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Despite great international efforts, malaria still inflicts an enormous toll on human lives, especially
in Africa. Throughout history, antimalarial medicines have been one of the most powerful tools
in malaria control. However, the acquisition and spread of parasite strains that are resistant to
multiple antimalarial drugs have become one of the greatest challenges to malaria treatment,
and are associated with the increase in morbidity and mortality in many malaria-endemic
countries. To deal with this grave situation, artemisinin-based combinatory therapies (ACTs)
have been introduced and widely deployed in malarious regions. Artemisinin is a new class of
antimalarial compounds discovered by Chinese scientists from the sweet wormwood Artemisia
annua. The potential development of resistance to artemisinins by Plasmodium falciparum
threatens the usable lifespan of ACTs, and therefore is a subject of close surveillance and
extensive research. Studies at the Thai-Cambodian border, a historical epicenter of multidrug
resistance, have detected reduced susceptibility to artemisinins as manifested by prolonged
parasite-clearance times, raising considerable concerns on resistance development. Despite this
significance, there is still controversy on the mode of action of artemisinins. Although a number
of potential cellular targets of artemisinins have been proposed, they remain to be verified
experimentally. Here, we review the history of artemisinin discovery, discuss the mode of action

and potential drug targets, and present strategies to elucidate resistance mechanisms.
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Despite intensive international efforts, malaria
still affects approximately 5% of the world’s pop-
ulation. According to the World Malaria Report
2008 [201], the estimated annual incidence for
2006 was 250 million cases, resulting in approxi-
mately 900,000 deaths, mostly in sub-Saharan
Africa. Malaria eradication is once again on the
agenda of the world community [1]; a Global
Malaria Action Plan recently announced at the
United Nations seeks to eradicate malaria using
integrated approaches including vaccines, bed-
net distribution, indoor spraying and improved
drug treatments of the disease [202]. A major fac-
tor that severely hinders the efforts to ‘roll-back
malaria’ is the emergence and spread of parasites
resistant to affordable antimalarial agents [2].
The situation is particularly grave in southeast
Asia, where the prevalence of multidrug-resistant
(MDR) parasites has become a great chal-
lenge for malaria management. In this region,
Plasmodium falciparum parasites are resistant to
many drugs commonly used to treat malaria,
leading to major change in the treatment policies

of the WHO in 2006 [203]. Since then, the WHO
has advocated a policy of artemisinin-based com-
bination therapies (ACTs) for treating P. falci-
parum. With funding from the Global Fund,
ACT has been adopted in 67 malaria-endemic
countries, including 41 in Africa, as the first-line
treatment for all fzlciparum malaria [3).

Brief history of artemisinin discovery

The discovery of artemisinin for malaria therapy
by Chinese scientists in the 1970s was one of
the greatest discoveries in medicine in the 20th
Century [4]; however, the history of its discov-
ery has been a mystery and even controversial.
While this subject has been discussed in several
reviews [5-8], a recently published book entitled
A Detailed Chronological Record of Project 523
and the Discovery and Development of Qinghaosu
(Artemisinin), edited by Jianfang Zhang and six
other scientists who participated in the project,
provides a more detailed account [9]. The book
addresses the debates on who should be credited
for the discovery of artemisinin and suggests that
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the discovery, production and clinical trials of artemisinin were
the results of work from approximately 600 Chinese scientists.
The apparent delays in the report of such a major discovery and its
associated studies might be attributed to several factors. First, the
work leading to the discovery of artemisinin was initially a secret
military project. Second, a culture of not encouraging publica-
tions of scientific data in Western journals dominated academia in
China, particularly during the ‘Cultural Revolution’ (1966-1976).
Finally, limited skills in English communication might have also
played a role. Indeed, a large number of papers on artemisinin and
related subjects have been published in Chinese journals.

The project leading to the discovery of artemisinin was initiated
in response to a request from North Vietnamese leaders suffering
heavy losses of soldiers due to malaria during the Vietnam War.
Chairman Mao and Premier Zhou called for an urgent effort to
find solutions. A meeting discussing action plans was held on
23 May 1967 (thus named Project 523’), which laid out long-
and short-term goals for developing antimalarial therapies. The
long-term goal was to discover new effective antimalarial drugs.
Because soldiers were dying from malaria, effective antimalarial
drugs were also needed in the battlefield immediately. Drug
combinations using pyrimethamine and dapsone (pill No. 1 for
7-day prophylaxis), pyrimethamine and sulfadoxine (pill No. 2
for 10 days), and sulfadoxine and piperaquine phosphate (pill
No. 3 for 30 days) were developed and tested in the battlefield.
These drugs were effective and provided immediate relief of the
malaria problem for the army. Meanwhile, a large-scale, multi-
institute search for novel antimalarial drugs was launched under
the leadership of the National Steering Group. A 3-year plan
was finalized at the meeting, focusing on three major directions:

* Development of additional combination therapies

e Survey and collection of private recipes or treatment practices
among endemic populations

* Chemical synthesis and screening

Participating teams also included those specialized in clinical
trials and insect repellent development. Screening of the tradi-
tional Chinese pharmacopoeia soon led to the identification of
more than ten plants with good antimalarial activities, including
yingzhao (Artabotrys hexapetalus) and qinghao (Artemisia annua).

