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Abstract: Despite international efforts to ‘roll back malaria’ the 2008 World Malaria
Report revealed the disease still affects approximately 3 billion people in 109 countries; 45
within the WHO African region. The latest report however does provide some ‘cautious
optimism’; more than one third of malarious countries have documented greater than 50%
reductions in malaria cases in 2008 compared to 2000. The goal of the Member States at
the World Health Assembly and ‘Roll Back Malaria’ (RBM) partnership is to reduce the
numbers of malaria cases and deaths recorded in 2000 by 50% or more by the end of 2010.
Although malaria is preventable it is most prevalent in poorer countries where prevention is
difficult and prophylaxis is generally not an option. The burden of disease has increased by
the emergence of multi drug resistant (MDR) parasites which threatens the use of
established and cost effective antimalarial agents. After a major change in treatment
policies, artemisinins are now the frontline treatment to aid rapid clearance of parasitaemia
and quick resolution of symptoms. Since artemisinin and its derivatives are eliminated
rapidly, artemisinin combination therapies (ACT’s) are now recommended to delay
resistance mechanisms. In spite of these precautionary measures reduced susceptibility of
parasites to the artemisinin-based component of ACT’s has developed at the ThaiCambodian border, a historical ‘hot spot’ for MDR parasite evolution and emergence. This
development raises serious concerns for the future of the artemsinins and this is not helped
by controversy related to the mode of action. Although a number of potential targets have
been proposed the actual mechanism of action remains ambiguous. Interestingly,
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artemisinins have also shown potent and broad anticancer properties in cell lines and
animal models and are becoming established as anti-schistosomal agents. In this review we
will discuss the recent evidence explaining bioactivation and potential molecular targets in
the chemotherapy of malaria and cancer.
Keywords: artemisinin; bioactivation; molecular targets; antimalarial; antitumor agent

1. Introduction
Global warming has impacted upon malaria disease burden making it difficult to predict future
disease patterns [1]. However the most critical problem facing the treatment of malaria is the
development of resistance to classical quinoline antimalarial compounds such as chloroquine and
antifols [2]. A significant discovery program by Chinese chemists in the 1970’s; ‘project 523’ has
provided one of the most potent and effective antimalarials to date, artemisinin (1) [3]. Artemisinins
are effective not only against multi-resistant strains of P. falciparum, but have broad stage specificity
against the Plasmodium life cycle including activity throughout the asexual blood stages[4] and also
the sexual gametocyte stages which may reduce the spread of the disease in areas of low
transmission [5].
Representing a new class of antimalarial agents, artemisinin is a sesquiterpene trioxane lactone
whose endoperoxide bridge is essential for antimalarial activity. Although the precise mechanism of
action is still highly controversial [6]; the endoperoxide pharmacophore alone has stimulated the
development of several different classes of totally synthetic endoperoxides including the trioxolane
OZ277 (2) [7] and the tetraoxane 3 [8] (Figure 1). Understanding the mechanism of action of this class
of drugs will allow the prediction of potential resistance mechanisms and aid targeted design of future
antimalarial agents.
Figure 1. Antimalarial endoperoxides.

Artemisinins have also been investigated for their antiproliferative effects against a wide range of
cancer cell lines [9]. The promising in vitro profiles of several semi-synthetic analogues has prompted
the call for more appropriate clinical studies to be performed [10,11]. In this review we will consider
the different views regarding how artemisinin is first activated and its proposed molecular targets. The
effect of artemisinin in cancer cells will also be considered with respect to similarities and differences
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to their action in malaria chemotherapy, factors which may be important in elucidating potential
common mechanisms of action.
2. Activation of Artemisinin
2.1. Bioactivation in parasites
Within the malaria parasite host hemoglobin is degraded by a series of protease enzymes to release
peptides and amino acids required for development and to create space within its digestive vacuole.
During this process a build up of hematin occurs which is potentially toxic to the parasite (Figure 2).
To circumvent this toxicity, the parasite has developed a mechanism whereby hematin undergoes
biomineralization to form insoluble non-toxic hemozoin (malaria pigment).
Figure 2. Detoxification of hemoglobin: toxic hematin (formed by hydrogen bonding of
heme monomers) [12] is converted by the parasite to an insoluble non-toxic compound
called hemozoin (it has recently been suggested that the propionate group of each
Fe(III)PPIX molecule coordinates to the Fe(III) centre of its partner) [13].

One of the first studies completed by the Meshnick group [14] suggested that the bioactivation of
1,2,4 trioxanes is triggered by iron (II) to generate toxic activated oxygen. The selectivity of
artemisinin towards parasite-infected erythrocytes over normal erythrocytes was rationalised by the
iron dependent bioactivation of the endoperoxide bridge. Since these initial findings two models of
ring opening have been suggested that differ by their dependency on iron and involvement of carbon
centred radicals.
2.1.1. Reductive scission model
Early work by Posner [15–17] and Jefford [18,19] proposed that these oxygen centred radicals
subsequently rearrange to form carbon centred radicals, although the nature of the proposed radical and
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the mechanistic pathways giving rise to their formation were different in each case. Low valent
transition ions (ferrous heme or non heme exogenous Fe2+) were found to bind to artemisinin and after
subsequent electron transfer induce reductive scission of the peroxide bridge to produce oxygen
centred radicals which rearrange to give carbon centred radicals (Figure 3 A).
Figure 3. Bioactivation of artemisinin; A) Reductive scission model; B) Open peroxide model.

