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Abstract
Malaria remains a major cause of morbidity and death, especially in developing
countries. The effectiveness of conventional antimalarial drugs is waning and
there is an urgent need for novel therapeutic approaches. An understanding of
malaria parasite biology should facilitate the development of effective therapies
that prevent and/or treat malaria. The present studies explore the potential of
vitamin A (retinol) as an antimalarial agent. Retinol may act by changing the
oxidant milieu within the malaria parasite. Therefore, the nature and
consequences of oxidant injury during malaria infection, and its treatment with
retinol, have also been explored.

The antimalarial potential of retinol was characterised using an established in
vitro culture system allowing assessment of efficacy through [3H]-hypoxanthine
uptake at different erythrocytic stages of development of Plasmodium
falciparum. Retinol losses during culture were significant (>50%). After adjusting
for these losses, all parasite stages (early rings to mature trophozoites) showed
similar retinol sensitivity, with values of the mean assayed concentration
resulting in 50% growth inhibition (IC50) ranging from 10.1 to 21.4 µM. This
range was above that in normal human serum (<3 µM) but below that
associated with haemolysis in culture (>43 µM). Retinol pre-treatment of
uninfected erythrocytes did not inhibit merozoite invasion. Retinol-treated
parasites exhibited vacuolisation of the food vacuole and membrane rupture.

A P. berghei murine model was used to determine the in vivo preventive and
therapeutic efficacy of retinol. Multiple-dose retinol given to healthy Swiss mice
before parasite inoculation reduced parasitaemia by 30%, a result comparable
-x-

to the previously reported reduction in morbidity after vitamin A supplementation
in children. A lesser reduction in parasitaemia of 10% was observed when
retinol was given after the parasitaemia reached 10-15%. Retinol was
ineffective in reducing parasitaemia when given either as single-dose
supplementation post-inoculation or at regular intervals before and after
infection. Retinol supplementation did not change plasma retinol concentrations
during malaria infection whether or not retinol was given, but malaria attenuated
the increase in liver retinol content. These data suggest that retinol has most
value as prophylaxis. In contrast to published data from humans, previously
healthy mice did not develop low plasma retinol concentrations during acute
infection.

The same murine model and experimental groups were used to assess malariaassociated oxidative damage and the influence of retinol supplementation. The
concentrations of a free radical lipid peroxidation end-product, F2-isoprostane,
were measured in plasma, erythrocytes and liver from control and infected
animals. Malaria infection increased F2-isoprostane by 1.8, 2.8 and 4.9 fold
respectively, changes at least as great as reported previously by other groups.
Retinol had no influence on F2-isoprostane levels. These data show that malaria
infection promotes lipid peroxidation and that retinol had minimal anti-oxidant
effect. The liver composition of poly-unsaturated fatty acids (PUFA) was altered
by P. berghei infection, providing supporting evidence for membrane lipid
peroxidation.

The anti-Plasmodium effects of the retinoids all-trans retinoic acid (RA), 9-cis
RA and 13-cis RA, and retinyl palmitate, were assessed in vitro, together with
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three selective RA receptor antagonists, ER27191, Ro415253 and AGN194301.
All-trans RA, 9-cis RA and 13-cis RA each had antimalarial activity in
concentrations ranging from 5×10-10 to 1×10-4 M, but at IC50 values (5.9×10-5 to
7.9×10-5 M) less than those of retinol. Retinyl palmitate had minimal antiPlasmodium effect. Each antagonist inhibited parasite growth (IC50 1.2×10-5 to
3.0×10-5 M) but, in isobolographic analyses, antagonised retinol and, in the case
of Ro 415253, all-trans RA. These data suggest that retinol has greater
antimalarial activity than other retinoids. The paradoxical antimalarial activity of
specific RA receptor antagonists may reflect structural homology.

The present data suggest that available retinoids have a direct toxic effect on all
asexual stages of malaria parasite development. However, more potent
derivatives than retinol are needed if this class of compounds is to be used to
treat acute malaria. Lipid peroxidation, a feature of malaria that affects cellular
components in a wide range of tissues, is likely to contribute to complications
such as anaemia and liver dysfunction. Pharmacological retinol administration
does not influence malaria-associated oxidant stress. The relative potency of
retinol in a prophylactic setting and the known diverse biological activity of the
retinoids, suggests that they may have adjunctive beneficial effects in malaria
(including immunomodulation) that are worthy of further study.
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Preface
The experimental work described in this thesis was planned as an extension of
a one-year Honours project that I completed at the end of 1999 (Hamzah,
1999). The project investigated a possible involvement of the nuclear retinoid
receptors RAR and RXR in mediating the effect of retinol against Plasmodium
falciparum in vitro. Attempts to characterise RAR and RXR genes were
subsequently abandoned when, during 2000 (the first year of my PhD studies),
the complete genome sequence of P. falciparum was released and no
candidate RXR and RXR genes were identified. Related research was initiated
during 2000 in the form of an assessment of the efficacy of retinoids in cultures
of P. falciparum and the influence of retinoid nuclear receptor antagonists.

The next direction my research took can be divided into three major
components, namely; i) characterisation of the antimalarial effects of retinol and
retinoids in vitro, ii) assessment of retinol supplementation in P. berghei infected animals, and iii) evaluation of lipid peroxidation in malaria infection.
Experiments relating to the in vitro efficacy of retinol and retinoids were
performed in the Medical Sciences Laboratories of School of Medicine and
Pharmacology, Fremantle Hospital, Fremantle, WA. Animal experiments were
conducted at the Animal House Facility of the School of Pharmacy, Curtin
University, Bentley, WA. Biochemical assays were carried out at the i)
Pathology Centre, School of Surgery and Pathology, Sir Charles Gairdner
Hospital, Nedlands, WA, ii) School of Medicine and Pharmacology, Royal Perth
Hospital, Perth, WA, or iii) Biochemistry and Haematology Units, Fremantle
Hospital, Fremantle, WA.
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Chapter 1
Introduction and background
1.1

Introduction

This thesis is concerned with two major topics; the role of vitamin A (retinol) in
malaria and mechanisms and consequences of oxidative stress due to malaria
infection. The literature review (Chapter 2) addresses i) current understanding
of

falciparum

malaria

including

the

life-cycle,

pathogenesis,

biology,

biochemistry and molecular biology of Plasmodium falciparum, ii) the principal
features of Plasmodium berghei, a rodent malaria parasite, in comparison with
those of P. falciparum, with particular reference to its usefulness as an
experimental model of human malaria, iii) free-radical mediated oxidative stress
and subsequent oxidative damage during the course of malaria infection, iv) the
biological functions and possible mode of action of retinol in malaria infection,
and v) the clinical and laboratory background to the relationship between retinol
and malaria.

Data relating to the antimalarial effects of retinol in vitro are described in
Chapter 4. This work was an extension of a preliminary study from our
laboratory

which

found

intrinsic

anti-Plasmodium

activity

at

retinol

concentrations that were close to those in normal human serum (Davis et al.
1998). In the studies described in Chapter 4, the stage-specific effect of retinol
against parasites, losses of retinol and retinol-associated haemolysis in the in
vitro culture system were characterised in detail. These important aspects of in
vitro assessment were not considered in the previous preliminary study.
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The outcome of a study in which retinol supplementation was given to P.
berghei-infected mice is outlined in Chapter 5. The effects of this intervention
on parasitaemia and the levels of plasma and liver retinol and plasma vitamin E
(α-tocopherol) in mice are presented. The relationship between the course of
infection during retinol treatment and the levels of antioxidants in infected and
non-infected mice are discussed.

The in vivo lipid peroxidation caused by malaria infection and the influence of
pro-oxidant and/or antioxidant capacity of retinol on malaria-associated
oxidative stress in vivo are explored in Chapter 6. The studies detailed in this
chapter used the post-mortem blood and liver samples from mice involved in
experiments outlined in Chapter 5. The content of poly-unsaturated fatty acids
and the lipid peroxidation marker F2-isoprostane were measured in these
samples and the implications of the results are discussed.

An investigation into the possible mode of action of retinol is explored in
Chapter 7. These studies are divided into two components. Firstly, the
assessment of the in vitro antimalarial effects of several retinol metabolites is
outlined. Secondly, the influence of three specific RA receptor antagonists on
retinoid-induced growth inhibition of P. falciparum cultures is examined. It
should also be noted that these investigations were conducted before the
complete genomic sequence of P. falciparum was available and published in
Nature in 2002 (Gardner et al. 2000).
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1.2

The disease

Malaria is one of the most common and important parasitic diseases affecting
humans. It is responsible for up to 500 million episodes of clinical infection and
2.7 million deaths annually (World Health Organization 1996). The disease
persists worldwide and can be found in the major continents of Asia, Oceania,
central and south America and almost all African regions. With around 40% of
the world’s population living in malaria-endemic areas, particularly in Africa, this
disease possesses a serious threat to human life at any time from conception to
adulthood. Moreover, individuals who survive and recover from malaria infection
may suffer a combination of anaemia and immune suppression that leaves
them vulnerable to other fatal infirmities (Wirth 2002).

Malaria is a protozoan disease caused by Plasmodium species that is
transmitted to the human host by infected Anopheles mosquitoes. Four
Plasmodium species are responsible for the disease in man: P. vivax, P. ovale,
P. malarie and P. falciparum. P. falciparum is the primary source of severe
malaria. The remaining three species rarely cause death.

In recent years, our understanding of the disease has advanced as a result of
extensive studies in patients and animal models of infection as well as
biochemical, cellular and molecular investigation of the parasites themselves.
One area that is receiving growing attention from malaria research communities
is the mechanism of free-radical-mediated oxidative stress. The contribution of
malaria parasites to oxidative stress, and yet their vulnerability to oxidative
stress, may serve as a platform for the discovery and development of
chemotherapeutic agents against malaria.
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Despite the advances in understanding of disease mechanisms in malaria, the
current management of severe malaria has so far not succeeded in reducing
mortality from severe infection. The mortality of severely-ill children receiving
antimalarial treatment is between 5 and 15% (Marsh et al. 1995; Waller et al.
1995). Measures to eradicate malaria have been ineffective. Methods to curb
transmission by Anopheline mosquitoes including insecticides and insecticideimpregnated bednets are unreliable and unsustainable in reducing mortality and
morbidity associated with the disease (Cham et al. 1997; D'Alessandro et al.
1997). In addition, development of reliable malaria vaccines candidates has so
far proved unsuccessful and results of the recent clinical trials using new
generation vaccines were unimpressive (D'Alessandro et al. 1995; Genton et al.
2003).

Overall, treatment of malaria relies heavily on chemotherapy. Early effective
treatment of falciparum malaria is particularly important in preventing the
progression to a severe and life-threatening infection. Unfortunately, despite the
heavy dependence on chemotherapy, the availability of antimalarial drugs is
frighteningly inadequate. One major challenge is the widespread occurrence of
parasite resistance. For example, chloroquine, a drug that was introduced in the
early 1940’s and served for many decades as a cheap and reliable antimalarial
is now becoming ineffective against falciparum malaria in almost all areas of the
world (Rathod et al. 1997; Warhurst 2001). Chloroquine-resistant strains
emerged in Southeast Asia and South America in the 1950s and spread to
Africa in the 1970s (Warhurst 2001). A study carried out in northeastern Nigeria,
for example, found an increase in resistant strains from 18.7% in 1988 to 24.5%
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in 1995 (Adagu et al. 1995). Similarly, resistant strains of P. falciparum against
other currently available antimalarials such as quinine, mefloquine and
artemisinin have been reported.

The problems of drug resistance signify the need for new and novel
antimalarials to improve the treatment of malaria. Recent studies have helped to
identify new agents, used both alone and in combination with other
antimalarials, which may improve treatment outcome. Consequently, there has
been a growing interest in alternative chemotherapeutics that explore the
importance of micronutrients such as vitamin A (retinol) in the fight against
infectious diseases. Recent results show significant correlation between vitamin
A and the severity of malaria infection. Deficiency of vitamin A in humans and
animals enhances the progression of malaria, whereas supplementation of this
micronutrient reduces the mortality and morbidity of the infection (Shankar et al.
1999; Shankar et al. 2000). These findings reveal a promising role for vitamin A
as an antimalarial agent. In addition, vitamin A derivatives are known for their
unique intracellular modes of action in biological systems, valuable information
that may help to identify their specific mode of action against parasites. This
may aid the development of novel and more potent natural and synthetic
retinoids with similar potential therapeutic effects to those of vitamin A (retinol).
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Chapter 2
Literature review

2.1

Falciparum malaria

Infection with P. falciparum gives rise to the most serious form of the disease since
virtually all deaths result from falciparum malaria (Cook 1986; Greenwood 1997).

2.1.1 Life cycle of P. falciparum
Malaria infection is transmitted by infected female Anopheles mosquitoes as
infective sporozoites are injected into the bloodstream during a blood meal (Figure
2.1a) (Eyles and Jeffery 1949). The life cycle of the parasite begins with the exoerythrocytic development of the injected sporozoites in the hepatocytes of the host
(Shortt and Fairley 1949; Jeffery 1959) (Figure 2.1b). The progression of liver
stage P. falciparum takes approximately 5.5 - 7 days. The sporozoites develop into
tissue schizonts and divide to form approximately 30,000 merozoites (Figure 2.1c).
Once mature, these tissue schizonts rupture and release merozoites into the
circulation (Figure 2.1d). In the circulation, merozoites invade red blood cells
(RBCs) through specific membrane receptors and commence the progression of
erythrocytic stages (Figure 2.1e) (Shortt and Fairley 1949; Pringle 1965)..

Erythrocytic development of the malarial parasite can be morphologically
distinguished into three different stages; the early ring, the trophozoite and the
schizont. Development of the parasite from the ring to schizont stage takes
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approximately 48 hours (Atanasiu et al. 1956). Each cycle produces further
merozoites (around 6 - 24 merozoites per ruptured schizont) that are capable of
invading new erythrocytes (Figure 2.1f).

Environmental conditions can trigger

some of the newly released merozoites to develop into gametocytes (Figure 2.1g).
In the event of ingestion by a mosquito during a blood meal, these female and
male gametocytes are united in a sexual stage cycle leading to the formation of an
oocyst (Figure 2.1h). The rupturing of this oocyst and liberation of sporozoites,
which subsequently migrate to the salivary glands of the mosquito, complete the
life cycle of P. falciparum (Figure 2.1i) (Inselberg 1983; Jones and Hoffman 1994;
White 1996).

