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Ferroptosis is an iron-dependent form of regulated cell death characterized by
glutathione (GSH) depletion, glutathione peroxidase 4 (GPX4) inactivation, and
the build-up of lipotoxic reactive species. Ferroptosis-targeted induction is a
promising therapeutic approach for addressing antimalarial drug resistance. In
addition to being the primary source of intracellular energy supply and reactive
oxygen species (ROS) generation, mitochondria actively participate in diverse
forms of regulated cell death, including ferroptosis. Altered mitochondrial
morphology and functionality are attributed to ferroptosis. Diverse
mitochondria-related proteins and metabolic activities have been implicated
in fine-tuning the action of ferroptosis inducers. Herein, we review recent
progress in this evolving field, elucidating the numerous mechanisms by
which mitochondria regulate ferroptosis and giving an insight into the role of
the organelle in ferroptosis. Additionally, we present an overview of how
mitochondria contribute to ferroptosis in malaria. Furthermore, we attempt to
shed light on an inclusive perspective on how targeting malaria parasites’
mitochondrion and attacking redox homeostasis is anticipated to induce
ferroptosis-mediated antiparasitic effects.
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1 Introduction

Malaria persists as a menace to humanity, affecting several hundred million people and
causing roughly 608,000 deaths in 2022 (WHO, 2023). The burden of malaria in the world is
still excessively heavy in the WHO African Region. About 94% of malaria cases and 95% of
mortality from malaria occurred in the region in 2021, with 78% emanating from children
under the age of five (WHO, 2023). The World Health Organization’s (WHO) Global
Malaria Program’s (GMP) main objectives are to control and eradicate malaria. To
accomplish this, the WHO suggests the use of antimalarial medications; however,
current reports of resistance to frontline antimalarial therapies such as artemisinin-
based combination therapies (ACTs), as well as the lack of a 100% efficacious vaccine,
have limited the eradication of malaria in high-burden countries (Phillips et al., 2017; Sena-
dos-Santos et al., 2021). Various research has delved into the innate constituents of the host,
such as genome assessment and understanding the mode of action of the body’s immune
system, to find novel ways to combat malaria. However, various stages are involved in
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Plasmodium infection; hence, non-susceptibility to malaria must be
encompassing with distinctiveness in the phases. Cell death is one of
the immune system’s defenses against Plasmodium (Sena-dos-
Santos et al., 2021).

Ferroptosis is typically a monitored cell death other than
apoptosis that is initiated by iron-dependent oxidative stress and
the oxidative degradation of lipids (Zhang et al., 2022). In
contrast to apoptosis, which the usual cellular metabolism can
initiate, ferroptosis is more related to internal stressors like
oxidative stress and other metabolic dysregulations without
the involvement of typical pro-death proteins associated with
apoptosis (Dixon et al., 2012). Additionally, it differs from other
regulated cell deaths in terms of its morphology and underlying
mechanisms. Diverse processes, including iron, energy, lipid
metabolisms, and specific small molecules, influence the
course of ferroptosis and the susceptibility of cells to the
process (Feng et al., 2023). Given the emerging understanding
of ferroptosis, it has been implicated in the pathogenesis of
malaria. The proof entails plasmodium-induced biochemical
alterations that can influence the parasites and host red blood
cells’ susceptibility to ferroptosis as well as the involvement of
ferroptosis in decreasing parasite viability at the liver stage
(Gowda and Wu, 2018; Kain et al., 2020; Sena-dos-Santos
et al., 2021). Additionally, the potency of the frontline
antimalarial compound dihydroartemisinin against both
cancer and Plasmodium is attributed to its involvement in
ferroptosis-mediated processes (Du et al., 2019; Li et al., 2022;
Dokunmu et al., 2023). According to Huang et al. (2022),
ferroptosis was implicated in the significant growth inhibition
of Toxoplasma gondii, an apicomplexan parasite.

In addition to the mitochondria being the major source of
intracellular energy, they also play a role in numerous
physiological and pathological activities (Huang et al., 2020;
Liu et al., 2023). Basically, mitochondria mediate the various
forms of regulated cell death, including apoptosis, pyroptosis,
necroptosis, and ferroptosis (Gao et al., 2019; Bock and Tait,
2020; Li et al., 2021a; Weindel et al., 2022). In ferroptosis,
mitochondria undergo a morphological alteration, such as
high membrane density and diminished mitochondrial cristae
(Gao et al., 2019). Furthermore, mitochondrial energy
metabolism is altered in ferroptosis; the generation of
oxidative phosphorylation and energy (ATP) are typically
elevated, while glycolysis is decreased (Wang et al., 2020a; Liu
et al., 2023). Additionally, the oxidative stress level is elevated,
and limitless oxidative stress results in unalterable damage to
mitochondria, reducing their integrity and eventually resulting in
energy diminution and cell death.

The induction of ferroptosis in malaria parasites depicts hugely
promising potential for combating drug-resistant malaria parasites.
Diverse ferroptosis inducers, such as erastin, were identified and
recently acknowledged as a novel malaria-eradicating, potent target.
The robust understanding of ferroptosis and its intracellular
implications may bring about the identification of new and more
effective therapeutic targets for drug-resistant malaria parasites. The
numerous functions of mitochondria will be explained to showcase
the association between mitochondria and ferroptosis, which aids in
gaining deeper insights into the significance of ferroptosis to
mitochondria in malaria parasites.

2 Mechanisms of ferroptosis

Ferroptosis is set off when there is a dysregulation in
intracellular iron, leading to an excessive build-up of lipotoxic
reactive oxygen species that overwhelm the free radical
scavenging ability of the cell, hence disrupting the membrane
structure and leading to cell death (Tao et al., 2020). The
Nomenclature Committee on Cell Death described ferroptosis as
an oxidative reaction of the intracellular milieu controlled by the
enzyme glutathione peroxidase 4 (GPX4) as well as a type of
controlled cell death that can be restrained by iron chelating
agents and lipid-dissolving antioxidants (Galluzzi et al., 2018).

2.1 Hallmarks of ferroptosis

The earliest recognition of certain small molecules that brought
about cell death other than apoptosis led to the emanation of
ferroptosis, which was discovered to be controlled by iron (Fe2+)
and mediated by disruption in normal molecular processes
(Stockwell, 2022). Additionally, ferroptosis brings about a
different mitochondrial membrane morphology from other
classes of cell death (Dixon et al., 2012; Feng and Stockwell,
2018; Tao et al., 2020). The usual characteristics of ferroptotic
cells include bulged mitochondria, diminished cristae, diminished
mitochondrial membrane potential, and increased mitochondrial
membrane permeability (Dixon et al., 2012), designating
mitochondrial dysfunction.

Biochemically, iron is crucial for the normal cellular processes of
organisms, such as DNA and energy production. Iron plays a part in
the circulation of blood, where it forms a complex with the
glycoprotein transferrin to form di-ferric transferrin, which
eventually binds to its receptor (transferrin receptor 1, TFR1) on
the surface of the cell (Abbaspour et al., 2014; Camaschella et al.,
2020). This binding causes a conformational change in the receptor,
bringing about endocytosis. The acidic environment within the
vesicle causes an alteration in the structure of transferrin, leading
to the release of one of its iron ions (Fe2+) (Chen et al., 2022). The
released ion (Fe2+) is further transported across the vesicle
membrane into the cell’s cytoplasm by a divalent metal
transporter 1 (DMT1, also known as SLC11A2) (Chen et al.,
2022). As a result, the transferrin receptor returns to the cell
surface, where it can bind to more transferrin and repeat the
process. Iron homeostasis is maintained during a cell’s normal
physiological state, and an extra amount of Fe2+ is stored as
ferritin, preventing over-accumulation (Bogdan et al., 2016).
However, dysregulation of this process initiates the Fenton
reaction, activating the generation of a huge quantity of free
radicals, resulting in cell fatality and a general oxidative
impairment of tissues (Chen et al., 2022). Ferritin can also be
degraded via enzymatic reactions by a process known as
ferritinophagy, which produces free Fe2+ that contributes to
ferroptosis (Hasan et al., 2023). The deactivation of cystine-
glutamate antiporter, SLC7A11, which leads to the build-up of
ROS, facilitates ferroptosis. In addition, the induction of various
white blood cells (neutrophils, macrophages, and eosinophils)
involved during the body’s fight against infection can generate
ROS (Latunde-Dada, 2017). These reactive species also act as
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intracellular messengers during signaling and cell death. Under a
normal physiological state, these reactive species are balanced by
antioxidants. However, an imbalance brings about an increased
generation of ROS, resulting in oxidative stress, which poses a
threat to cellular macromolecules (DNA, lipids, and proteins)
(Afolabi, Osikoya & Okafor, 2016; Xie et al., 2022).

Basically, the biological membrane is highly susceptible to ROS
due to its ability to solubilize molecular oxygen, thus subjecting the
membrane phospholipids to high attack by these reactive species (Su
et al., 2019). Lipid peroxidation takes place via two mechanisms:
enzymatic and non-enzymatic.

• The non-enzymatic mechanism involves iron-dependent lipid
peroxidation and entails three phases of reactions, namely,
initiation, propagation, and termination (Feng and Stockwell,
2018). The initiation phase involves the oxidation of the acyl
chain of polyunsaturated fatty acids (PUFA) to produce a lipid
radical (R•, carbon-centered) as well as the abstraction of its
hydrogen by hydroxyl (OH). In the propagation phase, the
lipid radical forms a peroxyl radical (R-OO•) with oxygen; the
peroxyl radical undergoes further propagation to form lipid
hydroperoxide (R-OOH) by the abstraction of hydrogen from
a phospholipid molecule. An additional phospholipid (bis-
allylic position) can also form the R-OO-R • dimer with the
peroxyl radical (R-OO•). During the Fenton reaction, alkoxyl
radicals (RO•) can be produced by oxidatively cleaving lipid
hydroperoxide (R-OOH). This mechanism of lipid
peroxidation gives rise to various electrophiles (such as
malondialdehyde). In the termination phase, the chain
reaction is aborted by the reaction of the peroxyl radical
with an antioxidant (such as α-tocopherol) or by the
reaction of two lipid radicals to form a stable product
(Feng and Stockwell, 2018).

• However, enzymatic lipid peroxidation is catalyzed by
enzymes like lipooxygenase (LOX), cyclooxygenases, and
cytochrome p450. LOX plays a part in the generation of
R-OOH. An extremely ordered oxygenation center is
involved in lipid peroxidation, and only one type of
phospholipid is affected by oxidation (Feng and Stockwell,
2018). The most ubiquitous substrates for lipoxygenase are
arachidonic and linoleic acids, which form hydroperoxyl
groups with molecular oxygen at various carbon sites of
acyl chains.

2.2 Signaling pathways in ferroptosis

2.2.1 GPX4 and ferroptosis
The antioxidant enzymes glutathione peroxidase 4, GPX4, and

glutathione (as a cofactor) defend cells and membranes in
opposition to peroxidation by preserving the fluidity of the
membrane and offsetting lipid peroxides (Gan, 2021; Rotimi et
al., 2019). Reduced glutathione (GSH) is re-cyclable by the
successive reduction of oxidized glutathione disulfide (GSSG) by
glutathione reductase and NADPH/H+. The inhibition and
increased expression of GPX4 can lead to elevated and reduced
ROS, respectively, wherein the latter averts ferroptosis (Jelinek et al.,
2018; Kinowaki et al., 2018). Glutathione peroxidase 4, which can be

deactivated either directly or indirectly by glutathione exhaustion, is
a distinct and main regulator of ferroptosis (Conrad and Friedmann
Angeli, 2015). An example of a specific GPX4 inhibitor is RAS-
selective lethal 3 (RSL3). This inhibition process results in the
production of ROS and thereby activates ferroptosis (Yang et al.,
2014; Kim et al., 2023). A mevalonate pathway product, ubiquinone
(CoQ10), acts as a free radical scavenger to inhibit ferroptosis in the
membrane (Stockwell et al., 2017). FIN56, an activator of
ferroptosis, exhausts CoQ10 by altering the activity of squalene
synthase (SQS), which partially steers the build-up of lipid
peroxidation. In addition, statin therapies and inhibitors of
HMG-CoA reductase (a mevalonate pathway enzyme) stimulate
ferroptosis, apparently by CoQ10 depletion and perhaps by the
downstream inhibition of tRNA isopentenylation via tRNA
isopentenyl transferase 1 (TRIT1), an essential for
GPX4 synthesis (Stockwell et al., 2017) (Figure 1).