There are interesting stories on how qinghaosu (artemisinin)
was extracted from Artemisia plants, used by Chinese herbalists
for thousands of years as a remedy for many illnesses. The earliest
record, written on a piece of silk unearthed from the Mawangdui
Han Dynasty tombs (168 BC), described it as a treatment for
hemorrhoids. Later, in the Handbook of Prescriptions for Emergency
Treatments by Ge Hong (283-343) during the Jin Dynasty and
in Compendium of Materia Medica by Li Shizhen (1518—1593)
during the Ming Dynasty, qinghao was specifically described as
a remedy for fever. The use of ginghao to treat malaria was exten-
sively practiced in some rural areas of China when Project 523 was
launched. After testing some 100 recipes of various herbs prepared
using different methods including boiling and ethanol extraction,
it was realized that some preparations from Artemisia plants had

activities against rodent malaria with an efficacy of 60—80%, but
the activities were inconsistent and unstable. Inspired by reading
Ge Hong’s recipe: “Take one bunch of qinghao, soak in two sheng
(~0.4 1) of water, wring it out to obtain the juice and ingest it in
its entirety” [10], scientists, including Youyou Tu from the Institute
of Traditional Medicine in Beijing who was credited with the
discovery of artemisinin by some people, decided to use ether to
extract the active ingredient at low temperature. The resultant
ether extract improved efficacy against rodent malaria to nearly
100%. The results suggest that active ingredients are heat labile.
These conditions are in line with local practices in some Chinese
rural regions, where indigenous people simply ingest fresh
Artemisia plants with brown sugar when they have malaria infec-
tions. Mild extraction conditions used in these practices are very
different from the common practices of preparing Chinese herbal
medicine, which normally use dried plants that often require an
extended period of boiling. The current Chinese pharmacopoeia
specifies a daily dose of 4.5-9 g of dried A. annua herb to be
prepared as a tea infusion with boiling water for the treatment of
fever and malaria. Although artemisinin itself is poorly soluble in
water, the presence of other plant constituents may improve the
water solubility of artemisinin. A recent study revealed that 1 1
of such traditional preparation from 9 g of dried herb contained
94.5 mg of artemisinin, and ingestion of this decoction resulted
in a maximum plasma concentration of artemisinin of 240 ng/ml
(11], which may explain the clinical effect of Artemisia preparations
for malaria treatment in ancient China. While monotherapy with
the tea preparation is not recommended as a treatment option for
malaria, such traditional Artemisia decoctions have been shown to
result in a quick resolution of parasitemia and clinical symptoms
when used to treat uncomplicated falciparum malaria (12,13).
With the report of a positive effect of crude Artemisia extract
against rodent malaria at a meeting held in March 1972, the tasks
of finalizing extraction methods, performing further efficacy and
safety tests, clinical trials, and isolating the active ingredients were
assigned to the Institute of Traditional Medicine in Beijing [9].
A clinical trial of the crude extract involving 30 cases of malaria
(20 Plasmodium vivax cases, nine P. falciparum cases and one
mixed infection) was conducted between August and October
in 1972. The average fever clearance time using neutral ether
extracts was approximately 19 h for P. vivax and approximately
36 h for P. falciparum, although recrudescence was observed in
some patients. These results provided key data showing effective-
ness of Artemisia extracts in treating malaria and the foundation
for subsequent investigations. The next step was to isolate the
active ingredients, and a preparation termed qinghaosu II that
showed some antimalarial activity was isolated at the Institute of
Traditional Medicine in Beijing in 1972. Unfortunately, the first
human trial of eight cases using this preparation did not achieve
expected results, with only two cases being cured after 3 weeks
and two cases with some side effects. At the same time, labora-
tories in Shandong and Yunnan provinces also obtained extracts
from A. annua, and their clinical trials produced very encouraging
results. A trial on 30 P. vivax cases in Shandong with six pills con-
taining 17.1 g of dry aerial part of A. annua each achieved better
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results than chloroquine, with excellent efficacy and fast relief of
clinical symptoms. In 1973, scientists at the Yunnan Institute of
Materia Medica (China) and Shandong Institute of Traditional
Medicine and Materia Medica (China) extracted the antimalarial
crystalline principle from A. annua and named it ‘huanghaosu’
or ‘huanghuahaosu’, respectively, which was later renamed qin-
ghaosu (artemisinin). Animal trials on rodent malaria parasites
with the crystals achieved excellent results in efficacy, toxicity
and safety [9].

Two meetings were held in early 1974 to share and exchange
information obtained from different teams and to plan for future
work [9]. It was clear to the scientists at that time that they were
working with the same active ingredient(s) and that it appeared to
be active in killing both P. falciparum and P. vivax. Considering
the experience in clinical trials and access to established field
sites, the leadership decided to send the artemisinin crystals
from Yunnan Institute of Materia Medica to Professor Guogiao
Li at Guangzhou University of Traditional Chinese Medicine
(China), whose group was conducting clinical trials at that time.
Clinical trials in Yunnan on 18 malaria cases (14 P. falciparum
cases including four severe cases and four P. vivax cases) pro-
duced excellent results. Later in 1975, the relative configuration
of artemisinin was solved using x-ray crystal analysis, while the
absolute configuration was obtained using anomalous diffraction
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x-ray crystal analysis in 1976 and was published in 1979 [9]. The
structure of artemisinin provided further foundation for improve-
ment of the drug. Several derivatives were subsequently produced
in China to treat malaria, including artemether and artesunate
in 1987, and dihydroartemisinin (DHA) in 1992. Extension of
Project 523 also led to the discovery of several synthetic antima-
larial drugs including pyronaridine in 1973, lumefantrine (ben-
flumertol) in 1976 and naphthoquine in 1986, some of which
are currently used as partner drugs in ACTs. While the greatest
impact of the discovery of artemisinin on medicine is on malaria
therapy, artemisinin also possesses activities against many other
parasites, cancers and viruses [14].

