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Malaria has been a global epidemic health threat since ancient times. It still claims roughly half a million lives
every year in this century. Artemisinin and its derivatives, are frontline antimalarial drugs known for their effi-
cacy and low toxicity. After decades of wide use, artemisinins remain our bulwark against malaria. Here, we re-
view decades of efforts that aim to understand the mechanism of action (MOA) of artemisinins, which help
explain the specificity and potency of this anti-malarial drug. We summarize the methods and approaches
employed to unravel the MOA of artemisinin over the last three decades, showing how the development of ad-
vanced techniques can help providemechanistic insights and resolve some long-standing questions in thefield of
artemisinin research.We also provide examples to illustrate how to better repurpose artemisinins for anti-cancer
therapies by leveraging on MOA. These examples point out a practical direction to engineer artemisinin for
broader applications beyond malaria.
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1. Introduction

Malaria is a life-threatening global epidemic disease which has
existed since ancient times and has claimed more than 400,000 lives
in the year of 2019 according to the 2019 world malaria report. The
cause of the disease remained unclear until the discovery of Plasmodium
in the blood of malaria patients by Charles Louis Alphonse Laveran in
1880 and Anopheles mosquitoes as the vectors for transmission of ma-
laria by Ronald Ross in 1897. In recognition of their seminal discoveries
in understanding the causes ofmalaria, Laveran and Rosswere awarded
Nobel Prizes in Physiology or Medicine at 1907 and 1902, respectively.
(Cox, 2010).

In the course of combat with malaria, scientists discovered several
antimalarial drugs, such as chloroquine (CQ) and sulfadoxine-
pyrimethamine (SP). The worldwide use of CQ led to great progress in
the elimination of malaria. However, resistance to CQ emerged at a
time when theWorld Health Organization launched the Global Malaria
Eradication Campaign. This resistance is linked tomultiple mutations in
PfCRT (chloroquine resistance transporter), a protein that functions as a
transporter in the parasite's digestive vacuole membrane. The mutated
PfCRT gained the function to efflux CQ from the vacuole wherein CQ re-
acts to damage parasites. (Wellems & Plowe, 2001). CQ resistancemade
malaria control and treatmentmore difficult, especially in Africa, where
few affordable alternatives were available. The resurgence of malaria
and increased mortality posed a significant global challenge, especially
in Southeast Asian countries. This severe circumstance stimulated
drug discovery programs worldwide. In the 1970s, inspired by records
in traditional Chinese medicine (TCM), Tu's group discovered the anti-
malarial drug artemisinin. Artemisinin is derived from the sweet worm-
wood plant, Artemisia annua L. Since its discovery, artemisinin and its
derivatives (collectively called artemisinins in this review) have saved
two hundred million malaria patients and become the most effective
antimalarial drug.
Fig. 1. Chemical structures of artemisinin and its derivatives, artemisinin-b
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Artemisinin is a sesquiterpene lactone containing an unusual perox-
ide bridgewith a formula of C15H22O5.(Fig. 1) Its unique peroxide bridge
is essential for its anti-malaria activity. Because artemisinin itself is
poorly soluble in water or oil, engineering efforts weremade to remove
the carbonyl group of artemisinin to obtain dihydroartemisinin (DHA).
Additional modifications on DHA led to the synthesis of the water-
soluble artesunate and oil-soluble artemether and arteether. All those
four artemisinin derivatives have significantly improved antimalarial
activity (Cui & Su, 2009; Miller & Su, 2011), and are included in the
frontline antimalarial artemisinin-based combination therapies
(ACTs).(Fig. 1) Furthermore, some fully synthetic peroxides have also
been developed based on the key pharmacophore in artemisinins. For
example, 1,2,4-trioxolane OZ439 and the trioxaquine SAR116242 have
reach Phase II and preclinical stages (Jefford, 2012).

The ACT regimen is typically composed of one artemisinin deriva-
tive, such as artemether, artesunate, dihydroartemisinin, and another
longer-lasting antimalarial, including lumefantrine, amodiaquine, mef-
loquine, piperaquine, pyronaridine and SP. A three-day course of ACT
is recommended by the WHO to treat uncomplicated Plasmodium
falciparummalaria. There are several reasons that underpinned this reg-
imen design. Firstly, artemisinins are potent and safe anti-malaria drugs
that rapidly kill parasites at nanomolar concentrations. However, the
elimination half-lives of artemisinins are relatively short – less than
5 h. Thus, the recommended ACT regimens contain both artemisinins
that would rapidly eliminate most of the malaria parasites, and a part-
ner drug with a much longer half-life, such as mefloquine, which
would eliminate the remaining parasites. Secondly, the artemisinin
monotherapy requires longer treatment and it might increase selection
pressure and promote the development of artemisinin resistance.
Thirdly, considering drug adherence, a three-day course of ACT is also
a better choice.