Due to the unsymmetrical nature of the endoperoxide bridge, iron was found to interact with the
peroxide in different ways to produce either a primary carbon centred radical or a secondary carbon
centred radical. Both primary and secondary radicals, 4 and 5 [20,21] have been efficiently spintrapped by electroparamagnetic resonance spin trapping techniques after being activated by iron [22].
2.1.2. Open peroxide model
The alternative model suggests that ring opening is driven by protonation of the peroxide or by
complexation by Fe2+ (Figure 3 B). Haynes and co-workers have proposed that iron acts as a Lewis
acid to facilitate ionic, rather than radical bioactivation of the artemisinins (which, it is proposed, are
too short-lived to have any intermolecular interaction) [23]. In addition, it has also been suggested that
non-peroxidic oxygen plays a role in facilitating ring opening of the peroxide to generate the open
hydroperoxide [24–26]. The oxygen atom provides stabilization of the positive charge and, according
to transition state theory, lowers the energy required for ring opening. Heterolytic cleavage of the
endoperoxide bridge and subsequent capture of water leads to the formation of an unsaturated
hydroperoxide 6, capable of irreversibly modifying protein residues by direct oxidation. Subsequent
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Fenton degradation of the hydroperoxide 6 produces a hydroxyl radical, a species that can
subsequently oxidize target amino acid residues. To support this theory artemisinin has been shown to
mediate N-oxidation of tertiary alkylamine derivatives via the intermediacy of such a ring opened
peroxide form of artemisinin [25]. This alternative mechanism may have the potential to produce a
whole host of reactive oxygen species that may have implications for the antimalarial activity of these
compounds.
2.1.3. Iron-Dependent bioactivation vs. heme-dependent bioactivation in parasites
The species originally thought responsible for bioactivation was heme iron, as this form of iron is in
abundance within the parasite due to the degradation of hemoglobin releasing soluble heme. However,
intracellular iron (II) and iron (III) occur also in equilibrium inside the food vacuole of the parasite,
where digestion of hemoglobin takes place. Using semi-synthetic artemisinins in combination with
iron chelators (selective for non-heme sources of iron) antagonizes the efficacy of artemisinin. Figure 4
shows a marked accumulation of fluorescently labelled drug within the parasite cytoplasm and in the
food vacuole, either in the presence (1c–1d) or absence of the iron chelator desferrioxamine (DFO)
(1a–1b). In the presence of DFO the drug is completely washed out (1d), suggesting that iron is
required for the drug to become covalently bound to parasite macromolecules. These observations
suggest that the labelled compounds are first being accumulated by the parasite and then activated by a
non-heme chelatable iron source [27].
Figure 4. Confocal microscope images of parasite-infected red blood cells incubated with
fluorescent artemisinin nitrobenzodiazole (NBD) conjugate without iron chelator DFO
before (1a) and after wash (1b), and with DFO (100 µM) before (1c) and after wash
(1d) [27].

A similar iron dependency was found for several classes of endoperoxide antimalarials including
totally synthetic trioxolanes and tetraoxanes [27]. However the fact that the endoperoxide activity was
antagonized but not abolished [28], has prompted some researchers to suggest a competitive pathway
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[23,29]. In addition, while it is clear that DFO is an effective inhibitor of iron-related oxidative stress
by chelation, it is also the case that DFO can impact on oxidative reactions independently of its ability
to chelate iron [30]. A recent study suggests that when used in vivo, DFO can also act via ironindependent pathways by at least two mechanisms indirectly associated with iron chelation to protect
against oxidative damage [31,32].
A recent study analysing the reactions of artemisinin with different redox forms of heme, ferrous
iron, and deoxygenated and oxygenated hemoglobin under similar in vitro conditions found that heme
reacted with artemisinin much more efficiently than the other iron-containing molecules, supporting
the role of redox active heme as the primary activator of artemisinin [33]. The stability of peroxide
antimalarials with intact oxyhemoglobin (most abundant form of iron in humans), and reactivity with
free heme, may explain the selective toxicity of these antimalarials toward infected, but not healthy,
erythrocytes [34]. This heme-dependent theory conflicts with reports that artemisinins are also active
against early ring stage parasites containing very little hematin [35]. In addition, artemisinin is active
against other parasite species such as Toxoplasma and Babesia that do not contain hematin [36,37].
However it was recently shown using fluorescence microscopy and image analysis that release of
hemoglobin from heme is initiated in ring stage parasites and would be available as a source of iron
based activator which is consistent with the activity of artemisinin at this stage [38].
2.2. Bioactivation in tumor cells
Woerdenbag et al were the first to document the cytotoxicity of artemisinins to tumour cells [39]. It
was found that artemisinin had activity in the micromolar range, whereas semi-synthetic analogues
such as sodium artesunate had more potent activities in the low micromolar range. Further studies
suggested that these compounds exert their effect on tumour cells by growth inhibition [40,41]. This
cytotoxicity was also shown to be endoperoxide-dependent [42]. Selective activation of artemisinin by
tumor cells has led to proposal of an iron dependent hypothesis due to the understanding that tumor
cells maintain a high intracellular iron concentration to sustain continued proliferation in addition to an
increased capacity to synthesize heme [43].
Cancer cells exposed to artemisinin demonstrate decreased proliferation, increased levels of
oxidative stress, induction of apoptosis and inhibition of angiogenesis [9]. Interestingly, artemisinins
have also shown cytotoxicity against drug and radiation resistant cell lines suggesting a different
mechanism to traditional anti-cancer therapies [44]. The activation of antitumor immune responses is
believed to suppress tumor growth therefore suppression of these responses by artemisinins may
counteract anticancer activity. However recent results using a transgenic mouse melanoma model
indicate that the cytostatic and apoptotic effects of artesunate are not diminished by simultaneous
immunosuppression [45]. Whereas the monomeric forms of artemisinin have superior activity in the
treatment of malaria, it is the dimeric forms of artemisinin, such as 7 (Figure 5), that have shown
enhanced anticancer activity [46].

\
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Figure 5. artemisinin dimer 7.

