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Timing is everything for artemisinin action
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In Cambodia, the same region where chlo-
roquine resistance developed in the 1950s, a
significant delay in thePlasmodium falciparum
parasite clearance rates to artemisinins has
been persistently observed over the past 5 y,
raising the specter of artemisinin “resistance”
(1). The parasites in this region have imprints

of genetic selection associated with the delay
in parasite clearance rates measured by serial
patient blood films (2–4). However, the tra-
ditional continuous inhibition concentration
50% (IC50) drug assays measured directly
with parasites from patient’s blood indicate
no significant difference in IC50s (1, 5). In

PNAS, Klonis et al. (6) expand upon our
knowledge of intraerythrocytic action of
artemisinins, in a tour de force of P. falci-
parum in vitro culture work, by exposing
three laboratory isolates to short 1-, 2-, 4-,
or 6-h pulses of artemisinins every hour
throughout the 48-h life cycle to determine
pulse drug IC50. An important unique find-
ing is that an early ring stage that is less than
8-h-old is hypersensitive to artemisinins, and
that intrinsic differences preexist among dec-
ades-old laboratory P. falciparum isolates
not thought to be exposed to the artemisinin
drugs before isolation.
In an earlier report by Klonis et al. (7), as

well as a report by ter Kuile et al. (8), the
timing of artemisinin action had been dem-
onstrated to coincide with the onset of he-
moglobin ingestion during the late-ring or
early trophozoite stages. This experimental
window of artemisinin duration of action
during the 48-h P. falciparum erythrocyte
life cycle is longer than quinoline drugs,
such as quinine, mefloquine, or lumefantrine,
which inhibit heme crystallization (8). Many
malariologists believe artemisinins work
after iron activation to induce carbon-centered
radical damage of nearby proteins for low
1- to 10-nM inhibition of Plasmodium tro-
phozoite stages, which catabolize hemoglobin
(9). The artemisinins also inhibit Babesia
(10), Toxoplasma (11), and human cancer
cells (12), albeit at 10- to 100-times higher
drug concentrations. Furthermore, these
microbes (cells) do not catabolize hemoglo-
bin but either have enough bioavailable iron
or heme to activate the artemisinin’s en-
doperoxides for radical damage, or the arte-
misinin molecules at the higher drug concen-
trations interact with specific proteins or
calcium channels to kill (13, 14).
Reminiscent of bacterial antibiotic resis-

tance discovered in an ancient isolated sec-
tion of Carlsbad cave with no exposure to
modern human antibiotics for millions of
years (15), Klonis et al. show that older lab-
oratory isolates of malaria have almost
10-fold different response rates to drug pulses
of artemisinins during the 48-h erythrocyte
cycle (6). This work correlates well with the

Fig. 1. Artemisinin killing varies by stage of erythrocyte life cycle. During the 48-h erythrocyte cycle, P. falciparum
spends the initial 24 h as a ring stage (red shaded columns) before progressing to a heme crystal-containing tro-
phozoite/schizont stage (white columns) for the last 24 h of the cycle. By careful short 1- to 6-h drug pulsing starting
at every hour of the 48-h life cycle, Klonis et al. (6) demonstrate a unique initial hypersensitivity nadir at low nanomolar
drug for rings up to 8 h, followed by a 16-h period of relative insensitivity to pulsed artemisininswith IC50 10-times as high.
At the onset of the hemoglobin digestion period, the IC50 to a 4-h drug pulse decreases from the ring zenith to a range of
5–20 nM for the trophozoite stages. During the end of the 48-h cycle, when hemoglobin digestion stops, the IC50 rises at
late schizont stage. Interestingly the work compared three laboratory isolates to note an intrinsic large four- to eightfold
variation in the 4-h drug pulse IC50, with the isolate 7G8 (red line) being the most sensitive compared with isolates D10 or
3D7 (green line). The model described in the article takes into account the timing of short half-life artemisinins, which may
result in an altered delayed parasite clearance rates in P. falciparumwith artemisinin treatment, which has been described in
Palin, Cambodia.The delay in clearance rate could be accounted by the intrinsic difference in pulse drug IC50 throughout the
life cycle or by timing of the 24-h artesunate dosing, such that in the worst case (depicted in A) the artesunate dihy-
droartemisinin equivalent short-pharmacokinetic profile (dotted purple line) is initiated with parasite biomass predominately
at 12-h rings, showing that most of artemisinin (two of three drug doses) drug exposure coincides with ring stages (red
boxes), which require higher drug inhibitory concentrations to kill. (B) If by chance the drug dosing was to coincide with
a parasite biomass predominately at early trophozoite stages, then all three 24-h doses of the drug produce high drug peaks
coincident with the more susceptible trophozoite stages or hypersensitive early-ring stage. (C) An alternative way to
maximize both time and peak drug concentrations above inhibition concentrations is to dose every 12 h, as is done with
artemether-lumefantrine. Continuous in vitro drug inhibition assays have shown little difference in IC50 because of influence
of the hypersensitive early-ring stage and trophozoite stages.
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very recent 2013 observation of altered ring-
stage sensitivity to 6-h pulse artemisinins in
laboratory isolates, as well as isolates from
Palin, Cambodia (5), where most parasites
from this region have a four- to fivefold
more pulse drug IC50 for ring stage compared
with the trophozoite stage. A possible trou-
bling conclusion from this work is that the
delayed artemisinin clearance phenotype may
be more widespread than previously thought
if an isolate from Africa-3D7 or Papua New
Guinea-D10 have elevated pulse drug IC50