The asexual stages of P. falciparum begin with an invasion of merozoites into
RBCs. The merozoite possesses several important features related to invasion of
RBCs, such as the apical organelles and a number of surface proteins (i.e. MSP1,
MSP4/5 and RhopH3) (Chappel and Holder 1993; Cowman et al. 2000; Cowman
et al. 2002). Approximately 10 hours after the invasion of red cell, the merozoite
develops into a complete ring form. The ring form then develops into a trophozoite,
a stage that is characterised by an increase in cell size and cytoplasm. The
trophozoite consumes the haemoglobin of the red blood cell, thereby producing
crystal-like substances known as haemozoin (Deegan and Maegraith 1956; Orjih
2001). The features of heamozoin can be microscopically observed as the pigment
granules in the cytoplasm. Towards the end of the trophozoite stage, the parasite
duplicates its DNA, followed by nuclear division that results in a binuclear parasite.
The parasite enters the schizont stage during its first nuclear division. During
schizogony, the parasite replicates its DNA and divides its nuclei a number of times
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forming a syncytial cell with 8-16 nuclei (Sherman 1979; White 1996; Bannister and
Mitchell 2003). Towards the end of schizogony, the parasite starts to divide its
cytoplasm by budding of small, uninuclear merozoites. The erythrocytic life cycle
ends with schizont rupture, after approximately 48 hours, releasing the merozoites
which invade new red cells (Sherman 1979; White 1996; Bannister and Mitchell
2003).
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Figure 2.1: Illustration of P. falciparum life cycle (See text Section 2.1.1).

2.1.2 Pathogenesis of malaria
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The incubation period between the mosquito bite and the onset of falciparum
malarial illness takes approximately 7- 14 days (Davis 2000). However, the
incubation period may be longer when a person has taken an inadequate course of
malaria prophylaxis (Davis 2000; White 2003). Clinical symptoms such as fever
and chills observed in acute malaria infection occur at the time of rupture of
erythrocytes containing merozoites that are freed to invade new erythrocytes
(Figure 2.1) (Kwiatkowski 1990; Davis 2000). Persistent infection in untreated
cases leads to further complications including cerebral malaria (David et al. 1983;
Marsh et al. 1988; Lou et al. 2001), anaemia (Looareesuwan et al. 1991), acute
respiratory arrest (White 2003), hypoglycaemia (Krishna et al. 1994), hyperpyrexia
(Kyriacou et al. 1996), and renal failure (MacPherson et al. 1985; Trang et al.
1992). The severity of infection depends on parasite survival strategies and the
host’s susceptibility to infection (Dodd 1998; Hviid 1998; Davis 2000).

Of the 4 Plasmodium spp, infection with P. falciparum causes the most severe
malaria. The high fatality rate of P. falciparum is due to its ability to avoid clearance
mechanisms operating in the spleen (Magowan et al. 1988; Ho et al. 1991;
Ockenhouse 1993). Unlike other Plasmodium spp, P. falciparum can modify the
surface of infected erythrocytes leading to adherence of mature stage-infected
erythrocytes to post-capillary venular endothelium (cytoadherence). The adherence
of mature stage-infected erythrocytes to endothelial cells continues until the
merozoites rupture (David et al. 1983; Marsh et al. 1988). The sequestration in
postcapillary vanules of various organs contributes to high parasite density and is
responsible for the development of cerebral malaria and other severe
complications such as renal failure (MacPherson et al. 1985; Davis 2000).
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Another important feature of P. falciparum that distinguishes it from the remaining
Plasmodium spp is its ability to invade erythrocytes of all ages (Davis et al. 1997).
P. vivax and P. ovale prefer young reticulocytes (Mons 1990) and P. malariae
favours senescent erythrocytes (Davis 2000). This non-selective preference of host
erythrocytes contributes to anaemia in most falciparum malaria cases (Davis et al.
1997). Pregnant women and children under 5 years of age are at the highest risk of
malaria anaemia (Phillips and Pasvol 1992; Newton et al. 1997; Verhoeff et al.
1999). The reported case-fatality rate for malarial anaemia varies between 5.6 and
16% (Marsh et al. 1995; Schellenberg et al. 1999). The severity of anaemia in
children is proportionally related to parasite density. However, the effect of
parasitaemia on anaemia decreases with increasing age (Premji et al. 1995;
Schellenberg et al. 1999).

Persons living in an endemic area are often subjected to repeated malaria
infections, and over time, may develop defense mechanism against malaria
(Owusu-Agyei et al. 2001; Dodd 1998; Schellenberg et al. 1999). However, unlike
viral infections such as smallpox in which a single infection is sufficient to produce
complete immunity to subsequent infection, a long-term or protective immunity
against malaria parasites is rare (Hviid 1998; Owusu-Agyei et al. 2001). Natural
immunity against malaria takes a long time to develop, and is only effective under
conditions of repeated exposure. In this situation, individuals become semi-immune
to Plasmodium infection which means that they are capable of carrying parasites in
their blood without having clinical manifestations of the disease (Hviid 1998).
Elimination of asymptomatic P. falciparum parasites in majority of untreated semi- 10 -

immune individuals takes up to 2 years (Dodd 1998; Hviid 1998). However, longer
infection, up to nine years has been recorded (Howden et al. 2005). This long
duration is a source of malarial transmission (Dodd 1998; Schellenberg et al. 1999;
Williamson et al. 1999).

2.1.3 General biology and biochemistry of P. falciparum
Since the studies described in this Thesis focused on erythrocytic stages of P.
falciparum, the discussion on parasite biology, biochemistry and molecular biology
(Section 2.1.3 and 2.1.4) is restricted to the features of P. falciparum during the
blood stages of development.

The primary source of energy for Plasmodium species is glucose (Jensen et al.
1983; Kirk et al. 1996; Agbenyega et al. 2000). Energy is obtained by anaerobic
glycolysis of glucose, which also generates lactic acid (Zolg et al. 1984). The
metabolism of glucose occurs at relatively slow rate during the early state of
erythrocytic stages but increases dramatically when the parasite development
progresses to mature stages (Zolg et al. 1984). The parasites lack citric acid/Kreb
cycle enzymes and therefore are not able to produce energy by the pentose
phosphate shunt pathway (Jagt et al. 1989; Roth 1990). Although Plasmodium
parasites regulate their major metabolic activity anaerobically, they are not strictly
anaerobic (Scheibel et al. 1979). They are also capable of metabolising oxygen
micro-aerobically, a process that is carried out by parasite mitochondria (Krungkrai
et al. 1999).
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In addition to utilisation of glucose, the parasites also absorb and digest host
haemoglobin and host cell cytoplasm (Yayon et al. 1985; Francis et al. 1997;
Luersen et al. 2000). These host components provide the essential amino acids
required for protein synthesis and further parasite development (Hempelmann and
Marques 1994). The digestion of haem and cellular cytoplasm takes place in the
parasite’s feeding vacuole (Goldberg et al. 1990. The absorption of nutrients from
the host is mediated by specific transporters in the erythrocyte membrane {Krishna
et al. 2000; Woodrow et al. 2000). Ions are transported by ATPases into cellular
compartments including feeding vacuoles and parasite lysosomes (BakkerGrunwald 1992; Saliba and Kirk 1999).

2.1.4 Molecular biology of P. falciparum
Plasmodium parasites are eukaryotes. They contain nuclei, mitochondria, small
nuclear ribonucleoproteins, polyadenylated mRNA as well as RNA, DNA (with
introns) and proteins (Gardner et al. 2000).The size of the P. falciparum nuclear
genome is 22.8 megabases (mb), which is distributed among 14 chromosomes
(Gardner et al. 2000). These chromosomes are polymorphic in length, ranging from
0.643 to 3.29 mb (Gardner et al. 2000). Apart from nuclear chromosomes, P.
falciparum parasites also contain mitochondrial DNA (Gardner et al. 2000) and
plastid-like DNA which is located in a spherical body (Gardner et al. 2000). The
mitochondrial DNA consists of 5466 bp reiterated elements (68% A+T). It encodes
two major ribosomal RNAs, a cytochrome b, two cytochrome oxidase subunits and
additional genes that are involved in de novo biosynthesis of haem precursors
(Vaidya et al. 1989; Feagin et al. 1991; Dame et al. 1996). The plastid-like DNA is
a 35 kb circular molecule (86.9% A+T) and is thought to be a remnant of an algal
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plastid genome. This DNA molecule principally contains genes encoding rRNA,
tRNA and ribosomal proteins (Dame et al. 1996; Wilson et al. 1996; Gardner et al.
2000).

Unlike other eukaryotes, malaria parasites remain haploid throughout their asexual
stages of development (Gardner et al. 2000). DNA synthesis occurs prior to
nuclear division (schizogony) (Gritzmacher 1984). RNA is synthesised during two
periods in the 48 hour erythrocytic developmental cycle. The first synthesis occurs
between 12 and 18 hours, corresponding to the development of a mature
trophozoite. The later RNA synthesis occurs between 24 and 30 hours (late
trophozoite-early schizont) (Gritzmacher 1984). Unlike DNA and RNA synthesis,
protein synthesis in Plasmodium species takes place throughout the cycle
(Gritzmacher 1984).

Approximately 10% of the parasite’s proteins are associated with the apicoplast, an
important cellular compartment known for its vital role in the biosynthesis of
membrane components of fatty acids and isoprenoid, and for iron metabolism
(Jomaa et al. 1999; Haldar et al. 2002; Sato and Wilson 2002). Unlike other
species, Plasmodium parasites lack genes encoding for key proteins that are
essential to metabolism. There are no genes for the conventional NADH
dehydrogenase complex (Gardner et al. 2000), a mitochondrial enzyme that is
involved in the glutathione metabolism (Hoog et al. 2001).
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2.2

Rodent malaria: Plasmodium berghei

Notwithstanding the substantial amount of information and important discoveries
obtained from the in vitro studies of P. falciparum, rodent malaria parasites have
allowed the development of in vivo models for the experimental study of
mammalian malaria.

Rodent and human malaria parasites have similar

characteristics in their basic biology and molecular basis of drug-sensitivity and
resistance as discussed bellow. Genomic organisation, housekeeping genes and
biochemical processes in rodent and human malaria parasites are also conserved.
These similarities justify the use of rodent malaria as a practical model for human
malaria, in particular in investigations of parasite-host interactions and drug testing.

2.2.1 Features of P. berghei in comparison to other Plasmodium
species
Plasmodium berghei is one of the many species of malaria parasites that can infect
laboratory animals such as mice, rats and hamsters. It was originally discovered in
the blood of a tree rat in Zaire in 1948 by Vincke and Lips (Cox and Giehl 1988).
This species belongs to a group of four rodent Plasmodium species that were
originally found in Central Africa. The other three species are P. vinckei, P.
chabaudi and P. yoeli. The four murine malaria species do not interbreed and have
small differences in morphology, developmental time and size of different stages
(Killick-Kendrick 1978; Janse and Waters 2005). These variable characteristics
contribute to the differences in the host-parasite interactions, virulence and range
of infectivity of each species (Janse and Waters 2005). Of the four identified rodent
malaria species, P. berghei is the most virulent in laboratory animals (Singer 1954;
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Cox and Giehl 1988). Infection by P. berghei in laboratory mice causes a 100%
mortality rate (Singer 1954; Cox and Giehl 1988). Due to this reason, P. berghei
infection is an excellent animal model for chemotherapeutic studies (Chawira et al.
1986; Peters et al. 1986). For the purpose of this Thesis, only the principal features
of P. berghei are discussed and compared to those of P. falciparum.

The life cycle of P. berghei shares similar features to that of P. falciparum,
including sexual life cycle in Anopheline mosquitoes, haploid sporozoites invasion
and development only in liver cells, and parasites invade and multiply in RBCs
(Janse and Waters 2005). Dissimilarities between P. berghei and P. falciparum life
cycle are mainly restricted to differences in the duration of development and size of
the parasites at different stages (Table 2.1). Although P. berghei animal models
cannot reproduce all the features of human malaria, several pathological changes
in infected animals are consistent with those of human malaria. These pathological
changes include anaemia, renal failure, thrombocytopaenia, splenomegaly and
hepatomegaly ( Cox and Giehl 1988; Janse and Waters 2005). The severe
anaemia and renal failure in P. berghei-infected rodents (Cox and Giehl 1988)
show close similarity to those in P. falciparum infected humans (Phillips and Pasvol
1992; Premji et al. 1995). By contrast, cerebral malaria and coma are the clinical
features of falciparum malaria not seen in berghei malaria (Lou et al. 2001).
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Table 2.1:

Different characteristics of P. berghei and P. falciparum. Adapted

from Janse and Waters (2005).
Feature

P. berghei

P. falciparum

Merozoite per schizont

12 - 18

8 – 16

Reticulocyte preference

Yes

No

Mean diameter of mature pre-

27

45 – 60

48 - 52

6 – 15 days

22 - 24

48

26 - 30

8 – 11 days

Microgamete (size in µm)

15

16 – 25

Sporozoite (size in µm)

11 - 12

10 – 14

Ookinete (size in µm)

10 - 12

11 – 20

erythrocytic schizonts in mice/rats (µm)
Duration of pre-erythrocytic
development (hours)
Duration asexual blood stage cycle
(hours)
Developmental time gametocytes
(hours)

As with P. falciparum, the genome of rodent malaria parasites is organised into 14
linear chromosomes, which are polymorphic between species and between
isolates of the same species (Janse et al. 1989). The estimated size of the P.
berghei genome is 23 to 24 Mb (Janse et al. 1989), which is comparable to the size
of P. falciparum genome 22.8 Mb (Gardner et al. 2000). Similar to P. falciparum,
the nuclear DNA of P. berghei has extremely high A+T rich sequences (Janse et al.
1989),. The genomic organisation (i.e. location of different genes) is conserved
between P. berghei and P. falciparum (Janse et al. 1989; Thompson et al. 2001).
Both mitochondrial and plastid DNA in P. berghei show close homology to those in
P. falciparum (Thompson et al. 2001). Major differences in metabolic pathways
between P. berghei and P. falciparum have not been reported. Studies examining
the effects of antimalarial drugs and other specific inhibitors on infected human and
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animal models have demonstrated equivalent sensitivity towards these agents
(Jaquet et al. 1994; Chen et al. 1997), thereby indicating comparable metabolic
processes in these two Plasmodium species.

2.2.2 Establishment of P. berghei infection in laboratory animals
Rodents, such as mice, rat and hamsters, are susceptible to infection with P.
berghei either by bites of infected Anopheles dureni and Anopheles stephensi
mosquitoes (Vanderberg and Gwadz 1980), or by artificial injection of infected
blood (Cox and Giehl 1988). The infection in laboratory animals can be delivered
by intravenous (i.v.) or intraperitoneal (i.p.) injection of infected erythrocytes
containing asexual blood stages (Cox and Giehl 1988). Conventionally, tail blood is
collected from an infected animal and 106 to 108 of parasitised erythrocytes are
injected into a naive animal (Cox and Giehl 1988).