2.2.2 System Xc and ferroptosis
The antioxidant ability of GPX4 is representative of its

catalytic effect on glutathione (GSH) (Zhang et al., 2021).
Hence, GSH serves as an indirect effector of the activity of
GPX4. The amino acids cysteine, glycine, and glutamate are
crucial for synthesizing GSH, a reaction catalyzed by
glutamate cysteine ligase (GCL) and glutathione synthetase
(Su et al., 2019). This antioxidant is imperative for the
homeostatic regulation of redox reactions (Jia et al., 2020).
Hence, GSH synthesis is influenced by the availability of these
amino acids and enzymes. Cysteine-glutamate antiporter
inhibition lowers the cysteine intracellular pool, impacting
GSH levels (Kang et al., 2021). A viable constituent of the
plasma membrane transporter, cysteine/glutamate antiporter
solute carrier family seven-member 11 (SLC7A11), is charged
with the exchange of internal and extracellular glutamate and
cysteine, respectively (Koppula et al., 2018). Erastin, sorafenib,
and sulfasalazine are all ferroptosis inducers (Wang et al., 2021).
Erastin disrupts the transfer of cysteine, which is needed for
glutathione synthesis, and also functions to inhibit system Xc
selectively (Dixon et al., 2014; Sato et al., 2018). Similarly,
sulfasalazine inhibits the cysteine/glutamate antiporter, which
is crucial for regulating the activity of GPX4; hence resulting in
the accumulation of lipid reactive oxygen species (Kim et al.,
2018; Liu et al., 2022). In addition, sorafenib promotes ferroptosis
by suppressing the activity of system Xc either by reducing
SLC7A11’s transcription or decreasing the levels of glutamate
in the cell (Li et al., 2023). Glutamate reduces the intracellular
quantity of cysteine, interfering with ferroptosis. Glutamate
silences the cysteine transporter, SLC7A11, via the activation
of oxidative stress, resulting in the exhaustion of the glutathione
concentration of the cell (Su et al., 2019).

2.2.3 Nuclear factor erythroid-2-related factor
2 (NRF2)

NRF2 is a prominent transcription factor with an antioxidant
role (Rojo de la Vega et al., 2018). Phase II detoxifying enzymes
(such as glutathione S-transferase, UDP-glucuronosyltransferase,
GPX4, glutathione reductase, and glutamate-cysteine ligase
(GCLc and GCLm subunits), multidrug resistance-associated
transporters (SLC7A11), thioredoxin 1, and NAD (P)H quinone
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oxidoreductase 1) are downstream genes of NRF2 (Song and Long,
2020). Hence, NRF2 has a key impact on ferroptosis regulation.
Kelch-like ECH-associated protein 1 (Keap1) strictly controls the
activation of NRF2. Keap1 actively targets NRF2 for ubiquitination
and proteasomal destruction, in addition to passively isolating
NRF2 from the cytoplasm. Under normal circumstances,
NRF2 binds to Keap1 and is further deactivated by
ubiquitination and proteasome destruction. However, when the
cell is under the effects of oxidative stress or in the presence of
numerous electrophiles or substances that are toxic to the cell,
NRF2 is freed from the Keap1 binding site and quickly
transported to the nucleus, where it interacts with the
antioxidant response element (ARE) in the target gene’s
promoter region and promotes transcription to control redox
cellular homeostasis and oxidative stress balancing (Song and
Long, 2020). In ferroptosis, NRF2 targets genes that code for the
iron metabolism-related genes (TFR1, FPN, ferritin heavy chain 1
(FTH1), and ferritin light chain (FTL); heme metabolism-related
genes [HO-1, ATP-binding cassette subfamily B member 6
(ABCB6)]; and solute carrier family member 48 member A1

(SLC48A1) (Tao et al., 2020). For instance, during malaria
parasite’s lifecycle, they degrade the host red blood cells for their
development and replication. This process results in the release of
heme within the infected red blood cells, the accumulation of which
facilitates oxidative stress and cellular damage. However, the host’s
response to this infection involves the detoxification of heme by
heme oxygenase-1 (HO-1) into ferrous iron and biliverdin following
NRF2 activation, consequently mitigating the oxidative damage
caused by malaria infection. ABCB6 plays a crucial role in
heme’s synthesis, while SLC48A1 transports it. As a result,
NRF2 promotion can repress iron intake, boost iron storage,
reduce electrophiles, and guard against ROS and ferroptosis
(Kerins and Ooi, 2018; Dodson et al., 2019). Interestingly, during
NRF2’s activation, its target genes are either upregulated or
downregulated, which depicts the concerted effort to tackle
oxidative stress and maintain cellular balance. The upregulated
genes include FPN, HO-1, and ABCB6, while FTH1 and FTL are
downregulated (Yan et al., 2023). Another target of NRF2 is
SLC7A11, a crucial part of system Xc, which is upregulated
under NRF2 activation (Xu et al., 2019).

FIGURE 1
Signalling Pathways in Ferroptosis. Lipid peroxidation in cells ismodulated bymetabolic pathways including cystine and glutaminemetabolism, GSH,
PUFAs, and iron, which in turn regulate ferroptosis. The terms CoQ10, GLS, GSH, PUFA, and PUFA-CoA refer to glutaminase, polyunsaturated fatty acid,
and PUFA-coenzyme A, respectively (Liu et al., 2020).
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2.2.4 Dual role of tumor suppressor protein 53
(TP53) in ferroptosis

In response to various stress signals, p53 is activated. This
protein plays a role in various processes, such as cell cycle
repression, senescence, and programmed cell death, as well as in
ferroptosis (Tao et al., 2020). P53 genes directly stimulate the
initiation of iron detectors (such as iron regulatory hormone) to
control intracellular iron concentration. Of note, the promoter
region of hepcidin antimicrobial peptide (HAMP), the gene that
codes for hepcidin (a regulator of ironmetabolism), is composed of a
p53-responsive element and thus can be activated by p53, whereas
its expression decreases when p53 is repressed (Weizer-Stern et al.,
2007; Zhang and Chen, 2019). To control iron homeostasis in the
mitochondria, a wild-type p53 reproduces the iron-binding protein
XN (frataxin) present in the mitochondria (Shimizu et al., 2014).
Moreover, FDXR/p53 loop formation allows p53 to promote the
synthesis of iron oxidoreductase (FDXR), which avoids
mitochondrial iron overaccumulation. Conversely, the FDXR
deficit prevents the translation of p53 mRNA (Liu et al., 2020;
Xu et al., 2023). In addition, the protein ferritin is made up of two
subunits (light, FTL, and heavy chain, FTH1). p53 can enhance the
translation of fth1 mRNA as well as revoke the stability of
transferrin-mRNA, thus resulting in an increase and decrease in
cellular iron storage and import, respectively (Laubach et al., 2021;
Xu et al., 2023). The upregulation of the heavy chain (FTH1) by
p53 breaks the equilibrium between both subunits, hence ridding
ferritin of its balance. Also, it was discovered that p53 cooperates
with hypoxia-inducible factor 1α (HIF-1α) to boost p53 expression
and stability in an iron-deficient state (Xu et al., 2023).
Overaccumulation of iron can lower p53 protein levels and
function. To prevent p53 from interacting with DNA, iron
porphyrin heme binds to p53 directly, promoting p53’s nuclear
export and destruction. Furthermore, via various processes, p53 also
participates in the transcription of genes related to lipid metabolism.
It can bind directly to the promoter area of sterol regulatory
element-binding transcription factor 1 to suppress that gene’s
expression, consequently controlling the expression of several
genes that participate in lipid metabolism (Liu et al., 2019).
Carnitine palmitoyl transferase 1C and phosphatidylate
phosphatase are fatty acid oxidation-related enzymes whose
transcription is controlled by p53. These enzymes control the
movement of triggered fatty acids to the mitochondria,
promoting the oxidation of fatty acids in cells (Liu et al., 2020;
Xu et al., 2023). Malonyl CoA decarboxylase, which catalyses the
oxygenation of intracellular fatty acids to avoid lipid build-up in
cells, is another gene that p53 stimulates its transcription (Liu et al.,
2019). In H1299 cells having their p53 gene repressed and
subsequently exposed to ROS, it was discovered that the cellular
activities remained unaltered. Contrariwise, 90% of fatality occurred
in the cells when exposed to ROS following p53 activation (Kang
et al., 2019). This fatality level reveals that these cells’ free radical
scavenging ability was decreased by p53 activation. Moreover, the
rate of cell death was lowered following treatment with the
ferroptosis inhibitor fer-1. This further shows that p53 plays a
significant role in ferroptosis. Also, p53 inhibits SLC7A11 to
decrease cystine absorption and intracellular glutathione
synthesis, which raises intracellular ROS (Liu et al., 2019; Li
et al., 2020). In addition, the glutamine metabolic pathway is a

potent regulator of ferroptosis. Glutaminases (GLS) 1 and 2 convert
glutamine to glutamic acid during glutamine catabolism and are
further converted into α-ketoglutarate, a crucial Kreb’s cycle
substrate (Lieu et al., 2020). p53 activates GLS2 (present in the
mitochondria) transcription and consequently controls how cells
use oxygen and produce ATP (Xu et al., 2023). GSH and NADH
synthesis in cells can be increased by GLS2, which can also activate
antioxidant activity (Kang et al., 2019; Liu et al., 2020). Another
crucial member of the lipoxygenase family that positively controls
p53 and facilitates ferroptosis is ALOX12. Independent of GPX4 and
ACSL4 initiation, ALOX12 repression can reduce p53-mediated
ferroptosis caused by reactive species (Chu et al., 2019).

Apart from the promoting effect of p53, it can also repress
ferroptosis. The p21 protein, a main p53 target that represses the
destruction of glutathione, responds to stressors due to its ability to
activate cell cycle interruption and aging (Kang et al., 2019).
p53 transactivates p21 to prevent glutathione breakdown and to
increase the activity of GPX4, which reduces ROS build-up from
noxious lipids to prevent ferroptosis (Xu et al., 2023). Alternatively,
p53 can repress ferroptosis by directly preventing DPP4 (dipeptidyl
peptidase 4) activity or enhancing CDKN1A/p21 (cyclin-dependent
kinase inhibitor 1A) expression. When p53 is deficient in the cell,
DPP4 and NOX1 combine, forming a complex that promotes lipid
peroxidation and ferroptosis (Tao et al., 2020) (Figure 2).

2.2.5 Ferroptosis suppressor protein1 (FSP1)
This protein, previously referred to as flavoprotein apoptosis-

inducing factor mitochondria-associated 2 (AIFM2), was retitled
FSP1 following its anti-ferroptosis function (Bersuker et al., 2019;
Doll et al., 2019). Ferroptosis suppressor protein 1 N-myristylation
was reported to be crucial for its role, as mentioned earlier (Bersuker
et al., 2019). In addition, ferroptosis resistance is enhanced by
N-myristylation-dependent enrolment of FSP1 in the plasma
membrane. Once enrolled, FSP1 inhibits lipid peroxides by
degrading NAD(P)H and accelerating the conversion of
ubiquinone (CoQ10) to its ubiquinol (CoQ10-H2). Furthermore,
an acute decrease in cellular ubiquinone sensitises RSL3 to a lesser
extent than the knockout of FSP1 when the ubiquinone synthesis
enzyme CoQ2 is knocked out or inhibited with 4-chlorobenzoic acid
(4-CBA) (Bersuker et al., 2019). This action pattern predicts that
mechanisms involving FSP1 besides the FSP1-CoQ10-NAD(P)H
pathway could also be responsible for ferroptosis inhibition (Zeng
et al., 2022). Similarly, without the involvement of the ubiqunol
pathway, FSP-1 hindered erastin-, sorafenib-, and RSL3-induced
ferroptosis (Dai et al., 2020). Nevertheless, in FSP1-repressed cells,
exogenously derived ubiquinone could not stop ferroptosis.
Surprisingly, in both wild-type and FSP1-repressed cells, the
expression of charged multivesicular body proteins 5 and 6
(CHMP5 and CHMP6) induced by RSL3 at the plasma
membrane was inhibited by FSP1 knockdown, whereas
CHMP5 overexpression prevented cell death caused by RSL3,
erastin, and sorafenib (Zeng et al., 2022). In a recent screening of
naturally occurring vitamin compounds, three classes of vitamin K
(phylloquinone, menaquinone-4, and menadione) capable of
shielding cells from GPX4-deletion-promoting ferroptosis were
discovered (Mishima et al., 2022). Ferroptosis and neuronal
ferroptosis are caused by ferroptosis inducers and glutamate,
respectively, which are reversed by vitamin K classes. In contrast,
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other sets of regulated cell death, namely apoptosis, necroptosis, and
pyroptosis, were not prevented (Zeng et al., 2022). Recent studies
have shown that vitamin K effectively reduces the growth of lipid
peroxides via a mechanism unrelated to its iron-chelating action
(Mishima et al., 2022). These authors investigated whether FSP1 can
mediate vitamin K reduction because vitamin K is a ubiquinone-like
naphthoquinone with redox activity. In vitro incubations of
recombinant human ferroptosis suppressor protein 1, NADH,
and any of the three vitamin Ks resulted in the degradation of
NADH and the synthesis of vitamin-hydroquinone. These show that
FSP1 plays a vitamin K reductase role via the generation of its
equivalent hydroquinone (VK-H2) to repress lipid peroxidation at
the expense of NAD (P)H (Zeng et al., 2022). The anti-ferroptosis
activity of vitamin K in FSP1 mutant cells could be restored by
overexpressing wild-type FSP1 and not the myristylation-deficient
form of the protein, suggesting that N-myristylation of FSP1 is
crucial for this function.

