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Abstract: Several measures are in place to combat the worldwide spread of malaria, especially in
regions of high endemicity. In part, most common antimalarials, such as quinolines and artemisinin
and its derivatives, deploy an ROS-mediated approach to kill malaria parasites. Although some
antimalarials may share similar targets and mechanisms of action, varying levels of reactive oxygen
species (ROS) generation may account for their varying pharmacological activities. Regardless of the
numerous approaches employed currently and in development to treat malaria, concerningly, there
has been increasing development of resistance by Plasmodium falciparum, which can be connected
to the ability of the parasites to manage the oxidative stress from ROS produced under steady or
treatment states. ROS generation has remained the mainstay in enforcing the antiparasitic activity
of most conventional antimalarials. However, a combination of conventional drugs with ROS-
generating ability and newer drugs that exploit vital metabolic pathways, such antioxidant machinery,
could be the way forward in effective malaria control.

Keywords: ROS; antimalarials; Plasmodium falciparum; malaria and oxidative stress

1. Introduction

Malaria is a vector-transmitted parasite disease that continues to plague mankind. It
is caused in humans by five main species of Plasmodium. The World Health Organization
estimated a global prevalence of 229 million cases in 2019, with Sub-Saharan Africa taking
the top spot, with more than 90% of the global burden and most of the deaths being due to
the parasite Plasmodium falciparum. Plasmodium vivax is also a notable species and, although
it is less deadly, it still has a very significant economic impact [1]. The physiopathology of
P. falciparum and P. vivax malaria relies to a large extent on the oxidative stress generated
by the parasites during their erythrocytic cycle [2–4].

It is worrisome to note that the control of malaria has stalled since 2014 [1,5], which
calls for a doubling of efforts by all stakeholders. Several recommendations have been made
with regard to malaria control. These recommendations range from the use of insecticide
spray and sleeping under insecticide-treated nets to the use of chemotherapeutic agents.

Regardless of these numerous interventions, the seeming lack of progress may be
attributed to many factors, which may include, but are not limited to, poverty, poor sanita-
tion, and inadequate or nonoperational health policies [6,7]. Moreover, overuse, inadequate
or incomplete treatment regimens, and counterfeit drugs, which lead to drug failures and
the development of resistance by both mosquitoes and malaria parasites to insecticides
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and antimalarials, respectively, are also responsible for this scenario [1,8,9]. Chloroquine
and most antiplasmodial drugs have lost their usefulness in malaria control due to parasite
resistance development [10,11], and it is worrisome to note that the continued relevance of
the current gold-standard drug artemisinin and its derivatives is threatened by resistance
development, which was first reported in 2008 [12,13]. Resistance of the parasite to anti-
malarials could be a result of its ability to develop diverse mechanisms to evade death,
which can be preventive, reductive, or reparative.

As for any cell, the maintenance of redox homeostasis is vital for parasites. The
overall level of ROS in a biological system is determined by its level of production and/or
elimination by the antioxidant machinery of the cells [14]. The ROS generated are very
reactive and oxidize any biomolecules around their site of production [15], leading to
intense cellular damage.

Since the majority of conventional antimalarials kill parasites via direct or indirect
overproduction of reactive oxygen species (ROS) [16], the present article seeks to review
the generation and modulation of ROS in steady state and during treatment with different
antimalarials, especially artemisinin and its derivatives in relation to P. falciparum resistance
to these drugs. An in silico comparison of the enzymes of the P. falciparum redox system
with the P. vivax proteins has shown a certain level of homology between these two parasite
species [17]. However, as the in vitro culture of P. vivax has not yet been mastered, the
redox system of Plasmodium has almost exclusively been studied in P. falciparum.

2. Defining ROS in Living Cells

ROS are defined as oxygen-containing reactive species. This term includes superox-
ide radicals (O2

•−), hydrogen peroxide (H2O2), hydroxyl radicals (•OH), singlet oxygen
(1O2), peroxyl radicals (LOO•), alkoxyl radicals (LO•), lipid hydroperoxide (LOOH), and
peroxynitrite (ONOO−), among others [15]. Their generation can first occur as a result of
the partial reduction of oxygen, as described in Figure 1. Among the ROS, some species
are radicals, i.e., have unpaired electrons in their outer orbit—for example, superoxide
and hydroxyl radicals. The different forms of ROS have varying levels of reactivity de-
pending on their oxidation potential, with H2O2 being the least reactive and �OH being the
most reactive.
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3. The Biochemical Impacts of ROS in Living Cells: Is There Any Peculiarity in Malaria?