Different laboratory lines of P. berghei and also different laboratory animals can
produce variation in the course of infection (Cox and Giehl 1988; Janse and
Waters 2005). Nonetheless, an exponential increase in parasitaemia between day
2 to day 6 post-infection is commonly observed in infected mice (Cox and Giehl
1988; Janse and Waters 2005). It has been shown that an i.v. injection of a single
P. berghei infected erythrocyte in mice consistently yields 0.5-1% parasitaemia on
day 8 after infection (Janse and Waters 2005). This observation indicates an
average multiplication rate of 10× per 24 hours (Janse and Waters 2005). Parasite
preference for reticulocytes and multiple invasion of RBCs are typically observed in
the thin blood film of the blood samples collected from an infected animal (Cox and
Giehl 1988). The progression of parasitaemia to high levels (10 – 50%) and
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subsequent destruction of the parasitised RBCs cause severe anaemia and death
of the animal within 5 – 7 days of infection (Cox and Giehl 1988).

2.3

Oxidative stress: an important consequence of malaria

infection
Oxidative stress is, by definition, a condition arising from disruption in the balance
between pro-oxidant and antioxidant factors, in favour of pro-oxidants (Hunt and
Stocker 1990). This imbalance is trigged by the molecules known as free radicals.
Oxidative stress is an important consequence of malaria infection and has been
implicated in the pathogenesis of malaria (Fantone and Ward 1982; Newton et al.
1997; Weiss et al. 1998; Das and Nanda 1999; Kremsner et al. 2000; Medana et
al. 2001).

The following Sections review the important factors that regulate

oxidation reactions and their contribution to the pathogenesis of malaria.

2.3.1 Free radicals
Free radicals are molecules or atoms that contain one or more unpaired electrons.
In biological systems, free radicals can be formed by electron transfer, causing
either substraction of a single electron from a normal molecule, or addition of a
single electron to a normal molecule (Cheeseman and Slater 1993). Free radicals
can be cationic, anionic or neutral in their form, and are extremely unstable and
reactive, having an average rate constant of 105-1010 M-1sec-1. Molecules with an
unpaired electron stabilise themselves through (i) combining with another entity by
covalent bonding, or (ii) obtaining an electron from a neighbouring entity (oxidising
radicals) or (iii) donating an unpaired electron to a non-radical molecules (reducing
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radical). In the process of gaining stability by any of these reactions, free radicals
initiate a chain of oxidative reactions, converting non-radical species into radicals.
This chain of oxidation moves from molecules to cells and tissues, causing
damage during the cascade (Cheeseman and Slater 1993).

Free radicals can be reactive oxygen species (ROS, containing an oxygen
intermediate) or reactive nitrogen species (RNS, containing nitrogen intermediate).
ROS are the most prominent form of free radicals in aerobic living cells. This is
because oxygen metabolism is the fundamental process for all aero-tolerant cells.
ROS are easily generated in vivo due to the formation of partially reduced oxygen
species when molecular oxygen is reduced to water. It is estimated that plants may
convert up to 80 % of oxygen consumption into ROS (Grant and Loake 2000),
while animals, which consume up to 30 % oxygen, convert 10-15% of their oxygen
consumption into ROS (Davies 1995; Hermes-Lima and Zenteno-Savin 2002).

In biological systems, ROS are formed predominantly by electron transfer rather
than by homolytic fission, which requires high energy input such as high
temperature, UV light or ionising radiation (Cheeseman and Slater 1993). ROS
include radicals such as superoxide, hydroxyl and peroxyl radicals (see Figure 2.2)
and non-radical compounds such as hydrogen peroxide and singlet oxygen (see
Figure 2.2).
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Figure 2.2:

Lewis structure of commonly available reactive oxygen species

in biological system.

These species of free radicals are by-products of oxygen metabolism in aerobic
lifeforms. A starter reaction that subsequently results in ROS generation occurs
when molecular oxygen is reduced into water:
O2 + 4e- 4H+ → 2H2O
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This reaction is catalysed by cytochrome P450 and oxidase-catalase enzymes,
predominantly in mitochondria (Gorsky et al. 1984). Some of the electrons may
‘leak’ from the electron transport chain in mitochondria and endoplasmic reticulum
on to oxygen molecules. Consequently, the reaction between the free electrons
and molecular oxygen generates partially reduced oxygen species. Superoxide O2•
is inevitably formed in vivo as a result of reduction of oxygen by a single electron
(Knowles et al. 1969).
O2 + e- → O2•
This anion is also produced by activated phagocytic cells (Jones 1993), fibroblasts
(Skaleric et al. 2000) and lymphocytes (Kobayashi et al. 1995). Once generated,
superoxide anions can pass through cellular membrane by means of the anion
channel. Despite being less reactive in comparison to other ROS molecules, the
oxidising effects of superoxide have been shown in a number of biological targets.
Several bacterial enzymes such as aconitase and dihydroxyacid dehydratase are
inactivated through the action of superoxide (Brown et al. 1995; Keyer and Imlay
1996; Gardner 1997). Superoxide anions exert their toxicity particularly when
converted to other ROS intermediates such as hydrogen peroxide and hydroxyl
radicals (Leonard et al. 2000).

Hydrogen peroxide, H2O2, is produced by most cells when an oxygen molecule is
reduced by 2 free electrons. This reaction is commonly generated by many
enzymes such as glucose oxidase, urate oxidase and D-amino acid oxidase
(Gutteridge 1995; Fang et al. 2002).
O2 + 2e- + 2H+ → H2O2

- 21 -

Alternatively, it is often produced as a result of the dismutation reaction through the
interaction between two superoxide anions.
2O2• + 2H+ → H2O2 + O2
At low concentrations, hydrogen peroxide is a relatively weak oxidant and weak
reducing agent. It mixes well with water and is treated as a water molecule in the
body, rapidly diffusing across cell membranes (Gutteridge 1995). At high
concentrations, hydrogen peroxide is cytotoxic, capable of attacking cellular
components. It can oxidise the methionyl residues in cellular proteins and can
cause peroxidation of lipids (Spickett et al. 2000).

In the presence of transition metal ions such as ferrous ions, Fe

2+

, hydrogen

peroxide can be broken down to the highly reactive and most damaging ROS
molecule, the hydroxyl radical, •OH. Other transition metals include copper and
zinc can also react with hydrogen peroxide to form •OH.
H2O2 + Fe2+ → •OH + OH- + Fe3+
This iron-catalysed reaction is also dependent on superoxide, O2• as a source of
hydrogen peroxide and as a reducing agent to produce ferrous iron from the ferric
state.
O2• + Fe2+ → Fe3+ + O2
H2O2 + Fe2+ → •OH + OH- + Fe3+
Consequently, the toxicity of both superoxide and hydrogen peroxide is a result of
their ability to react with one another to produce hydroxyl radicals. The hydroxyl
radical is a highly reactive species that is capable of oxidising most biomolecules,
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causing great damage to the biological system (Imlay et al. 1988) (see Section
2.3.3).

2.3.2 Generation of free radicals during malaria infection
The generation of free radicals during malaria infection primarily originates from
intra-erythrocytic parasites. Parasite occupation of RBCs, consumption of RBCs
contents (Luersen et al. 2000; Omodeo-Sale et al. 2003), degradation of ingested
haemoglobin (Schwarzer et al. 2003), and microaerophilic metabolism of oxygen
(Scheibel et al. 1979) contribute to the production of ROS. Intact P. falciparum
trophozoite-infected RBCs were shown to produce two-fold more hydrogen
peroxide and hydroxyl radicals than non-infected RBCs (Descamps-Latscha et al.
1987). Prolonged infection and an increase in parasite burden resulted in the
further production of ROS that spread into plasma and across cell membranes into
other cells (Das et al. 1991; Das et al. 1993; Mohan et al. 1994; Das and Nanda
1999; Kremsner et al. 2000).

In addition to ROS generated by the intraerythrocytic stages of malaria parasites,
the cellular immune defence mechanism of the host is also responsible for overproduction of free radicals. In response to malaria infection, polymorphonuclear
neutrophils and macrophages generate ROS through the mechanism known as
respiratory burst (Dockrell and Playfair 1984; Golenser et al. 1992; Li et al. 1996).
The oxidase enzyme system of these cells reduces oxygen molecules to
superoxide anions and the subsequent chain of events generates other reactive
molecules such as hydrogen peroxide, hydroxyl and peroxyl radicals (Li et al.
1996). The reactive soluble factors released by these host defence cells facilitate
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the killing of parasites by phagocytosis. In addition, the potency of ROS
intermediates released by cell-mediated immunity has been shown to directly
inhibit malaria development in vivo (Pollack et al. 1966; Clark et al. 1984; Dockrell
and Playfair 1984; Arun Kumar and Das 1999).

2.3.3 Oxidation of lipids
In the absence of antioxidant defences, all major classes of biomolecules such as
DNA (Ihrig et al. 1999; Medana et al. 2001), protein (Griffiths et al. 2001),
circulating and membrane lipids (Das et al. 1993; Pabon et al. 2003) are vulnerable
to the deleterious effects of ROS. ROS are capable of chemically altering these
biomolecules with concomitant changes in structure and function.

Lipid peroxidation is the most commonly cited consequence of free radical
mediated oxidative stress in toxicology and diseases. All biological tissues contain
a variety of lipids including polyunsaturated fatty acid (PUFA) side chains, which
are predominantly located in the cellular membrane. These types of fatty acids that
include linoleic, arachidonic and docosahexaenoic acids, contain two or more
carbon-carbon double bonds in their hydrocarbon chain (Schoneich et al. 1992).
PUFA side chains are susceptible to free radical attack because they have bisallylic hydrogen which are susceptible to free radical attack (see Figure 2.3). Bisallylic hydrogen can rearrange to yield conjugated dienes and lipid peroxide
(Schoneich et al. 1992) (see Figure 2.3). The oxidation of PUFA by ROS, causes
damage in fluidity and permeability of the cell membrane, eventually increasing the
fragility and enhancing aging and death of the cells (Mohan et al. 1995).

- 24 -

Oxidation of plasma lipids and erythrocytic membranes as a consequence of
malaria infection has been demonstrated (Mohan et al. 1992; Das et al. 1993; Erel
et al. 1997; Das and Nanda 1999; Pabon et al. 2003). By-products of lipid
oxidation, such malondialdehyde (MDA) are significantly elevated in plasma and
RBCs from malaria patients compared to those in non-infected healthy controls
(Mohan et al. 1992; Das et al. 1993; Erel et al. 1997; Das and Nanda 1999; Pabon
et al. 2003). PUFA are significantly reduced in severely ill patients (DelmasBeauvieux et al. 1995; Griffiths et al. 2001). The extent of lipid peroxidation has
been reported to be proportionally related to the severity of infection (Das et al.
1993; Erel et al. 1997; Das and Nanda 1999). However, although these studies
demonstrated the peroxidation of lipids in Plasmodium infections, their data have
limitations. The approaches used have been restricted to the measurement of nonspecific and unstable products of lipid metabolites such as MDA molecules. While
these markers may accurately reflect the events of lipid peroxidation in vitro, their
status in vivo is questionable (Halliwell and Grootveld 1987; Moore and Roberts
1998).
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PUFA (eg. Arachidonic acid)

Removal of H• (can occur at
several places in the chain)

Initiation (1)

•

Minor reactions:
molecular rearrangement
Conjugated dienes

•
O2

(2)
Major reaction:
chain propagation

Lipid peroxyl radical

(3)
O 2•

End products such as MDA
Lipid hydroperoxide
Isoprostanes
Figure 2.3:

The mechanism of lipid peroxidation. (1) The oxidation of PUFA

is initiated when a hydrogen atom is abstracted from lipid by free radicals such
as peroxyl radicals. (2) This chain initiation generates a carbon-centered radical
that subsequently reacts with oxygen, producing a lipoperoxyl radical. (3) The
lipoperoxyl radical acts as a chain carrier, propagating lipid peroxidation, by
attacking other lipids to generate non-radical or inactive products such as lipid
hydroperoxide, endoperoxides and isoprostanes.
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2.3.4 Damaging effects of ROS during malaria
An increase in the levels of free radicals is damaging to the malaria-infected host
when the rate of free radical formation outweighs the scavenging capacity of
antioxidants. Plasma and tissue antioxidants decrease with increasing severity of
falciparum malaria (Srivastava et al. 1992; Erel et al. 1997; Pabon et al. 2003).
Oxidation of biomolecules such as circulating lipids and cellular membranes
ultimately contributes to life-threatening complications such as anaemia, pulmonary
oedemia, severe haemorrhage and coma (Fantone and Ward 1982; Newton et al.
1997; Weiss et al. 1998; Das and Nanda 1999; Kremsner et al. 2000; Medana et
al. 2001).

A number of reports have indicated that malaria parasites die inside circulating
erythrocytes during the cell-mediated immune response involving soluble factors
such as ROS (Clark and Hunt 1983; Stocker et al. 1984). Therefore, it is believed
that malaria parasites are vulnerable to the oxidising effect of ROS released by
macrophages and polymorphonuclear neutrophils (Clark and Hunt 1983; Kharazmi
et al. 1987; Thurnham and Singkamani 1991). Their survival is dependent on the
intracellular protection provided by erythrocytes and the utilisation of erythrocytic
contents (Clark et al. 1989; Atamna and Ginsburg 1993; Mishra et al. 1994).

Under normal conditions and mild oxidative stress, a normal erythrocyte has the
capability to efficiently protect itself by up-regulation of metabolic activity involving
glycolysis, hexose monophosphate shunts and detoxification of oxidised
glutathione (Ginsburg and Atamna 1994). Normal erythrocytes have their own
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antioxidant capacity (Clark and Hunt 1983; Atamna and Ginsburg 1993). This
oxidant-protected environment serves as a strategic location for blood stage
parasites. Plasmodium parasites absorb antioxidant molecules such as NADPH
and superoxide dismutase from their host and manipulate the protective functions
of these antioxidants to cope with the deleterious effects of exogenous and
endogenous ROS (Fairfield et al. 1983; Mishra et al. 1994). The intra-erythrocytic
Plasmodium parasites also synthesise their own antioxidant enzymes during their
life cycle, specifically superoxide dismutase (SOD), glutathione peroxidases (GPx)
and catalase (Fairfield et al. 1988; Ginsburg and Atamna 1994).

