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RESUMO 

Meissner, KA. Análise do estado redox e seu efeito sobre a proliferação de Plasmodium falciparum em 
eritrócitos geneticamente diferentes. Tese (Doutorado em Parasitologia). 

Malária, causada por parasitas Plasmodium spp., ainda contribui com cerca de 400 mil 
mortes anuais sendo uma das mais vastas doenças de nosso tempo. Plasmodium 
falciparum, que causa a malária tropical, leva a forma mais severa da doença. Não 
obstante, há alguns grupos com resistência nativa conhecidas como, por exemplo, a 
siclemia ou enzimopatias como no caso da deficiência da glicose 6-fosfato 
desidrogenase. Apesar dos anos de pesquisa, até hoje os exatos mecanismos que 
conferem proteção, permanecem desconhecidos. Contudo, várias hipóteses, como o 
aumento da resposta imune inata ou a resposta melhorada contra os danos oxidativos 
dentro dos eritrócitos são discutidos. Este trabalho foca nos sistemas de defesa contra 
danos oxidativos em Plasmodium falciparum usando parasitas geneticamente 
modificados em células sanguíneas vermelhas anormais. O aumento de diferentes 
sistemas antioxidantes deveria fornecer um olhar aprofundado dos mecanismos de 
proteção destes eritrócitos modificados. Neste trabalho demonstramos a importância 
da Glutationa-S-Transferase para a sobrevivência do parasita em eritrócitos com a 
deficiência da glicose 6-fosfato desidrogenase. Isso leva a hipótese de que níveis 
aumentados de ROS nas células vermelhas geram uma alta quantidade de 
xenobióticos no parasita, resultando na morte da célula. 
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ABSTRACT 

Meissner, KA. Analysis of the Redox Status and its Effect on the Proliferation of Plasmodium falciparum 
in Genetically Different Erythrocytes. Ph.D (Parasitology). 

Malaria, caused by Plasmodium spp., remains with more than 400.000 deaths annually 
one of the vastest diseases of our time. Plasmodium falciparum, is the most dangerous 
species leading to severe malaria. Nevertheless, there are some native resistances 
known like sickle cell trait or enzymopathies such as glucose-6-phosphate 
dehydrogenase deficiency. However, the protection mechanism is still unknown. 
Hypotheses like a better innate immune response or the increased oxidative stress 
inside the altered erythrocytes are discussed. This work is focusing on the oxidative 
defence system of P. falciparum using transgenically modified parasites cultured in 
wild-type and abnormal red blood cells. Elevated expression levels of different anti-
oxidative systems in P. falciparum should give a deeper insight of the protection 
mechanism of the altered erythrocytes. In this work, we show the importance of the 
plasmodial Glutathione-S-Transferase (PfGST) for the proliferation of the malaria 
pathogen in erythrocytes with glucose-6-phosphate dehydrogenase deficiency. This 
leads to the hypothesis that the increased ROS level in these red blood cells 
generating a high amount of xenobiotics within the parasite which results in cell death. 
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1 INTRODUCTION 

 

  



 
 

 
 

1.1 History and Distribution of Malaria 

 
Malaria is a life-threatening disease with nearly a quarter of the world’s 

population living in areas of high risks. In 2015, 212 million malaria cases, leading to 

about half a million deaths, were recorded, most of them African children under the 

age of five years. With over 90% of all malaria cases and 92% of malaria deaths 

shows the Sub-Saharan Africa harbouring the highest global malaria burden. On the 

American continent, 18 countries are endemic for malaria and the majority of cases 

occur in one of the nine amazonic countries, which includes Brazil (1). 

 
Figure 1 – World distribution and cases of death through malaria. 

 

Spots are demonstrating the global distribution of P. falciparum and P. vivax infections correlating with 
the number of death in blue caused by malaria in 2016. Data were available at http://www.who.int/en/ 
31.01.2017. 

 
The history of malaria extends into antiquity with records from China in 2700 before 

Christ (BC), Greece and the Roman Empire. Already Hippocrates mentioned in the 

5th century BC the correlation between marshes and the characteristic periodic fevers 

of disease (2). Suspecting that the reason for the disease was the miasmas rising 

from the swamps, the name malaria occurred, which is driven from the Italian 

mal’aria, bad air. However, the disease continued spreading around the 

Mediterranean Sea up to the 19th century including central Europe. Through the 



 
 

 
 

systematic draining of swamps and the use of insecticide, malaria has been finally 

eradicated in the 1960s in Europe (3). 

In 1880 Alphonse Laveran, a French army surgeon was the first to find the parasite in 

the blood of a patient suffering from malaria (2). Almost 20 years later Ronald Ross, 

a British medical doctor, introduced the anopheles mosquito as a possible vector for 

transmission of the malaria parasite (4). Additional 50 years were needed to find the 

missing link between after the infection of the parasite and its occurrence in the 

human blood. When in 1947, Henry Shortt and Cyril Garnham, were finally able to 

show a primary division of the parasite in liver cells (5). Subsequently, Krotoski and 

colleagues discovered that some P. vivax strains could remain in this liver stage for 

several months (6). 

