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[ABSTRACT] The cornerstone of antimalarial treatment, artemisinin, has reduced malaria associated morbidity and mortality
worldwide. However, Plasmodium falciparum parasites with reduced sensitivity to artemisinin have emerged, and this threatens
malaria control and elimination efforts. In this minireview, we describe the initial development of artemisinin as an antimalarial drug,
its use both historically and currently, and our current understanding of its mode of action and the mechanisms by which malaria parasites achieve resistance.
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Introduction
Malaria remains one of the most prevalent and serious
infectious diseases in the world, and there is little indication
that current prevalence reducing strategies are working.
Alarmingly, there was an increase of five million cases from
2015 to 2016 [1]. Artemisinin and its derivatives (ARTs), have
been widely used globally as the first-line drug class for the
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treatment of malaria, but there is currently concern over the
emergence of parasite resistance against these drugs.
Artemisinin (ART, also known as “Qinghaosu”) is a sesquiterpene lactone extracted from Artemisia annua L. (Sweet
Annie, or Sweet Wormwood), a plant employed in Chinese
traditional medicine. The drug was developed in 1967 in
China by a nationwide program known as Project 523, which
involved the work over 500 scientists from ~60 different
laboratories and institutes within the country [2]. The remit of
the project was to identify new antimalarial drugs through the
screening of compounds used in traditional Chinese medicine.
Of over 2000 types of traditional Chinese herbs that were
investigated, one plant, Artemisia annua, exhibited significant
inhibitory properties against malaria parasites. This effect was
enhanced further when the active ingredient, artemisinin, was
extracted using ether at low temperatures, rather than ethanol;
a discovery which led to the awarding of part of the 2015
Nobel Prize in Medicine to TU You-You of the China Academy of Traditional Chinese Medicine.
Since the initial purification of artemisinin from Ar-
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temisia annua, many derivatives have been synthesized, including dihydroartemisinin (DHA) (also initially synthesized
by TU You-You ), artesunate, and artemether, which offer
improved bioavailability and efficacy compared to ART [3].
The impact of the (re)discovery of artemisinin and its derivatives on the treatment of malaria in the developing world
has been immense. Since the late 1990s, ART and its derivatives have been the frontline treatment for uncomplicated P.
falciparum malaria throughout the tropical world, and they
are also increasingly recommended for the treatment of malaria caused by Plasmodium vivax. They have saved countless
lives and have led to a net reduction in malaria prevalence in
many countries.
Compared to other antimalarial drugs, ART and its derivatives are particularly fast-acting against the intra-erythrocytic asexual blood-stage parasites, rendering them highly
effective for the treatment of severe malaria [4-5]. However,
due to their very short in vivo half-lives, (~1 hr in humans) [4, 6],
ARTs are commonly co-administered with longer half-life
partner drugs such as lumefantrine, amodiaquine, piperaquine,
mefloquine or sulphadoxine-pyrimethamine in ART-based
combination therapies (ACTs).
The use of ART in combination with another drug to
prevent recrudescence and the development of resistance was
first proposed by Prof. LI Guo-Qiao of Guangzhou College of
Traditional Chinese Medicine, based on the results of two
clinical studies [7-8]. Soon afterwards, Professor Nicholas
White of the Oxford Nuffield Department of Medicine began
studying the efficacy of ARTs and confirmed their rapid
activity and the need for a partner drug to prevent recrudescence [9-10]. ACTs are now the standard first-line treatment for
uncomplicated falciparum malaria worldwide.