The sensitivity of malaria parasites to hydrogen peroxide, superoxide and hydroxyl
radicals has been demonstrated in vitro (Dockrell and Playfair 1984; Wozencraft et
al. 1984; Wozencraft 1986; Kamchonwongpaisan et al. 1989) and in vivo (Clark
and Hunt 1983; Dockrell and Playfair 1984). Addition of pro-oxidants such as
phenylhydrazine, alloxan, tert-butyl hydroperoxide and divicine in vivo has been
shown to generate ROS, and consequently inhibit P. knowlesi and P. berghei
infection in rodents (Pollack et al. 1966; Clark et al. 1984; Clark et al. 1984). It has
been shown that pre-treatment with free radical scavengers protects the parasites
from the effect of pro-oxidant agents. It is still unclear how free radicals cause
damage to the parasites, although disintegration of P. vinckei within the
intracellular RBCs of infected mice treated with pro-oxidants has been reported
(Clark and Hunt 1983; Stocker et al. 1984). A number of studies have proposed
that aldehydes from oxidised lipids are likely the agents that kill the parasites since
a series of these agents are toxic to malaria parasites (Clark et al. 1987; Buffinton
et al. 1988).
- 28 -

2.3.5 Antioxidants: protection against ROS
In general, all aero-tolerant cells are equipped with antioxidant mechanisms that
protect them from the deleterious effects of ROS. Antioxidant defences can either
prevent the generation of free radicals, or intercept the free radical catalysedoxidation reaction. Antioxidants such as SOD, catalse, GPx, transferrin, lactoferrin
and iron chelators prevent oxidative damage primarily by neutralising the ROS into
water (Halliwell and Grootveld 1987; Halliwell and Cross 1994; Mehlotra 1996;
Livrea and Tesoriere 1998; Halliwell 2000). In addition, other molecules which are
distributed within the aqueous and lipid compartments of cells intercept and
scavenge free radicals to inhibit initiation and break chain propagation processes.
These antioxidant molecules include bilirubin, uric acid, albumin, vitamin C
(ascorbate) vitamin E (α-tocopherol) and vitamin A (retinol) (Livrea and Tesoriere
1998; McCall and Frei 1999).

Antioxidants that intercept and scavenge free radicals function in two ways. First,
conventional chain-breaking antioxidants such as vitamin E and carotenoids
interfere with chain propagation by donating a hydrogen atom to the chain-carrying
peroxyl radical (LOO•) (Urano et al. 1992; Livrea and Tesoriere 1999). The
reduction of peroxyl radical prevents oxidation of other lipids. Second, rather than
acting as hydrogen donor, several classes of antioxidants such as retinol act as a
trap for chain carrying-peroxyl radicals (Samokyszyn and Marnett 1990; Tesoriere
et al. 1993; Tesoriere et al. 1997; Livrea and Tesoriere 1998). They compete with
lipids for the chain-propagating peroxyl radical and hence inhibit the formation of
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hydroperoxides. Either way, the chain-propagation is inhibited as long as sufficient
amounts of antioxidant are present. The faster the rate of scavenging of lipoperoxyl
radicals compared to the rate of the attack of lipoperoxyl radicals on lipid, the more
efficient the antioxidant (Samokyszyn and Marnett 1990; Urano et al. 1992;
Tesoriere et al. 1993; Tesoriere et al. 1997; Livrea and Tesoriere 1999)

2.4

Vitamin A (retinol)

The increasing need for new chemotherapeutic agents against malaria has
directed interest in the antimalarial roles of nutrients such as vitamin A. Vitamin A
is known for its diverse functions at both intracellular and extracellular levels and
has been implicated in a wide range of human diseases including malaria. The
remainder of this review will address the roles of vitamin A, with special reference
to malaria.

2.4.1 Chemical structure
Vitamin A is a generic term referring to a number of molecules exhibiting the
biological activity of retinol, the progenitor of naturally occurring retinoids. Retinoids
are characterised by a hydrophilic group (e.g. OH and COOH) and a conjugated
double-bond system that binds a trimethyl-cyclohexenyl ring to an end of the
molecule (Figure 2.4). Vitamin A and its metabolites are lipid soluble due to the
polyenic structure of their polyunsaturated double bond system (Klaus 1990).
Vitamin A cannot be synthesised de novo by higher animals and therefore must be
consumed in the diet. Vitamin A is found in animal products as retinol and/or retinyl
esters. In plant products, it is present in the form of carotenoids or provitamin A
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which serve as precursors for all retinoids. The cleavage and reduction of
carotenoids such as beta-carotene in enterocytes produce retinol. Retinol serves
as a substrate and is metabolised intracellularly, through oxidation reactions, to
form functional retinaldehyde and retinoic acid. Most retinoids can exist in multiple
isomeric forms (Klaus 1990; Gerster 1997; Collins and Mao 1999). For example,
retinol and retinoic acid may be found as all-trans, 11-cis, 13-cis, 13-di-cis, 9-cis
and 11,13-di-cis, with all-trans being predominant under most physiological
situations (Collins and Mao 1999).

beta-carotene

CHO

CHO

all-trans retinaldehyde

beta-Apo-8'-, 10'- or 12'-carotenals

CH 2 OH

all-trans retinol
COOH

retinyl esters (storage form)

Figure 2.4:

all-trans retinoic acid

9-cis retinoic acid

COOH

Chemical structure of beta-carotene and natural occurring

retinoids, and an outline of the main steps in vitamin A formation.
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2.4.2 Vitamin A in humans
Vitamin A intake is normally expressed in terms of recommended dietary
allowances (RDAs) either as international units (IU) or retinol equivalents (REs) in
micrograms. The RDAs as RE and IU are listed in Table 2.2. Intake of up to twice
the RDA of vitamin A is considered safe. An intake of vitamin A in the form of
retinol in the range of 10 000 IU per day or greater has been shown to be toxic
(Bendich and Langseth 1989; Perrotta et al. 2002; Perrotta et al. 2003). However,
the worldwide incidence of vitamin A excess, or hypervitaminosis A is small, with
only 200 cases of hypervitaminosis A occurring annually (Bendich and Langseth
1989; Perrotta et al. 2003). Hypervitaminosis A is characterised by fatigue,
irritability, anorexia and loss of weight, vomiting and other gastrointestinal
disturbances, skin changes (alopecia, acne), anaemia, headache, pain in bone and
joints (Kistler 1986; Lindamood et al. 1987; Perrotta et al. 2002). However, these
symptoms are quickly reversed when vitamin A intake is withdrawn (Kistler 1986;
Lindamood et al. 1987; Perrotta et al. 2002).

Vitamin A supplementation has been shown to reverse clinical outcomes
associated with vitamin A deficiency. Supplementation for children decreases the
overall risk of mortality by approximately 30% (Vijayaraghavan et al. 1990; West et
al. 1991). However, experiments in animals and observations in humans have
shown that vitamin A derivatives (retinoids) can be teratogenic, particularly during
the first trimester (Cohlan 1964; Geelen 1979). It has been estimated that
malformations occur in approximately 1 in 57 babies born to women with an intake
of vitamin A greater than 10 000 IU per day (Rothman et al. 1995). The doses
necessary to induce embryotoxic and teratogenic effects are 25-50 mg/kg/day in
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rats and mice (Bray et al. 2001, Kochhar 1973), 15 mg/kg/day in hamsters (Howard
and Willhite 1986), 5 mg/kg/day in the rabbit (Kamm et al. 1984) and 16 mg/kg/day
in the monkey (Rosa et al. 1989).

Table 2.2:

Recommended Daily Dietary Allowances of Vitamin A for children

and adults in µg retinol equivalents (REs) and International Units (IUs). Adapted
from Perrotta et al. (2003).
Age

Retinol Equivalent and International Unit (µg or IU)

(Years)

Children

0.5 – 1

500 or 1665

1–3

300 or 1000

4–8

400 or 1333

9 – 13

600 or 2000

Men

Women

Pregnancy

Lactation

14 - 18

900 or 3000

700 or 2330

750 or 2500

1200 or 4000

> 19

900 or 3000

700 or 2330

770 or 2565

1300 or 4335

The occurrence of adverse health problems worldwide is predominantly associated
with vitamin A deficiency rather than toxicity. Vitamin A deficiency is the second
most prevalent nutritional disease and is particularly common in underdeveloped
regions of Africa, Asia and Oceania (Bendich and Langseth 1989; Perrotta et al.
2003). Approximately 750 million people worldwide, mainly young children from 6
months to 6 years of age, and pregnant and lactating women, are affected by
vitamin A deficiency (Bendich and Langseth 1989; Perrotta et al. 2003).

2.4.3 Metabolism of vitamin A
Absorption of retinoids begins in the intestine, where the retinyl esters are
hydrolysed into retinol (Figure 2.5a). Retinol is then taken up by intestinal mucosal
cells and bound to cellular retinol binding protein (CRBP) type II, a protein that
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prevents the oxidation of retinol. It is then esterified into long chain fatty acids by
retinol acetyltransferase (Blomhoff 1994; Weng et al. 1999). The precursor form of
vitamin A, β-carotene, is enzymatically cleaved and reduced to retinyldehyde by
the intestinal enterocyte, bound to CRBP II and converted to retinyl esters
(Blomhoff 1994; Weng et al. 1999). Alternatively, β-carotene may also be cleaved
and reduced into retinoic acids (Figure 2.4) (Li and Tso 2003). Depending on the
vitamin A status of the individual, a small proportion of β-carotene may not be
converted into retinol or retinoic acids. Instead these carotenoids are distributed to
organs, including the liver, testis and kidney for other biological requirements
(Kaplan et al. 1990).

The synthesised retinyl esters can either be transported directly to the target
tissues such as adipose tissue (Figure 2.5b), or incorporated into emulsified fat
known as chylomicrons and transported to the liver (Figure 2.5c) (Blomhoff 1994;
Weng et al. 1999). Approximately 50-90% of the retinol consumed in the diet is
transported to the liver for storage. The exact mechanisms involved in transporting
chylomicrons to the hepatocytes are unclear but are believed to be mediated by
molecular-receptor complexes, together with membrane bound neutral- and acid
retinyl- ester hyrolases (Blomhoff 1994; Kurlandsky et al. 1995; Ross 2003). Once
in the liver, retinyl esters are taken up by hepatic parenchymal cells. If reserves of
retinol are adequate, the majority of retinyl esters (90-95%) are stored in stellate
cells in the form of cytoplasmic lipid droplets. The retinyl esters in the hepatocytes
are readily hydrolysed into retinol and transported to target cells if required
(Blomhoff 1994; Kurlandsky et al. 1995; Ross 2003). Retinol is transported in the
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circulation in molar concentrations bound to the carrier proteins, retinol binding
protein (RBP) and transthyretin (TTR) (Figure 2.5d). The RBP-TTR complex is
believed to prevent removal by glomerular filtration (Naylor and Newcomer 1999).

Retinol, carried by RBP-TTR, enters target cells and undergoes many enzymatic
reactions to generate active retinoids (Figure 2.5e) (Blomhoff 1994; Weng et al.
1999).

Once within the cytosol, retinol can either be oxidised to retinal

(retinyldehyde) or esterified to retinyl esters. The oxidation of retinol to
retinyldehyde is mediated by retinol dehydrogenase iso-enzymes, meanwhile the
esterification of retinol is by the action of lecithin and retinol acyltransferase
(Blomhoff 1994; Kurlandsky et al. 1995; Ross 2003). Depending on local and body
demands, the retinal and retinyl esters can be reversibly reduced to retinol, which
is transported out of the cell and mobilised by RBP-TRR into the circulation
(Blomhoff 1994; Kurlandsky et al. 1995; Ross 2003). The cellular retinal is
irreversibly oxidised into retinoic acids, mostly all-trans RA, 13-cis RA, 9-cis RA
and 4-oxo metabolites (Blomhoff 1994; Kurlandsky et al. 1995; Chen et al. 2000;
Ross 2003). Retinoic acid is transported to the nucleus by cellular retinoic acidbinding protein (CRABP). Within the nucleus retinoic acids, particularly 9-cis RA
and all-trans RA, are believed to influence the cellular activity of the target cells by
binding to specific nuclear retinoid receptors(Figure 2.5f) (Heyman et al. 1992;
Pijneppel et al. 1993; Repa et al. 1993; Achkar et al. 1996; Angulo et al. 1998;
Blumberg and Evans 1998).
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e
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Retinol-RBP-TTR

FFA

retinylesters

Overview of vitamin A metabolism in humans (See text Section

2.4.3).

2.4.4 Biological roles of retinol
Vitamin A has a complex array of physiological functions. It is essential for the
growth and development of all higher animals.

It is required for vision,

reproduction, immune function and the maintenance of epithelial integrity (Glasziou
and Mackerras 1993; Bresee et al. 1996; Dowell et al. 1996; Semba 1998; Semba
1999; Chowdhury et al. 2002). Retinoids play an important role in embryogenesis,
controlling the differentiation and morphogenesis of cells. Indeed, recent studies
have shown that retinoic acid can interfere with the patterning of limbs in early
embryogenesis (Goodman 1984; Perez-Castro et al. 1989; Wedden 1991; Sucov
and Evans 1995).
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Improved humoral and cellular immune functions as a result of vitamin A
supplementation have been demonstrated in animal models as well as in clinical
trials of vitamin A deficient individuals. These include increases in B lymphocyte
activation (Golenser et al. 1975; Buck et al. 1991; Adachi et al. 2001), production of
IgM and specific IgG, improvements in the T-cell-helper response and cytokine
synthesis, and enhancements in the function of natural killer cells and cells of the
monocyte/macrophage lineage (Hoglen et al. 1997; Aukrust et al. 2000; Serghides
and Kain 2002).

Retinoids have also been demonstrated to exhibit anti-cancer properties and are
used to treat certain types of cancer (Rosewicz et al. 1995; Melino 1997). Recent
studies have shown that retinoic acids (essentially all-trans RA and 9-cis RA)
interfere with the cell cycle, resulting in the induction of cellular differentiation
followed by cell death (Melino 1997; Szondy et al. 1997). Indeed, their
antiproliferative action has been demonstrated in clinical trials examining their
potential as therapeutic agents for acute promyeolytic leukemia

(Dyck 1994;

Craven and Griffiths 1996). In addition to their application in cancer therapy,
retinoids are commonly used to treat a wide range of skin ailments, including
nodulocystic acne, rosacea, psoriasis and keratinisation disorders (Hargrove et al.
1999).

2.4.5 Mode of action of retinol
The mechanisms responsible for the diverse actions of retinoids have been studied
extensively by many groups (Giguere 1987; Petkovich et al. 1987; Petkovich 1992;
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Saag 1996; Schwartz 1996; Serghides and Kain 2002; Simeone and Tari 2004).
Retinol regulates the physiology of biological systems at both intracellular and
extracellular levels. The intracellular functions of retinol and other retinoids regulate
the gene expression of target cells, and are believed to be mediated by retinoid
receptors within the nucleus of target cells. On the other hand, the extracellular
actions of retinol are mediated by its antioxidant and pro-oxidant activities,
particularly on the cellular membrane.