Since the discovery of artemisinins, considerable efforts have been
made to elucidate the mechanism of action (MOA) of artemisinins.
ased chemical engineered probe (AP1), thapsigargin and thaperoxide.
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Understanding the MOA of artemisinins is of great interest for both op-
timizing the treatment regimens and aiding the targeted design of fu-
ture antimalarial drugs. Despite some gaps and controversy, the
principal MOA of artemisinin has come to be understood. At the heart
of the question is the understanding of how artemisinin is activated
and the identities of its direct targets (Li & Zhou, 2010; Robert, Dechy-
Cabaret, Cazelles, & Meunier, 2002). Here we will review the recent un-
derstanding of the mechanism of anti-malaria actions of artemisinins,
which includes drug activation anddrug target identification. As the dis-
covery of artemisinin drug targets is closely synchronized with the de-
velopment of analytical techniques, we will also discuss the
development of the methods used to identify drug targets. Finally, we
would summarize the recent studies regarding the repurposing of
artemisinin, which would broaden the application of artemisinins and
benefit a wider range of patients.

2. The activation of artemisinins

Owing to the great effort of researchers, themechanismof activation
of artemisinins has been gradually revealed. The function of
artemisinins is directly linked to the special chemical structure of
artemisinins(Meshnick et al., 1993a; Zhang, Gosser, & Meshnick,
1992). It was found that the characteristic endoperoxide bridge of
artemisinins could be cleaved inside the infected erythrocytes
(Haynes, Cheu, N'Da, Coghi, & Monti, 2014; O'Neill, Barton, & Ward,
2010). Analogues losing this chemical feature also lose the anti-
malaria activity (Jefford et al., 1996; Klayman, 1985). The cleavage of
the endoperoxide bridge produces highly reactive carbon-centered rad-
icals that can alkylate susceptible proteins and cellular metabolites, and
generate reactive oxygen species (ROS), which collectively lead to the
death of parasites (Stocks et al., 2007). Generally, artemisinins are
prodrugs that are specifically activated at intracellular and/or
intraparasite environments (Haynes et al., 2014; O'Neill et al., 2010).
Thus, the key question here is what triggers the specific cleavage of
the endoperoxide bridge so that the resulting radicals only attack ma-
laria parasites but not human cells. When parasites propagate inside
the hosting erythrocytes, they rely on massive hemoglobin digestion
to obtain nutrients that are essential for their growth and maturation.
Hemoglobin digestion has been strongly linked with the susceptibility
of parasites toward artemisinin treatment (Klonis et al., 2011; Xie
et al., 2016). The digestion of hemoglobin releases abundant free
redox-active heme and free ferrous iron (Klonis et al., 2011; Lew,
Tiffert, & Ginsburg, 2003). Like the Fenton reaction, inwhichH2O2 is cat-
alyzedby ferrous iron to generate freeHO radicals, both free ferrous iron
and heme could interact with artemisinin to produce carbon-centered
radicals (Wu et al., 1998). Thus, free ferrous iron (Fe2+) and heme
were proposed as the factors required for the specific activation of
artemisinins (O'Neill et al., 2010). Even though there is still some debate
over whether one or the other is the predominant activator (which will
be discussed in detail in the following two sections), the data clearly
links the unique metabolic feature of malarial parasites – hemoglobin
digestion – with drug activation, explaining the specificity of
artemisinin toward malarial parasites but not human cells.

