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Mechanistic perspectives on antimalarial agents:
from FDA-approved drugs to next-generation
candidates

Monika,® Bhawana Sharma® and Satish Kumar Awasthi (2 *a°

Malaria is a major global health challenge, demanding continued innovation in drug discovery and
development. This review gives a comprehensive overview of FDA-approved antimalarial drugs and
emerging clinical candidates, focusing their chemical structures, mechanisms of action, and molecular
targets such as PfATP4, DHFR, DHODH, and PfCRT. The discussion showcases structure—activity
relationships, mechanisms underlying drug resistance, and recent advances in structure-guided design of
next-generation antimalarials. The review also summarizes the year of approval, mechanistic class, and
synthetic origin of key therapeutic agents. Moreover, novel molecules currently in preclinical and clinical
trials are discussed in the context of their mode of action, efficacy, and potential for overcoming
resistance. Collectively, this article bridges medicinal chemistry insights with biological mechanisms,
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1 Introduction

The term “malaria” originates from the Italian phrase
“mal'aria,” meaning “bad air,” reflecting its historical connec-
tion to swampy regions. Malaria is a vector-borne disease
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outlining future directions in the rational design of potent, resistance-resilient antimalarial drugs.

caused by Plasmodium parasites, which infect a wide range of
hosts, including mammals, birds, and reptiles. Of the over 200
known Plasmodium species, five—P. falciparum (the most
severe), P. vivax, P. malariae, P. ovale, and P. knowlesi—cause
malaria in humans.*

Globally, malaria remains a significant public health
concern, with an estimated 263 million cases and 597 000
deaths recorded in 2023. Africa bears the greatest burden,
accounting for 94% of cases and 95% of deaths. However,
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substantial progress has been achieved since 2000, with over 2.2
billion cases and 12.7 million deaths averted. Despite these
achievements, vulnerable populations, such as pregnant
women in high-transmission regions, continue to face signifi-
cant risks.”

Plasmodium transmission begins when an infected mosquito
injects sporozoites into the human bloodstream. These sporo-
zoites travel to the liver, where they infect hepatocytes, and
multiply into merozoites. The infected liver cells rupture,
releasing merozoites into the bloodstream, where they invade
red blood cells (RBCs) and cause symptoms like fever and chills.
Some merozoites develop into gametocytes, which are ingested
by mosquitoes during a blood meal. Inside the mosquito,
gametocytes mature, fertilize, and produce sporozoites that
migrate to the mosquito's salivary glands, completing the
transmission cycle (Fig. 1).

Recent progress in malaria treatment includes repurposed
drugs like methylene blue with primaquine, fosmidomycin with
piperaquine, and rosiglitazone as adjunctive therapy. New drug
candidates, including M5717, MMV253, (+)-SJ733, UCT943, and
MMV048, target specific parasite mechanisms. Promising clin-
ical candidates such as P218, 0Z439, KAE609, and DSM265 also
showing potential. Despite these advancements, resistance,
especially to artemisinin-based combination therapies (ACTs),
remains a challenge, highlighting the need for novel therapies.
The complexity of the Plasmodium life cycle poses additional
obstacles to drug development, while issues like toxicity, delivery
inefficiencies, and high costs hinder scalability. Current research
focuses on single-dose cures, transmission-blocking drugs, anti-
relapse therapies, and innovative combinations to overcome
resistance and improve treatment outcomes.® Fig. 2 illustrates
key events in antimalarial drug discovery.

This review provides an overview of currently FDA-approved
antimalarial drugs, including their mechanisms of action, limi-
tations, and therapeutic use, as shown in Table 1. Additionally,
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promising antimalarial compounds in advanced clinical trials
and recent advancements are showcased in Table 2.