ROS generated at low concentrations under physiological conditions are often ben-
eficial, playing important roles as regulatory mediators in signaling processes [15,18].
Nevertheless, at high concentrations, they become deleterious for the cells. The toxicity
of free radicals stems from their unstable nature and predisposition to donate or abstract
electrons from nearby molecules, triggering a chain reaction that can be terminated by
another molecule with unpaired electrons. Lipids, proteins, and nucleic acids are attacked
and damaged by ROS, which affects the survival of living organisms [14,15] (Figure 2).
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This overproduction of ROS can be endogenous due to the dysregulation associ-
ated with pathological processes such as aging, inflammation [19,20], or cardiovascular
diseases [21] and can also be exogenous with the administration of xenobiotics such as
antimalarials [22].

3.1. Cell Signaling

ROS play important physiological roles, such as in the induction of apoptosis and
suppression of some genes’ expression, at low concentrations [18]. Studies have reported
the production of ROS by specialized plasma membrane oxidases and nicotinamide adenine
dinucleotide phosphate (NADPH) oxidases in normal physiological signaling by growth
factors and cytokines [23]. For example, NADPH oxidase activity plays defensive roles
in phagocytic cells [18]. The small size and ability of ROS (such as H2O2) to traverse
membranes make them suitable for cell signaling; however, this role is not yet fully
understood in Plasmodium [24].

3.2. Lipid Peroxidation

Lipids are prone to attacks from reactive species, resulting in their oxidation and
the formation of lipid peroxides [25] (Figure 3). This leads to cellular dysfunction, es-
pecially as lipids are major components of cell membranes. In Plasmodium, artemisinin
and its derivatives accumulate in neutral lipid bodies, especially in the digestive vac-
uole, where they can trigger oxidative damage after their heme–iron activation [26], via a
lipid peroxidation process that, once initiated, is propagated by autocatalysis to free fatty
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acids [26]. This oxidative damage leads to a loss of Plasmodium membrane integrity and,
consequently, parasite death. Moreover, tetraoxanes oxidatively damage phospholipids
more than artemisinin [27], which may account for the differential antimalarial effect of
these endoperoxides.
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(PUFAs) are the most vulnerable to lipid peroxidation. COOH = carboxyl group, OOH = hydroperoxyl.

3.3. Protein Damage

Proteins are vulnerable to oxidation by ROS, a phenomenon generally referred to
as protein carbonylation. Protein carbonyls are reactive aldehydes and ketone adducts
formed through the α-amidation pathway, the formation of protein–protein cross-linked
derivatives, the oxidative cleavage of glutamyl residues, and cell membrane damage by
lipid oxidation products [28]. Protein carbonyls have been used as biomarkers of oxidative
stress due to their relative stability and early formation [29]. ROS generate cytotoxic protein
carbonyls in two main and irreversible ways:

(i) by a metal-catalyzed oxidative (MCO) attack targeting the amino acid moiety of
arginine, lysine, threonine, and proline (Figure 4);

(ii) by secondary reactions on lysine, cysteine, and histidine with reactive carbonyl
derivatives, resulting, among other things, from lipid peroxidation.

These post-translational modifications due to the oxidization of amino acid side
chains, which results in aldehyde, ketone, and lactam formation, can also lead to damage
to proteins [30,31].

