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Abstract 

Malaria persists as a global health emergency, with Plasmodium falciparum resistance to artemisinin (ART) critically 
undermining elimination campaigns. This review consolidates dual challenges of ART production and resistance, 
presenting a unified analysis of countermeasures. The examination encompasses biotechnological advances 
in ART biosynthesis, including metabolic engineering strategies applied in both native and heterologous hosts, 
alongside an assessment of approaches to mitigate agricultural constraints in Artemisia annua cultivation. 
Concurrently, the analysis focuses on the molecular mechanisms underpinning ART resistance, with particular 
emphasis on pfk13 mutations and their implications for therapeutic efficacy. Current treatments, notably artemisinin-
based combination therapy (ACT), and novel strategies like triple and quadruple ACTs (TACTs/QACTs) are critically 
evaluated, emphasizing advantages, drawbacks, and geographical suitability. By bridging production and resistance 
paradigms, this review outlines a sustainable malaria control roadmap, advocating interdisciplinary collaboration 
to ensure ART’s enduring efficacy.
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Background
Malaria remains a critical global health threat, 
disproportionately affecting populations in tropical 
regions, particularly across Africa [1]. The urgency to 
combat this disease has spurred extensive research 

into eradication strategies and therapeutic innovations 
[2]. In 2023 alone, malaria caused approximately 263 
million cases and 597,000 deaths worldwide, showing 
its persistent burden. The pathogen responsible 
for the deadliest form of malaria, Plasmodium 
falciparum, is transmitted through the bite of infected 
female Anopheles mosquitoes [3].

Artemisinin (ART), a lipophilic sesquiterpene lactone 
containing 15 carbon atoms derived from the glandular 
trichomes of Artemisia annua (Asteraceae), has emerged 
as a cornerstone of antimalarial therapy [4, 5]. Its efficacy, 
alongside derivatives like dihydroartemisinin (also 
known as dihydroqinghaosu, or artenimol), extends 
beyond malaria treatment, demonstrating possible 
antitumour [6], anti-cancer, anti-viral properties, anti-
SARS-CoV-2 activity [7, 8]. Artemisia annua, commonly 
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termed Qinghao in traditional Chinese medicine [1] and 
annual wormwood, sweet wormwood, and sweet annie 
in English [9], is a diploid, cross-pollinated species [1], 
distributed in southeastern Asia, southeastern South 
America, western and central Europe, and southeastern 
North America, and cultivated in different countries [10, 
11]. Historically utilized in China to treat fevers [1] and in 
Europe as a flavoring agent, this plant gained prominence 
following the isolation of ART [12].

The discovery of ART’s antimalarial activity arose from 
Project 523, a Chinese government initiative launched 
in the  1960 s to screen traditional remedies. In the  
1970 s, a research team led by Professor Tu Youyou, 
later awarded the 2015 Nobel Prize in Physiology or 
Medicine, identified A. annua extracts as highly effective 
against Plasmodium parasites, achieving 100% inhibition 
in murine models [13–15]. By the late  1970 s, ART was 
established as a first-line antimalarial, addressing rising 
resistance to chloroquine and other therapeutics [1, 15, 
16].

Despite its efficacy, ART production remains 
constrained by low natural yields in  A. annua, 
exacerbated by environmental variability and cultivation 
challenges [17, 18]. Chemical synthesis has proven 
economically unfeasible due to structural complexity 
and environmental concerns [19]. Consequently, 
biotechnological approaches, including heterologous 
production of ART precursors in microbial systems 
and metabolic engineering in plants, are being actively 
pursued. Advances in synthetic biology now enable ART 
pathway reconstruction in diverse hosts, though scaling 
production remains a hurdle [4, 20, 21].

As ART-based therapies face emerging parasite 
resistance, this review examines current strategies 
to ART biosynthesis and production challenges, the 
emergence of ART resistance, and therapeutic strategies 
to sustain malaria control efforts.

Literature search and review methodology
This narrative review was conducted to synthesize a 
comprehensive and critical overview of the current 
knowledge on ART, from its biosynthesis to therapeutic 
applications. An extensive literature search was 
conducted across major scholarly databases, including 
PubMed, Scopus, and Web of Science, to ensure a 
thorough and transparent foundation for this review. 
The search strategy employed a combination of key 
terms and phrases such as “artemisinin biosynthesis,” 
“Artemisia annua metabolic engineering,” “artemisinin 
resistance mechanisms,” “artemisinin-based combination 
therapy (ACT),” “triple ACT (TACT),” and “artemisinin 
production challenges.” The selection of literature 
for inclusion was not governed by strict, pre-defined 

eligibility criteria as in a systematic review but was guided 
by the objective of identifying seminal, high-impact, 
and recent studies that collectively provide a deep and 
interpretive understanding of the field’s landscape, key 
debates, and future directions.

Artemisinin biosynthesis and production challenges: 
from plant trichomes to cell factories
Artemisinin biosynthetic pathway
A comprehensive understanding of the key biosynthetic 
pathway and associated genes governing ART production 
is critical for enhancing yields in A. annua and 
reconstructing the pathway in heterologous systems. 
ART is synthesized alongside arteannuin B (ARB) within 
glandular trichomes (GTs) localized to the leaves and 
floral structures of A. annua [4, 22]. Notably, GT density 
is highest in young leaves, buds, and flowers [22]. ART 
biosynthesis proceeds through the terpenoid biosynthetic 
pathway, which derives isoprene units from two distinct 
pathways: the cytosolic mevalonate (MVA) pathway and 
the plastidial 2-C-methylerythritol 4-phosphate (MEP) 
pathway [23].