2.4.5.1

Signal transduction pathway

Nuclear retinoid receptors (NRRs) are members of a large nuclear receptor
superfamily. This receptor family is predominantly comprised of lipophilic ligandinducible transcriptional regulators (Robertson 1987; Rosen et al. 1995; Blumberg
and Evans 1998). The NRRs, together with at least 75 identified members of the
nuclear receptors, are derived from a common ancestral gene (Rosen et al. 1995;
Wen and McDonnell 1995). Nuclear receptors share a common structural
organisation, which can be divided into distinct domains (Saag 1996; RescheRigon and Gronemeyer 1998). The amino terminal domain is composed of an
autonomous activation function (AF-1) region which is cell-promoter specific. The
most conserved region of the receptor is the DNA binding domain, which is
responsible for interactions with cognate response elements in the target gene
promoters. The DNA binding domain is comprised of two zinc finger-like motifs
containing tandemly repeated cysteine residues (Cys2-Cys2) (Saag 1996; Sluder et
al. 1999). DNA-binding domains of all identified members of the nuclear receptor
family display high sequence homology (Rosen et al. 1995; Saag 1996; RescheRigon and Gronemeyer 1998; Sluder et al. 1999). The ability of nuclear receptors
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to mediate the effects of its ligand is achieved by binding of the cognate ligand to a
domain positioned proximal to the carboxy-terminal (Figure 2.6) (Resche-Rigon
and Gronemeyer 1998). In addition to its participation as a ligand-binding domain,
the carboxy-terminal domain also serves as receptor homo-heterodimerisation and
nuclear localisation surface (Resche-Rigon and Gronemeyer 1998; Sluder et al.
1999), and contributes to transcriptional regulation (Simon 1997).

NH2

DNA Binding
AF-1*

Figure 2.6: Molecular

NLS•

organisation

Ligand binding, dimerization &
AF-2♦

of

nuclear

receptor.

COOH

Autonomous

activation function (AF-1*) ligand dependent activation function (AF-2•) nuclear
localisation signal (NLS•)

The biological and transcriptional effects of retinoids are mediated by their
interactions with two types of NRRs, the retinoic acid receptor (RAR) and retinoic
acid X receptor (RXR). Both RAR and RXR, like most of the members of the
nuclear receptor family, exist in multiple isoforms (Leid et al. 1992). They are
encoded by a multigene family and at least, three different RARs isotypes (RARα,
RARβ, RARγ) and RXRs isotypes (RXRα, RXRβ, RXRγ) are known to exist in mice
and humans (Petkovich et al. 1987; Mangelsdorf 1990; Leid et al. 1992; Ulven et
al. 1998). In most cells, RAR and RXR are expressed as more than one receptor
subtype at relatively low levels (Ferrari et al. 1983; Blumberg et al. 1992;
Bossenbroek et al. 1998; Guo 1998). However, individual RAR and RXR isotypes
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may have distinct tissue distribution (Mangelsdorf 1990) and regulate different
subsets of genes (Geisen 1997; Ulven et al. 1998). The specificity of the RAR and
RXR isotypes for regulating different subsets of genes enables them to control the
fate of different cell types (Mangelsdorf 1990).

RARs and RXRs have been found in numerous higher eukaryotes including
humans (Petkovich et al. 1987), rodents (Dolle et al. 1989), pigs (Geisen 1997) and
chickens (Wedden 1991). In mammals, RARs and RXRs are expressed in many
tissues, predominantly the liver, muscle, lung, kidney and heart (Geisen 1997).
Interestingly, the expression of RXR has been demonstrated also in a wide range
of lower organisms such as insects (Tzertzinis et al. 1994; Guo 1998; Perera et al.
1998), nematodes (Sluder et al. 1999), platyhelminthes (Freebern et al. 1999;
Freebern et al. 1999), craniates (Jones et al. 1995), cnidarians (Escriva et al. 1997;
Kostrouch et al. 1998), amphibians (Blumberg et al. 1992) and crustaceans (Chung
et al. 1998). However, in insects, the identified RXR homologue is known as
ultraspiracle (USP) (Tzertzinis et al. 1994; Perera et al. 1998). In contrast to RXR,
insect USPs appear to be encoded by single genes(Guo 1998).

RARs are directly activated by all-trans RA and 9-cis RA whereas RXRs are
activated by 9-cis RA alone (Nagy et al. 1995; Sucov and Evans 1995; Saag 1996;
Keidel 1997). Although both receptors can be activated by 9-cis RA, the homology
between RAR and RXR in the ligand-binding domain is low (Sucov and Evans
1995). It is believed that the all-trans RA and/or 9-cis RA bind to the NRRs by
allosteric interaction (Kurokawa 1994). These retinoic acids can bind to RAR at the
same binding site but different determinants (Kurokawa 1994).
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All-trans RA and 9-cis RA are the major biologically active ligands of RAR.
However 4-oxo RA (Pijneppel et al. 1993), 3,4-didehydro RA (Thaller and Eichele
1990) and 4-oxo retinol (Achkar et al. 1996) can also bind to RAR. Methoprene
(Harmon et al. 1995) and phytanic acid (Lemotte et al. 1996) have also been
reported to bind to RXR in some cell types. Little is known of the exact pathways
that ultimately result in the effects of retinoids on different cells. For this reason
several studies have used receptor-selective synthetic analogs, agonists and
antagonists, that preferentially activate or inactivate individual retinoid receptors
(Dawson et al. 1994; Nagy et al. 1995; Keidel 1997; Teng et al. 1997; Ueno et al.
1998) in order to establish the role of the each receptor in specific processes or
events.

The binding of specific ligands to the RARs and the RXRs has been shown to
influence the physiology of the target cells. The ligand-receptor complex can
directly influence the transcription of genes in a cell (Sucov and Evans 1995; Glass
1996; Keidel 1997). Modulation of gene expression (transcription) is achieved by a
direct interaction of the receptor with the DNA in the target cell. When binding with
retinoids, the nuclear retinoid receptors undergo a conformational change which
results in its activation and the formation of a ligand-receptor complex. When
activated, the DNA binding domain of the complex recognises and binds to specific
sequences in the genome of the target cell (retinoic acid response elements
(RAREs). The binding of ligand-receptor complex to the RAREs results in the
transcriptional activation of adjacent genes (Sucov and Evans 1995; Glass 1996;
Keidel 1997).
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In the absence of ligand, the receptors form tetramers in order to remain stable.
The ligand binding causes their rapid dissociation into dimers and monomers
(Kerstern et al. 1998). It is believed that the retinoid receptors bind DNA as dimers
(Kliewer 1992; Sucov and Evans 1995; Klemm 1998). RARs can bind to RAREs
with high affinity only when they form heterodimers with RXRs. (Sucov and Evans
1995; Mehta 1996). In contrast, both homo- and heterodimeric forms of RXRs can
bind to their cognate response elements (Zhang et al. 1992). However, it has been
reported that RXR-homodimers have little effect on inducing differentiation and
inhibiting clonal growth of leukemic cells (Dawson et al. 1994). Hence, it is
presently believed that the differentiating and anti-proliferative effects of retinoids
are mainly induced through RAR-RXR heterodimers (Dawson et al. 1994).

The heterodimerisation of RXRs is not exclusive to the RARs. RXRs can also form
heterodimers with other members of the nuclear receptor family such as thyroid
hormone receptor (Glass 1996) and ecdysteroid receptor (Guo et al. 1997;
Blumberg and Evans 1998). Interestingly, the ability of RXR-heterodimers to
function as transcriptional factors appears to be regulated differentially by its
dimerisation partner (Dawson et al. 1994; Glass 1996). The RAR-RXR
heterodimers are activated selectively by RAR ligands alone (Glass 1996; Westin
et al. 1998). This is due to the RAR allosterically inhibiting the binding of ligand to
RXR (Kurokawa 1994). The binding affinity of retinoid-receptor complex to RAREs
may also rely on the availability of co-activator and/or co-repressor proteins
(Kurokawa 1995).

- 42 -

The effects of RAR and RXR activation on target cells have been examined by
genetic manipulation (manipulations designed to result in the gain or loss of
receptor function). These studies suggest that RXRs are more likely to be
associated with processes such as apoptosis (Nagy et al. 1995; Mehta 1996).
Whereas RARs are likely involve in mediating processes such as teratogenicity
(Collins and Mao 1999). The removal of RARs and RXRs has been shown to result
in abnormal embryogenesis (Perez-Castro et al. 1989; Pijnappel et al. 1996), a
reduced rate of proliferation (Rosewicz et al. 1995; Szondy et al. 1997) and other
genetic defects associated with heart failure and altered morphology (Kastner et al.
1994). It is not surprising that these effects resemble those associated with vitamin
A deficiency.

2.4.5.2

Antioxidant and/or pro-oxidant function

Retinoids like other micro-nutrients including carotenoids, tocopherols (vitamin E)
and ascorbate derivatives can behave as both antioxidants and pro-oxidants in
biological systems (Schwartz 1996). The antioxidant properties of retinoids may
reduce oxidant stress and help to maintain cell viability (Kartha and Krishnamurthy
1977; Ciaccio et al. 1993). However, the pro-oxidant activity of retinoids can result
in enhanced oxidative stress (Hoglen et al. 1997; Murata and Kawanishi 2000; DalPizzol et al. 2001; Gimeno et al. 2004). Although it is unknown how retinol inhibits
the growth of cells, including parasites in vitro (Davis et al. 1998), this effect may
be associated with a pro-oxidant activity.

While there are ongoing debates as to whether retinol behaves as antioxidant or
pro-oxidant, it is well accepted that the main site of its cellular action is within the
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lipid environment, in particular the cell membrane (Livrea and Tesoriere 1998;
Livrea and Tesoriere 1999). The exact action of retinol within the lipid environment
are not completely understood under physiological conditions, however, there is
increasing evidence to suggest that the pro-oxidant and/or antioxidant involves the
peroxidation of lipids (Livrea and Tesoriere 1998; Livrea and Tesoriere 1999).

The role of retinol and its metabolites as antioxidants lies in their ability to inhibit
the formation of lipid hydroperoxide (Samokyszyn and Marnett 1990; Livrea et al.
1992; Tesoriere et al. 1993). Retinol reacts by radical addition to the cyclohexenyl
ring, rather than by hydrogen atom abstraction reactions. By trapping the radical
molecules, retinol competes with lipids for the chain-propagating peroxyl radical,
thus inhibiting the formation lipid hydroperoxide. However, retinol may in turn
become pro-oxidant when the consumption of peroxyl radical yields highly reactive
retinoid-derived radicals (Samokyszyn and Marnett 1990; Tesoriere et al. 1993).

The complexity of the antioxidant and/or pro-oxidant functions of retinol can be
explained by retinoid pathways during lipid peroxidation (Figure 2.7), as described
by Samokyszyn and Marnett (1990). Samokyszyn and Marnett (1990) showed that
retinoids such as 13-cis RA preferentially react with peroxyl radicals such as
lipoperoxyl radical, LOO•(Figure 2.7i). The reaction involves an addition of LOO• to
the double bond adjacent to the cyclohexenyl ring of retinoid, generating a retinoidderived carbon-centered radical. The resulting retinol-derived carbon-centered
radical may undergo three routes of reaction. Firstly, it may react with oxygen to
generate a new retinoid-derived peroxyl radical, when in contact with another
retinoid molecules or other oxidisable substrate (Figure 2.7ii). Secondly, the
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retinoid-derived carbon-centered radical can undergo unimolecular composition
generating alkoxyl radical, LO• and a 5,6-retinoid epoxide (Figure 2.7iii). Thirdly,
the carbon-centered radical may add a second or more than one lipoperoxyl radical
to the double bonds of the polyene (Figure 2.7iv).

The alkoxyl radical and other retinoid-derived peroxyl radicals generated through
reactions with oxygen and unimolecular decompositions, are highly reactive, which
in turn may attack another retinoid or other oxidisable molecules. These reactions
result in no net radical consumption, or could be a pro-oxidant to the lipid
environment. However, the third of these routes; an increase in scavenging
capacity by addition of a second or more than one lipoperoxyl radical, would
support the effectiveness of antioxidant activity of retinol. Therefore, the
predominance of one or the other of radical-trapping and oxidation reactions may
result in efficient radical scavenging (antioxidant) or further oxidation effect (prooxidant) (Samokyszyn and Marnett 1990; Tesoriere et al. 1993; Tesoriere et al.
1997; Livrea and Tesoriere 1998).
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Figure 2.7:

Reaction pathways of retinoids during lipid peroxidation.

Lipoperoxyl radical (LOO•), alkoxyl radical (LO•) and retinol (R=C9H15O) (see
text Section 2.4.5.2).

The exact mechanism/s that regulate the antioxidant and/or pro-oxidant effects of
retinol in different systems is unknown. However, the oxidising capacity of retinol
fluctuates with oxygen partial pressure, retinol concentrations and radical flux
(Tesoriere et al. 1997). The efficiency of the antioxidant effect of retinol declines
with increasing concentrations of retinol and oxygen but rises with an increase in
the radical flux (Tesoriere et al. 1997). It has been demonstrated that the
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antioxidant role of retinol at the membrane level occurs at a very low partial oxygen
pressure (<10 mmHg). Retinol can inhibit the formation of lipid peroxide with a halfmaximum inhibitory concentration (IC50) ranging from 0.2 to 5.0 μM (Livrea et al.
1992; Livrea and Packer 1994). The radical trapping activity of retinol is also
accelerated by an increase in peroxyl radical concentration of the cellular
environment (Tesoriere et al. 1997). On the other hand, increasing retinol and
oxygen concentrations favours the pro-oxidant activity and enhances lipid
peroxidation.

2.5

Vitamin A and infections

Reduced immunity in individuals with vitamin A deficiency may predispose to
severe disease (Glasziou and Mackerras 1993; Bresee et al. 1996; Dowell et al.
1996; Semba 1998; Semba 1999; Chowdhury et al. 2002).

The severity of a

variety of infectious diseases including tuberculosis, tetanus (Semba 1994; Gerster
1997), measles (Hussey 1990), human immunodeficiency virus (HIV) (Fawzi 1998;
Jason et al. 2002; Villamor et al. 2003) and malaria (Davis et al. 1994; Adelekan et
al. 1997; Friis et al. 1997; Hautvast et al. 1998) has been reported to be increased
in individuals with low serum retinol concentrations. Vitamin A supplementation has
been shown to reduce the morbidity and mortality caused by these diseases.
However, the therapeutic value of vitamin A supplementation against different
types of infections such as measles, diarrhoeal disease, malaria, respiratory
disease, malaria, HIV infection and tuberculosis varies considerably (Semba 1999).
The underlying reasons for this disparity is unclear, but it is believed that vitamin A
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modulates and enhances various forms of immune response during different types
of infections (Semba 1999).

The value of vitamin A supplementation in reducing morbidity and mortality is
probably best recognised in measles virus infection (Barclay et al. 1987; Hussey
and Klein, 1990; Coutsoudis et al. 1991). High-dose vitamin A supplementation (60
mg retinol equivalents (RE) has been shown to reduce mortality by up to 80% in
Cape Town, South Africa (Hussey and Klein, 1990). It is proposed that high-dose
vitamin A supplementation given with measles vaccination could enhance antibody
response to measles virus (Semba et al. 1995). In addition, it has been shown that
improved immunity against diarrhoeal disease (Sommer and West, 1996), HIV
(Coutsoudis et al. 1995), tuberculosis (Hernández-Pando et al. 1996) and
respiratory disease (Roman et al. 1997) results from vitamin A supplementation.