The endoperoxides alkylate numerous vital proteins, including enzymes in the par-
asite, particularly the cysteine residue of cysteine proteases, which play a vast role in
P. falciparum, ranging from hemoglobin (Hb) uptake and digestion to aiding red blood cell
rupture [8,32,33]. Therefore, their alteration, leading to the inhibition of their enzymatic
properties, can cause severe setbacks for parasite survival, considering the huge depen-
dence of the parasite on Hb digestion products. Endoperoxides also disrupt the activities
of sarcoplasmic–endoplasmic reticulum Ca2+-ATPase- (SERCA-) type protein, encoded
by the pfatpase6 gene, presumably from the ROS that they generate [34]. More recently,
approximately 124 proteins were identified as covalent binding targets of artemisinins [35].
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3.4. Nucleic Acid Damage

The molecular integrity of DNA and other genetic material is necessary for the con-
tinued existence and survival of all living organisms, including Plasmodium. ROS cause
structural damage to DNA by attacking mainly one of its bases, guanine, due to its lower
oxidation potential [36,37] (Figure 5). Reports have revealed that artesunate can cause
double-stranded breaks of plasmodial DNA in less than one hour and that it is linked to an
increase in ROS generation [38].
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Figure 5. DNA base damage by ROS at the purine base guanine. The C8-OH adduct 7-hydro8-oxo-2’-deoxyguanosine
is used as a marker of oxidative stress. A similar reaction occurs with adenine (8-oxoAde and Fapy-Ade). FapyGua:
formamidopyrimidine, 8-oxoGua: 8-oxoguanine [36,39].

Disruption of the conformation of biomolecules by artemisinins (endoperoxides) or
other ROS-generating antimalarials kills parasites. Although they have a similar activation
process generating carbon- and oxygen-centered radicals, the efficacy of endoperoxides
varies, which can be explained, in part, by their different pharmacological properties,
notably the stage of the parasite erythrocyte cycle, the nature of their target, and their
location in the parasite, i.e., trioxolanes vs. artemisinin and its derivatives [26,40].
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4. Sources and Management of ROS in Plasmodium-Infected Erythrocytes under
Steady State

ROS arise from both the metabolism of the parasite and the host defense system [41]. In
erythrocytic parasites, there are two important sources of ROS: the mitochondrial electron
transport chain and the degradation of hemoglobin [24,42]. The involvement of the antioxi-
dant machinery and the elimination of heme produced during the digestion of hemoglobin
are the two strategies by which the parasite maintains its redox homeostasis (Table 1).

Table 1. Plasmodial heme elimination and antioxidant machinery.

Agent Site of Production Role in Oxidative Homeostasis

HRP FV Binding with heme for polymerization
HDP FV Heme polymerization to hemozoin
H2O2 Cytosol and FV Degrades heme
SOD Cytosol, Mitochondria Dismutation of O2

•−

Prx Cytosol, Mitochondria, Apicoplast Reduction of H2O2 to H2O
Trx Cytosol, Mitochondria Reduction of Prx
GSH Cytosol Degradation of heme, reduction of proteins and ROS
Vit B6 Cytosol Role unclear

H2O2: hydrogen peroxide, HRP: histidine-rich protein, HDP: heme detoxification protein, SOD: superoxide dismutase, Trx: thioredoxin,
Prx: peroxiredoxin, GSH: reduced glutathione, Vit B6: vitamin B6, FV: food vacuole [43–50].

4.1. ROS Production from Mitochondrial Electron Transport Chain

The mitochondrion constitutes a very important source of free radicals in aerobic
organisms. Approximately 1–3% of electrons escape from the electron transport chain
directly to react with molecular oxygen, leading to the formation of superoxide radicals
(O2

•−) [15]. This is all the more important as the mitochondrion of the parasite responsible
for malaria has cytochromes with heme as a cofactor in the electron transport chain [51].
Although there is a paucity of data on the involvement of the parasitic mitochondrion
in ROS generation, the complexity and diversity of its antioxidant system is a very good
pointer, especially the report of the expression of cytosolic PfSOD-1 and mitochondrial
PfSOD-2 throughout the blood stages of the parasite [52]. Superoxide dismutases (SODs)
quickly dismutate the formed superoxide radical (O2

•−) to hydrogen peroxide (H2O2),
which can be reduced to water by the peroxiredoxin 2-Cys Prx (TPx-2) [53,54].

4.2. ROS Production from Hemoglobin Digestion

During the blood stage, parasites take up and break down approximately 75% of the
hemoglobin (Hb) of red blood cells to obtain essential amino acids for their development
and replication, releasing free heme as residual toxic waste [44,55]. This free heme contains
reactive ferrous iron (Fe2+) that can readily reoxidize by transferring electrons to oxygen to
form superoxide radicals (O2

•−) [16] and then hydrogen peroxide, finally leading to the
production of the highly deleterious hydroxyl radical (•OH) through the Fenton reaction
involving a new molecule of heme (Fe2+) (Figure 6) [3].