for artemisinins, even though the pulse drug
IC50 is less than the Palin, Cambodia isolates.
The work by Klonis et al. provides exper-

imental evidence and a mathematical model
to account for a slower clearance rate, based
on the altered higher drug concentrations
needed for pulse-dose short half-life arte-
misinins to inhibit ring stages (6). The tim-
ing of the 24-h artesunate drugs, used in
many of the studies to describe delayed par-
asite clearance, may make a difference based
on the percentage of parasites that are more
susceptible to drugs. Fig. 1 depicts the model
output with the high peak but short time
intervals above 10-nM blood concentrations
of either artesunate or artemether—dosed
every 24 or 12 h—converted to the active me-
tabolite dihydroartemisinin equivalents. As
one can see from the shape of the pulse drug
IC50 curves for two laboratory isolates, D10
and 7G8, as well as modeled ring-stage iso-
lates from Palin just published as an addi-
tional work (5), the initiation of artemisinin
dosing on a predominate single patient pop-
ulation of rings at 12 h of age (Fig. 1A) will
result in two doses of the artemisinin coin-
ciding with intrinsically higher pulse drug
IC50 for ring-stage parasites. Even though
only ring-stage parasites are visible on mi-
croscopy, clinicians are not able to discern if
the total P. falciparum biomass at the time
of microscopy is either 80% ring and 20%
trophozoite stage or 20% ring and 80%
trophozoites. If the same dosing regimen
is initiated by chance on a predominately
parasite population of 26-h trophozoites

(Fig. 1B), then the dosing regimen will
result in three doses coinciding with the
lower-pulse drug IC50 for trophozoite stages.
Another way to increase dosing on pre-
dominately trophozoite stages is to increase
frequency to every 12 h, as is dosed with

Klonis et al. show that
older laboratory isolates
of malaria have almost
10-fold different
response rates to drug
pulses of artemisinins
during the 48-h
erythrocyte cycle.

artemether-lumefantrine (Fig. 1C) (15). A
recent clinical study in Palin, which com-
pared every 12- vs. 24-h artesunate dosing,
showed a small but not statistically different
trend to faster clearance with every 12-h
dosing of artesunate (16, 17). Unfortunately,
changing the dosing does not fully reverse

the delayed clearance rate seen in Cambodia.
This work could also explain in the pub-
lished genetic studies why single “twin”
P. falciparum isolates have a variance in par-
asite clearance rate (3) from different human
patients, which also could either be from tim-
ing of artemisinin dosing with predominate
age in hours of the parasite biomass or from
host factors, such as hemoglobin E (18).
Pulse-dose drug-inhibition studies at syn-

chronized ring stages, as shown by Klonis
et al. (6), are now the best way at present to
segregate the phenotype of delayed parasite
clearance rate, as continuous 48-h drug in-
hibition studies do not segregate parasites. A
practical implication is that artemisinins
dosed more frequently or with a longer half-
life will improve time above inhibition con-
centration (16) as long as the toxic effects of
bone marrow suppression do not appear
(19). Another implication is that the mech-
anism of action or activation of drug may be
different at different times in the erythrocyte
life cycle, which would explain the time-
dependent pulse drug IC50. Pharmacodynam-
ics is still everything.
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