2.6

Vitamin A and malaria

Vitamin A deficiency is associated with increased morbidity and mortality in malaria
(Krishnan et al. 1976; Stoltzfus et al. 1989; Bresee et al. 1996; Semba 1998;
Chowdhury et al. 2002). The hypothesis that vitamin A (retinol) plays important role
in the development of malaria has been derived largely from clinical observations
(Davis et al. 1994; Adelekan et al. 1997; Friis et al. 1997; Hautvast et al. 1998). in
Depressed serum retinol concentrations (<0.7 µM) are commonly observed in
patients with acute malaria, and are in inverse proportion to disease severity and
parasite burden (Sturchler et al. 1987; Adelekan et al. 1997). Increased utilisation
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of pro-vitamin A or carotene for retinol synthesis has also been reported in infected
individuals (Nussenblatt et al. 2002).

The protective effect of vitamin A on susceptibility to malaria and parasite density
has been demonstrated in retinol-deficient animals (Krishnan et al. 1976; Stoltzfus
et al. 1989) as well as humans in endemic area (Galan et al. 1990; Thurnham and
Singkamani 1991; Shankar et al. 1999). In a randomised placebo-controlled clinical
trial conducted in Papua New Guinea, vitamin A supplementation (60 mg RE every
3 months) significantly reduced malaria morbidity and incidence of malaria attack
by 20 to 50% (Shankar et al. 1997). However, vitamin A supplementation, has
limited influence on cases with high parasitaemia levels and in children under age
12 months (Shankar et al. 1997; Semba 1999). In addition, not all studies have
shown the benefits of retinol supplementation in malaria (Binka et al. 1995;
Varandas et al. 2001; Villamor et al. 2003) and the putative mechanisms of action
remain

incompletely

understood.

Whether

the

depressed

serum

retinol

concentrations observed in infected patients was the result of malaria infection or
simply an indicator of disease severity remains unclear.

Retinol may improve host immune function during infection with malaria. Data from
in vitro experiments have shown that retinol and its metabolite, 9-cis RA stimulate
the phagocytosis of P. falciparum-parasitised erythrocytes (Serghides and Kain
2002). Through its antioxidant properties, which protect cellular components from
exposure to ROS, retinol may attenuate anaemia associated with malaria. A
preliminary study has demonstrated that retinol can directly inhibit the growth of P.
falciparum parasites in vitro (Davis et al. 1998), while another study showed limited
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anti-Pasmodium activity (Samba et al. 1992). The discrepancy between these two
studies suggests additional investigations are required to establish a role for the
direct parasiticidal activities of retinol and other retinoids. A conspicuous deficiency
amongst the in vitro and in vivo pre-clinical studies of malaria has been an animal
model in which previously healthy animals are infected with malaria and given
retinol at various stages of their infection. This would parallel the situation more
often seen in human malaria and allow insight into the preventive and/or
therapeutic antimalarial effect of retinol.

2.7

Conclusion

The preceding literature review has provided an overview of the nature of malaria
infection in humans and established animal models, the role of oxidative stress in
the development and effects of malaria in the infected host, and the role of retinol
and other retinoids in malaria pathophysiology and management. In subsequent
chapters, a more detailed review of published studies is given as it relates to the
data presented.
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Chapter 3
General methods
3.1

Continuous in vitro culture maintenance of P. falciparum

The standard P. falciparum clones 3D7 and K1 were kindly provided by Prof.
G.Brown, Walter and Eliza Hall Institute, Melbourne. These isolates were retrieved
from long-term liquid nitrogen storage and were maintained in culture as described
(Sections 3.1.1 and 3.1.2). To ensure that sustainable stocks were available for
future studies, parasitised erythrocytes were cryopreserved (Section 3.1.4). All
aspects involved in retrieving, maintaining and preserving the parasites were
carried out using sterile tissue culture techniques.

3.1.1 Retrieval
P. falciparum parasites were retrieved from long term liquid nitrogen storage as
described

previously

(Meryman

and

Hornblower

1972).

Vials

containing

cryopreserved parasites were removed from liquid nitrogen and thawed in a 37 °C
water bath for 1-2 min. The contents of each vial were transferred into a centrifuge
tube. A solution of 12% (w/v) NaCl (Appendix 1) was added to the tube at 1 drop
per second until 1/5 of the original volume had been added (i.e. 200 µL per 1 mL of
blood). The tube was left to stand for 3 min. A solution of 1.6% (w/v) NaCl
(Appendix 1) was then added (10 mL per mL of blood) in a similar fashion. The
mixture was gently mixed and centrifuged for 5 min at 1500 rpm. The supernatant
was removed and 0.9% (w/v) NaCl (Appendix 1) was then added dropwise, to the
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pellet until ten times the pellet volume had been replaced. Following gentle mixing
and centrifugation, the supernatant was removed and the cells were resuspended
in complete medium (Appendix 1) to a 5-7% haematocrit.

3.1.2 Culture maintenance
Cultures of the laboratory-adapted isolates 3D7 and K1 were maintained in
modified candle jars as described previously (Trager and Jensen 1976). P.
falciparum isolates were maintained in continuous culture at a 2% parasitaemia
and incubated at 37 °C in an airtight chamber (modified Nalgene desiccator
cabinet, Nalgene, USA). The chamber was flushed routinely with 1% O2, 5% CO2
and N2 balance (CIG BOC Gases, Australia) for 1 min and 50 seconds at least
once a day or when opened. The oxygen concentration within the airtight chamber
ranged from 3-9% over a 24-hour period. Media were changed daily and the
parasitaemia was assessed every 48 hours by Giemsa-stained thin smears
(Section 3.1.3).

3.1.3 Parasitaemia determination
Infected erythrocytes (5-8 µL) were smeared on to a glass slide using the edge of
another slide and were then left to dry. Once dry, the smeared slides were fixed
with methanol (BDH, Australia) and placed in a 10-20% solution of Giemsa
(Appendix 1) for 10 min. The stained slides were washed with water, dried and
examined microscopically under oil immersion (100×).
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3.1.4 Cryopreservation
The isolates used in the studies described in this thesis were cryopreserved as
described by others (Rowe et al. 1968). Briefly, infected erythrocytes were
collected into tubes and centrifuged at 1500 rpm for 10 min. The pellet was
resuspended in cryopreservation solution (Appendix 1). 1-2 mL of this cell
suspension was aliquoted into freezing vials (Nunc, Australia), which were then
snap-frozen in liquid nitrogen for long-tern storage.

3.1.5 Gelatin selection for mature stage culture
The isolation of trophozoites and schizonts from infected red blood cells (IRBCs)
was performed by incubating the IRCBs with a gelatin mix (Appendix 1) as
described by others (Jensen 1978; Reese et al. 1979). The IRBCs were mixed with
the pre-warmed gelatin solution and incubated for 45 min in a 37 °C water bath.
The supernatant containing trophozoites was transferred to a new tube and
centrifuged at 1500 rpm for 5 min. 5 µL of the pellet was smeared and trophozoite
density was determined by microscopy (Section 3.1.3).

3.1.6 Sorbitol lysis
Sorbitol was used to lyse the later stages of parasite development (trophozoites
and schizonts) (Pasvol et al. 1978). Briefly, a pre-warmed 5% (w/v) sorbitol solution
(Appendix 1) was added to IRBCs (9 times the pellet volume). The solution was
mixed and incubated at 37 °C for 10 min. After incubation, the suspension was
again mixed and re-centrifuged (1500 rpm for 5 min). The supernatant was
removed and 5µL of the pellet was smeared to determine parasitaemia (Section
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3.1.3). The pellet was re-cultured and sorbitol lysis was repeated every 48 hours
until maximum synchronisation of ring forms was achieved.

3.2

Determining the antimalarial effects of retinol and other

compound, alone or in combination against P. falciparum in vitro
The antimalarial activity of new/novel agents was determined using the in vitro [3H]hypoxanthine incorporation assay (Chulay et al. 1983; Davis et al. 1998; SkinnerAdams et al. 1998). This method involves growing parasites in the presence of the
drug to be tested for a period of 48 hours. The growth of the test culture is
measured by determining the

percentage inhibition of [3H]-hypoxanthine

incorporation when compared to that of control cultures.

The effects of drug combinations can be studied in vitro using isobologram analysis
(Figure 3.1) (Valeriote and Lin 1975; Berenbaum 1978; Steel and Peckham 1979;
Poch 1980; Czarniecki et al. 1984). Isobolograms are generated by titrating
fractional inhibitory concentrations (FICs) of each agent against the other
(Berenbaum 1978). Concentrations required to produce the same effect (FIC = 1.0)
are then plotted as an isobologram (plot of equal effect) (Berenbaum 1978). If the
sum of the fractions are 1.0, the combination is additive (straight isobole). If the
sum is <1 or >1 the interaction is synergistic (concave isobole) or antagonistic
(convex isobole) respectively (Figure 3.1) (Berenbaum 1978; Stahel et al. 1988;
Dieckmann-Schuppert and Franklin 1990; Machado 1994; Canfield et al. 1995).
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Figure 3.1:

Diagrammatic representation of an isobologram

3.2.1 Preparation of retinoids
Retinoids (Appendix 2) were dissolved in 100% (v/v) dimethyl sulphoxide (DMSO)
to a concentration of 10-2 M. These stock solutions were stored at –86 °C. Dilutions
with complete drug media (Appendix 1) or vehicle control (Appendix 1) were
prepared from thawed stock solutions immediately before use and were rigorously
protected from light during preparation.

3.2.2 [3H]-Hypoxanthine incorporation assay
The sensitivity of P. falciparum isolates 3D7 and K1 to retinoids was determined as
described by others (Chulay et al. 1983; Geary et al. 1990). Briefly, dilutions of
each retinoid at concentrations ranging from 0.5 nM to 100 μM were added in
triplicate to wells of sterile flat-bottom 96-well microtitre plates (100 µL, Disposable
Products, Australia). Parasite cultures, diluted to a standard 2% parasitaemia and
1% haematocrit, were then added to the wells (total volume 200 µL). Cultures were
labelled with 0.5 µCi of [3H]-hypoxanthine (10 µL/well; Amersham, Australia)
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(Section 3.2.4) and incubated for 48 hours under microaerophilic conditions.
Cultures were harvested on to filter mats (90×120mm, Wallac, Findland) using a
Harverster 96 (Tomtec Inc., USA) and were counted as described in Section 3.2.4.

3.2.3 Preparation of [3H]-hypoxanthine labeled
[3H]-hypoxanthine (Amersham, Australia) was prepared by diluting the 0.5 mL
stock (1 mCi/mL) with incomplete media to a final volume of 10 mL. A 10 µL aliquot
of the diluted [3H]-hypoxanthine was then added to each well in the [3H]hypoxanthine incorporation assay.

3.2.4 Liquid scintillation counting
Dried filter mats were sealed into sample bags (Wallac, Finland) with 5mL
Betaplate scintillant (Betaplate Scintillant, Wallac, Finland). Each sealed filter mat
was placed in a MicroBeta cassette (Wallac, Finland) and counted (counts per
minute per well) in a MicroBeta Plus liquid Scintillation Counter (1450 Wallac,
Finland).

3.2.5 Drug combination assay and isobologram
The antimalarial activity of retinoid combinations was assessed using isobologram
analysis (Czarniecki et al. 1984; Rosenblum 1991). The IC50 of each agent alone
was determined by log-linear interpolation of two data points from each triplicate
experiment performed on three separate occasions. Fractional inhibitory
concentrations of each agent (1.0, 0.75, 0.5, 0.25, 0.125, 0.0625 and 0) were then
titrated against each of the other compounds to be tested (100µL total volume in 96
well micro-titre plates). The inhibitory effect of each combination was assessed as
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described for 48-hour [3H]-hypoxanthine incorporation assay (Section 3.2.2). The
IC50 concentration of each individual agent was determined on each day of
experimentation.

3.3

Measurement of retinol and α-tocopherol from plasma

and liver homogenates
3.3.1 Preparation of stock standards
The working standards, Vitamin A (all-trans retinol) and dl-α-tocopherol were
purchased from Fluka (NSW, Australia) and dl-α-tocopherol acetate (internal
standard) was obtained from Sigma (St Louis, USA). The HPLC grade methanol,
acetonitrile, tetrahydrofuran, isopropanol and n-hexane were purchased from
Waters (NSW, Australia). The stock standards of all-trans retinol, dl-α-tocopherol
and dl-α-tocopherol acetate were prepared in isopropanol, n-hexane and ethanol,
respectively (Appendix 1). All stock standards were stored at -70oC.

3.3.2 Pre- assay standardisation
Since retinol and dl-α-tocopherol were unstable compounds, their purity and
stability were re-calibrated by measuring their absorbance each time they were
prepared from the stock standard. Working standard solutions (1/125 dilution) of
each individual stock standard were prepared in n-hexane (Appendix 1) and
absorbance was measured for calculation of concentrations from their molar
absorptivities. The absorbance of retinol and dl-α-tocopherol working standards
were measured at 325, and 292 nm, respectively, in a 1 cm quartz cuvette. N-

- 57 -

hexane was used a blank. The concentrations of retinol and dl-α-tocopherol were
calculated as:
Wavelength (nm)

Absorbtivity

Concentration (mmol/L)=

Retinol

325

52.48

Absorbance/52.48 × 1000

dl-α-tocopherol

292

3.26

Absorbance/3.26 × 1000

3.3.3 Preparation of working standards and plasma for HPLC
quantification
A working HPLC standard mixture of all the standards (vitamin A, dl-α-tocopherol
and dl-α-tocopherol acetate) was prepared by diluting the prepared stock
standards (Section 3.3.2) in n-hexane at 1:125 dilutions (Appendix 1). The working
internal standard α-tocopherol acetate (Appendix 1) for extraction procedure was
made up weekly. and protected from light throughout the experiments. Plasma
samples in EDTA-containing tubes were obtained from volunteers at QEII Medical
Centre, UWA. Plasma was protected from light during transport, separated from
erythrocytes as soon as possible and stored at -70oC until assay. Proteins were
removed from the plasma by ethanol precipitation.

3.3.4 Sample Processing for HPLC quantification
The sample processing for HPLC quantification involved setting up of standards
and specimens at the same time as part of one process. For the standards, 600 μL
of the working standard mixture (Appendix 1) was added and mixed with 600 μL
saline and 1.0 mL of working internal standard. For the controls and samples, a 1.0
mL of working internal standard (Appendix 1) was added and mixed into 600 μL of
plasma, followed by the addition of 600 μL of n-hexane. Mixtures were vortexed
- 58 -

vigorously for 1 minute and centrifuged at 3,200 g for 10 minutes. The top organic
layer (n-hexane layer) was extracted and transferred to labeled HPLC vials and
capped for HPLC analysis.