The pathway initiates with the condensation of 
isopentenyl pyrophosphate (IPP) and dimethylallyl 
pyrophosphate (DMAPP) to form farnesyl pyrophosphate 
(FPP), a pivotal precursor in sesquiterpene metabolism 
[24]. The cyclization of FPP to amorpha-4,11-diene, 
catalyzed by amorpha-4,11-diene synthase (ADS), 
represents the first committed step in ART biosynthesis 
[25, 26]. Subsequent oxidation by cytochrome P450 
hydroxylase (CYP71AV1) converts amorpha 4, 11-diene 
to artemisinic alcohol. Artemisinic alcohol is then 
oxidized to artemisinic aldehyde primarily by the action 
of A. annua alcohol dehydrogenase 1 (AaADH1) [27], 
and the aldehyde is further oxidized to artemisinic acid 
[28, 29]. Artemisinic aldehyde serves as a branching 
point: it is either reduced to dihydroartemisinic aldehyde 
by artemisinic aldehyde reductase (DBR2) and aldehyde 
dehydrogenase 1 (ALDH1) [26, 30] or channeled through 
CYP71AV1 and ALDH1 to yield artemisinic acid. 
Furthermore, a recently identified dihydroartemisinic 
acid dehydrogenase (AaDHAADH) from A. annua 
provides a direct enzymatic route for the bidirectional 
conversion between artemisinic acid and DHAA [31]. 
Non-enzymatic oxidation of dihydroartemisinic acid 
(DHAA) and artemisinic acid under UV light and aerobic 
conditions generates ART and ARB, respectively [2, 26, 
32] (Fig. 1). Regulatory networks, including transcription 
factors (TFs), metabolic feedback mechanisms, and 
gene interactions, exert significant control over ART 
production.
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Fig. 1  Diagrammatic overview of the artemisinin biosynthetic pathway in Artemisia annua. Precursors for artemisinin biosynthesis, dimethylallyl 
pyrophosphate (DMAPP) and isopentenyl pyrophosphate (IPP), are synthesized via the cytosolic mevalonate (MVA) pathway and the plastidial 
2-C-methyl-D-erythritol 4-phosphate (MEP) pathway. Condensation of IPP and DMAPP generates farnesyl pyrophosphate (FPP), the universal 
precursor of sesquiterpenes. FPP undergoes cyclization by amorpha-4,11-diene synthase (ADS) to form amorpha-4,11-diene (amorphadiene), 
the pivotal initial step in artemisinin biosynthesis. Cytochrome P450 hydroxylase CYP71AV1 catalyzes the three-step oxidation of amorphadiene 
to artemisinic alcohol, artemisinic aldehyde, and artemisinic acid. Artemisinic aldehyde serves as a branch point substrate: artemisinic aldehyde 
Δ11(13) double bond reductase (DBR2) reduces it to dihydroartemisinic aldehyde, which is subsequently oxidized by aldehyde dehydrogenase 
1 (ALDH1) to dihydroartemisinic acid. Abbreviations: GPPS, geranyl pyrophosphate synthase; FPPS, farnesyl pyrophosphate synthase; ADS, 
amorpha-4,11-diene synthase; CYP71AV1, cytochrome P450 hydroxylase; CPR, cytochrome P450 reductase; AaADH1, A. annua alcohol 
dehydrogenase 1; DBR2, artemisinic aldehyde Δ11(13)-double bond reductase; AaDHAADH, A. annua dihydroartemisinic acid dehydrogenase; 
and ALDH1, aldehyde dehydrogenase 1
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Agricultural optimization
ART yield is influenced by genotype (e.g., hybrids 
with ≥ 2% dry weight) [33], photoperiod and light quality 
(16  h supplemental green and UV-B light increases 
trichome density by 11% and 9%, respectively) [34], 
and elicitors (chitosan elevates ART by 53% [18]). 
Tetraploid induction (56% yield increase [35]), utilizing 
a consortium of endophytes [36] and precision farming 
(foliar selenium + nanosilicon: 1.4 × ART [37] exemplify 
field-ready strategies.

Biotechnological and chemical innovations
Metabolic engineering in Artemisia annua
Genetic and metabolic engineering have significantly 
advanced the biosynthesis of ART in A. annua. Efforts 
have focused on enhancing ART content through various 
biotechnological methods in the native host plant. One 
approach involves the use of the truncated AaActin1 
promoter, which has shown higher activity than the 
commonly used CaMV35S promoter in directing gene 
expression in peltate glandular secretory trichomes, 
thus providing a novel tool for metabolic engineering 
[38]. Agrobacterium-mediated transformation systems 
have been established to transfer genes related to ART 
biosynthesis into A. annua, aiming to increase ART 
content in transgenic plants [39]. Advanced strategies 
include enhancing metabolic flux, blocking competing 
pathways, and using TFs to increase ART yields [40]. 
Co-transformation of biosynthetic pathway genes 
and trichome-specific TFs has resulted in significant 
increases in ART content, demonstrating the potential 
of genetic engineering to stabilize and enhance 
production [41]. Additionally, research has shown 
that non-glandular trichome cells can also express the 
ART biosynthetic pathway, suggesting new avenues for 
metabolic engineering [42]. Co-overexpression of key 
biosynthetic enzymes has led to substantial increases in 
ART production, highlighting the potential of transgenic 
technology to optimize the biosynthetic pathway [43].