As early as in the 1980s, scientists from the Institute of
Microbiology and Epidemiology, and Chinese Academy of
Military Medical Sciences began to investigate ways to reduce
recrudescence associated with artemisinin monotherapy and to
prevent or slow down potential resistance development to artem-
isinin and its derivatives. Since the three antimalarial pills devel-
oped earlier in China are all combination drugs, initial efforts
have been focused on such a strategy. From the drugs showing
synergistic effects with artemisinins, lumefantrine was selected
as a partner drug for artemether, and they were registered in
China in 1992 as a novel combination drug. In collaboration
with Norvatis, this ACT was registered in Switzerland in 1999
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Figure 1. Artemisinin, dihydroartemisinin and its derivatives arteether, artemether and artesunate.
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as Coartem®, and was included in the WHO Essential Medicines
List in 2001. At approximately the same period, another ACT,
artemisinin and piperaquine, was in development by Guogqiao
Li’s group in southern China. From 1984 to 1988, his group has
compared the efficacy of 3-, 5- and 7-day artemisinin mono-
therapies and found that the 7-day regimen could achieve a cure
rate up to 95%. To find a way to shorten the regimen and reduce
the cost of treatment, Li’s team has been testing ACTs from the
early 1980s and has obtained excellent results in Hainan Island
with the combination of two new drugs at that time — artesu-
nate and piperaquine phosphate. After additional clinical trials in
Vietnam in 1991 and further optimization, a combination drug
DHA-piperaquine phosphate was registered and produced in
Vietnam in 1997 as CV8. After further change of the component
drug ratio as recommended by the WHO, this drug combination
was registered as Artekin®. The early observations of the Chinese
scientists on malaria recrudescence associated with artemisinin
monotherapy and the excellent efficacy of these ACT trials had a
great impact on the development of WHO ACT policy [9].

Artemisinin & its derivatives

Representing a new class of antimalarial agents, artemisinin is a
sesquiterpene lactone characterized by an endoperoxide bridge
essential for its antimalarial activity. Because the parent drug of
artemisinin is poorly soluble in water or oil, the carbonyl group of
artemisinin was reduced to obtain DHA and its derivatives such
as the water-soluble artesunate and oil-soluble artemether and
arteether, which also show greater antimalarial activity (Ficure 1).
While several routes of total chemical synthesis of artemisinin
and various attempts to produce the drug using bioengineered
microbes have been reported [6,15], the commercial source of arte-
misinin is still from the Artemisia plant; and depending on growth
conditions, artemisinin yields vary considerably (7).

Artemisinins are among the most potent antimalarial agents,
effective against nearly all asexual and sexual parasite stages [16-18].
They can kill malaria parasites within minutes with a parasite
reduction ratio of approximately 10,000 per erythrocytic cycle,
resulting in rapid clinical responses [19.20]. Currently, cinchona
alkaloids (such as quinine and quinidine) and artemisinins are
the two classes of compounds used to manage severe malaria
(21]. In several clinical trials with direct comparison between qui-
nine and artemisinins, artemisinins outperform quinine [19,22-24].
Moreover, the availability of suppository formulations of arte-
misinins provides additional advantages for easier administration
when oral therapy of malaria patients is precluded by vomiting,
prostration and impaired consciousness, especially for severe
malaria [25.26]. The suppository formulations are particularly suit-
able for remote rural communities as pre-referral antimalarial
therapy to prevent further disease complications [27].

Despite being the fastest drugs against all erythrocytic stages of
malaria parasites, artemisinins also have a very short elimination
half-life (~1 h), which precludes their use for malaria prophylaxis.
In humans, artemisinin derivatives are rapidly biotransformed
into their bioactive metabolite DHA, which is later eliminated
by glucuronidation [28-30). Metabolism of artemisinin and its

derivatives is believed to be mediated primarily by the liver cyto-
chrome P450 enzyme CYP2B6 [31). Depending on the derivatives,
the extent of conversion varies: artesunate is converted to DHA
within minutes, while conversion of artemether and arteether is
slower (32,33]. Artemisinins also autoinduce P450 metabolizing
enzymes, resulting in lower serum concentrations of the drugs in
subsequent administrations [34-37]. The rapid elimination of arte-
misinins in humans is advantageous in preventing the selection of
resistant parasites by residual concentration of the drugs. On the
other hand, the short half-life of artemisinins is also attributed to
poor cure rates and high rates of recrudescence (>25%) for short
courses of artemisinin treatment (3—5 days). Even 7-day regimens
of artemisinin monotherapy only cure 80-90% of uncomplicated
Jalciparum malaria [20,38,39]. In the Central African Republic, a
7-day artesunate monotherapy was associated with 5 and 15%
recrudescence rates on day 28 and 42, respectively [40]. This is
one of the reasons that ACTs — particularly combinations of arte-
misinin and a long-lasting drug — are recommended for treating
Jalciparum infections [41,42].

