS). The instrumentation
used for measuring the compounds, the precision of the

FIGURE 1. Mean (SD) artemisinin (ARN) (A) and piperaquine (PPQ)
(B) concentration–time curves following the administration of ARN
(125mg)–PPQ base (750 mg) (Artequick) daily for 3 days in 22 healthy
male Vietnamese volunteers.
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assaysand the lower limit of quantification for eachcompound
are outlined in Supplemental Materials. Contrary to the con-
cern of further hydrolysis of ARS to DHA due to plasma es-
terases, subsequent drug analysis revealed no significant
differences (P > 0.05) in the concentrations of the four drugs
and two metabolites collected in fluoride oxalate and lithium
heparin tubes (data not shown).
In vitro antimalarial activity of reference drugs. For

in vitro antimalarial activity assessment, AQ, ARN, ARS, DAQ,
DHA, and PPQ were dissolved either in dimethyl sulfoxide,
methanol, or 50% methanol/50% water. All drugs were sub-
sequently diluted in drug-free human plasma. Evaluation of
the antimalarial activity of the drugs was carried out by mea-
suring the inhibition of the radioactive [3H] hypoxanthine up-
take by parasites,23 which were cultured in RPMI-1640 media
with 50%humanplasmaaspreviously described.24Drug50%
inhibitory concentration (IC50) values (i.e., concentrations that
cause 50% inhibition of parasite growth or [3H]-hypoxanthine
uptake, when compared with drug-free samples) were de-
termined using a nonlinear regression analysis (GraphPad
Prism V5.0; GraphPad Software, Inc., San Diego, CA).
Ex vivo antimalarial activity (PD) of plasma samples.

Antimalarial activity of ARS–AQ and ARN–PPQ in plasma
samples collected from seven volunteers at 0 (before the first
dose) and at 48 (before the last dose), 48.25, 48.5, 49, 49.5, 50,
52, 54, 56, 58, 60, 72, 96, 120, and 168 hours (after the last
dose) was evaluated against the D6 line. In addition, the
ex vivo antimalarial activity of ARS–AQ in plasma samples
collected from volunteers at 0 (before the first dose) and at 1.5,
4, and 24 hours after the last dose, was also tested against the
MRA1239 and MRA1240 lines.
The ex vivo antimalarial activity was assessed using the

inhibition of radioactive [3H] hypoxanthine uptake assay as
described previously, except that malaria parasites were cul-
tured in the presence of volunteers’ plasma samples (50%
plasma concentration in each well) collected after the last
administration of the ACTs as previously described.25 Refer-
ence drugs were run in parallel with the volunteers’ plasma
samples under the same conditions.
The antimalarial activity of the volunteers’ plasma was

expressed using the inhibitory dilution (ID50) as a potency
parameter, defined as a dilution of the volunteer’s plasma
sample required to achieve inhibition of parasite growth

by 50% (ID50). The ID50s were determined using GraphPad
Prism V5.0.
Pharmacokinetic analysis. The PK parameters of maxi-

mum plasma drug concentration (Cmax), time to maximum
concentrations (Tmax); the area under the drug concentration–
time curve (AUC); elimination half-life (t1/2); clearance (CL/F), the
apparent volume of distribution (V/F); and V/F at steady-state
(Vss/F) were determined by non-compartmental analysis (PK
Solutions 2.0; Summit Research Services, OH). Estimations of
CL/F, V/F, and Vss/F were uncorrected for the extent of bio-
availability. Both ARS and AQ act as prodrugs with com-
plete in vivo conversion to DHA26,27 and DAQ,28 respectively,
assumed.
Statistical analysis. Pharmacokinetic and drug concen-

trations data are presented as median values (interquartile
range [IQR]) and ex vivo assay data have been summarized as
means ± SD or standard error of the mean (SEM). Statistical
comparison was made using the paired t test (SigmaStat
version 3.0; Jandel Scientific, San Rafael, CA). Data were ac-
cepted as significant using the 5% significance level.

