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ABSTRACT

Malaria remains one of the world’s most devastating infectious diseases, caused by Plasmodium parasites transmitted
through Anopheles mosquitoes. Despite global efforts to reduce its burden, resistance to existing antimalarial drugs
threatens to reverse progress, prompting the need for novel therapeutic strategies. Targeting the complex
Plasmodium lifecycle-spanning the liver, blood, and mosquito stages-offers multiple intervention points. This review
explores recent advances in antimalarial drug development with a focus on lifecycle-specific targets. Key
breakthroughs include new endoperoxides, mitochondrial inhibitors, and transmission-blocking agents.
Additionally, emerging platforms such as proteomic screening, CRISPR-Cas9 gene editing, and structure-based
drug design have accelerated the identification of promising compounds. However, challenges such as drug
resistance, toxicity, limited efficacy across all lifecycle stages, and translational hurdles from bench to bedside persist.
A multipronged approach, combining stage-specific therapies, host-targeted interventions, and strategic drug
combinations, is critical for sustainable malaria control and eventual eradication.
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INTRODUCTION
Malaria remains a significant public health burden, particularly in tropical and subtropical regions, where it
contributes to high morbidity and mortality rates [17. The disease is primarily caused by Plasmodium falciparum
and Plasmodium vivax, two of the five known Plasmodium species that infect humans. Among these, P. falciparum
accounts for the majority of severe disease cases and fatalities, especially in sub-Saharan Africa, while P. vivax is
more geographically widespread and capable of forming dormant liver-stage hypnozoites that lead to relapse [27].
Globally, over 240 million malaria cases and an estimated 600,000 deaths occur each year, according to World
Health Organization reports [37. Efforts to combat malaria have made significant strides over the past two decades,
driven by the widespread use of insecticide-treated bed nets, indoor residual spraying, improved diagnostic tools,
and more effective drug therapies. Artemisinin-based combination therapies (ACTs) are currently the first-line
treatment for uncomplicated P. falciparum malaria [47]. These therapies combine fast-acting artemisinin derivatives
with longer-lasting partner drugs, which together improve treatment outcomes and reduce the risk of resistance
development [57]. However, the emergence of artemisinin resistance in parts of Southeast Asia and, more recently,
East Africa poses a serious threat to global malaria control and eradication efforts [67]. Resistance is characterized
by delayed parasite clearance and reduced sensitivity to artemisinin and its partner drugs, leading to an increased
risk of treatment failure [77. This situation underscores the urgent need for new antimalarial drugs with novel
mechanisms of action. One promising strategy involves targeting different stages of the Plasmodium lifecycle. The
parasite undergoes a complex development process involving multiple morphological forms across both human and
mosquito hosts. These include the liver stage (pre-erythrocytic), the asexual blood stage (which causes disease
symptoms), and the sexual and mosquito stages (which facilitate transmission) [87]. Each stage presents unique
biological characteristics and vulnerabilities that can be exploited through targeted drug development. Focusing on
stage-specific drug targets allows researchers to design compounds that are not only curative but also preventive
and transmission-blocking. Drugs that target the liver stage can prevent the onset of blood-stage infection and
symptoms, while those targeting gametocytes or mosquito-stage forms can halt the cycle of transmission [97]. This
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lifecycle-based approach enhances the potential for more effective, comprehensive, and sustainable malaria control
strategies.

2. The Plasmodium Lifecycle: Opportunities for Intervention

The Plasmodium lifecycle is complex, involving multiple developmental stages in both human and mosquito hosts.
Each stage offers unique targets for therapeutic intervention.

2.1 Liver (Pre-erythrocytic) Stage

After a bite from an infected mosquito, Plasmodium sporozoites enter the human bloodstream and rapidly migrate
to the liver [107]. Here, they invade hepatocytes and undergo asexual replication over 7 to 14 days, producing
thousands of merozoites [107]. This liver stage is clinically silent but crucial, as it seeds the symptomatic blood-stage
infection. Targeting this stage offers opportunities for prophylactic or causal preventive treatment [117. Currently,
only a few drugs such as atovaquone and primaquine exhibit liver-stage activity [127. Primaquine is particularly
effective against P. vivax hypnozoites but poses risks of hemolysis in individuals with G6PD deficiency [137]. To
address the limitations of existing treatments, new liver-stage targeted compounds are under development. These
include imidazolopiperazines like KAF156, which show activity against both liver and blood stages, and
phosphatidylinositol 4-kinase (PI4K) inhibitors like MMV 390048, which demonstrate multi-stage potency and are
progressing through clinical trials [147].

