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The Potential Role of Selenoproteins in Modulating Malaria Parasite Resistance to Artemisinin-Based Combination Therapies (ACTs) in Africa 
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ABSTRACT
	Resistance to artemisinin-based combination therapies (ACTs), the frontline treatment for malaria, poses a growing global health challenge—particularly in Africa, where Plasmodium falciparum is most prevalent. While the mechanisms underlying artemisinin resistance remain incompletely understood, recent evidence highlights the importance of selenoproteins in mediating parasite survival under drug-induced oxidative stress. Among these, P. falciparum thioredoxin reductase (PfTrxR), a key enzyme in redox homeostasis, has emerged as a potential contributor to antimalarial resistance. This review synthesizes current findings on the structure, function, and expression of parasite selenoproteins—focusing on PfTrxR—and examines their role in mitigating artemisinin-induced oxidative damage. By integrating insights from molecular studies and drug response analyses, we propose that targeting selenoprotein-mediated redox pathways represents a promising strategy to counteract ACT resistance and improve malaria treatment outcomes in endemic regions.
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1. INTRODUCTION 
Malaria remains a major global health challenge, with sub-Saharan Africa accounting for over 90% of cases and deaths (World Health Organization, 2024). Nigeria, in particular, bears a disproportionate burden, reporting 27% of global cases (68 million) and 31% of deaths (189,000) in 2022. In Nigeria, Plasmodium falciparum transmission persists due to socioeconomic disparities and limited access to quality healthcare (Okon et al., 2022). Environmental and vector-related factors, combined with the parasite’s biological adaptability, further entrench malaria’s prevalence. Children under five and pregnant women are disproportionately affected, experiencing severe anemia, cognitive impairments, low birth weight, and increased maternal mortality (World Health Organization, 2024; Ashley et al., 2014). These vulnerable populations face the highest morbidity and mortality risks, underscoring the need for effective interventions. Artemisinin-based combination therapies (ACTs), combining fast-acting artemisinin derivatives with partner drugs like lumefantrine or piperaquine, have significantly reduced malaria morbidity and mortality (Tse et al., 2019; Ashley et al., 2014). In Nigeria, artemether-lumefantrine is the most commonly used ACT, contributing to recent declines in malaria-related illness and death (World Health Organization, 2024). 
Despite the initial success of ACTs, the emergence of resistance threatens their long-term efficacy. The rise of resistance to partner drugs, particularly lumefantrine, has been documented in African countries such as Angola and Uganda, threatening the long-term efficacy of ACTs (Tse et al., 2019; Plucinski et al., 2015; Tumwebaze et al., 2021). Mutations in the kelch13 gene, including validated markers R561H, C469Y, and A675V, have been identified in East Africa, particularly in Rwanda and Uganda (Balikagala et al., 2021; Uwimana et al., 2020). Clinical resistance, characterized by delayed parasite clearance, remains limited, affecting approximately 1–5% of infections in focal areas (Rosenthal, 2021; Nwanziva et al., 2022). Historically, chloroquine resistance emerged in Southeast Asia in the late 1950s and spread to Africa within 10–15 years, contributing to millions of childhood deaths in the 1980s (Murray et al., 2012). A similar trajectory for artemisinin resistance (ART-R) could exacerbate malaria control challenges in Africa if proactive measures are not implemented. Mathematical models indicate that lower transmission rates and immunity could accelerate the local emergence of resistance (Scott et al., 2019; Huang & Tatem, 2013). Table 1 summarizes key kelch13 mutations and their prevalence in Africa. 
Right now, ACTs are still highly effective outside of Southeast Asia (Rosenthal, 2021). However, mutations in Pfkelch13—especially C580Y, R561H, Y493H, and A675V—are known to cause delayed clearance by disrupting haemoglobin endocytosis (Birnbaum et al., 2020; Straimer et al., 2015). Although African alleles like A578S are present, they haven’t shown resistance in vivo or in vitro (Ménard et al., 2016; Ocan et al., 2019). A key player in this developing resistance scenario is the parasite’s ability to handle oxidative stress caused by artemisinin. The drug works by generating reactive oxygen species (ROS), which can harm the parasite’s biomolecules (Kavishe et al., 2017). To cope with this, P. falciparum has developed strong antioxidant systems—like redox-regulating selenoproteins, including thioredoxin reductases and glutathione peroxidases—that depend on trace elements (Se, Ca, Mg, Na, K, Zn, Fe) and amino acids (Cys, Met). These systems might open doors to treatment failures (Lobanov et al., 2006; Becker et al., 2004). The nutritional biochemistry of the host plays a significant role in how diseases progress and how effective treatments can be. For instance, changes in plasma levels of essential amino acids and minerals—often seen in patients with malaria—can influence immune responses, redox balance, the integrity of red blood cells, and the replication of parasites (Conroy et al., 2022; Adekunle et al., 2007; Kumar & Bandyopadhyay, 2005). In Nigeria, a study by Okon et al. (2022) found that children with malaria had lower levels of iron and ascorbic acid, while their uric acid and magnesium levels were elevated. 