RESULTS

Study participants. In the present study, 37 Vietnamese
subjects volunteered to participate. Of these, 15 subjects re-
ceived ARN–PPQ and 15 subjects were administered ARS–
AQ. Another seven subjects volunteered to receive both
ACTs. Thus, 22 subjects were administered each ACT.
ThePKofARN–PPQ inhealthy volunteers.Themean (SD)

plasma AUCs of ARN and PPQ after commencement of the
3-day regimen of Artequick are shown in Figure 1A and B,
respectively, and PK properties are outlined in Table 1. Arte-
misinin was rapidly absorbed with aCmax of 74.1 ng/mL being
reached at 1.5 hours after dosing. Thereafter, plasma con-
centrations of ARN declined monoexponentially with a short
t1/2 of 2.1 hours and a high CL/F of 9.8 L/h/kg.
By contrast to ARN, PPQ absorption was considerably

longer, with a Tmax of 4 hours and aCmax of 1,259 ng/mL, after
the last doseof theACT.PiperaquinehasahighV/Fof269L/kg,
suggesting the drug is widely distributed to tissues and has a
low CL/F of 0.4 L/h/kg, which is reflected in its long t1/2
of 488 hours. Because of PPQ’s lengthy t1/2, the drug accu-
mulates on multiple dosing (see Supplemental Materials).

TABLE 1
Pharmacokinetic properties of ARN and PPQ in 22 healthy volunteers after a 3-day regimen of Artequick (ARN–PPQ)

Pharmacokinetic parameter

ARN PPQ

Median IQR Median IQR

Total dose (mg/kg) 6.3 6.3–6.5 37.5 37.5–38.8
Cmax (ng/mL) 74.1 50.4–97.5 1,259.2 882.5–1,821.5
Tmax (hours) 1.5 1.0–2.0 52.0 30.0–52.0
t1/2 (hours) 2.1 1.9–2.3 488.3 312.4–620.6
CL/F (L/h/kg) 9.8 9.3–12.8 0.4 0.4–0.5
V/F (L/kg) 32.4 24.0–36.9 268.8 233.5–410.5
Vss/F (L/kg) 36.9 28.5–47.9 149.6 121.5–218.4
AUC48–t (ng×h/mL) for ARN 206.2 165.3–230.6 78,479 62,013–89,544
AUC0–t (ng×h/mL) for PPQ
AUC48–‘ (ng×h/mL) for ARN 212.8 168.2–237.7 91,804 74,908–101,637
AUC48–‘ (ng×h/mL) for PPQ
Extrapolated AUC (%) 2.8 2.2–3.6 11.8 5.4–17.2
ARN=artemisinin; AUC=area under the concentration–timecurve; AUC0–t or AUC48–t = areaunder the plasmadrugAUC fromeither time0 or 48hour to the last sampling time;AUC0–‘ orAUC48–‘=

area under the plasma drug AUC from either time 0 or 48 hour to infinity;Cmax =maximumplasma concentration after the last oral administration; CL/F = clearance; extrapolated AUC = percentage
of AUC0–‘ or AUC48–‘, extrapolated from the last observation to infinity; IQR = interquartile range; PPQ = piperaquine; t1/2 = terminal half-life; Tmax = observed time to reach Cmax after last dose;
V/F = volume of distribution; Vss/F = volume of distribution at steady-state.
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The PK of ARS–AQ in healthy volunteers. The mean (SD)
plasma AUCs of ARS and AQ, including their principal me-
tabolites DHA and DAQ, after commencement of Coarsucam
are shown in Figure 2A and B, respectively. The PK properties
of ARS, DHA, AQ, andDAQ are outlined in Table 2. Artesunate
was rapidly and extensively hydrolyzed,26 primarily by plasma
or tissuecholine esterases, toDHAwithmarked interindividual
variability in plasma concentrations of the ARN derivatives in the
volunteers. The Cmax of ARS of 84 ng/mL was achieved at 0.5
hours followed by rapid elimination with a t1/2 of 0.5 hours. Cor-
respondingPKvalues forDHAwere349ng/mL,1.5and0.9hours.
Amodiaquine was rapidly absorbed and undergoes exten-

sive hepatic metabolism primarily mediated by cytochrome

CYP2C829 to DAQ. The Cmax of AQ was 35 ng/mL, and this
was achieved at 0.5 hours after the last dose of Coarsucam.
The Cmax of DAQ was 670 ng/mL, which occurred at 2 hours
after the last dose of Coarsucam. With daily administration of
theACTanda t1/2 of 14.1 hours for AQ, plasma concentrations
of the prodrug did not appreciably accumulate with Coarsu-
camadministration (seeSupplementalMaterials). By contrast,
DAQwith a t1/2 of 249 hours didmarkedly accumulate with the
3-day regimen of Coarsucam (see Supplemental Materials).
Both AQ and DAQ have high V/F, suggesting wide tissue
distribution.
Tolerability and safety of ARN–PPQ and ARS–AQ in