2.2 Asexual Blood Stage

The blood stage is responsible for the clinical manifestations of malaria, including fever, anemia, and, in severe cases,
cerebral complications and death [157. This stage has been the primary focus of most antimalarial drug development
efforts. Merozoites released from the liver invade red blood cells, undergo multiple rounds of replication, and
continue the cycle [167]. Artemisinin and its derivatives are the most effective blood-stage drugs, but resistance has
necessitated the development of novel alternatives. One promising class includes synthetic ozonides such as OZ439
(artefenomel), which mimic the peroxide bond of artemisinin while offering a longer half-life and once-daily dosing
[177. Other advances include mitochondrial electron transport inhibitors like DSM265, which target dihydroorotate
dehydrogenase (DHODH) and offer a unique mechanism of action distinct from existing therapies [187].

2.3 Sexual and Mosquito Stages

During the blood-stage infection, some parasites differentiate into sexual forms known as gametocytes, which are
taken up by mosquitoes during a blood meal [197. These gametocytes mature into male and female gametes in the
mosquito midgut, leading to fertilization and development into sporozoites that can infect another human host [207.
Interrupting this transmission cycle is a key component of malaria eradication strategies. Drugs that target
gametocytes, zygotes, or ookinetes can block parasite development in mosquitoes, thereby reducing the reservoir of
infection. Tafenoquine, a derivative of primaquine, has shown gametocytocidal activity and is used for both radical
cure and transmission-blocking [217]. Other compounds under development aim to target these later stages, offering
promise for integrated malaria control.

3. Recent Advances in Drug Discovery Platforms

Innovations in drug discovery tools and platforms have greatly accelerated the identification and optimization of
new antimalarial compounds.

3.1 High-throughput Screening and Chemoproteomics

Modern drug discovery has benefited from high-throughput screening (HTS) technologies, which allow researchers
to test thousands of compounds for antimalarial activity in a relatively short time. Both phenotypic screens (which
assess overall parasite viability) and target-based screens (which focus on specific enzymes or pathways) have led to
the discovery of novel chemical scaftfolds [22,23,247. Initiatives like the Malaria Box and Pathogen Box by Medicines
tor Malaria Venture (MMV) have made libraries of active compounds freely available to the global research
community [257.

3.2 Structural Biology and In Silico Modeling

Advances in structural biology, including high-resolution X-ray crystallography and cryo-electron microscopy, have
revealed the detailed architecture of critical Plasmodium proteins [267]. This information enables structure-guided
drug design, allowing for the rational development of inhibitors that precisely fit target binding sites. Additionally,
in silico modeling and machine learning algorithms are being used to predict binding affinities and optimize lead
compounds for better efficacy and safety profiles [277.

3.3 CRISPR-Cas9 and Reverse Genetics

The application of CRISPR-Cas9 gene-editing technology in Plasmodium research has opened new avenues for
functional genomics. Researchers can now knock out or modify specific genes to determine their role in parasite
survival, development, and drug susceptibility [287]. This has accelerated the validation of drug targets, particularly
for essential genes involved in liver and sexual stages. Reverse genetics approaches are also helping to identify
compensatory pathways that may contribute to drug resistance [297.
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4. Challenges in Antimalarial Drug Development

Despite decades of progress in malaria control, the development of new antimalarial drugs continues to face several
formidable challenges. These issues hinder the effectiveness, deployment, and long-term sustainability of

pharmacological interventions.

4.1 Drug Resistance

The evolution of drug-resistant Plasmodium strains remains one of the greatest threats to malaria control and
eradication [307. Resistance typically arises from genetic mutations in parasite enzymes targeted by drugs. For
example, mutations in the Kelch13 gene are associated with artemisinin resistance, leading to delayed parasite
clearance in treated individuals [817. Similarly, resistance to older drugs like chloroquine and sulfadoxine-
pyrimethamine emerged due to mutations in transporter and folate pathway genes [327]. In some cases, the parasite
upregulates efflux pumps, reducing intracellular drug accumulation [837. Combating resistance requires ongoing
surveillance to detect emerging mutations, as well as the development of novel compounds with different
mechanisms of action that can bypass or delay resistance development.