Transcription factors (TFs) regulation
TFs play a crucial role in regulating trichome density 
and ART production in A. annua. The R2R3 MYB TFs 
TrichomeLess Regulator 1 (TLR1) and TrichomeLess 
Regulator 2 (TLR2) have been identified as negative 
regulators of trichome density and ART levels. 
Overexpression of TLR1 and TLR2 results in reduced 
trichome development and lower ART content, while 
their suppression leads to increased trichome density 
and ART levels [44]. Conversely, the bHLH TF AaMYC2-
type positively influences both trichome density and 
ART biosynthesis. Overexpression of AaMYC2-type 
enhances the expression of genes involved in trichome 

development and ART biosynthesis, leading to increased 
ART accumulation [45]. Similarly, the AP2 TF trichome 
and artemisinin regulator 1 (TAR1) is essential for 
trichome development and ART biosynthesis, with its 
overexpression significantly boosting ART content [46]. 
Another MYB TF, trichome and artemisinin regulator 2 
(TAR2), also positively regulates trichome development 
and ART production, with its overexpression increasing 
both trichome numbers and ART content [47]. The 
synergistic interaction of two bHLH TFs, Aa6119 and 
Aa7162, further enhances ART biosynthesis and trichome 
development, indicating a complex regulatory network 
[48]. The WRKY TF glandular trichome-specific wrky 1 
(AaGSW1) specifically promotes ART biosynthesis in 
glandular trichomes by regulating key biosynthetic genes 
[49]. AaMYC3, another bHLH TF, bridges the regulation 
of trichome density and ART biosynthesis, acting as 
a co-activator with other bHLH proteins to enhance 
ART yield [50]. The AP2/ERF TF AaORA is a positive 
regulator of ART biosynthesis and also contributes to 
disease resistance, highlighting its multifaceted role [51]. 
The R2R3-MYB TF AaMYB17 is crucial for the initiation 
of glandular secretory trichomes, thereby increasing ART 
content without affecting trichome morphology [52]. 
Lastly, the MYB TF AaMYB108-like, induced by light 
and jasmonic acid, positively regulates the initiation of 
glandular secretory trichomes, further enhancing ART 
production [53]. These findings collectively indicate the 
complex interplay of TFs in regulating trichome density 
and ART biosynthesis, offering potential targets for 
genetic manipulation to increase ART yield.

In planta artemisinin production
The production of ART precursors and ART itself in in 
planta platforms, such as Nicotiana benthamiana and 
Physcomitrella patens, has seen significant advancements. 
In N. benthamiana, the production of ART precursors 
has been achieved through agro-infiltration techniques. 
This involves the expression of biosynthetic genes 
leading to artemisinic acid, a precursor of ART. The 
process includes the introduction of amorpha-4,11-diene 
synthase, which results in the production of amorpha-
4,11-diene, a key precursor. However, the expected 
oxidation products like artemisinic acid were not 
detected, suggesting further metabolism by endogenous 
glycosyl transferases, leading to the accumulation of 
artemisinic acid-12-β-diglucoside [54]. Additionally, 
the introduction of specific lipid transfer proteins from 
A. annua has been shown to enhance the accumulation 
of ART precursors in N. benthamiana by preventing 
the reflux of these compounds back into the cells, thus 
boosting production [4].
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In Physcomitrella patens, a stable and scalable 
production platform for ART has been developed by 
engineering the moss with the complete set of ART 
biosynthesis genes. This approach has resulted in the 
successful in planta biosynthesis of ART without further 
modifications, achieving a high initial production rate 
[21, 55]. The integration of the full biosynthetic pathway 
into P. patens has demonstrated the moss’s potential 
to complement the ART pathway with its endogenous 
enzymes, leading to the production of ART and related 
compounds like arteannuin B [56].