2.1. Iron in artemisinin activation and activity

Free ferrous iron was proposed as the activator of artemisinin and
supported by the following evidence. First, it was found that artemisinin
is decomposed in an iron-dependent manner, which converts
artemisinin into carbon-centered radicals through the generation of
oxy radicals and subsequent electronic rearrangements (Meshnick
et al., 1993b; Posner & Oh, 1992). Several models were proposed to elu-
cidate the free radical generation pathways of artemisinin after iron-
mediated decomposition (O'Neill et al., 2010; O'Neill & Posner, 2004).
Second, iron chelators, such as pyridoxal benzoylhydrazone,1,2-
dimethyl-3-hydroxypyrid-4-one and desferrioxamine (DFO)(selective
3

for the non-heme source of iron), antagonize the efficacy of artemisinin
(Eckstein-Ludwig et al., 2003; Meshnick et al., 1993b). Third,
artemisinin derivatives carrying fluorescent tags were found to accu-
mulate in parasites' cytoplasm and food vacuole, and this characteristic
labeling and enrichment were abolished by the iron chelator DFO
(Eckstein-Ludwig et al., 2003; Stocks et al., 2007). These data suggested
an iron-dependent artemisinin activation mechanism, which seems to
be important for the anti-malarial function of artemisinin. Intriguingly,
Haynes and co-workers generated two highly active artemisinin deriv-
atives that only had a relatively weak reaction with free ferrous iron
(Haynes et al., 2004). This finding suggested that artemisinin activation
might not require the presence of free ferrous iron. Furthermore, DFO
could protect against oxidative stress through inhibition of cytotoxic
heme and ferryl heme reduction, which is independent of its function
of iron chelation (Reeder, Hider, & Wilson, 2008; Reeder & Wilson,
2005). Thus, the antagonism of iron chelator against artemisinin in-
duced cell death might be simply because of its anti-oxidative activity
that attenuates the oxidative stress resulting from artemisinin activa-
tion rather than the interference of the activation per se. Taken together,
despite some supporting evidence, the iron-dependent artemisinin acti-
vation mechanism still requires further clarification.

2.2. Heme in artemisinin activation and activity

On the other hand, the evidence that supports heme as the activator
of artemisinin seems to be more convincing. Meshnick and co-workers
first isolated artemisinin-heme adducts from artemisinin-treated
P. falciparum and confirmed hemin catalyzed decomposition of
artemisinin by cyclic voltammetry experiment (Butler et al., 1998;
Meshnick, Thomas, Ranz, Xu, & Pan, 1991; Zhang et al., 1992). Experi-
ments comparing the reactions of artemisinin with different redox
forms of heme, ferrous iron, and deoxygenated and oxygenated hemo-
globin under similar in vitro conditions showed that redox active
heme reacted with artemisinin much more efficiently than the other
iron-containing species, suggesting its role as the primary activator of
artemisinin (Zhang & Gerhard, 2008). Recently, a study using a live par-
asites system observed that a cysteine protease inhibitor that blocks the
digestion of hemoglobin to release heme inhibited the activation of
artemisinin, whereas the addition of iron chelator DFO made no differ-
ence. More direct evidence came from the in vitro experiment, in
which every component of the reaction could be strictly controlled. It
was found that artemisinin only reacts with its target protein in the
presence of heme but not free ferrous iron. Thus, this again suggests
that heme, rather than free ferrous iron, plays a predominant role in
artemisinin activation (Meunier & Robert, 2010; Jigang Wang et al.,
2015).

Stability assays of peroxide antimalarials (including artemisinin) in
the presence of human oxyhemoglobin, the most abundant form of
iron in healthy erythrocytes, showed that peroxide antimalarials did
not react with intact human hemoglobin, consistent with the view
that heme is trapped inside hemoglobin and is only released upon
parasite-induced hemoglobin digestion (Creek et al., 2009). Stage-
specific sensitivity assays showed that artemisinin acted effectively
against parasites in both rings and schizonts stages (Skinner, Manning,
Johnston, & Davis, 1996). This result seemed to contradict the heme-
centric hypothesis for artemisinin activation because it was thought
that parasites in the ring stage did not digest hemoglobin (Skinner
et al., 1996). This apparent discrepancy was clarified by studies that
demonstrated the existence of heme in malarial parasites at the ring
stage. On the one hand, there is active heme biosynthesis in themalarial
parasite at the ring stage (Wang et al., 2015). On the other hand, it was
found that hemoglobin digestion starts at the ring stage, and parasites
even accumulate hemozoin crystal at late-ring-stage (Bakar, Klonis,
Hanssen, Chan, & Tilley, 2010). In summary, heme-centric activation
might be the underpinning mechanism for the specific activation of
artemisinin.
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2.3. Other activation mechanisms

Interestingly, Zhou and co-workers proposed another scenario in
which the activation of artemisinin was approached from a different
angle. Using a yeast model and a rodent malarial model as the proxy,
it was found that mitochondria play an important role in the activation
and action of artemisinin. They suggested that someunknown factors in
mitochondria, possibly the components of electron transport chains, ac-
tivated artemisinin, which subsequently generates active radicals that
damage mitochondria and lead to mitochondrial dysfunction. Mean-
while, the activated artemisinin also contributes ROS generation that
further compromise cellular function (Li et al., 2005; Sun, Li, Cao, Long,
& Zhou, 2015; Wang et al., 2010). However, the mitochondria-based
model cannot exclude the influence of heme on artemisinin activation
as heme ismainly synthesized inmitochondria. Furthermore, additional
experiments are needed to explainwhyonly themitochondria ofmalar-
ial parasites can specifically activate artemisinin but not mitochondria
of the human cell or Artemisia annua cell.

