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Abstract: Malaria is an infectious disease and a serious public health problem in the world, with
3.3 billion people in endemic areas in 100 countries and about 200 million new cases each year,
resulting in almost 1 million deaths in 2018. Although studies look for strategies to eradicate malaria,
it is necessary to know more about its pathophysiology to understand the underlying mechanisms
involved, particularly the redox balance, to guarantee success in combating this disease. In this
review, we addressed the involvement of oxidative stress in malaria and the potential benefits of
antioxidant supplementation as an adjuvant antimalarial therapy.
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1. Introduction

Malaria is an infectious disease and a serious public health problem, with 3.3 billion
exposed people in endemic regions at risk of contracting the disease in 85 countries. Ac-
cording to the latest World Malaria Report from the World Health Organization (WHO),
in 2020, there were an estimated 241 million cases of malaria and 627,000 malaria deaths
worldwide. Compared to the year 2019, there was an increase of about 14 million new
cases and 69,000 more deaths. About 47,000 of these additional deaths were related to
disruptions in the provision of malaria prevention, diagnosis, and treatment during the
COVID-19 pandemic [1].

In the Americas, about 138 million people live in areas at risk of malaria, with
765,000 cases of the disease being reported [2]. Venezuela, Brazil, and Colombia are the
countries with the highest number of cases and deaths resulting from the disease on this
continent, contributing 86% of the cases [1].

To date, there are six species of Plasmodium reported to infect humans, however, the
deadliest form of the disease, cerebral malaria, is associated with Plasmodium falciparum
infection, although there are reports describing severe manifestations, and even deaths,
caused by Plasmodium vivax [3]. The main factors that make malaria a worldwide issue that
is difficult to eradicate are difficulties in accessing treatment, the migration of individuals
to endemic areas, the lack of an efficient vaccine, the level of socioeconomic development
in endemic areas, and, mainly, parasite resistance to antimalarials [4].

Plasmodium resistance to drugs is growing worldwide, especially in endemic areas.
In addition to quinine and chloroquine [5], resistance has been reported to proguanil [6],
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atovacone [7], mefloquine [8], and to combination therapy with artemisinin [9,10]. In
this context, for a better understanding of the resistance factors and pathophysiological
mechanisms of the disease, it is necessary to deepen our knowledge of the underlying
mechanisms of the disease, particularly regarding redox regulation in malaria.

Infection by the parasite triggers oxidative stress that consists of the host’s redox
imbalance due to the high production of reactive oxygen and nitrogen species (ROS/RNS),
to the detriment of the host’s endogenous antioxidant defenses. The production of these
oxidizing compounds occurs through the degradation of hemoglobin by the parasite, which
uses it as a source of amino acids for its nutrition, as well as through the host’s immune
response, which produces ROS/RNS inside the phagocytes, a process called respiratory
burst, alongside the involvement of ischemia-reperfusion syndrome (SIR) [11].

The increase in oxidative stress in malaria is responsible for systemic and tissue
oxidative damage, affecting organs such as lungs and brain. This redox imbalance has been
related to the most serious manifestations, such as cerebral malaria, and, depending on the
lesions in the brain parenchyma, it can lead to physical and cognitive impairments [12].

To combat oxidative changes, the host organism has an antioxidant defense system
that uses enzymes and small antioxidant molecules to fight free radicals produced by the
infection [11]. However, those defenses are often insufficient to fulfill the host’s needs [13].
Therefore, studies have sought adjuvant antioxidant treatments to support the host’s
antioxidant defense system [14–17].

Supplementation with antioxidants represents a promising therapeutic alternative in
malaria, which would prevent or reduce the oxidative damage generated by the parasite
and by antimalarials. Based on this idea, several studies have demonstrated the beneficial
role of antioxidant supplementation in fighting the infection and restoring redox balance.
The supplementation with vitamins A [18–21], C [17,22,23], D [15,24,25], and E [19,26]
represent promising strategies, with possible beneficial effects on the disease.

Supplementation with other substances is also reported, such as N-acetylcysteine
(NAC) [14,27], minerals such as zinc [18,28,29] and selenium [30–32], and mushrooms such
as Agaricus sylvaticus [14].

In addition, it has been reported that vitamin A and zinc supplementation in pregnant
women prevents placental malaria [29]. Additionally, therapy with the antioxidants NAC
and tempol can improve pregnancy in animals. However, tempol has demonstrated higher
antioxidant activity and, therefore, reduced oxidative and inflammatory damage in a more
effective way, increasing embryo survival [33].

Thus, this review aims to demonstrate the role of oxidative stress in malaria, em-
phasizing the benefit of antioxidant supplementation as a complementary therapy to
drug treatment.

2. Oxidative Stress in the Host, Induced by Plasmodium

Oxidative stress in malaria is involved in various stages of infection and, depending
on the stage of the disease, can be both harmful and beneficial during plasmodial infec-
tion [34–36]. In fact, high levels of oxidative stress in the blood of patients with malaria
have already been seen through the increase in malondialdehyde (MDA), a by-product of
lipid peroxidation [37].

In a similar study, Nsiah et al. [38] identified increased levels of oxidative stress in
children with complicated malaria infection, through increased levels of malondialdehyde
(MDA), and decreased ascorbate and hemoglobin in children. A similar result was re-
ported by Atiku et al. [34], in which severe oxidative stress was observed in patients with
uncomplicated sickle cell disease and P. falciparum malaria.

Complications in severe malaria are systemic, with impairment to the pulmonary and
central nervous system. Pulmonary manifestations such as cough with or without sputum
and dyspnea have been described [39]. Another serious outcome is acute respiratory
distress syndrome (ARDS), characterized by increased vascular permeability, resulting in
pulmonary edema. In parallel, Anidi et al. [40] demonstrated that erythrocytes sequestered
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in the lung produce ROS/RNS and increase vascular permeability, which is exacerbated
by the high expression of CD36 and Fyn kinase in P. berghei infection, suggesting them as
mediators of the increase in the conductance of pulmonary endothelial fluid.

Cerebral malaria is a fatal complication, and oxidative stress in the central nervous
system is related to the development and worsening of the disease [39]. Studies have
demonstrated that oxidative damage caused by P. berghei infection in mice has been asso-
ciated with brain damage, with long-term physical and cognitive dysfunction [41]. The
parasite presence in the brain increases oxidative stress, since the adhesion of erythrocytes
in vessels causes the obstruction of blood flow, resulting in ischemia and reperfusion syn-
drome. In the reoxygenation of the tissue, ROS/RNS are produced, as well as in the release
of free heme due to the lysis of erythrocytes and in the activation of the immune response
through the release of proinflammatory cytokines, such as interferon-G (IFN-G), tumor
necrosis factor-α (TNF-α), and lymphotoxin-α (LT-α) by phagocytic cells in the respiratory
burst [42]. These conditions in lung and brain tissue increase microvascular permeability,
resulting in the pulmonary syndrome associated with severe malaria [40].

In addition to the involvement of these key organs, the role of oxidative stress in the
myocardial wall and in the high pulmonary pressure in children with severe malaria has
also been demonstrated, and it is caused by intravascular hemolysis and a decrease in
nitric oxide (NO) production, with a consequent cardiopulmonary effect [43]. Additionally,
Na-Ek and Punsawad [44] identified increased expression of 4-hydroxynonenal (4-HNE)
and heme oxygenase-1 (HO-1) in the renal tissue of mice, both markers of oxidative damage
and related to acute tubular damage in the kidneys during experimental malaria.

According to Percário et al. [11], the induction of oxidative stress in malaria is multifac-
torial: the host’s inflammatory response triggered by the parasite; transition-metal-induced
free radical production derived from the consumption of hemoglobin (through Fenton and
Haber–Weiss reactions); ischemia and reperfusion syndrome, caused by cytoadherence
in the microvasculature and anemia during infection; direct generation of free radicals
induced by the parasite; and the use of antimalarial drugs (Figure 1).

In the initial stage of infection, neutrophils are one of the first defense cells. When
activated, they can destroy malaria parasites through various mechanisms, mainly through
the production of ROS/RNS through oxidative stress [45]. The neutrophils of patients
with malaria manifest differently from those who are not infected [46], and neutrophils
in patients infected with P. falciparum present impaired oxidative burst due to increased
plasma heme, resulting in cerebral vasculopathy [47]. Additionally, the actions of other
immune cells during infection are reported, such as macrophages, lymphocytes, and
dendritic cells [48–54].

The proinflammatory response is associated with the severity of cerebral malaria,
with an increase in nitric oxide (NO) and hydrogen peroxide (H2O2), but the regula-
tion of these factors is still unclear. According to Borges et al. [55], the expression of
eicosanoid-producing enzymes in mice sensitive to cerebral malaria increases the expression
of cyclooxygenase-2 (COX-2) and 5-lipoxygenase (5-LOX) in the vessels and brain tissue,
followed by high levels of the transcriptional regulators of lipid metabolism, peroxisome
proliferator-activated receptor gamma (PPAR-γ), which results in increased parasitemia,
reduced survival, and less NO and H2O2 production in those animals.

During the inflammatory process of the disease, oxidative stress influences the matu-
ration and function of dendritic cells (DC) in response to infection by P. falciparum, using
xanthine oxidase (XO), and the ROS/RNS generated by this enzyme increase the secretion
of cytokines induced by the parasite and the surface expression of CD80 in DC. Therefore,
oxidative stress during infection contributes to the inflammatory response, with an increase
in CD4+ T cells and DC [35,51]. It is worth mentioning that the activation of CD4+ T cells
by DC give rise to subsets of helper T cells (Th), including Th1, Th2, or Th17, leading to the
production of IFN-γ, interleukin-4 (IL-4), or IL-17, respectively [56].
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Figure 1. Sources of oxidative stress in malaria. A = Free-iron-induced oxidative stress (OS), as a 
consequence of hemoglobin digestion by the parasite and through the Fenton or Haber–Weiss 
reactions; C = direct ROS/RNS production by the parasite; B = host’s inflammatory response-derived 
oxidative stress; D = production of ROS/RNS by antimalarial drug metabolism; E = cytoadherence- 
and/or anemia-derived oxidative stress, through ischemia-reperfusion syndrome. ROS = Reactive 
oxygen species; RNS = reactive nitrogen species. 

