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Toxoplasma gondii is an apicomplexan parasite causing toxoplasmosis, a common disease, which is most typically
asymptomatic. However, toxoplasmosis can be severe and even fatal in immunocompromised patients and fetuses.
Available treatment options are limited, so there is a strong impetus to develop novel therapeutics.
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| 1. Introduction

Toxoplasma gondii is a worldwide distributed obligate intracellular protozoan pathogen of humans and more than 30
species of birds and 300 species of mammals [, It remains the best model system to study the phylum Apicomplexa,
which includes a number of unicellular parasites that are causative agents of several diseases, such as malaria,
babesiosis and cryptosporidiosis 2. All the apicomplexan parasites invade the cells; thus, they have to adapt to the host
cell environment and evade the host response. An important element to combat all invading pathogens is the oxidative
burst induced by the immune system, so the apicomplexans have to deal with oxidative stress inside their host cells &1,

T. gondii causes toxoplasmosis, which is one of the most common parasitic infections in humans. The prevalence of the
disease ranges between 30%—50% of the world’s human population (L. Toxoplasmosis is a well-known disease entity, and
the biology of the parasite is described quite well. Nonetheless, the disease continues to occur with high frequency in the
human population and still presents a risk of severe (fatal) disease in some patients. Despite significant progress made in
the field of the therapy of human diseases, few advances have been made in the treatment of toxoplasmosis 4. Available
treatment options for toxoplasmosis patients are limited, which underscores the urgent need for searching for new, more
effective therapeutics for both the acute and latent forms of the infection. The development of host-targeted adjunctive
therapies that could provide new options for toxoplasmosis treatment and reduce the risk of drug resistance seems to be
of first importance. The contribution of pro- and antioxidant processes to toxoplasmosis, and its treatment was previously
described BB, Thus, the use of oxidant and/or antioxidant compounds against the parasite should be strongly
considered. So far, the therapeutic effects and safety of drugs against T. gondii infections, including oxidative effects, have
been investigated mainly on animal models, most commonly in mice 8. The available data are still sparse.

Taking into account the relevance of toxoplasmosis as a healthcare issue, this article aims at reviewing the current state of
knowledge on the involvement of oxidative stress in the course of the disease and in the host defense, as well as the
antioxidant system in the parasite organism. Additionally, the presented review provides new scientific data on the
antioxidant mechanisms of action of drugs used in the treatment of toxoplasmosis. Potent candidates for toxoplasmosis
treatment, whose mechanisms of action are attributed to the oxidant—antioxidant balance both in the parasite organism
and in its host, as well as the potentially supportive action of antioxidant supplements, are discussed. We would like to
inspire scientists to further research on the use of compounds modifying oxidative stress in the treatment of
toxoplasmosis.

| 2. Characteristics of Toxoplasma gondii

Toxoplasma gondii was first described in 1908 by Nicolle and Manceaux in the gundi, a small hamster-rodent of
Ctenodactylidae [&. The researchers named it Toxoplasma gondii basing on its morphology (modern Latin: toxo—arc or
bow, plasma—Ilife) and the host. In retrospect, the correct name for the parasite should have been T. gundi, but Nicolle
and Manceaux identified the host as Ctenodactylus gondi instead of Ctenodactylus gundi, which is a correct name &I,
There are three main genotypes of Toxoplasma gondii (type I, Il and Ill), with different virulence and epidemiological
patterns, which largely predominate in Europe and North America R Apart from these three main clonal lineages,
there are also atypical genotypes, more complex and with higher genetic diversity. Dardé 11 suggests that there are
relationships between the genotype and human disease, but these mechanisms are still poorly understood.



Recombination may lead to acquiring new pathogenic mechanisms of Toxoplasma and manifest in humans by a severe
course of toxoplasmosis, also in immunocompetent patients.