3 Association between mitochondria
and ferroptosis

The various organelles of the cell may sense and control stress
signals (López-Otín and Kroemer, 2021) and thus be
instrumental in the control or happening of various types of
regulated cell death, including ferroptosis (Chen et al., 2021).
However, the mitochondria, being the power house of the cell,
regulate several activities in the cell, including energy
metabolism, iron, and calcium metabolism, the conveying of
endogenous and exogenous clues to other organelles of the
cell, and several other functions (Wu et al., 2021). All these
processes fine-tune the action of ferroptosis inducers. Hence,
these and lots more are discussed in this section.

3.1 Mitochondrial membrane and ferroptosis

The functionality of the mitochondria depends on the integrity
of their membrane. The induction of ferroptosis with RAS selective
lethal 3 (RSL3) resulted in modifications in the morphology of the
mitochondria as well as the clustering of fragmented mitochondria
around the nucleus (Wang et al., 2020a). In addition, the oxidation
of lipids takes place on the plasma membrane and the membranes of
various organelles with the inclusion of mitochondria (Chen et al.,
2021; Guo et al., 2022).

3.1.1 Mitochondrial membrane lipids and
ferroptosis

Phospholipids, sterols, and sphingolipids make up the major
constituents of the membrane lipids (Klug and Daum, 2014).
Phospholipids are naturally amphipathic, with a hydrophobic chain
(constituted of a saturated or unsaturated fatty acyl group) at one end
and a hydrophilic chain (containing phosphatidylethanolamine and
phosphatidylcholine) at the other end, particularly the head (Guo et al.,
2022). Polyunsaturated fatty acids (PUFAs) are the preferential
candidates for oxidative degradation during ferroptosis (Rodencal
and Dixon, 2023). This oxidative degradation of the phospholipids
of PUFA leads to alterations in their membrane structure and fluidity
and possibly forming pores (water-loving) that alter the plasma
membrane barrier (Boonnoy et al., 2017). Mitochondria are
composed of elevated amounts of phosphatidylethanolamine, and
there is a possibility of the foremost occurrence of lipid peroxidation
on the outer or inner mitochondrial membrane (Guo et al., 2022).
Various mitochondrial enzyme systems are involved in lipid
metabolism, including acyl-coA synthetase long-chain family
member 4 (ACSL4) and lysophosphatidylcholine acyltransferase 3
(LPCAT3), which are leading factors in ferroptosis. ACSL4 ligates
long-chain polyunsaturated fatty acids, including arachidonic acid

FIGURE 2
Dual-regulatory role of p53 in Ferroptosis. p53 plays a dual role in the regulation of lipid peroxidation in ferroptosis. On one hand, p53 can promote
ferroptosis via the repression of SLC7A11 expression or activation of SAT1 and GLS2 expression. On the other hand, p53 could inhibit ferroptosis via the
suppression of DPP4 activity or initiation of CDKN1A/p21 expression (Created with BioRender.com).
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and adrenic acid, with coenzyme A. After that, the products are re-
esterified into phospholipids by LPCAT3 (Doll et al., 2017; Zou et al.,
2019; Guo et al., 2022). PUFA-phospholipids could be enzymatically
and non-enzymatically oxidized by lipooxygenases (LOXs),
cyclooxygenases (COXs), and cytochrome P450, as well as Fe2+ via
the Fenton reaction (Wu et al., 2021). The acyl-CoA synthetase long
chain (ACSL) family of proteins is confined to the endoplasmic
reticulum as well as the outer mitochondrial membrane to mediate
β-oxidation via the conversion of fatty acids to acyl-CoA, with the latter
being a lipid metabolism intermediate product that plays a part in the
synthesis and degradation of lipid and fatty acids, respectively.
ACSL4 has been implicated in ferroptosis, as proven in a breast
cancer cell line study where cell lines showing ACSL4 are responsive
to ferroptosis (Doll et al., 2017).

3.1.2 Mitochondrial membrane proteins and
ferroptosis

The outer mitochondrial membrane is made up of a protein
(voltage-dependent anion channel, VDAC), which constitutes largely
the covering of the denser parts of the membrane surface (Najbauer
et al., 2021). This protein, categorized as a porin, allows the influx and
efflux of ions and metabolites across the outer mitochondrial
membrane, as well as being a major channel for the exchange of
ATP andADP in and out of themitochondria andmaintaining calcium
levels in the mitochondria (Guo et al., 2022). However, VDAC
participation in ferroptosis was enumerated based on its association
withmitoNEET (Lipper et al., 2019). The confluence of cell survival and
death indicators, mediated by diverse ligands or proteins, is thought to
occur in VDACs (Guo et al., 2022). The opening of this channel
(VDAC) results in elevated mitochondrial reactive oxygen species and
impaired function of the mitochondria, consequently resulting in the
cell’s death (DeHart et al., 2018). RAS oncogene-accommodated cells
with an increased level of VDACs are highly sensitized to erastin-
induced ferroptosis. In contrast, inhibiting two isoforms of VDACs by
RNA interference brings about resistance (Guo et al., 2022). Another
outer mitochondrial membrane protein, FUNDC2 (FUN14 domain-
containing 2, also known as HCBP6) (Ta et al., 2022), plays a key role in
the control of platelet activation via an AKT-GSK-3β-cGMP axis (Ma
et al., 2019) and in the fragmentation of mitochondria by the
suppression of mitofusin-1 (MFN1) (Li et al., 2022). Ta et al. (2022)
reported that FUNDC2, in association with the mitochondrial amino
acid transporter SLC25A11, negatively controls mitochondrial reduced
glutathione levels and controls ferroptosis. The association between
FUNDC2 and SLC25A11 is improved under the activation of
ferroptosis, which subsequently lessens the dimerization of
SLC25A11, hence leading to a reduction in the level of reduced
glutathione (GSH) in the mitochondria and consequently lipid
peroxidation and ferroptosis. The FUNDC2-SLC25A11 axis is a
recently discovered mechanism in mitochondria that controls
ferroptosis (Guo et al., 2022).

3.2 Energy metabolism of mitochondria and
ferroptosis

3.2.1 Oxidative phosphorylation and ferroptosis
The mitochondria’s major role entails generating energy for

cellular processes. The cells are the major energy source for various

processes of oxidative phosphorylation, with the exclusion of cancer
cells, which solely rely on glycolysis (Guo et al., 2022). The major
rate-limiting enzymes of the glycolytic process in cancer cells,
namely, hexokinase II, phosphofructokinase, and pyruvate kinase
M2, have been reported to be suppressed following treatment with a
ferroptosis inducer (RSL3) in glioma cells (Wang et al., 2020a).
Diverse enzymes that participate in mitochondrial respiration are
also involved in controlling ferroptosis, including fumarate
hydratase, aconitase, and cytochrome c oxidase II (Gao et al.,
2019). Cells void of mitochondria are sensitive to substances that
induce ferroptosis and receptive to ferroptosis induced by the
inhibition of cysteine (Wang et al., 2020a). Most metabolites
enter the mitochondria via the opening of VDACs, elevating the
metabolism of the mitochondria, resulting in the production of
reactive oxygen species and, after that, impaired function of the
mitochondria (Wang et al., 2020a). The main location of reactive
oxygen species (ROS) generation is the mitochondria. ROS are
generated as superoxide in the electron transport chain, which is
strictly controlled (Guo et al., 2022). Cells are rescued from lipid
peroxidation-induced impairment following treatment with free
radicals’ scavengers targeted at the mitochondria. For instance,
Fang et al. reported that mitoTEMPO, a mitochondria-targeted
antioxidant, averted ferroptosis stimulated by doxorubicin in
cardiomyopathy, suggesting mitochondria as a key player in
ferroptosis induced by doxorubicin in heart disease (Fang et al.,
2019). Pyrimidine bases are essential for cell multiplication and are
produced by uridine monophosphate generated from the de novo
biosynthesis of pyrimidine in the mitochondria, where
dihydroorotate dehydrogenase (DHODH) catalyzes the
conversion of dihydroorotate to orotate. This enzyme connects
the electron transport chain through the Coenzyme Q pool and
requires Coenzyme Q as an electron acceptor (Boukalova et al.,
2020). Dihydroorotate dehydrogenase can mediate the reduction of
ubiquinone to ubiquinol in the mitochondria, which preserves the
cells from ferroptosis by the detoxification of lipid peroxides
(Tadokoro et al., 2020), similar to suppression of ferroptosis by
the action of mitochondrial glutathione peroxidase, and occurs
irrespective of the cytosolic presence of glutathione peroxidase or
ferroptosis suppressor protein 1 (Mao et al., 2021).

3.3 Mitochondrial amino acid metabolism,
calcium, and ferroptosis

In a normal physiological state, glutamine and transferrin are
essential for the growth and viability of the cell, whereas their
deficiency induces ferroptosis (Guo et al., 2022). Similarly,
cysteine is necessary for synthesising reduced glutathione to
maintain the redox state and is converted to some biologically
active molecules, including iron-sulfur clusters (Guo et al., 2022).
Due to cysteine deficiency, Mitochondria play a key role in
ferroptosis induction (Gao et al., 2019). However, the
suppression of cysteine that induced lipid peroxidation and
ferroptosis was attenuated via the suppression of the
mitochondrial TCA cycle or electron transport chain.

Accumulation of reactive oxygen species and an elevated
calcium level in the cell will result in possible membrane
collapse, increased calcium, and fracture of the mitochondria (De
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Nicolo et al., 2023; Iheagwam et al., 2021). As reported by Maher
et al. (2018), suppression of the toxic effect of glutamate by the
blockage of mitochondrial reactive oxygen species generation or
decrease of calcium inflow can preserve cells from ferroptosis-
inducers such as erastin, sulfasalazine, or any cysteine/glutamate
antiporter inhibitor.

3.4 Mitochondrial iron metabolism and
ferroptosis

3.4.1 Mitochondrial iron and ferroptosis
The cells uptake extracellular iron and transport it into

mitochondria through the mitochondrial iron importer solute
carrier family 25 member 37 (SLC25A37) and solute carrier
family 25 member 28 (SLC25A28), also known as mitoferrin-1
and mitoferrin-2, respectively (Chen et al., 2021). Mitochondrial
iron (II) synthesises heme and iron-sulfur clusters or preserves them
in mitochondrial ferritin. Contrariwise, accumulated mitochondrial
iron promotes ROS generation, gives rise to anomalous enzymatic
activity, and further promotes ferroptosis (Guo et al., 2022). Primary
neurons or human monocytic cells can directly undergo ferroptosis
in the presence of heme. This process can then be dual-controlled by
cytosolic or mitochondrial heme oxygenase 1 (HMOX1), depending
on the kind of cell (Adedoyin et al., 2018; Chen et al., 2021). The
NEET proteins are encoded by three genes in humans. The outer
mitochondrial membrane-confined protein mitoNEET, also known
as CDGSH iron sulphur domain 1 (CISD1), is necessary for the
control of iron metabolism, the functionality of the membrane, and
reactive oxygen species maintenance (Guo et al., 2022). The
misplacement of CISD1 brings about the build-up of iron in the
mitochondria and oxidative damage, eventually leading to the
induction of ferroptosis by erastin in neoplastic cells (Guo et al.,
2022). Also, repression of the CISD2 gene can evade head and neck
cancer resistance to ferroptosis by sulfasalazine via the elevation of
lipid peroxides and iron in the mitochondria (Kim et al., 2018).
However, CISD3 played a key role in ferroptosis induced by the
inhibition of cystine. CISD3 exhaustion brings metabolic diversion
to glutaminolysis, activating ferroptosis (Li et al., 2021b).