Taken together, even though we cannot fully exclude the possibility
that other factors also contribute to artemisinin activation, the existing
evidence favors the hypothesis that heme is the predominant factor. Im-
portantly, this working model fully explains the specificity of
artemisinin.
3. Identifying the targets of artemisinin

Identifying the targets of artemisinin is the key to understanding the
potency of artemisinin as an anti-malarial drug that not only quickly
kills parasites but has not suffered any emergence of real drug resistance
after decades of wide usage. In most cases, it is believed that one drug
has one specific or major target that changes the related pathway and
produces the corresponding biological effect. However, unlike most of
the conventional chemical drugs, the activated artemisinin is converted
Fig. 2. General workflow of some methods used to identify targets of artemisinin. (A) Radi
synthesized and used to treat cells. The lysed parasite extracts were separated by electrophor
protein sequencing. (B) Using structural similarity to identify artemisinin targets. Artemisi
thapsigargin, SERCA, was proposed to be a target of artemisinin. (C) Using chemical proteo
moiety, was used to treat cells for in situ labeling. The lysed parasite extracts were labeled
protein identification.
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into carbon-centered radicals, which makes it difficult to profile its tar-
get in an unbiased and systematicmanner. Here,wewill briefly summa-
rize the methods employed – that gradually evolved from traditional
laborious and low throughput approaches to unbiased and systemic
methods – to identify artemisinin binding targets (Fig. 2). With the tar-
gets and related pathways uncovered, we can now start to understand
why artemisinin is such a “miracle” for anti-malarial treatment.
3.1. Methods used to identify targets

3.1.1. Using radiolabeling and gel-based protein target identification to
probe the targets of artemisinin

The first attempt to identify artemisinin binding proteins was based
on the combination of radiolabeling and 2-dimensional electrophoresis.
Briefly, the radiolabeled artemisinin was synthesized and used to treat
P. falciparum-infected erythrocytes. The resulting parasite extracts
were first separated by isoelectric focusing tube gel and followed by
SDS-polyacrylamide gel electrophoresis. The protein bands that were
still carrying radioactivity were the protein targets that covalently
bond with radiolabeled artemisinin. It was found that several proteins
were artemisinin targets, one of which was identified as the
P. falciparum translational controlled tumor protein (TCTP) homolog
(Asawamahasakda, Ittarat, Pu, Ziffer, & Meshnick, 1994; Bhisutthibhan
et al., 1998).

3.1.2. Using structural similarity to identify artemisinin targets
In many cases, structurally similar drugs turn out to share the

same drug targets. Guided by this principle, Krishna and co-
workers proposed that thapsigargin (Fig. 1), a specific mammalian
sarco/endoplasmic reticulum membrane calcium ATPase (SERCA)
inhibitor that shares similar sesquiterpene lactone with artemisinin,
might provide some clues to search for artemisinin target in malarial
parasites. The only orthologue of SERCA in P. falciparum is PfATP6 that
olabeling and gel-based protein target identification. The radiolabeled artemisinin was
esis. By autoradiography, protein targets of artemisinin were identified and subjected to
nin and thapsigargin share a similar sesquiterpene lactone structure, thus the target of
mics to identify artemisinin targets. AP1, artemisinin derivative with a clickable alkyne
with a biotin moiety through click chemistry before affinity purification and MS-based
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is indeed a bona fide artemisinin target validated by various bio-
chemical experiments (Eckstein-Ludwig et al., 2003; Jung, Kim, Ki,
& Kyoung, 2005; Uhlemann et al., 2005). In hindsight, even though
it is ingenious to deduce artemisinin targets based on its structure in-
formation at a time when we knew little about the MOA of this drug,
thapsigargin lacks the endoperoxide bridge – the pharmacophore of
artemisinin, which already suggests the limitation of this approach.
Building on this, a class of optimized chemical structure known as
thaperoxides was synthesized, containing an endoperoxide bridge
in the reduced thapsigargin-like scaffold (Fig. 1). Predictably,
thaperoxide was found to be a more potent antimalarial and inhibi-
tor of PfATP6 than thapsigargin (Pulcini et al., 2013).