ACTs in malaria therapy

Combination drug treatment practices are common in treating
many infectious diseases such as TB, HIV infection and cancers,
and the general principle is also applicable to malaria. The ratio-
nale behind ACT is that the chance of parasites simultaneously
developing resistance as a result of genetic mutations to two drugs
with different modes of action is much lower than the chance of
parasites developing resistance to single drugs [38.43]. Currently,
there are a number of ACTs being used or tested in different
P. falciparum-endemic regions [38.44]. Artemether—lumefantrine
(Coartem) is a fixed-dose oral combination for treating uncom-
plicated falciparum malaria in adults and children [4s]. Its excel-
lent efficacy against P. falciparum malaria has been validated in
multiple clinical trials. Only in one study in Cambodia, where
high-level mefloquine resistance exists, was the 3-day artemether—
lumefantrine regimen associated with a 28% treatment failure
rate at 14 days [42]. Artesunate—mefloquine has been widely used
in Southeast Asia. While the side effects of mefloquine may be
a problem [46], the recently developed fixed-dose combination
with tablets containing 100 mg of artesunate and 220 mg of
mefloquine showed excellent efficacy and improvement in tol-
erability [47]. DHA—-piperaquine (Artekin®) is another fixed-
dose combination, formulated in tablets containing 40 mg of
DHA and 320 mg of piperaquine, which is commercially avail-
able in many Asian countries. Piperaquine was developed as a
replacement of chloroquine and is used extensively in China [43].
Numerous clinical trials have demonstrated that this ACT with
a 3-day regimen was highly effective and well tolerated [38]. A
fixed-dose artesunate—pyronaridine combination also possessed
excellent efficacy against uncomplicated falciparum malaria in
children in a recent clinical trial [49]. In addition, several other
ACTs — such as artesunate—amodiaquine, artesunate—sulfadox-
ine—pyrimethamine (SF) and artesunate—chlorprogunanil-dap-
sone — have been developed and are under clinical trials. In most
areas, ACTs are highly effective against falciparum malaria, with
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cure rates exceeding 90% [19]. Clinical trials of ACTs in children
also proved highly effective [49-s1]. Artemisinins and ACTs also
work well against Plasmodium vivax malaria [50,52.53].

When developing an ACT, the partner drugs should ideally
be structurally unrelated, more slowly eliminated 77 vivo, and
should target those parasites that have not yet developed resis-
tance. Although the addition of artemisinin derivatives can
improve the efficacy of certain conventional antimalarial agents
in areas where parasites have developed high-level resistance to
these drugs, reintroduction of these conventional drugs in ACTs
is questionable or controversial [54]. In Thailand and Cambodia,
high-level resistance to mefloquine is quite prevalent [ss], but arte-
sunate—mefloquine is widely deployed in these areas. In China,
extensive use of piperaquine has resulted in parasites that are
more ‘resistant’ to the drug [56], but DHA—piperaquine is still
very effective in treating malaria parasites. Because the resistance
to amodiaquine and chloroquine are highly correlated and the
efficacy of Fansidar® (SF) in treating falciparum malaria is waning
in many African countries, ACTs with these partner drugs are
still being tested [5758]. Even though deployment of such ACTs
with a failing partner drug may seem to reverse the resistance to
the partner drug — as in the case of artesunate—mefloquine in
Thailand [59,60] — it must be cautioned, because the effectiveness
of ACTs might be compromised with the use of an inappropriate
partner drug [61].

Toxicity

Artemisinin and its derivatives are generally safe and well-
tolerated. Most of the descriptions of adverse effect of artemisinins
in clinical trials are anecdotal [39]. Reports of toxicities in cell lines
and laboratory animals have raised concerns about the safety of
artemisinins, but they are probably due to prolonged exposure to
artemisinins at high doses [62]. In animals, high doses of artemisi-
nins are associated with neurotoxicity in brainstem centers [63,64],
but these findings have not been documented in humans, with
millions of doses in various formulations of artemisinins deployed
to date. Whereas significant irreversible audiometric changes in
a group of construction workers from Mozambique have been
reported following artemether—lumefantrine treatment [65], this
result was disputed by studies conducted in The Netherlands
and Thailand (66,671, and this subject deserves further investiga-
tions [68]. Another concern is the safety of artemisinins to treat
malaria during pregnancy. Parenteral administrations of artem-
isinins cause embryo loss in rats, rabbits and monkeys, possibly
through inhibition of erythropoesis [69,70]. While these data may
not be directly extrapolated to humans, a similar observation of
decreased erythropoesis in humans following exposure to artemisi-
nins does suggest the potential danger of embryotoxicity of artem-
isinins in women during early pregnancy [71]. Although available
data from human trials suggest that artemisinins are unlikely to
cause fetal loss or abnormalities when used in late pregnancy [72],
the number of studies performed on human subjects is not large
enough to rule out severe adverse events of artemisinins during
early pregnancy. Therefore, artemisinins are not advised for use
during the first trimester of pregnancy.

Mode of action & potential cellular targets

Activation of artemisinin & production of free radicals
Understanding the mode of action is important for designing
artemisinin derivatives with better antiparasitic activity and pre-
dicting mechanisms of resistance. Despite tremendous research
efforts on artemisinin since its discovery, there is still consid-
erable debate concerning its mode of action on malaria para-
sites (14,73-77]. Artemisinins are considered prodrugs that are acti-
vated to generate carbon-centered free radicals or reactive oxygen
species (ROS). As the O-centered radical formed upon cleavage
is unable to oxidatively cycle, ROS is less likely important for
the action of artemisinins [78]. The endoperoxide bridge in the
trioxane pharmacophore of artemisinins is essential for their anti-
malarial activity, as replacement of one peroxidic oxygen with a
carbon (e.g., 1-carba-10-deoxyartemisinin) results in a derivative
devoid of antimalarial activity (7577). This finding has inspired
the design of the next generation of antimalarial endoperoxides
including a number of trioxanes [79.80]. As peroxides are known
sources of ROS, earlier studies suggest that artemisinins modulate
parasite oxidative stress and reduce the levels of antioxidants and
glutathione (GSH) in the parasite [74.81.82].