Up today there are more than 200 known species of the genus Plasmodium (P.), but 

just five of them are causing human malaria, including P. vivax, P. ovale, P. malariae, 

P. knowlesi and the most virulent, P. falciparum (7). The genus Plasmodium belongs 

to the phylum Apicomplexa, which consist of a large group of unicellular eukaryotes 

sharing the same invasion machinery, the apical complex. Together with 

dinoflagellates and ciliates, they are forming the higher group of Alveolata (8). 

All Plasmodium spp share a complex life cycle happening within an insect and a 

vertebrate host. The human malaria is transmitted via the female Anopheles 

mosquito, which injects sporozoites during the blood meal. After invading liver cells 

each sporozoite can mature into up to 40,000 merozoites, which will then be released 

into the blood stream via merosomes (9). However, P. vivax and P. ovale are able to 

form hypnozoites, a special form of sporozoites, which can remain in the liver for 

several months before proceeding to the blood stage. The released merozoites can 

infect red blood cells (RBCs), which start to remodel these cells in order to facilitate 

their proliferation and differentiation from ring to trophozoite and then into schizont. 

One of the reasons of the high virulence of P. falciparum is the export of PfEMP1 (P. 

falciparum infected erythrocyte membrane protein 1) to the infected RBC (iRBC) 

surface. PfEMP allows the iRBC to bind to the endothelium avoiding the clearance by 

the spleen and are leading to a disrupted blood flow which can cause cerebral or 

placental malaria when occurring in the brain or placenta (10). The asexual blood 

cycle ends with the haemolysis and release of new merozoite forms into the 



 
 

 
 

bloodstream, resulting in both anaemia and periodic fevers characteristic of the 

disease. While most of the merozoites will reinfect other erythrocytes, some follow a 

different path differentiating into male and female gametocytes. These gametocytes 

will differentiate into gametes within the mid-gut of a female Anopheles mosquito 

after the next blood meal and the sexual proliferation can take place. After formation 

of the diploid zygote, the zygote differentiates to the ookinete and later oocysts and 

subsequently, new sporozoites are formed. The released sporozoites migrate to the 

mosquito’s salivary gland, where they will be transmitted during the next blood meal 

of the mosquito (11). 

 
Figure 2 – Life cycle of Plasmodium spp. 

 
The life cycle of Plasmodium spp. is occurring in two hosts. After a blood meal of the Anopheles spec. 
mosquito, the parasite infects human hepatocytes and proliferates into merozoites. While an infection 
with P. vivax or Plasmodium ovale can lead to a sporozoite differentiation into hypnozoites in all other 
cases merozoites will directly infect RBC and replicate via schizogony. This assexually replication can 
be repeated several times. Other merozoites develop into male and female gametocytes that infect 
mosquitoes when taken up by the next blood meal. The sexual stages mature into the mosquito gut 
where they fuse and form an ookinete. The ookinete develops into the oocyst which releases new 
sporozoites that migrate to the insect's salivary glands Source: modified from (11). 



 
 

 
 

Due to the increased prevention and vector control, the global malaria mortality rates 

have been reduced by 29% and even by 35% among children under 5 since 2010 

(1). Nevertheless, continuous outbreaks of vector resistance associated with the 

spread of resistance among parasites to classical antimalarial treatments are the 

reason for the devastating effects of this disease. Therefore continuous discovery 

and development of novel antimalarials are needed to combat malaria (12,13). 

 
1.2 Conquer malaria 

The primary way to overcome malaria is the vector control via insecticide-

treated mosquito nets (ITNs) and indoor residual spraying (IRS) in areas of high 

risks. The most effective and affordable insecticide is 1,1,1-Trichloro-2,2'bis(p-

chlorophenyl) ethane DDT, the first synthetic organic (14). It was intensively used to 

combat malaria in 1940s to 1970s before it was banned in 1972 because of its 

impact on the environment and human health (14). However after several years of 

debating 2006 WHO gave again a clean bill to use of DDT to combat malaria in 

Africa due of the great burden of malaria and the current expensive and ineffective 

vector control strategies (15,16). 

The alternative, long-lasting insecticidal nets (LLINs) are containing pyrethroids, 

which lead to a protection of up to 3 years and is highly recommended especially for 

young children and pregnant women in endemic areas. Between 2010 and 2015, the 

use of these ITNs increased in sub-Saharan Africa there by 80%. However, mosquito 

resistances to pyrethroids are already reported and in some areas, even all 4 classes 

of insecticides show already a decreased effect (1).  

 
1.2.1 Drug treatment 

One of the oldest known antimalarials is the quinine, an alkaloid derived from 

the bark of the cinchona tree. It was brought in the 17th century from Peru to Europe 

and was first isolated in the 19th century from French researchers Pierre Joseph 

Pelletier and Joseph Bienaimé Caventou. However, the first synthetic antimalarial 

drug, methylene blue, was introduced 1891 by Guttmann and Ehrlich. Methylene blue 

is a specific inhibitor of the glutathione reductase and interferes with the haemozoin 



 
 

 
 

polymerisation (17). Because its uncommen side effects (green urine and blue 

sclera) it was discarded as antimalarial and replaced with chloroquine (CQ)(18). 