3.1.3. Using yeast models to search for artemisinin targets
Compared with other well-established model systems, P. falciparum

is refractory to genetic modification, limiting the options of using ge-
netic approaches to screen for mutants of malaria parasites that are re-
sistant to artemisinin treatment, which in turns provides information
on its targets. Yeast, on the contrary, is a systemwhere versatile genetic
tools are available and indeed provides insights into many complex
human diseases. Researchers developed a yeast system that was ren-
dered sensitive to artemisinin treatment with a similar growth inhibi-
tion concentration [IC50] to P. falciparum. Taking advantage of the
yeast system, researchers found that mitochondria are involved in the
activation of artemisinin and that mitochondria themselves are a direct
target of artemisinin (Li et al., 2005; Sun et al., 2015; Juan Wang et al.,
2010). However, malaria parasites have a unique life cycle and digest
hemoglobin as a source of amino acids and inevitably generate high
concentrations of heme, all of which are hard to recapitulate in the
yeast system. Thus, the information that can be extrapolated from the
yeast studies is limited.

3.1.4. Using chemical proteomics to identify artemisinin targets
Chemical proteomics is a more recently developed approach in

drug target discovery, which uses chemical methods to engineer the
drug that enables subsequent affinity purification of its targets and
identification by mass spectrometry (MS) (Böttcher, Pitscheider, &
Sieber, 2010; Böttcher & Sieber, 2008; Evans & Cravatt, 2006;
Fonović & Bogyo, 2008; Gersch, Kreuzer, & Sieber, 2012; Liu et al.,
2012; Nomura, Dix, & Cravatt, 2010; Ovaa et al., 2003; Paulick &
Bogyo, 2008; Speers, Adam, & Cravatt, 2003; Willems et al., 2011;
Yang et al., 2010). This method provides an unbiased platform for
drug target discovery and is validated by several studies wherein tar-
gets of the investigated drug are successfully identified (Böttcher
et al., 2010; Su et al., 2013; Ziegler, Pries, Hedberg, & Waldmann,
2013). Special attention needs to be paid to make sure the chemically
engineered drug is pharmacologically identical to its parent
compound so that the incorporation of the additional tag does not
disrupt authentic drug-protein interaction or bring in non-specific
interaction. In the case of artemisinin, a small clickable alkyne tag
was introduced to generate AP1 (Fig. 1). Drug activity analysis showed
that AP1 was as potent as artemisinin, whereas the clickable alkyne
tag enabled the labeling of a fluorescent dye or a biotin moiety
through click chemistry after AP1-treated malarial parasites were
lysed. Importantly, the addition of an excessive amount of artemisinin
totally disrupted AP1 binding with its targets, suggesting AP1 and
artemisinin are indeed pharmacologically identical to each other.
Using this approach, the extent of in vivo artemisinin activation and
targeting could be visualized and quantified by fluorescent scanning,
and the details of the protein targets could be uncovered by MS anal-
ysis after affinity purification (Wang et al., 2015). Besides Wang's
group, Ward's group independently applied a similar probe-based
proteomics study and likewise identified multiple promiscuous
drug targets of artemisinins (Ismail et al., 2016). It is evident that
the chemical proteomics approach has great advantages for drug
target discovery at physiological conditions.
5

3.2. Potential targets of artemisinins

3.2.1. Heme
Heme is a byproduct of hemoglobin digestion, which provides

peptides and amino acids for the maturation and development of he-
matophagous malarial parasites. However, the high quantities of re-
leased free heme dimerize to hematin, a toxic molecule that causes
lipid peroxidation and subsequent membrane lysis of parasites
(Fitch et al., 1983). To circumvent the toxicity of hematin, malarial
parasites developed a detoxification mechanism that converts
hematin to non-toxic hemozoin (malaria pigment) through a bio-
mineralization process (Egan, 2008). Since this hemozoin formation
is essential to the survival of malarial parasites, drugs that inhibit this
process, such as chloroquine and mefloquine, effectively kill the
parasites (Kumar, Guha, Choubey, Maity, & Bandyopadhyay, 2007).
Alkylation of heme by artemisinin was first reported by
Meshnick and colleagues, in which they used MS to identify heme-
artemisinin adducts (Meshnick et al., 1991; Ying-Zi, Little, &
Meshnick, 1994). Subsequent experiments showed that activated
artemisinins alkylates heme, inhibiting hemozoin formation
both in vivo and in vitro and contributing to hematin-mediated
malarial death (Cazelles, Robert, & Meunier, 2001; Loup, Lelièvre,
Benoit-Vical, & Meunier, 2007; Meunier & Robert, 2010; Robert,
Benoit-Vical, Claparols, & Meunier, 2005). Thus, heme can serve as
both the activator and target of artemisinin (Meunier & Robert,
2010).