3.3.5 High performance liquid chromatography (HPLC)
A Waters system consisting of a 700 WISP autosampler, 600E system controller,
and 2487 absorbance detector was used for HPLC analysis. This method uses a
Beckman Ultrasphere ODS 5 μm, 4.6 mm x 25 cm column (Fullerton, CA 92634)
with a Waters Nova-Pak C18 Guard-Pak. The mobile phase consists of A and B
(18:82 by v/v). The mobile phase A consisted of methanol and 1% ammonium
acetate (3:2 v/v). Mobile phase B consisted of acetonitrile and tetrahydrofuran (3:1
v/v). The mobile phase was degassed with helium at 50 mL/min for 30 minutes
before use, and 20 mL/min thereafter, running at a flow rate of 2.5 mL/min. The
temperature of the column was kept at a constant 30oC. A direct injection of 20 μL
of the extract (Section 3.3.4) was possible with good resolution of peaks. Detection
was achieved with a single channel detector programmed to change wavelength
from 325 nm to 280 nm at 6 minutes and 456 nm at 12 minutes within a 36 minutes
run.

3.4

Measurement of total F2-isoprostane concentrations

3.4.1 Hydrolysis of plasma and homogenised tissue
To measure concentrations of total F2-isoprostane, the plasma, RBC and liver
homogenate samples were hydrolysed to convert the free F2-isoprostane into
esterified form. Briefly, a 1 mL of thawed plasma or homogenates of RBC and liver
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was mixed with 50 µL of internal standard d4-8-Iso-PGF2α (5 ng of 1ng/10 µL stock
solution in ethanol). A 1 mL of KOH solution (Appendix 1) was added and the
mixture was vortexed rigorously. The samples were flushed with nitrogen gas,
sealed and heated at 40 °C for 30 min. Samples were then cooled on ice and a 1
mL of methanol was added to the cooled samples. Samples were vortexed
rigorously, centrifuged at 3,200 g for 10 minutes and the supernatant was
transferred into 10 mL polypropylene tube. An 8 mL of phosphate buffer (pH 4)
(Appendix 1) was added to the supernatant and the solution was vortexed
rigorously. Samples were acidified to pH 3-4 with 5 M HCl and thoroughly mixed.
The acidified samples were then chromatographed on Sep-Pak columns (Section
3.4.2). The solutions of methanol, acetonitrile, petroleum spirit and iso-octane used
in the extraction methods were of HPLC-grade reagents from BDH (Australia).

3.4.2

C18 Sep-Pak separation

10 mL syringes and C18 Sep-Pak columns (Waters Associates, Milford, MA) were
installed on the Sep-Pak cartridges holder attached to a vacuum manifold (Alltech,
USA) and vacuum pump (Dynavac, Australia). The Sep-Paks were conditioned
one by one with the solutions listed in Table 3.1.
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Table 3.1:

List of solutions added to the C18 Sep-Pak Cartridges

Solution

Volume (mL)

Condition

Methanol

5

No vacuum

Double distilled water (pH 3)

5

Slow vacuum

Acidified sample (Section 3.5.1)

10

No vacuum

Double distilled water (pH 3)

10

Slow vacuum

Acetonitrile/ water (15:85)

10

Slow vacuum

Petroleum spirit (40-60 °C grade)

10

Slow vacuum

Ethyl acetate/ Petroleum spirit (50:50)

10

No vacuum

The 10 mL of ethyl acetate/petroleum spirit solution (Table 3.1) was collected into
10 mL propylene tubes. The remaining water in the solution was removed by the
addition of anhydrous magnesium sulphate (MgSO4). The solution was centrifuged
at 1,000 g for 2 minutes and applied to the Silica Sep-Pak separation (Section
3.5.3).

3.4.3 Silica Sep-Pak separation
Silica Sep-Pak columns (Waters Associates, Milford, MA) were installed on SepPak cartridges holder. Silica Sep-Paks were conditioned one by one using the
solutions listed in Table 3.2 without the application of a vacuum.

Table 3.2:

List of solutions added to the Silica Sep-Pak Cartridges

Solution

Volume (mL)

Ethyl acetate / Petroleum spirit (from section 3.5.3)

10

Ethyl acetate

5

Ethyl acetate / Methanol (50:50)

5
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The final fraction in Ethyl acetate /methanol (50/50, v/v) was collected in a 10 mL
glass tube and dried in a centrifuge evaporator for 2 hours.

3.4.4 Derivatisation of F2-isoprostane fraction
The F2-isoprostane fraction was derivatised with 10% PFBBr + 10% DIPEA and
BSTFA + TMCS (99:1) to give the F2-isoprostane pentafluorobenzyl esters,
trimethylsilylethers. A 40 µL of 10% PFBBr in acetonitrile (Sigma Aldrich, USA) and
20 μL of DIPEA (10% in acetonitrile) were added to the dried fraction (Section
3.4.3), and mixed rigorously. The mixture was incubated at room temperature for
30 minutes, followed by drying under the flow of N2 gas. A 20 μL of BSTFA +
TMCS (99:1 v/v Sigma Aldrich, USA) and 10 μL pyridine (Sigma Aldrich, USA)
were added to the dried fraction and mixed rigorously. The mixture was incubated
at 45 °C for 20 minutes followed by drying under the flow of N2 gas.

The

derivatised fraction was dissolved in 25 μL iso-octane solution (Sigma Adrich,
USA) and placed into HPLC vial.

3.4.5 Gas spectrophotometer –mass chromatography
F2-isoprostanes were analysed by gas chromatography mass spectrometry
(Agilent 5973 Mass Selective Detector, Palo Alto, CA) using electron capture
negative ion chemical ionisation (ECNICI) and monitored m/z 569 and m/z 573 for
the F2-isoprostanes and internal standard, respectively.
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3.5

Measurement of Polyunsaturated Fatty acids (PUFA)

3.5.1 Separation of lipid fractions by thin layer chromatography (TLC)
Measurement of the percentages of PUFA firstly involved separation of
phospholipid fractions from the total lipid extract by thin layer chromatography
(TLC). Briefly, a 500 μL aliquot of lipid extract from tissue homogenate was dried
under

N2

gas.

The

dried

extract

was

then

reconstituted

in

100

μL

chloroform/methanol (2:1 v/v) solution (Appendix 1). Samples were then spotted
onto TLC silica F254 plate (Merck, Darmstadt, Germany). Using a 50 μL tip when
spotting on the marked surface of the plate, the sample was streaked as narrow as
possible. The silica plates were placed into a tank containing 230 mL of solvent
system of petroleum spirit/diethyl ether/acetic acid/methanol (170:40:4:4, v/v)
(Appendix 1). The level of developing solvent was made below the sample streak .
TLC run was terminated when the solvent front was approximately 1 cm from the
top edge.

The baseline of the silica plate that contained phospholipids, was then scraped
thoroughly and the scrapings were placed into a boiling tube. A 2 mL of 4% sulfuric
acid/methanol solution (Appendix 1) was added into the tube to produce fatty acid
methyl esters. A 20 μL (equivalent to 20 μg) of internal standard, heptadecanoic
acid (C17:0, Sigma Aldrich, USA) in methanol was added into the mixture and the
tubes were flushed with N2 gas, vortexed and sealed. Tubes were heated in boiling
water for 30 minutes. A 2 mL of double distilled water and 2 mL of n-hexane were
then added into the cooled tubes, and the mixture was vortexed and centrifuged at
3,200 g for 5 minutes at 4 °C. Hexane layer (top layer) was removed, dried under
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nitrogen gas and reconstituted in 20 μL heptane. The fatty acid methyl esters were
analysed by gas liquid chromatography.

3.5.2 Gas liquid chromatography
A 3 μL of fatty acid methyl esters in heptane (Section 3.5.1) was injected into gas
liquid chromatography using a BPX70 column (25m x 0.32mm, 0.25mm film
thickness) (SGE, Ringwood, Victoria, Australia) temperature programmed from 150
to 210°C at 4°C/min using N2 as the carrier gas, in a Hewlett-Packard model
5980A gas chromatograph (Hewlett Packard, Rockville, MD).

Peaks were

identified by comparison with a known standard mixture. Palmitic acid (C16:0),
stearic acid (C18:0), oleic acid (C18:1), linoleic acid (C18:2), arachidonic acid
(C20:4) and docosahexaenoic acid (C21:6) were expressed as a percentage of
fatty acids. The amount arachidonic acid (μg) was calculated using:
(Area of peak C20:4 × 20 μg of C17:0 × 5000 μL)
(Area of peak C17:0 × 500μL)
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Chapter 4
Characterisation of the effect of retinol on
P. falciparum in vitro
4.1

Introduction

A range of reports have suggested that retinol (vitamin A alcohol) may have a role
as an adjunctive treatment for falciparum malaria. The reduced serum retinol
concentrations found in patients with malaria have been associated with an
increased parasite burden and clinical severity (Sturchler et al. 1987). Although
one study did not show retinol to be effective against P. falciparum in vitro (Samba
et al. 1992), a study by Davis and colleagues (1998) found intrinsic antiPlasmodium activity at retinol concentrations that were close to those present in
normal human serum (1-3 µM) (Davis et al. 1998). This later study assessed the
effects of retinol on mixed-stages and synchronous ring stage cultures of P.
falciparum. It was suggested that more detailed studies were required to analyse
the stage specificity of the effects of retinol, including a characterisation of losses
of retinol from the culture system and its effects on merozoite invasion.

The mechanisms underlying the putative direct anti-Plasmodium effect of retinol
are unknown and the relative activity of retinol against different developmental
stages of P. falciparum has not been characterised. Retinol contains a hydrophilic
hydroxyl group, and a conjugated double-bond system that binds a trimethylcyclohexenyl ring at the other end of the molecule and confers lipid solubility
(Figure 2.4). Retinol is known to interact with phospholipid molecules in both
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plasma and intracellular membranes. Supraphysiological concentrations of retinol
can lyse cells (Goodall et al. 1980), induce cellular fusion (Howell et al. 1972;
Goodall et al. 1980) and cause mitochondrial swelling (Goodall et al. 1980). The
most serious clinical consequence of these effects is red blood cell (RBC)
haemolysis (Glauert et al. 1963; Lucy and Dingle 1964; Raz and Livne 1973;
Novakova et al. 1977), which has been reported to occur in humans when serum
retinol concentrations are well above normal (>70 µM) (Murphy 1973; Davis et al.
1994; Sowell et al. 1994). Nevertheless, there may be more subtle effects on RBC
membrane function that occur at concentrations closer to the physiological range
that underlie the anti-Plasmodium effects of retinol. One such effect may be an
alteration of RBC membrane characteristics resulting in impairment of merozoite
invasion. The anti-Plasmodium activity of retinol demonstrated previously in vitro
(Davis et al. 1998) might have resulted from this mechanism.

The assessment of retinol efficacy in vitro can be difficult because retinol and other
retinoids are relatively hydrophobic and unstable. The stability and bioavailability of
these compounds are critically dependent on the extent of exposure to light,
oxygen and composition of the culture media (Klaassen 1999). Excessive loss of
retinol in vitro may result in an overestimation of the actual retinol concentrations
that exhibit anti-Plasmodium activity (Davis et al. 1998). Differences in duration of
exposure to light, oxygen and culture conditions may affect the reproducibility and
accuracy of retinol bioavailability. It is therefore important to reduce the loss of
retinol in vitro by minimizing exposure to light, oxygen and heat, and the use of
serum containing media in the preparation of retinol (Davis et al. 1998; Klaassen
1999).
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In the first set of in vitro studies, the direct anti-Plasmodium effects of retinol were
investigated in detail, specifically i) to define precisely the concentration range of
activity against P. falciparum, ii) to assess its effect against different erythrocytic
stages of P. falciparum development including merozoite invasion, and iii) to
determine whether direct effects on the RBC such as haemolysis might represent
important confounding factors in the interpretation of the experiments.

4.2

Material and Methods

4.2.1 Maintenance and synchronisation of parasite cultures
Cultures of the laboratory-adapted isolates 3D7 and K1 were maintained in
modified candle jars as described (Section 3.1.2). Synchronous cultures (ring
forms) of standard isolates 3D7 and K1 were obtained by repeated treatment with
5% w/v sorbitol solution (Section 3.1.6). Synchronous cultures of ring-infected RBC
were used when at least 95% of the viable parasites identified by microscopy were
young ring forms. Synchronous mature-stage cultures were prepared by incubating
synchronous ring-infected RBC for a further 20 hours (Figure 4.1).

- 67 -

merozoite

ruptured schizont

ring
0 hr

10 hr

48 hr

schizont

30-40 hr

Figure 4.1:
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Erythrocytic life cycle of P. falciparum, specifically merozoite

invasion, development of ring forms to mature stages of trophozoite and
schizont, and schizont rupture.

4.2.2 [3H]-hypoxanthine incorporation assay
The in vitro efficacies of retinol against the culture-adapted isolates of P. falciparum
3D7 and K1 were determined by inhibition of [3H]-hypoxanthine incorporation
(Section 3.2.2). Dilutions of retinol, at concentrations ranging from 1 to 100 µM,
were added in quadruplicate to wells (100 μl). Asynchronous (mixed stages) and
synchronous (ring- and mature-stage) cultures diluted to a standard 2%
parasitaemia and 1% haematocrit, were then added to the wells (total volume 200
μl). Cultures were labelled with 0.5 µCi of [3H]-hypoxanthine for 20 hours or 48
hours as required, harvested and counted as counts per minute (see Section 3.2).
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4.2.3 Retinol assay
Cultures of uninfected and 3D7 RBC were prepared as described above for the
incorporation experiments (Section 4.2.2). Duplicate aliquots of media were taken
at 0, 5, 8, 12, 24 and 48 hours during the incubation period. Added retinol
concentrations (see Section 3.2.2) of 10, 30, 50 and 100 µM were used. The final
retinol concentration in the media of each sample was assayed by high
performance liquid chromatography (HPLC) using dlα-tocopherol acetate as the
internal standard (Section 3.3.5). The eluted peaks were monitored at wavelengths
of 325 nm (retinol) and 280 nm (vitamin E) using a programmable detector (Section
3.3.5). The concentration of retinol was calculated from a standard curve using the
peak areas on the chromatogram. The assay detection limit was 0.1 μM and the
inter-assay precision was <5.5%.

4.2.4 [3H]-hypoxanthine incorporation curves
The final concentrations of retinol in the culture media and [3H]-hypoxanthine
incorporation data were used to construct individual dose-response curves. Data
are presented as mean ± SD percentage incorporation of [3H]-hypoxanthine from
quadruplicate experiments. The dose required to inhibit parasite growth by 50%
(IC50) was calculated from each curve using log-linear interpolation (Huber and
Koella 1993).