Semi‑synthetic and microbial production of artemisinin 
and its precursors
The heterologous production of ART and its precursors 
have progressed from academic research to industrial-
scale manufacturing, most notably through a semi-
synthetic process. This approach is exemplified by the 
commercial production of semi-synthetic ART [27, 
57]. This landmark achievement demonstrated the 
importance of supplying a key pharmaceutical ingredient 
at scale [58, 59], with ongoing research focused on 
further optimizing the commercial production of semi-
synthetic ART [60]. Alongside this commercial pathway, 
significant advancements continue across various 
microbial hosts. In Escherichia coli, the engineering of 
a synthetic amorpha-4,11-diene synthase gene and the 
mevalonate isoprenoid pathway from Saccharomyces 
cerevisiae has enabled the production of amorphadiene, 
a precursor to ART, reaching concentrations of 24  μg 
caryophyllene equivalent/ml [61]. Further improvements 
in the heterologous mevalonate (MEV) pathway and 
fermentation processes have achieved commercially 
relevant titers of 27.4 g/L of amorpha-4,11-diene [62]. In 
Saccharomyces cerevisiae, the pioneering production of 
artemisinic acid was achieved through the engineering 
of the MEV pathway and the introduction of a novel 
cytochrome P450 monooxygenase (CYP71AV1), yielding 
titers of up to 100  mg/L [29]. Subsequent optimization 
efforts have significantly advanced this production, with 
reported titers reaching up to 25  g/L [27]. Additionally, 
Yarrowia lipolytica has been explored for its potential 
in amorphadiene production by harnessing its lipogenic 
acetyl-CoA pathways and endogenous MEV pathway, 
achieving a production level of 171.5  mg/L [63]. In 
Bacillus subtilis, metabolic engineering efforts have 
focused on improving amorphadiene production by 
upregulating plant-derived amorphadiene synthase and 
optimizing the expression of key enzymes, resulting 
in a yield of 416 ± 15  mg/L [64]. Aspergillus terreus 
has been used for the microbial transformation of 
ART, resulting in the production of derivatives such as 
1-deoxyartemisinin and 4α-hydroxy-1-deoxyartemisinin 

[65]. These advancements across different microbial 
platforms highlight the potential for scalable and 
sustainable production of ART and its precursors in 
microbial heterologous hosts to meet increased ART 
global demand.

The remarkable success in enhancing ART supply 
through agricultural and biotechnological innovations 
has been pivotal for addressing the global demand 
driven by the implementation of artemisinin-based 
combination therapy (ACT) as first-line treatment 
against Plasmodium falciparum malaria. However, this 
very success, by facilitating widespread and sometimes 
suboptimal use of ART, has inadvertently contributed 
to selective pressures that are now a primary concern. 
The increased availability and deployment of ACT have 
directly influenced the evolutionary landscape of the 
parasite, indicating a critical link between production 
scalability and therapeutic sustainability. Consequently, 
the challenge has progressively shifted from one of 
mere supply to one of preserving clinical efficacy, 
thereby making the understanding of ART resistance 
mechanisms an urgent and inseparable consequence of 
these production achievements.

Emergence of artemisinin resistance
Genetic drivers
Plasmodium falciparum, a protozoan parasite 
responsible for vector-borne malaria, remains a leading 
cause of global mortality. Its prevalence across tropical 
regions poses significant challenges, particularly in 
developing nations [66]. Antimalarial agents, from 
quinine and chloroquine to sulfadoxine/pyrimethamine, 
mefloquine, and artemisinin-based therapies (ARTs), 
have been pivotal in parasite clearance [67]. ARTs, 
widely deployed as first-line treatments, are central to 
malaria management [68]. However, emerging resistance 
to these drugs, particularly ART, threatens global 
control and eradication efforts [69–71]. This resistance 
has contributed to increased treatment failures [72] 
and complicated therapeutic decision-making [66]. 
Resistance arises through the selection of parasites 
harbouring specific single-point mutations that shorten 
the effective lifespan of antimalarials [73–75].

Notably, mutations in specific parasite genes drive drug 
resistance. For example, cytochrome B (cytb) mutations 
confer atovaquone resistance [76], while polymorphisms 
in chloroquine resistance transporter (pfcrt) and 
multidrug resistance 1 (pfmdr1) genes are linked to 
resistance against amodiaquine, chloroquine, quinine, 
lumefantrine, mefloquine, piperaquine, primaquine, etc. 
[77, 78]. Similarly, mutations in dihydropteroate synthase 
(pfdhps) and dihydrofolate reductase-thymidylate 
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synthase (pfdhfR) genes underlie sulfadoxine/
pyrimethamine resistance [66].

Following the initial detection of artemisinin resistance 
(ART-R) in 2007 [79], proposed mechanisms include 
activation of the unfolded protein response [80], impaired 
hemoglobin processing [81], oxidative stress modulation 
[82], dysregulation of phosphatidylinositol 3 kinase 
(PI3K)-mediated proteostasis [83], and altered protein 
ubiquitination [84]. Additional hypotheses suggest 
ART-R involves enhanced ring-stage survival, reduced 
heme-dependent drug activation, and diminished 
phototoxicity [85]. Despite mechanistic variations, 
consensus highlights roles for ribosome biogenesis 
factors, RNA metabolism, and exported proteins in 
ART-R [86]. Non-synonymous polymorphisms in 
multidrug resistance protein 2 (mrp2), ferredoxin (fd), 
apicoplast ribosomal protein S10 (arps10), chloroquine 
resistance transporter (pfcrt) genes [87], and autophagy-
related gene 18 (atg18) [88] also correlated strongly with 
resistance.

Critically, mutations in the Plasmodium falciparum 
Kelch 13 propeller (pfk13) gene on chromosome 13, 
altering the β-propeller domain of the Kelch-13 protein, 
have been identified as a primary ART-R determinant 
[69, 85, 89–94]. The pfk13 gene encodes six Kelch motifs, 
which mediate diverse cellular functions [95]. The K13 
protein (726 amino acids) shares homology with Kelch/
BTB/POZ (Broad complex Tramtrack Bric a brac/
Pox virus Zinc finger) ubiquitination adaptors. These 
adaptors, alongside Cullin-3 E3 ubiquitin ligase, regulate 
ubiquitin conjugation to target proteins, influencing 
endocytosis, membrane trafficking, transcription, and 
cell cycle progression [89, 96, 97].