Emergence of Resistance to Artemisinin
One of the major rationales for the exclusive use of
ARTs in combination with other drugs was to protect against
the emergence of drug resistance in malaria parasites. It was
initially argued that resistance against ART was unlikely to
emerge, due to its short half-life and ability to kill gametocytes [11-12]. This was not the case, however, and ART “resistant” P. falciparum is now a major concern in Southeast Asia.
Just one year after ACTs were recommended as the first line
treatment for uncomplicated falciparum malaria by the WHO,
parasites with reduced sensitivity to ART were reported close
to the Thailand-Cambodia border, a phenomenon which
manifested itself phenotypically in parasite strains which
were cleared from the blood at a reduced rate following the
standard ACT treatment protocol [6, 13]. There is some controversy regarding whether parasites with this reduced sensitivity to ARTs are truly “resistant” [14], as resistance to all other
antimalarial drugs is defined by clinical treatment failure and
reduced in vitro sensitivity. However, for the remainder of
this review, we will use the term “ART resistant” to describe
parasites with decreased sensitivity to ARTs as defined by

increased survival rates as assessed by the in vitro Ring Survival Assay (RSA).
Since these first reports, the documented prevalence of
ART resistance has expanded widely; the clinical phenotype
having been documented across the Greater Mekong
Sub-region (GMS) of Southeast Asia, from the coast of Vietnam in the East to India in the West [15-17]. There are also
reports of parasites resistant to ART from China [18] and, of
particular concern, from Equatorial Guinea [19] and Uganda [20]
in Africa. Equatorial Guinea, situated in Central Africa, was a
relatively early adopter of ACTs as a first line treatment for
malaria, having switched from sulphadoxine pyrimethamine
(SP) to Artesunate and Amodiaquine combination (AS + AQ)
in 2004 [21]. In Africa, where malaria exerts its greatest burden,
ART resistance could have a devastating effect on malaria
control programmes, analogous to the consequences of the
spread of chloroquine resistance towards the turn of the century [22]. There are currently no alternative drugs available to
replace artemisinin should resistance render it obsolete.

Mechanisms of Parasite Resistance to Artemisinin
All artemisinin-containing drugs are metabolized in the
body to dihydroartemisinin (DHA) [23], a sesquiterpene lactone endoperoxide. It is this endoperoxide which mediates
parasite killing, through the production of free radicals following its cleavage. In order for ART to be activated (which
involves the release of carbon-centered radicals that are able
to disrupt parasite proteins), the endoperoxide bond undergoes reductive scission catalyzed by the reduced Fe2+ form of
iron [24-26]. The major source of this iron probably comes from
imported host hemoglobin, proteolysis of which produces
highly reactive heme species. Most of this heme is sequestered into hemozoin crystals, but a small proportion will remain free and available to activate ART. Other iron sources
such as the low steady-state labile iron pool maintained in
parasites may also be utilized in ART activation [25, 27]. Finally,
there is some evidence to suggest that in very early rings,
biosynthetic heme produced by the parasite may also activate
ART [28-29]. This dependence on free Fe2+ for activation offers
an explanation for why ARTs are active against blood stage
parasites [30] but are not active against mature gametocytes [31]
or liver stages [32].
The mode of action of ART against parasites involves the
destruction of proteins by carbon centered radicals released
upon activation of the drug. These radicals target a wide range
of proteins, lipids and membrane components, and cause extensive and widespread cellular damage [28, 33]. This action is
radically different to other antimalarial drugs which typically
target one enzyme or pathway. There is also evidence to suggest that DHA causes proteostatic stress through inhibition of
the proteasome, and both damages existing proteins and prevents the correct folding of newly synthesized proteins [34].
This multi-pronged attack on an array of proteins leads to
ER stress and attenuation of translation, which in turn leads
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to a lethal buildup of polyubiquitinated damaged proteins [34].
ART resistance is characterized by a reduction in early ringstage parasite susceptibility and slow parasite clearance [6, 13].
Multiple studies have confirmed the association of polymorphisms in the P. falciparum Kelch 13 propeller protein with
ART resistance, and parasites carrying various single nucleotide polymorphisms in the gene encoding it (PfK13) display
varying parasite clearance rate phenotypes [35-36]. At present,
parasites carrying PfK13 mutations including F446I, N458Y,
M476I, Y493H, R539T, I543T, P553L, R561H and C580Y,
have been shown to be associated with slow clearance in
clinical studies and reduced in vitro drug sensitivity, and
while PfK13 is now generally accepted as a valid marker for
artemisinin resistance, around a further twenty reported
polymorphisms remain to be characterized phenotypically for
their effects on parasite sensitivity to ARTs [37].
The K13 protein is thought to be a substrate adapter of an