3.4.2 Iron-sulfur (Fe-S) clusters and ferroptosis
Iron-sulfur clusters are imperative cofactors for numerous

proteins that play a key role in the production of lipids and
energy, as well as iron metabolism and DNA preservation, and
they are primarily generated in the mitochondria (Ward and
Cloonan, 2019). During the synthesis of Fe-S clusters, they are
initially generated on a complex made up of two proteins, iron-
sulfur cluster assembly enzyme (ISCU) and ISD11, as well as an
NFS1 cysteine desulfurase enzyme in the mitochondria,
necessitating electrons, cysteine, and iron (Guo et al., 2022).
Immediately after their synthesis, [2Fe-2S] clusters are liberated
from the iron-sulfur cluster assembly enzyme and relayed to
glutaredoxin-related protein 5. After that, [2Fe-2S] clusters are
intercalated into [2Fe-2S] proteins directly or [4Fe-4S] clusters
tardily (Guo et al., 2022). Furthermore, these clusters are
transported out of the mitochondria to the cytosolic space by the
iron-sulfur cluster export machinery ABCB7 (Wachnowsky et al.,
2018). During the initial phase of iron-sulfur cluster production,

iron and sulfur are brought together into the Fe-S clusters, which are
liberated by NFS1 cysteine desulfurase from cysteine. A limited
amount of sulfur incapable of mediating the NFS1 reaction will lead
to the accumulation of free labile iron in the mitochondria (Guo
et al., 2022). NFS1 is essential to the homeostasis of Fe-S clusters.
When the iron-sulfur clusters are limited, it activates the iron-
deficient response, which triggers ferroptosis along with glutathione
expenditure (Alvarez et al., 2017). In addition, when NFS1 is
repressed, it consequently initiates the iron-responsive element
binding protein 2 (IREB2/IRP2)-mediated iron-deficient response
and makes lung cancer cells responsive to ferroptosis (Chen et al.,
2021; Terzi et al., 2021). Furthermore, iron-sulfur cluster assembly
enzymes (ISCU) participate maximally in the synthesis of iron-
sulfur clusters. The excessive expression of ISCU suppresses
dihydroartemisinin-induced ferroptosis via the preservation of
the functionality of the mitochondria, elevation of GSH levels in
the cell, and iron metabolism control (Du et al., 2019). Frataxin
(FXN) is confined to the matrix of the mitochondria and functions
by donating iron to ISCU for [2Fe-S] clusters synod, as well as
controlling the synthesis of sulfur (Guo et al., 2022). Alteration in
mitochondrial function, elevated oxidative stress, and iron
accumulation are associated with FXN reduction, and all these
make cells responsive to the ferroptosis-inducer erastin (Cotticelli
et al., 2019). Hence, proteins that play a role in Fe-S cluster synthesis
seem to function as protectants against ferroptosis.

4 Mitochondria-mediated ferroptosis
in malaria

4.1 Evidence of a relationship between
ferroptosis and malaria

4.1.1 Host innate immune responses
The inherent antigen-presenting cells (APCs) of the immune system

initiate the first guard againstmalaria parasites through the promotion of
pattern recognition receptors (PRRs) through the identification of the
molecular patterns in pathogen-related Plasmodium (such as the nucleic
acids as well as glycosylphosphatidylinositol anchors) and molecular
patterns that can be impaired (such as uric acid, hemozoin, and heme)
(Gowda andWu, 2018; Sena-dos-Santos et al., 2021). In the hepatocyte,
the recognition of the parasite’s ribonucleic acid (RNA) through the
mitochondrial antiviral signaling protein (MAVs) initiates a strain I
interferon (IFN-I) response, which activates the action of cells that
secrete cytokines as well as induce oxidative stress (Gowda and Wu,
2018). However, during the erythrocytic phase, recognition through the
Toll-like receptors of glycosylphosphatidylinositol anchors, the parasite’s
hereditary material, and molecular patterns that can be impaired in the
infected erythrocytes will determine the engagement (Sena-dos-Santos
et al., 2021).When the infection-fighting white blood cells, natural and T
killer cells, dendrites, and inflammasomes are activated, as well as the
production of inflammation-promoting cytokines and oxidative stress
inducers, these will cause the infected and immune cells to go through
cell death (Sena-dos-Santos et al., 2021).

4.1.2 Artemisinin mechanism of action
All drugs that have artemisinin (ART) as one of their

constituents undergo metabolism to produce dihydroartemisinin

Frontiers in Cell and Developmental Biology frontiersin.org08

Adegboro and Afolabi 10.3389/fcell.2024.1374735

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1374735


(DHA; an endoperoxide) (Lu et al., 2019). This derivative functions
in parasite destruction by generating reactive species after
degradation (Siddiqui et al., 2022). For ART activation to occur,
the derivative (endoperoxide) bond goes through reductive splitting
mediated by Fe2+ (Lu et al., 2019). The main source of the ferrous ion
is the host’s hemoglobin, whose proteolytic process releases active
heme products. Most heme is concealed as hemozoin clusters,
leaving a minute quantity for artemisinin activation (Ma et al.,
2021). Other sources of iron, such as the labile iron pool (low level)
regulated in the parasites, may also activate ART. ART’s dependence
on iron for its activation is the underlying mechanism of its action
against erythrocytic-stage malaria parasites (Lu et al., 2019).
Additionally, artemisinin’s mechanism of action against malaria
parasites entails protein degradation by radicals during ART
activation. These radicals induce vast damage to the cell by
targeting a broad span of proteins, lipids, and membrane
constituents. Bridgford et al. (2018) revealed that
dihydroartemisinin, via the repression of proteasomes, induces
stress, which synergistically damages proteins that are already in
existence and alters the right folding of freshly produced ones. This
multi-faceted action of ART on diverse proteins would primarily
result in endoplasmic reticulum stress and translation attenuation,
which results in the fatal accumulation of polyubiquitinated marred
proteins. Another mechanism of dihydroartemisinin (DHA) against
malaria parasites is glutathionemetabolism-ferroptosis via depletion
of glutamate (Li et al., 2022). In the same study, ferroptosis inducers
in synergy with DHA efficaciously inhibited malaria parasites at the
erythrocytic stage. However, deferoxamine (an iron chelator) and
liproxstatin-1 had an opposing parasite-eliminating effect but were
able to lessen the build-up of a labile iron pool in the cell and lipid
ROS induced by dihydroartemisinin (Li et al., 2022). Hence, this
confirms the ferroptosis-induced mechanism of action of
artemisinin.

4.1.3 Ferroptosis-mediated destruction of liver
stage plasmodium

Kain et al. (2020) reported that the genetic or therapeutic
alteration of the SLC7A11-GPX4 signaling pathway led to a
notable decrease in parasite count in the hepatocytes of infected
mice. They further discovered increased lipid peroxidation on the
membrane of the parasite after erastin-mediated treatment, as well
as a reduction in the NADPH oxidase 1/TFR1 regulatory
mechanism. This study also affirmed that the non-apoptotic cell
death involved in malaria parasite destruction at the hepatocyte by
the action of p53 is ferroptosis. However, p53’s ferroptosis-
induction ability has been discredited in African descent due to
the presence of a SNP noticed at codon 47 of the TP53 gene (Leu
et al., 2019). For instance, detecting a p53 Ser47 SNP in a population
of African descent made the cancer cells more resistant to
RSL3 treatment (Jennis et al., 2016). This polymorphism could
be an additive factor in elevating the malaria menace in Africa.
Singh et al. (2020) showed that polymorphism could be
advantageous against parasites by producing a disrupted
macrophage with reduced sensitivity to hemozoin. This peculiar
characteristic of polymorphism could only lessen the symptoms’
acuteness and not the parasite’s viability (Amos Alvan et al., 2022).
An investigation into how diet affects the host’s vulnerability to
Plasmodium infection revealed that feeding mice with an elevated-

fat meal for 4 days reduces Plasmodium liver-stage infection bymore
than 90% (Zuzarte-Luís et al., 2017). This research showed that,
following an effective invasion, the sporozoites of the parasite were
destroyed inside the liver cells. An investigation into the underlying
mechanism revealed that oxidative stress was responsible because
the antioxidant N-acetylcysteine eliminated the effect. However,
their study did not evaluate the role of an elevated-fat diet in
generating ferroptosis. Nevertheless, the involvement of
ferroptosis is still considered a possibility.

4.2 Ferroptosis in malaria therapy via
mitochondrial targeting

4.2.1 Targeting ROS generation
The accumulation of iron in the mitochondria generates reactive

species via the Fenton reaction, which in turn facilitates ferroptosis
induction. The iridium (III) complex promotes ROS accumulation
in cancer cells to induce ferroptosis by regulating the expression of
heme oxygenase 1 (HMOX1) (Wang et al., 2020b). In vitro and in
vivo administration of cyclometalated iridium (III) polypyridyl
complexes against multidrug-resistant malaria parasites showed
potent antimalarial activity via the accumulation of ROS in the
parasite’s mitochondria and alteration of the mitochondria
membrane potential (Kumari et al., 2023). Additionally,
artemisinin and its derivatives, such as artesunate, induce the
parasite’s quick membrane potential depolarisation (Gomes et al.,
2022). This process suggests the potential of targeting malaria
parasite mitochondria with ferroptosis inducers to develop novel
and effective antimalarial therapies.

4.2.2 Targeting dihydroorotate
dehydrogenase (DHODH)

A mitochondrial enzyme, DHODH, takes part in the crucial
pyrimidine biosynthesis pathway. Additionally, DHODH, in
synergy with mitochondrial GPX4 inhibits ferroptosis in the
inner mitochondria membrane via the reduction of ubiquinone
to ubiquinol (Cheng et al., 2023). Recent antimalarial
development efforts have advanced a DHODH-targeting
DSM265 into clinical evaluation (Ke and Mather, 2017). This
drug candidate demonstrated selective inhibitory activity against
DHODH and impacted parasite growth at both the liver and blood
stages of P. falciparum (Sulyok et al., 2017) Table 1.

4.2.3 Targeting glutathione (GSH)
Glutathione is an antioxidant that is one of the defense systems

against ROS accumulation, whose loss triggers ferroptosis. Li et al.
(2022) reported in their study that the mechanism of
dihydroartemisinin (DHA) against the malaria parasite is related
to glutathione metabolism-ferroptosis via depletion of glutamate.
Summarily, targeting GSH reduction may be viable for ferroptosis
induction in malaria parasites.

5 Conclusion and future perspectives

Ferroptosis is a special type of regulated cell death utilizing the “iron
weapon” to destroy the cell, which entails diverse types of cellular
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metabolism, including iron, lipids, ROS, and amino acids.Mitochondria
do not only function as “energy factories” that supply ATP for cellular
processes but also as “cellular suicidal weapon stores” that control cell
death. Mitochondria are the main source of reactive oxygen species,
which maymake cells susceptible to ferroptosis. In addition, they play a
key role in iron, lipid, and end-energy metabolism, making them an
ideal target for ferroptosis execution. Through the destruction of
infected erythrocytes or hepatocytes or the eradication of parasites,
ferroptosis may impact malaria pathogenesis. Elevation in the haem
concentration by the action of the malaria parasite during the
breakdown of hemoglobin may trigger the Fenton reaction,
producing surplus lipid hydroperoxides. These hydroperoxides could
saturate the antioxidant defense of the parasite, causing iron-dependent
cell death. Mitochondrial-ferroptosis has recently been identified as a
target for some of the existing (artemisinins, artesunate, etc.) and
budding therapies with antimalarial activity Table 1.