In the initial stage of infection, neutrophils are one of the first defense cells. When 
activated, they can destroy malaria parasites through various mechanisms, mainly 
through the production of ROS/RNS through oxidative stress [45]. The neutrophils of 
patients with malaria manifest differently from those who are not infected [46], and 
neutrophils in patients infected with P. falciparum present impaired oxidative burst due to 
increased plasma heme, resulting in cerebral vasculopathy [47]. Additionally, the actions 
of other immune cells during infection are reported, such as macrophages, lymphocytes, 
and dendritic cells [48–54]. 

Figure 1. Sources of oxidative stress in malaria. A = Free-iron-induced oxidative stress (OS), as
a consequence of hemoglobin digestion by the parasite and through the Fenton or Haber–Weiss
reactions; C = direct ROS/RNS production by the parasite; B = host’s inflammatory response-derived
oxidative stress; D = production of ROS/RNS by antimalarial drug metabolism; E = cytoadherence-
and/or anemia-derived oxidative stress, through ischemia-reperfusion syndrome. ROS = Reactive
oxygen species; RNS = reactive nitrogen species.

This suggests that the severity of infection and inflammatory cytokine production
correlate with plasma XO levels in patients with malaria. In a study conducted by Ty
et al. [57], the ROS/RNS produced by XO-induced inflammatory cytokines in macrophages
and correlated with the development of cerebral malaria. In addition, the reactive species
produced also promote the production of pro-IL-1β, while erythrocytes infected by the
parasite activate the inflammasome NOD-like receptor family pyrin domain-containing
3 (NLRP3), which acts on the activation of caspase 1, and the consequent cleavage and
release of bioactive IL-1β.
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Malarial infection results in a high production of ROS/RNS, which are harmful to both
the host and the parasite. Initially, the parasite inside the erythrocyte degrades hemoglobin
to use its amino acids for its nutrition, and the rapid growth of the parasite in the host cell
is not only dependent on nutritional absorption but also on the redox balance [58]. The
iron of the heme group released from hemoglobin reacts with H2O2 through the Fenton (or
Haber–Weiss) reaction, oxidizing the iron and producing highly toxic free radicals, such
as the hydroxyl radical (OH•) and superoxide (O2

•–) [58,59]. In this process, the organism
increases the expression of superoxide dismutase (SOD) to detoxify the microenvironment
of the production of O2

•-, generating in this reaction even more H2O2 and OH• [60].
The oxidative stress generated at the erythrocytic level affects both the parasite and

the host cell through oxidative changes triggered mainly by the lipid peroxidation of red
blood cells [61,62]. However, to protect itself from free radicals, the parasite uses its api-
coplast organelle to produce the antioxidant lipoic acid as a defense mechanism [63]. Burda
et al. [58] identified by means of X-ray crystallography a protein of lipocalin monomers
called P. falciparum lipocalin (PfLCN) expressed during the parasite intra-erythrocyte de-
velopment. It is located in the parasitophoric and digestive vacuoles, neutralizing the
cellular damage caused by oxidative stress during the reproduction of Plasmodium sp.
in erythrocytes.

Moreover, due to the high density of parasitized erythrocytes in the pulmonary and
cerebral microvasculature obstructing blood flow, ischemia and reperfusion syndrome
occurs, producing hypoxia in these tissues, which is probably responsible for pulmonary
and brain lesions. Since free radicals and inflammatory components are generated in this
syndrome, the damage is accentuated [11,64,65].

Besides host ROS/RNS production in response to infection, the parasite itself is
capable of producing free radicals, which in turn interfere with the biochemistry of red
blood cells and may promote or facilitate the internalization of the parasite in hepatocytes
and red blood cells (RBC). Despite scarce exploration in the scientific literature, aerobic
membrane transport mechanisms are a major source of ROS/RNS generation in Plasmodium.
Accordingly, a recent study found that the absence of NADPH-oxidase expression, an
important enzyme in the synthesis of free radicals by macrophages, caused no differences
in the progression of parasitemia in knockout mice for any of the Plasmodium species tested
(P. yoelii, P. chabaudi K562, P. berguei ANKA, P. berguei K173, and P. vinckei vinckei). These
findings led the authors to believe that free radical production increased as a result of
infection and not from the respiratory burst of phagocytes, possibly due to production by
the parasite itself [66]. Another factor that reinforces this possibility lies in the complexity
and variety of antioxidant mechanisms developed by these parasites.

Another factor that generates oxidative stress during plasmodial infection is the
treatment itself, as antimalarial drugs are pro-oxidant sources [67,68]. An example is
mefloquine, which has a blood schizonticide effect and, by interfering with the heme
detoxification process, produces ROS/RNS against the parasite [69,70]. An in vitro study
also demonstrated that mefloquine acts by binding to cysteine proteases, causing parasite
apoptosis mediated by ROS/RNS production [71].

In a study by Giovanella et al. [72], in which the effects of primaquine and chloroquine
on oxidative stress and DNA damage in mice were evaluated, it was identified that pri-
maquine caused DNA damage in brain and liver, while chloroquine caused damage to
kidneys, liver, and brain, with increased MDA levels in both cases, suggesting that, during
the treatment, these drugs induced oxidative stress and DNA damage.

Artemisinin and its derivatives also display antimalarial activity by inducing ROS/RNS
production, which oxidizes proteins and lipids within infected erythrocytes [73]. Further-
more, artemisinin and its derivatives, dihydroartemisinin and artesunate, act by causing
the rapid depolarization of the parasite’s membrane potential, which can be inhibited by
antioxidants and iron chelators [74]. An in vitro study demonstrated the blockage of heme
polymerization using artemisinin-heme adducts and Plasmodium-rich histidine-II and III
proteins, generating an accumulation of toxic ferriprotoporphyrin IX, with consequent ox-
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idative stress [75,76]. Artemisinin-based combination therapy also involves the production
of ROS/RNS [77].

2.1. The Role of Pro-Oxidants and NO in Malaria

Biological systems produce, through fundamental chemical processes for cell main-
tenance, unstable and highly reactive molecules that can cause oxidative damage. These
molecules, called free radicals or ROS/RNS, are produced continuously by the cells and
are involved in energy production, growth regulation, cell signaling, endothelial pressure
control, and the phagocytosis of pathogens [78,79]. Among the free radicals and the most
relevant reactive species are OH•, O2

•-, NO, lipid peroxide radical (LOO•), H2O2, and
singlet oxygen (*O2) [80–82].

Notwithstanding the harmful effects of ROS/RNS, their production can also occur
from endogenous sources, for example, NADPH, myeloperoxidase (MPO), phagocyto-
sis [83], and exogenously from pollution [84], smoking [85], alcohol use [86,87], tran-
sition metal poisoning [88], radiation exposure, nutritional deficiencies, oxidant drug
metabolism, and medicines [89,90], as well as from pathogens [11,14,41]. These molecules,
when present in high quantities in the organism, produce cellular damage when reacting
with biomolecules, leading to deleterious cellular and tissue effects.

During malaria infection, ROS/RNS are involved in the destruction of Plasmodium
via oxidative stress during the erythrocytic phase [91]. However, the early increase of
these molecules induces oxidative stress via the production of extracellular methemoglobin,
causing osmotic fragility and hemolysis [92]. The stimulation of ROS/RNS by neutrophils,
monocytes, and macrophages is one of the main mechanisms of host defense against
the parasite, generating an imbalance between pro- and antioxidant elements, triggering
oxidative stress [93]. On the other hand, the mechanisms of immune response can also act
to damage the host cells [11].

Defense cells such as neutrophils can destroy the parasite through respiratory explo-
sion, initially producing a high amount of O2

•− from NAPH oxidase (NOX), acting on O2,
which is later converted into H2O2 and OH•. The NOX enzyme is found in the cytoplasm
and phagosome membranes of neutrophils, producing ROS/RNS that diffuse through the
membrane, destroying extracellular phagocyted and intracellular parasites via oxidative
stress [45].

One of the main ROS/RNS involved during malaria infection is NO, which is synthe-
sized from the amino acid L-arginine, through the action of nitric oxide synthase (NOS).
Three isoforms of NOS are characterized, according to tissue location, two constitutive
forms (cNOS) and one inducible (iNOS). Constitutive forms include neuronal NOS or NOS-
I, expressed in neuron cells during neurotransmission, and endothelial NOS or NOS-III,
produced in endothelial cells to promote vasodilation. The inducible form (iNOS or NOS-II)
is activated by inflammatory cells producing large amounts of NO in a short time [94,95].

The role of NO in malaria is still unclear, but some researchers suggest that cerebral
malaria is related to high NO production to promote parasite death [95–98]. On the other
hand, some support the idea that cerebral malaria results from the low bioavailability of
this substance [99–104].

Indeed, NO can act in two main ways to control malaria, directly through the parasiti-
cidal action of peroxynitrite generated by the reaction of NO with O2•-, inducing oxidative
stress, or indirectly by increasing the immunological response via cytokine stimulation and
increased ROS/RNS [11].

Moreover, many authors believe that NO and carbon monoxide (CO) display a protec-
tive effect against cerebral malaria, as they inhibit severe forms of the disease. This effect is
related to three main mechanisms, which are the expression of erythroid-related nuclear
transcription factor 2 (NRF-2), the induction of HO-1, and the production of CO via heme
catabolism by HO-1.

In addition, the protective effect of NO on this disease is related to the inhibition of
CD4+ and the activation of CD8+ T lymphocytes, through a mechanism related to HO-1
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and CO [97]. Additionally, NOS II polymorphism increases the bioavailability of NO and
protects from cerebral malaria [95]. In a similar study conducted by Lwanira et al. [105],
the presence of a polymorphism in the NOS II gene resulted in fewer cases of malaria, as
well as in children with normal hemoglobin.

However, there are researchers who believe that NOS polymorphisms do not prevent
the onset of cerebral malaria. To them, this conclusion was reached from the evaluation
of the genetic regulation of NO synthesis, through the levels of oxidative stress and poly-
morphisms of iNOS in P. vivax and P. falciparum malaria. These authors concluded that the
iNOS polymorphism acts in the regulation of NO expression, and genotyping increases the
risk of developing the disease, since there was a reduction in total antioxidant capacity and
ROS during infection [106].