healthy subjects. Both 3-day regimens of ARN–PPQ and
ARS–AQ were well tolerated by all participants with no ad-
verse events reported. Hematology and biochemical indices
were comparable and in the normal range before com-
mencement and at day 7 after starting the two ACT adminis-
trations. In the present study, there was a significant (P =
0.013) increase in the QTc interval after Artequick adminis-
tration from a mean of 392 ± 23 ms (range: 348–443 ms)
immediately before commencement of the 3-day Artequick
regimen to 412 ± 30 ms (range: 359–463 ms) at 6 hours after
the last dose of the ACT. The 6-hour ECG test was associated
with a median (IQR) plasma PPQ concentration of 704
(613–908) ng/mL. One volunteer on Artequick had an increase
in theQT value over baseline greater than 60ms (391–463ms).
By contrast to Artequick, there was no significant difference

(P = 0.232) in the volunteers’ QTc intervals after Coarsucam ad-
ministration: from a mean of 395 ± 31 ms (range: 352–446 ms)
immediately before commencement of the 3-day Coarsucam
regimen to 405 ± 22 ms (range: 363–443 ms) at 6 hours after
the last dose of the ACT with median (IQR) AQ and DAQ
concentrations of 14.2 (11.0–17.2) ng/mL and 426 (363–467)
ng/mL, respectively. None of the 22 volunteers onCoarsucam
had an increase over baseline greater than 60 ms.
Ex vivo antimalarial activities of ARS–AQandARN–PPQ.

The ex vivo antimalarial activities of ARS–AQ and ARN–PPQ
were assessed using plasma samples collected from seven
healthy Vietnamese volunteers who had received both ACTs.
The mean (SEM) ID50 of plasma samples from the volunteers
collected before dosing and at various times up to 120 hours
after the last doseofeachACTareshown inFigure3against the
D6 line. Artesunate–AQ was more potent than ARN–PPQ with
its antimalarial activity 2.9- to 16.2-fold higher from 0.25 to 3.0
hours after the last dose. The highest ID50 for ARS–AQwas 541
at 1.5 hours after the last dose, which was 5.4-fold higher than
that of ARN–PPQ (ID50 of 100 at 4 hours after the last dose).
The ex vivo potency of ARS–AQandARN–PPQwas further

evaluated against an ARN-sensitive (MRA1239) and an
ARN-resistant (MRA1240) P. falciparum line. The MRA1240
parasites carry mutation in the PfKelch 13 gene (R539T),
which confers ARN resistance in clinical isolates collected
from Cambodia.30 Plasma samples collected from six of
seven volunteers who received both ACTs were tested at
0 (pre-first dose), 1.5, 4.0, and 24 hours after the last dose.
There was insufficient plasma samples available from the
seventh volunteer to perform the ex vivo potency tests. Drug
concentrations in samples collected at 1.5 post-last dose
were close to the volunteer’s Cmax values for both ARN
and DHA.
When comparing the drug susceptibility profiles (i.e., IC50

values, Table 3) of the two lines, MRA1240 was 3.8-fold less

FIGURE 2. Mean (SD) artesunate (ARS) and dihydroartemisinin (A),
and amodiaquine (AQ) and desethylamodiaquine (B) concentration–
time curves following the administration of ARS (200mg)–AQ (540mg)
(Coarsucam) daily for 3 days in 22 healthy male Vietnamese
volunteers.
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susceptible to DHA and 2.4-fold less susceptible to DAQ
compared with MRA1239. The MRA1240 line was also 4.9-
fold less susceptible to ARN and 1.3-fold less susceptible to
PPQ compared with MRA1239.
Themean ID50 values using the volunteers’plasma samples

against the MRA1239 and MRA1240 lines are outlined in
Table 4. Based on the intrinsic in vitro activities of ARN, DHA,
DAQ, and PPQ and their PK exposure, the volunteers’ plasma
ID50 values were higher against the ARN-sensitive MRA1239
line than that of themultidrug-resistant MRA1240 line for both
ACTs. When comparing the ex vivo antimalarial activity of the
two ACTs against both MRA lines, ARS–AQ was significantly
(P < 0.05) more active than ARN–PPQ by 20.8-fold against
MRA1239 and by 5.4-fold against MRA1240 at 1.5 hours after
dosing. However, by 24 hours after the last dose, the differ-
ence in ex vivo antimalarial activity was less between the two
ACTs with ARS–AQ being 8.5-fold (P < 0.05) more active than
ARN–PPQ against MRA1239. There were no significant dif-
ferences between the two treatments against the MRA1240
line at 4 or 24hours (ID50: 83.6-fold versus 96.4-fold or 9.3-fold
versus 9.6-fold, respectively).
Relationship between PK and PD of the two ACTs. The