Cell death pathways, including ferroptosis, are currently known to
play a part in response to infections, following the direct linkage of the
death of an infected cell to malaria immunopathology and parasite
mortality. Hence, these pathways are implicated as inherent
mechanisms of the immune system and a key process for
comprehending host-parasite interaction. Ferroptosis was
characterised not too long ago, and little is known about its impact
on the biology and pathophysiology of malaria parasites. A lot is yet to
be unraveled in the genetic, molecular, and biochemical mechanisms
triggered in its pathway during Plasmodium infection. Although it has
been shown that ferroptosis can limit parasitemia in the liver, little is
known about its immune potential. It would be interesting for future
investigations to uncover these to facilitate its role in the prevention or
treatment of malaria.

While targeting mitochondria-mediated ferroptosis holds
potential for antimalarial interventions, diverse limitations, and
challenges need to be addressed. A vital limitation is specificity,
owing to the ability of several ferroptosis-targeting drugs to trigger
other types of cell death, resulting in side effects on normal cells.
However, the malaria parasite mitochondrion is an essential

organelle in the various lifecycle stages. Hence, finding the
parasite analog of the molecular pathways linked to
mitochondrial ferroptosis in humans may dispense new
opportunities for the selective activation of iron-dependent cell
death in the parasite while the host is spared. Furthermore, the
cell membrane barrier limits the effectiveness of drug delivery to the
mitochondria. Therefore, innovative drug delivery systems, such as
nanomaterials, could be utilized to increase targeted drug delivery. If
ferroptosis is extensively explored, the Plasmodium life cycle could
be effectively apprehended at both the liver and erythrocytic phases.
Following the evolutionary association of Plasmodium species to
other apicomplexan parasites such as T. gondii and Babesia,
ferroptosis holds a potential for their control.
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TABLE 1 Mitochondrial-ferroptosis as antimalarial target.

S/N Drug/Therapy Target Effect References

1 Combined therapy
(dihydroartemisinin and erastin/

sorafenib)

Glutamate depletion Parasitaemia control at the erythrocytic stage Li et al. (2022)

2 Atovaquone Cytochrome b complex Disrupt the mitochondrial electron transport chain
at the asexual stage

Fry and Pudney, 1992; Chen et al.,
2024

3 AQ-13 (Phase II Clinical Trial) Heme Inhibition of heme detoxification; disrupt the
membrane function; at the asexual stage

Koita et al., 2017; Mengue et al.,
2019; Umumararungu et al., 2023

4 DSM256 (Phase II; NCT02123290) Dihydroorotate Dehydrogenase
(DHODH)

Disrupts the mitochondrial electron transport
chain

Phillips and Rathod, 2010; Coteron
et al., 2011

5 Cyclometalated iridium (III)
polypyridyl complexes (Ir1-Ir12)

Increased ROS and mitochondrial
membrane potential disruption

Antimalarial activity against P. berghei (asexual
gametocyte stages) and P. falciparum

Kumari et al. (2023)

6 MMV693183 (Preclinical) Acetyl-CoA synthetase Potency against asexual blood stages of both P.
falciparum and P. vivax, and against P. falciparum

gametocytes

Forte et al., 2021; De Vries et al.,
2022

7 MMV688533 (acylguanidines;
Preclinical)

P. falciparum asexual blood stage Murithi et al. (2021)

Frontiers in Cell and Developmental Biology frontiersin.org10

Adegboro and Afolabi 10.3389/fcell.2024.1374735

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1374735


Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Abbaspour, N., Hurrell, R., and Kelishadi, R. (2014). Review on iron and its
importance for human health. J. Res. Med. Sci. Official J. Isfahan Univ. Med. Sci. 19
(2), 164–174. Available at: https://api.semanticscholar.org/CorpusID:12849785.

Adedoyin, O., Boddu, R., Traylor, A., Lever, J. M., Bolisetty, S., George, J. F.,
et al. (2018). Heme oxygenase-1 mitigates ferroptosis in renal proximal tubule
cells. Am. J. Physiology-Renal Physiology 314, F702–F714. doi:10.1152/ajprenal.
00044.2017

Afolabi, I. S., Osikoya, I. O., and Okafor, A.M.-J. (2016). “Phytotherapy and the
relevance of some endogenous antioxidant enzymes in management of sickle cell
diseases,” in Sickle cell disease - pain and common chronic complications Editor
B. P. D. Inusa (Intechopen: InTech). doi:10.5772/64273

Alvan, A., Alex, A., and Wayah, S. B. (2022). The link between malaria and ferroptosis - a
Review.Covenant J. Phys. Life Sci. 10. Available at: https://journals.covenantuniversity.edu.ng/
index.php/cjpls/article/view/3109.

Alvarez, S. W., Sviderskiy, V. O., Terzi, E. M., Papagiannakopoulos, T., Moreira, A. L.,
Adams, S., et al. (2017). NFS1 undergoes positive selection in lung tumours and protects
cells from ferroptosis. Nature 551, 639–643. doi:10.1038/nature24637

Bersuker, K., Hendricks, J. M., Li, Z., Magtanong, L., Ford, B., Tang, P. H., et al. (2019).
The CoQ oxidoreductase FSP1 acts parallel to GPX4 to inhibit ferroptosis. Nature 575,
688–692. doi:10.1038/s41586-019-1705-2

Bock, F. J., and Tait, S. W. (2020). Mitochondria as multi-faceted regulators of cell
death. Nat. Rev. Mol. Cell Biol. 21, 85–100. doi:10.1038/s41580-019-0173-8

Bogdan, A. R., Miyazawa, M., Hashimoto, K., and Tsuji, Y. (2016). Regulators of iron
homeostasis: new players inmetabolism, cell death, and disease. Trends Biochem. Sci. 41,
274–286. doi:10.1016/j.tibs.2015.11.012

Boonnoy, P., Karttunen, M., and Wong-ekkabut, J. (2017). Alpha-tocopherol inhibits
pore formation in oxidized bilayers. Phys. Chem. Chem. Phys. 19, 5699–5704. doi:10.
1039/C6CP08051K

Boukalova, S., Hubackova, S., Milosevic, M., Ezrova, Z., Neuzil, J., and Rohlena, J. (2020).
Dihydroorotate dehydrogenase in oxidative phosphorylation and cancer. Biochimica
Biophysica Acta (BBA) - Mol. Basis Dis. 1866, 165759. doi:10.1016/j.bbadis.2020.165759

Bridgford, J. L., Xie, S. C., Cobbold, S. A., Pasaje, C. F. A., Herrmann, S., Yang, T., et al.
(2018). Artemisinin kills malaria parasites by damaging proteins and inhibiting the
proteasome. Nat. Commun. 9, 3801. doi:10.1038/s41467-018-06221-1

Camaschella, C.,Nai, A., and Silvestri, L. (2020). Ironmetabolism and irondisorders revisited
in the hepcidin era. Haematologica 105, 260–272. doi:10.3324/haematol.2019.232124

Chen, A., Yu, Z., Ma, N., Lu, X., Zhang, Y., Xu,W., et al. (2024). Atovaquone enhances
antitumor efficacy of TCR-T therapy by augmentation of ROS-induced ferroptosis in
hepatocellular carcinoma. Cancer Immunol. Immunother. 73, 49. doi:10.1007/s00262-
024-03628-2

Chen, K., Ma, S., Deng, J., Jiang, X., Ma, F., and Li, Z. (2022). Ferroptosis: a new
development trend in periodontitis. Cells 11, 3349. doi:10.3390/cells11213349

Chen, X., Kang, R., Kroemer, G., and Tang, D. (2021). Organelle-specific regulation of
ferroptosis. Cell Death Differ. 28, 2843–2856. doi:10.1038/s41418-021-00859-z

Cheng, X., Zhang, J., Xiao, Y., Wang, Z., He, J., Ke, M., et al. (2023). Mitochondrial
regulation of ferroptosis in cancer therapy. Int. J. Mol. Sci. 24, 10037. doi:10.3390/
ijms241210037

Chu, B., Kon, N., Chen, D., Li, T., Liu, T., Jiang, L., et al. (2019). ALOX12 is required
for p53-mediated tumour suppression through a distinct ferroptosis pathway. Nat. Cell
Biol. 21, 579–591. doi:10.1038/s41556-019-0305-6

Conrad, M., and Friedmann Angeli, J. P. (2015). Glutathione peroxidase 4 (Gpx4) and
ferroptosis: what’s so special about it? Mol. Cell. Oncol. 2, e995047. doi:10.4161/
23723556.2014.995047

Coteron, J. M., Marco, M., Esquivias, J., Deng, X., White, K. L., White, J., et al. (2011).
Structure-guided lead optimization of triazolopyrimidine-ring substituents identifies
potent Plasmodium falciparum dihydroorotate dehydrogenase inhibitors with clinical
candidate potential. J. Med. Chem. 54, 5540–5561. doi:10.1021/jm200592f

Cotticelli, M. G., Xia, S., Lin, D., Lee, T., Terrab, L., Wipf, P., et al. (2019). Ferroptosis
as a novel therapeutic target for Friedreich’s ataxia. J. Pharmacol. Exp. Ther. 369, 47–54.
doi:10.1124/jpet.118.252759

Dai, E., Zhang, W., Cong, D., Kang, R., Wang, J., and Tang, D. (2020). AIFM2 blocks
ferroptosis independent of ubiquinol metabolism. Biochem. Biophysical Res. Commun.
523, 966–971. doi:10.1016/j.bbrc.2020.01.066

DeHart, D. N., Fang, D., Heslop, K., Li, L., Lemasters, J. J., and Maldonado, E. N.
(2018). Opening of voltage dependent anion channels promotes reactive oxygen species
generation, mitochondrial dysfunction and cell death in cancer cells. Biochem.
Pharmacol. 148, 155–162. doi:10.1016/j.bcp.2017.12.022

De Nicolo, B., Cataldi-Stagetti, E., Diquigiovanni, C., and Bonora, E. (2023). Calcium
and reactive oxygen species signaling interplays in cardiac physiology and pathologies.
Antioxidants 12, 353. doi:10.3390/antiox12020353

DeVries, L. E., Jansen, P. A.M., Barcelo, C.,Munro, J., Verhoef, J.M. J., Pasaje, C. F. A., et al.
(2022). Preclinical characterization and target validation of the antimalarial pantothenamide
MMV693183. Nat. Commun. 13, 2158. doi:10.1038/s41467-022-29688-5

Dixon, S. J., Lemberg, K. M., Lamprecht, M. R., Skouta, R., Zaitsev, E. M., Gleason, C.
E., et al. (2012). Ferroptosis: an iron-dependent form of non-apoptotic cell death. Cell
149, 1060–1072. doi:10.1016/j.cell.2012.03.042

Dixon, S. J., Patel, D. N., Welsch, M., Skouta, R., Lee, E. D., Hayano, M., et al. (2014).
Pharmacological inhibition of cystine–glutamate exchange induces endoplasmic
reticulum stress and ferroptosis. eLife 3, e02523. doi:10.7554/eLife.02523

Dodson, M., Castro-Portuguez, R., and Zhang, D. D. (2019). NRF2 plays a critical role
in mitigating lipid peroxidation and ferroptosis. Redox Biol. 23, 101107. doi:10.1016/j.
redox.2019.101107

Dokunmu, T., Opara, S., Imaga, N., Awani, O., Enoma, D., and Adelani, B. (2023).
P53 Gene expression and nitric oxide levels after artemisinin-caffeine treatment in
breast, lungs and liver of DMBA-induced tumorigenesis. Asian Pac. J. Cancer Prev. 24,
451–458. doi:10.31557/APJCP.2023.24.2.451

Doll, S., Freitas, F. P., Shah, R., Aldrovandi, M., Da Silva, M. C., Ingold, I., et al. (2019).
FSP1 is a glutathione-independent ferroptosis suppressor. Nature 575, 693–698. doi:10.
1038/s41586-019-1707-0

Doll, S., Proneth, B., Tyurina, Y. Y., Panzilius, E., Kobayashi, S., Ingold, I., et al. (2017).
ACSL4 dictates ferroptosis sensitivity by shaping cellular lipid composition. Nat. Chem.
Biol. 13, 91–98. doi:10.1038/nchembio.2239

Du, J.,Wang, T., Li, Y., Zhou, Y., Wang, X., Yu, X., et al. (2019). DHA inhibits proliferation
and induces ferroptosis of leukemia cells through autophagy dependent degradation of
ferritin. Free Radic. Biol. Med. 131, 356–369. doi:10.1016/j.freeradbiomed.2018.12.011

Fang, X., Wang, H., Han, D., Xie, E., Yang, X., Wei, J., et al. (2019). Ferroptosis as a
target for protection against cardiomyopathy. Proc. Natl. Acad. Sci. 116, 2672–2680.
doi:10.1073/pnas.1821022116