However because of its potential to reverse CQ resistance, today methylene blue is 

again considered as potential drug against Plasmodium spp. (18). In 1940 CQ took 

over as the new antimalarial drug of choice (19). Already in 1934, Hans Andersag 

discovered the quinine-related CQ (20), which was massively used worldwide. All 4-

aminoquinolines, including quinine, CQ, mefloquine, amodiaquine and the quinoline-

methanols, are supposed to interfere with the plasmodial heme detoxification inside 

the digestive vacuole (DV) killing thereby the parasite (21,22). Despite the 

advantages of CQ, such as high efficacy, low production costs and low toxicity, the 

need for new drugs raises because of the appearance of CQ-resistant Plasmodium 

strains in the late 1950s (2). The resistance is mediated through mutations in the P. 

falciparum chloroquine resistance transporter (PfCRT) located on the DV membrane 

allowing the efflux of CQ (23,24). 

Figure 3 – Occurrence of antimalarial drug resistance of P. falciparum. 

 
The resistance of P. falciparum to the still in use antimalarial drugs, such as chloroquine, sulfadoxine-
pyrimethamine and mefloquine are already widespread as seen in the global map from 2005 (25). 

 
However, antifolates were discovered as an alternative, acting through the inhibition 

of the biosynthesis of tetrahydrofolate (the active form of folate, vitamin B9), solely 



 
 

 
 

present in the parasite. Antibiotics like sulfadoxine (a sulfonamide antibiotic) inhibit 

the enzyme dihydropteroate synthetase, while pyrimethamine serves as an inhibitor 

of the dihydrofolate reductase and dihydropteroate synthase (26,27). To enhance the 

effect both drugs were used in combination to inhibit two different steps in the same 

biosynthesis. Nevertheless, in 1970 the first resistances were noted in Thailand and 

from there spread rapidly through Asia and to the African continent (Figure 3) 

(24,26). 

Because of the fast spreading of resistances against all known antimalarials new 

drugs were urgently needed and in the 1970s isolated artemisinin from the Chinese 

herb qinghaosu seemed to be the solution. Artemisinin was effective against all multi-

drug resistant parasites (28). There exist several artemisinin derivates, which all are 

reducing the blood parasitemia very rapidly. However, the drug half-life is very short 

which is the reason why is the drug only given in combination with other 

antimalarials, known as artemisinin combination therapy (ACTs)(29). The mode of 

action of artemisinin is still not cleared but it is suggested that artemisinin gets 

activated by iron which in turn inhibits PfATP6 (a calcium pump) which leads to 

parasites death (30). Recently was demonstrated that artesunate, an artemisinin 

derivative, is inhibiting a novel membrane bound GST (PfGST2/PfEXP1) (31). Untill 

today ACTs are the treatment of choice for uncomplicated malaria. Nevertheless, 

parasites with resistance to artemisinin were identified already in 5 countries of South 

East Asia (Cambodia, Laos, Myanmar, Thailand and Viet Nam). Fortunately, ACTs 

seem still successful when used in combination with other drugs. However, the 

search for new antimalarial drugs has to continue and novel drug targets have to be 

discovered before the spread of the ACT-resistances. 

Another strategy for new antimalarials is to block the parasite transmission by 

targeting the liver or the sexual stages of the parasite. Till today there is just one drug 

family available attacking also hypnozoites. The 8-aminoquinolines like as 

primaquine is the only available drug to use for relapsing malaria caused by P. vivax 

or P. ovale. The mechanism of action is still unclear but probably involves 

cytochrome P450s and monoamine oxidase, as well as the formation of reactive 

intermediates (32). However, due to the risk of hemolytic anaemia, glucose-6-

phosphate-deficient patients infected with malaria should not be treated by 



 
 

 
 

primaquine, as well as a pregnant woman. Since the combat against the liver and 

sexual stage could lead to a clinically relevant reduction of malaria, new drugs for 

these stages are important. Tafenoquine could be one of these promising agents 

showing already several benefits over primaquine (32). 

 
1.2.2 Vaccination 

The use of vaccination against malaria would lead a big step forward to the 

eradication of this disease. However, the complex live cycle with their multistage and 

the genetic diversity of Plasmodium spp. hinder the approaches to develop a vaccine 

hence there is currently no effective vaccination available. However, in 2015 the first 

malaria vaccine RTS,S/AS01 against P. falciparum was accepted for pilot 

implementations in 3 countries in sub-Saharan Africa. Before, large clinical trials in 7 

countries in Africa were completed with positive evaluation by the European 

Medicines Agency (1). 

RTS,S/AS01 targets pre-erythrocytic stages of the Plasmodium infection. This might 

result in a reduction of liver stage schizonts releasing merozoites, which will induce 

the blood stage proliferation. Previous field trials showed already a partial protective 

effect, with efficiencies around 30-50% (33). This seems rather disappointing but this 

pilot project could open the way to an increased attention on the discovery of 

vaccines. However the vaccination program with RTS,S/AS01 is intended to start in 

2018 (1). 