With regard to the ring opening of artemisinins during bio-
activation, two models have been suggested that differ in their
dependency on iron and the role of C-centered radicals. The
reductive scission model proposes that binding of low-valent
transition irons (ferrous heme or nonheme, exogenous Fe?*) to
artemisinin and subsequent electron transfer induce reductive
scission of the peroxide bridge to produce an O-centered radical,
which self arranges to generate a C-centered free radical [73.83]. In
comparison, the open peroxide model suggests that the ring open-
ing of artemisinins may be driven by protonation of the peroxide
or by complexation with Fe?* (73]. The latter model emphasizes
the intrinsic chemical reactivity of the peroxide group that acts
as an oxidant or to form ROS, which is not necessarily depen-
dent on the presence of metal ions. Because the parasite is rich in
heme iron as the result of digestion of hemoglobin, it is natural
to conjecture involvement of intraparasitic heme in the activation
of artemisinins, which may also explain the selective toxicity of
artemisinins and related trioxanes toward malaria parasites [84].
Many publications corroborate the essence of iron-dependent bio-
activation [74]. In vitro, hemin can catalyze the reductive decom-
position of artemisinins [78]. [z vivo, artemisinin binds to intra-
cellular heme (85, and binding affinity of artemisinin derivatives
to heme seems to correlate with their antimalarial activities [86].
In addition, the activities of artemisinins can be antagonized by
iron chelators [84,87-89]. Although the heme-dependent activation
model has received wide acceptance, it has also been challenged.
First, Haynes ¢t al. compared the structure—activity relationships
of synthetic artemisinin derivatives and found that the efficiency
of their conversion to C-centered radicals did not correlate with
antimalarial activity [90]. Their recent work suggests that the
C-centered radicals are too short-lived to favor intermolecular
interactions [91]. Furthermore, the observed antagonistic effects
of iron chelators probably only work on some artemisinin deriva-
tives [91], and the 77 vitro observations are yet to be confirmed
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in vivo (87.89,92]. Second, the parasiticidal effects of artemisinins
on early ring-stage malaria parasites with little hemozoin, as well
as on parasite species such as Babesia and Toxoplasma that do not
form hemozoin also argue against the heme-dependent activation
theory [16,93.94]. Regardless of these controversies, both models
may be compatible on the basis of iron-dependent generation
of ROS [95], given the possibilities of further reactions of the C-
or O-centered radicals with the cellular redox systems or lipids.
For example, reaction with reduced GSH by C-centered primary
radicals will reduce the amount of GSH in the parasite, which
may hamper the parasite’s ability to deal with oxidative stress [96].
Once formed, artemisinin-derived free radicals cause damage
to cellular targets in their vicinity through alkylation. A combi-
nation of hemin and high concentrations of artemisinin readily
oxidizes erythrocyte membrane thiols 77 vitro, demonstrating the
reactivity of artemisinin-derived radicals with biomolecules [97];
however, the extremely low toxicity of artemisinin at therapeutic
doses and the tendency of these radicals for intramolecular reac-
tions strongly suggest that artemisinin-derived radicals, unlike
typical alkyl agents, selectively damage cellular targets [98].

Target of heme polymerization

Heme, generated from digestion of hemoglobin in the food vacu-
ole of the parasite, is toxic to the parasite and must be detoxified
through polymerization to form ‘hemozoin’ (malaria pigment).
Artemisinin-derived radicals readily react with free hemin, heme
present in the hemozoin and hemoglobin to form heme-arte-
misinin adducts 7z vitro [99-101]. These adducts can be isolated
from P. falciparum culture and Plasmodium vinckei-infected mice
after artemisinin treatment [85,102]. Similar heme adducts also
form with synthetic antimalarial trioxanes, suggesting an analo-
gous mode of action for these compounds [84,103-105]. The effect
of heme alkylation on parasite death is still not clearly defined.
Heme—artemisinin adducts have been shown to interact with
the P. falciparum histidine-rich protein II (PfHRP II), a putative
heme polymerase, and to displace the heme from PFHRP II, thus
inhibiting heme polymerization and hemozoin formation [100,106].
Artemisinins also promote breakdown of hemozoin [107]. While
these results suggest that interference with heme polymerization
and the accumulation of heme in the parasite is a possible mecha-
nism, it is contradicted by the findings that artemisinin treatment
does not inhibit hemozoin formation 77 vive [108,109]. With regard
to this discrepancy, it is reasoned that the artemisinin radicals
generated by heme activation may alkylate sulfur ligands and
prosthetic heme in functional proteins or enzymes, leading to
irreversible inactivation of these proteins [110].

Protein targets

The identification of cysteine adducts of artemisinin-derived radi-
cals suggests that general alkylation of cysteine residues in proteins
may interfere with the proper functioning of proteins [111]. In par-
ticular, this may contribute to the specific inhibition of cysteine
proteases, resulting in decreased hemoglobin degradation [107,110].
Nevertheless, the sensitivity of the antimalarial activity of arte-
misinin to steric effects suggests that artemisinin binds to specific

cellular targets. Incubation of radiolabeled artemisinins with the
parasites specifically labeled proteins with molecular masses of 25,
32, 42, 50, 65 and over 200 kDa, and these proteins appeared
to be enriched in the crude parasite membrane fraction [112].
Among them is the translationally controlled tumor protein
(TCTP) 113,114]; yet the function of TCTP in malaria parasites
and the significance of its binding to artemisinin are unknown.