Feng, F., He, S., Li, X., He, J., and Luo, L. (2023). Mitochondria-mediated ferroptosis
in diseases therapy: from molecular mechanisms to implications. Aging Dis. 0, 714–738.
doi:10.14336/AD.2023.0717

Feng, H., and Stockwell, B. R. (2018). Unsolved mysteries: how does lipid
peroxidation cause ferroptosis? PLOS Biol. 16, e2006203. doi:10.1371/journal.pbio.
2006203

Forte, B., Ottilie, S., Plater, A., Campo, B., Dechering, K. J., Gamo, F. J., et al. (2021).
Prioritization of molecular targets for antimalarial drug discovery. ACS Infect. Dis. 7,
2764–2776. doi:10.1021/acsinfecdis.1c00322

Fry, M., and Pudney, M. (1992). Site of action of the antimalarial hydroxynaphthoquinone,
2-[trans-4-(4’-chlorophenyl) cyclohexyl]-3-hydroxy-1, 4-naphthoquinone (566C80).
Biochem. Pharmacol. 43, 1545–1553. doi:10.1016/0006-2952(92)90213-3

Galluzzi, L., Vitale, I., Aaronson, S. A., Abrams, J. M., Adam, D., Agostinis, P., et al.
(2018). Molecular mechanisms of cell death: recommendations of the nomenclature
committee on cell death 2018. Cell Death Differ. 25, 486–541. doi:10.1038/s41418-017-
0012-4

Gan, B. (2021). Mitochondrial regulation of ferroptosis. J. Cell Biol. 220, e202105043.
doi:10.1083/jcb.202105043

Gao,M., Yi, J., Zhu, J., Minikes, A. M., Monian, P., Thompson, C. B., et al. (2019). Role
of mitochondria in ferroptosis.Mol. Cell 73, 354–363. doi:10.1016/j.molcel.2018.10.042

Gomes, A. R. Q., Cunha, N., Varela, E. L. P., Brígido, H. P. C., Vale, V. V., Dolabela, M.
F., et al. (2022). Oxidative stress inmalaria: potential benefits of antioxidant therapy. Int.
J. Mol. Sci. 23, 5949. doi:10.3390/ijms23115949

Gowda, D. C., andWu, X. (2018). Parasite recognition and signalingmechanisms in innate
immune responses to malaria. Front. Immunol. 9, 3006. doi:10.3389/fimmu.2018.03006

Guo, J., Zhou, Y., Liu, D., Wang, M., Wu, Y., Tang, D., et al. (2022). Mitochondria as
multi-faceted regulators of ferroptosis. Life Metab. 1, 134–148. doi:10.1093/lifemeta/
loac035

Frontiers in Cell and Developmental Biology frontiersin.org11

Adegboro and Afolabi 10.3389/fcell.2024.1374735

https://api.semanticscholar.org/CorpusID:12849785
https://doi.org/10.1152/ajprenal.00044.2017
https://doi.org/10.1152/ajprenal.00044.2017
https://doi.org/10.5772/64273
https://journals.covenantuniversity.edu.ng/index.php/cjpls/article/view/3109
https://journals.covenantuniversity.edu.ng/index.php/cjpls/article/view/3109
https://doi.org/10.1038/nature24637
https://doi.org/10.1038/s41586-019-1705-2
https://doi.org/10.1038/s41580-019-0173-8
https://doi.org/10.1016/j.tibs.2015.11.012
https://doi.org/10.1039/C6CP08051K
https://doi.org/10.1039/C6CP08051K
https://doi.org/10.1016/j.bbadis.2020.165759
https://doi.org/10.1038/s41467-018-06221-1
https://doi.org/10.3324/haematol.2019.232124
https://doi.org/10.1007/s00262-024-03628-2
https://doi.org/10.1007/s00262-024-03628-2
https://doi.org/10.3390/cells11213349
https://doi.org/10.1038/s41418-021-00859-z
https://doi.org/10.3390/ijms241210037
https://doi.org/10.3390/ijms241210037
https://doi.org/10.1038/s41556-019-0305-6
https://doi.org/10.4161/23723556.2014.995047
https://doi.org/10.4161/23723556.2014.995047
https://doi.org/10.1021/jm200592f
https://doi.org/10.1124/jpet.118.252759
https://doi.org/10.1016/j.bbrc.2020.01.066
https://doi.org/10.1016/j.bcp.2017.12.022
https://doi.org/10.3390/antiox12020353
https://doi.org/10.1038/s41467-022-29688-5
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.7554/eLife.02523
https://doi.org/10.1016/j.redox.2019.101107
https://doi.org/10.1016/j.redox.2019.101107
https://doi.org/10.31557/APJCP.2023.24.2.451
https://doi.org/10.1038/s41586-019-1707-0
https://doi.org/10.1038/s41586-019-1707-0
https://doi.org/10.1038/nchembio.2239
https://doi.org/10.1016/j.freeradbiomed.2018.12.011
https://doi.org/10.1073/pnas.1821022116
https://doi.org/10.14336/AD.2023.0717
https://doi.org/10.1371/journal.pbio.2006203
https://doi.org/10.1371/journal.pbio.2006203
https://doi.org/10.1021/acsinfecdis.1c00322
https://doi.org/10.1016/0006-2952(92)90213-3
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1083/jcb.202105043
https://doi.org/10.1016/j.molcel.2018.10.042
https://doi.org/10.3390/ijms23115949
https://doi.org/10.3389/fimmu.2018.03006
https://doi.org/10.1093/lifemeta/loac035
https://doi.org/10.1093/lifemeta/loac035
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1374735


Hasan, N., Ahmad, W., Alam, F., and Hasan, M. (2023). Ferroptosis-molecular
mechanisms and newer insights into some diseases. AIMS Mol. Sci. 10, 22–36. doi:10.
3934/molsci.2023003

Huang, M., Cao, X., Jiang, Y., Shi, Y., Ma, Y., Hu, D., et al. (2022). Evaluation of the
Combined Effect of artemisinin and ferroptosis inducer RSL3 against Toxoplasma
gondii. Int. J. Mol. Sci. 24 (1), 229. doi:10.3390/ijms24010229

Huang, S., Liu, Y., Zhang, Y., Zhang, R., Zhu, C., Fan, L., et al. (2020). Baicalein
inhibits SARS-CoV-2/VSV replication with interfering mitochondrial oxidative
phosphorylation in a mPTP dependent manner. Signal Transduct. Target. Ther. 5,
266. doi:10.1038/s41392-020-00353-x

Iheagwam, F. N., Batiha, G. E.-S., Ogunlana, O. O., and Chinedu, S. N. (2021).
Terminalia catappa Extract Palliates Redox Imbalance and Inflammation in Diabetic
Rats by Upregulating Nrf-2 Gene. International Journal of Inflammation 2021, 1–16.
doi:10.1155/2021/9778486

Jelinek, A., Heyder, L., Daude, M., Plessner, M., Krippner, S., Grosse, R., et al. (2018).
Mitochondrial rescue prevents glutathione peroxidase-dependent ferroptosis. Free
Radic. Biol. Med. 117, 45–57. doi:10.1016/j.freeradbiomed.2018.01.019

Jennis, M., Kung, C.-P., Basu, S., Budina-Kolomets, A., Julia, I., Leu, J., et al. (2016).
An African-specific polymorphism in the TP53 gene impairs p53 tumor suppressor
function in a mouse model. Genes & Dev. 30, 918–930. doi:10.1101/gad.275891.115

Jia, M., Qin, D., Zhao, C., Chai, L., Yu, Z., Wang, W., et al. (2020). Redox homeostasis
maintained by GPX4 facilitates STING activation. Nat. Immunol. 21, 727–735. doi:10.
1038/s41590-020-0699-0

Kain, H. S., Glennon, E. K. K., Vijayan, K., Arang, N., Douglass, A. N., Fortin, C. L.,
et al. (2020). Liver stage malaria infection is controlled by host regulators of lipid
peroxidation. Cell Death Differ. 27, 44–54. doi:10.1038/s41418-019-0338-1

Kang, R., Kroemer, G., and Tang, D. (2019). The tumor suppressor protein p53 and
the ferroptosis network. Free Radic. Biol. Med. 133, 162–168. doi:10.1016/j.
freeradbiomed.2018.05.074

Kang, Y. P., Mockabee-Macias, A., Jiang, C., Falzone, A., Prieto-Farigua, N., Stone, E.,
et al. (2021). Non-canonical glutamate-cysteine ligase activity protects against
ferroptosis. Cell Metab. 33, 174–189. e7. doi:10.1016/j.cmet.2020.12.007

Ke, H., and Mather, M. W. (2017). +Targeting mitochondrial functions as
antimalarial regime, what is next? Curr. Clin. Microbiol. Rep. 4, 175–191. doi:10.
1007/s40588-017-0075-5

Kerins, M. J., and Ooi, A. (2018). The roles of NRF2 in modulating cellular iron
homeostasis. Antioxidants Redox Signal. 29, 1756–1773. doi:10.1089/ars.2017.7176

Kim, E. H., Shin, D., Lee, J., Jung, A. R., and Roh, J.-L. (2018). CISD2 inhibition
overcomes resistance to sulfasalazine-induced ferroptotic cell death in head and neck
cancer. Cancer Lett. 432, 180–190. doi:10.1016/j.canlet.2018.06.018

Kim, J.-W., Min, D. W., Kim, D., Kim, J., Kim, M. J., Lim, H., et al. (2023).
GPX4 overexpressed non-small cell lung cancer cells are sensitive to RSL3-induced
ferroptosis. Sci. Rep. 13, 8872. doi:10.1038/s41598-023-35978-9

Kinowaki, Y., Kurata, M., Ishibashi, S., Ikeda, M., Tatsuzawa, A., Yamamoto, M., et al.
(2018). Glutathione peroxidase 4 overexpression inhibits ROS-induced cell death in diffuse
large B-cell lymphoma. Lab. Investig. 98, 609–619. doi:10.1038/s41374-017-0008-1

Klug, L., and Daum, G. (2014). Yeast lipid metabolism at a glance. FEMS Yeast Res. 14,
369–388. doi:10.1111/1567-1364.12141

Koita, O. A., Sangaré, L., Miller, H. D., Sissako, A., Coulibaly, M., Thompson, T. A.,
et al. (2017). AQ-13, an investigational antimalarial, versus artemether plus
lumefantrine for the treatment of uncomplicated Plasmodium falciparum malaria: a
randomised, phase 2, non-inferiority clinical trial. Lancet Infect. Dis. 17, 1266–1275.
doi:10.1016/S1473-3099(17)30365-1

Koppula, P., Zhang, Y., Zhuang, L., and Gan, B. (2018). Amino acid transporter
SLC7A11/xCT at the crossroads of regulating redox homeostasis and nutrient
dependency of cancer. Cancer Commun. 38, 12. doi:10.1186/s40880-018-0288-x

Kumari, G., Gupta, A., Sah, R. K., Gautam, A., Saini, M., Gupta, A., et al. (2023).
Development of mitochondria targeting aie-active cyclometalated iridium complexes as
potent antimalarial agents. Adv. Healthc. Mater. 12, 2202411. doi:10.1002/adhm.
202202411

Latunde-Dada, G. O. (2017). Ferroptosis: role of lipid peroxidation, iron and
ferritinophagy. Biochimica Biophysica Acta (BBA) - General Subj. 1861, 1893–1900.
doi:10.1016/j.bbagen.2017.05.019

Laubach, K., Zhang, J., and Chen, X. (2021). The p53 family: a role in lipid and iron
metabolism. Front. Cell Dev. Biol. 9, 715974. doi:10.3389/fcell.2021.715974

Leu, J. I.-J., Murphy, M. E., and George, D. L. (2019). Mechanistic basis for impaired
ferroptosis in cells expressing the African-centric S47 variant of p53. Proc. Natl. Acad.
Sci. 116, 8390–8396. doi:10.1073/pnas.1821277116

Li, J., Cao, F., Yin, H., Huang, Z., Lin, Z., Mao, N., et al. (2020). Ferroptosis: past,
present and future. Cell Death Dis. 88, 88. doi:10.1038/s41419-020-2298-2

Li, Q., Chen, K., Zhang, T., Jiang, D., Chen, L., Jiang, J., et al. (2023). Understanding
sorafenib-induced ferroptosis and resistance mechanisms: implications for cancer
therapy. Eur. J. Pharmacol. 955, 175913. doi:10.1016/j.ejphar.2023.175913