Nevertheless, there are studies that suggest that the reduction of NO bioavailability
is related to the worsening of malaria, such as the study by Yeo et al. [101], in which the
decrease in NO bioavailability in children with P. falciparum malaria compromised the
microvasculature and resulted in greater consumption of O2 in the tissues. In addition, the
reduced bioavailability of arginine and NO result in endothelial dysfunction in P. vivax
malaria, causing microvascular injury [102].

The dysfunction of NOS is also related to the reduction of NO bioavailability in
malaria, as in Ong et al. [100], who assessed the cerebrovascular capacity and the function
of NOS isoforms in cerebral malaria in animals; the loss of eNOS and NOS-I isoforms
functionality contributes to cerebrovascular injury, which is characterized by vascular
constriction, impaired perfusion, and reduced cerebral blood flow, requiring the recovery
of enzymes to increase NO bioavailability.

Another factor related to the reduction of NO is that P. falciparum-generated hemo-
zoin, from the digestion of hemoglobin in infected red blood cells and released into the
bloodstream, accumulates in leukocytes, and high levels are related to the severity of the
disease. Studies have shown the low bioavailability of L-arginine and NO in P. falciparum
malaria and positively correlated it with hemozoin levels [107,108]. In an in vitro study by
Corbett et al. [109], P. falciparum-induced hemozoin reduced the bioavailability of the amino
acid L-arginine to iNOS, with a consequent reduction in NO synthesis in macrophages.
Moreover, monocyte polarization during P. falciparum malaria infection reduced the NO
bioavailability and increased the severity of the disease in children [103].

Other authors support the idea that the reduction of NO bioavailability to a certain
level in malaria by exogenous inhibitory substances used in the treatment provides a protec-
tive role against the worsening of the disease. This fact was identified by Martins et al. [100],
who evaluated the efficacy of different treatments on NO synthesis in P. berghei-induced
cerebral malaria in mice and observed that sildenafil (a phosphodiesterase-5 inhibitor)
reduced the level of NO required to prevent cerebral malaria, while L-arginine and
tetrahydrobiopterin increased NO bioavailability but did not increase the survival rate of
infected animals.

According to Moreira et al. [110], the inhibition of cerebral NO synthesis by dexametha-
sone increased the survival rate in 90% of animals until the 15th day of infection, followed
by a significant reduction in parasitemia in mice infected with P. berghei. On the other hand,
when NO synthesis is inhibited by Nω-nitro-L-arginine methyl ester (L-NAME), there is
an increase in animal mortality, with a consequent reduction in parasitemia in P. berghei-
infected mice, suggesting that the physiological effects of NO outweigh its pro-oxidant role
in experimental malaria [111].

In a similar study, the inhibition of NO synthesis by aminoguanidine in avian malaria
caused by P. gallinaceum increased chickens’ survival, but there was an increase in para-
sitemia. Nevertheless, aminoguanidine was able to reduce thrombocytopenia, anemia, and
inflammation by reducing hemozoin in the liver and spleen of infected animals [112].

Weinberg et al. [113], by inhibiting NO synthesis through asymmetric dimethylarginine
in patients with P. falciparum malaria, identified that there is a reduction in arginine levels
in both children and adults. It has been described that the reduction of liver activity by
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asymmetric dimethylarginine inhibits NO synthesis in severe malaria [114]. Based on this
finding, the authors suggest that adjuvant therapies that increase the bioavailability of NO
may be advantageous against the disease.

In this sense, to increase the bioavailability of NO in malaria, some researchers have
suggested that supplementation [115,116] or infusion of L-arginine [117] and gaseous ther-
apies based mainly on NO inhalation improve endothelial dysfunction and immunomodu-
late a host’s response to infection [104,118,119].

In a study by Zhu et al. [116], supplementation with L-arginine during infection by
P. yoelii in mice reduced parasitemia and prolonged the survival rate of infected animals.
In addition, there is an increase in activated CD4+ and CD36+ T cells and macrophages
during the first stages of infection, followed by an increase in IFN-γ, TNF-α, and NO in
spleen cells.

In addition to supplementation, the inhalation of NO gas improves clinical features in
children with severe malaria who are undergoing standard antimalarial treatment, since
this suggestion is based on NO acting on the modulation of endothelial activation, and sup-
plementation with L-arginine is effective against cerebral malaria in animals and improves
endothelial function [120]. A study on NO inhalation in children with severe malaria in
Uganda identified a reduction in motor impairment, suggesting its neuroprotective role in
plasmodial infection [104]. Thus, therapy through the inhalation of NO would represent
an adjuvant alternative to treat severe malaria, with a possible reduction in mortality and
neurocognitive problems [118].

Notwithstanding, other studies suggest that arginine therapy is controversial because
the parasite has highly active arginase and can cause hypoarginemia in the host, impair-
ing the bioavailability of NO [101,121,122]. Moreover, the administration of low doses of
arginine did not restore the bioavailability of NO in patients with severe malaria [123].
However, in an experimental study in mice, arginine supplementation was able to increase
NO levels but was not able to reduce the incidence of cerebral malaria [99]. Additionally,
the parasite cannot consume citrulline, which could be a better therapeutic alternative to
arginine supplementation, as it is a better NO donor than arginine, and, when adminis-
tered orally, inhibits arginase better than the administration of arginine, protecting mice
from cerebral malaria and improving hypoargininemia, urea cycle changes, and vascular
leakage [122]. In addition, the beneficial effect of citrulline in inhibiting in vitro replication
of P. falciparum has been reported [124].

2.2. The Host’s Antioxidant Defense Mechanism against Plasmodium

Any substance that, when present in low concentration compared to an oxidizable
substrate, can prevent or delay the oxidation of the substrate is considered an antioxi-
dant. Antioxidants are mainly involved in preventing, blocking, or quenching ROS/RNS
and, consequently, oxidative stress, as well as other parameters of cell damage [125,126].
Endogenously produced antioxidants are classified as enzymatic or non-enzymatic.

During the infectious process of malaria, Plasmodium destroys red blood cells, lead-
ing to the production of large amounts of free radicals. In addition, neutrophils and
macrophages are recognized for producing O2•− radicals and H2O2, which are essential
for defense against phagocytes or invasive parasites. Therefore, antioxidants are necessary
to regulate the reactions that release ROS/RNS.

The main enzymatic antioxidants that constitute an important line of defense for
the body include SOD, catalase (CAT), glutathione peroxidase (GSH-Px), glutathione-S-
transferase (GST), and peroxiredoxins (Prx; Figure 2). These antioxidants can prevent cell
damage by free radicals and are essential for the maintenance of optimal health in animals
and humans [16].
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There is enough evidence that antioxidants contribute to the balance between pro-
and antioxidant status related to anemia development and clinical features of malaria
infection [127,128]. In this sense, Farombi et al. [129] found a decrease in CAT and GSH-Px
activity in patients with P. falciparum malaria.

CAT is a tetrameric hemoprotein present in liver cells and erythrocytes in high con-
centrations. It undergoes divalent oxidation and alternating reduction in its active site in
the presence of H2O2, reducing it to water [75]. Like CAT, GSH-Px, glutathione reductase
(GR), and Prx neutralize and break down H2O2 and lipid peroxides (ROOR) into less
harmful molecules, such as H2O, alcohol, and O2 [16]. The thioredoxin-dependent system
uses electrons provided by the thioredoxin (Trx) thiol groups to reduce its target, and the
GST/GSH-Px system obtains electrons from reduced glutathione (GSH) [130].

However, the accumulation of H2O2 due to the decrease in CAT and GSH-Px activities
in patients with malaria can inactivate SOD activity, which catalyzes the conversion of
O2•− into H2O2. In a study by Babalola et al. [131], reduced levels of SOD and GSH
were identified, followed by an increase in MDA in patients with asymptomatic malaria.
Moreover, Tyagi et al. [132] found a decrease in the activity of SOD, CAT, and GST, simulta-
neously with the increase in GSH and MDA in patients with untreated malaria and, when
starting treatment with antimalarials, the inversion of this condition was observed i.e.,
the increased SOD, CAT, and GST activities, followed by the reduction of GSH and MDA.
Similar results were found by Oluba [133], with a decrease in GSH, SOD, CAT, and GSH-Px
in children with P. falciparum malaria, but the start of antimalarial treatment resulted in an
increase in the activity of GSH, SOD, CAT, and GSH-Px.
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In parallel, Ezzi et al. [13] demonstrated reduced levels of SOD in patients with malaria.
For these authors, SOD plays an important role as an antioxidant, and decreased levels
demonstrate the effort to compensate the oxidative stress associated with the disease.
Furthermore, increased levels of ceruloplasmin were found in these patients. According to
the authors, ceruloplasmin, which is a ferroxidase, was activated to catalyze the oxidation
of ferrous iron (Fe2+) to ferric iron (Fe3+), preventing a Fenton reaction and the consequent
production of OH• radicals.

Previously, a clinical study conducted by Fabbri et al. [134] showed an increase in
ceruloplasmin levels in patients with P. vivax malaria. These patients displayed decreased
thioredoxin reductase (TrxR) activity, which catalyzes the disulfide reduction of the protein
binding site using NADPH, being essential for the maintenance of the redox balance. NO,
derived from parasite–host interactions, is involved in the regulation of TrxR expression,
which can lead to decreased levels of this enzyme in patients with P. vivax malaria [135].
Moreover, it was found that, during P. falciparum infection, the GSH system reduces Trx,
which is the substrate for TrxR [130]. On the other hand, GR activity was increased in
these patients. GR is involved in maintaining an intracellular reduction environment, as
it reduces oxidized glutathione disulfide (GSSG) to the GSH sulfhydryl form, which is
crucial for the cell in its defense against oxidative stress. Thus, increased levels of GR
may be playing a role in neutralizing the increase in oxidative species and in maintaining
homeostasis [136].