Given the role of oxidative stress in ACT resistance, selenoproteins represent a critical area of investigation. This review dives into the intricate relationship between how parasites defend themselves, the nutritional biochemistry of their hosts, and the effectiveness of antimalarial drugs. It aims to shed light on the possible role of selenoproteins in influencing resistance to artemisinin-based combination therapies (ACTs). 
Table 1; Key kelch13 Mutations Associated with Artemisinin Resistance in Africa. 
	Allele
	Region
	Prevalence
	Reference

	R561H
	Rwanda, Uganda
	1 – 5%
	Uwimana et al., 2020

	C469Y
	East Africa
	<5%
	Balikagala et al., 2021

	A675V
	East Africa
	<5%
	Rosenthal, 2021

	C580Y
	Limited in Africa
	Rare
	Reyser et al., 2024


2. SELENOPROTEINS AND MALARIA 
Selenoproteins are a unique group of proteins that include selenium in the form of the amino acid selenocysteine, often called the 21st amino acid. Known for their impressive catalytic efficiency in redox reactions, these proteins are vital for antioxidant defence systems. They play a significant role in maintaining cellular redox balance, regulating immune responses, and influencing stress-related signalling pathways (Labunskyy et al., 2014; Steinbrenner et al., 2016). In many eukaryotic organisms, selenoproteins like glutathione peroxidases (GPxs) and thioredoxin reductases (TrxRs) are key players in neutralizing reactive oxygen species (ROS), helping to keep cells functioning properly even under oxidative stress. When it comes to malaria, oxidative stress is a critical factor in the interactions between the host and the parasite. During the erythrocytic schizogony phase, Plasmodium falciparum multiplies inside red blood cells and breaks down haemoglobin, which leads to the production of high levels of ROS and free heme—both of which can be extremely harmful to biological membranes and nucleic acids (Becker et al., 2004). The parasite’s ability to survive in such harsh conditions suggests it has a strong intrinsic antioxidant system, with selenoproteins likely playing a key role. Genomic studies have identified genes encoding thioredoxin reductase (PfTrxR) and selenophosphate synthetase, indicating a functional selenoprotein biosynthesis pathway in P. falciparum (Lobanov et al., 2006). PfTrxR, in particular, is critical for redox regulation and peroxide detoxification under oxidative stress induced by artemisinin (Kavishe et al., 2017). The thioredoxin system in P. falciparum is especially crucial for the parasite’s growth and has been linked to redox regulation, detoxifying peroxides, and repairing proteins damaged by oxidation (Müller, 2004). Additionally, the activity of thioredoxin reductase has been shown to increase when oxidative stress is present, further supporting its role as a defensive mechanism during antimalarial treatments (Kavishe et al., 2017). 
Recent discoveries about selenoproteins in Plasmodium biology have shed light on how the parasite’s need for redox balance influences its reaction to artemisinin-based combination therapies (ACTs). These treatments fight malaria by producing reactive oxygen species (ROS) and modifying the proteins of the parasite. As a result, the parasite may adapt by overexpressing or upregulating redox-active proteins, including selenoproteins, to counteract the oxidative damage caused by artemisinin (Gopalakrishnan & Kumar, 2015). It’s crucial to explore how these selenoproteins are regulated when exposed to drugs and whether their expression varies between sensitive and resistant strains, as this remains a key area of research. Even with these advancements, we still have a lot to learn about the functions of selenoproteins in Plasmodium species. The parasite’s unusual codon usage and intricate life cycle pose significant challenges for experimental validation. However, ongoing transcriptomic and proteomic studies are revealing new redox-related genes that might interact with selenoprotein pathways, highlighting their potential significance in the parasite’s biology and resistance to drugs (Babbitt et al., 2012). 
Overall, the accumulating evidence indicates that selenoproteins play a nuanced yet vital role in maintaining redox homeostasis in Plasmodium, helping the parasite endure both internal oxidative stress and external drug challenges. Understanding the specific roles of these proteins could not only deepen our insight into malaria’s development but also guide the creation of innovative therapeutic approaches that target the parasite’s antioxidant systems.