2.1. Life Cycle

The Toxoplasma gondii life cycle includes sporogony (sexual reproduction in definitive hosts) and schizogony (asexual
reproduction in intermediate hosts). Cats are the only definitive hosts of this parasite and become infected by eating meat
(mostly rodents, birds, or slaughterhouse remains) containing tissue cysts or by ingesting oocysts from the soil 12,
Bradyzoites released from tissue cysts form schizonts in the intestine of cats. After merulation, schizonts release
merozoites. Only in cats can the parasite form gametocytes, which further develop into gametes 3], After fertilization, they
form oocysts, which are shed in feces. However, only sporulated oocysts containing sporozoites become infective for
intermediate hosts 4. In intermediate hosts, upon oral uptake, sporozoites transform into the invasive tachyzoite stage.
Tachyzoites are proliferative, fast-multiplying forms of the parasite. They can multiply in a variety of cells and eventually
encyst in several tissues, particularly in the brain 5], Tissue cysts can be found in the retina, brain, skeletal and heart
muscle 28], They are the infective stages for intermediate and definitive hosts 18, Humans can be infected by eating meat
containing tissue cysts, which are resistant to gastric digestion and thus infectious orally, whereas tachyzoites are
destroyed by gastric juice 22, Infective tachyzoites develop from bradyzoites, which are released from lysed cysts in the
intestine. Rapidly multiplying tachyzoites can transform to metabolically inactive bradyzoites and form tissue cysts. Tissue
cysts may remain dormant for a long time, perhaps for the life of the host 23!, Occasionally, rupturing tissue cysts release
bradyzoites, which are killed in immunocompetent hosts. However, in immunodeficient hosts, bradyzoites released from
tissue cysts may multiply locally and spread to other organs 1411151,

2.2. Routes of Toxoplasma Infection in Humans

To summarize, humans can be infected by three different forms of the parasite, namely tachyzoites, bradyzoites and
sporozoites. Oocysts of Toxoplasma, formed in the intestine of Felidae (cats), are excreted in the cat’'s feces into the
environment. About 2 or 3 days after excretion, oocysts undergo sporulation and become an infective form containing
sporozoites L3147 These forms are resistant to environmental factors and can stay infective for more than one year
131 It should be noted that humans can be infected by ingestion of vegetables, fruit or water contaminated with
sporozoites, but contrary to appearances, it is not the most common way of getting infected. More commonly, people
become infected by eating raw, cured, dried, smoked or undercooked meat, particularly lamb and pork, containing tissue
cysts with bradyzoites WSILAILTMSIAY - Chicken meat is a source of infection for cats, but also for humans if eaten
undercooked 18, It should be considered that chickens are one of the most important hosts of toxoplasma. The
prevalence of toxoplasmosis in chickens raised in backyards reaches up to 100% because they feed on potentially
contaminated ground 28], This makes pasture chickens a significant risk factor for Toxoplasma infection. However, studies
on experimentally infected hens suggest that chicken eggs should not be considered as a source of infection 1€, In a
case-control study, Jones et al. 19 identified eating raw mollusks, namely oysters, clams and mussels, as a new risk
factor for Toxoplasma infection. As mollusks are filter feeders, the parasite concentrates in their organisms. Another
potential source of transmission is un-pasteurized milk and milk products 1471 Toxoplasma gondii has multiple pathways
to infect a human organism, apart from those mentioned. Tachyzoites can be transmitted also by blood transfusion.
Congenital toxoplasmosis, which is an effect of vertical transmission of tachyzoites from mother to fetus through the
placenta, should be also mentioned 1311241,

2.3. Prophylaxis of Toxoplasma Infection in Humans

In relation to the main sources of the parasite and routes of Toxoplasma transmission, the prevalence of the disease
reflects mainly hygienic and dietary practices of human populations 12!, To protect the soil against contamination with
sporozoites, litter boxes should be used by cat owners. As it takes several days for oocysts to sporulate, litter boxes
should be cleaned up daily, but not by people from increased risk groups, such as pregnant women, or
immunosuppressed people 2. Although there are effective and simple methods to inactivate cysts of the parasite in
meat, for example, deep-freezing (=12 °C or lower for at least 24 h), low social awareness of the disease causes
Toxoplasma eradication still ineffective. Most people are aware of the association of toxoplasmosis with cats, but they are
rather unaware of exposure to the parasite during their daily activities, especially the risk associated with undercooked
meat 29, It should be borne in mind that the parasite can also be transmitted if care is not taken to wash hands thoroughly
after cutting meat and during meat cooking (8. Hence the need arises to educate society about the risk of toxoplasmosis
transmission, among others, by popularizing safe-cooking guidelines and to take into account other sources of the
parasite in toxoplasmosis prevention. Reduction of T. gondii contamination of meat and increased education of health
professionals and the public regarding risk factors could help to further reduce the burden of toxoplasmosis <.