K13 localizes to the cytostome, facilitating hemoglobin 
uptake, a critical process for amino acid acquisition. 
During haemoglobin digestion, toxic heme is detoxified 
into haemozoin [85, 89, 93]. ART disrupts this pathway, 
but resistance mutations, particularly the prevalent 
C580Y variant [89, 98–100], attenuate haemoglobin 
endocytosis [89], alter protein-binding affinities, and 
elevate specific parasite protein levels [101]. These 
adaptations neutralize ART’s efficacy, indicating 
the urgency of global ART-R surveillance to guide 
drug development, combination therapies, and next-
generation treatments [102, 103].

Global surveillance
Global surveillance of ART resistance is crucial due to 
the increasing spread of ART-resistant P. falciparum, 
particularly in Southeast Asia and parts of Africa. 
In Southeast Asia, particularly the Greater Mekong 
Subregion, resistance has been well-documented, with 
specific K13 mutations, such as C580Y being prevalent 

[104–106]. These mutations have led to delayed parasite 
clearance, posing a significant threat to malaria control 
efforts [105, 107]. In Africa, although the resistance 
is not as widespread, there have been reports of K13 
mutations, such as A675V and C469Y, which are 
associated with prolonged parasite clearance times [108, 
109]. Surveillance efforts are being enhanced through 
genomic studies and the development of rapid diagnostic 
tools, such as qPCR-based assays, which facilitate the 
detection of resistance even in resource-limited settings 
[108, 110]. The global effort to contain ART resistance 
involves mapping the distribution of K13 mutations and 
implementing strategies to prevent the spread of resistant 
strains, including the use of combination therapies and 
enhanced monitoring systems [104, 107, 111]. These 
efforts are critical to maintaining the efficacy of current 
malaria treatments and preventing a resurgence of the 
disease in regions where it has been controlled [112, 113].

Therapeutic strategies: from ACT to QACT​
ACT: efficacy and limitations
Following sustained global efforts to reduce malaria 
over the past decade, the identification of P. falciparum 
Kelch 13 propeller (pfk13)-mediated ART-R has provided 
critical insights for refining eradication strategies, 
optimizing disease control protocols, and advancing 
the development of novel therapeutic regimens [114]. 
Preventing or delaying drug resistance remains an 
indispensable priority for achieving long-term malaria 
control and elimination. Network meta-analysis (NMA) 
shows that ART monotherapy carries a high risk of 
recurrence due to its rapid action and short half-life, 
which often fails to ensure complete parasite clearance 
[115]. To mitigate this risk, current international 
guidelines mandate the use of at least two antimalarial 
agents with distinct mechanisms of action and cellular 
targets, ensuring synergistic parasite suppression 
[116]. In alignment with these principles, the World 
Health Organization (WHO) recommends ART-based 
combination therapy (ACT) as first-line treatment in 
regions with confirmed ART-R, emphasizing their role in 
curbing resistance evolution [68].

ACT functions by combining two antimalarials that 
target the P. falciparum haem detoxification pathway, 
a critical vulnerability in the parasite’s life cycle [117]. 
These regimens typically pair a short-acting ART 
derivative, which rapidly reduces parasite biomass and 
alleviates acute clinical symptoms, with a long-acting 
partner drug designed to eliminate residual parasites 
and prevent recrudescence [88, 116, 118]. Comparative 
studies have documented the variable efficacy and 
safety profiles of ART with amodiaquine, azithromycin, 
chloroquine, clindamycin, fosmidomycin, lumefantrine, 
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mefloquine, naphthoquinone, piperaquine, primaquine, 
pyronaridine, and quinine (Table  1). Notably, ACT 
administration has not been associated with increased 

genetic diversity in the Pfk13-propeller domain, a key 
marker of ART-R evolution [119].

Table 1  Effective artemisinin (ART)-based combination therapies (ACTs), Triple ACTs (TACTs), and quadruple ACTs (QACTs) for malaria 
treatment