3. ACT RESISTANCE MECHANISMS 
Artemisinin-based combination therapies (ACTs) have made a huge impact in cutting down malaria-related illness and death rates. But now, we’re facing a new challenge: resistance to both artemisinin and its partner drugs is putting our malaria control efforts at risk. This resistance is mainly marked by a delay in clearing the parasites and is closely linked to mutations in the Plasmodium falciparum kelch13 (K13) gene, especially the C580Y mutation that was first spotted in Southeast Asia and has recently been found in parts of Africa (Reyser et al., 2024; Si et al., 2023). The resistance mechanisms go beyond just kelch13 mutations and involve a complicated mix of genetic, epigenetic, and metabolic changes: Gene Amplification: The pfmdr1 gene’s amplification has been tied to a decrease in sensitivity to partner drugs like mefloquine (Price et al., 2004). Likewise, the amplification of plasmepsin II/III genes is linked to resistance against piperaquine (Witkowski et al., 2017). Changes at the chromatin level, such as histone acetylation, can affect gene expression related to nutrient uptake and stress responses. These changes might lead to a temporary drug-tolerant state (Di Stefano et al., 2024). Recent research also points to the importance of redox homeostasis in developing resistance. ACTs, especially artemisinin, work their magic by producing reactive oxygen species (ROS) when activated by intracellular iron, which causes significant oxidative damage to the parasite’s proteins (Xie et al., 2020). To cope with this oxidative stress, P. falciparum seems to ramp up its antioxidant defences, including the thioredoxin and glutathione pathways (Kavishe et al., 2017; Jortzik & Becker, 2012).
4. SELENOPROTEINS AND ACT RESISTANCE 
Selenoproteins, which include the rare amino acid selenocysteine, play a vital role in the parasite’s antioxidant defence system. In P. falciparum, researchers have identified at least four selenoproteins: thioredoxin reductase (PfTrxR), selenoprotein T, selenophosphate synthetase, and glutathione peroxidase-like proteins (Lobanov et al., 2006). These enzymes are believed to help manage oxidative stress during the digestion of haemoglobin in the parasite’s food vacuole, a process that produces a lot of reactive oxygen species (ROS) (Jortzik & Becker, 2012; Müller, 2004). Interestingly, there’s been an increase in the expression of PfTrxR and other redox enzymes in artemisinin-resistant strains, hinting at a compensatory adaptation that aids in neutralizing drug-induced ROS (Wang et al., 2015). For instance, PfTrxR, which relies on selenium, reduces thioredoxin and plays a key role in protein repair, detoxification, and redox signalling. This upregulation might be a factor in the parasite’s survival when faced with artemisinin pressure (Kavishe et al., 2017; Kehr et al., 2010). 
While we don’t fully understand the exact role of selenoproteins in resistance to artemisinin-based combination therapies (ACT), their known functions in protein folding, redox buffering, and degradation pathways suggest they are likely involved. Since ACTs rely on oxidative damage to be effective, even minor changes in the parasite’s redox state—mediated by selenoproteins—can have a significant impact on how potent the drugs are (Rosenthal, 2013; Müller, 2004). Additionally, the regulation of these antioxidant defences might be influenced by epigenetic factors or stress-induced changes in gene expression, which adds another layer of complexity to the resistance landscape. Recent findings also indicate that the parasite’s antioxidant capacity may be selectively boosted in resistant clones through these regulatory mechanisms (Birnbaum et al., 2020; Wang et al., 2015).
5. IMPLICATIONS AND FUTURE DIRECTIONS
i. Implications of the Potential Role of Selenoproteins in Modulating ACT Resistance The rise of artemisinin-based combination therapy (ACT) resistance in Plasmodium falciparum poses a significant hurdle for global malaria control efforts. Artemisinin works by generating reactive oxygen species (ROS), which create a tough oxidative environment for the parasite (Suresh & Haldar, 2018). In response, P. falciparum has developed complex redox buffering systems, mainly through the thioredoxin and glutathione pathways, to counteract the oxidative stress caused by artemisinin (Muller, 2001). Recent studies indicate that selenoproteins—selenium-rich proteins known for their strong redox activity—could play an important role in this redox defence mechanism. The genome of P. falciparum contains several elements necessary for the selenocysteine insertion process, including a unique tRNA, selenophosphate synthetase, and selenocysteine synthase, which shows its ability to produce selenoproteins (Lobanov et al., 2006). While these selenoproteins are fewer in number compared to those in higher eukaryotes, they are believed to aid in antioxidant defence, potentially influencing susceptibility to ACT (Novoselov et al., 2002). Moreover, research has shown that when malaria-infected hosts receive selenium supplementation, the activity of glutathione peroxidase—a selenocysteine-dependent enzyme—rises, suggesting that selenium and its related proteins might boost the parasite’s redox balance (Gamain et al., 1996). This increase in redox enzyme activity could give P. falciparum a survival edge when faced with artemisinin, supporting the idea that selenoproteins could be involved in the development or persistence of ACT resistance.