Because of the important role that heme plays in ROS generation, immediately after its
production, a detoxification process takes place where approximately 95% of the produced
heme (Fe2+) is polymerized into hemozoin, a nontoxic crystal [46]. This reaction involves
the heme detoxification protein (HDP), whose action is aided by histidine-rich protein-2
(HRP2) (Figure 7) [48,56]. HRP2 is said to have a very high affinity for heme [57,58], and
elevated HRP2 reduces the vulnerability of the parasite. Kapishnikov et al. showed that
mature parasites have approximately 70% of the total iron from red blood cells in the
hemozoin crystals and therefore suggested a coupling of the rate of Hb digestion to that of
heme polymerization [59].

Although Plasmodium lacks the heme oxygenase enzyme, which is deployed by most
organisms to degrade heme [60], it has a system in place that mimics the heme oxyge-
nase [44]. During the digestion of hemoglobin, H2O2 is also generated in the food vacuole
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as a result of the immediate conversion of oxyhemoglobin to methemoglobin due to heme
reduction at the prevailing pH of 5.2 [61,62]. The heme is peroxidatively degraded by the
reaction with H2O2, leading to the formation of a ferryl intermediate (Fe(IV)=O) [44].
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Plasmodium uses a family of hemoglobinases to degrade hemoglobin into amino
acids. Plasmodium also requires heme from the host to synthesize proteins such as the heme-
dependent cytochromes in the mitochondrial electron transport chain [51], although genetic
studies have revealed that the parasites encode and express all the enzymes for heme
production [60]. Moreover, the digestion of hemoglobin ensures that the infected red blood
cells are osmotically stable throughout the intraerythrocytic stages of the parasite [65]. The
digestion of hemoglobin is therefore essential for Plasmodium during its intraerythrocytic
cycle. In addition to the formation of hemozoin, there are other antioxidant defense
mechanisms (discussed below) that can address the toxic effect of resting unpolymerized
heme. The significant role played by hemoglobin in oxygen transport makes red blood
cells and their vicinity highly vulnerable to ROS formation [66].

Box 1. The role of nitric oxide in potentiation of reactive species [15,67,68].

Potentiation of reactive species: Nitric oxide in view
Nitric oxide (•NO), which is also considered a ROS, is produced by macrophages against Plasmodium.
The free radical nitric oxide reacts with the primary radical, O2

•−, to give peroxynitrite, a more
lethal reactive species, which can also damage biomolecules such as proteins and DNA. It remains
to be seen if •NO, produced by human phagocytes, diffuses into the parasitic cytosol. However,
•NO production has also been reported in the parasite by an isoform of nitric oxide synthase (NOS),
which is calcium-independent and whose inhibition affects the growth of P. falciparum. The •NO
production is higher in the trophozoite than in the ring stage. Although •NO may not be very
deleterious, its reaction with H2O2 to form peroxynitrite will potentiate their radicality

4.3. Management of ROS by Plasmodium under Steady State: The Antioxidant Machinery

To match the multiplicity of the sources of ROS, including nitric oxide (Box 1), from
both the host and the parasites themselves, malaria parasites have several antioxidant ma-
chineries in addition to heme elimination processes, which may be additive or synergistic
in ensuring their survival in red blood cells. Plasmodium species express antioxidant pro-
teins/enzymes such as superoxide dismutases (SODs), glutathione/glutathione-dependent
proteins, thioredoxin/thioredoxin-dependent proteins and thioredoxin reductase, and
peroxiredoxins [53,69–71].

- The SODs act fundamentally to enable the spontaneous dismutation of O2
•− to H2O2,

which can then be reduced by other enzymes to water, preventing its reaction with iron
(Fe2+) to form highly toxic •OH. Plasmodium expresses two forms of SOD: cytosolic
PfSOD-1 (Fe-SOD) and mitochondrial PfSOD-2 (Mn-SOD). The uptake of SOD from
the host may also be complementary [52,72].