 
1.2.3 Innate Resistances 

Knowing the long lasting history of human malaria it is certainly no surprise 

that this disease had a selective pressure on the human genome evolution. This was 

first recognised and described in 1949 by J.B.S. Haldane. He found a correlation 

between malaria-endemic regions around the Mediterranean Sea and the local 

frequency of thalassemia which seemed to mediate a protective effect against human 

malaria (34,35). Consequently, Haldane formulated his hypothesis of ―balanced 

polymorphisms‖, where the enhance fitness against malaria acquired from a 

heterozygote carrier phenotype would prevail over the disadvantages of the 



 
 

 
 

homozygote phenotype, which causes the genetic disease. This hypothesis is today 

known as the ―malaria hypothesis‖ and was first confirmed in 1954 for the sickle cell 

trait (36). Additionally to the sickle cell trait and thalassemia, there are several other 

red blood cells mutations which provide a certain resistance to malaria, like Glucose 

6-phosphate dehydrogenase (G6PD) deficiency, pyruvate kinase deficiency, the 

absence of Duffy antigens and other haemoglobin (Hb) mutations (HbC, HbE). The 

precise mechanisms of action are despite years of research still unknown. However, 

two major reasons are discussed in the literature. On the one hand, the proliferation 

of the parasite within altered erythrocytes could be impaired because of limited 

access to Hb or the increased oxidative stress. On the other hand, an enhanced 

immune response could diminish the appearance of differently formed RBCs. 

 
1.2.3.1 Sickle cell disease 

Sickle cell trait is the term of heterozygote sickle cell anaemia, which was first 

described by J.B. Herrick in 1910 (37). It is driven by a single point mutation in the  

chain of the Hb gene, resulting in the exchange of glutamate at position 6 to valine. A 

Hb molecule with such a mutation is termed HbS. As a result, the deoxygenated HbS 

tetramer gained a hydrophobic motif which mediates the binding between a 1 of one 

HbS molecule to the 2 chain of another. This results in an aggregation of HbS 

molecules to long polymers which disrupt the erythrocytic shape and their flexibility 

generating cellular dehydration and oxidative stress (38). Patients having sickle cell 

disease suffer primarily from vaso-occlusions and hemolytic anaemia. 

In 2013 about 3.2 million people were diagnosed with the sickle-cell disease and 

another 43 million with sickle-cell trait (39). The highest occurrence of this HbS 

mutation is in sub-Saharan Africa which involves around 80% of all sickle cell 

diseases in children (40). The heterozygote HbAS form consisting of one WT Hb 

gene (HbA) and one HbS gene show protection against malaria, respectively. This is 

demonstrated by a lower parasite density in infected HbS children compared to 

HbAA children as well as by a decrease in severe malaria and mortality of 50-90%. 

This occurrence has been analysed for more than 50 years (36,41,42) and the 

respective mode of action has been studied as well. 



 
 

 
 

However, a precise mechanism has not been identified yet and all hypotheses 

relating to a protective role against malaria fall into three main categories. Early work 

suggested both, erythrocytes containing HbS are less supportive for P. falciparum 

proliferation under low oxygen tensions as well as a reduction of the parasite 

invasion event into HbS carrying erythrocytes under low oxygen levels (43,44). 

Further it has been observed that HbS cells deposit oxidized, denaturated 

haemoglobin at the inner site of the erythrocytic membrane (45), which occurs to a 

higher extent in HbS- than in HbA-red blood cells (RBC) and is even forced by the 

release of non-heme iron that also binds to the RBC membrane (46,47). Due to this 

denaturating, pro-oxidative environment, the intracellular proliferation of the malaria 

parasite might be attenuated (48). Secondly, an increased degree of phagocytosis of 

the respective infected erythrocytes could explain the low parasitemia in HbS carriers 

(49,50). Recently, data have been accumulated which suggest that HbS might be 

involved in pathophysiological consequences of P. falciparum by reducing the 

amount of proteins such as PfEMP1 encoded by the var-gene family on the surface 

of the erythrocyte which leads to a higher level of sequestration (51,52). Indeed in a 

very recent study by Cyrklaff and colleagues (53), it has been implicated that HbS 

carrying erythrocytes influence the actin cytoskeleton and the Maurer’s cleft 

formation and thereby impair the vesicle transport towards the erythrocytic surface. 

More recently, it has been suggested that HbS is mediating a higher tolerance of the 

host as shown by a non-reduction of the parasite quantity or virulence (54,55). 

Although these experiments were of some controversial nature as already outlined by 

(56), the focus was on how the parasite is proliferating in an elevated oxidative 

environment. Humans who are sickle cell carriers have higher levels of free, non-

protein bound heme in the blood circulation (57), which is potentially toxic, due to its 

oxidative nature. It has been suggested that increased levels of human heme 

oxygenase 1 (HO-1) might detoxify free heme to CO, biliverdin and iron that binds 

subsequently to the protein ferritin H chain in HbS blood and thereby renders 

complicated (cerebral) malaria (54). However, it remains questionable whether the 

protective nature of the increased level of free heme in HbS carriers is related to a 

higher tolerance to an increased level of oxidative stressor-mediated by HO-1 or to a 

higher susceptibility of the parasite by a decreased parasitemia (36) within a pro-

oxidative environment. 