With respect to bioactivation of artemisinin in tumor cells the actual mechanism is still unclear
however the current consensus involves the iron(II)-mediated release[47] of reactive oxygen species
(ROS) [48] and/or carbon centered radicals [49]. Both may play an important role in inducing DNA
damage, mitochondrial depolarisation and apoptosis. However other factors may also come into play
such as the ability of the tumor cell to transport ferrous iron and maintain supplies. In a study to
explore the response of iron transporter proteins of tumor cells to artesunate, nearly a third of tumor
cell lines showed no enhancement or even decreased activity upon addition of ferrous iron [50].
Enhancement of artesunate response by ferrous iron was found to depend on the expression of two
genes: the iron-binding transferrin receptor (TfR) and ATP-binding transporter (ABCB6). Hence, pretherapeutic detection of TfR and ABCB6 expression may predict the response of tumor cells towards
artesunate. Consequently this result could be exploited for individualized tumor therapy
with artemisinins.
Recently several studies have identified heme as the mediator of cytotoxicity of artemisinin both in
its monomeric and dimeric form. Stimulation of the synthesis of heme within cancer cells using
promoters was shown to increase cytotoxicity of dihydroartemisinin (DHA) whereas inhibition of
heme synthesis using inhibitors caused a decrease in cytotoxicity [51]. To rule out the possibility that
intracellular ‘free’ iron is involved, holotransferrin (diferric transferrin) was added as an additional
source of intracellular iron and as expected the cytotoxic effect of DHA dramatically increased.
Inhibition of heme synthesis by succinyl acetone negated the effect of the holotransferrin, suggesting
the newly acquired iron indirectly increases cytotoxicity by increasing heme biosynthesis.
Further evidence for the involvement of heme in the anticancer activity was shown using
artemisinin dimers in combination with cobalt and tin protoporhyrin, modulators of heme oxygenase
(HMOX1, a heme degradation catalyst) [46]. Cobalt protoporhyrin, a HMOX1 inducer abolished the
activity of an artemisinin dimer whereas tin protoporhyrin, a HMOX1 inhibitor enhanced the activity
of the dimer. Pre-treatment of cells with iron chelators DFO or exogenous hemin decreased the activity
of the artemisinin dimer.
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3. Potential targets of the artemisinins
3.1. Proposed parasite molecular targets
3.1.1. Heme
Alkylation of heme by artemisinin was first reported by Meshnick [14,52] who identified hemedrug adducts by mass spectrometry. The in vitro reaction of artemisinin and heme, in the presence of
red cell membranes was also shown to cause oxidation of protein thiols [53].
Artemisinin was later shown to be capable of alkylating a heme model at the α, ß and δ carbon
atoms (Figure 6) [54]. Studies with totally synthetic trioxolanes [55] and tetraoxanes also support this
mechanism, indicating alkylation of heme in vitro as identified by LC-MS.
Figure 6. Alkylation of a heme model (the dimethyl ester of heme) by a primary carbon
centered radical derived from bioactivation of artemisinin (1). Adducts were also obtained
from α and δ carbon atoms [54].