No ART or ART derivatives + PD Abbreviation Reference

1 Artemisinin + Amodiaquine ARTAQ [140]

2 Artemisinin + Naphthoquine ARTNQ [141–143]

3 Artemisinin + Piperaquine ARTPPQ [144]

4 Artemisinin + Quinine ARTQN [145]

5 Artemisinin + Quinoline ARTQNL [146]

6 Artemisinin + Triazole ARTTR​ [147]

7 Artesunate + Amodiaquine ASAQ [148, 149]

8 Artesunate + Azithromycin ASAZ [150, 151]

9 Artesunate + Chloroquine ASCQ [152–154]

10 Artesunate + Clindamycin ASCL [155]

11 Artesunate + Fosmidomycin ASF [156]

12 Artesunate + Mefloquine ASMQ [123]

13 Artesunate + Primaquine ASPQ [157, 158]

14 Artesunate + Pyronaridine ASPYR [159–161]

15 Artemether + Azithromycin AAZ [162]

16 Artemether + Lumefantrine AL [129, 148, 163]

17 Artemether + Mefloquine AMQ [164]

18 Artemether + Primaquine APQ [165]

19 Arteether + Lumefantrine ARL [166]

20 Artemotil (β-Arteether) + Piperaquine AMPPQ [167]

21 Artefenomel + Piperaquine ARFQ [168]

22 Dihydroartemisinin + Lumefantrine DHAL [169]

23 Dihydroartemisinin + Azithromycin DHAAZ [170]

24 Dihydroartemisinin + Clindamycin DHACL [171]

25 Dihydroartemisinin + Mefloquine DHAMQ [172]

26 Dihydroartemisinin + Piperaquine DHAPPQ [129, 173]

27 Dihydroartemisinin + Pyronaridine DHAPYR [174]

28 Artemisinin + Piperaquine + Primaquine ARTPPQPQ [144]

29 Artesunate + Amodiaquine + Primaquine ASAQPQ [175]

30 Artesunate + Atovaquone + Proguanil ASATPG [176–178]

31 Artesunate + Cotrimoxazole (Trimethoprim + Sulfamethoxazole) ASCM [154, 179]

32 Artesunate + Mefloquine + Primaquine ASMQPQ [180]

33 Artesunate + Mefloquine + Piperaquine ASMQPPQ [102]

34 Artesunate + Pyronaridine + Primaquine ASPYRPQ [181]

35 Artesunate + Sulphadoxine + Pyrimethamine ASSP [182, 183]

36 Artesunate + Sulphamethoxypyrazine + Pyrimethamine ASSMP [129]

37 Artemether + Lumefantrine + Amodiaquine ALAQ [132]

38 Artemether + Lumefantrine + Primaquine ALPQ [184]

39 Dihydroartemisinin + Napthoquine + Trimethoprim DHANQTM (DNP) [185]

40 Dihydroartemisinin + Piperaquine + Mefloquine DHAPPQMQ [186]

41 Dihydroartemisinin + Piperaquine + Primaquine DHAPPQPQ [187]

42 Dihydroartemisinin + Piperaquine + Trimethoprim DHAPPQTM [188]

43 Artesunate + Primaquine + Sulphadoxine + Pyrimethamine ASPQSP [189]

44 Dihydroartemisinin + Piperaquine + Trimethoprim + Primaquine DHAPPQTMPQ [190]
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Table 2  WHO-suggested artemisinin (ART), ART derivatives, ACT, TACT and other anti-malarial drugs for different countries (Anti-
malarial drug policy, 2022: data as of 24 October 2023)