More recently, P-type ATPases have been proposed as spe-
cific targets of artemisinins. This is based on structural simi-
larity between artemisinins and thapsigargin, an inhibitor
of sarco/endoplasmic reticulum calcium-dependent ATPases
(SERCAs) [88]. The activity of PFATPG6, the only SERCA-type
ATPase in P. falciparum, expressed in Xenopus laevis oocytes is
specifically inhibited by artemisinin, and this inhibition is antago-
nized by thapsigargin [88]; however, the concentrations of arte-
misinins that inhibit the enzyme activity in this artificial system
are over 30-times higher than the 77 vitro IC, of artemisinins on
P. falciparum culture. Docking simulation of artemisinin to the
models of the thapsigargin-binding site in PFATPG6 reveals amino
acids potentially involved in hydrophobic interactions with arte-
misinins, including 1263 [115). Of significant relevance is the find-
ing that, in the same Xenopus oocyte system, a single amino acid
change (L263E) in PATP6 abolishes inhibition of the enzyme by
artemisinin [116]. Furthermore, the synthetic trioxane RBX11160
(OZ277) also appears to inhibit PFATPG6 activity [117]. The pro-
posal that SERCA is the specific artemisinin target is further sup-
ported by the work on the Toxoplasma gondii SERCA homolog,
where TgSERCA could complement a calcium ATPase-deficient
yeast mutant and this activity can be inhibited by artemisinins
or thapsigargin [118].

Mitochondria

Artemisinin has also been shown to inhibit the respiratory chain of
the mitochondria [119]. Genetic analysis in the yeast Saccharomyces
cerevisiae showed that deletion of the gene encoding the NADH
dehydrogenase in the mitochondrial electron transport chain led to
artemisinin resistance, whereas overexpression of this gene increases
sensitivity to artemisinin [120]. Based on this observation, the authors
proposed a dual role for mitochondria in the action of artemisinin:
the electron transport chain activates artemisinin, which generates
ROS that in turn damage the mitochondria [120]. The relevance
of these findings from yeast models to the mechanism of activity
in malaria parasites awaits further examination.

Possible resistance mechanisms

The lack of evident clinical resistance to artemisinin and its
derivatives in field parasite populations has prompted efforts to
select resistance in laboratory models. Two decades ago, chemical
mutagenesis and subsequent artemisinin selection were attempted
on cultured P. falciparum Honduras-1 strain, resulting in parasite
clones with moderately increased IC, (up to 10-times higher)
(121]. More recently, an approximately fivefold increase in IC, | has
been obtained in NF54 and 7G8 strains, but the ‘resistance’ was
lost in the absence of the drug for 2 weeks [122]. Parasites with
higher IC values to artemisinin have also been obtained from a
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chloroquine-resistant (CQR) Plasmodium yoelii parasite, but the
trait was not stable [123]. In another study, a selected parasite that
displayed a higher IC, | to artemisinin was found to accumulate
significantly less radiolabeled drug and to have a 2.5-fold higher
expression of TCTDP [124]. Artemisinin selection also induces gene
amplification of the P. yoelii pymdrl (multidrug resistance 1)
gene [125]. In P. vinckei, over 12-fold higher IC, to arteether has
been selected after a long period (700 days) of treatment with sub-
curative doses of arteether [126]. Selection of Plasmodium chabaudi
chabaudi with increasing concentrations of artemisinin and arte-
sunate has resulted in a 15-fold and sixfold increase in IC, values
to these two drugs, respectively, and the ‘resistant’ traits appear to
be stable. The ‘resistant’ clone has no mutations or amplifications
at any of the candidate genes (A7 Pase6, tctp, mdrl, and cgl0— the
ortholog of pfcrt) 1127]. In another study, genetic linkage mapping
identified two mutations in a gene encoding a deubiquitinating
enzyme (UBP1) on chromosome 2 in the artesunate-resistant
line [122]; however, none of these mutations have been found in the
artemisinin-selected P. falciparum lines. Therefore, the mecha-
nisms of artemisinin resistance in rodent and human malaria
parasites may be different.

While the cellular targets for artemisinins are still not clear,
efforts taken to identify the resistance mechanisms mostly used
the candidate gene-based approach. For this approach, genetic
markers between parasite lines showing increased resistance to the
drugs are compared with those in the susceptible lines to estab-
lish a correlation between the genotype and phenotype. Many
studies have focused on genes encoding putative transporters,
especially the P. falciparum multiple drug resistance (pfmdrl)
gene [128]. As its name implies, pfmdrl appears to be involved
in the resistance to a number of antimalarial agents. This gene
has been under drug selection; five single-nucleotide polymor-
phisms (SNPs; N86Y, Y184F, S1034C, N1042D and D1246Y)
have been identified in field isolates from different regions of the
world [129]. Some studies show that 8G6Y is associated with CQR
in isolates from the Old World, whereas the C-terminal mutations
were found in isolates from South America [130]. In addition, the
86Y allele is associated with increased sensitivity to antimalarial
agents mefloquine and artemisinin [131]. By contrast, the 86N
allele may serve as a potential marker for lumefantrine resistance
in vivo, as administration of Coartem results in an increase in fre-
quency of this allele [132-134]. Using transfection technology, Reed
et al. provided evidence that the mutations in pfindr! could alter
sensitivity to a number of drugs including mefloquine, quinine,
halofantrine, and artemisinin [135]. Further investigation into the
C-terminal mutations has similarly demonstrated that the triple
mutation S1034C/N1042D/D1246Y, highly prevalent in South
America, enhances parasite susceptibility to mefloquine, halo-
fantrine and artemisinin [136]. In addition to these SNPs, several
studies indicated that increased copy number of pfndrl might
be the most important determinant of both 7z vive and in vitro
resistance to mefloquine and halofantrine 137-141]. Recently, Sidhu
et al. disrupted one of the two pfmdrl copies in the CQR FCB
line of the parasite [142]. The resulting knockdown clone with
reduced pfmdrl expression manifested increased susceptibility

to mefloquine, quinine, halofantrine, lumefantrine and artemis-
inin. A more detailed analysis of the pfndrl point mutation and
copy number variation in different parasite lines indicates that
pfmdrl controls the import and sequestration of this group of
antimalarial agents into the food vacuole, which may explain
the observed cross-resistance phenotype of pfmdrl mutations to
multiple drugs [(143). pfndrl copy number may therefore serve as
a molecular marker for therapeutic response to ACTs [144,145].
These data suggest cross resistance to arylamino alcohol drugs
and artemisinins.