Robert et al. [56] also found heme-artemisinin adducts in the spleen and urine of mice infected with
Plasmodium vinckei and treated with artemisinin. In the urine, the hydroxylated and glucuronylconjugated derivatives of covalent adducts were found and identified by LC-MS. Recently the same
group have shown that trioxaquines (drug hybrids containing both an aminoquinoline moiety, as in
chloroquine and a synthetic 1,2,4-trioxane entity as an artemisinin mimic) afforded covalent hemedrug adducts that were detected in the spleens of Plasmodium infected mice [57].
While these results suggest that interference of hematin formation and the accumulation of heme is
a possible mechanism it has also been contested since the in vivo evidence is somewhat open to
interpretation. In studies with infected mice it has been claimed that detection of heme-drug adducts
(as glucuronyl-conjugated derivatives) is evidence that this alkylation process is key in the in vivo
mechanism of action. However, in infected mice the progress of infection ultimately leads to hematin
deposition in both the liver and the spleen. Thus it cannot be ruled out that the heme-drug adducts
originate from an ex-vivo parasite interaction within the organs.
3.1.2. Protein alkylation
Since artemisinin is sensitive to steric effects it was suggested that its target may be a particular
protein or enzyme. A number of studies have shown radiolabeled artemisinin reacting covalently with
several parasitic proteins [52,58]. Autoradiograms of SDS-polyacrylamide gels showed that six
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malarial proteins are radiolabelled by three different endoperoxides; arteether, dihydroartemisinin
(DHA) and arteflene. The labelling occurred at physiological concentration of the drug and was not
stage or strain specific. In addition, the labelled proteins were not the most abundant proteins seen on
coomassie stained gels. The uninfected erythrocytes and controls treated with the inactive analogue
deoxyarteether failed to label any proteins [59]. Another study demonstrated specifically the in situ and
in vitro covalent reaction between artemisinin and a 25 KDa translationally controlled tumour protein
(TCTP) homolog [60]. In vitro, this alkylation appears to be dependent on heme and the homolog is
able to bind heme with modest affinity. It was suggested that the cysteine of this protein is necessary
for this mechanism by serving as a source of electron for the heme-mediated activation of the drug.
In a different study, artemisinin also alkylated various proteins in vitro [52]. Between 5–18% of
added drug bound to hemoproteins such as catalase, cytochrome c and hemoglobin, however the drug
did not react with heme free globin. In addition, the in vitro alkylation of human albumin by
artemisinin is well documented and is shown to react on both the thiol and amino moieties via iron
dependent and independent reactions [58]. Further work in this area has identified cysteine protease
adducts of artemisinin derived radicals suggesting that general alkylation of cysteine residues may be
involved in the mechanism of action by interfering with protein function [61]. Artemisinins have also
been shown to inhibit the falcipains, a papain family cysteine protease that aid hemoglobin
degradation. This mechanism of protease inhibition was shown to increase in the presence of heme [62].
3.1.3. Inhibition of PfATP6
Thapsigargin (8) is a sesquiterpene lactone and a highly selective inhibitor of a mammalian Ca2+
transporting ATP-ases (SERCA – sarco/endoplasmic reticulum membrane calcium ATP-ase.).
SERCA’s role is to reduce cytosolic free calcium concentrations by actively concentrating Ca2+ into
membrane bound stores, an activity critical to cellular survival. It was therefore reasoned that, because
thapsigargin and artemisinin are both sesquiterpene lactones, they would behave in a similar manner
towards SERCA-type enzymes [28]. Surprisingly they did behave similarly, despite marked
differences in their chemical and molecular structure. Interestingly, thapsigargin lacks the important
pharmacophore responsible for the antimalarial activity of artemisinin (Figure 7).
Figure 7. Comparison of the structural and chemical features of sequiterpene lactones
artemisinin (1) and thapsigargin (8) [63].
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P. falciparum has only one enzyme orthologous to SERCA; PfATP6ase. To test the SERCA
hypothesis PfATP6 was expressed in frog’s eggs (Xenopus laevis oocytes). It was found that both
artemisinin and thapsigargin inhibit the enzyme irreversibly whereas deoxyartemisinin, quinine and
chloroquine had no effect. This mechanism was also highly specific; no other malarial transporters
were affected (including the non-SERCA Ca2+ ATPase PfATP4) [28].
To confirm that the antiparasitic activity and inhibition of the enzyme by artemisinin was iron
dependent, parasite–infected red blood cells were incubated with desferrioxamine (DFO, an iron
chelator) in combination with artemisinin and/or thapsigargin. DFO abolishes the inhibitory activity of
artemisinin on PfATP6 but did not alter the inhibitory properties of thapsigargin suggesting that
artemisinins act by inhibiting PfATP6 after activation by iron [28]. Isobologram analysis was also used
to confirm that thapsigargin and artemisinin interact with the same target. When both used
simultaneously, thapsigargin antagonises the activity of artemisinin suggesting competition for PfATP6
[28]. Interestingly, the target: PfATP6 resides in the endoplasmic reticulum of the parasite, not the food
vacuole. A fluorescent artemisinin was synthesized which irreversibly labelled the structures of the
cytoplasm rather than inside the food vacuole. However, it was later shown that tagging artemisinin
using a different fluorescent conjugate nitrobenzodiazole, a fluorophore not quenched by heme, labels
both the food vacuole and the cytoplasm [27].
Further evidence supporting this theory is the effect of artemisinin on the Toxoplasma gondii
SERCA homolog. Results demonstrate that artemisinin perturbs calcium homeostasis in T. gondii,
supporting the idea that calcium dependent ATPases are potential drug targets in parasites. Soon after
the discovery of this potential target it was suggested that artemisinin resistance could be introduced by
altering a single amino acid in plasmodial SERCA [64]. This amino acid (L263E) is thought to act as a
‘gatekeeper’ influencing access or binding of artemisinins to this site modulate which in turn dictates
the sensitivity to artemisinin in vitro [65]. However a genetic analysis of artemisinin resistant strains of
P. falciparum and P. chabaudi (rodent malaria) found no such mutation in the ATP6 gene
contradicting this hypothesis [66].
Since this work was published there have been several studies which contradict the previously
reported SERCA inhibition. Since SERCA is an endoplasmic reticulum (ER) protein, artemisinin was
expected to have a marked effect on the morphology of the ER. However it was found that
thapsigargin had a major effect on ER morphology whereas at ten times its IC50, artemisinin had no
significant effect on the ER. Contrary to previous reports, studies repeated by Crespo et al. also
indicated that there was no antagonism between thapsigargin and artemisinin [67].
A synthetic trioxolane 2 (OZ277) was also shown to be a very weak inhibitor of PfATP6. Recent
studies to determine the possible mechanisms of action of OZ277 focused on its ability to inhibit the
proposed target PfATP6. OZ277 is two orders of magnitude less potent (apparent half‐maximal
inhibitory constant, Ki = 7,700 nM) than artemisinin (Ki = 79 nM) against PfATP6 [68]. This is an
interesting development especially since OZ277 antagonizes the activity of artemisinin. Recently the
3D structure of PfATP6 was also modelled and used to predict binding affinities of artemisinin (in
addition to other antimalarials such as trioxolanes, tetraoxanes, trioxaquines and quinolones) however
no correlation was found between affinity of the compounds for PfATP6 and in vitro antimalarial
activity [69].
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3.1.4. Parasite membranes
Recently artemisinin was shown to accumulate within neutral lipids and cause parasite membrane
damage. This effect was endoperoxide dependent since analogues lacking the endoperoxide moiety
failed to label neutral lipid bodies or induce oxidative membrane damage [70]. This work is consistent
with a previous study where disruption of the digestive food vacuole membrane by artemisinin was an
important initial site of endoperoxide antimalarial activity whereas novel synthetic endoperoxides
cause the early accumulation of endocytic vesicles [67]. In another study however tetraoxanes were
shown to cause oxidative degradation of phospholipids whereas the same effect was not evident using
artemisinin [71].
3.1.5. Mitochondria
Components of the electron transport chain in yeast have shown to be susceptible to artemisinin
[72]. However recent analysis of mitocondrial function in endoperoxide treated parasitized
erythrocytes showed no obvious effect on the morphology of the mitochrondion, suggesting that loss
of mitrocondrial function is not an early event in the action of artemisinin or synthetic endoperoxides
[67].
3.2. Potential molecular targets in tumor cells
There is an inverse correlation between activity of artesunate and mRNA expression for antioxidant
genes such as catalase, superoxide dismutase II, thioredoxin reductase, γ-glutamylcysteine synthase
and several members of the glutathione-S-transferase (GST) family [48]. Over-expression of enzymes
associated with oxidative stress have shown to reduce susceptibility of tumor cells to artemisinins
[44,73,74].
Although numerous studies have shown mechanistic pathways that can selectively induce apoptosis
and inhibit angiogenesis, it remains unclear whether the antitumor activity of artemisinin is dependent
on definitive molecular targets. In an attempt to investigate these molecular targets, two highly active
artemisinin dimers were tested against SERCA, a possible target of artemisinin in Plasmodium
parasites [46]. Microarray analysis of dimer treated cells identified DNA damage, iron/heme and
cysteine/methionine metabolism, antioxidant response and ER stress response. However it was found
that direct inhibition of SERCA was the same for active and inactive (deoxy) forms of the dimer
suggesting that this plays a minimal role in ER stress induction and overall activity. This observation is
not entirely surprising since artemisone fails to have any interaction with a mammalian SERCA [65].
However it was shown that the dimer, but not thapsigargin (a SERCA inhibitor) was capable of
modifying reduced cysteines on SERCA [46]. In addition this evidence also suggests that direct
cysteine alkylation of protein targets other than SERCA may be a prerequisite for potent activity as in
Plasmodium parasites.
TCTP however may be a target that both plasmodia and tumor cells have in common. Tumor cell
lines with high TCTP expression were sensitive to artesunate, while a low TCTP expression was
associated with resistance to artesunate [75]. TCTP represents a proliferation-related Ca2+-binding
protein, which associates transiently with microtubules during the cell cycle.
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As in Plasmodium, it may be possible that heme is a mediator and a target of artemisinin in tumor
cell lines. Recent evidence suggests that artemisinin has a similar mechanism to a heme interacting
compound named coralyne. The absorbance spectrum of heme in combination with artemisinin shows
the presence of several new intermediate complexes of artemsinin and heme. This is consistent with
decomposition of the heme porphyrin ring. The cytotoxicity of both coralyne and artemisinin was
found to depend on activity of synthetic heme [51].
Recent gene expression profiling has identified a common set of genes that were regulated by
artesunate in pancreatic cancer [76]. Artesunate was identified as a novel topoisomerase inhibitor. It is
thought that topoisomerase inhibitors block the ligation step of the cell cycle, generating single and
double stranded breaks that harm the integrity of the genome. Introduction of these breaks
subsequently lead to apoptosis and cell death. This evidence poses a question about DNA damage in
Plasmodia. If DNA damage is evident in tumor cells then why does artemisinin not affect DNA in
treatment of malaria [77]? There may be several reasons for this, firstly DNA damage in tumor cells
has been shown to be dose-dependent; the dose required to kill tumor cells is higher than in Plasmodia.
Secondly, this may suggest that artemisinin does not directly bind to DNA, but exerts its effect by an
indirect oxidative stress response [78].
4. Conclusion
The molecular targets of both artemisinin in Plasmodia and tumor cells are still under debate. In
both cases there is strong evidence to suggest that the primary activator is an iron source, be it in the
form of Fe2+, heme or both. Mechanistic studies of fully synthetic trioxolanes and tetraoxanes that
contain an endoperoxide bridge but lack other features of artemisinins have increased the complexity
of the debate. It would be interesting to ascertain if these structurally simpler fully synthetic
endoperoxides were as effective in tumor cells as they are in Plasmodia. Although protein alkylation in
Plasmodia is well established, a single molecular target is yet to be identified which has a direct role in
cell death. What is apparent is the multi-faceted nature of cellular response to artemisinin in Plasmodia
and tumor cells. This response may explain how this drug can be used against otherwise multi-drug
resistant cells in both tumors and Plasmodia.
References
1.
2.
3.
4.