2 Overview of FDA-approved
antimalarial medications
2.1 Chloroquine (CQ)

Chloroquine (Fig. 3a), a synthetic 4-aminoquinoline derivative
of quinine, was approved by the FDA in 1949 as Aralen®, it
became widely used by U.S. military personnel from 1950, often
combined with primaquine for anti-relapse therapy.’® It
passively diffuses into the Plasmodium parasite's digestive
vacuole (DV), accumulating up to 5000 times higher than in
uninfected RBCs due to the absence of a DV in mammalian
cells. It binds to hematin, blocking its conversion to hemozoin,
and causes toxic free heme buildup, disrupting parasite
membranes and leading to death. It may also inhibit proteases
involved in hemoglobin digestion, enhancing its efficacy.*
However, resistance has emerged in P. falciparum due to
mutations in the PfCRT gene.'® Resistance limits the parasite's
ability to accumulate CQ in its digestive vacuole. It is ineffective
against sporozoite and liver stages, offering minimal impact
despite potential protection through sporozoite immunization
and chemoprophylaxis.'* Common side effects include itching,
gastrointestinal issues, headaches, skin rashes, and liver
damage. Rarely, it can cause CNS toxicity, visual disturbances,
fatigue, respiratory symptoms, and severe blood disorders like
aplastic anemia, emphasizing the need for careful monitoring."”

2.2 Primaquine (PQ)

Primaquine (Fig. 3b) is a synthetic antimalarial drug belonging to
the 8-aminoquinoline class that received FDA approval for mili-
tary use in 1952, followed by civilian approval later that year.*
The drug is effective against P. vivax by targeting its gametocyte
and hypnozoite stages. Once metabolized in the liver, it disrupts
mitochondrial function, generates reactive oxygen species (ROS),
and alters intracellular membranes, leading to oxidative damage
in tissue-stage parasites.”® It has a low resistance rate, though
some resistance in P. vivax blood stages has been observed. Its
usual symptoms include methemoglobinemia (caused by over-
dose, with minimal cardiovascular toxicity), hemolysis in indi-
viduals with G6PD deficiency, and gastrointestinal discomfort,
especially at higher doses. Rarely, it may cause neuropsychiatric
effects such as depression and psychosis.*

2.3 Hydroxychloroquine (HCQ)

Hydroxychloroquine (Fig. 3c), a derivative of CQ was approved in
the U.S. in 1955 as a 4-aminoquinoline, it is recognised for its
safety and effectiveness and it is also listed among the World
Health Organization's essential medicines due to its significant
therapeutic value. The addition of a hydroxyl group makes HCQ
less toxic and more soluble than CQ." HCQ disrupts lysosomal
acidification, inhibiting key cellular processes such as proteol-
ysis, chemotaxis, and antigen presentation. It also reduces pro-
inflammatory cytokines (IL-1, IL-6), inhibits phospholipase A2,
and counteracts inflammation. Additionally, it blocks UV-
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Fig. 1 Life cycle of malaria. Created with https://www.biorender.com/and adapted from ref. 4.

induced skin reactions, binds to DNA, and modulates immune
responses by inhibiting calcium signaling in T and B cells. It also
suppresses matrix metalloproteinases, preventing extracellular
matrix degradation.”® However, its limitations include gastroin-
testinal issues, ocular toxicity that may cause vision impairment,
and reduced efficacy in malaria prevention due to Plasmodium
resistance, restricting its use in certain regions.**

2.4 Sulfadoxine-pyrimethamine

Sulfa compounds were first used to treat malaria in the 1930s
but declined due to resistance. Sulfadoxine (Fig. 4a) is one such
sulfa compound. However, in the 1960s, the introduction of
sulfadoxine-pyrimethamine revitalized malaria control efforts.
Despite growing resistance, it remains effective, particularly in
Africa.® Sulfa drugs structurally resemble p-aminobenzoic acid
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Fig. 2 Landmark events in the discovery of antimalarial medicines.?5-1°
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Table 1 FDA-approved antimalarial drugs
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Generic name Trade name

Year of FDA approval

Chloroquine Aralen

Primaquine Primaquine phosphate
Hydroxychloroquine Plaquenil
Sulfadoxine-Pyrimethamine Fansidar

Mefloquine Lariam
Atovaquone-Proguanil Malarone

Quinine Qualaquine
Artemether-Lumefantrine Coartem

Tafenoquine Krintafel

Intravenous Artesunate Artesun

1949 (ref. 10)
1952 (ref. 10)
1955 (ref. 11)
1983 (ref. 6)

1989 (ref. 10)
2000 (ref. 10)
2005 (ref. 6)

2009 (ref. 12)
2018 (ref. 10)
2020 (ref. 13)