E3 ligase which binds to phosphatidylinositol-3-kinase (PI3K)
and marks it for proteosomal degradation by ubiquitin ligase.
Mutations in the K13-propeller protein destabilize this interaction, resulting in decreased proteolysis of PI3K and increased levels of its lipid product phosphatidylinositol-3- phosphate (PI3P), which in turn makes the parasite more resistant
to ART-mediated oxidative damage [35]. Supporting this hypothesis, artificially increased levels of PI3P also confer ART
resistance [35] (Figure 1). K13 co-localizes with PI3P in vesicles found in the endoplasmic reticulum (ER) parasitophorous
vacuole and the apicoplast [38]. PI3P maintains the export of
essential proteins from the parasite’s ER to host erythrocytes
at the early ring stage [35]. Mutations in K13 are associated
with increased numbers PI3P vesicles, and it has been hypothesized that this leads to increased stimulation of autophagy, allowing the removal of greater quantities of misfolded/toxic protein aggregates induced by ART [39].

Fig. 1 Hypothesized mechanism of artemisinin resistance in Plasmodium falciparum involving decreased proteolysis of phosphatidylinositol-3-phosphate (PI3P). Ferrous ions within malaria parasites activate ARTs, causing DNA damage, the generation
of reactive oxygen species (ROS) and the alkylation of multiple proteins, ultimately leading to parasite death. Mutations in Kelch
13 (K13) result in decreased proteolysis of phosphatidylinositol-3-kinase (PI3K) and increased levels of its lipid product PI3P.
Increased PI3P may stimulate autophagy, engaging the unfolded protein response (UPR) to mount a stress response, thus promoting parasite survival.

Polymorphisms in the K13-propeller protein have also
been found to be linked to increased expression of “the unfolded protein response” (UPR) pathway involving two major
chaperone complexes, the Plasmodium reactive oxidative
stress complex (PROSC) and the T-complex protein-1 ring
complex (TRiC) [40]. The two molecular pathways of artemisinin-resistance may be consolidated into a single model, in
which increased PI3P results in vesicle expansion that increases engagement with UPR [41].
ART-resistant P. falciparum lines have been generated in
the laboratory that do not possess mutations in K13, and multiple other genes contributing to resistance have been pro-

posed [42-43], indicating the genetic background of strains may
influence the development of resistance mechanisms.

Discussion
Despite the worrying emergence of parasites with apparent reduced sensitivity to ARTs, ACTs remain the most effective treatment for uncomplicated falciparum malaria. The
definition of artemisinin resistance is ‘partial/relative resistance’; there is an increase in parasite clearance time, but
treatment is still effective [14, 44]. To date, there is little evidence that higher degrees of artemisinin resistance have
emerged, and partial artemisinin resistance has not resulted in
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increased morbidity or mortality in the GMS [37]. It is important that public health policy makers and medical practitioners
understand this situation accurately, and so avoid changes to
treatment policies that may be counter-productive.
Based on current WHO recommendations, treatment
policies do not require radical changes as long as the partner
drug in ACTs continues to be effective [37]. The principle of
partner drug selection is very important; longer half-life partner drugs should be selected in order to reduce the risks of
re-exposure in highly endemic areas, and two or more drugs
of different class combinations should be considered, as these
may have a synergistic action and act against multiply resistant strains.
The development of compounds which can overcome artemisinin resistance and achieve high efficacy against malaria
parasites has become more urgent. For example, a novel synthetic trioxolane; Artefenomel (OZ439), has recently been
developed and appears to be a potential effective antimalarial
drug that warrants further investigation [45].
The threat posed to public health by the continued selection of ART resistant parasites should not be ignored. To ensure that ACTs remain effective, routine monitoring should be
carried out in endemic areas. As PI3P appears to be an important mediator of ART resistance, development of a simple
PI3P analysis method may be useful for ART resistance surveillance and could complement detection of genetic markers
such as mutations in PfK13.
In low malaria transmission areas, control programmes
may move from control to elimination, and surveillance is a
key component of this. China’s “1-3-7” surveillance and
response strategy is a valuable and simple methodology
which could be adopted in other low transmission areas [46].
China has achieved great success in malaria control, and is
close to its aim of eliminating malaria by 2020. The “1-3-7”
surveillance and response strategy limits the time of case
reporting, investigation and focused investigation, and public
health action to within one, three, and seven days, respectively. This strategy could be further improved through obtaining additional information regarding the outcome of drug
treatment, which would allow the monitoring of drug sensitivity. Imported cases, such as migrant workers from malaria-endemic countries could then be useful sources of information regarding the efficacy of ART in parasites obtained
globally, which would benefit assessment of the spread of
ART resistance around the world.