5.

World Heath Organisation. The World Malaria Report; World Heath Organisation: Geneva,
Switzerland, 2008.
Woodrow, C.J.; Haynes, R.K.; Krishna, S. Artemisinins. Postgrad. Med. J. 2005, 81, 71–78.
Zhang, J.-F. A Detailed Chronological Record of Project 523 and the Discovery and Development
of Qinghaosu (Artemisinin). ), Yang Cheng Evening News Publishing Company, 2005.
Terkuile, F.; White, N.J.; Holloway, P.; Pasvol, G.; Krishna, S. Plasmodium falciparum: In Vitro
Studies of the Pharmacodynamic Properties of Drugs Used for the Treatment of Severe Malaria.
Exp. Parasitol. 1993, 76, 85–95.
Kumar, N.; Zheng, H. Stage-specific gametocytocidal effect in vitro of the antimalaria drug
qinghaosu on Plasmodium falciparum. Parasitol. Res. 1990, 76, 214–218.

Molecules 2010, 15
6.

7.

8.

9.
10.
11.
12.
13.
14.

15.

16.

17.

18.

19.

20.

1717

Posner, G.W.; O' Neill, P.M. Knowledge of the proposed chemical mechanism of action and
cytochrome p450 metabolism of antimalarial trioxanes like artemisinin allows rational design of
new antimalarial peroxides. Acc. Chem. Res. 2004, 37, 397–404.
Vennerstrom, J.L.; Arbe-Barnes, S.; Brun, R.; Charman, S.A.; Chiu, F.C.K.; Chollet, J.; Dong,
Y.X.; Dorn, A.; Hunziker, D.; Matile, H.; McIntosh, K.; Padmanilayam, M.; Tomas, J.S.;
Scheurer, C.; Scorneaux, B.; Tang, Y.Q.; Urwyler, H.; Wittlin, S.; Charman, W.N. Identification
of an antimalarial synthetic trioxolane drug development candidate. Nature 2004, 430, 900–904.
Kim, H.-S.; Shibata, Y.; Wataya, U.; Tsuchiya, K.; Masuyama, A.; Nojima, M. Synthesis and
antimalarial activity of cyclic peroxides 1,2,4,5,7-pentoxocanes and 1,2,4,5-tetraoxanes. J. Med.
Chem. 1999, 42, 2604–2606.
Krishna, S.; Bustamante, L.; Haynes, R.K.; Staines, H.M. Artemisinins: their growing importance
in medicine. Trends Pharmacol. Sci. 2008, 29, 520–527.
Singh, N.P.; Panwar, V.K. Case report of a pituitary macroadenoma treated with artemether.
Integr. Cancer Ther. 2006, 5, 391–394.
Efferth, T. Willmar Schwabe Award 2006: antiplasmodial and antitumor activity of artemisininfrom bench to bedside. Planta Medica 2007, 73, 299–309.
Pagola, S.; Stephens, P.W.; Bohle, D.S.; Kosar, A.D.; Madsen, S.K. Nature 2000, 404, 307.
Egan, T.J. Recent advances in understanding the mechanism of hemozoin (malaria pigment)
formation. J. Inorg. Biochem. 2008, 102, 1288–1299.
Meshnick, S.R.; Thomas, A.; Ran, A.; Xy, C. M.; Pan, H.Z. Artemisinin (qinghaosu): the role of
intracellular hemin in its mechanism of antimalarial action. Mol. Biochem. Parasitol. 1991, 49,
181–189.
Posner, G.H.; Wang, D.; Cumming, J.N.; Oh, C.H.; French, A.N.; Bodley, A.L.; Shapiro, T.A.
Further evidence supporting the importance of and the restrictions on a carbon-centered radical
for high antimalarial activity of 1,2,4-trioxanes like artemisinin. J. Med. Chem. 1995, 38,
2273–2275.
Posner, G.H.; Oh, C.H. Regiospecifically oxygen-18 labeled 1,2,4-trioxane: a simple chemical
model system to probe the mechanism(s) for the antimalarial activity of artemisinin (qinghaosu).
J. Am. Chem. Soc. 1992, 114, 8328–8329.
Posner, G.H.; Oh, C.W.; Wang, D.S.; Gerena, L.; Milhous, W.K.; Meshnick, S.R.;
Asawamahasadka, W. Mechanism-Based Design, Synthesis, and in vitro Antimalarial Testing of
New 4-Methylated Trioxanes Structurally Related to Artemisinin: The Importance of a CarbonCentered Radical for Antimalarial Activity. J. Med. Chem. 1994, 37, 1256–1258.
Jefford, C.W.; Favarger, F.; Vicente, M.; Jacquier, Y. The Decomposition of Cis-Fused
Cyclopenteno-1,2,4-Trioxanes Induced by Ferrous Salts and Some Oxophilic Reagents. Helv.
Chim. Acta 1995, 78, 452–458.
Jefford, C.W.; Vicente, M.G.H.; Jacquier, Y.; Favarger, F.; Mareda, J.; Millasson-Schmidt, P.;
Brunner, G.; Burger, U. The deoxygenation and isomerization of artemisinin and artemether and
their relevance to antimalarial action. Helv. Chim. Acta 1996, 79, 1475–1487.
Butler, A.R.; Gilbert, B.C.; Hulme, P.; Irvine, L.R.; Renton, L.; Whitwood, A.C. EPR Evidence
for the Involvement of Free Radicals in the Iron-Catalysed Decomposition of Qinghaosu