(pABA), and inhibit Plasmodium folate synthesis by disrupting
the folate biosynthesis pathway. This lowers folate co-factors,
which are essential for DNA and amino acid production. By
inhibiting dihydropteroate synthase (DHPS), sulfa drugs impair
thymidylate production and DNA synthesis, effectively targeting
DHPS in multiple Plasmodium species.*

Pyrimethamine (Fig. 4b), a synthetic ethyl-pyrimidine deriv-
ative, inhibits the conversion of folic acid to folinic acid, which
is essential for malaria parasite replication. By disrupting key
metabolic reactions, it exerts a lethal effect on the parasite.
When combined with sulphadiazine, its efficacy enhanced by
targeting different points in the same pathway. Resistance to
pyrimethamine is less common than proguanil, but can develop
in the presence of p-aminobenzoic acid (pABA), which antago-
nizes its action.*

The sulfadoxine-pyrimethamine combination is effective
due to its dual inhibition of folic acid synthesis, enhancing anti-
folic acid activity. Despite dapsone's severe unwanted effects,
the sulfadoxine-pyrimethamine combination (Fansidar)
received FDA approved in 1983 for malaria prevention.® Resis-
tance arise due to mutations in the dhfr gene (position 108) and
dhps gene (multiple sites), reducing its efficacy.>* Severe adverse
reactions to Fansidar include cholestatic hepatotoxicity, hepatic
necrosis, hypersensitivity pneumonitis, and life-threatening
skin conditions such as erythema multiforme, Stevens-
Johnson syndrome, and toxic epidermal necrolysis.>

2.5 Mefloquine (MQ)

Mefloquine (Fig. 4c) was submitted for FDA approval in 1986
and approved in 1989." It targets cholinesterase enzymes,
increasing neurotransmitter release, and disrupts membrane
channels and ion transport, impairing neuronal communica-
tion. Additionally, it induces oxidative stress, affecting signaling
proteins like Akt, which contributing to its cytotoxic effects.?® Its
use is limited by resistance in P. falciparum, primarily due to
mutations in the pfmdri and pfcrt genes, which reduce drug
accumulation and efficacy.”” MQ is also associated with neuro-
psychiatric complications, including anxiety, paranoia, and
depression, especially with long-term use or in those with
a history of epilepsy or depression. These effects are linked to
enzyme inhibition and disrupted neuronal communication.
Despite these risks, MQ continues to be investigated for
potential therapeutic applications, including the treatment of

© 2026 The Author(s). Published by the Royal Society of Chemistry

AIDS-related progressive multifocal leukoencephalopathy and
autoimmune disorders.*®

2.6 Atovaquone-proguanil

Atovaquone (Fig. 5a), a hydroxynaphthoquinone, inhibits the
asexual erythrocytic stages of Plasmodium with an inhibitory
concentration (IC50) range of 0.7 to 6 nM in studies.?>*® The
drug inhibits mitochondrial electron transport by targeting the
cytochrome bcl complex, disrupting pyrimidine biosynthesis
essential for parasite survival. Plasmodium relies on this
pathway, whereas mammalian cells can salvage pyrimidines,
making atovaquone selectively toxic to the parasite It also
disrupts mitochondrial membrane potential in P. falciparum
and P. yoelii.** However, resistance can emerge due to mutations
in the cytochrome b gene, particularly under drug pressure or
when used as a monotherapy.*

Proguanil (Fig. 5b), a biguanide, is metabolized to cyclo-
guanil, which effectively inhibits the asexual erythrocytic stages
of P. falciparum with an IC50 range of 18 to 36 nM, while pro-
guanil itself is less active.*® Cycloguanil selectively targets Plas-
modium species by inhibiting dihydrofolate reductase (DHFR),
depleting tetrahydrofolate cofactors, blocking DNA synthesis
and halting parasite growth. Resistance to cycloguanil is linked
to DHFR mutations, though proguanil retains some efficacy
against resistant strains. Additionally, proguanil enhances ato-
vaquone's effect by inducing mitochondrial toxicity.>*