2.4. Toxoplasmosis Course in Humans

There are three clinical forms of the disease, including ocular, congenital and cerebral ones. Toxoplasma gondii is
potentially responsible for significant morbidity and mortality in the congenitally infected fetus (especially in the first
trimester of pregnancy) because it can cause a serious disease course and even miscarriage. In a congenital disease
course, hepatitis and pneumonia may be followed by central nervous system involvement resulting in hydrocephalus,
retinochoroiditis and cerebral calcifications 19, In immunocompetent humans, the disease is said to be latent (clinically
asymptomatic), but the disease course can be severe in immunocompromised or immunosuppressed patients L3, |n
an oligosymptomatic course, the disease may produce mild, flu-like illness. In less than 10% of cases, it causes
mononucleosis-like syndrome with headache, malaise, fever, cervical lymphadenopathy and fatigue 131, Some tachyzoites
can evade the immune response or drugs used in the treatment and transform into bradyzoites inside quiescent cysts,
long-term forms of the parasite. Additionally, Toxoplasma can use immune cells to migrate and infiltrate the brain. Recent
investigations indicate that toxoplasmosis may increase the risk of brain cancer 1329 |n the brain, Toxoplasma prefers
neurons because these cells do not react to inflammatory cytokines. Thus, a strong anti-parasitic immune response is not
induced 131, As a result, central nervous system (CNS) toxoplasmosis, or toxoplasmic encephalitis (TE), which is the most
severe (even fatal) course of the disease, may develop in immunocompromised individuals. Encephalitis is the
predominant clinical manifestation of toxoplasmosis in acquired immune deficiency syndrome (AIDS) patients and is
believed to be due to the reactivation of latent infections 13, Clinically, the most common manifestations of TE are
neurological abnormalities and brain abscesses accompanied by fever X3l Interestingly, Toxoplasma can change the
behavior of hosts, including humans. Infected rodents experience less fear of feline odors, which makes them more likely
to be eaten by the parasite definite host [2. The possible relationship of Toxoplasma infection with mental illness in
humans has focused the attention of many researchers 22, There have been numerous studies on T. gondii infection and
its impact on human behavior and mental diseases (23!, Nonetheless, the effect of the parasite on human behavior is still
less certain than in rodents [24. The influence of T. gondii on the increased probability of developing psychiatric disorders,
including schizophrenia, bipolar disorder and obsessive-compulsive disorder, has been confirmed 1. However, no
parasite genes or effector proteins responsible for parasitic behavioral changes have been identified 1. Postulated
mechanisms linking toxoplasmosis and behavior include generalized inflammation, alteration in endocrine signaling and
changes in neurotransmitter pathways 24. The main weakness of the studies conducted so far is that they rely on the
correlation between T. gondii seropositivity and behavioral or cognitive outcomes but do not assess directly the causal role
of the infection in a given pattern of behavior 23, Taking into account study limitations and the results of meta-analyses, it
could be suggested that the effect of the parasite on human behavior or disease might be rather mild. It is likely that the
influence of T. gondii on human behavior and mental health may be dependent on a number of factors, including the
parasite strain type, route and duration of infection, host genotype, and others [23. Undoubtedly, more research is needed
in this area.