Molecules 2010, 15

21.

22.

23.

24.
25.

26.
27.

28.

29.

30.

31.
32.
33.

1718

(Artemisinin) and Some Derivatives; Antimalarial Action of Some Polycyclic Endoperoxides.
Free Radical Res. 1998, 28, 471–476.
O'Neill, P.M.; Bishop, L.P.D.; Searle, N.L.; Maggs, J.L.; Storr, R.S.; Ward, S.A.; Park, B.K.;
Mabbs, F. Biomimetic Fe(II)-Mediated Degradation of Arteflene (Ro-42-1611). The First EPR
Spin-Trapping Evidence for the Previously Postulated Secondary Carbon-Centered Cyclohexyl
Radical. J. Org. Chem. 2000, 65, 1578–1582.
Wu, W.M.; Wu, Y.; Wu, Y.L.; Yao, Z.J.; Zhou, C.M.; Li, Y.; Shan, F. Unified Mechanistic
Framework for the Fe(II)-Induced Cleavage of Qinghaosu and Derivatives/Analogues. The First
Spin-Trapping Evidence for the Previously Postulated Secondary C-4 Radical. J. Am. Chem. Soc.
1998, 120, 3316–3325.
Haynes, R.K.; Chan, W.C.; Lung, C.M.; Uhlemann, A.C.; Eckstein, U.; Taramelli, D.; Parapini,
S.; Monti, D.; Krishna, S. The Fe2+-mediated decomposotion, PfATP6 binding, and antimalarial
activities of artemisone and other arteminisins: The unlikehood of C-centered radicals as bioactive
intermediates. ChemMedChem 2007, 2, 1480–1497.
Haynes, R.K.; Vonwiller, S.C. The behaviour of qinghaosu (artemisinin) in the presence of heme
iron(II) and (III). Tetrahedron Lett. 1996, 37, 253–256.
Haynes, R.K.; Pai, H.H.-O.; Voerste, A. Ring opening of artemisinin (qinghaosu) and
dihydroartemisinin and interception of the open hydroperoxides with Formation of N-oxides -- a
chemical model for antimalarial mode of action. Tetrahedron Lett. 1999, 40, 4715–4718.
Haynes, R.K.; Vonwiller, S.C. The behaviour of qinghaosu (artemisinin) in the presence of nonheme iron(II) and (III). Tetrahedron Lett. 1996, 37, 257–260.
Stocks, P.A.; Bray, P.G.; Barton, V.E.; Al-Helal, M.; Jones, M.; Araujo, N.C.; Gibbons, P.; Ward,
S.A.; Hughes, R.H.; Biagini, G.A.; Davies, J.; Amewu, R.; Mercer, A.E.; Ellis, G.; O'Neill, P.M.
Evidence for a common non-heme chelatable-iron-dependent activation mechanism for
semisynthetic and synthetic endoperoxide antimalarial drugs. Angew. Chem. Int. Ed. 2007, 119,
6394–6399.
Eckstein-Ludwig, U.; Webb, R.J.; van Goethem, L.D.A.; East, J.M.; Lee, A.G.; Kimura, M.;
O'Neill, P.M.; Bray, P.G.; Ward, S.A.; Krishna, S. Artemisinins target the SERCA of plasmodium
falciparum. Nature 2003, 424, 957–961.
Haynes, R.K.; Monti, D.; Taramelli, D.; Basilico, N.; Parapini, S.; Olliaro, P. Artemisinin
antimalarials do not inhibit hemozoin formation. Antimicrob. Agents Chemother. 2003, 47,
1175–1175.
Reeder, B.J.; Wilson, M.T. Desferrioxamine Inhibits Production of Cytotoxic Heme to Protein
Cross-Linked Myoglobin: A Mechanism to Protect against Oxidative Stress without Iron
Chelation. Chem. Res. Toxicol. 2005, 18, 1004–1011.
Reeder, B.J.; Hider, R.C.; Wilson, M.T. Iron chelators can protect against oxidative stress through
ferryl heme reduction. Free Radical Biol. Med. 2008, 44, 264–273.
As commented by a reviewer DFO can potentially act as general antioxidant and therefore this
should be taken into consideration when interpreting isobolograms/interactions with artemisinin.
Zhang, S.; Gerhard, G. Heme activates artemisinin more efficiently than hemin, inorganic iron, or
hemoglobin. Bioorg. Med. Chem. 2008, 16, 7853–7861.