4.2 Limited Stage-specific Efficacy

Most currently approved antimalarials are primarily effective against the asexual blood stage of the parasite lifecycle,
which is responsible for the symptoms of the disease [347]. However, these agents do little to eliminate parasites in
the liver or in sexual stages like gametocytes, which are crucial for transmission [847. As a result, individuals may
continue to serve as reservoirs of infection or experience relapses, especially in P. vivax infections. Multi-stage active
drugs or rational drug combinations targeting several lifecycle stages simultaneously are essential to achieve full
parasite clearance, prevent transmission, and avoid recrudescence. Developing such agents, however, remains
technically demanding and expensive.

4.3 Toxicity and Safety

Safety is a critical consideration in antimalarial drug development, particularly for treatments used in mass drug
administration or in vulnerable populations such as children and pregnant women. Some effective compounds, such
as primaquine and tafenoquine, can cause hemolytic anemia in individuals with glucose-6-phosphate dehydrogenase
(G6PD) deficiency, which is common in malaria-endemic regions [357]. Others may carry hepatotoxicity risks or
have poor safety margins at therapeutic doses. Long drug half-lives, although beneficial for reducing dosing
frequency, can also increase the risk of drug accumulation and adverse effects [867]. Therefore, comprehensive
preclinical safety testing and pharmacovigilance are essential components of drug development and public health
deployment.

4.4 Translation and Implementation Gaps

A major obstacle to antimalarial innovation is the difficulty in translating laboratory findings into clinically viable
therapies. Many promising compounds fail in advanced preclinical or early clinical stages due to poor
pharmacokinetics, toxicity, or limited efficacy in vivo [377]. Moreover, clinical trials in malaria-endemic areas require
robust infrastructure, trained personnel, and community engagement, all of which may be lacking in resource-
limited settings. In addition, regulatory hurdles, inconsistent funding, and inadequate partnerships between
academic, governmental, and commercial stakeholders can delay the development and adoption of new treatments.
Addressing these barriers requires a coordinated effort that includes investment in local research capacity and global
health collaboration.

5. Future Directions and Integrated Approaches

The future of antimalarial drug development will rely on multidisciplinary, integrated strategies that address
current limitations while advancing innovative solutions. One priority is the development of triple-drug therapies
that combine three antimalarial agents with complementary mechanisms of action. This approach aims to enhance
efficacy and delay the onset of resistance by reducing the parasite’s ability to adapt to multiple drugs simultaneously.
In parallel, vaccines and immunomodulators are being explored to complement pharmacological interventions.
Although the RTS,S/AS01 malaria vaccine has shown partial efficacy, next-generation candidates and immune-
enhancing agents may offer improved protection, especially when integrated with drug-based strategies. Another
promising area involves host-targeted therapies, which disrupt parasite-host interactions essential for parasite
survival and replication. By targeting host enzymes or immune pathways, these treatments may exert pressure on
the parasite without promoting resistance as directly as pathogen-targeted drugs. Finally, the One Health and
ecological approach recognizes that malaria transmission is influenced not only by human and parasite factors but
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also by environmental and vector dynamics. Integrated vector management, improved housing, sanitation, and
climate adaptation strategies must be incorporated alongside drug development to achieve sustained malaria control.
Public-private partnerships, such as Medicines for Malaria Venture (MMV), Drugs for Neglected Diseases initiative
(DNDi), and the Bill & Melinda Gates Foundation, play a critical role in bridging innovation and implementation.
These collaborations help fund research, accelerate clinical trials, support regulatory approvals, and ensure equitable
access to life-saving treatments in low-income countries. Together, these future-focused efforts promise to reshape
the global antimalarial landscape and move closer toward the goal of malaria elimination and eradication.
CONCLUSION
A comprehensive understanding of the Plasmodium lifecycle enables the rational design of next-generation
antimalarial drugs. While significant progress has been made, persistent challenges necessitate continued
innovation, collaboration, and investment. A combination of lifecycle-targeted therapeutics, improved diagnostic
tools, and integrated public health strategies is essential to achieving the ultimate goal of malaria eradication.
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