 
 

 
 

1.2.3.2 Thalassemia 

Similar to the sickle cell trait, thalassemia is also hemoglobinopathies driven 

by the decrease in synthesis of α- or -globin (α- and -thalassemia). In 2013 about 

208 million cases were noted with about 4.7 million severe forms of thalassemia and 

resulting in 25,000 deaths (39,58). It mostly occurs around the Mediterranean Sea, 

Middle Eastern, South Asian and sub-Saharan Africa correlating with the distribution 

of malaria infections. In some of this regions, α-thalassemia occurs even in up to 50% 

of the population (59). This is indicating the former propose of Haldane, that milder 

forms of thalassemia provide a certain protection against malaria (34). 

The α-thalassemia disorder involves the genes HBA1 and HBA2 encoding for the Hb 

α-chains on chromosome 16. The severity of the disease depends on if one (-α/αα), 

two(--/αα; -α/-α), three (--/-α) or all four (--/--) genes are inactive either by deletion or 

point mutations. Because of the followed excess of - or -chains in new-borns 

unstable HbH tetramers consisting of 4 beta chains are formed. The formation of -

chains tetramers in a homozygote α0 fetus often results in a soon death because of 

the high affinity to oxygen, which hinders the transport of oxygen to the tissues. 

Nevertheless, α-thalassemia shows a protective effect against P. falciparum infection 

around 40% (60–64). The mechanism of action is still unknown but it has been 

reported that the parasite density in blood is not different than for (αα/αα) children 

(60,61,63–65). This rejects the possibility of impaired growth or an enhanced removal 

of iRBC by the immune system as a possible mode of action (60,66). Currently, a 

discussion of a weakened cytoadherence as the reason for the protective effect has 

been initiated (59). 

The decrease of active -globin driven by gene mutation is the cause of -

thalassemia. Up today there are around 300 mutations described (67). The most 

common are HbE where the glutamic acid at position 26 is exchanged for a lysine. 

HbE carriers usually show no clinical effects (68,69), but provide an resistance 

advantage towards P. vivax infections, and to a lesser extent to P. falciparum (70–

72). 

 



 
 

 
 

1.2.3.3 Duffy antigen negative 

The Duffy antigen chemokine receptor (DARC), also known as Fy glycoprotein 

(FY) is a glycoprotein receptor on the surface of red blood cells (73). The receptor 

serves for several chemokines and is important for the merozoite invasion into RBC 

of P. vivax and Plasmodium knowlesi (74,75). In 1950 the first antigen (Fya) of the 

DARC-family was discovered, followed several other resulting in a total of six: FyA, 

FyB, Fy3, Fy4, Fy5 and Fy6 (76,77). However, the mediated resistance is dependent 

mainly on two of these antigens, FyA and FyB. A single nucleotide substitution 

polymorphism (SNIP) (DARC 46 T → C) in the promoter region of the Duffy antigen 

gene results in the suppression of their expression. Duffy negative includes 

individuals which have this mutation on both alleles (78). 

Similar to P. falciparum, P. vivax is distributed around tropical countries. However, in 

West and Central Africa, a low occurrence is noticed. In parallel up to 90% of the 

population of this area shows a lack of Duffy receptors (75,79). It is believed that the 

heavy burden of P. vivax forced the selection of a Duffy-negative population over the 

time, resulting in the elimination of P. vivax in this region (80). 

Nevertheless, there is evidence that P. vivax is able to infect Duffy negative RBC as 

it was shown for populations in Western Kenya, the Brazilian Amazon region and 

Madagascar (81–83). Although the resistance is not protecting completely against P. 

vivax infection it remains a good example of innate resistance against malaria. 

 
1.2.3.4 Pyruvate kinase deficiency 

A recent example of the malaria hypothesis is the pyruvate kinase (PK) 

deficiency mediated resistance towards malaria (84). PK catalyses the last step of 

anaerobic glycolysis converting phosphoenolpyruvate (PEP) into pyruvate releasing 

ATP. Because of the absence of mitochondria in mature erythrocytes, this step is 

responsible for creating about 50% of the RBC total ATP production (85). Therefore 

PK deficiency leads to a decreased ATP concentration resulting in a shorter 

erythrocyte lifespan (85). 

PK deficiency was first described in 1961 and is caused by mutations in the PK, liver 

and RBC (PKLR) gene on chromosome 1q21 (86,87).Today more than 200 



 
 

 
 

mutations are known which result in clinical symptoms like nonspherocytic hemolytic 

anaemia in homozygous and compound heterozygotes patients (88,89). With one out 

of 20,000 persons who have PK deficiency this disease is the second most common 

enzymopathy after G6PD deficiency (90). 

Recently a geographical co-distribution between malaria and PK deficiency was 

shown by Machado and colleagues demonstrating the highest prevalence in the 

Middle East and sub-Saharan Africa (84). The protective effect was already revealed 

for in vivo malaria infection in the murine models and under culture conditions using 

human PK-deficient blood (91). The mediated resistance and the co-distribution with 

human malaria suggest that it might be a selective pressure resulting in the 

development of PK deficiency variants (92,93). 

 
1.2.3.5 Glucose 6-phosphate dehydrogenase deficiency 

The most common enzymopathy is a G6PD deficiency with more than 400 

million cases worldwide (94). Although G6PD mutations are distributed all over the 

world the main prevalence is in Africa, southern Europe and Asia, as well as the 

Middle East and southern Pacific islands (Figure 4). This is remarkably similar to the 

world distribution of malaria leading to the idea of a G6PD deficiency mediated 

protective effect (80). 