markedly higher ex vivo antimalarial activity in the volunteers’
plasma samples after Coarsucam compared with Artequick
administration is due to a composite of ARS andDHA superior
intrinsic in vitro activities compared with ARN. Notably, the
timing of the peak ex vivo activity of ARS–AQ coincides with
the Cmax of DHA. Furthermore, DHA plasma AUC0–‘ after the
last dose was 3.3-fold greater than that of ARN (704 ng×h/mL
versus 213 ng×h/mL), which would provide a far greater win-
dow of rapid-acting blood schizontocidal activity after Coar-
sucam administration compared with that of Artequick.
Although PPQ’s plasma AUC was 2.0-fold higher than that of
DAQ following administration of the two ACTs (AUC0–‘:
91,804 ng×h/mL versus 45,607 ng×h/mL), PPQ ismarkedly less
active than DAQ in vitro by 4- to 7-fold against the three
P. falciparum lines suggesting that there may not be a large
difference in the ex vivo potency of the two ACTs, particularly
after the clearance of either DHA or ARN.

DISCUSSION

ThePKof ARN–PPQ in healthy volunteers. This is the first
study to report on the PK properties of ARN–PPQ after Arte-
quick administration in healthy volunteers and follows from

our study of Artequick versus Coarsucam for uncomplicated
falciparum malaria treatment.6 Although the manufacturer of
Artequick recommends only a 2-day treatment regimen for
falciparummalaria, we evaluated a 3-day regimen of the ACT,
as studies in Thailand have shown a 3-day regimen to be far
more efficacious than the 2-day regimen (cure rate: 98.2%
versus 71.5%).5

After adjusting for dose differences, the PK properties of
ARN derived in the present study were similar to that reported
in healthy Vietnamese volunteers administered single oral
doses of 250, 500, and 1,000 mg of ARN.31 Artemisinin ex-
hibits a time-dependent autoinductive effect on drug metab-
olism, with AUC values declining after repetitive daily dosing
of ARN alone.32 In the present study, there was evidence of
autoinduction of ARN metabolism, with the AUC of ARN after
the third dose of the ACT being 1.9-fold less than that after the
first dose (175.5 ng×h/mL versus 328 ng×h/mL using data
points of 1, 3, and 6 hours post-dose).

TABLE 2
Pharmacokinetic properties of ARS, DHA, AQ, and DAQ in 22 healthy volunteers after a 3-day regimen of Coarsucam (ARS–AQ)

Pharmacokinetic parameter

ARS DHA AQ DAQ

Median IQR Median IQR Median IQR Median IQR

Total dose (mg/kg) 9.7 9.2–10.0 7.2 6.8–7.4 26.1 24.9–27.0 24.1 23.0–24.9
Cmax (ng/mL) 84.0 57.8–126.4 349.1 231.6–446.7 35.0 29.0–38.7 670.3 562.6–785.5
Tmax (hours) 0.5 0.3–1.5 1.5 1.0–2.0 48.5 48.3–50.0 50.0 50.0–51.0
t1/2 (hours) 0.5 0.3–0.6 0.9 0.8–1.0 14.1 11.5–15.5 249.3 223.9–296.2
CL/F (L/h/kg) 32.7 23.8–43.6 ND ND 31.5 28.1–34.3 ND ND
V/F (L/kg) 22.0 12.3–32.2 ND ND 633.9 465.6–711.8 ND ND
Vss/F (L/kg) 35.0 28.0–49.8 ND ND 1,185 1,022–1,406 ND ND
AUC48–t (ng×h/mL) 84.4 68.6–121.2 704 572–1,020 824.6 728.3–906.4 39,180 33,942–44,347
AUC48–‘ (ng×h/mL) 94.0 70.6–129.5 704 574–1,028 834.6 736.8–916.4 45,607 38,566–53,838
Extrapolated AUC (%) 3.2 1.8–6.0 0.5 0.0–0.8 1.4 1.1–2.2 10.3 8.9–15.4
AQ=amodiaquine;AUC=area under the concentration–timecurve; AUC48–t = area under theplasmadrug concentration-timecurve from48hours to the last sampling time; AUC48–‘=area under

the plasma drug concentration-time curve from 48 hours to infinity;Cmax =maximumplasma concentration after the last oral administration; CL/F = clearance; DAQ= desethylamodiaquine; DHA =
dihydroartemisinin; extrapolated AUC = percentage of AUC0–‘ extrapolated from the last observation to infinity; IQR = interquartile range; ND = not determined; t1/2 = terminal half-life; Tmax =
observed time to reach Cmax after last dose; V/F = volume of distribution; Vss/F = volume of distribution at steady-state.