The other line of defense consists of antioxidants and cofactors with low molecular
weight in the diet, including flavonoids, alpha-tocopherol (vitamin E), ascorbic acid (vi-
tamin C), carotenoids, lipoic acid, selenium, copper, iron, zinc, GSH, and coenzyme Q,
among several others [137,138]. These antioxidants work by inactivating ROS/RNS and
their derivatives, preventing structural damage, and exhibiting an important protective
role during infection. This group of molecules are mainly from exogenous origin and are
commonly called small molecules; they can also be classified as consumable antioxidants,
since they exist at certain levels within cells, and, because they are not synthetized endoge-
nously, they are consumed when oxidative stress occurs, while enzymatic antioxidants
respond with increased activity during oxidative aggression and, therefore, can be classified
as mobilizable antioxidants. Along with antioxidant enzymes, other antioxidants can be
included in the former group, as they can be synthetized endogenously as a response to
oxidative stress. Among these molecules, the most important is GSH.

The levels of non-enzymatic antioxidants and the total antioxidant status (TAS) in
patients with malaria and dengue were evaluated, and an increase in GSH levels was
observed in dengue and P. falciparum malaria; however, there was a reduction in ascorbate
levels in both cases [139]. In another study, the levels of GSH and ascorbic acid were
reduced, being associated with increased MDA in patients with uncomplicated P. falciparum
malaria [34].

Dietary antioxidants were linked to the modulation of host susceptibility or resistance
to infectious pathogens. Several pieces of evidence relate micronutrient deficiencies to
malaria incidence, especially in endemic areas [140,141]. Malaria itself has been linked to
malnutrition, and it is possible that micronutrient deficiencies, including iron (Fe), zinc
(Zn), copper (Cu), and vitamin A, can predispose people to malaria [141–143].

Micronutrients are antioxidants that play a vital role in fighting anemia and other
adverse effects of malaria infection. However, a reduction in total antioxidant capacity is
associated with the severity of malaria: the more severe the malaria, the lower the total
antioxidant capacity [143].

In assessing the impact of malaria on the total antioxidant status of children, studies
have found a strong and negative correlation between parasitemia and total antioxidant
levels. In this sense, Cu, Fe, vitamin C, albumin, and β-carotene, which have been reported
to have a modulating effect on malaria pathogenesis, were considered deficient in children
infected with Plasmodium sp. [144,145]. These studies suggest that the reduction of micronu-
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trients may result from reduced intake, as well as from increased endogenous consumption
of antioxidants, as a consequence of the oxidative stress associated with malaria infection.

Malaria appears to interfere with children’s nutritional status, with a marked reduction
in the speed of linear growth and the impairment of other indices associated with chronic
malnutrition. According to Alexandre et al. [146], children who suffer one or more episodes
of malaria have a significant negative effect on the speed of linear growth, especially among
children between 5 and 10 years of age.

A study by Sakwe et al. [147] also demonstrated an association between malaria and
malnutrition. According to the authors, the relationship between malaria and nutritional
status was a two-way association. Malnourished children were 2.07 times more likely to
be infected by the malaria parasite compared to well-nourished children. On the other
hand, malaria-positive children were 1.89 times more likely to be malnourished than
uninfected children. This implies that malaria can cause malnutrition, while malnutrition
can exacerbate the disease. Other studies suggest that the lack of micronutrients, such as
vitamin A, is a mechanism that can explain the effect of malaria on nutritional status [148].

In this sense, vitamin A is essential for normal immune function and can influence the
antibody response and cell-mediated immunity against different infectious diseases [20,149].
A study of preschool children showed that the levels of antioxidants A, C, and E in children
infected by Plasmodium were low, and that the more severe the infection, the lower the levels
of these antioxidants [150]. Recent studies show that vitamin deficiency can significantly
contribute to the increase in disease morbidity and mortality [151,152].

The low levels of antioxidants observed in these studies may result from the greater
use of plasma host antioxidants by Plasmodium to neutralize oxidative damage associated
with malaria infection. Thus, adequate medical and nutritional management must be
ensured to prevent the adverse effects of malaria infection [153].

3. Antioxidant Therapy in Malaria

To improve the host’s antioxidant and immunological response against malaria, recent
studies have demonstrated the potential benefits of supplementation with antioxidant
compounds from plants, mushrooms, vitamins, and drugs, which would act by modulating
the host’s response, strengthening the endogenous antioxidant defense against oxidative
stress or acting indirectly towards parasite destruction.

Some promising plants tested displayed high antimalarial and/or antioxidant activ-
ity, such as the stem bark of Terminalia albida [154], which increased the survival rate of
mice with cerebral malaria by reducing ROS/RNS; Terminalia avicennioides, rich in gallic
acid [155]; extracts of leaves, fruits and peels of Acacia nilotica, which displayed in vitro sch-
izonticidal activity against P. falciparum [156]; flavonoids of Artemisia annua L combined with
artemisinin [157,158]; flavonoids of Dacryodes edulis and Ficus exasperata [159]; phenolic and
flavonoid compounds present in Momordica charantia, Bixa orellana, Allamanda cathartica,
Ficus exasperata; Cymbopogon citratus [160], Dissotis rotundifolia [161], Trichilia heudelotii,
Polyalthia longifolia, and Markhamia tomentosa [162]. It has also been suggested that essential
oils from plants present parasiticidal and/or antioxidant activity [163,164].

Brandão et al. [165] identified that the ethanolic extract and alkaloid fraction of
Aspidosperma nitidum, an Amazonian medicinal plant, reduced parasitemia by 80% on
the 5th day of P. berghei-infection in mice; however, this reduction was not sustained until
the 8th day of infection. In addition, the antiplasmodial activity of the ethanolic extract
of A. nitidum was identified in vitro against a chloroquine-resistant P. falciparum clone. In
a similar study conducted with a plant of the Amazon region, Vale et al. [166] identified
an in vitro antimalarial action of eleutherin and isoeleutherin naphthoquinones isolated
from Eleutherine plicata, and this effect was associated with the cytochrome bc 1 complex,
according to a molecular modeling study. Such in vitro antimalarial action of quinones
isolated from medicinal plants has already been reported as possible candidates for new
antimalarials [167,168].
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Another therapeutic alternative with possible antimalarial action tested is supple-
mentation with commercial drugs that contain antioxidants in their formulation, such as
L-glutathione, NAC, melatonin, fenozyme, deferoxamine, or folate. Among the studied
drugs, one that displayed very promising results was NAC, a drug widely used as a mu-
colytic agent and that has become the target of studies as an antioxidant supplement for
adjuvant therapy for malaria, as it is an exogenous precursor of GSH, one of the main
components of the antioxidant defense system [27,169,170]. Additionally, Gomes et al. [14],
when evaluating the effect of supplementation with NAC or Agaricus sylvaticus in P. berghei-
infected mice, concluded that both supplements reduced parasitemia during infection and
increased the total antioxidant capacity of animals, with A. sylvaticus being more effective
in reducing oxidative damage. Notwithstanding, both represent important adjuvant treat-
ment strategies in malaria. Nevertheless, in another study, NAC was unable to protect
pregnant P. chabaudi-infected mice [33].

Regarding the action of melatonin, an endogenous hormone synthesized and released
by the pineal gland, studies suggest that it can perform important functions in the patho-
physiology of malaria [171]. In fact, numerous studies indicate that host melatonin is
capable of modulating the intraerythrocytic cycle of the malaria parasite by activating
signaling cascades, generating inositol triphosphate (IP3), leading to the release of intracel-
lular calcium, which induces the increase of cyclic adenosine monophosphate (cAMP) and
activation of proteins, including the nuclear protein PfMORC, protein kinase eIK1 (PfeIK1),
and protein kinase 7 (PfPK7) of Plasmodium falciparum, essential for the synchronization of
the parasite [172–174].

Melatonin has also been described as capable of modulating genes that are coupled
to aerobic respiration and ATP production, including S-adenosylmethionine decarboxy-
lase/ornithine decarboxylase, glutamine synthesis, and the synthesis of the alpha subunit
of succinyl-CoA and acyl-CoA, favoring the metabolic pathways of the replication of the
parasite [175].

Additionally, it has been demonstrated that melatonin is a powerful antioxidant,
capable of direct and indirect elimination of ROS/RNS and that it easily crosses the blood–
brain barrier, conferring protection to brain cells and providing increased survival to
Plasmodium-infected animals [176–179].

In this sense, Ataide et al. [180] showed that melatonin prevented brain damage
and neurocognitive changes, thereby improving the survival rate of mice infected with
Plasmodium berghei ANKA, as well as clinical changes and neurocognitive dysfunction,
resulting in protection against changes induced by experimental cerebral malaria. Thus, the
neuroprotection of melatonin may be associated with its antioxidant effect that attenuates
oxidative stress and the inflammatory process, which are marked features of cerebral
malaria [181,182].

Another antioxidant with beneficial effects is fenozyme, a mimetic nanoenzyme of
catalase. In the study by Zhao et al. [183], the administration of fenozyme improved the
survival rate of animals induced to experimental cerebral malaria, protected the endothe-
lial cells of the blood–brain barrier from ROS/RNS damage, and decreased parasitemia.
Additionally, concomitant administration of fenozyme and artemeter improved brain in-
flammation and memory impairment in mice. These results demonstrated the importance
of ROS/RNS in the development of cerebral malaria and indicated that the combination of
fenozyme with antimalarial drugs may provide a new treatment strategy.

Another molecule that plays a key role in brain function, energy metabolism, and
neurotransmission is iron [184], which is an essential metal for the growth and development
of Plasmodium [185]. Clinical and epidemiological evidence indicates that iron deficiency
in the host protects against malaria and that iron bioavailability can influence the clinical
evolution of malaria infection [186,187]. It has been shown that iron chelators, such as
deferoxamine and (DFO), can act as effective antimalarial agents due to their ability to
interact with iron, leading to iron deprivation by intracellular protozoa and, consequently,
inhibiting the growth of the parasite [188].



Int. J. Mol. Sci. 2022, 23, 5949 13 of 26

In a recent study, Tiwari et al. [189], reported the potent antimalarial activity of covalent
conjugates of natural and artificial iron chelators, such as DFO, ferricrocin, and ICL-670,
combined with 1,2,4-trioxolan (ozonide) antimalarials against in vitro drug-resistant and
drug-sensitive Plasmodium falciparum strains. According to the authors, the combination of
iron chelator antioxidants and antimalarial agents is a promising strategy for the prevention
of cognitive damage in patients with severe malaria.