G6PD deficiency was first known as favism because of the pathological symptoms 

like hemolytic anaemia occurring after the consumption of fava beans (95). In 1956 

G6PD deficiency was described for the first time, seeing low levels of G6PD in 

patients with hemolytic anaemia using the antimalarial drug primaquine. 

Subsequently, the correlation of favism and G6PD deficiency was published (96). 

G6PD is catalysing the first step of the pentose phosphate pathway (PPP) providing 

the reduced form of nicotinamide adenine dinucleotide phosphate (NADPH). NADPH 

is the reducing agent in many enzymatic reactions and is playing a key role in 

protection against oxidative stress via the glutathione system. Especially in 

erythrocytes which lack mitochondria, the PPP is the only source of NADPH making 

the G6PD essential to counterbalance oxidative stress (97). 



 
 

 
 

The G6PD deficiency is a X-linked, hereditary genetic disease with a gene location at 

the telomeric region of the long arm (98,99). Because of the X-linked pattern the 

disease occurs more in males who are either G6PD deficient or not. Females, 

however, have two alleles and can be heterozygote mosaics because of the X 

chromosome inactivation (lyonization) (100). 

 
Figure 4 – World distribution of G6PD deficiency. 

 
World prevalence of G6PD deficiency using coloured data points compared to the malaria distribution 

as background map (101). 

 
G6PD is active as a tetramer or dimer with a NADP+ molecule in each subunit. The 

quaternary structure is essential for the enzyme activity and therefore, it is no 

surprise that often G6PD deficiency is due to mutations interfering with the enzyme 

conformation (100). There are about 140 different mutations described which are all 

located in the enzyme coding sequence (102). Most of them are single base 

exchanges leading to various biochemical and clinical different phenotypes. 

However, mostly G6PD deficient individuals show no clinical symptoms when not 

exposed to oxidative stress triggers like drugs, infection or fava beans (103). In some 

severe cases, patients develop neonatal jaundice or acute hemolytic anaemia which 

could lead to permanent neurological damage or death (104). 

As already suspected G6PD deficiency mediates resistance against malaria. It was 

already seen, that individuals with this condition have a protection up to 50% against 



 
 

 
 

severe P. falciparum malaria (105,106). More recent studies show a protective effect 

also against P. vivax infection (107,108). In both infections, a lower parasite density 

was found. However no mechanism of action for G6PD deficiency mediates malaria 

resistance is known, there are several theories which are discussed, like an 

enhanced phagocytosis (109–111) or the impairment of parasite growth because of 

increased oxidative stress. It was already refuted that the reason is an increase of 

antibodies against P. falciparum merozoite surface protein 2 (MSP2). G6PD deficient 

individuals showed even a lower level of MSP2 IgG3 antibodies (112). Moreover it is 

still discussed if the protective effect is given for male hemizygote or just for female 

heterozygote individuals (106,113–117). 

 
1.3 Oxidative stress 

1.3.1 Formation of reactive oxygen species 

Reactive oxygen species (ROS) is a term to describe by oxygen- (O2) 

derivates driven free radicals, such as superoxide anion (O2
•-), alkoxyl radical (RO•), 

peroxyl radical (ROO•), and the highly toxic hydroxyl radical (HO•), as well as 

nonradicals like hydrogen peroxide (H2O2), singlet oxygen (1O2), hypochlorous acid 

(HOCl) and ozone (O3). Reactive nitrogen species (RNS) are similar reactive 

molecules containing nitrogen, such as nitric oxide. They are by-products of the 

normal cell metabolism or driven by exogenous sources like drugs, xenobiotics or 

pollutants. ROS can be important signalling molecules for cell proliferation and 

differentiation (118,119) as well as harmful to the cell and tissues leading to 

apoptosis and cell death (120). Therefore the balance of ROS formation and 

detoxification is essential for the cellular homoeostasis and depends on pro- and 

antioxidant enzymatic reactions as well as antioxidant molecules. 

One of the main sources of ROS production is the mitochondrion. Through the inner 

mitochondrial membrane, electrons are translocated via the electron transport chain 

(ETC) reducing in their final step O2 to water and so finally producing adenosine 

triphosphate (ATP) via the ATP-synthase complex. Here about 1-2% of the electrons 

pass through and produce in the presence of metal ions (present in Complex I and 



 
 

 
 

Complex III) ROS, such as O2
•- and H2O2 via the Fenton and/or Haber-Weiss 

reactions leading to the dangerous HO• (121,122): 

Fe3+ + O2
•- → Fe2+ + O2 

Fe2+ + H2O2 → Fe3+ + OH- + OH• 

O2
•- + H2O2 → HO• + OH- + O2 

Also the endoplasmic reticular (ER) can be responsible for the increase of ROS for 

e.g. through monooxygenases like cytochrome P450 (CYP) (123). CYPs are 

important for the detoxification of the ER and catalyse the oxygenation of an organic 

substrate by reducing O2 to water. 

RH + O2 + NADPH + H+ → ROH + H2O + NADP+ 

When the reaction of O2 and the organic substrate not tightly coupled, electron 

equivalents derived from NADPH can react directly with O2 forming a CYP–oxygen 

complexes which will dissociate and form ROS as O2
•- and H2O2 and HO• (123–125). 