3.2.2. PfATP6
Inspired by artemisinin's structural similarity to thapsigargin,

PfATP6was identified as a potential target. On the onehand, artemisinin
could specifically inhibit PfATP6 to an extent that is comparable to that
of thapsigargin. On the other hand, thapsigargin antagonizes the para-
siticidal activity of artemisinin. Besides, there is a correlation between
the inhibitory effects of artemisinin on PfATP6 activity and killing po-
tencies of artemisinin for parasites. The labeling of malarial parasites
by a fluorescent derivative of thapsigargin (BODIPY-thapsigargin)
could be abolished by an excess amount of either thapsigargin or
artemisinin (Eckstein-Ludwig et al., 2003; Jung et al., 2005; Uhlemann
et al., 2005). A field isolate with mutations in PfATP6was somewhat re-
sistant to artemether treatment (Jambou et al., 2005). However, another
study with the same field isolate showed full sensitivity toward
artemisinins (Cojean, Hubert, Le Bras, & Durand, 2006). Futhermore,
the data associating PfATP6 with ART action was produced in Xenopus
oocytes, which is known to be noisy with poor signal to background ra-
tios (Eckstein-Ludwig et al., 2003). Although some experimental results
have suggested PfATP6 as a drug target of artemisinins by different ap-
proaches (Arnou et al., 2011; Krishna, Pulcini, Fatih, & Staines, 2010;
Krishna, Pulcini, Moore, Teo, & Staines, 2014), other results have
contradicted this theory (Cojean et al., 2006; El Garah, Stigliani,
Coslédan, Meunier, & Robert, 2009). The controversial outcomes so far
suggest that PfATP6 might not be themain target that underlies the an-
timalarial effects of artemisinin.

3.2.3. TCTP
As previously described, the 25 kDa TCTP was identified through

the radiolabeling method. The in vitro interaction between TCTP
and artemisinin is heme-dependent, which is consistent with
heme-centric activation mechanisms (Bhisutthibhan et al., 1998).
Using mass spectroscopy and chemical-probe-based enrichment
assay, it was found that activated artemisinin binds to the N-
terminal region of TCTP and could alkylate multiple amino acids
from Phe12 to Tyr22 of TCTP in the presence of heme (Eichhorn
et al., 2013; Li, Zhou, Tang, & Xiao, 2016). However, the molecular
function of TCTP is obscure, and it is hard to explain why artemisinin
could efficiently and quickly kill malaria parasites if TCTP is its major
target.
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3.2.4. Promiscuous protein alkylation
The promiscuous targeting of activated artemisininwas first reported

when the chemical proteomics method described above (Section 3.1.4)
was employed to study the MOA of artemisinin. In total, it was found
that 124 proteins are covalently boundwith heme-activated artemisinin
in live parasites (Wang et al., 2015). Importantly, a similar promiscuous
targeting mechanism was independently confirmed by another probe-
based proteomics study (Ismail et al., 2016). Previously known targets
of artemisinin, such as TCTP, PfCRT, Pfmdr1, and PfATG6, could also be
observed by this high throughput chemical proteomicsmethod. The pro-
tein targets involved in many essential pathways, including hemoglobin
catabolic, antioxidant defence, glycolytic, nucleoside, and protein syn-
thesis (Ismail et al., 2016; Wang et al., 2015). These results strongly sug-
gest that artemisinin does not fit into the classical paradigm of “one-
drug-one-target”. Instead, the heme-activated artemisinin can simulta-
neously target many malarial proteins that disrupt many essential path-
ways and lead to death of parasites, consistent with previous findings
that activated artemisinin is a carbon-centered radical (Wang et al.,
2015; Zhou, Li, & Xiao, 2016) Furthermore, several studies showed that
artemisinins could synergize with parasite proteasome inhibitors,
which might lead to a promising drug combination with great potential
for future use (Bridgford et al., 2018; Dogovski et al., 2015; Kirkman et al.,
2018; Li et al., 2016; Stokes et al., 2019).