- Glutathione, a tripeptide composed of cysteine, glycine, and glutamate, plays a vital
role in the defense system of malaria parasites. Although the level of heme that
escapes polymerization is only 5%, it can still mount oxidative stress, which can
be eliminated by GSH-dependent mechanisms [45,46,73]. GSH is generated by the
reduction of GSSG by glutathione reductase, which can be amplified by other proteins
with thiol groups, such as thioredoxin (Trx) [74] (Figure 8). This could be further
boosted by the de novo synthesis of GSH, a predominant pathway under oxidative
stress [75,76]. Suggestions of possible uptake from the host were rebuffed by the
findings of Patzewitz et al., who demonstrated that GSH uptake from the host is
not statistically significant [77]. In addition to the nonenzymatic degradation of
heme by GSH to generate nonheme iron, Plasmodium also possesses a thiol enzyme,
glutathione-S-transferase (GST), which binds and sequesters heme (Fe2+) [78]. To affect
its detoxification roles, GSH also serves as a cofactor for GSH-dependent enzymes
such as GST, which helps in the reduction of H2O2 and glutathione-peroxidase-like
proteins. Overall, GSH acts as a redox buffer to provide redox homeostasis [79]. This
is essential in preventing the escalation of ROS generation, which is often aided by
the redox cycling of transition metals such as iron.
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- Thioredoxins (Trxs) are disulfide oxidoreductases, expressed in all organisms, that inter-
act with a myriad of proteins through their cysteine moiety to donate electrons [80,81].
Trxs keep biomolecules in their reduced and active conformations, consequently pro-
moting parasite survival under oxidative stress. The regeneration of reduced thiore-
doxin is achieved through the action of thioredoxin reductase (a FAD-dependent
enzyme) using NADPH [82]. Three isoforms of Trx have been characterized: a cytoso-
lic isoform, Trx1, and two isoforms in the apicoplast, Trx2 and Trx3 [50].

- Plasmodium lacks catalase and glutathione peroxidase and therefore will likely depend
greatly on peroxiredoxins (Prx) to reduce H2O2 generated by SOD [52,53]. P. falciparum
expresses five different isoforms of Prx that are strategically localized in the cytosol,
mitochondria, and perhaps the apicoplast. These are 1-Cys Prx, two typical 2-Cys
Prxs (Prx1 and Prx2), a 1-Cys antioxidant protein (AOP), and a GSH peroxidase-like
thioredoxin peroxidase (TPxGl) [50]. It is known that 1-CysPrx and Prx1 are localized
in the cytosol, while Prx2 is localized in the mitochondria. The localizations of AOP
and TPxGl are not yet fully understood. Prx1, one of the most abundant peroxidases,
is constitutively expressed across all blood parasitic stages and has a very high affinity
for H2O2, hence being judged to serve a housekeeping role [53,83,84]. Prxs are kept
in reduced form through reduction by thioredoxin-dependent systems, comprising
three Trxs and Trx-like proteins (TLPs), Tlp1 and Tlp2, which have been identified
genomically in the parasite [50]. The parasite, in addition to the expressed Trxs, has
approximately 50% of its thioredoxin peroxidase activity depending on the imported
human Prx-2 (hPrx-2) [85]. Moreover, it has been demonstrated that H2O2 can diffuse
into the host and be handled by the host’s catalase enzyme [86]. The import of human
antioxidant machinery may be applicable to other antioxidants, although it has not
been fully verified.

- NADPH is involved in maintaining vital antioxidant enzymes, such as glutathione
and thioredoxin reductases, in their active conformations. However, the accumula-
tion of heme shifts the equilibrium toward the oxidized form NADP+, increasing
the pressure on the reduced form NADPH necessary to reduce the oxidized glu-
tathione (GSSG) to glutathione (GSH). This can lead to the suppression of the main
antioxidant mechanisms, such as glutathione reductase, thioredoxin reductase (TrxR),
glyceraldehyde-3-phosphate dehydrogenase, and other proteins, leading to the eleva-
tion of oxidative stress [87].