| 3. Oxidative Stress in Toxoplasma gondii Infection

Oxidative stress is defined as an imbalance between the production of reactive oxygen species (ROS) and the antioxidant
system of the organism 22261, ROS include all highly reactive and unstable derivatives of molecular oxygen, such as
hydrogen peroxide (H,O,), superoxide anion (O,") and the most dangerous hydroxyl radical (OH’), which is formed in the
Fenton and/or Haber—Weiss reaction 24[28] ROS homeostasis is closely related to many other reactive molecules, such
as reactive carbonyl species (RCS) and reactive nitrogen species (RNS) 22, Since ROS are produced as a consequence
of oxygen metabolism, it is impossible to avoid them in aerobic organisms. They are generated in the cytosol and in such
organelles, such as mitochondria and peroxisomes BB At physiological levels, ROS are involved in cell signaling
processes, but enhanced oxidative stress due to the excessive ROS formation may cause damage to all cellular
macromolecules such as lipids, proteins and nucleic acids, ultimately leading to cell death [BUE2 The characteristic
action of ROS is the degradation of polyunsaturated fatty acids in the process termed lipid peroxidation, which leads to the
production of harmful molecules, including malondialdehyde (MDA) B3l MDA is a highly reactive aldehyde that causes
oxidative damage in tissues. MDA belongs to thiobarbituric acid reactive substances (TBARS) and is a major TBARS in
the organism. Therefore, for the sake of method simplicity, the TBARS measurement is commonly used to assess the
MDA concentration 241, Both TBARS and MDA are considered to be the most important markers of oxidative stress and
lipid peroxidation in biological samples 221,

3.1. Oxidant-Antioxidant Balance in Humans

ROS are related to a wide variety of human disorders, such as chronic inflammation, age-related diseases and cancer [
87, Apart from that, ROS are also essential for various biological functions, including cell survival, cell growth, proliferation
and differentiation, and immune response 8189, |n phagocytes, ROS are generally produced in a specific process with



nicotinamide adenine dinucleotide phosphate (NADPH) oxidase or by the mitochondrial respiratory chain B9 NADPH
oxidase plays a vital role in inflammatory processes by catalyzing the production of the superoxide anion radical and
excessive production of other ROS, leading finally to cellular damage. The resulting cellular damage alters the immune
response to pathogens and ultimately modifies susceptibility to bacterial, viral and parasitic infections £2,

All oxygen-metabolizing cells are equipped with cellular antioxidants to counteract the harmful effects of ROS action.
Detoxification and removal of deleterious oxidants are essential in biological systems to restore redox homeostasis of the
cell BUEL The complex endogenous antioxidant system includes antioxidant enzymes such as superoxide dismutases
(SODs), catalase (CAT), glutathione peroxidases (GPxs) and glutathione reductase (GR) 2243l a5 well as non-enzymatic
compounds such as reduced glutathione (GSH) and uric acid 2445l GSH protects the cell against the detrimental effects
of endogenous and exogenous oxidants by conjugation of reactive species and detoxification of lipid peroxidation
products 81471 Moreover, GSH prevents the conversion of hemoglobin into methemoglobin in the oxidation reaction [
(48] At present, antioxidant vitamins A, C and E are considered to be the main exogenous antioxidants playing a
significant role in neutralizing free radicals and maintaining oxidative homeostasis 421591,

3.2. Role of Oxidative Stress in Toxoplasma Infection

Oxidative stress plays a significant role in the course of Toxoplasma infection in the organism of both the host and the
parasite 2 (see Figure 1). When T. gondii multiplies asexually, it causes cellular disruption and cell death in an infected
host. The resulting necrosis attracts inflammatory host cells, such as lymphocytes and monocytes. In the immune
response against the parasite, enormous amounts of ROS and RNS are generated 1. Oxidative stress resulting from the
host response is toxic to parasites, but on the other hand, many studies reported that deleterious consequences of
parasitic infection in a host organism are the result of defense mechanisms involving increased production of ROS B2,
The processes related to oxidative stress were proved to play a pivotal role in the pathogenesis of toxoplasmosis in
animals and humans (23134,
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Figure 1. The mechanisms of oxidative injury and antioxidant defense in the course of toxoplasmosis in the parasite and
in the host. SOD, superoxide dismutase; GPx, glutathione peroxidase; TBARS, thiobarbituric acid reactive substances;
GSH, reduced glutathione; MDA, malondialdehyde; CAT, catalase; NO, nitric oxide; Nox, NADPH-oxidase complex; GST,
glutathione S-transferase; RNS, reactive nitrogen species; ROS, reactive oxygen species; TgIF2K-B, Toxoplasma
gondii eukaryotic initiation factor 2 (elF2a) kinase.