Li, Q., Shi, N., Cai, C., Zhang, M., He, J., Tan, Y., et al. (2021a). The role of mitochondria in
pyroptosis. Front. Cell Dev. Biol. 8, 630771. doi:10.3389/fcell.2020.630771

Li, S., Xu, W., Wang, H., Tang, T., Ma, J., Cui, Z., et al. (2022). Ferroptosis plays an
essential role in the antimalarial mechanism of low-dose dihydroartemisinin. Biomed.
Pharmacother. 148, 112742. doi:10.1016/j.biopha.2022.112742

Li, Y., Wang, X., Huang, Z., Zhou, Y., Xia, J., Hu, W., et al. (2021b). CISD3 inhibition
drives cystine-deprivation induced ferroptosis. Cell Death Dis. 12, 839. doi:10.1038/
s41419-021-04128-2

Lieu, E. L., Nguyen, T., Rhyne, S., and Kim, J. (2020). Amino acids in cancer. Exp. Mol.
Med. 52, 15–30. doi:10.1038/s12276-020-0375-3

Lipper, C. H., Stofleth, J. T., Bai, F., Sohn, Y.-S., Roy, S., Mittler, R., et al. (2019).
Redox-dependent gating of VDAC by mitoNEET. Proc. Natl. Acad. Sci. 116,
19924–19929. doi:10.1073/pnas.1908271116

Liu, J., Lou, C., Zhen, C., Wang, Y., Shang, P., and Lv, H. (2022). Iron plays a role in
sulfasalazine-induced ferroptosis with autophagic flux blockage in K7M2 osteosarcoma
cells. Metallomics 14, mfac027. doi:10.1093/mtomcs/mfac027

Liu, J., Zhang, C., Hu, W., and Feng, Z. (2019). Tumor suppressor p53 and
metabolism. J. Mol. Cell Biol. 11, 284–292. doi:10.1093/jmcb/mjy070

Liu, J., Zhang, C., Wang, J., Hu, W., and Feng, Z. (2020). The regulation of ferroptosis
by tumor suppressor p53 and its pathway. Int. J. Mol. Sci. 21, 8387. doi:10.3390/
ijms21218387

Liu, Y., Lu, S., Wu, L., Yang, L., Yang, L., and Wang, J. (2023). The diversified role of
mitochondria in ferroptosis in cancer.Cell Death Dis. 14, 519. doi:10.1038/s41419-023-06045-y

López-Otín, C., and Kroemer, G. (2021). Hallmarks of health. Cell 184, 33–63. doi:10.
1016/j.cell.2020.11.034

Lu, F., He, X.-L., Richard, C., and Cao, J. (2019). A brief history of artemisinin: modes
of action and mechanisms of resistance. Chin. J. Nat. Med. 17, 331–336. doi:10.1016/
S1875-5364(19)30038-X

Ma, Q., Zhang, W., Zhu, C., Liu, J., and Chen, Q. (2019). FUNDC2 regulates platelet
activation through AKT/GSK-3β/cGMP axis. Cardiovasc. Res. 115, 1672–1679. doi:10.
1093/cvr/cvy311

Ma, W., Balta, V. A., West, R., Newlin, K. N., Miljanić, O. Š., Sullivan, D. J., et al.
(2021). A second mechanism employed by artemisinins to suppress Plasmodium
falciparum hinges on inhibition of hematin crystallization. J. Biol. Chem. 296,
100123. doi:10.1074/jbc.RA120.016115

Maher, P., van Leyen, K., Dey, P. N., Honrath, B., Dolga, A., and Methner, A. (2018).
The role of Ca2+ in cell death caused by oxidative glutamate toxicity and ferroptosis. Cell
Calcium 70, 47–55. doi:10.1016/j.ceca.2017.05.007

Mao, C., Liu, X., Zhang, Y., Lei, G., Yan, Y., Lee, H., et al. (2021). DHODH-mediated
ferroptosis defence is a targetable vulnerability in cancer. Nature 593, 586–590. doi:10.
1038/s41586-021-03539-7

Mengue, J. B., Held, J., and Kreidenweiss, A. (2019). AQ-13-an investigational
antimalarial drug. Expert Opin. Investigational Drugs 28, 217–222. doi:10.1080/
13543784.2019.1560419

Mishima, E., Ito, J., Wu, Z., Nakamura, T., Wahida, A., Doll, S., et al. (2022). A non-
canonical vitamin K cycle is a potent ferroptosis suppressor. Nature 608, 778–783.
doi:10.1038/s41586-022-05022-3

Murithi, J. M., Pascal, C., Bath, J., Boulenc, X., Gnädig, N. F., Pasaje, C. F. A., et al.
(2021). The antimalarial MMV688533 provides potential for single-dose cures with a
high barrier to Plasmodium falciparum parasite resistance. Sci. Transl. Med. 13,
eabg6013. doi:10.1126/scitranslmed.abg6013

Najbauer, E. E., Becker, S., Giller, K., Zweckstetter, M., Lange, A., Steinem, C., et al.
(2021). Structure, gating and interactions of the voltage-dependent anion channel. Eur.
Biophysics J. 50, 159–172. doi:10.1007/s00249-021-01515-7

Phillips, M., and Rathod, P. (2010). Plasmodium dihydroorotate dehydrogenase: a
promising target for novel antimalarial chemotherapy. Infect. Disorders-Drug Targets
Formerly Curr. Drug Targets-Infectious Disord. 10, 226–239. doi:10.2174/
187152610791163336

Phillips, M. A., Burrows, J. N., Manyando, C., van Huijsduijnen, R. H., Van Voorhis,
W. C., and Wells, T. N. C. (2017). Malaria. Nat. Rev. Dis. Prim. 3, 17050. doi:10.1038/
nrdp.2017.50

Rodencal, J., and Dixon, S. J. (2023). A tale of two lipids: lipid unsaturation commands
ferroptosis sensitivity. Proteomics 23, 2100308. doi:10.1002/pmic.202100308

Rojo de la Vega, M., Chapman, E., and Zhang, D. D. (2018). NRF2 and the hallmarks
of cancer. Cancer Cell 34, 21–43. doi:10.1016/j.ccell.2018.03.022

Rotimi, O. A., Rotimi, S. O., Goodrich, J. M., Adelani, I. B., Agbonihale, E., and Talabi,
G. (2019). Time-Course Effects of Acute Aflatoxin B1 Exposure on Hepatic
Mitochondrial Lipids and Oxidative Stress in Rats. Front. Pharmacol. 10, 467.
doi:10.3389/fphar.2019.00467

Sato, M., Kusumi, R., Hamashima, S., Kobayashi, S., Sasaki, S., Komiyama, Y., et al.
(2018). The ferroptosis inducer erastin irreversibly inhibits system xc− and synergizes
with cisplatin to increase cisplatin’s cytotoxicity in cancer cells. Sci. Rep. 8, 968. doi:10.
1038/s41598-018-19213-4

Frontiers in Cell and Developmental Biology frontiersin.org12

Adegboro and Afolabi 10.3389/fcell.2024.1374735

https://doi.org/10.3934/molsci.2023003
https://doi.org/10.3934/molsci.2023003
https://doi.org/10.3390/ijms24010229
https://doi.org/10.1038/s41392-020-00353-x
https://doi.org/10.1155/2021/9778486
https://doi.org/10.1016/j.freeradbiomed.2018.01.019
https://doi.org/10.1101/gad.275891.115
https://doi.org/10.1038/s41590-020-0699-0
https://doi.org/10.1038/s41590-020-0699-0
https://doi.org/10.1038/s41418-019-0338-1
https://doi.org/10.1016/j.freeradbiomed.2018.05.074
https://doi.org/10.1016/j.freeradbiomed.2018.05.074
https://doi.org/10.1016/j.cmet.2020.12.007
https://doi.org/10.1007/s40588-017-0075-5
https://doi.org/10.1007/s40588-017-0075-5
https://doi.org/10.1089/ars.2017.7176
https://doi.org/10.1016/j.canlet.2018.06.018
https://doi.org/10.1038/s41598-023-35978-9
https://doi.org/10.1038/s41374-017-0008-1
https://doi.org/10.1111/1567-1364.12141
https://doi.org/10.1016/S1473-3099(17)30365-1
https://doi.org/10.1186/s40880-018-0288-x
https://doi.org/10.1002/adhm.202202411
https://doi.org/10.1002/adhm.202202411
https://doi.org/10.1016/j.bbagen.2017.05.019
https://doi.org/10.3389/fcell.2021.715974
https://doi.org/10.1073/pnas.1821277116
https://doi.org/10.1038/s41419-020-2298-2
https://doi.org/10.1016/j.ejphar.2023.175913
https://doi.org/10.3389/fcell.2020.630771
https://doi.org/10.1016/j.biopha.2022.112742
https://doi.org/10.1038/s41419-021-04128-2
https://doi.org/10.1038/s41419-021-04128-2
https://doi.org/10.1038/s12276-020-0375-3
https://doi.org/10.1073/pnas.1908271116
https://doi.org/10.1093/mtomcs/mfac027
https://doi.org/10.1093/jmcb/mjy070
https://doi.org/10.3390/ijms21218387
https://doi.org/10.3390/ijms21218387
https://doi.org/10.1038/s41419-023-06045-y
https://doi.org/10.1016/j.cell.2020.11.034
https://doi.org/10.1016/j.cell.2020.11.034
https://doi.org/10.1016/S1875-5364(19)30038-X
https://doi.org/10.1016/S1875-5364(19)30038-X
https://doi.org/10.1093/cvr/cvy311
https://doi.org/10.1093/cvr/cvy311
https://doi.org/10.1074/jbc.RA120.016115
https://doi.org/10.1016/j.ceca.2017.05.007
https://doi.org/10.1038/s41586-021-03539-7
https://doi.org/10.1038/s41586-021-03539-7
https://doi.org/10.1080/13543784.2019.1560419
https://doi.org/10.1080/13543784.2019.1560419
https://doi.org/10.1038/s41586-022-05022-3
https://doi.org/10.1126/scitranslmed.abg6013
https://doi.org/10.1007/s00249-021-01515-7
https://doi.org/10.2174/187152610791163336
https://doi.org/10.2174/187152610791163336
https://doi.org/10.1038/nrdp.2017.50
https://doi.org/10.1038/nrdp.2017.50
https://doi.org/10.1002/pmic.202100308
https://doi.org/10.1016/j.ccell.2018.03.022
https://doi.org/10.3389/fphar.2019.00467
https://doi.org/10.1038/s41598-018-19213-4
https://doi.org/10.1038/s41598-018-19213-4
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1374735


Sena-dos-Santos, C., Braga-da-Silva, C., Marques, D., Azevedo dos Santos Pinheiro, J.,
Ribeiro-dos-Santos, Â., and Cavalcante, G. C. (2021). Unraveling cell death pathways
during malaria infection: what do we know so far? Cells 10, 479. doi:10.3390/
cells10020479

Shimizu, R., Lan, N. N., Tai, T. T., Adachi, Y., Kawazoe, A., Mu, A., et al. (2014).
p53 directly regulates the transcription of the human frataxin gene and its lack of
regulation in tumor cells decreases the utilization of mitochondrial iron. Gene 551,
79–85. doi:10.1016/j.gene.2014.08.043

Siddiqui, G., Giannangelo, C., De Paoli, A., Schuh, A. K., Heimsch, K. C., Anderson,
D., et al. (2022). Peroxide antimalarial drugs target redox homeostasis in plasmodium
falciparum infected red blood cells. ACS Infectious Diseases 8, 210–226. doi:10.1021/
acsinfecdis.1c00550

Singh, K. S., Leu, J. I.-J., Barnoud, T., Vonteddu, P., Gnanapradeepan, K., Lin, C., et al.
(2020). African-centric TP53 variant increases iron accumulation and bacterial
pathogenesis but improves response to malaria toxin. Nat. Commun. 11, 473.
doi:10.1038/s41467-019-14151-9

Song, X., and Long, D. (2020). Nrf2 and ferroptosis: a new research direction for
neurodegenerative diseases. Front. Neurosci. 14, 267. doi:10.3389/fnins.2020.00267

Stockwell, B. R. (2022). Ferroptosis turns 10: emerging mechanisms, physiological
functions, and therapeutic applications. Cell 185, 2401–2421. doi:10.1016/j.cell.2022.
06.003