The roles of other putative Plasmodium transporters in drug
resistance are not understood. Mu ez a/. took a more comprehen-
sive approach to analyze 49 putative transporter genes in the para-
site genome for SNPs and to determine whether they are involved
in chloroquine and quinine resistance [146]. In a follow-up study
with parasites from the Thai-Myanmar border, Anderson et al.
have observed association of the putative ABC transporters G7
and G49 with responses to artemisinins [147]. In a recent study,
genetic knockout of a gene encoding an ABC transporter called
multidrug resistance-associated protein (PfMRP) resulted in
accumulation of less chloroquine and quinine and lower IC,
values to multiple drugs including chloroquine, quinine and
artemisinin [148].

Using PATP6 as the candidate gene, Jambou ez a/. have
established a link between artemether resistance in P. falciparum
field isolates from French Guiana with the S769N mutation in
PfATPG, lending further support to PfATP6 as the target gene
for artemisinins [149). Unfortunately, these parasites have not
been culture-adapted to allow repeated tests [150]. Analysis of
388 field samples found 29 nonsynonymous substations in the
PfATPG gene, showing a highly polymorphic gene that could be
under selection [151]. However, molecular analysis of field isolates
from various malaria endemic areas did not detect mutations at
codons 263 and 769 [134,151-158]. Samples from western China,
where artemisinin has the longest history of use, do not harbor
the S769N mutation either [159]. Although some novel mutations
have been detected in areas after introduction of ACTs, the impor-
tance of these mutations in artemisinin resistance has not been
established [155.157]. In recognition of the potential importance of
PfATPG6 in artemisinin resistance, a parasite line harboring the
L263E mutation has recently been created by allelic exchange and
is awaiting further examination [160].

Is there resistance to artemisinin?

Although true clinical resistance to artemisinin and its deriva-
tives has not been confirmed in malaria parasites collected from
patients, there have been sporadic reports of clinical failures
of artemisinin treatment. A small number of cases with poor
responses to artesunate or artemether have been reported in west-
ern Thailand [161], India [162] and Sierra Leone [163]. Some clinical
parasite isolates from Nigeria and Madagascar appear to exhibit
reduced sensitivity to artemisinins [164,165]. [n vitro studies in
Yunnan province of western China have detected reduced suscep-
tibility to artemisinins, and drug sensitivity exhibits considerable
geographic variation [166]. Similarly, Jambou ez a/. have observed

WWW.expert-reviews.com

1005



Cui & Su

some parasite isolates with IC, | to artemether of over 30 nM in
parasite populations from French Guiana and Senegal but not
Cambodia [149]. Three efficacy trials conducted in Cambodia and
Thailand have reported reduced efficacy of artesunate—meflo-
quine on the Thai-Cambodian border, with 15-20% recrudes-
cence rates [167-169]. A more recent study in southern Cambodia
also reported high failure rates of artesunate—mefloquine therapy,
suggesting that this drug combination is beginning to fail in this
area and that resistance is not confined to the Thai—Cambodian
border [170]. Studies from the Thai—-Myanmar border have similar
findings: 13 years (1995-2007) of continuous artesunate—meflo-
quine deployment in this area has resulted in a slight but signifi-
cant decline in efficacy of the 3-day regimen of this drug combi-
nation [171]. Delayed parasite clearance has been observed, which
is associated with an increased risk of developing gametocytemia.
While it can be argued that the treatment failures are most likely
the result of mefloquine resistance (high copy number of pfindrI)
rather than artemisinin resistance [172], it should be cautioned that
sensitivities to mefloquine and artemisinins are often correlated.
To address the question of potential emergence of artemisinin
resistance along the Thai—Cambodian border, a vigorous clini-
cal study has recently been conducted using a 7-day regimen of
artesunate therapy (4 mg/kg body weight per day) (173]. Two of the
60 P. falciparum patients classified as artesunate-resistant had pro-
longed parasite clearance time and recrudescence between days 21
and 28 in spite of adequate plasma drug concentrations. Parasites
obtained from these two cases have a fourfold increase in IC, to
DHA in comparison with those from cured patients [173]. This
study provides evidence of possible clinical resistance of P. falci-
parum to artemisinin. While strict clinical efficacy studies have
not been conducted in other endemic areas, data gathered so far
highlight the intrinsic genetic difference among parasite popula-
tions and provide a rationale for closer resistance surveillance in
southeast Asia, where resistance to artemisinin is likely to arise.

If resistance emerges, how are we going to find it?

Although it may not be possible to prevent the emergence and
spread of artemisinin-resistant parasites, aggressive monitoring
of the parasite response in the field will provide information to
prolong the life-span of the drugs. As increased drug tolerance
(early stage of resistance) is generally not reflected by a significant
increase in clinical failures and probably is a sporadic phenom-
enon, detecting artemisinin resistance may require careful analysis
of clinical treatment response data and 7z vitro drug sensitivity
data from the same parasite isolates. Noed! has proposed an inte-
grated 7 vivo and in vitro scheme to precisely determine treat-
ment response parameters after artemisinin monotherapy and
in vitro dose responses of fresh parasite isolates [174]. In addition,
parasites from suspected populations should be culture-adapted
for cross verification and in-depth studies. Because development
of drug resistance in malaria parasites depends on both intrinsic
and external factors [175], focused studies should be carried out in
‘hotspots’ of drug resistance. Southeast Asia has been an epicenter
of resistance to multiple drugs and possesses factors that favor
resistance development. In this region, MDR parasites that are

hypermutatable or have ‘accelerated resistance to multiple drugs’
phenotypes may be prevalent [176]. In field malaria situations,
diagnosis of febrile illness relies mostly on symptoms without
parasitologic confirmation, and patient adherence to treatment
regimens is often poor [177]. In some areas such as southwestern
China, artemisinin monotherapy has been used for more than two
decades. Despite advocacy for using ACTs, artemisinin monother-
apy is still very common [177], and many manufacturers still ignore
the WHO ACT policy [178]. The situation is further worsened by
circulation of fake and substandard quality drugs [179-181]. As a
result, parasites are more often exposed to subcurative dosages of
the drug, which promotes resistance development.