To address resistance concerns, a fixed-dose combination of
atovaquone and proguanil, marketed as Malarone®, was approved
in 2000 for malaria prevention and treatment.' However, resis-
tance to both drugs can develop through mitochondrial DNA
mutations, particularly in the cytochrome b gene, while DHFR
mutations may lead to cross-resistance with other antifolate drugs,
complicating treatment.*> Despite these challenges, they have
fewer neurological effects, such as anxiety, depression, and
insomnia, compared to other antimalarials like MQ.*®

2.7 Quinine

Quinine (Fig. 6a), approved by the FDA in 2005 for oral use, has
never been approved for intravenous administration.® It works by
inhibiting heme polymerization and disrupting the parasite's
detoxification of heme, although it has a weaker binding affinity
compared to chloroquine. It impedes hemozoin formation,
suppresses heme catalase activity, and interferes with the
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Fig. 4 (a) Sulfadoxine; (b) Pyrimethamine; (c) Mefloquine.

parasite’'s management of oxidative stress.*® Resistance to quinine
develops due to mutations in the Plasmodium falciparum chloro-
quine resistance transporter (PfCRT) gene, which reduces drug
accumulation in the parasite's vacuole and promotes active drug
efflux. Resistance is further exacerbated by selective pressure and
the emergence of multi-drug-resistant strains, complicating treat-
ment efforts.”” It also has cognitive impairments, including
tinnitus, anxiety, and sleep disturbances, caused by its inhibition
of tryptophan hydroxylase (TPH2), which reduces serotonin
production. These effects are intensified in low tryptophan envi-
ronments, contributing to mood disturbances and depression.
Despite its historical effectiveness, its efficacy has diminished due
to resistance and side effects, underscoring the need for contin-
uous research and monitoring.*

2.8 Artemether-lumefantrine

Artemether (Fig. 6b), derived from artemisinin in the Artemisia
annua (sweet wormwood) plant, is highly effective against P.
falciparum. 1t has a rapid onset of action and a short half-life of
2-3 hours, allowing for quick reduction of parasitemia, and
rapid symptom relief.** Its mechanism of action involves di-
srupting parasite transport proteins, impairing mitochondrial
function, inhibiting angiogenesis, and modulating the host
immune response.*

Lumefantrine (Fig. 6¢), a vital component of antimalaria
therapy, has a longer half-life of three to six days, ensuring

Cl
Lo

Fig. 5 (a) Atovaquone; (b) Proguanil.
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sustained therapeutic drug levels over time.*" It is essential for
treating uncomplicated P. falciparum malaria, acting as a blood
schizonticide that targets the parasite during its blood stages. It
disrupts heme conversion to hemozoin, leading to toxic heme
accumulation and the parasite death.*

In 2009, the United States approved the fixed-dose combi-
nation artemether-lumefantrine (Coartem®) for treating
uncomplicated malaria.”” The combination achieves cure
rates over 95% in both adults and children. Artemether
rapidly eliminates parasites, while lumefantrine's extended
half-life sustains therapeutic levels, preventing resurgence.
Additionally, the combination has gametocidal activity,
helping reduce malaria transmission. Clinical evidence
supports its safety, tolerability, and efficacy across all age
groups, with no in vivo resistance reported in Africa, making it
a primary treatment for malaria.*® However, resistance can
develop due to genetic mutations, such as in the K13-propeller
gene, as well as selective pressure from widespread use,
inadequate dosing, or poor adherence. Parasites can adapt by
altering drug targets, increasing drug efflux, and enhancing
repair mechanisms, complicating treatment strategies.*
Ordinary aftereffects include headache, dizziness, nausea,
and vomiting, with rare cases of severe allergic reactions. Its
safety during pregnancy, especially in the first trimester,
remains uncertain, requiring cautious use in pregnant and
breastfeeding women.*”

NH, NH, /©/ c
) )\N/)\N/J\E
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Fig. 6 (a) Quinine; (b) Artemether; (c) Lumefantrine.
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Fig. 7 (a) Tafenoquine; (b) Intravenous Artesunate.