WHO Region/Country/
Area

P. falciparum P. vivax

Uncomplicated 
unconfirmed

Uncomplicated 
confirmed

Severe Preventing 
during 
pregnancy

Treatment

Africa

Angola AL; AL + PQ; AL + AM AL; AL + PQ; AL + AM AS SP (IPT) AL + PQ

Benin – AL AS SP (IPT) NA

Botswana NA AL + PQ AM NA AL + PQ

Burkina Faso AL AL AS SP (IPT) NA

Burundi AL AL ART; AS SP (IPT) NA

Cabo Verde AL AL + PQ QN NA –

Cameroon AL; AS − PYR; DHA − PRQ; 
AS − AQ

AL; AS’PYR; AS − AQ; DHA 
− PPQ

AM; AS; QN SP (IPT) NA

Central African Republic AL AL AS SP (IPT) NA

Chad AL; AS − AQ AL; AS − AQ ART; AS; QN SP (IPT) NA −

Comoros AL AL; AL + PQ AS SP (IPT) NA

Congo AS + AQ AS − AQ; AL + PQ AS SP (IPT) NA

Côte d’Ivoire AL; AS − AQ AL; AS − AQ QN SP (IPT) NA

Democratic Republic 
of the Congo

AS + AQ AL; AS − PYR; AS − AQ AS; QN SP (IPT) NA

Equatorial Guinea AS + AQ AL; AS − AQ AS SP (IPT) NA

Eritrea AS − AQ AS − AQ AS NA AS − AQ

Eswatini – AL + PQ AS NA PQ

Ethiopia AL + PQ AL + PQ AS + AL + PQ CQ CQ + PQ

Gabon AL; AS − AQ AL + PQ; AS − AQ AS SP (IPT) NA

Gambia AL AL AS SP (IPT) NA

Ghana AL; AS − AQ; DHA − PPQ AL; AS − AQ AM; AS; QN SP (IPT) AL + PQ; AS − 
AQ + PQ; DHA 
− PPQ + PQ

Guinea AL AL AS − QN; AS + AL SP (IPT) NA

Guinea-Bissau AL AL QN SP (IPT) NA

Kenya AL AL AS SP (IPT) AL + PQ

Liberia AL; AS − AQ AL; AS + AQ AM; AS; QN SP (IPT) NA

Madagascar AS − AQ AS − AQ ART​ SP (IPT) AS − AQ

Malawi AL AL AS SP (IPT) NA

Mali AL AL AS SP (IPT) AL

Mauritania AS − AQ AS − AQ AS SP (IPT) AS − AQ + PQ

Mayotte – – – – –

Mozambique AL AS −AQ AS SP (IPT) NA

Namibia AL AL + PQ QN NA AL

Niger AL AL AS; AM SP (IPT) NA

Nigeria AL; AS − AQ AL; AS − PYR; AS − AQ; DHA 
− PPQ

AS SP (IPT) NA

Rwanda AL AL AS; QN NA ACT + PQ

Sao Tome and Principe – AS + MQ + PQ AS SP (IPT) NA

Senegal NA AL; AS − AQ AS SP (IPT) NA

Sierra Leone AL AL; AS − AQ AM; AS; QN SP (IPT) NA

South Africa AL AL AS; QN - AL

South Sudan AS − AQ AS − AQ AM; AS; QN SP (IPT) PYR

Togo AL; AS − AQ AL; AS − AQ AS; AM; QN SP (IPT) NA

Uganda – AL AS SP (IPT) AL + PQ
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Table 2  (continued)

WHO Region/Country/
Area

P. falciparum P. vivax

Uncomplicated 
unconfirmed

Uncomplicated 
confirmed

Severe Preventing 
during 
pregnancy

Treatment

United Republic of Tanzania – – – – –

Mainland AL AL AM; AS; QN SP (IPT) NA

Zanzibar NA AS − AQ AS NA PQ

Zambia AL AL AS SP (IPT) NA

Zimbabwe – AL AS SP (IPT) NA

Americas

Belize – AL + PQ AS NA CQ + PQ

Bolivia (Plurinational State 
of )

NA AL + PQ AS NA CQ + PQ

Brazil – AL + PQ; AS + MQ + PQ AS CQ CQ + PQ

Colombia AL + PQ AL; AL + PQ AS CQ CQ + PQ

Costa Rica CQ + PQ CQ + PQ AS NA CQ + PQ

Dominican Republic – CQ + PQ AS NA CQ + PQ

Ecuador NA AL + AM AS NA CQ + PQ

French Guiana – AL; DHA − PPQ AS; AL + PQ; AT- PG; QN QN CQ + PQ

Guatemala – AL AS NA CQ + PQ

Guyana – AL + PQ AM; AS − QN; AN + CL NA CQ + PQ

Haiti – CQ + PQ AS NA CQ + PQ

Honduras NA CQ + PQ AS NA CQ + PQ

Mexico NA AL; AL + PQ AL; AL + PQ; AS NA CQ + PQ

Nicaragua - CQ + PQ AS NA CQ + PQ

Panama AL + PQ AL + PQ AS CQ CQ + PQ

Peru AS + MQ + PQ AS + MQ + PQ AS + PQ NA CQ + PQ

Suriname – AL + PQ AS NA CQ + PQ

Venezuela (Bolivarian 
Republic of )

– AL + PQ AS NA CQ + PQ

Eastern Mediterranean

Afghanistan CQ AL + PQ AM; AS; QN NA CQ + PQ

Djibouti NA AL + PQ AS NA AL + PQ

Iran (Islamic Republic of ) NA AL AS NA CQ + PQ

Pakistan CQ ACT- AL AS - CQ + PQ

Saudi Arabia NA AL + PQ AS NA CQ + PQ

Somalia AL AL + PQ AS SP (IPT) AL + PQ

Sudan AL AL AS; QN SP (IPT) AL + PQ

Yemen AL AL AS; QN NA CQ + PQ; AL + PQ

South-East Asia

Bangladesh NA AL + PQ AS; AL + PQ NA CQ + PQ

Bhutan AL + PQ AL + PQ AM; AS; QN NA CQ + PQ

Democratic People’s 
Republic of Korea

NA NA NA NA CQ + PQ

India NA AL + PQ; AS + SP + PQ AM; AS; QN NA CQ + PQ

Indonesia NA DHA − PPQ AS NA DHA − PPQ + PQ

Myanmar NA AL + PQ ART + AL + PQ NA CQ + PQ

Nepal AL AL + PQ AS NA CQ + PQ

Thailand – DHA − PPQ + PQ; AS − 
PYR + PQ

AS NA CQ + PQ

Timor-Leste AL + PQ AL + PQ AS; QN NA AL + PQ
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Despite their historical success, the emergence of 
parasites resistant to both ART and PD components has 
increasingly compromised ACT efficacy, contributing 
to documented rises in treatment failures across 
multiple regions [68, 120, 121]. Of particular concern 
is evidence suggesting that pre-existing reductions in 
ART susceptibility within ACT regimens may accelerate 
the development of partner drug resistance in certain 
epidemiological settings, further complicating control 
efforts [122].

Clinical evaluations in countries such as Cameroon, 
Tanzania, Senegal, and the Democratic Republic of 
the Congo have demonstrated high ACT efficacy, with 
PCR-corrected cure rates frequently surpassing 90%, 
indicating their continued utility in these regions [123–
126]. However, the emergence of ART resistance poses 
a significant threat to malaria control, particularly in 
Southeast Asia, where resistance patterns have been 
rigorously documented [122, 127]. In contrast, the 
absence of validated resistance markers in many African 
regions suggests that artemisinin-based combinations 
retain their therapeutic effectiveness there, though 
vigilance remains critical [124–126].