- Vitamin B6, in addition to playing several biochemical roles, has also been seen to
act as a potent antioxidant [88,89]. The enzymes governing vitamin B6 synthesis are
elevated in parasites exposed to oxidative stress, e.g., generated by methylene blue
and hence seen as a potential pharmacological target [49]. Although its antioxidant
mechanism is still subject to debate, it is believed to scavenge ROS and prevent lipid
peroxidation [90–92].
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5. ROS Production in Plasmodium-Infected Erythrocytes under Antimalarial Treatment

Oxidative stress is not only an important clinical and pathobiochemical factor but also
an effective therapeutic principle in malaria. Indeed, the pharmacological activity of some
of the most important antimalarials, such as quinolines, atovaquones, and artemisinin
derivatives, is mediated by the high production of ROS, exceeding the oxidative stress
management capacities of the parasite [16,93].

5.1. Mode of Action of Chloroquine and Other Quinolines

Quinolines have been reported to inhibit the polymerization of heme to hemozoin
in food vacuoles, leading to the accumulation of heme [94]. Moreover, chloroquine and
other quinolines differently inhibit the peroxidative degradation of heme by H2O2, hence
increasing heme accumulation and consequently enhancing heme-catalyzed reactions, lead-
ing to the production of ROS and parasite death [44,95]. The formation of the heme–FeIII

adduct with chloroquine in the food vacuole leads to its diffusion into the cytosol, where
the complex is dissociated, releasing heme in the parasite cytosol and hence promoting
the redox cycling of FeIII to FeII, which enhances ROS generation [96]. This has also been
reported for quinine [96] and may apply to other quinolines. Other purported modes of
action of quinolines include the inhibition of the peroxidase-like activities of heme, leading
to the accumulation of H2O2, which interacts with heme to form radicals [97]. Reviewed
reports about the mode of action of quinolines have revealed their varying levels of activity
that trigger ROS generation [44,94,96].
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5.2. Mode of Action of Atovaquone and Hydroxynaphtoquinones

The mode of action of atovaquone and other hydroxynaphtoquinones is based on
the inhibition of mitochondrial cytochrome bc1 complex via the competitive inhibition
of ubiquinol binding [98,99]. Consequently, atovaquone induces the collapse of the mi-
tochondrial membrane potential, blocking the energy supply of the parasites, leading to
parasite death [100,101]. Concomitantly, the ubiquinol accumulation due to the inhibition
of its binding site generates also a significant amount of superoxide radicals (ROS), as was
shown in cancer cells and Plasmodium [16,102].

5.3. Mode of Action of Artemisinin: The Role of Endoperoxide

Artemisinins are at the forefront of the war against malaria and are used in combination
with other antimalarial agents in artemisinin-based combination therapies (ACTs) [103,104].
This class of compounds, which includes arteether, artemether, artesunate, and dihy-
droartemisinin [105], is characterized by the presence of an endoperoxide group that is
responsible for the antimalarial activity.

5.3.1. Activation of the Endoperoxide to Generate ROS

The endoperoxides are converted into carbon-centered radicals, which mediate most
of their effects. Activation is performed by the transfer of electrons from transition metals,
mainly iron (Box 2), leading to the homolytic cleavage of the endoperoxide bridge [106–109].
The carbon-centered radical formed can alkylate heme, preventing its polymerization into
hemozoin and thus inducing the formation of toxic ROS. They also alkylate several essential
biomolecules, rendering them dysfunctional and consequently leading to plasmodial
death. The iron could be heme (nonchelatable iron) (Figure 9) or freely circulating iron
(chelatable iron).

Available evidence shows that artemisinin reacts more efficiently with heme than other
forms of iron [110], thus pointing to the huge role played by heme in the pharmacological
activity of endoperoxides. The dependence on iron is affected by the stage of the parasite.
However, artemisinin activation at the early ring stages depends more on chelatable iron
than on the trophozoite stage (35% vs. 15%), for which artemisinin activation depends
more on heme generation from hemoglobin digestion [111]. This could be explained by
a hemoglobinase system that is not fully developed at the ring stage but has a low level
of falcipain 2 and 3 activity sufficient to sustain hemoglobin degradation that permits
normal growth [111]. The molecular structure of an endoperoxide also determines its level
of dependence on heme for activation [111]. Although the most studied source of heme
for artemisinin activation is hemoglobin, the debate continues on whether other heme-
containing proteins may not do the same [107,112]. Some of these proteins are cytochrome
p450, catalases, peroxidases, and other heme-containing proteins [113–116]. The use of
chelators of free iron and inhibitors of hemoglobin digestion revealed that artemisinin
activity at the early ring and trophozoite stages depends more than 80% on heme activation,
while, at the mid-ring stage, it is 40% dependent. This means that artemisinin and, by
extension, other endoperoxides may have other mechanisms of action that may not be
iron-dependent [111].