2.9 Tafenoquine (TQ)

Tafenoquine (Fig. 7a), developed in 1978 by the Walter Reed
Army Institute of Research, is a safer and more effective alter-
native to primaquine. In collaboration with GlaxoSmithKline
and Medicines for Malaria Venture, the FDA approved
Krintafel™ (150 mg) in July 2018 for the radical cure of P. vivax
malaria. The following month, the FDA also approved Ara-
koda™ (100 mg) for malaria prophylaxis in individuals aged 18
and older, with permitted use for up to six months.*®

It is metabolized by CYP 2D enzymes, generating reactive
metabolites such as hydrogen peroxide, which induce oxidative
stress in parasites. This disrupts cellular homeostasis, leading
to mitochondrial dysfunction and increased intracellular
calcium. Additionally, tafenoquine may produce radicals that
alkylate parasite proteins and membrane lipids, further
enhancing its antiparasitic effects.*> A major limitation of TQ is
its potential to cause acute hemolytic anemia in G6PD-deficient
patients, making it unsuitable for pregnant women, breast-
feeding mothers, or individuals with unknown G6PD status.
Commonly observed effects include gastrointestinal discom-
fort, headache, dizziness, and methemoglobinemia. Despite
these concerns, TQ represents a significant advancement in
malaria treatment and prevention.*

2.10 Intravenous artesunate (IV artesunate)

Artesunate (Fig. 7b), a semisynthetic derivative of artemisinin,
is designed for improved solubility and absorption. It can be
administered orally, rectally, intramuscularly, or intravenously

© 2026 The Author(s). Published by the Royal Society of Chemistry
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to treat both uncomplicated and severe malaria. In May 2020,
the FDA approved IV artesunate as a critical treatment for severe
malaria.” Artesunate works by inhibiting heme polymerization,
generating reactive oxygen species (ROS), destabilizing parasite
membranes, alkylating proteins, and inhibiting PfATP6. Its
endoperoxide structure is activated by iron within the parasite,
producing reactive intermediates that cause oxidative damage
and parasite death. This activation occurs selectively in infected
red blood cells, sparing uninfected cells.*

However, resistance to artesunate, particularly IV formula-
tions, is emerging due to kelch13 gene mutations. Additionally,
IV administration requires trained personnel, limiting its
accessibility in remote areas. Expected symptoms include
allergic reactions and post-artesunate delayed hemolysis
(PADH). Its high cost, limited availability, and need for moni-
toring further restrict widespread use, especially in resource-
limited settings.*®

3 Most promising antimalarial drugs
in phase Il, Il and IV trials: towards FDA
approval

The emergence of drug-resistant malaria underscores the
urgent need for new antimalarial treatments. This section
explores promising antimalarial candidates currently in clinical
trials, emphasizing those with novel mechanisms and the
potential FDA approval. These emerging therapies offer hope in
enhancing treatment efficacy, overcoming resistance, and
improving global malaria control efforts. Table 2 presents an

RSC Adv, 2026, 16, 20024-20038 | 20033
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overview of promising antimalarial drug candidates under
various stages of clinical development, highlighting their
chemical classes, mechanisms of action, safety profiles, and
suitability for different patient populations. These candidates,
including synthetic derivatives and repurposed drugs, target key
pathways in Plasmodium survival and replication, such as ATP-
dependent ion transport (SJ733), haemoglobin digestion inhi-
bition (Aretefenomel, Arterolane), and PfATP4 inhibition (Cipar-
gamin). Some, like M5717, act on novel targets such as the
elongation factor 2 (PfeEF2), offering new avenues for thera-
peutic intervention.

Safety remains a critical consideration in antimalarial drug
development. Many candidates, such as Fosmidomycin and
Artemisone, demonstrate favourable tolerability with minimal
adverse effects, whereas others, such as Tafenoquine, require
caution due to potential hemolytic anemia in G6PD-deficient
individuals. Drugs like Ferroquine show efficacy but necessi-
tate careful monitoring due to hepatotoxicity and cardiotoxicity
risks. Additionally, some candidates, such as Rosiglitazone,
offer an immunomodulatory role by enhancing macrophage-
mediated parasite clearance, adding a complementary thera-
peutic dimension to traditional antiparasitic mechanisms.