According to Dey et al. [190], deferoxamine (300 mg/kg) and NAC (250 mg/kg), can
interact with free heme, blocking iron-dependent ROS/RNS reactions and preventing the
oxidative stress associated with malaria.

Notwithstanding, it is noteworthy that malaria and malnutrition often coexist, and
evidence suggests that malnutrition has a detrimental effect on malaria immunity, especially
in pregnant women and children, so that supplementation with nutrients, including iron
and folic acid, can help in the development of malaria immunity and reduce malaria
susceptibility in high-risk groups [191,192].

Prado et al. [193], in a randomized controlled study of maternal cognition, identified
that children of pregnant women who received an iron and folic acid tablet daily had higher
visuospatial scores, equivalent to 3 IQ points, compared to those whose mothers received
other treatments.

On the other hand, in a prospective cohort study that included 636 mothers and
only children of 828 pregnant women who received daily iron and folic acid supplements
throughout pregnancy, Mireku et al. [194] observed that iron deficiency in pregnancy,
in the context of iron supplementation, is not associated with serum umbilical ferritin
concentration, nor with child cognitive and motor development.

In fact, iron supplementation does not seem to be completely safe, especially in
endemic environments, and may increase susceptibility to malaria [195,196]. In that sense,
Brabin et al. [197], in a double-blind study in an endemic malaria area with nulliparaus
women who received iron and folic acid or folic acid alone for 18 months, identified that
the supplementation of iron to prevent anemia may increase the risk of lower genital
tract infections, since the virulence of some pathogens such as Plasmodium depends on the
availability of iron.

Moreover, a double-blind, randomized, and controlled study of non-inferiority in
rural Burkina Faso, Gies et al. [198], in an area of high malaria transmission, found that
weekly iron and folic acid supplementation for up to 18 months did not significantly affect
the prevalence of Plasmodium infection, iron deficiency, or anemia, compared to folic acid
supplements isolated in the pregnant or non-pregnant cohort. According to the authors,
iron supplementation, as routinely given to populations in a hazardous area, is not useful
and is potentially harmful.

Nevertheless, several antioxidants are promising as adjuvant therapy of malaria. In
a study by Penna-Coutinho and Aguiar [199], an antimalarial effect was observed both
in vivo and in vitro for the drugs Accuvit, Soyfit, and Ginkgo, since they contain antiox-
idants such as beta-carotene, riboflavin, and flavonoid hesperidin. Another promising
flavonoid is quercetin, which presented a protective effect in reducing chloroquine-induced
oxidative stress and hepatotoxicity, and the authors proposed combining this antioxidant
with standard malaria treatment [200].

Among the studies of antioxidants tested in malaria, the most studied to date are
vitamins, which can reduce or prevent oxidative damage generated by antimalarials or
triggered by the presence of the parasite in the host.

3.1. Antioxidant Vitamin Supplementation in Malaria

Vitamins are responsible for optimizing molecular performance and cellular protection
against oxidizing agents, and the intake of these micronutrients is essential for the proper
functioning of the immune system. Supplementation with antioxidants for malaria patients
represents a complementary alternative to drug treatment, since vitamins promote a bet-
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ter balance between pro-and anti-inflammatory cytokines, which is essential for malaria
control [201–203].

Vitamin supplementation as an adjuvant to antimalarial therapy is addressed in
several studies, both in isolated form and in vitamin complexes, with promising results.
Olofin et al. [19] investigated multivitamin supplementation (vitamins B, C, and E) and
vitamin A supplementation in the incidence of malaria in women infected with the human
immunodeficiency virus (HIV) in reproductive age. The authors noted that multivitamin
supplementation significantly reduced the risk of developing clinical malaria, although
there was an increase in malaria parasitemia. Vitamin A supplementation did not change
the incidence of malaria in this study.

Ojesele et al. [204,205], who tested the co-administration of Phyllanthus amarus seed,
chloroquine, and artesunate with vitamins A, B, C, and E, pointed to a greater antioxidant
capacity and parasiticidal effect of P. amarus when combined with vitamins A, B, or E. In
addition, there was an increase in the antimalarial activity of drugs combined with vitamins
A, B, or E. In this study, supplementation with vitamin C did not show good results.

Few studies have been conducted evaluating the role of vitamin C alone. Despite its
known antioxidant capacity, vitamin C supplementation has not displayed relevant results
in the treatment of malaria, such as those presented by Ekeh et al. [17], who evaluated the
effect of different combinations of vitamin C and Zn on the hematological parameters and
mortality of P. berghei-infected mice, and found that the supplement improved hematologi-
cal parameters; however, neither mortality nor parasitemia were significantly reduced.

In contrast, Qin et al. [23], when evaluating the effect of vitamin C supplementation on
the immune response to infection by P. yoelii in mice, observed that administering vitamin
C (25 mg/kg/day, 250 mg/kg/day) increased the immune response during the early stages
of malaria infection, regardless of dose. In addition to vitamin C, vitamin A and vitamin D
have been studied alone as adjuvants for malaria therapy.

Another important vitamin in antioxidant defense is vitamin A, which acts in modu-
lating innate and adaptive immune responses and protecting cells against the deleterious
effects of oxidative stress [20,141]. In this sense, randomized clinical trials have adminis-
tered vitamin A supplementation to control Plasmodium parasitemia. Hamzah et al. [206]
evaluated the in vivo efficacy of retinol administration and its effect on lipid peroxidation
in a murine model of P. berghei. The results showed a prophylactic function of retinol, with
the reduction of parasitemia due to the increase of retinol stock within tissues.

Vitamin A supplementation was also evaluated in a murine model of cerebral malaria;
however, although no difference was observed in the conditions associated with cerebral
malaria, mortality was reduced during adjuvant treatment with this vitamin [207].

Following the principle of the high antioxidant power of vitamin A, several studies
associated this vitamin with Zn to enhance cellular protection against oxidative stress
generated during malaria infection. Zeba et al. [28], through a randomized, double-blind
trial, supplemented children aged 6 years for 72 months with a single dose of 200,000 IU
of vitamin A associated with daily Zn supplementation for six months. At the end of the
study, there was a significant decrease in the prevalence of malaria and a reduction in the
risk of fever and clinical episodes of malaria among supplemented children.

Additionally, Owusu-Agyei et al. [18] evaluated the effect of vitamin A alone and
compared it to vitamin A supplementation associated with Zn on the incidence of clin-
ical malaria. They observed a reduction in clinical attacks in children diagnosed with
uncomplicated malaria and supplemented with the combination of vitamin A and Zn,
when compared to children who received only vitamin A. Similar results were found
by Darling et al. [29] who, when supplementing daily doses of vitamin A and Zn orally
with one or both nutrients in the first trimester of pregnancy to assess possible reductions
in the risk of placental malaria and adverse pregnancy outcomes, observed that supple-
mentation with 25 mg/day was associated with a 36% reduction in the risk of positive
histopathological placental infection. However, vitamin A supplementation had no impact
on placental malaria.
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In a more recent study, Chen et al. [21] investigated the immunoregulatory effects
of vitamin A supplementation in mice infected with P. yoelii or P. berghei, observing a
reduction in parasitemia. Nevertheless, the mortality rate was not significantly altered
in animals infected with P. yoelii, while, in those infected with P. berghei, the treatment
reduced parasitemia and delayed the outcome of cerebral malaria. These data corroborate
the effectiveness of vitamin A as an adjuvant supplement in the treatment of malaria, in
addition to positively influencing the reduction of mortality.

Another vitamin studied for its antioxidant properties is vitamin D, a fat-soluble
vitamin synthesized in the skin after exposure to solar ultraviolet radiation or provided by
the diet. In addition to its traditionally known roles in the regulation of bone metabolism
and calcium–phosphorus homeostasis, vitamin D is able to act through several mechanisms,
including protein expression or the modulation of oxidative stress, inflammation, and
cellular metabolism [208]. Nevertheless, only a few vitamin D supplementation studies
have been developed so far, although it is believed to be very beneficial as an adjuvant
therapy for malaria. Nevertheless, more clinical trials need to be carried out to confirm this
hypothesis [152].

He et al. [24], showed that oral vitamin D supplementation protected the occurrence of
cerebral malaria during infection by P. berghei in susceptible mice. The authors suggested the
protective effect of vitamin D occurred through the inhibition of a strong proinflammatory
response from the host (IFN-γ and TNF-α), mediated directly by its action on Th1 cells,
as well as indirectly through the inhibition of innate immunity. In addition, treatment
with vitamin D expanded the regulatory T cells (Tregs) and inhibited the differentiation,
maturation, and functioning of DC, which altogether resulted in the increased expression
of IL10.

The antimalarial activity in knockout mice for the vitamin D3 receptor (VDR) and
its 22-oxacalcitriol analog (22-OCT), which causes less hypercalcemia than vitamin D3, is
related to the direct and indirect action of VDR, resulting in a reduction of IFN-γ with a
consequent increase in the survival of infected animals [209].

In the study by Dwivedi et al. [15], the combined administration of artemether/
lumefantrine and vitamin D significantly improved the survival of C57BL mice infected
with P. berghei and conferred protection against cerebral malaria. In addition, the integrity
of the blood–brain barrier was restored. Recently, Wu et al. [25] also verified the preven-
tive role of vitamin D in an experimental model of cerebral malaria in mice. The oral
administration of vitamin D improved the inducible inflammatory responses, reducing
IFN-γ and TNF-α, and decreasing the expression of these cytokines in spleen cells, as well
as decreasing the expression of the mRNA of the chemokines CXCL-9 and CXCL-10 in
brain cells, suggesting that the prophylactic oral administration of vitamin D, through a
multifactorial process, results in the maintenance of the blood–brain barrier and improves
animal survival.