5.3.2. Depolarization of the Mitochondrial Membrane Potential

Mitochondria can play an essential role in the indirect killing of the parasite from
ROS generation [107,112]. ROS production occurs as a result of membrane depolarization,
dissipating its membrane potential, which plays vital roles in maintaining parasite cellular
integrity, hence causing death [117,118]. This depolarization can be caused by the direct
inhibition of PfATPase6 by artemisinins and other endoperoxides [119]. Artemisinins can
also generate ROS at the mitochondrial level by altering the transfer of electrons from
complex III to molecular oxygen, forming superoxide radicals [16,38,69,112].
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Box 2. Probable roles of other transition metals as cofactors in endoperoxide activities [15,96].

Transition metals potentiate the artemisinin activity
Apart from iron, other metals, especially transition metals such as copper, which are essential
components of some proteins, also play a crucial role in ROS generation in the malaria parasite by
catalyzing redox cycling in their unbound forms. The ROS generation by antimalarials is potentiated
through the redox recycling of Fe3+ to Fe2+ with the aid of reduced flavin cofactors and probably
NADPH-Fe (flavin reductase). Among the transition metals are copper and zinc.

5.4. Artemisinin-Based Combination Therapies

As discussed earlier, quinolines and artemisinins act essentially via the production of
ROS. The WHO has recommended six artemisinin-based combination therapies (ACTs):
artemether–lumefantrine (AL), dihydroartemisinin–piperaquine (DHA-PPQ), artesunate–
amodiaquine (AS-AQ), artesunate–mefloquine (AS-MQ), artesunate–sulfadoxine-primetha
mine (AS-SP), and artesunate–pyronaridine (AS-PY) [120]. ACTs drastically clear the para-
site and resolve malaria symptoms (such as fever) [121], hence the need for their continued
use. Synthetic hybrids of endoperoxides and quinolines have been developed to enhance
their pharmacological activities and cost-effectiveness in malaria treatment [105,122]. Re-
sistance to partner drugs used in ACTs in Southeast Asia raises concern over the long-term
usefulness of these antiplasmodial combinations [120,123,124].

5.5. ROS Evasive Mechanisms under Treatment

To handle the exacerbated ROS generation by the presence of antimalarials, the
parasites upregulate their survival mechanisms, in addition to the already discussed
mechanisms. The parasite’s evasive mechanisms could simply be classified as preventive,
reductive, and reparative.

5.5.1. Preventive Mechanisms

Reduction of self-generated ROS: The parasite is said to reduce its own production
of ROS and develop new evolutionary mechanisms to curb the effect of ROS [125]. This
evolutionary mechanism undergoes apicoplast metabolism with lipoic acid production,
which has antioxidant properties. Lipoic acids are disulfide-containing derivatives of
octanoic acid that can exist in oxidized and reduced forms. This ability enables them to
play antioxidant roles. Lipoic acids serve as cofactors to several enzymes involved in
energy and amino acid metabolism [126]. In the case of artemisinin resistance, reduced
hemoglobin import leads to a reduction in the activation of artemisinin and reduced ROS
generation [127].

Reduced or mutated expression of hemoglobinases and reduced Hb endocytosis:
Endoperoxide activation largely depends on heme production from Hb [110,111]. Down-
regulation of hemoglobinases (falcipain 2 and 3) in the early ring stage could participate
in artemisinin resistance by enhancing the effect of the K13 mutation [111]. Moreover,
it has been established that a reduction in the import of hemoglobin, especially at the
ring stage, in K13 mutants is responsible for artemisinin resistance [127,128]. Quiescence
state was also described as a parasite response to face the oxidative stress generated
by artemisinin [129–131]. The parasites recuperate rapidly from dormancy artemisinin-
induced once the treatment is removed [130–132].