The clinical pipeline spans phase II to IV trials, with some
candidates advancing as monotherapies and others being
explored in combination regimens to enhance efficacy and
mitigate resistance development. Notably, Cipargamin and
M5717 demonstrate rapid parasite clearance, making them
strong candidates for further clinical advancement. The diver-
sity of these compounds, spanning quinolines, spiroindolones,
and phosphonic acids, underscores the ongoing efforts to
develop next-generation antimalarial therapies. Continued
research and clinical evaluation will be crucial in determining
their long-term viability and potential integration into global
malaria treatment strategies.

4 Drug targets for antimalarial drug
discovery

One potential target for antimalarial therapies is the GPCR-like
protein PfSR25, a potassium sensor that regulates calcium
signaling within the Plasmodium parasite.”* Another promising
target is PfCRK4, a cell-cycle regulator essential for DNA repli-
cation during schizogony, which plays a critical role in parasite
growth and transmission.*>

Enzymes involved in folate metabolism, such as thymidylate
synthase (TS) and dihydrofolate reductase (DHFR), are crucial
for the parasite's survival®® and are targeted by antifolate anti-
malarials like pyrimethamine and cycloguanil. Additionally,
PfDHODH, an enzyme essential for pyrimidine production, is
another key target in developing new treatments.**

PfATP4, an ATP-dependent sodium transporter, maintains
low sodium levels by pumping sodium ions out of the parasite's
cytoplasm, supporting survival within the erythrocyte by main-
taining a favorable intracellular environment.®® PfATP4 also
assists in hydrogen ion import, and acetyl-CoA synthetase is
emerging as a novel target for future therapies.
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The Plasmodium enzyme 1-deoxy-d-xylulose-5-phosphate
reductoisomerase (PfDXR), involved in isoprenoid biosyn-
thesis, is another promising candidate for new treatment
development.”” Calcium-dependent protein kinases, like
PfCDPK?7, are crucial for the parasite's growth and development,
making them potential targets for intervention. Additionally,
Plasmodium’s reliance on pyrimidine biosynthesis offers
a promising avenue for therapeutic targeting.*

Although PfDHODH is present in humans, its active site
differs significantly from that of the parasite, allowing for the
design of selective inhibitors that target the parasite without
affecting the host.®” Other key targets include PfPI4K, essential
for merozoite generation, and falcipains, which break down
hemoglobin in the parasite's early stages.”® Despite the impor-
tance of falcipain-2 in the parasite's life cycle, efforts to develop
drugs targeting this enzyme have faced challenges, possibly due
to difficulty in avoiding the breakdown of host enzymes. Fig. 8
provides a summary of the key antimalarial targets and their
modes of action.”

5 Regulatory landscapes and
chemistry, manufacturing, and
controls (CMC) considerations

The progression of an antimalarial lead compound from
a laboratory to a clinically usable therapeutic is governed by
strict rules and rigorous Chemistry, Manufacturing, and
Controls (CMC) standards.®® Regulatory authorities, such as the
U.S. Food and Drug Administration (FDA) and the European
Medicines Agency (EMA), emphasize that the unique challenges
associated with malaria like the need for treatment in tropical
climates and the requirement for cheap, large-scale global
distribution, necessitate particular attention to drug stability,
reproducibility, and manufacturing scalability.****

5.1 FDA approval pathways and development incentives

The FDA issues product-specific guidance documents, such as
the “Malaria: Developing Drugs for Treatment” guidance, which
outlines regulatory expectations for clinical trial designs, effi-
cacy endpoints, and safety assessments in both uncomplicated
and severe malaria.'” To incentivize drug development for
neglected tropical diseases, the FDA administers the Tropical
Disease Priority Review Voucher (PRV) program under Section
524 of the Federal Food, Drug, and Cosmetic Act.'*

This mechanism has been instrumental in the clinical
translation of several key antimalarial therapies. For example,
the 2009 approval of Artemether-Lumefantrine (Coartem) was
associated with the first-ever PRV, and the 2018 approval of
Tafenoquine (Krintafel) followed a similar incentive-driven
pathway.’® These vouchers, which are transferable and
provide a shortened six-month review timeline for subsequent,
unrelated drug applications, play an essential role in bridging
the gap between medicinal chemistry innovation and industrial
investment.'*?

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Drug targets for malaria.