Another fat-soluble vitamin tested is vitamin E. However, few studies have shown
beneficial effects from supplementing this vitamin in the treatment of malaria. In a study
developed by Ibrahim et al. [210], the intraperitoneal administration of vitamin E prevented
anemia, changes in the weight of the animals’ organs, and reversed the oxidative changes
caused by P. berghei-infection. In the same year, Ibrahim et al. [211] found the same results,
but using the combination of vitamins E and C. However, in a previous study, the oral
administration of vitamin E reduced the antimalarial action of artesunate and delayed the
improvement in the hematocrit of animals infected with P. berghei, showing an antagonistic
effect of vitamin E when combined with the medication [212]. It has been proven that
P. falciparum synthesizes vitamin E for its own antioxidant defense as a protection against
ROS generated by antimalarial treatment, but when vitamin E biosynthesis is inhibited in
the parasite by succinic acid, there is an increase in ROS levels, causing the death of the
parasite [213].

Studies showed that a reduction of vitamin E has a beneficial and protective effect on
malaria and that this effect is related to the inhibition of the transfer protein α-tocopherol
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(α-TTP), which regulates the levels of this vitamin. However, vitamin E deficiency in the
diet impairs the integrity of the erythrocyte membrane that is susceptible to ROS/RNS
aggression [26,214,215].

3.2. Antimalarial Therapy Combined with Antioxidant Supplementation

The parasite is sensitive to in vitro and in vivo oxidative stress induced by antimalari-
als, such as artemisinin [77], chloroquine [216], and primaquine [72] which are sources that
generate free radicals, causing the death of the parasite by redox imbalance [213].

According to WHO recommendations, artemisinin is the main drug that can be com-
bined with other antimalarials, such as artemether-lumefantrine, artesunate-amodiaquine,
dihydroartemisinin-piperaquine, artesunate-sulfadoxine-pyrimethamine, artesunate-
pyronaridine, and artesunate-mefloquine.

Artemisinin is identified by the presence of the endoperoxide group in its structure,
which is responsible for its antimalarial activity [217], for it alkyls the heme group and
prevents its polymerization in hemozoin, causing an increase in ROS/RNS production [218].
However, long-term resistance to the combination of artemisinin with these drugs has been
reported [219,220].

To reduce the damage caused by ROS/RNS as a consequence of infection and an-
timalarial treatment, supplementation with antioxidants has been suggested. However,
according to Isah and Ibrahim [27], the role of antioxidant therapy in malaria is contro-
versial, since antimalarials act by inducing oxidative stress to destroy parasites and since
antioxidants could interfere in the pharmacological action of these drugs. Notwithstanding,
among the antioxidants, the most studied are NAC, vitamins C and E, and folic acid.

Regarding NAC, the study by Fitri et al. [221] sought to evaluate whether combined
artemisinin and NAC therapy was more effective compared to artemisinin monotherapy,
and the results showed that this combination reduces MDA levels in lung and brain tissue
in experimental malaria caused by P. berghei compared to artemisinin monotherapy. In a
similar study, it was identified that the combined therapy between chloroquine and NAC
results in a synergistic effect, generating a reduction of parasitemia and MDA levels in
P. berghei-infected mice [222].

Mckoy et al. [223], when evaluating the in vitro effects of artemeter/lumefantrine
co-incubation together with vitamin C on blood viscosity and elasticity, identified the
potentiation of the hemolytic effects of antimalarial drugs, reducing blood viscosity and
elasticity. These results suggest that hemolysis is generated by vitamin C supplementation
associated with artemeter/lumefantrine in patients during antimalarial therapy. Based
on this, to avoid a possible loss of action of antimalarials, the administration of vitamin C
is not recommended in patients with malaria, since this combination impairs the rate of
elimination of the parasite. This effect is particularly related to high doses of vitamin C,
which may inhibit the growth of Plasmodium only to some extent [22]. Thus, vitamin C can
exert a pro-oxidant effect depending on its dose, generating an increase in intracellular
ROS in red blood cells during the intraerythrocytic phase of the parasite [224].

However, in a study conducted by Iyawe and Onigbinde [225], who sought to identify
the effect of treatment with chloroquine, folic acid, and ascorbic acid on malaria, it was
observed that the combined treatment between chloroquine and folic acid was more
effective than ascorbic acid combined with chloroquine in the experimental malaria model
in mice. In a recent study, Ebohon et al. [226] identified that the co-administration of vitamin
C with oral artesunate-amodiaquine in experimental malaria may be beneficial because it
reduced oxidative stress and increased the gene expression of antioxidant enzymes in mice
infected by Plasmodium berghei.

4. Final Remarks

The involvement of oxidative stress in malaria is complex and progresses with changes
in the host’s pro-oxidant and antioxidant balance. The main sources of antioxidant defenses
involved in malaria are: (1) host enzyme antioxidants (SOD, CAT, GSH-Px, GST, GR, Prx,
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and Trx); (2) host non-enzymatic antioxidants (vitamins A, D, E, and C; carotenoids; uric
acid; and GSH); (3) non-enzymatic antioxidants from the host’s metal chelation system
(iron, copper, and metallothionein-chelating proteins); (4) exogenous antioxidants of dietary
origin or drugs (flavonoids, phenolic compounds, minerals, NAC, and the mushroom
A. sylvaticus).

The studies presented in this revision showed that supplementation, mainly with
vitamins A and D, is advantageous. This provides a potential and beneficial strategy for
the prophylactic application of vitamins and the prevention of malaria.

Notwithstanding, supplementation with antioxidants from different sources would
act in the prevention and control of oxidative changes generated by the parasite during
infection, with a consequent increase in the total antioxidant capacity and a reduction of
cellular damage to the host, constituting a complementary therapy to antimalarial treatment.
However, further studies are needed to corroborate this hypothesis.
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aziridinyl substituents and the inhibition of Plasmodium falciparum glutathione reductase. Arch. Biochem. Biophys. 2010, 494, 32–39.
[CrossRef]

68. Zhang, S.; Chen, H.; Gerhard, G.S. Heme synthesis increases artemisinin-induced radical formation and cytotoxicity that can be
suppressed by superoxide scavengers. Chem.-Biol. Interact. 2010, 186, 30–35. [CrossRef]

69. Müller, I.B.; Hyde, J.E. Antimalarial drugs: Modes of action and mechanisms of parasite resistance. Future Microbiol. 2010,
5, 1857–1873. [CrossRef]

70. Achan, J.; Talisuna, A.O.; Erhart, A.; Yeka, A.; Tibenderana, J.K.; Baliraine, F.N.; D’Alessandro, U. Quinine, an old anti-malarial
drug in a modern world: Role in the treatment of malaria. Malar. J. 2011, 10, 144. [CrossRef]

71. Gunjan, S.; Singh, S.K.; Sharma, T.; Dwivedi, H.; Chauhan, B.S.; Siddiqi, M.I.; Tripathi, R. Mefloquine induces ROS mediated
programmed cell death in malaria parasite: Plasmodium. Apoptosis 2016, 21, 955–964. [CrossRef]

72. Giovanella, F.; Ferreira, G.K.; Prá, S.D.D.; Carvalho-Silva, M.; Gomes, L.M.; Scaini, G.; Souza, R.P. Effects of primaquine and
chloroquine on oxidative stress parameters in rats. An. Acad. Bras. Ciências 2015, 87, 1487–1496. [CrossRef]

73. Kannan, R.; Kumar, K.; Sahal, D.; Kukreti, S.; Chauhan, V.S. Reaction of artemisinin with haemoglobin: Implications for
antimalarial activity. Biochem. J. 2005, 385, 409–418. [CrossRef]

74. Antoine, T.; Fisher, N.; Amewu, R.; O’Neill, P.M.; Ward, S.A.; Biagini, G.A. Rapid kill of malaria parasites by artemisinin and
semi-synthetic endoperoxides involves ROS-dependent depolarization of the membrane potential. J. Antimicrob. Chemother. 2013,
69, 1005–1016. [CrossRef]

75. Kannan, R.; Sahal, D.; Chauhan, V.S. Heme-artemisinin adducts are crucial mediators of the ability of artemisinin to inhibit heme
polymerization. Cell Chem. Biol. 2002, 9, 321–332. [CrossRef]

76. Wang, J.; Zhang, C.J.; Chia, W.N.; Loh, C.C.; Li, Z.; Lee, Y.M.; Lin, Q. Haem-activated promiscuous targeting of artemisinin in
Plasmodium falciparum. Nat. Commun. 2015, 6, 10111. [CrossRef]

77. Kavishe, R.A.; Koenderink, J.B.; Alifrangis, M. Oxidative stress in malaria and artemisinin combination therapy: Pros and Cons.
FEBS J. 2017, 284, 2579–2591. [CrossRef]

78. Schieber, M.; Chandel, N.S. ROS function in redox signaling and oxidative stress. Curr. Biol. 2014, 24, R453–R462. [CrossRef]
79. Oliver, S.V.; Brooke, B.D. The role of oxidative stress in the longevity and insecticide resistance phenotype of the major malaria

vectors Anopheles arabiensis and Anopheles funestus. PLoS ONE 2016, 11, e0151049. [CrossRef]
80. Pacher, P.; Beckman, J.S.; Liaudet, L. Nitric oxide and peroxynitrite in health and disease. Physiol. Rev. 2007, 87, 315–424.

[CrossRef]
81. Chatgilialoglu, C.; Ferreri, C.; Masi, A.; Melchiorre, M.; Sansone, A.; Terzidis, M.A.; Torreggiani, A. Free radicals in chemical

biology: From chemical behavior to biomarker development. JoVE (J. Vis. Exp.) 2013, 74, e50379. [CrossRef]
82. Radi, R. Oxygen radicals, nitric oxide, and peroxynitrite: Redox pathways in molecular medicine. Proc. Natl. Acad. Sci. USA 2018,

115, 5839–5848. [CrossRef]
83. Di Dalmazi, G.; Hirshberg, J.; Lyle, D.; Freij, J.B.; Caturegli, P. Reactive oxygen species in organ-specific autoimmunity. Autoimmun.