With a deep understanding of the activation and targeting mecha-
nismsof artemisinin (Fig. 3), we can now start to understand and appre-
ciate why artemisinin is such an ideal anti-malaria drug from the
molecular level. The key is the endoperoxide bridge of artemisinin
that mainly requires heme for activation. Because of the metabolic fea-
ture of malarial parasites that rely on hemoglobin digestion to provide
the essential nutrients for the progression of the cell cycle, an excessive
amount of heme release is unavoidable – in other words, the activation
of artemisinin is unavoidable. The activated artemisinin, converting into
carbon-centered free radicals, alkylate and damage proximal proteins
inside the parasite, resulting in disruption of cellular pathways and the
death of parasites. Thus, artemisinin is like an elegantly “designed”
Fig. 3. Amodel of themechanism of action of artemisinin. Artemisinin is activated by a heme-d
activated artemisinin alkylates and damages proximal proteins inside the parasite, resulting in
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drug, which is specifically activated by the byproduct of parasitemetab-
olism, thus precisely targeting parasites and avoiding attacking healthy
erythrocytes. The promiscuous targeting of artemisinin also confers a
great advantage, as it is much more difficult to develop drug resistance
tomultiple targets and pathways than gain resistance to a single protein
target. This also explains why, after decades of widespread use as front
line anti-malarials, no conventional drug resistance has emerged.

On this topic, it isworth noting that the phenomenon of “artemisinin
resistance” was first reported when P .falciparum displaying a delayed
clearance rate after a 3-day ACT treatment first emerged in Southeast
Asia. These parasites frequently bear mutations in the parasite kelch13
(K13) gene, which results in a reduction of Kelch13 at the protein
level (Siddiqui, Srivastava, Russell, & Creek, 2017). Kelch13 protein lo-
calizes to the periphery of parasites, and has been shown to regulate
the endocytosis of hemoglobin (Birnbaum et al., 2020; Yang et al.,
2019). Thus, parasiteswithmutatedKelch13 showed reduced hemoglo-
bin endocytosis (Birnbaum et al., 2020; Yang et al., 2019). As previously
summarized, hemoglobin endocytosis is essential both for the activa-
tion of artemisinins and for parasite growth. The reduced hemoglobin
endocytosis renders parasites partially resistant to artemisinin exposure
but also results in a lengthened ring stage in their life cycle (Birnbaum
et al., 2020; Yang et al., 2019). Although the “resistant” parasites could
withstand a short exposure of artemisinins as in the 3-day ACT regi-
mens, the parasites would inevitably have to reach the trophozoite
stage, wherein massive hemoglobin endocytosis and activation of
artemisinins occur simultaneously. The activated radical artemisinins
would then damage cellular proteins, which results in the death of the
parasite. Thus, unlike conventional drug resistance, which fails to elim-
inate the parasites after a full course of treatment, the full course 7-day
treatment of ACT is still efficacious to eradicate these K13 mutant
parasites (Krishna & Kremsner, 2013). Nevertheless, although the
artemisinins are still efficacious to P. falciparummutants, themutational
evolution of parasites should continue to be closely monitored so that
ACTs can continue to be effectively deployed or modified as necessary
(Wang et al., 2019).
ependent endoperoxide bridge cleavage in the digestive vacuoles of malaria parasites. The
disruption of cellular pathways and the death of parasites.
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4. Repurposing of artemisinin

Due to its efficacy, affordability, and clinical safety, considerable ef-
forts are invested in applying artemisinin in non-malarial areas, includ-
ing anti-cancer, anti-inflammatory, anti-parasite (other than
Plasmodium) and anti-viral therapies (Crespo-Ortiz & Wei, 2012;
Efferth et al., 2016; Ho, Peh, Chan, & Wong, 2014; Lai, Singh, & Sasaki,
2013; Willoughby et al., 2009). Here, we will only focus on the recent
progress in the anti-cancer application of artemisinin as it serves as a
great example showing how to leverage on the MOA of artemisinin to
better engineer it to treat cancer.