ARTs are currently only ever used in combination with other
drugs, P. falciparum parasites with reduced sensitivity to the
drug have emerged. The mechanism of this resistance appears
to involve two molecular pathways, and mutations in PfK13
are the primary molecular markers. Artemisinin ‘resistance’ as
currently defined remains partial, and the drug remains clinically efficacious.

Abbreviations
ARTs: Artemisinin and its derivatives;
ART: Artemisinin;
DHA: Dihydroartemisinin;
GMS: Greater Mekong Sub-region;
SP: Sulphadoxine pyrimethamine;
RSA: Ring Survival Assay;
ER: Endoplasmic reticulum;
ROS: Reactive Oxidative Stress;
UPR: Unfolded protein response;
PROSC: Plasmodium reactive oxidative stress complex;
TRiC: T-complex protein-1 ring complex;
PfK13: P. falciparum Kelch 13;
PI3K: Phosphatidylinositol-3-kinase;
PI3P: Phosphatidylinositol-3-phosphate

References
[1]

WHO. World Malaria Report 2017 [R]. 2017.

[2]

Zhang JF, Zhou YQ, Shi LR, et al. A detailed chronological
record of project 523 and the discovery and development of
qinghaosu (artemisinin) [M]. Guangzhou, China: Yangcheng
Evening News Publishing Company, 2006.

[3]

O'Neill PM, Posner GH. A medicinal chemistry perspective on
artemisinin and related endoperoxides [J]. J Med Chem, 2004,
47(12): 2945-2964.

[4]

White NJ. Qinghaosu (artemisinin): the price of success [J].
Science, 2008, 320(5874): 330-334.

[5]

White NJ, Pukrittayakamee S, Hien TT, et al. Malaria [J].
Lancet, 2014, 383(9918): 723-735.

[6]

Dondorp AM, Nosten F, Yi P, et al. Artemisinin resistance in
Plasmodium falciparum malaria [J]. N Engl J Med, 2009,
361(5): 455-467.

[7]

Jiang JB, Li GQ, Guo XB, et al. Antimalarial activity of mefloquine and qinghaosu [J]. Lancet, 1982, 2(8293): 285-288.

[8]

Li GQ, Arnold K, Guo XB, et al. Randomised comparative
study of mefloquine, qinghaosu, and pyrimethamine- sulfadoxine in patients with falciparum malaria [J]. Lancet, 1984,
2(8416): 1360-1361.

Conclusion

[9]

In summary, artemisinin is currently the bedrock of malaria chemotherapy worldwide, although its mode of action,
and the mechanisms behind the development of parasite resistance require further investigation. Despite the fact that

White N. Antimalarial drug resistance and combination chemotherapy [J]. Philos Trans R Soc Lond B Biol Sci, 1999,
354(1384): 739-749.

[10] Nosten F, Luxemburger C, ter Kuile FO, et al. Treatment of

– 334 –

multidrug-resistant Plasmodium falciparum malaria with 3-day

LU Feng, et al. / Chin J Nat Med, 2019, 17(5): 331336

artesunate-mefloquine combination [J]. J Infect Dis, 1994,
170(4): 971-977.