Highlights 2016, 7, 11. [CrossRef]
84. Rao, X.; Zhong, J.; Brook, R.D.; Rajagopalan, S. Effect of particulate matter air pollution on cardiovascular oxidative stress

pathways. Antioxid. Redox Signal. 2018, 28, 797–818. [CrossRef] [PubMed]
85. Goldkorn, T.; Filosto, S.; Chung, S. Lung injury and lung cancer caused by cigarette smoke-induced oxidative stress: Molecular

mechanisms and therapeutic opportunities involving the ceramide-generating machinery and epidermal growth factor receptor.
Antioxid. Redox Signal. 2014, 21, 2149–2174. [CrossRef] [PubMed]

86. Das, S.K.; Vasudevan, D.M. Alcohol-induced oxidative stress. Life Sci. 2007, 81, 177–187. [CrossRef] [PubMed]
87. Hernández, J.A.; López-Sánchez, R.C.; Rendón-Ramírez, A. Lipids and oxidative stress associated with ethanol-induced neuro-

logical damage. Oxid. Med. Cell. Longev. 2016, 2016, 1543809. [CrossRef]
88. Sharma, B.; Singh, S.; Siddiqi, N.J. Biomedical implications of heavy metals induced imbalances in redox systems. BioMed Res. Int.

2014, 2014, 640754. [CrossRef]
89. Balmus, I.M.; Ciobica, A.; Antioch, I.; Dobrin, R.; Timofte, D. Oxidative stress implications in the affective disorders: Main

biomarkers, animal models relevance, genetic perspectives, and antioxidant approaches. Oxid. Med. Cell. Longev. 2016,
2016, 3975101. [CrossRef]

90. Saha, S.K.; Lee, S.B.; Won, J.; Choi, H.Y.; Kim, K.; Yang, G.M.; Cho, S.G. Correlation between oxidative stress, nutrition, and cancer
initiation. Int. J. Mol. Sci. 2017, 18, 1544. [CrossRef]

91. Sobolewski, P.; Gramaglia, I.; Frangos, J.A.; Intaglietta, M.; Van Der Heyde, H. Plasmodium berghei resists killing by reactive
oxygen species. Infect. Immun. 2005, 73, 6704–6710. [CrossRef]

92. Balaji, S.N.; Trivedi, V. Extracellular methemoglobin mediated early ROS spike triggers osmotic fragility and RBC destruction: An
insight into the enhanced hemolysis during malaria. Indian J. Clin. Biochem. 2012, 27, 178–185. [CrossRef]

93. Aguilar, R.; Marrocco, T.; Skorokhod, O.A.; Barbosa, A.; Nhabomba, A.; Manaca, M.N.; Schwarzer, E. Blood oxidative stress
markers and Plasmodium falciparum malaria in non-immune African children. Br. J. Haematol. 2014, 164, 438–450. [CrossRef]

94. Förstermann, U.; Sessa, W.C. Nitric oxide synthases: Regulation and function. Eur. Heart J. 2012, 33, 829–837. [CrossRef]

http://doi.org/10.1016/j.abb.2009.11.012
http://doi.org/10.1016/j.cbi.2010.03.021
http://doi.org/10.2217/fmb.10.136
http://doi.org/10.1186/1475-2875-10-144
http://doi.org/10.1007/s10495-016-1265-y
http://doi.org/10.1590/0001-3765201520140637
http://doi.org/10.1042/BJ20041170
http://doi.org/10.1093/jac/dkt486
http://doi.org/10.1016/S1074-5521(02)00117-5
http://doi.org/10.1038/ncomms10111
http://doi.org/10.1111/febs.14097
http://doi.org/10.1016/j.cub.2014.03.034
http://doi.org/10.1371/journal.pone.0151049
http://doi.org/10.1152/physrev.00029.2006
http://doi.org/10.3791/50379
http://doi.org/10.1073/pnas.1804932115
http://doi.org/10.1007/s13317-016-0083-0
http://doi.org/10.1089/ars.2017.7394
http://www.ncbi.nlm.nih.gov/pubmed/29084451
http://doi.org/10.1089/ars.2013.5469
http://www.ncbi.nlm.nih.gov/pubmed/24684526
http://doi.org/10.1016/j.lfs.2007.05.005
http://www.ncbi.nlm.nih.gov/pubmed/17570440
http://doi.org/10.1155/2016/1543809
http://doi.org/10.1155/2014/640754
http://doi.org/10.1155/2016/3975101
http://doi.org/10.3390/ijms18071544
http://doi.org/10.1128/IAI.73.10.6704-6710.2005
http://doi.org/10.1007/s12291-011-0176-5
http://doi.org/10.1111/bjh.12636
http://doi.org/10.1093/eurheartj/ehr304


Int. J. Mol. Sci. 2022, 23, 5949 21 of 26

95. Trovoada, M.J.; Martins, M.; Mansour, R.B.; Sambo, M.R.; Fernandes, A.B.; Gonçalves, L.A.; Penha-Gonçalves, C. NOS2 variants
reveal a dual genetic control of nitric oxide levels, susceptibility to Plasmodium infection, and cerebral malaria. Infect. Immun.
2014, 82, 1287–1295. [CrossRef]

96. Cabrales, P.; Zanini, G.M.; Meays, D.; Frangos, J.A.; Carvalho, L.J. Nitric oxide protection against murine cerebral malaria is
associated with improved cerebral microcirculatory physiology. J. Infect. Dis. 2011, 203, 1454–1463. [CrossRef]

97. Jeney, V.; Ramos, S.; Bergman, M.L.; Bechmann, I.; Tischer, J.; Ferreira, A.; Soares, M.P. Control of disease tolerance to malaria by
nitric oxide and carbon monoxide. Cell Rep. 2014, 8, 126–136. [CrossRef]

98. Dzodzomenyo, M.; Ghansah, A.; Ensaw, N.; Dovie, B.; Bimi, L.; Quansah, R.; Amoani, B. Inducible nitric oxide synthase 2
promoter polymorphism and malaria disease severity in children in Southern Ghana. PLoS ONE 2018, 13, e0202218. [CrossRef]

99. Martins, Y.C.; Zanini, G.M.; Frangos, J.A.; Carvalho, L.J. Efficacy of different nitric oxide-based strategies in preventing experi-
mental cerebral malaria by Plasmodium berghei ANKA. PLoS ONE 2012, 7, e32048. [CrossRef]

100. Ong, P.K.; Melchior, B.; Martins, Y.C.; Hofer, A.; Orjuela-Sánchez, P.; Cabrales, P.; Carvalho, L.J. Nitric oxide synthase dysfunction
contributes to impaired cerebroarteriolar reactivity in experimental cerebral malaria. PLoS Pathog. 2013, 9, e1003444. [CrossRef]

101. Yeo, T.W.; Lampah, D.A.; Kenangalem, E.; Tjitra, E.; Weinberg, J.B.; Granger, D.L.; Anstey, N.M. Decreased endothelial nitric
oxide bioavailability, impaired microvascular function, and increased tissue oxygen consumption in children with falciparum
malaria. J. Infect. Dis. 2014, 210, 1627–1632. [CrossRef]

102. Barber, B.E.; William, T.; Grigg, M.J.; Piera, K.A.; Chen, Y.; Wang, H.; Anstey, N.M. Nitric oxide–dependent endothelial dysfunction
and reduced arginine bioavailability in Plasmodium vivax malaria but no greater increase in intravascular hemolysis in severe
disease. J. Infect. Dis. 2016, 214, 1557–1564. [CrossRef]

103. Weinberg, J.B.; Volkheimer, A.D.; Rubach, M.P.; Florence, S.M.; Mukemba, J.P.; Kalingonji, A.R.; Mwaikambo, E.D. Monocyte
polarization in children with falciparum malaria: Relationship to nitric oxide insufficiency and disease severity. Sci. Rep. 2016,
6, 29151. [CrossRef]

104. Bangirana, P.; Conroy, A.L.; Opoka, R.O.; Hawkes, M.T.; Hermann, L.; Miller, C.; Kain, K.C. Inhaled nitric oxide and cognition in
pediatric severe malaria: A randomized double-blind placebo controlled trial. PLoS ONE 2018, 13, e0191550. [CrossRef]

105. Lwanira, C.N.; Kironde, F.; Kaddumukasa, M.; Swedberg, G. Prevalence of polymorphisms in glucose-6-phosphate dehydro-
genase, sickle haemoglobin and nitric oxide synthase genes and their relationship with incidence of uncomplicated malaria in
Iganga, Uganda. Malar. J. 2017, 16, 1–9. [CrossRef]

106. Kumar, A.; Singh, K.P.; Bali, P.; Anwar, S.; Kaul, A.; Singh, O.P.; Sohail, M. iNOS polymorphism modulates iNOS/NO expression
via impaired antioxidant and ROS content in P. vivax and P. falciparum infection. Redox Biol. 2018, 15, 192–206. [CrossRef]

107. Perkins, D.J.; Were, T.; Davenport, G.C.; Kempaiah, P.; Hittner, J.B.; Ong’echa, J.M. Severe malarial anemia: Innate immunity and
pathogenesis. Int. J. Biol. Sci. 2011, 7, 1427–1442. [CrossRef]

108. Ihekwereme, C.P.; Esimone, C.O.; Nwanegbo, E.C. Hemozoin inhibition and control of clinical malaria. Adv. Pharmacol. Sci. 2014,
2014, 984150. [CrossRef]

109. Corbett, Y.; D’Alessandro, S.; Parapini, S.; Scaccabarozzi, D.; Kalantari, P.; Zava, S.; Basilico, N. Interplay between Plasmodium
falciparum haemozoin and l-arginine: Implication for nitric oxide production. Malar. J. 2018, 17, 456. [CrossRef]

110. Moreira, D.R.; Uberti, A.C.M.G.; Gomes, A.R.Q.; Ferreira, M.E.S.; Barbosa, A.S.; Varela, E.L.P.; Percário, S. Dexamethasone
increased the survival rate in Plasmodium berghei-infected mice. Sci. Rep. 2021, 11, 2623. [CrossRef]

111. Barbosa, A.S.; Temple, M.C.R.; Varela, E.L.P.; Gomes, A.R.Q.; Silveira, E.L.; de Carvalho, E.P.; Percario, S. Inhibition of nitric oxide
synthesis promotes increased mortality despite the reduction of parasitemia in Plasmodium berghei-infected mice. Res. Soc. Dev.
2021, 10, e27810111805. [CrossRef]