5.5.2. Reductive Mechanisms

Import of biomolecules: The host boasts more developed antioxidant machinery
against ROS than Plasmodium. Regardless of this, Plasmodium can develop evolutionary
measures to eliminate the marauding ROS in its cytosol. Among these measures is the
importation of some human antioxidant machinery, such as human peroxiredoxin-2, which
uses PfTrx as a reducing agent. Importation is reported to be elevated under treatment
with ROS-generating antimalarials [85]. Other forms of human proteins (SOD, catalase,
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aminolevulinic acid dehydratase, and ferrochelatase) that may augment parasitic defense
mechanisms have also been reportedly imported by Plasmodium [72,133–135].

Increased expression of antioxidants: Because of the elevated ROS generation due to
antimalarial treatment, parasites increase their expression of vital antioxidant enzymes.
Such enzymes include iron-superoxide synthetase (Fe-SOD), glutathione-S-transferase
(GST), glutathione synthetase (GS), γ-glutamylcysteine synthetase (γ-GCS), thioredoxin
reductase (TrxR), and peroxiredoxins (nPrx) [69,70,136]. This overexpression, which is
higher in the artemisinins-resistant strains, especially SOD and GST, is associated with
parasite resistance characterized by a lower level of ROS and less oxidized proteins [69].

5.5.3. Reparative Mechanisms

ROS generated by antimalarials damage many biomolecules, such as proteins, lipids,
and nucleic acids [15]. Increased repair is therefore necessary for continued survival under
elevated ROS production. The unfolded protein response (UPR), often referred to as a stress
gene, is essential for parasite survival and is upregulated in K13 mutants. This confers upon
the parasite an increased ability to repair or degrade proteins damaged by alkylation and
oxidation generated by artemisinin [137]. Moreover, K13 mutations have been associated
with the elevation of P. falciparum phosphatidylinositol-3-kinase (PfPI3K) due to its reduced
association with PfKelch13 and polyubiquitination [138]. This consequently leads to the
elevation of phosphatidylinositol-3-phosphate (PI3P), which is said to be essential in the
trafficking of proteins and lipids toward the apicoplast, where they are needed [138,139].
K13 gene mutations have demonstrated a global spread and attracted increased attention,
especially in endemic regions, as molecular markers for ART resistance [129], although
not all have been linked to resistance to artemisinin [140,141]. Single-nucleotide poly-
morphisms (SNPs) in P. falciparum mlh1, pms1, and exo1 lead to increased expression of
thioredoxin (PfTrx) and signal peptide peptidase, which increases adaptation to oxidative
stress and protein damage, leading to the upregulation of the DNA repair mechanisms of
the parasite with a consequent decrease in the antimalarial effect of artemisinin [136,142].
These mechanisms keep the vital biomolecules of parasites functional and, as a result,
improve their chances of survival under treatment, i.e., resistance development.

6. Conclusions

It is now apparent that conventional antimalarials deploy ROS, ultimately responsi-
ble for their parasiticidal activity. However, the evolutionary dynamism of Plasmodium
seeks to systematically counteract the antimalarial activity mediated by ROS. Given this
observation, it is unsurprising that the time required for P. falciparum to acquire resistance
to antimalarial drugs, whose mode of action is based on the generation of ROS, is becom-
ing increasingly shorter. In this way, the development of artemisinin resistance to new
endoperoxide-based hybrid molecules indicates a shared pathway of resistance to the
K13 propeller gene mutation [143]. To ensure the continued relevance of ROS-producing
antimalarials, the ROS-managing machinery of the parasite could be thwarted to preserve
and enhance the activities of the antimalarials. ACTs with newer molecules that disrupt the
resistance mechanism of the parasite should be sought. Such molecules, companion drugs
of artemisinin, could target key antioxidant enzymes linked to glutathione-dependent
and thioredoxin-dependent systems, phosphatidyl inositol 4-kinase enzyme (PI4K), and
mRNA translation pathways in Plasmodium [69,144–147]. ROS generation thus remains a
key element in the strategy in the fight against Plasmodium and sustainable malaria control.
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