Molecules 2010, 15

1719

34. Creek, D.J.; Ryan, E.; Charman, W.N.; Chiu, F.C.K.; Prankerd, R.J.; Vennerstrom, J.L.; Charman,
S.A. Stability of Peroxide Antimalarials in the Presence of Human Hemoglobin. Antimicrob.
Agents Chemother. 2009, 53, 3496–3500.
35. Skinner, T.S.; Manning, L.S.; Johnston, W.A.; Davis, T.M.E. In vitro stage-specific sensitivity of
Plasmodium falciparum to quinine and artemisinin drugs. Int. J. Parasit. 1996, 26, 519–525.
36. Jones-Brando, L.; D'Angelo, J.; Posner, G.H.; Yolken, R. In vitro inhibition of toxoplasma gondii
by four new derivatives of artemisinin. Antimicrob. Agents Chemother. 2006, 50, 4206–4208.
37. Kumar, S.; Gupta, A.K.; Pal, Y.; Dwivedi, S.K. In-vivo therapeutic efficacy trial with artemisinin
derivative, buparvaquone and imidocarb dipropionate against babesia equi infection in donkeys. J.
Vet. Med. Sci. 2003, 65, 1171–1177.
38. Bakar, N.A.; Klonis, N.; Hanssen, E.; Chan, C.; Tilley, L. Digestive-vacuole genesis and
endocytic processes in the early intraerythrocytic stages of Plasmodium falciparum. J. Cell Sci.
2010, 123, 441–450.
39. Woerdenbag, H.J.; Moskal, T.A.; Pras, N.; Malingre, T.M.; Elferaly, F.S.; Kampinga, H.H.;
Konings, A.W.T. Cytotoxicity of artemisinin-related endoperoxides to ehrlich ascites tumor-cells.
J. Nat. Prod. 1993, 56, 849–856.
40. Beekman, A.C.; Woerdenbag, H.J.; Kampinga, H.H.; Konings, A.W.T. Cytotoxicity of
artemisinin, a dimer of dihydroartemisinin, artemisitene and eupatoriopicrin as evaluated by the
MTT and clonogenic assay. Phytother. Res. 1996, 10, 140–144.
41. Beekman, A.C.; Barentsen, A.R.W.; Woerdenbag, H.J.; VanUden, W.; Pras, N.; Konings,
A.W.T.; ElFeraly, F.S.; Galal, A.M.; Wikstrom, H.V. Stereochemistry-dependent cytotoxicity of
some artemisinin derivatives. J. Nat. Prod. 1997, 60, 325–330.
42. Beekman, A.C.; Wierenga, P.K.; Woerdenbag, H.J.; Van Uden, W.; Pras, N.; Konings, A.W.T.;
El-Feraly, F.S.; Galal, A.M.; Wikstrom, H.V. Artemisinin-derived sesquiterpene lactones as
potential antitumour compounds: Cytotoxic action against bone marrow and tumour cells. Planta
Medica 1998, 64, 615–619.
43. Kwok, J.C.; Richardson, D.R. The iron metabolism of neoplastic cells: alterations that facilitate
proliferation? Crit. Rev. Oncol. Hematol. 2002, 42, 65–78.
44. Efferth, T.; Sauerbrey, A.; Olbrich, A.; Gebhart, E.; Rauch, P.; Weber, H.O.; Hengstler, J.G.;
Halatsch, M.E.; Volm, M.; Tew, K.D.; Ross, D.D.; Funk, J.O. Molecular modes of action of
artesunate in tumor cell lines. Mol. Pharmacol. 2003, 64, 382–394.
45. Ramacher, M.; Umansky, V.; Efferth, T. Effect of artesunate on immune cells in ret-transgenic
mouse melanoma model. Anti-Cancer Drugs 2009, 20, 910–917.
46. Stockwin, L.H.; Han, B.N.; Yu, S.X.; Hollingshead, M.G.; ElSohly, M.A.; Gul, W.; Slade, D.;
Galal, A.M.; Newton, D.L. Artemisinin dimer anticancer activity correlates with heme-catalyzed
reactive oxygen species generation and endoplasmic reticulum stress induction. Int. J. Cancer
2009, 125, 1266–1275.
47. Efferth, T.; Benakis, A.; Romero, M.R.; Tomicic, M.; Rauh, R.; Steinbach, D.; Häfer, R.;
Stamminger, T.; Oesch, F.; Kaina, B.; Marschall, M. Enhancement of cytotoxicity of artemisinins
toward cancer cells by ferrous iron. Free Radical Biol. Med. 2004, 37, 998–1009.
48. Efferth, T. Molecular pharmacology and pharmacogenomics of artemisinin and its derivatives in
cancer cells. Curr. Drug Targets 2006, 4, 407–421.

Molecules 2010, 15

1720

49. Mercer, A.; Maggs, J.; Sun, X.; Cohen, G.; Chadwick, J.; O'Neill, P.; Park, B. Evidence for the
involvement of carbon-centered radicals in the induction of apoptotic cell death by artemisinin
compounds. J. Biol. Chem. 2007, 282, 9372–9382.
50. Kelter, G.; Steinbach, D.; Konkimalla, V.B.; Tahara, T.; Taketani, S.; Fiebig, H.-H.; Efferth, T.
Role of Transferrin Receptor and the ABC Transporters ABCB6 and ABCB7 for Resistance and
Differentiation of Tumor Cells towards Artesunate. PLoS ONE 2007, 2, e798.
51. Zhang, S.; Gerhard, G.S. Heme Mediates Cytotoxicity from Artemisinin and Serves as a General
Anti-Proliferation Target. PLoS ONE 2009, 4, e7472.
52. Meshnick, S.R.; Little, B.; Yang, Y.Z. Alkylation of Proteins by artemisinin. Biochem. Pharm.
1994, 48, 569–573.
53. Meshnick, S.R.; Yang, Y.Z.; Lima, V.; Kuypers, F.; Kamchonwongpaisan, S.; Yuthavong, Y.
Antimicrob. Agents Chemother. 1993, 37, 1108–1114.
54. Cazelles, J.; Robert, A.; Meunier, B. Alkylation of heme by artemisinin, an antimalarial drug.
Comptes Rendus De L Academie Des Sciences Serie Ii Fascicule C-Chimie 2001, 4, 85–89.
55. Creek, D.J.; Charman, W.N.; Chiu, F.C.K.; Prankerd, R.J.; Dong, Y.; Vennerstrom, J.L.;
Charman, S.A. Relationship between Antimalarial activity and Heme Alkylation. Antimicrob.
Agents Chemother. 2008, 52, 1291–1296.
56. Robert, A.; Benoit-Vical, F.O.; Claparols, C.; Meunier, B. The antimalarial drug artemisinin
alkylates heme in infected mice. Proc. Nat. Acad. Sci. USA 2005, 102, 13676–13680.
57. Bousejra-El Garah, F.; Claparols, C.; Benoit-Vical, F.; Meunier, B.; Robert, A. The antimalarial
trioxaquine du1301 alkylates heme in malaria-infected mice. Antimicrob. Agents Chemother.
2008, 52, 2966–2969. .
58. Meshnick, S.R.; Little, B.; Yang, Y.Z. Alkylation of human albumin by the antimalarial
artemisinin. Biochem. Pharm. 1993, 46, 336–339.
59. Asawamahasakda, W.; Ittarat, I.; Pu, Y.M.; Ziffer, H.; Meshnick, S.R. Reaction of Antimalarial
Endoperoxides with specific parasite proteins. Antimicrob. Agents Chemother. 1994, 38,
1854–1858.
60. Bhisutthibhan, J.; Pan, X.; Hossler, P.A.; Walker, D.J.; Yowell, C.A.; Carlton, J.; Dame, J.B.;
Meshnick, S.R. The plasmodium falciparum translationally controlled tumor protein homolog and
its reaction with the antimalarial drug artemisinin. J. Biol. Chem. 1998, 273, 16192–16198.
61. Wu, W.-M.; Chen, Y.-L.; Zhai, Z.; Xiao, S.-H.; Wu, Y.-L. Study on the mechanism of action of
artemether against schistosomes: the identification of cysteine adducts of both carbon-centred free
radicals derived from artemether. Bioorg. Med. Chem. Lett. 2003, 13, 1645–1647.
62. Pandey, A.V.; Tekwani, B.L.; Singh, R.L.; Chauhan, V.S. Artemisinin, an Endoperoxide
Antimalarial, Disrupts the Hemoglobin Catabolism and Heme Detoxification Systems in Malarial
Parasite. J. Biol. Chem. 1999, 27, 19383–19388.
63. Jefford, C.W. New developments in synthetic peroxidic drugs as artemisinin mimics. Drug
Discovery Today 2007, 12, 487–495.
64. Jung, M.; Kim, H.; Ki, Y.N.; Kyoung, T.N. Three-dimensional structure of Plasmodium
falciparum Ca2+- ATPase(PfATP6) and docking of artemisinin derivatives to PfATP6. Bioorg.
Med. Chem. Lett. 2005, 15, 2994–2997.