3.3. Antioxidant Defense of Toxoplasma gondii

ROS, generated in immune response, are able to kill various intracellular pathogens, including T. gondii. It was found that
ROS can inhibit the activity of T. gondii in monocytes of infected animals. For example, high H,O, concentration may



inhibit the intracellular proliferation of tachyzoites B2, This is why the parasite must protect itself against the oxidative
burst imposed by the host BIE2I56] Toxoplasma cells express SODs (one cytosolic and two mitochondrial), CAT and three
peroxiredoxins, including one 1-Cys peroxiredoxin and two 2-Cys peroxiredoxins BIEIE758] SODs and CAT belong to the
primary antioxidants involved in the defense against oxidative stress and oxidative metabolic by-products 2. SODs are
metalloproteins that catalyze the dismutation of superoxide anions to form molecular oxygen and hydrogen peroxide €2,
CAT catalyzes hydrogen peroxide conversion to water and oxygen and thereby diminishes its cellular level B8IE1, The
intrinsic kinetic properties of CAT and its cytosolic localization suggest that this enzyme might be best suited to the
protection against host cell oxidative stress . According to knockout studies, CAT seems to have an important role in
invasion and replication inside the parasitophorous vacuoles . T. gondii deficient in CAT exhibited increased
susceptibility to exogenous hydrogen peroxide and was less virulent in mice . Peroxiredoxins have phospholipase
activity and are able to detoxify H,O, in the presence of dithiothreitol BZ. Increased peroxiredoxin expression was found
to be associated with the protection of the parasite against oxidative stress . In organisms possessing CAT, the
peroxiredoxins are unlikely to play a pivotal role in antioxidant defense, and recent studies suggest that these enzymes
might fulfil quite distinct functions &l However, it seems likely that peroxiredoxins are important to T. gondii in view of the
fact that the parasite is able to survive the knockout of catalase 4.

The classical antioxidant systems such as thioredoxins (Trx) and GSH are also suggested to occur in Toxoplasma, which
is corroborated by the presence of trx genes in the transcriptome 2. The role of the Trx system is to deliver electrons to
the peroxiredoxins, which enables the removal of ROS and RNS. In addition, this system is involved in the repair of
oxidative damage of DNA and proteins €3], Thioredoxin reductase, which catalyzes the reduction of the oxidized form of
thioredoxin with the consumption of NADPH, has the ability to maintain the Trx redox state, thus protecting the parasite
against free radical damage in host immune cells B3,

3.4. Adaptative Response of Toxoplasma gondii to Oxidative Stress

Regardless of the variety of antioxidant systems present in T. gondii, tachyzoites are highly susceptible to exogenous and
endogenous oxidative stress. Minor changes in the redox balance of the parasite cell can lead to the destruction of its
oxidative homeostasis and ultimately its death BZ. In eukaryotes, environmental stress induces the integrated stress
response via phosphorylation of translation initiation factors, including eukaryotic initiation factor 2 (elF2) (4, Interestingly,
a similar adaptive mechanism was observed in T. gondii. Augusto et al. [63] demonstrated that the Toxoplasma elF2 kinase
TglF2K-B is activated in response to oxidative stress and affords protection. The presence of TgIF2K-B enables the
parasite to regulate its replication rate under oxidative stress as the activation of this enzyme influences the maintenance
of oxidant—-antioxidant balance in the parasite organism. For Toxoplasma, the critical moment of adaptation is the
differentiation into bradyzoite cysts. Parasites lacking TglF2K-B would likely have reduced transmission through the
predation route due to their compromised ability to form infectious tissue cysts (62,

3.5. Antioxidant Defense of the Host during Toxoplasma Infection

The enzymatic antioxidant defense is one of the mechanisms that protect the host cells against an excess of free radicals
due to parasitic infections 42681, Nazarlu et al. 87 observed a decrease in SOD and CAT activity in the blood serum, but
also in the testes of rats infected with T. gondii. It was also found that the activity of SOD was reduced in erythrocytes of
gerbils with toxoplasmosis B[4 while Bahrami et al. [8] observed a significant increase in GPx activity in the blood of
rats infected with T. gondii on the seventh day after the infection.