ii. Exploring the Potential of Targeting Selenoproteins to Tackle ACT Resistance Given how crucial redox regulation is in ACT resistance, selenoproteins emerge as promising drug targets. Take auranofin, for instance—this compound is a well-known inhibitor of selenoenzymes like thioredoxin reductase and has shown impressive antimalarial effects by throwing off redox balance and ramping up oxidative stress in P. falciparum (Sannella et al., 2008). The fact that selenoproteins are specific to the parasite and differ from human counterparts makes them even more appealing as therapeutic targets, with a lower risk of harming the host (Rashidi et al., 2022). By inhibiting selenoproteins, we could potentially work in tandem with ACTs to diminish the parasite’s ability to counteract reactive oxygen species (ROS), thus boosting the effectiveness of the drugs. There’s an urgent need for structural studies and molecular modelling of P. falciparum selenoproteins to create selective inhibitors that latch onto the active selenocysteine sites without interfering with human enzymes (Lobanov et al., 2006). This strategy could pave the way for a new chapter in antimalarial drug development, honing in on redox vulnerability as a critical weakness.
iii. Identifying Knowledge Gaps and Future Research Avenues Even with the progress we’ve made, there are still significant gaps in our understanding of selenoproteins in P. falciparum. For starters, we don’t fully grasp the specific functions and substrates of these proteins. To clarify the role of individual selenoproteins in managing oxidative stress and drug resistance, we need to employ functional genomics and CRISPR-based gene editing techniques (Novoselov et al., 2002). Additionally, we have a limited understanding of how selenoprotein expression is regulated under artemisinin pressure. Conducting transcriptomic and proteomic profiling of P. falciparum during oxidative stress and selenium modulation could uncover the dynamic regulatory mechanisms at play (Gamain et al., 1996). The absence of high-resolution structures for most P. falciparum selenoproteins hampers our ability to design effective drugs. That’s why structural biology techniques, like cryo-EM and X-ray crystallography, are so important. On top of that, we need to conduct preclinical studies to evaluate how these selenoprotein-targeting drugs work and their safety. It’s essential to establish the therapeutic index of these agents in murine and primate malaria models to pave the way for clinical applications (Sannella et al., 2008).
6. CONCLUSION 
This review has shed light on the growing importance of selenoproteins in the redox biology of Plasmodium falciparum, especially regarding resistance to artemisinin-based combination therapy (ACT). As the malaria parasite evolves to cope with the oxidative stress caused by ACTs, it’s becoming clear that traditional redox systems—like the glutathione and thioredoxin pathways—might not be working in isolation. Instead, selenoproteins, which have been extensively studied for their role in mammalian antioxidant defence, are now being recognized as potential support systems that help the parasite maintain its redox balance and withstand antimalarial treatments. While the synthesis and function of selenoproteins in P. falciparum are not as extensive as in higher eukaryotes, they could offer crucial adaptive benefits when faced with drug-induced oxidative stress. New evidence indicates that selenocysteine-dependent enzymes might play a role in neutralizing reactive oxygen species produced by artemisinin and possibly other elements of ACT, subtly influencing the parasite’s vulnerability to treatment. This positions selenoproteins not just as markers of resistance but also as innovative therapeutic targets that could be leveraged to make resistant parasites more susceptible to ACT or to boost the effectiveness of existing treatments. The impact of this new approach is especially significant for regions in Africa where malaria is prevalent, as we’re starting to see resistance to artemisinin-based combination therapies (ACTs). 
Given that Africa accounts for over 90% of global malaria deaths, often in areas with limited resources, a decline in the effectiveness of ACTs would be a disaster for public health. This makes it crucial to understand non-traditional resistance mechanisms—like those possibly influenced by selenoproteins—not just as an academic exercise, but as a vital step in maintaining the effectiveness of our frontline antimalarial treatments. To truly grasp how selenoproteins contribute to ACT resistance, we need focused proteomic and transcriptomic research on field isolates, along with CRISPR-based functional genomics. Additionally, designing drugs based on structural insights could lead to the creation of compounds that specifically target parasite selenoenzymes while leaving the host’s redox systems intact. Moreover, keeping an eye on epidemiological trends that include redox-related biomarkers could help us spot new resistance patterns tied to selenoprotein expression, providing early warnings for public health strategies. 
In conclusion, this review highlights an intriguing and often overlooked aspect of malaria biology. As we move into the next decade of research and development in antimalarial treatments, selenoproteins might just be the key to tackling resistance challenges and achieving lasting control and eventual eradication of malaria, particularly in the most at-risk areas around the globe.
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