Since first reported in 1993, the selective cytotoxicity of artemisinin
against different cancer types, both in vitro and in vivohas been reported
(Efferth et al., 2003; Lai & Singh, 1995; Woerdenbag et al., 1993). Even
though a wide range of pathways and mechanisms were deliberately
identified and their roles in anticancer effects of artemisinin have been
explained, it is quite clear that the efficacy of artemisinin is rather lim-
ited, much lower than it as an anti-malarial drug (Crespo-Ortiz & Wei,
2012; Efferth, 2015; Lai et al., 2013; Willoughby et al., 2009). Since
artemisinin relies on heme for activation as an anti-malarial drug,
could we exploit its activation mechanism to improve its efficacy in
anti-cancer treatment? Interestingly, it was found that the level of
heme synthesis and availability are elevated in cancer cells (Hooda
et al., 2013; Hooda, Alam, & Zhang, 2015; Hooda, Shah, & Zhang,
2014). Artemisinin is also activated by heme in the cancer cell and the
anticancer activity correlates with the level of heme synthesis
(Mercer, Copple, Maggs, O'Neill, & Park, 2011; Stockwin et al., 2009;
Wang et al., 2017; Zhang, Chen, & Gerhard, 2010; Zhang & Gerhard,
2009). As mitochondria are the site where heme synthesis takes place
in the mammalian cell, an artemisinin derivative with a specific
mitochondria-targeting tag increases the anti-cancer activity of
artemisinin by ten-fold (Zhang et al., 2015; Zhang et al., 2016). Consis-
tently, the addition of aminolevulinic acid (ALA), the rate-limiting pre-
cursor used for heme biosynthesis, greatly enhances the anti-
colorectal-cancer activity of artemisinin. Interestingly, ALA is a clinically
approved chemical used in photodynamic therapy, suggesting the com-
bination of artemisinin and ALA treatment should be safe. Currently,
preliminary data from clinical trials using artemisinin derivatives to
treat non-small cell lung cancer, cervical cancer, and colorectal cancer
is safe, well-tolerated, and effective to a certain extent (Jansen et al.,
2011; Krishna et al., 2015; Zhang et al., 2008). Future studies should
test the safety and efficacy of the more optimized artemisinin-based
anti-cancer therapy, such as the artemisinin plus ALA treatment.

Other applications of artemisinin have been continuously studied.
There is no doubt that artemisinin has certain anti-inflammatory, anti-
viral, and anti-obesity effects (Bunnag, Viravan, Looareesuwan,
Karbwang, & Harinasuta, 1991; Efferth, 2018; Efferth et al., 2008; Ho
et al., 2014; Keiser & Utzinger, 2007; Lam, Long, Su, Zhuan, & Lu, 2018;
Saeed, Krishna, Greten, Kremsner, & Efferth, 2016). The important ques-
tion for future work is how to optimize and improve the efficacy of
artemisinin-based therapies from what we have already known about
its MOA to treat those devastating diseases currently without cures.
For instance, it is of interest to explore the potential application of
artemisinins against the severe acute respiratory coronavirus 2 (SARS-
CoV-2). Preliminary in vitro data has so far indicated that artemisinin
could bind to the SARS-CoV-2 spike protein, which is essential for the
host infection of SARS-CoV-2 (Cao et al., 2020; Sehailia & Chemat,
2020). However, much more cautious and in-depth research would be
necessary before exploring any potential clinical use of artemisinins to-
ward SARS-CoV-2.

5. Summary

Artemisinin and its derivatives are the first-line treatment for
malaria cases and have saved millions of lives of patients suffering
from malaria. As a novel antimalarial drug, artemisinins are effective,
7

well-tolerated and affordable. These outstanding pharmacological char-
acteristics result from the unique MOAs of artemisinins, whereby
artemisinins are specifically activated and act inside parasites. Guided
by the detailed MOA of artemisinins at molecular level, the applications
of artemisinins in non-malarial areas have been considerably studied.
Preliminary data present promising applications of artemisinins in
anti-cancer, anti-inflammation, anti-parasites and anti-viral areas.
While great strides have been made to reveal the mystery of
artemisinins, there are some gaps in knowledge of artemisinins that
needs to be investigated thoroughly. Firstly, the mechanism of activa-
tion and targets of artemisinins in artemisinin-resistant malaria needs
to be further elucidated. This study would reveal the molecular mecha-
nism underpinning artemisinin resistance, which would help to adjust
the clinical ACTs regimens to kill artemisinin-resistant parasites more
efficiently. Secondly, more efforts are needed to reveal the specific
MOAs at different disease models. These studies are essential for broad-
ening the application of artemisinins in non-malarial areas and eventu-
ally bring artemisinins to the bedsides of more patients.
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