Another compound that plays a relevant role in antioxidant mechanisms is GSH, as the thiol group of GSH transmits a
reducing equivalent of ROS [, A decrease in GSH concentration may indicate the activation of antioxidant mechanisms
in response to the T. gondii infection. Significant depletion in the GSH level, observed in rats infected with T. gondii, is
supposed to be an important factor in toxicity, leading to host brain tissue damage and a reduction in the activities of
antioxidant enzymes [B8I7AI7L Similarly, Nazarlu et al. 87 observed decreased GSH levels in the blood serum and in the
testes of rats infected with T. gondii. The authors believe that decreased GSH levels in chronic toxoplasmosis could
change the detoxifying capacity of reproductive tissue and thus cause oxidative damage to reproductive organs and,
consequently, affect adversely fertility. A decrease in GSH concentration was also detected in patients with toxoplasmosis,
which suggests the occurrence of changes in the oxidant—antioxidant balance as a mechanism of tissue damage in cases
of toxoplasmosis in humans BU54. The GSH action is suggested to be increased by vitamins C and E 4. In addition to
the enzymes, antioxidant vitamins are also involved in maintaining cell homeostasis and neutralizing free radicals. Vitamin
C is a fundamental supplement involved in the repair of tissues, while vitamin E is a fat-soluble antioxidant interrupting the
propagation of ROS BUl2 Khaleel et al. 5% observed decreased levels of antioxidant vitamins in women with
toxoplasmosis.



3.6. Oxidative Stress in the Early Stages of the Acute Phase of Toxoplasmosis

It is believed that, during the acute phase of toxoplasmosis, ROS are intensively produced, and oxidative stress is induced
in the tissues of infected animals as the host defense against the infection. T. gondii seropositive cats, even when
asymptomatic, show an increase in ROS levels 28l The host immune response to infections typically involves
phagocytosis after the activation of mononuclear phagocytes by lymphokines 473 Although the NADPH-oxidase
complex (Nox), which produces ROS, is expressed in almost every mammalian tissue, its function of producing ROS in
host defense against pathogens is more pronounced in phagocytes 8. Hence, the activation of parasiticidal mechanisms
via ROS generation occurs mainly in host phagocytes. Nox-mediated ROS generation, as a factor involved in regulating
the intracellular survival of T. gondii parasites within macrophages, was demonstrated in mice by Matta et al. L4,

An antiparasitic effect on protozoa was also revealed for nitric oxide (NO) derived from macrophages 8. T. gondii
infection is associated with an increased NO level, which is generated in an attempt to control the infection. Tonin et al. 2]
noted an increase in NO levels in goats with toxoplasmosis. NO can directly cause the death of tachyzoites or stimulate
the production of the heat-shock protein 70 in tachyzoites of both virulent and non-virulent strains, contributing to their
conversion to the bradyzoite stage and cyst formation (2189,

3.7. Oxidative Stress in the Later Stages of the Acute Phase of Toxoplasmosis

The vast majority of research has focused on describing oxidative stress during the early stages of the acute phase of
toxoplasmosis. However, there are a few studies investigating the oxidant—antioxidant balance in the later stages of the
acute phase of T. gondii infection. Turkoglu et al. Bl observed increased SOD and glutathione S-transferase (GST)
activities 30 days after infection in the brain, liver and kidney of rats. The researchers suggest that the increased
antioxidant defense persisting later on in the acute phase can be used to diagnose T. gondii infection and may be helpful,
especially in cases where the diagnosis of T. gondii infection is difficult in the earlier stage of the acute phase.