As the mode of action of artemisinins is not fully understood,
molecular markers for convenient and reliable monitoring of arte-
misinin resistance are not yet available. There are several ways of
mapping drug resistance genes [182]:

* Genetic crosses, which have been successfully used to map the
gene conferring CQR [183)

* Association of polymorphisms in a small number of candidate
genes with the resistance phenotypes

¢ Genome-wide association studies (GWAS) [184]

The GWAS strategy is particularly important for mapping
resistant traits without prior knowledge of the candidate genes.
Genetic analysis of parasite populations in different continents
suggests that resistance to some drugs, such as chloroquine in
the malaria parasites, arises relatively infrequently [185,186) but
that the spread of resistant alleles is rapid. Consequently, mutant
alleles can quickly reach high frequencies in parasite populations
by selection, leading to reduced diversity in chromosomal regions
harboring drug-resistant genes. Thus, the genomic landscape of
the parasites can be reshaped by selective sweeps originating from
a few resistant parasites [186,187]. Moreover, because selection of
drug-resistant parasites are relatively recent events, parasite popu-
lations have not had enough generations of genetic recombination
to break down the linkage between the causal alleles and genetic
markers around the drug-selected loci. The recent advance in
genome technology makes this approach more feasible. Genome-
wide surveys have revealed that . falciparum genomes harbor sig-
nificant numbers of variations [188-190]. This has enabled design of
high-throughput genotyping tools such as the high-density tiling
microarrays and SNP genotyping arrays that will allow efficient
genotyping of large numbers of SNPs and detecting copy-num-
ber variations in the parasite genome [191-194]. Since i vivo and
in vitro resistant phenotypes and molecular markers are not always
correlated to each other [195], potential resistance-conferring muta-
tions identified using the aforementioned approaches will need to
be verified by transfection studies.

Expert commentary

Given that artemisinin-related drugs are presently our last line of
defense against MDR malaria parasites, the emergence of high-
level resistance to artemisinin would be disastrous for malaria
control. However, due to many factors in the real world of malaria
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control, there is a growing risk of resistance development. First,
for some of the ACTs, the counterparts, mefloquine for exam-
ple, are less effective and resistance is already high in the field.
The use of such ACTs will inevitably compromise the protec-
tion against resistance development to artemisinins. Second, the
presence of artemisinin monotherapies and substandard ACTs
on the market may promote development of resistance to this
vital class of drugs. Therefore, regulatory authorities in malaria-
endemic nations should adopt more rigorous policies in deploying
ACTs to prolong the lifespan of the drugs. Meanwhile, resistance
mechanism is a research priority so that more efficient molecular
methods of resistance detection can be developed. In addition,
extensive surveillance systems should be set up in areas of ACT
deployment to closely monitor the efficacy of ACT, especially in
suspected hotspots of drug resistance.

Five-year view

With the mode of action for artemisinins still ill-defined, it is
imperative to develop effective monitoring systems to detect
parasites resistant both to artemisinins and to partner drugs.
The recent inauguration of a world antimalarial resistance net-
work aims to facilitate global efforts in monitoring resistance to
ACTs 196]. Since the pace of resistance development in parasites
depends heavily on the genetic backgrounds of the parasites, this
network is particularly pertinent given the diverse nature of drug
histories and regimens in different countries. Currently, in some

hotspots of multidrug resistance in Southeast Asia, active studies
are being carried out to detect clinical resistance and to investigate
the nature of tolerance to artemisinins. Besides, advanced genomic
tools are becoming more feasible, and will greatly facilitate the
elucidation of the mechanism of artemisinin resistance. We hope
that with the collaborative efforts of the malaria community the
mechanisms of artemisinin action and resistance to artemisinin
will be determined in a timely manner so that adequate counter-
measures can be taken to deter, delay and contain resistance. In
addition, studies on novel antimalarial drugs need to be acceler-
ated to avoid total reliance on artemisinins as our last line of
defense against MDR malaria parasites.
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Key issues

e Artemisinin-related drugs are our last line of defense against multidrug-resistant malaria parasites, and so the emergence of high-level

resistance to artemisinin would be disastrous for malaria control.

e Since 2005, the WHO has advocated artemisinin-based combination therapies (ACTs) for treating Plasmodium falciparum. ACT has
been adopted in 67 malaria-endemic countries as the first-line treatment for all falciparum malaria.

e Despite tremendous research efforts, there is still considerable debate concerning artemisinin’s mode of action on malaria parasites.
e Because development of drug resistance in malaria parasites depends on both intrinsic and external factors, focused studies should be

carried out in ‘hotspots’ of drug resistance.

e Genome-wide surveys have enabled the design of high-throughput tools to allow efficient genotyping of large numbers of
single-nucleotide polymorphisms and detecting copy-number variations in the parasite genome.

e The mechanisms of artemisinin action and resistance to artemisinin must be elucidated in a timely manner so that adequate
countermeasures can be taken to deter, delay and contain resistance.
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