ACS Chem Biol, 2013, 8(1): 133-137.
[27] Clark M, Fisher NC, Kasthuri R, et al. Parasite maturation and

[11] Hastings IM, Watkins WM, White NJ. The evolution of

host serum iron influence the labile iron pool of erythrocyte

drug-resistant malaria: the role of drug elimination half-life [J].

stage Plasmodium falciparum [J]. Br J Haematol, 2013, 161(2):

Philos Trans R Soc Lond B Biol Sci, 2002, 357(1420): 505-519.

262-269.

[12] Yeung S, Pongtavornpinyo W, Hastings IM, et al. Antimalarial

[28] Wang J, Zhang CJ, Chia WN, et al. Haem-activated promiscuous

drug resistance, artemisinin-based combination therapy, and

targeting of artemisinin in Plasmodium falciparum [J]. Nat

the contribution of modeling to elucidating policy choices [J].
Am J Trop Med Hyg, 2004, 71(2 Suppl): 179-186.

Commun, 2015, 6: 10111.
[29] Ke H, Sigala PA, Miura K, et al. The heme biosynthesis path-

[13] Noedl H, Se Y, Schaecher K, et al. Evidence of artemisi-

way is essential for Plasmodium falciparum development in

nin-resistant malaria in western Cambodia [J]. N Engl J Med,

mosquito stage but not in blood stages [J]. J Biol Chem, 2014,

2008, 359(24): 2619-2620.

289(50): 34827-34837.

[14] Ferreira PE, Culleton R, Gil JP, et al. Artemisinin resistance in

[30] Klonis N, Xie SC, McCaw JM, et al. Altered temporal re-

Plasmodium falciparum: what is it really? [J]. Trends Parasitol,

sponse of malaria parasites determines differential sensitivity

2013, 29(7): 318-320.

to artemisinin [J]. Proc Natl Acad Sci USA, 2013, 110(13):
5157-5162.

[15] Tun KM, Imwong M, Lwin KM, et al. Spread of artemisinin-resistant Plasmodium falciparum in Myanmar: a cross-

[31] Adjalley SH, Johnston GL, Li T, et al. Quantitative assessment

sectional survey of the K13 molecular marker [J]. Lancet Infect

of Plasmodium falciparum sexual development reveals potent

Dis, 2015, 15(4): 415-421.

transmission-blocking activity by methylene blue [J]. Proc
Natl Acad Sci USA, 2011, 108(47): E1214-1223.

[16] Das S, Saha B, Hati AK, et al. Evidence of artemisinin-resistant
Plasmodium falciparum malaria in eastern India [J]. N Engl J

[32] Meister S, Plouffe DM, Kuhen KL, et al. Imaging of Plasmodium liver stages to drive next-generation antimalarial drug

Med, 2018, 379(20): 1962-1964.

discovery [J]. Science, 2011, 334(6061): 1372-1377.

[17] Grist EP, Flegg JA, Humphreys G, et al. Optimal health and
disease management using spatial uncertainty: a geographic

[33] Ismail HM, Barton VE, Panchana M, et al. A click chemistry-

characterization of emergent artemisinin-resistant Plasmodium

based proteomic approach reveals that 1, 2, 4-trioxolane and

falciparum distributions in Southeast Asia [J]. Int J Health

artemisinin antimalarials share a common protein alkylation

Geogr, 2016, 15(1): 37.

profile [J]. Angew Chem Weinheim Bergstr Ger, 2016, 128(22):
6511-6515.

[18] Huang F, Takala-Harrison S, Jacob CG, et al. A single mutation in K13 predominates in Southern China and is associated

[34] Bridgford JL, Xie SC, Cobbold SA, et al. Artemisinin kills

with delayed clearance of Plasmodium falciparum following

malaria parasites by damaging proteins and inhibiting the pro-

artemisinin treatment [J]. J Infect Dis, 2015, 212(10):

teasome [J]. Nat Commun, 2018, 9(1): 3801.
[35] Mbengue A, Bhattacharjee S, Pandharkar T, et al. A molecular

1629-1635.

mechanism of artemisinin resistance in Plasmodium falciparum

[19] Lu F, Culleton R, Zhang M, et al. Emergence of Indigenous
Artemisinin-Resistant Plasmodium falciparum in Africa [J]. N
Engl J Med, 2017, 376(10): 991-993.

malaria [J]. Nature, 2015, 520(7549): 683-687.
[36] Straimer J, Gnadig NF, Witkowski B, et al. Drug resistance.