3.8. Oxidative Damage in the Host during Toxoplasma Infection

The rapid release of ROS and NO plays an important role against T. gondii, but also contributes to oxidative injury,
inflicting tissue damage and the disease pathology (81283l Oxidative stress leads to intracellular lysosomal membrane
damage, which is followed by apoptosis or necrosis 4. The reduced activity of the defense system protecting tissue
against free radical damage in Toxoplasma seropositive patients and animals is associated with increased lipid
peroxidation 481331 Atmaca et al. 41 suggested that T. gondii induces lipid peroxidation in infected gerbils. In rats infected
with T. gondii, an increased MDA concentration was observed in the liver cells /1, as well as in the blood serum and in the
testes 4. Moreover, 29 an increase in TBARS concentration was found in the brain of mice infected with T. gondii. Some
authors reported a significant increase in the concentration of MDA in the serum of humans with chronic toxoplasmosis.
Kiran et al. 44, Al-Kuraishy et al. [ and Yazar et al. B3 reported that MDA levels were significantly higher in
asymptomatic Toxoplasma seropositive patients compared to healthy subjects. There was no correlation between age or
gender and the MDA concentration. An increased concentration of MDA was also observed in the erythrocytes of women
with toxoplasmosis in comparison with the control group 81,

Despite the available literature data, more research on T. gondii infection in combination with other diseases is still needed
to better understand the changes caused by this parasite in its host and to establish the diagnosis and appropriate
treatment.

| 4. Oxidant-Antioxidant Effects in Toxoplasmosis Treatment

The gold standard in toxoplasmosis treatment is the combination of pyrimethamine and sulfadiazine (pyr—sulf), targeting
the active stage of infection &l There are also other therapies available, including pyrimethamine in combination with
some antibiotics, as well as monotherapy with sulfamethoxazole-trimethoprim (ST) or atovaquone B8 Nevertheless,
none of these therapies was found to be superior to pyr—sulf, and no therapeutic is able to eliminate T. gondii cysts from
the infected host 7. The main targets of typical anti-Toxoplasma drugs are enzymes involved in the folate synthesis
pathway, namely dihydrofolate reductase (DHFR) and dihydropteroate synthetase (DHPS) 88, DHFR is also present in
humans, so this therapy may result in a folic acid deficiency, which in turn is possibly responsible for severe hematological
side-effects B8, To date, all current therapeutical strategies have several limitations, including adverse severe side-effects
and treatment failure because of drug resistance B2, In this respect, there is an urgent need for searching alternative
compounds with novel mechanisms of action. The numerous drug targets identified against Toxoplasma gondii include the
inhibition of the mitochondrial electron transport chain, synthesis of fatty acids, isoprenoid pathway, synthesis of DNA,
synthesis of proteins, as well as the action of Toxoplasma gondii calcium-dependent protein kinase 1 (TgCDPK1) [2281],



In addition, targeted host-directed immunotherapy aimed at activating or suppressing specific elements of the immune
system has been considered 24,

In view of the research on the contribution of oxidative stress to the pathology of toxoplasmosis, the chemical compounds
that affect the oxidant—antioxidant balance are of high interest as possible novel anti-Toxoplasma therapeutics (see Figure
2). The antioxidant system of T. gondii is known to play an important role as a defense mechanism against oxidative
stress imposed by the host and to contribute as a virulence factor in vivo 2,

Figure 2. The chemical compounds that may affect the oxidant-antioxidant balance as promising novel anti-
Toxoplasma therapeutics. ROS, reactive oxygen species; NO, nitric oxide.

4.1. Inhibition of Antioxidant Defense of Toxoplasma gondii

The inhibition of antioxidant enzymes of the Toxoplasma parasite seems to be a viable target for the development of novel
drugs against this pathogen. One of the antioxidant enzymes is CAT, which lacks in most pathogenic protozoans, but it is
present in the T. gondii cytoplasm, where it neutralizes the peroxides produced by the host €. CAT and SOD seem to be
the most important antioxidants of T. gondii, reacting directly to free radicals B9, Portes et al. 22 demonstrated that the
exposure of the Toxoplasma parasite to dinuclear iron (Ill) compound reduced the activities of metalloenzymes, including
SOD and CAT, which are important for the antioxidant protection of the parasite. This agent disturbs the redox balance of
T. gondii, inducing parasite death in vitro, with no toxicity to the host cells. Moreover, Akerman et al. 52 demonstrated that
Toxoplasma gondii is highly susceptible to oxidative stress that results from the disruption of its redox balance caused by
tert-butyl hydroperoxide, juglone and phenazine methyl sulfate, with no effect on the host cells. Those compounds can
affect the activity of peroxiredoxins, which are important in the protection of parasite cells against oxidative damage by
hydroperoxides B4, Another promising chemotherapeutic agent against T. gondii seems to be auranofin, which induces
the accumulation of ROS in parasites via the inhibition of the thioredoxin reductase enzyme 23, Thioredoxin reductase is
essential for the survival of the parasite as maintaining a thioredoxin-dependent reduction state helps pathogens to resist
oxidative-burst injury from host cells 2. The results of Andrade et al. 24 revealed high efficiency of auranofin activity
against T. gondii in vitro and in vivo, suggesting that it may be an effective alternative treatment for acute toxoplasmosis in
the future. The induction of Toxoplasma parasite death due to increased ROS production was also reported as an impact
of monensin treatment 8. This drug is known to suppress the expression of the majority of T. gondii genes [23. However,
while monensin is used widely during anti-Toxoplasma therapy in animals, its toxicity precludes the use in humans.