5.2 CMC and stability challenges

From a CMC perspective, the control of active pharmaceutical
ingredient (API) quality and long-term stability represents
a primary regulatory concern. This is especially critical for
agents containing chemically sensitive motifs, such as the
endoperoxide bridge in artemisinin derivatives.'**

(a) Environmental stability (ICH Zone IVb): regulatory
guidelines require stability assessments under climatic condi-
tions representative of malaria-endemic regions, specifically
International Council for Harmonisation (ICH) Zone IVb
conditions (30 °C, 75% relative humidity). Ensuring that
formulations remain potent without the need for cold-chain
logistics is a critical CMC goal for deployment in resource-
limited settings.'*

(b) Polymorphism control: for lipophilic agents like Lume-
fantrine and newer clinical candidates like Cipargamin
(KAE609), the control of crystal polymorphism during scale-up
is essential. Variations in polymorphic forms can drastically
alter dissolution behavior and oral bioavailability, directly
impacting therapeutic efficacy. Strict CMC oversight is required
to prevent sub-therapeutic dosing, which is a known driver for
the development of parasite resistance.'*®

5.3 Large-scale manufacturing and advances in production
strategies

A major advancement in antimalarial manufacturing has been
the shift from agricultural extraction to semi-synthetic
production routes. While the parent compound artemisinin is
a natural product, it primarily serves as the starting material

© 2026 The Author(s). Published by the Royal Society of Chemistry

Nucleus

View Article Online

RSC Advances

Targeting Plasma Membrane:

*Inhibiting membrane biosynthesis
*Shikimic acid pathway T

Targeting
Transporter:
. HB *Inhibiting
phosphatidyl
¢ /Choline
| Heme synthesis
1 Hematin
- Hemozoin

rather than final drug. Its derivatives, including artemether and
IV artesunate, require high-purity intermediates.*®”

The industrialization of semi-synthetic artemisinin utilizes
engineered Saccharomyces cerevisiae to produce artemisinic acid
via fermentation. This acid is subsequently converted to arte-
misinin through a chemical photo-oxidation process. This state-
of-the-art platform bypasses the seasonal volatility of Artemisia
annua harvests, ensuring a consistent, high-purity supply for
Artemisinin-based Combination Therapies (ACTs) and meeting
the CMC requirements for global pharmaceutical
distribution.*””

6 Conclusions

Malaria, continues to pose a formidable challenge to global
health despite decades of research and intervention. The
detailed analysis provided here bridges the gap between FDA-
approved antimalarial drugs and emerging therapeutic strate-
gies, offering insights into their mechanisms of action, clinical
successes, and inherent limitations. The recent arsenal of
antimalarial drugs, from CQ to artemisinin-based combination
therapies (ACTs), has significantly lowered the disease burden
by targeting key parasite vulnerabilities such as mitochondrial
function, folate biosynthesis, and heme detoxification.
However, the rapid spread of drug-resistant Plasmodium strains,
caused by mutations in genes like PfCRT, dhfr, and K13,
threatens the efficacy of frontline treatments, stressing the
urgent need for new therapeutic strategies.

Ongoing research is actively investigating new drug candi-
dates such as artemisone, cipargamin, and SJ733, which employ
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innovative mechanisms like parasite metabolism disruption
and PfATP4 inhibition. Additionally, efforts to develop anti-
relapse therapies, single-dose cures, and transmission-
blocking agents, including primaquine and tafenoquine, are
addressing critical challenges in malaria treatment. Combina-
tion therapies like atovaquone-proguanil and artemether-
lumefantrine further highlight the benefits of synergistic
approaches in strengthening treatment efficacy and combating
resistance.

Optimizing antimalarial strategies to vulnerable populations
remains essential, particularly for children, pregnant women,
and individuals with glucose-6-phosphate dehydrogenase
(G6PD) deficiency, who are at escalating risk of severe disease
and treatment-related complications. Ensuring drug safety and
minimizing adverse effects, such as neurological effects and
hemolytic anemia, will be important for improving therapeutic
outcomes.

Moving forward, integrating novel drug discovery with
advanced clinical trials and improved resistance monitoring
will be key to sustainable malaria control. Global health
initiatives must prioritize equitable access to effective treat-
ments, particularly in endemic regions, while strengthening
public health infrastructure, vaccine development, and vector
control to complement pharmacological advances in reducing
the malaria burden.
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