[20] Ikeda M, Kaneko M, Tachibana SI, et al. Artemisinin-resistant

K13-propeller mutations confer artemisinin resistance in

Plasmodium falciparum with high survival rates, Uganda,

Plasmodium falciparum clinical isolates [J]. Science, 2015,

2014-2016 [J]. Emerg Infect Dis, 2018, 24(4): 718-726.

347(6220): 428-431.

[21] WHO.World Malaria Report 2014 [R]. 2014.

[37] WHO: Artemisinin Resistance and Artemisinin-based Com-

[22] Marsh K. Malaria disaster in Africa [J]. Lancet, 1998,

bination Therapy Efficacy [R]. http://apps.who.int/iris/ bit-

352(9132): 924.

stream/handle/10665/274362/WHO-CDS-GMP-2018.18-eng.

[23] Eastman RT, Fidock DA. Artemisinin-based combination
therapies: a vital tool in efforts to eliminate malaria [J]. Nat

pdf?ua=1, Status report August 2018.
[38] Bhattacharjee S, Coppens I, Mbengue A, et al. Remodeling of

Rev Microbiol, 2009, 7(12): 864-874.

the malaria parasite and host human red cell by vesicle ampli-

[24] Meunier B, Robert A. Heme as trigger and target for triox-

fication that induces artemisinin resistance [J]. Blood, 2018,

ane-containing antimalarial drugs [J]. Acc Chem Res, 2010,
43(11): 1444-1451.

131(11): 1234-1247.
[39] Nascimbeni AC, Codogno P, Morel E. Phosphatidylinosi-

[25] Egan TJ. Haemozoin formation [J]. Mol Biochem Parasitol,

tol-3-phosphate in the regulation of autophagy membrane dynamics [J]. FEBS J, 2017, 284(9): 1267-1278.

2008, 157(2): 127-136.
[26] Combrinck JM, Mabotha TE, Ncokazi KK, et al. Insights into

[40] Mok S, Ashley EA, Ferreira PE, et al. Drug resistance. Popula-

the role of heme in the mechanism of action of antimalarials [J].

tion transcriptomics of human malaria parasites reveals the

– 335 –

LU Feng, et al. / Chin J Nat Med, 2019, 17(5): 331336

mechanism of artemisinin resistance [J]. Science, 2015,
347(6220): 431-435.

chemogenomics [J]. Science, 2018, 359(6372): 191-199.
[44] Hanscheid T, Hardisty DW. How "resistant" is artemisinin

[41] Suresh N, Haldar K. Mechanisms of artemisinin resistance in

resistant malaria? - The risks of ambiguity using the term "re-

Plasmodium falciparum malaria [J]. Curr Opin Pharmacol,
2018, 42: 46-54.

sistant" malaria [J]. Travel Med Infect Dis, 2018, 24: 23-24.
[45] Rosenthal PJ. Artefenomel: a promising new antimalarial

[42] Rocamora F, Zhu L, Liong KY, et al. Oxidative stress and
protein damage responses mediate artemisinin resistance in

drug [J]. Lancet Infect Dis, 2016, 16(1): 6-8.
[46] Cao J, Sturrock HJ, Cotter C, et al. Communicating and moni-

malaria parasites [J]. PLoS Pathog, 2018, 14(3): e1006930.

toring surveillance and response activities for malaria elimina-

[43] Cowell AN, Istvan ES, Lukens AK, et al. Mapping the malaria
parasite druggable genome by using in vitro evolution and

tion: China's "1-3-7" strategy [J]. PLoS Med, 2014, 11(5):
e1001642.

Cite this article as: LU Feng, HE Xin-Long, Richard Culleton, CAO Jun. A brief history of artemisinin: Modes of action and
mechanisms of resistance [J]. Chin J Nat Med, 2019, 17(5): 331-336.

– 336 –