FIGURE 3. Comparison of the mean (SEM) inhibitory dilution (ID50:
number of dilutions of plasma sample that produces a 50% inhibi-
tion of hypoxanthine uptake into malaria parasites compared to
drug-free plasmacontrol samples) of plasma samples obtained from
seven healthy Vietnamese volunteers who were administered on
separate occasions a 3-day course of the artemisinin combination
therapies (ACT) [artesunate-amodiaquine (Coarsucam) or artemisinin-
piperaquine (Artequick)] against the drug-sensitive D6 Plasmodium
falciparum line. The difference between the two treatments is
statistically significant P < 0.05 for the time points from 48.25 to
51 hours (inclusive) and not statistically significant for all other time
points.
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The PPQ PK properties are in good agreement with other
studies in healthy volunteers administered the drug alone33–36

or coadministered with DHA.37,38 Similar to other studies,
multiple peaks were observed in the PPQ concentration–time
profiles of 82% (18 of 22) of participants. Themultiple kinetics
of PPQ may be because of enterohepatic recirculation33 or
erratic dissolution–absorption regulated by gastric emptying
or precipitation and slow redissolution as the lipophilic base
passes from the acidic environment of the stomach to the
more alkaline small intestine.37

The PK of ARS–AQ in healthy volunteers. Despite Coar-
sucam being registered in more than 35 countries worldwide
and more than 400 million treatments have been made
available since its launch in 2007 as a Drugs for Neglected
Diseases Initiative in partnershipwith Sanofi-Aventis,39 there
is a paucity of information on the PK of the fixed-dose
combination in healthy volunteers. This is the first study to
report on the PK properties of ARS and AQ following the
standard 3-day regimen of Coarsucam. Overall, the PK
properties of ARS, DHA, AQ, and DAQ obtained in the pre-
sent study are in broad agreement with other studies in
healthy volunteers, given either ARS or AQ alone or in com-
bination with a longer acting antimalarial drug, including
AQ.40–45

Tolerability and safety of ARN–PPQ and ARS–AQ in
healthy subjects. Both ACTs were well tolerated by the
healthy volunteers with no adverse events reported. The only
safety concern in the group of 22 volunteers who received
Artequick was a participant who had an increase in the QT
value over baseline greater than 60 ms, which is considered a
clinical concern.46 Piperaquine hasbeen shown to prolong the
QTc interval in a concentration-dependent way in healthy
volunteers,47 and QTc prolongation is described in the clinical
use of DHA–PPQ marketed as Eurartesim®, with the safety
precaution that the ACT has the potential to cause pro-
arrhythmias and is to be avoided in patients on other drugs
thatmay causeQTc prolongation.48 None of the volunteers on
ARS–AQhad an increase in theQT value over baseline greater
than 60 ms.
Ex vivo antimalarial activities of ARS–AQ superior

toARN–PPQ.The intrinsic value of the ex vivo bioassay is that
it measures the potency of both parent drugs and their
active metabolites at physiological plasma drug concen-
trations. In the present study, we have used parasite lines
with varying drug susceptibilities, including the highly
multidrug (chloroquine, DHA, and mefloquine)-resistant
MRA1240 strain from Cambodia. At 1.5 hours after the last
dose of ARS–AQ, the mean ex vivo antimalarial activities of
the volunteer’s plasma samples was at least 5.4-fold
greater than that of ARN–PPQ against the drug-sensitive

P. falciparum D6 and MRA1239 lines, and the multidrug-
resistant MRA1240 line. Although the ex vivo ID values
obtained in the present study cannot directly predict the
in vivo efficacy of ARS–AQ against P. falciparum, they do
provide preliminary baseline data in comparing the ex
vivo response between ARN-sensitive and ARN-resistant
lines from Cambodia, the epicenter of antimalarial drug
resistance.49