Molecules 2010, 15

1721

65. Uhlemann, A.C.; Cameron, A.; Eckstein-Ludwig, U.; Fischbarg, J.; Iserovich, P.; Zuniga, F.A.;
East, M.; Lee, A.; Brady, L.; Haynes, R.K.; Krishna, S. A single amino acid residue can determine
the sensitivity of SERCAs to artemisinin. Nat. Struct. Mol. Biol. 2005, 12, 628–629.
66. Afonso, A.; Hunt, P.; Cheesman, S.; Alves, A.C.; Cunha, C.V.; do Rosario, V.; Cravo, P. Malaria
Parasites Can Develop Stable Resistance to Artemisinin but Lack Mutations in Candidate Genes
atp6 (Encoding the Sarcoplasmic and Endoplasmic Reticulum Ca2+ ATPase), tctp, mdr1, and
cg10. Antimicrob. Agents Chemother. 2006, 50, 480–489.
67. del Pilar Crespo, M.; Avery, T.D.; Hanssen, E.; Fox, E.; Robinson, T.V.; Valente, P.; Taylor,
D.K.; Tilley, L. Artemisinin and a Series of Novel Endoperoxide Antimalarials Exert Early
Effects on Digestive Vacuole Morphology. Antimicrob. Agents Chemother. 2008, 52, 98–109.
68. Uhlemann, A.-C.; Wittlin, S.; Matile, H.; Bustamante, L.; Krishna, S. Mechanism of Antimalarial
Action of the Synthetic Trioxolane RBX11160 (OZ277) Antimicrob. Agents Chemother. 2007, 51,
667–672.
69. Bousejra-El Garah, F.; Stigliani, J.L.; Cosledan, F.; Meunier, B.; Robert, A. Docking Studies of
Structurally Diverse Antimalarial Drugs Targeting PfATP6: No Correlation between in silico
Binding Affinity and in vitro Antimalarial Activity. ChemMedChem 2009, 4, 1469–1479.
70. Hartwig, C.L.; Rosenthal, A.S.; Dangelo, J.; Griffin, C.E.; Posner, G.H.; Cooper, R.A.
Accumulation of artemisinin trioxane derivatives within neutral lipids of Plasmodium falciparum
malaria parasites is endoperoxide-dependent. Biochem. Pharmacol. 2009, 77, 322–336.
71. Kumura, N.; Furukawa, H.; Onyango, A.N.; Izumi, M.; Nakajima, S.; Ito, H.; Hatano, T.; Kim,
H.S.; Wataya, Y.; Baba, N. Different behavior of artemisinin and tetraoxane in the oxidative
degradation of phospholipid. Chem. Phys. Lipids 2009, 160, 114–120.
72. Li, W.; Mo, W.; Shen, D.; Sun, L.; Wang, J.; Lu, S.; Gitschier, J.M.; Zhou, B. Yeast model
uncovers dual roles of mitochondria in the action of artemisinin. PLoS Genet. 2005, 1, 329–334.
73. Efferth, T.; Oesch, F. Oxidative stress response of tumor cells: microarray-based comparison
between artemisinins and anthracyclines. Biochem. Pharmacol. 2004, 68, 3–10.
74. Efferth, T.; Briehl, M.M.; Tome, M.E. Role of antioxidant genes for the activity of artesunate
against tumor cells. Int. J. Oncol. 2003, 4, 1231–1235.
75. Efferth, T. Mechanistic perspectives for 1,2,4-trioxanes in anti-cancer therapy. Drug Resist
Updates 2005, 8, 85–97.
76. Youns, M.; Efferth, T.; Reichling, J.; Fellenberg, K.; Bauer, A.; Hoheisel, J.D. Gene expression
profiling identifies novel key players involved in the cytotoxic effect of Artesunate on pancreatic
cancer cells. Biochem. Pharmacol. 2009, 78, 273–283.
77. Yang, Y.Z.; Little, B.; Meshnick, S.R. Alkylation proteins by artemisinin. Effect of heme, pH, and
drug structure. Biochem. Pharmacol. 1994, 48, 569–573.
78. Li, P.C.H.; Lam, E.; Roos, W.P.; Zdzienicka, M.Z.; Kaina, B.; Efferth, T. Artesunate Derived
from Traditional Chinese Medicine Induces DNA Damage and Repair. Cancer Res. 2008, 68,
4347–4351.
© 2010 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland.
This article is an open-access article distributed under the terms and conditions of the Creative
Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).