Stockwell, B. R., Friedmann Angeli, J. P., Bayir, H., Bush, A. I., Conrad, M., Dixon, S.
J., et al. (2017). Ferroptosis: a regulated cell death nexus linking metabolism, redox
biology, and disease. Cell 171, 273–285. doi:10.1016/j.cell.2017.09.021

Su, L.-J., Zhang, J.-H., Gomez, H., Murugan, R., Hong, X., Xu, D., et al. (2019).
Reactive oxygen species-induced lipid peroxidation in apoptosis, autophagy, and
ferroptosis. Oxidative Med. Cell. Longev. 2019, 1–13. doi:10.1155/2019/5080843

Sulyok, M., Rückle, T., Roth, A., Mürbeth, R. E., Chalon, S., Kerr, N., et al. (2017).
DSM265 for Plasmodium falciparum chemoprophylaxis: a randomised, double blinded,
phase 1 trial with controlled human malaria infection. Lancet Infect. Dis. 17, 636–644.
doi:10.1016/S1473-3099(17)30139-1

Ta, N., Qu, C., Wu, H., Zhang, D., Sun, T., Li, Y., et al. (2022). Mitochondrial outer
membrane protein FUNDC2 promotes ferroptosis and contributes to doxorubicin-
induced cardiomyopathy. Proc. Natl. Acad. Sci. 119, e2117396119. doi:10.1073/pnas.
2117396119

Tadokoro, T., Ikeda, M., Ide, T., Deguchi, H., Ikeda, S., Okabe, K., et al. (2020).
Mitochondria-dependent ferroptosis plays a pivotal role in doxorubicin cardiotoxicity.
JCI Insight 5, e132747. doi:10.1172/jci.insight.132747

Tao, N., Li, K., and Liu, J. (2020). Molecular mechanisms of ferroptosis and its role in
pulmonary disease. Oxidative Med. Cell. Longev. 2020, 1–12. doi:10.1155/2020/9547127

Terzi, E. M., Sviderskiy, V. O., Alvarez, S. W., Whiten, G. C., and Possemato, R.
(2021). Iron-sulfur cluster deficiency can be sensed by IRP2 and regulates iron
homeostasis and sensitivity to ferroptosis independent of IRP1 and FBXL5. Sci. Adv.
7, eabg4302. doi:10.1126/sciadv.abg4302

Umumararungu, T., Nkuranga, J. B., Habarurema, G., Nyandwi, J. B., Mukazayire, M.
J., Mukiza, J., et al. (2023). Recent developments in antimalarial drug discovery. Bioorg.
Med. Chem. 88-89, 117339–117389. 117339. doi:10.1016/j.bmc.2023.117339

Wachnowsky, C., Fidai, I., and Cowan, J. A. (2018). Iron–sulfur cluster biosynthesis
and trafficking – impact on human disease conditions. Metallomics 10, 9–29. doi:10.
1039/C7MT00180K

Wang, H., Lin, D., Yu, Q., Li, Z., Lenahan, C., Dong, Y., et al. (2021). A promising
future of ferroptosis in tumor therapy. Front. Cell & Dev. Biol. 9, 629150. doi:10.3389/
fcell.2021.629150

Wang, H., Liu, C., Zhao, Y., and Gao, G. (2020a). Mitochondria regulation in
ferroptosis. Eur. J. Cell Biol. 99, 151058. doi:10.1016/j.ejcb.2019.151058

Wang, X., Chen, F., Zhang, J., Sun, J., Zhao, X., Zhu, Y., et al. (2020b). A ferroptosis-
inducing iridium(III) complex. Sci. China Chem. 63, 65–72. doi:10.1007/s11426-019-
9577-3

Ward, D. M., and Cloonan, S. M. (2019). Mitochondrial iron in human health and
disease. Annu. Rev. Physiology 81, 453–482. doi:10.1146/annurev-physiol-020518-
114742

Weindel, C. G., Martinez, E. L., Zhao, X., Mabry, C. J., Bell, S. L., Vail, K. J., et al.
(2022). Mitochondrial ROS promotes susceptibility to infection via gasdermin
D-mediated necroptosis. Cell 185, 3214–3231. e23. doi:10.1016/j.cell.2022.06.038

Weizer-Stern, O., Adamsky, K., Margalit, O., Ashur-Fabian, O., Givol, D.,
Amariglio, N., et al. (2007). Hepcidin, a key regulator of iron metabolism, is
transcriptionally activated by p53. Br. J. Haematol. 138, 253–262. doi:10.1111/j.
1365-2141.2007.06638.x

World Health Organization (WHO) (2023). World malaria report 2023. Available
from: https://www.who.int/teams/global-malaria-programme/reports/world-malaria-
report-2023 (Accessed January 14, 2024).

Wu, H.,Wang, F., Ta, N., Zhang, T., and Gao,W. (2021). Themulti-faceted regulation
of mitochondria in ferroptosis. Life 11, 222. doi:10.3390/life11030222

Xie, L.-H., Fefelova, N., Pamarthi, S. H., and Gwathmey, J. K. (2022). Molecular
mechanisms of ferroptosis and relevance to cardiovascular disease. Cells 11, 2726.
doi:10.3390/cells11172726

Xu, S., Li, X., and Wang, Y. (2023). Regulation of the p53-mediated ferroptosis
signaling pathway in cerebral ischemia stroke (Review). Exp. Ther. Med. 25, 113. doi:10.
3892/etm.2023.11812

Xu, T., Ding, W., Ji, X., Ao, X., Liu, Y., Yu, W., et al. (2019). Molecular mechanisms of
ferroptosis and its role in cancer therapy. J. Cell. Mol. Med. 23, 4900–4912. doi:10.1111/
jcmm.14511

Yan, R., Lin, B., Jin, W., Tang, L., Hu, S., and Cai, R. (2023). NRF2, a Superstar of
ferroptosis. Antioxidants 12, 1739. doi:10.3390/antiox12091739

Yang,W. S., SriRamaratnam, R.,Welsch, M. E., Shimada, K., Skouta, R., Viswanathan,
V. S., et al. (2014). Regulation of ferroptotic cancer cell death by GPX4. Cell 156,
317–331. doi:10.1016/j.cell.2013.12.010

Zeng, F., Chen, X., and Deng, G. (2022). The anti-ferroptotic role of FSP1: current
molecular mechanism and therapeutic approach. Mol. Biomed. 3, 37. doi:10.1186/
s43556-022-00105-z

Zhang, H., Cheng, M., Zhang, L., and Wang, Y. (2022). Ferroptosis and renal fibrosis:
a new target for the future (Review). Exp. Ther. Med. 25, 13. doi:10.3892/etm.2022.
11712

Zhang, J., and Chen, X. (2019). p53 tumor suppressor and iron homeostasis. FEBS J.
286, 620–629. doi:10.1111/febs.14638

Zhang, Y., Swanda, R. V., Nie, L., Liu, X., Wang, C., Lee, H., et al. (2021).
mTORC1 couples cyst(e)ine availability with GPX4 protein synthesis and
ferroptosis regulation. Nat. Commun. 12, 1589. doi:10.1038/s41467-021-21841-w

Zou, Y., Palte, M. J., Deik, A. A., Li, H., Eaton, J. K., Wang, W., et al. (2019). A
GPX4-dependent cancer cell state underlies the clear-cell morphology and confers
sensitivity to ferroptosis. Nat. Commun. 10, 1617. doi:10.1038/s41467-019-
09277-9

Zuzarte-Luís, V., Mello-Vieira, J., Marreiros, I. M., Liehl, P., Chora, Â. F., Carret, C.
K., et al. (2017). Dietary alterations modulate susceptibility to Plasmodium infection.
Nat. Microbiolology 2, 1600–1607. doi:10.1038/s41564-017-0025-2

Frontiers in Cell and Developmental Biology frontiersin.org13

Adegboro and Afolabi 10.3389/fcell.2024.1374735

https://doi.org/10.3390/cells10020479
https://doi.org/10.3390/cells10020479
https://doi.org/10.1016/j.gene.2014.08.043
https://doi.org/10.1021/acsinfecdis.1c00550
https://doi.org/10.1021/acsinfecdis.1c00550
https://doi.org/10.1038/s41467-019-14151-9
https://doi.org/10.3389/fnins.2020.00267
https://doi.org/10.1016/j.cell.2022.06.003
https://doi.org/10.1016/j.cell.2022.06.003
https://doi.org/10.1016/j.cell.2017.09.021
https://doi.org/10.1155/2019/5080843
https://doi.org/10.1016/S1473-3099(17)30139-1
https://doi.org/10.1073/pnas.2117396119
https://doi.org/10.1073/pnas.2117396119
https://doi.org/10.1172/jci.insight.132747
https://doi.org/10.1155/2020/9547127
https://doi.org/10.1126/sciadv.abg4302
https://doi.org/10.1016/j.bmc.2023.117339
https://doi.org/10.1039/C7MT00180K
https://doi.org/10.1039/C7MT00180K
https://doi.org/10.3389/fcell.2021.629150
https://doi.org/10.3389/fcell.2021.629150
https://doi.org/10.1016/j.ejcb.2019.151058
https://doi.org/10.1007/s11426-019-9577-3
https://doi.org/10.1007/s11426-019-9577-3
https://doi.org/10.1146/annurev-physiol-020518-114742
https://doi.org/10.1146/annurev-physiol-020518-114742
https://doi.org/10.1016/j.cell.2022.06.038
https://doi.org/10.1111/j.1365-2141.2007.06638.x
https://doi.org/10.1111/j.1365-2141.2007.06638.x
https://www.who.int/teams/global-malaria-programme/reports/world-malaria-report-2023
https://www.who.int/teams/global-malaria-programme/reports/world-malaria-report-2023
https://doi.org/10.3390/life11030222
https://doi.org/10.3390/cells11172726
https://doi.org/10.3892/etm.2023.11812
https://doi.org/10.3892/etm.2023.11812
https://doi.org/10.1111/jcmm.14511
https://doi.org/10.1111/jcmm.14511
https://doi.org/10.3390/antiox12091739
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.1186/s43556-022-00105-z
https://doi.org/10.1186/s43556-022-00105-z
https://doi.org/10.3892/etm.2022.11712
https://doi.org/10.3892/etm.2022.11712
https://doi.org/10.1111/febs.14638
https://doi.org/10.1038/s41467-021-21841-w
https://doi.org/10.1038/s41467-019-09277-9
https://doi.org/10.1038/s41467-019-09277-9
https://doi.org/10.1038/s41564-017-0025-2
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1374735

	Molecular mechanisms of mitochondria-mediated ferroptosis: a potential target for antimalarial interventions
	1 Introduction
	2 Mechanisms of ferroptosis
	2.1 Hallmarks of ferroptosis
	2.2 Signaling pathways in ferroptosis
	2.2.1 GPX4 and ferroptosis
	2.2.2 System Xc and ferroptosis
	2.2.3 Nuclear factor erythroid-2-related factor 2 (NRF2)
	2.2.4 Dual role of tumor suppressor protein 53 (TP53) in ferroptosis
	2.2.5 Ferroptosis suppressor protein1 (FSP1)


	3 Association between mitochondria and ferroptosis
	3.1 Mitochondrial membrane and ferroptosis
	3.1.1 Mitochondrial membrane lipids and ferroptosis
	3.1.2 Mitochondrial membrane proteins and ferroptosis

	3.2 Energy metabolism of mitochondria and ferroptosis
	3.2.1 Oxidative phosphorylation and ferroptosis

	3.3 Mitochondrial amino acid metabolism, calcium, and ferroptosis
	3.4 Mitochondrial iron metabolism and ferroptosis
	3.4.1 Mitochondrial iron and ferroptosis
	3.4.2 Iron-sulfur (Fe-S) clusters and ferroptosis


	4 Mitochondria-mediated ferroptosis in malaria
	4.1 Evidence of a relationship between ferroptosis and malaria
	4.1.1 Host innate immune responses
	4.1.2 Artemisinin mechanism of action
	4.1.3 Ferroptosis-mediated destruction of liver stage plasmodium

	4.2 Ferroptosis in malaria therapy via mitochondrial targeting
	4.2.1 Targeting ROS generation
	4.2.2 Targeting dihydroorotate dehydrogenase (DHODH)
	4.2.3 Targeting glutathione (GSH)


	5 Conclusion and future perspectives
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