Comparison of PK–PD studies of ARN–PPQ and ARS–
AQ in healthy subjects. The findings in the present study
show the superior ex vivo antimalarial activity in plasma
samples obtained from volunteers after receiving a standard
therapeutic regimen of Coarsucam compared with Artequick.
The PK analysis of the partner drugs of Artequick revealed low
plasma concentrations of ARN compared with higher DHA
concentrations associated with Coarsucam administration.
Caution needs to be exercised with the high concentra-
tions of PPQ following a 3-day regimen of Artequick to en-
hance efficacy, with potential concerns of QTc prolongation
cardiotoxicity.
A distinct feature of the ex vivo assay is that preliminary

pharmacodynamic data can be obtained at an early stage of
clinical development. Ideally, at Phase 1 of drug development,
at the same time blood samples are collected for PK analy-
sis, additional samples could be obtained for ex vivo po-
tency analysis against multiple antimalarial drug–resistant
P. falciparum lines. By studying thePK–PD relationship of new
antimalarial compounds at Phase I, the drug concentration to
potency data could be applied for dose optimization andbe an
important criterion for the go/no-go decision for Phase II
studies. This cost-effective processmay assist in fast tracking
the selection and development of new drugs.
In conclusion, our PK study in healthy volunteers supported

by the ex vivo antimalarial assay provides a useful approach in
studying the PK–PD relationship of newand establishedACTs
or non-ACTs in the preselection process for future in vivo

TABLE 3
In vitro activities of antimalarial (IC50, nM) in 50% plasma against
Plasmodium falciparum isolates with different drug susceptibilities

Drug D6 MRA1239 MRA1240

Artemisinin 13.2 ± 2.6 8.5 ± 2.8 41.6 ± 11.9
Piperaquine 33.2 ± 5.5 104.2 ± 12.1 131.2 ± 28.9
Artesunate 3.3 ± 1.1 ND± ND±
Dihydroartemisinin 2.5 ± 0.1 2.4 ± 1.2 9.0 ± 1.9
Amodiaquine 8.54 ± 0.03 ND± ND±
Desethylamodiaquine 8.2 ± 0.3 14.8 ± 6.8 34.8 ± 8.6
ND = not determined. Mean ± SD. IC50 data based on at least two independent

experiments.

TABLE 4
Comparison of the inhibitory dilution (ID50: number of dilutions of
plasma sample that produces a 50% inhibition of hypoxanthine
uptake into malaria parasites compared with drug-free plasma
control samples) of plasma samples obtained from six healthy
Vietnamese volunteers who were administered either a 3-day regi-
men of ARS–AQ (Coarsucam) or ARN–PPQ (Artequick) against the
ARN-sensitive MRA1239 and the ARN-resistant MRA1240 Plas-
modium falciparum lines

Time (hour)

MRA1239
ID50 (fold)
ARS–AQ

MRA1239
ID50 (fold)
ARN–PPQ

Difference ratio* (P value)Mean ± SEM Mean ± SEM

D0 0 ± 0 0 ± 0 –

D2—1.5 hours 1,117.3 ± 265.5 53.7 ± 14.7 20.8 (0.0428)
D2—4.0 hours 360.8 ± 98.5 103.1 ± 19.2 3.5 (0.0417)
D3—24 hours 169.4 ± 15.5 20.0 ± 5.6 8.5 (0.0003)

Time (hours)

MRA1240
ID50 (fold)
ARS–AQ

MRA1240
ID50 (fold)
ARN–PPQ

Difference ratio* (P value)Mean ± SEM Mean ± SEM

D0 0 ± 0 0 ± 0 –

D2—1.5 hours 252.9 ± 57.2 46.8 ± 11.1 5.4 (0.0206)
D2—4.0 hours 83.6 ± 17.1 96.4 ± 18.0 0.9 (0.5891)
D3—24 hours 9.3 ± 0.8 9.6 ± 2.4 1.0 (0.2510)
AQ = amodiaquine; ARN = artemisinin; ARS = artesunate; PPQ = piperaquine.
* Difference: ratio of ID50 values for ARS-AQ/ARN-PPQ against MRA1239 and MRA1240.
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efficacy studies. The superior PK–PD profile of ARS–AQ
comparedwith that ofARN–PPQwould favorCoarsucamover
Artequick for clinical trials in areas of reduced susceptibility to
ARNs. Furthermore, reports of increasing clinical treatment
failures of dihydroartemisinin-piperaquine in western Cam-
bodia9 and in south Vietnam,13 would suggest that the use-
fulness of Artequick as an alternative ACT inmalaria treatment
appears limited at least in Southeast Asia.
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