Furthermore, another significant source of cellular ROS are the peroxisomes, which 

are ubiquitous subcellular organelles. They are responsible for the -oxidation of fatty 

acids, biosynthesis of ether phospholipids as well as the metabolism of ROS. Certain 

enzymes like the flavin oxidases catalyse the reaction of O2 with organic substrates. 

In this oxidative reaction ROS can be generated. It is already described that 

peroxisomes are responsible for H2O2, O2·
– and 1O2 cellular production (126). Thus 

peroxisomes are present in almost all eukaryotic cells (127,128) some organisms 

suffered its evolutionary loss, such as several parasitic lineages including 

Plasmodium spp (129). 

The last important source to mention are the NADPH oxidase (NOX) complexes 

which are the only enzymes, whose biological function is the production of ROS. The 

first NOX described was the phagocyte NOX2 (NOX2/gp91phox) which is highly 

expressed in granulocytes and monocyte-macrophages (reviewed in (119). Here 

ROS generation is used for the active killing of microorganisms. However, up today 

six more NOX homologous were found, which are localised in almost every tissue. 

https://en.wikipedia.org/wiki/NADPH_oxidase


 
 

 
 

Interestingly, though, a defence function is just described for NOX2. The active 

generation of ROS suggests that this molecule has to have an important role for cell 

development and survival. Besides host defence, NOX driven ROS production has 

been associated with the posttranslational processing of proteins, cellular signalling, 

regulation of gene expression, and cell differentiation (119). 

Despite the advantages of ROS generation, an increase of this molecules results in 

dangerous cell damage. In normal cells, intracellular levels of ROS are maintained in 

balance with intracellular biochemical antioxidants and when this balance is disrupted 

it can be called an oxidative stress situation. In this case, ROS reacts with several 

molecules like carbohydrates, proteins, lipids, or nucleic acids, resulting in 

consequences such as lipid peroxidation or unfolded protein response (UPR) in the 

ER. If the oxidative stress level is too high and too much damage occurs, a cell will 

undergo apoptosis or programmed cell death. 

 
1.3.2 The oxidative defence system of erythrocytes 

The primary biological function of erythrocytes is the transport of O2 from the 

lungs to all blood tissues. Therefore the cytoplasm is rich of haemoglobin, which can 

bind O2 via its iron-containing heme group. To use the whole cytosolic capacity RBC 

lacks mostly all organelles as well as the nucleus. Although RBCs are not exposed to 

ROS-driven by the above-mentioned organelles like mitochondrion, ER and 

peroxisomes RBCs are continuously exposed to both cellular and extracellular ROS 

(130). One of the main intracellular sources of ROS in RBS is the autoxidation of Hb 

under hypoxic conditions, leading to the formation of O2
•- which will rapidly convert to 

H2O2. Because of the iron-containing heme group the generation of HO• via the 

Fenton and/or Haber-Weiss reactions is also possible. New approaches show that 

RBCs contain a ROS producing NOX and therefore enzymatically catalysing ROS. It 

is suspected that these RBC-NOX are involved in sickle cell disease, although RBC-

NOX were also found in healthy erythrocytes (131). Xenobiotic floating in the blood 

stream is exogenous exposure of RBCs to ROS as well as free heme after 

haemolysis as well as free radicals released via neutrophils and macrophages into 

the plasma (132). However, experiments showed that as well as intracellular as well 

as extracellular generated ROS are rapidly neutralised by the RBC antioxidant 



 
 

 
 

system (132). To do so RBCs have a comprehensive antioxidant system (Figure 5) 

involving both non-enzymatic antioxidants like glutathione and ascorbic acid and 

enzymatic antioxidants including superoxide dismutase, catalase (133) glutathione 

peroxidase (134) and PRDX-2 (135,136). 

 
Figure 5 – Oxidative defence system of red blood cells. 

 
The oxidative defence system of RBCs consisting of superoxide dismutase, catalase the glutathione 
and thioredoxin system as well as peroxiredoxin-2 and the essential vitamin C. Source: (137). 

 
Via autoxidation or Fenton reactions resulted cytosolic O2

•- is converted to H2O2 by 

superoxide dismutase. This can be either neutralized by the glutathione (GSH) 

system or via TXN both NADPH-dependent systems. GSH is a small tripeptide ( -L-

Glutamyl-L-cysteinylglycine) which serves as an important antioxidant due to its thiol 

group. On the other hand, TXN is a small redox protein which facilitates the reduction 

of other proteins. Both GSH and thioredoxin reductase (TXNR1) are able to reduce 

vitamin c (ascorbic acid) which subsequently neutralises O2
•-, H2O2 and oxygen free 

radicals (137). 



 
 

 
 

GSH is also important together with peroxiredoxin 2 (PRDX2) to stabilise 

haemoglobin by preventing and reversing oxidation that causes disulphide cross-

links between globin chains. The in this way resulting a change of haemoglobin 

structure is the potential reason for the formation of the typical G6PD deficient RBCs 

appearance the 'Heinz bodies'. Finally, RBCs contain a catalase (CAT) which is 

NADPH-independent and is able to catalyse H2O2 to H2O and O2. 