The combination of pyrimethamine and sulfadiazine (the drugs of choice for toxoplasmosis) can suppress tachyzoite
growth but has no effect on bradyzoites 8. Therefore, most current therapies are ineffective against the latent stage of
infection. Augusto et al. [, using a CRISPR/Cas9 technique, successfully generated a genetic knockout of elF2 kinase
TglF2K-B in the Toxoplasma parasite. As a result, the parasite failed to phosphorylate TgIF2a in response to oxidative



stress, declining the ability to differentiate into tissue cysts. Those results may suggest that inhibition of TgIF2K-B may be
a promising direction to develop new therapies based on diminished antioxidant protection, especially against persistent
infection of T. gondii in its host.

4.2. Inorganic Nanoparticles

A possible source of alternative and effective agents in the treatment of Toxoplasma gondii infections may be also
inorganic nanoparticles (NPs). The study of Adeyemi et al. 21 demonstrated that gold, silver, and platinum nanoparticles
had promising in vitro anti-Toxoplasma activity without detectable host cell toxicity. The measurement through a
fluorescent probe provided direct evidence that treatment with the use of nanoparticles promoted ROS production with a
consequent contribution to parasite death. Other papers also show that silver nanoparticles (AgNPs), which have the
broadest biomedical applications of all nanoparticles, may cause oxidative stress and DNA damage (281183,

In studies on the impact of repeated administration of AGQNPs on the antioxidant status of Wistar rats, an increase in lipid
peroxidation and alteration of antioxidant enzymes were revealed in animal tissues and serum 28], Thus, potential risks of
host cell damage may be associated with the use of silver nanoparticles in the anti-Toxoplasma treatment. Hudecova et
al. 99 confirmed oxidative DNA damage induced by AgNPs in human kidney cells in vitro. However, this oxidative damage
was reported to be neutralized by pre-treatment with bioactive compounds, such as Gentiana extracts. An alternate
solution may be the use of silver nanoparticles synthesized in combination with natural extracts of plants. Alajmi et al. 83!
reported that AgNPs green synthesized with date palm and nabka exhibited some anti-Toxoplasma effects and
significantly decreased the level of lipid peroxidation and NO concentrations with a concomitant increase in antioxidant
enzymes activity in liver homogenate of mice infected with T. gondii.

Undoubtedly, the results of the presented studies support the idea that oxidative stress may be a good target for
toxoplasmosis treatment. However, only limited data concerning oxidant—-antioxidant effects of anti-toxoplasmosis
treatment are available, and thus, further research is needed in this area.

| 5. Plant-Derived Antioxidants in Toxoplasmosis Treatment

The pathophysiology of toxoplasmosis is known to be related to the increased risk of oxidative stress in host cells due to
the activation of inflammatory response against the parasite B2l In chronic acquired toxoplasmosis, the level of MDA is
elevated and can reflect indirectly the degree of oxidative cell damage 4. Therefore, all molecules that diminish oxidative
stress in the host cells may provide viable sources of alternative therapies for this parasitic infection (see Figure 2). The
literature gives new insights into various natural extracts of plants with antioxidant properties, which may be good
candidates for the discovery of novel drugs or may be useful as an alternative or adjuvant treatment option in the course
of toxoplasmosis. It is worth mentioning that the current antimalarial drugs of choice (chloroquine and artemisinin
derivatives) were derived from plants (199,
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