112. Macchi, B.M.; Miranda, F.J.B.; de Souza, F.S.; de Carvalho, E.C.Q.; Albernaz, A.P.; do Nascimento, J.L.M.; DaMatta, R. Chick-
ens treated with a nitric oxide inhibitor became more resistant to Plasmodium gallinaceum infection due to reduced anemia,
thrombocytopenia and inflammation. Vet. Res. 2013, 44, 8. [CrossRef]

113. Weinberg, J.B.; Yeo, T.W.; Mukemba, J.P.; Florence, S.M.; Volkheimer, A.D.; Wang, H.; Anstey, N.M. Dimethylarginines: Endoge-
nous inhibitors of nitric oxide synthesis in children with falciparum malaria. J. Infect. Dis. 2014, 210, 913–922. [CrossRef]

114. Chertow, J.H.; Alkaitis, M.S.; Nardone, G.; Ikeda, A.K.; Cunnington, A.J.; Okebe, J.; Ackerman, H. Plasmodium infection is
associated with impaired hepatic dimethylarginine dimethylamino hydrolase activity and disruption of nitric oxide synthase
inhibitor/substrate homeostasis. PLoS Pathog. 2015, 11, e1005119. [CrossRef] [PubMed]

115. Peranzoni, E.; Marigo, I.; Dolcetti, L.; Ugel, S.; Sonda, N.; Taschin, E.; Zanovello, P. Role of arginine metabolism in immunity and
immunopathology. Immunobiology 2008, 212, 795–812. [CrossRef] [PubMed]

116. Zhu, X.; Pan, Y.; Li, Y.; Cui, L.; Cao, Y. Supplement of L-Arg improves protective immunity during early-stage Plasmodium yoelii
17XL infection. Parasite Immunol. 2012, 34, 412–420. [CrossRef] [PubMed]

117. Brussee, J.M.; Yeo, T.W.; Lampah, D.A.; Anstey, N.M.; Duffull, S.B. Pharmacokinetic-pharmacodynamic model for the effect of
L-arginine on endothelial function in patients with moderately severe falciparum malaria. Antimicrob. Agents Chemother. 2016,
60, 198–205. [CrossRef] [PubMed]

118. Hawkes, M.T.; Conroy, A.L.; Opoka, R.O.; Hermann, L.; Thorpe, K.E.; McDonald, C.; Kain, K.C. Inhaled nitric oxide as adjunctive
therapy for severe malaria: A randomized controlled trial. Malar. J. 2015, 14, 421. [CrossRef]

119. Kayano, A.C.A.V.; Dos-Santos, J.C.K.; Bastos, M.F.; Carvalho, L.J.; Aliberti, J.; Costa, F.T. Pathophysiological mechanisms in
gaseous therapies for severe malaria. Infect. Immun. 2016, 84, 874–882. [CrossRef]

http://doi.org/10.1128/IAI.01070-13
http://doi.org/10.1093/infdis/jir058
http://doi.org/10.1016/j.celrep.2014.05.054
http://doi.org/10.1371/journal.pone.0202218
http://doi.org/10.1371/journal.pone.0032048
http://doi.org/10.1371/journal.ppat.1003444
http://doi.org/10.1093/infdis/jiu308
http://doi.org/10.1093/infdis/jiw427
http://doi.org/10.1038/srep29151
http://doi.org/10.1371/journal.pone.0191550
http://doi.org/10.1186/s12936-017-1970-1
http://doi.org/10.1016/j.redox.2017.12.005
http://doi.org/10.7150/ijbs.7.1427
http://doi.org/10.1155/2014/984150
http://doi.org/10.1186/s12936-018-2602-0
http://doi.org/10.1038/s41598-021-82032-7
http://doi.org/10.33448/rsd-v10i1.11805
http://doi.org/10.1186/1297-9716-44-8
http://doi.org/10.1093/infdis/jiu156
http://doi.org/10.1371/journal.ppat.1005119
http://www.ncbi.nlm.nih.gov/pubmed/26407009
http://doi.org/10.1016/j.imbio.2007.09.008
http://www.ncbi.nlm.nih.gov/pubmed/18086380
http://doi.org/10.1111/j.1365-3024.2012.01374.x
http://www.ncbi.nlm.nih.gov/pubmed/22709481
http://doi.org/10.1128/AAC.01479-15
http://www.ncbi.nlm.nih.gov/pubmed/26482311
http://doi.org/10.1186/s12936-015-0946-2
http://doi.org/10.1128/IAI.01404-15


Int. J. Mol. Sci. 2022, 23, 5949 22 of 26

120. Hawkes, M.; Opoka, R.O.; Namasopo, S.; Miller, C.; Conroy, A.L.; Serghides, L.; Kain, K.C. Nitric oxide for the adjunctive
treatment of severe malaria: Hypothesis and rationale. Med. Hypotheses 2011, 77, 437–444. [CrossRef]

121. Alkaitis, M.S.; Wang, H.; Ikeda, A.K.; Rowley, C.A.; MacCormick, I.J.C.; Chertow, J.H.; Billker, O.; Suffredini, A.F.; Roberts, D.J.;
Taylor, T.E.; et al. Decreased Rate of Plasma Arginine Appearance in Murine Malaria May Explain Hypoargininemia in Children
with Cerebral Malaria. J. Infect. Dis. 2016, 214, 1840–1849. [CrossRef]

122. Gramaglia, I.; Velez, J.; Chang, Y.S.; Caparros-Wanderley, W.; Combes, V.; Grau, G.; Stins, M.F.; van der Heyde, H.C. Citrulline
protects mice from experimental cerebral malaria by ameliorating hypoargininemia, urea cycle changes and vascular leak. PLoS
ONE 2019, 14, e0213428. [CrossRef]

123. Yeo, T.W.; Lampah, D.A.; Rooslamiati, I.; Gitawati, R.; Tjitra, E.; Kenangalem, E.; Price, R.N.; Duffull, S.B.; Anstey, N.M. A
randomized pilot study of L-arginine infusion in severe falciparum malaria: Preliminary safety, efficacy and pharmacokinetics.
PLoS ONE 2013, 8, e69587. [CrossRef]

124. Awasthi, V.; Chauhan, R.; Chattopadhyay, D.; Das, J. Effect of L-arginine on the growth of Plasmodium falciparum and immune
modulation of host cells. J. Vector Borne Dis. 2017, 54, 139.

125. Pisoschi, A.M.; Pop, A. The role of antioxidants in the chemistry of oxidative stress: A review. Eur. J. Med. Chem. 2015, 97, 55–74.
[CrossRef]

126. Pieme, C.A.; Tatangmo, J.A.; Simo, G.; Nya, P.C.B.; Moor, V.J.A.; Moukette, B.M.; Sobngwi, E. Relationship between hyperglycemia,
antioxidant capacity and some enzymatic and non-enzymatic antioxidants in African patients with type 2 diabetes. BMC Res.
Notes 2017, 10, 141. [CrossRef]

127. Zhang, G.; Skorokhod, O.A.; Khoo, S.K.; Aguilar, R.; Wiertsema, S.; Nhabomba, A.J.; LeSouëf, P.N. Plasma advanced oxidative
protein products are associated with anti-oxidative stress pathway genes and malaria in a longitudinal cohort. Malar. J. 2014,
13, 134. [CrossRef]

128. Fernandes, R.C.; Hasan, M.; Gupta, H.; Geetha, K.; Rai, P.S.; Hande, M.H.; Satyamoorthy, K. Host genetic variations in glutathione-
S-transferases, superoxide dismutases and catalase genes influence susceptibility to malaria infection in an Indian population.
Mol. Genet. Genom. 2015, 290, 1155–1168. [CrossRef]

129. Farombi, E.O.; Shyntum, Y.Y.; Emerole, G.O. Influence of chloroquine treatment and Plasmodium falciparum malaria infection on
some enzymatic and non-enzymatic antioxidant defense indices in humans. Drug Chem. Toxicol. 2003, 26, 59–71. [CrossRef]

130. Chaudhari, R.; Sharma, S.; Patankar, S. Glutathione and thioredoxin systems of the malaria parasite Plasmodium falciparum:
Partners in crime? Biochem. Biophys. Res. Commun. 2017, 488, 95–100. [CrossRef]

131. Babalola, A.S.; Jonathan, J.; Michael, B.E. Oxidative stress and anti-oxidants in asymptomatic malaria-positive patients: A
hospital-based cross-sectional Nigerian study. Egypt. J. Intern. Med. 2020, 32, 32. [CrossRef]

132. Tyagi, A.G.; Tyagi, R.A.; Choudhary, P.R.; Shekhawat, J.S. Study of antioxidant status in malaria patients. Int. J. Res. Med. Sci.
2017, 5, 1649. [CrossRef]

133. Oluba, O.M. Erythrocyte lipid and antioxidant changes in Plasmodium falciparum-infected children attending mother and child
hospital in Akure, Nigeria. Pak. J. Biol. Sci. 2019, 22, 257–264. [CrossRef]

134. Fabbri, C.; Mascarenhas-Netto, R.C.; Lalwani, P.; Melo, G.C.; Magalhães, B.M.; Alexandre, M.A.; Lima, E.S. Lipid peroxidation
and antioxidant enzymes activity in Plasmodium vivax malaria patients evolving with cholestatic jaundice. Malar. J. 2013, 12, 315.
[CrossRef]

135. Schulze, P.C.; Liu, H.; Choe, E.; Yoshioka, J.; Shalev, A.; Bloch, K.D.; Lee, R.T. Nitric oxide–dependent suppression of thioredoxin-
interacting protein expression enhances thioredoxin activity. Arterioscler. Thromb. Vasc. Biol. 2006, 26, 2666–2672. [CrossRef]

136. Belorgey, D.; Antoine Lanfranchi, D.; Davioud-Charvet, E. 1, 4-naphthoquinones and other NADPH-dependent glutathione
reductase-catalyzed redox cyclers as antimalarial agents. Curr. Pharm. Des. 2013, 19, 2512–2528. [CrossRef]

137. Vega-Rodríguez, J.; Pastrana-Mena, R.; Crespo-Lladó, K.N.; Ortiz, J.G.; Ferrer-Rodríguez, I.; Serrano, A.E. Implications of
glutathione levels in the Plasmodium berghei response to chloroquine and artemisinin. PLoS ONE 2015, 10, e0128212. [CrossRef]
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