 
1.3.3 The oxidative defence system of P. falciparum 

During the erytrocytic stage of P. falciparum’s life cycle the parasite has to 

adept himself to the oxidative environment of the host cell. Therefore he needs an 

effective oxidative defence system which protects him from ROS driven by the RBC, 

as well as from the host immune response and his own ROS products driven by the 

degradation of Hb (138). The parasite uptakes Hb from the RBCs cytosol and digests 

it inside the DV. The released highly reactive heme is than bound as a non-toxic 

criystal, the haemozoin. However, small amounts of free heme are released into the 

parasites cytosol where it reacts with O2 to O2
•- and H2O2 which can lead to oxidative 

damage and parasites death (139). Another main source of ROS in P. falciparum is 

the mitochondrion as already described above. Nevertheless Plasmodium spp. does 

not possess a peroxisome (129) or NOX complexes. 

The adaptation to this oxidative milieu is critical to the parasites survival, therefore 

already in the early blood stages at least five different antioxidant proteins are 

expressed (140). However, Plasmodium lacks a catalase and glutathione peroxidase 

(141,142) and therefore it has established several other mechanisms to detoxify 

H2O2 and other ROS (Figure 6). Superoxide dismutases in the cytosol (PfSOD1) and 

in the mitochondrion (PfSOD2) catalyze the reaction from O2
•- to H2O2. Cytosolic 

H2O2 either react with O2
•- to the highly reactive HO• or can be neutralized by TRX 

dependent peroxidases, which are part of the main system to remain the redox 

homeostasis together with the GSH system (143). Both GSH and TRX antioxidant 

mechanisms are NADPH dependent and can be recycled by GSH or TRX 

reductases. Plasmodium is able to synthesis GSH de novo an important small 

molecule for the detoxification via PfGST and glyoxalases. Plasmodium contains two 

PfGSTs, one localised in the parasites cytosol detoxifying e.g. hemin and different 



 
 

 
 

intracellular xenobiotics (144). PfGST2 previously known as PfEXP1 is localised in 

the parsitophorous vacuolar membrane and is contributing in the hemin/haematin 

detoxification (145). PfGST2 was also shown to be a potential target of the 

antimalarial artesunate (31). GSH is also an important co-factor for the glyoxalases 

which is reacts with a toxic by-product of the glycolysis, methylglyoxal to D-lactate, 

which than can be secreted (146). 

 
Figure 6 – Oxidative defence system of P. falciparum. 

 
The oxidative defence system of P. falciparum is important to conter ROS driven from mitochondria 
and Hb digestion. Superoxide dismutase catalyze the reaction from O2

•-
 to H2O2 which will be 

neutralized via the TRX system. The de novo synthesis of GSH is present in the parasite providing 
GSH as a co-factor for PfGSTs and other detoxifying enzymes like glycolases. Source: modified from 
(147). 

 
Interestingly P. falciparum contains the biosynthesis pathway for Vitamin B6, as well 

as the possibility for scavenging it from the blood plasma. Vitamin B6 is a co-factor in 

more than 100 enzymatic reactions and additionally is highly relevant to quench 

oxidative stress, due to its role in singlet oxygen (1O2) detoxification (148,149). 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6 CONCLUSION 
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PfGST is one of the most abundant protein in P. falciparum and highly important 

for parasites survival. Its main function is the detoxification of hydrophobic and 

endogenous/exogenous electrophilic compounds, eliminating cytotoxic hemin by 

coupling GSH and neutralization of H2O2. In this we work reinforce the importance of 

PfGST showing its role in enhancing parasite’s growth in G6PD deficient RBCs, 

which are known to mediate malaria resistance. Those cells are more susceptible to 

oxidative stress resulting in the formation of Heinz body, erythrocyte destruction and 

subsequent hemolytic anemia. Under normal conditions G6PD deficient erythrocytes 

can cope with low levels of ROS as indicated by no difference in ROS concentration, 

RBC appearance and leading to no clinical symptoms. 

P. falciparum infected G6PD deficient RBCs show just a slight increase in 

intracellular ROS compared to WT blood but have a comparable growth behavior in 

the first days of culturing. However after long term culturing (more than 15 days) the 

proliferation of the pathogen is decreasing. This effect was reversed by 

overexpression of plasmodial PfGST, leading to an equivalent growth in G6PD 

deficient blood as in WT blood. Moreover PfGST overexpressing decreases the ROS 

occurrence in both blood types. This result leads to the proposal that after long term 

culturing, elevated exogenous ROS alters the redox homeostasis of G6PD deficient 

RBCs leading to lipid peroxidation and oxidation of DNA and proteins. 

Overexpression of the plasmodial PfGST is protecting the parasite by detoxifing 

oxidised biomolecules via coupling GSH and exporting GS-X conjugates via MRP 

outside of the cell. Additionally PfGST is able to neutralize the access of H2O2 and 

thereby increasing the fitness of P. falciparum inside G6PD deficient RBCs.  

However there are several other enzymes which have been reported to be involved 

in the defence of oxidative stress including a recently identified membrane-bound 

PfGSTF2/PfEXP1. In order to verify whether PfGST is the only enzyme to enable 

P. falciparum to proliferate normally in G6PD-deficient RBCs further analyses of other 

ROS detoxifying pathways are required. 
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