Persistent limitations of ACT include high costs, 
uneven accessibility in resource-limited settings, and 
insufficient safety data for vulnerable populations such 
as pregnant women and children, necessitating further 
research [128, 129]. Additionally, the potential for 
accelerated partner drug resistance, facilitated by pre-
existing ART resistance, highlights the urgent need for 
sustained molecular surveillance and the development 

of next-generation antimalarial strategies [122, 127]. 
Collectively, these findings affirm that ACT remains 
a strategy for global malaria treatment. However, 
addressing these multifaceted challenges, spanning 
resistance, accessibility, and safety, is imperative to 
safeguarding their long-term efficacy and achieving 
malaria elimination goals.

TACTs/QACTs: balancing benefits and risks
The emergence of resistance to artemisinin-based 
combination therapy necessitates novel therapeutic 
approaches to mitigate the spread of ACT-resistant P. 
falciparum [130–132]. In response, Triple artemisinin-
based combination therapy (TACT) has been proposed, 
incorporating an additional partner drug with 
intermediate half-life and complementary protective 
effects to existing ACT components, as outlined in 
recent studies (Table  1) [133–137]. This approach aims 
to achieve Single Encounter Radical Cure and Preventive 
Therapy (SERCAP), a foundational principle of TACT 
efficacy. By targeting multiple vulnerabilities in the 
parasite’s life cycle, TACTs may reduce the likelihood 
of de novo resistance development [130, 132, 138], 
establishing their potential as critical interventions in 
regions with confirmed ACT resistance [102, 139].

However, as ACT resistance continues to evolve in 
endemic regions, the prospect of future resistance 
to TACTs remains a significant concern. Although 
preliminary studies highlight the efficacy of fourth-line 
PDs (Table  1), the potential necessity for quadruple 
ART-based combination therapy (QACT), four-drug 

Table 2  (continued)

WHO Region/Country/
Area

P. falciparum P. vivax

Uncomplicated 
unconfirmed

Uncomplicated 
confirmed

Severe Preventing 
during 
pregnancy

Treatment

Western Pacific

Cambodia AS + MQ AS + MQ AS, AM, QN NA AS + MQ + PQ

Lao People’s Democratic 
Republic

– AL + PQ AS NA AL + PQ

Malaysia NA AL AS NA AL + PQ

Papua New Guinea AL AL ART + AL AP (IPT) AL + PQ

Philippines – AL + PQ AS NA AL + PQ

Republic of Korea AT − PG; PYR − AS; MQ PYR; MQ AS; MQ; AT − PG NA CQ + PQ

Solomon Islands AL + PQ AL + PQ AS CQ AL + PQ

Vanuatu AL AL AS CQ AL + PQ

Viet Nam AS − PYR; DHA − PPQ DHA − PPQ AS NA CQ + PQ

ACT: Artemisinin-based combination therapy; AL: Artemether-Lumefantrine; AM: Artemether; AQ: Amodiaquine; ART: Artemisinin; AS: Artesunate; AT: Atovaquone; CL: 
Clindamycline; CQ: Chloroquine; DHA: Dihydroartemisinin; IPT: intermittent preventive treatment of malaria; MQ: Mefloquine; NA: not applicable; P: plasmodium; PG: 
Proguanil; PPQ: Piperaquine; PQ: Primaquine; PYR: Pyronaridine; QN: Quinine; SP: Sulfadoxine-pyrimethamine; WHO: World Health Organization. “–” refers to data not 
available
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combinations, indicates the urgency for adaptive, 
forward-looking strategies. Geographic variability in 
resistance patterns has led the WHO to advocate for 
region-specific treatment protocols (Table 2). Expanding 
on these challenges, the success of TACT faces potential 
threats from the emergence of triple-resistant genotypes, 
which could jeopardize elimination efforts in low-
transmission settings [102].

In Africa, where ACT remains largely effective, 
TACT deployment could preemptively curb resistance 
escalation; however, ethical, regulatory, and market-
access barriers must be resolved before implementation. 
The adoption of TACT in African countries will hinge 
on demonstrable superiority over existing artemisinin-
based combinations, robust WHO advocacy, and 
compatibility with current distribution frameworks 
[138]. Conversely, QACT demonstrates comparable 
efficacy and safety profiles to triple therapies, though 
their relevance to malaria management requires further 
justification through targeted research. Collectively, 
TACTs and QACTs represent promising avenues to 
counteract antimalarial resistance, yet their sustainable 
implementation demands rigorous evaluation of 
clinical, logistical, and socioeconomic factors to ensure 
long-term viability. Crucially, antimalarial regimens, 
whether monotherapies or multidrug combinations, 
demand meticulous customization for distinct patient 
populations (e.g., infants, children, pregnant individuals, 
and adults) under expert clinical supervision to maximize 
therapeutic efficacy and mitigate adverse effects across 
both uncomplicated and severe malaria cases.

Conclusion and future directions
The fight against malaria hinges on dual pipelines: 
scaling artemisinin production via metabolic engineering 
and synthetic biology, and delaying resistance through 
spatially-adaptive therapies. Emerging tools, genome-
edited hosts, PfK13 inhibitors, and drug combinations 
offer hope. Prioritizing equitable access and resistance 
surveillance will determine if artemisinin remains a 
“silver bullet” or succumbs to evolutionary inevitability.
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