4.2.5 Quantification of retinol-associated haemolysis
Cultures of infected (2% parasitaemia) and non-infected RBC were prepared at 1%
haematocrit and media containing either control (1% DMSO) or 100 µM (100 µL)
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retinol were added. In both cases, total and free haemoglobin were measured in
aliquots of culture and supernatant respectively at 0, 24 and 48 hours of
incubation. Haemoglobin was quantified from absorbance at 562, 578 and 598 nm
using a UV visible spectrophotometer (Cary 50 Bio, Varian Inc., USA). The
percentage haemolysis in each sample was calculated using the equation (free
haemoglobin in supernatant/total haemoglobin in culture) x 100.

4.2.6 Inhibition of merozoite invasion
4.2.6.1

Conventional merozoite invasion assay

Merozoite invasion assays were performed based on previously published
methods (Ocampo et al. 1999). In brief, synchronous cultures of ring forms at 4%
parasitaemia and 0.5% haematocrit were incubated for approximately 20 hours to
achieve populations of mature trophozoites and early schizonts (Figure 4.2a).
These mature stage cultures were exposed to varying concentrations of retinol (0100 µM) for 15 hours until schizont rupture was imminent. The cultures were then
centrifuged and retinol-containing media were removed. Cultures were washed
twice with retinol-free media and mixed with non-parasitised RBC to a total volume
of 200 µL and final haematocrit of 1%, and labelled with [3H]-hypoxanthine (Figure
4.2a).
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4.2.6.2

Merozoite invasion of RBC pre-treated with retinol

Non-parasitised RBC at 0.5% haematocrit were incubated with a range of
concentrations of retinol (0-100 µM) for 15 hr (Figure 4.2b). After the incubation
period, retinol-containing media were removed and the RBC were washed twice
with retinol-free media. Synchronous parasites at 4% parasitaemia and 0.5%
haematocrit were also incubated for 15 hours but were not exposed to retinol
(Figure 4.2b). When merozoite release was imminent, these cultures were mixed
with the retinol-treated non-parasitised RBC to a total volume 200 µL and final
haematocrit of 1%, and labelled with [3H]-hypoxanthine (Figure 4.2b).

4.2.7 Quantitation of merozoite invasion
All 3H-hypoxanthine-labelled cultures, prepared as described in Section 4.2.6, were
incubated for further 33 hours (48-hour assay), harvested and counted. Growth
incorporation curves were constructed as described in Section 4.2.4 above.

4.2.8 Delayed effects of retinol pre-treatment of RBC
The [3H]-hypoxanthine labelled cultures as prepared for merozoite invasion assay
(see Sections 4.2.6.1 and 4.2.6.2) were washed twice at 48 hours. New media
were added to these cultures and [3H]-hypoxanthine labeling was performed. After
further incubation for 48 hours, cultures were harvested and counted, and the net
increase or decrease in [3H]-hypoxanthine incorporation between 48 and 96 hours
was calculated.
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4.2.9 Morphology, parasitaemia and [3H]-hypoxanthine incorporation
Additional cultures of synchronous mature-stage parasites (4% parasitaemia and
1% haematocrit) were prepared in the absence and presence of retinol
concentrations corresponding to the inhobitory concentrations to achieve 50 and
90% growth inhibition (IC50 and IC90). Samples of these cultures were smeared
onto a glass slide approximately every 2 hours up to 48 hours. The blood films
were air-dried, fixed with methanol and stained with Giemsa (see Section 3.1.3).
Parasite morphology was examined and the appearances of nucleus and
cytoplasm were documented. Parasitaemia was quantified microscopically by
counting the number of parasitised RBC among 1,000 randomly-observed RBC.

The [3H]-hypoxanthine incorporation assay was also performed on these cultures.
Samples of cultures treated with IC50 and IC90 of retinol were taken out at 0 (initial),
2, 4, 6, 10, 18 and 48 hours. At each time point, with the exception of 48-hour
samples, retinol-containing media were removed and the samples were washed
twice. All samples were labelled with [3H]-hypoxanthine at 18 hours and were
further incubated to 30 hours, harvested and counted.

4.2.10

Data analysis

Data were analysed by parametric method using the statistical package SPSS for
Windows (SPSS Inc., version 11.5.0, Chicago, USA).
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(a)

(b)

(i)

(i)
Retinol

Retinol

15 hrs incubation
(ii)

15 hrs incubation
(ii)

3[H]-hypoxanthine

(iii)

33 & 48 hrs incubation
Harvest & count

Figure 4.2:

3[H]-hypoxanthine

(iii)

33, 48 hrs incubation
Harvest & count

Diagrammatic illustration of merozoite invasion assay; (a)

Exposure of mature stage parasitised erythrocytes to retinol (0-100 µM); (b)
exposure of non-parasitised erythrocytes to added concentrations of retinol (0100 µM); (i) 15 hours incubation with retinol media; (ii) removal of retinol media,
replacement with fresh culture media containing non-parasitised erythrocytes
(a) and cultures of ruptured schizonts (b); (iii) 3[H]-hypoxanthine labelling and
further incubation up to 48 hours, prior to harvesting and counting.
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4.3

Results

4.3.1 Effect of retinol on growth of P. falciparum in culture
The initial series of experiments aimed to investigate the efficacy of retinol against
different stages of parasite development. Since retinol was dissolved in 1% DMSO,
culture medium containing 1% DMSO was used as the vehicle control in all
experiments. In order to assess the effect of retinol on i) parasite development from
ring to mature stages and ii) the reproductive ability of the ring stage parasites,
cultures were incubated with [3H]-hypoxanthine for 20 hours and 48 hours
respectively, before determination of radioisotope incorporation.

It was necessary first to determine the extent of retinol loss during experimental
procedures. In the retinol assay, 3D7-infected mixed-stage cultures were used in
parallel to the non-infected culture to determine whether retinol losses were
increased in the presence of parasites. Retinol was added at a concentration range
of 1 to 100 μM to quadruplicate cultures of infected and non-infected RBC (Section
4.2.3).

The actual concentrations of retinol, as measured by HPLC, were compared to the
added concentrations of retinol in culture (see Appendix 4; Table A4.1).

The

percentages of retinol recovered after dilutions from the stock solution and during
the 48 hours incubation with non-parasitised and 3D7 parasitised RBC were
calculated and the resulting data are presented in Figure 4.3. The percentage
retinol recovery was plotted against the period of preparation and storage of retinol
stock solution (Figure 4.3; shaded area) and against the incubation period in
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culture. The retinol recovery curves indicate increasing retinol loss both during
preparation and incubation of cultures. The loss of retinol ceased after 18 hours
incubation (Figure 4.3). Overall, approximately 30% of retinol was lost during
preparation and storage of the stock solution, with further losses amounting to a
total of >50% during the 48-hour culture period (see Figure 4.3). There were no
differences between the loss of retinol in cultures of non-parasitised RBC and that
in cultures of 3D7-infected RBC at each time point (P>0.16 by Student’s t-test in
each case).
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Figure 4.3:

Measurement of retinol losses in non-parasitised and 3D7-

infected cultures during a 48-hour incubation period. Added concentrations of
retinol ranging from 10 to 100 μM were measured by HPLC and the
percentages of retinol recovery (mean ± SD of quadruplicate) were plotted
against incubation time (hours). The shaded area represents the period of
preparation of the retinol concentrations from stock solution.
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The effectiveness of retinol against asynchronous and synchronous cultures is
represented by the inhibition of parasite growth (i.e. inhibition of [3H]-hypoxanthine
incorporation). Parasite growth was inhibited when the parasitised cultures were
incubated with retinol in a concentration-dependent fashion. DMSO (1%) in vehicle
control cultures did not inhibit parasite growth. The inhibitory concentrations of
retinol were adjusted for losses during culture and the percentages of [3H]hypoxanthine incorporation were plotted against the actual concentrations of retinol
(see Appendix 4; Table A4.2). An example of the resulting parasite growth curves
is given in Figure 4.4.

The actual concentrations of retinol required to achieve 50% growth inhibition (IC50
values) in mixed-stage; early-ring forms and mature-stage cultures after 48 hours
incubation were calculated (Section 4.2.4) and are listed in Table 4.1. The IC50
value of retinol for mature forms culture of 3D7 isolate was the lowest (IC50 values;
8.1 versus 14.8 and 21.3 μM), indicating greater anti-Plasmodium effects of retinol
on the mature form parasites than mixed-stage and early ring-form cultures. The
mixed-stage cultures of 3D7 and K1 isolates were comparable in their sensitivity to
retinol (IC50 values; 14.8 versus 13.3 μM). However, the early ring-form culture of
3D7 isolate was less sensitive to retinol treatment than that of K1 isolate (IC50
values; 21.3 versus 12.3 μM).
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Table 4.1:

Concentrations of retinol (mean ± SE) necessary to achieve 50%

growth inhibition (IC50) after 48 hours incubation of parasite cultures.

Mixed-stage culture

Early ring forms

Mature forms
Merozoite invasion

Isolate

IC50 (µM)

3D7

14.8 ± 0.3*

K1

13.3 ± 0.2*

3D7

21.3 ± 0.8**

K1

12.3 ± 0.6**

3D7

8.1 ± 0.9**

K1

ND

3D7

12.5 ± 0.2*

K1

12.6 ± 0.6**

* Data from quadruplicate cultures in each of 2-3 experiments.
** Data from quadruplicate cultures in 1 experiment.
ND Not done

Figure 4.4 gives the growth curves of 3D7 and K1 isolates after 20 and 48 hours
incubation with retinol. Parasite development from ring to mature forms (20 hours)
was related inversely to the increase in retinol concentration (Figure 4.4).
Incubation for 48 hours (i.e. approximately 1 life cycle) showed even greater
inhibition of [3H]-hypoxanthine incorporation (Figure 4.4). Overall, the data (Table
4.1 and Figure 4.4) indicate an effect of retinol on all stages of parasite
development.
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Figure 4.4:

The effects of retinol on ring forms development (20 hours) and

life cycle (48 hours). The percentage of [3H]-hypoxanthine incorporation of P.
falciparum isolates 3D7 and K1 (mean ± SD of quadruplicate cultures) were
plotted against actual retinol concentrations in 20 hour () and 48 hour (z)
incubation assays.
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4.3.2 Inhibition of merozoite invasion
Further experiments were designed to assess whether the inhibition of parasite
growth was a result of a direct anti-Plasmodium effect of retinol or due to the
impairment of merozoite invasion of RBC. It was important to determine firstly
whether the concentrations of retinol used in the experiments caused RBC
haemolysis (see Section 4.2.5). In these studies, cultures containing either the
non-parasitised or parasitised RBC were used in parallel experiments. Merozoite
invasion assays were performed on retinol pre-treatment of parasitised and nonparasitised RBC. As an extension of the experiments described in Section 4.2.6.1
and 4.2.6.2, a prolonged incubation period over a further 48 hours (96-hour assay)
was used to assess whether successful merozoite invasion of retinol-treated RBC
influenced parasite growth and development beyond the first asexual lifecycle.

There was no detectable haemolysis (0%) in any of the cultures of 3D7-infected
and non-infected RBC incubated in the presence of 100 μM retinol after 0, 24 and
48 hr. Minimal (2%) haemolysis was detected at 48 hours in the culture of 3D7infected RBC grown in media containing vehicle (1% DMSO), at which time the
parasitaemia was the highest of any of the cultures in the experiments (11.6%).
This result demonstrates that the concentrations range of retinol used in these
experiments did not cause haemolysis of RBC.

The success of merozoite invasion was assessed by the incorporation of [3H]hypoxanthine by the parasites. Merozite invasion in 3D7- and K1-infected RBC
exposed to retinol for 15 hours before schizont rupture was inhibited in a
concentration-dependent fashion (Figure 4.5). The IC50 values for inhibition of
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merozoite invasion in the 3D7- and K1-infected RBC exposed to retinol were
comparable (Table 4.1; 12.5 versus 12.6 μM). Prolonged incubation demonstrated
an increase in [3H]-hypoxanthine incorporation between 48 and 96 hours,
especially for retinol concentrations in the initial 15-hour exposure period that were
less than the IC90 for each strain (Figure 4.6). These data, together with
microscopic examination of smears prepared at regular intervals during
experiments (see Sections 4.2.6.1 and 4.2.6.4), confirmed that the merozoites
which had successfully invaded RBC after exposure of mature forms to retinol
were able to develop normally.

Merozoite invasion was uninhibited (approximately 100% [3H]-hypoxanthine
incorporation over 33 hours) when untreated cultures at the schizont stage were
incubated with retinol-exposed, non-parasitised RBC (Figure 4.5). Continuing the
incubation to 96 hours showed the same result (Figure 4.6).
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Figure 4.5:

The effects of retinol treatment on merozoite invasion. [3H]-

hypoxanthine incorporation (mean ± SD of quadruplicate) against actual
concentrations of retinol, after 48 hours incubation of P. falciparum isolates 3D7
(z) and K1 () in cultures (a) treated with retinol for 15 hours prior to schizont
rupture and (b) maintained in non-parasitised RBC also treated with retinol for
15 hours.
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(b) Retinol-treated non-parasitised RBC
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Figure 4.6:

The effects of retinol treatment on merozoite invasion. [3H]-

hypoxanthine incorporation (mean ± SD of quadruplicate) against actual
concentrations of retinol, after 96 hours incubation of P. falciparum isolates 3D7
(z) and K1 () in cultures (a) treated with retinol for 15 hours prior to schizont
rupture and (b) maintained in non-parasitised RBC also treated with retinol for
15 hours.
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4.3.3 Morphology, parasitaemia and [3H]-hypoxanthine incorporation
The last part of present investigations aimed to further characterise the potency of
retinol on parasitised RBC and to determine whether retinol induced morphological
changes in the intracellular parasite. To achieve this, a time-course experiment
was conducted. The influence of retinol on parasite morphology, in parallel to its
effectiveness against parasite growth (i.e. determined by parasitaemia counting
and 3H-hypoxathine incorporation) were closely monitored (see Section 4.2.7). For
these studies, the parasite cultures were exposed to retinol at concentrations
required to inhibit growth by 50% (IC50) and 90% (IC90). The actual IC50 and IC90
values used in these experiments were 10 μM and 43 μM, respectively. In control
cultures (i.e. 0 μM retinol), the parasites were exposed to the vehicle control media
containing 1% DMSO.

The morphological changes of the intracellular mature-stage parasites after 7, 12
and 25 hours of incubation with either 1% DMSO or retinol at IC50 and IC90 values
are illustrated in Figure 4.8. The percentage parasite count (i.e. parasitaemia) and
[3H]-hypoxanthine incorporation as a result of exposure to retinol at 0 (1% DMSO),
10 and 43 μM were plotted against the time of exposure from 0 to 48 hours (see
Figure 4.7).

In control experiments without addition of retinol, early and late trophozoites (97%
of all parasite forms) at t=0 hours progressed normally through the parasite
lifecycle with ring forms apparent at 24 hours, trophozoites at 48 hours and then
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schizonts (Figure 4.8). The percentage of infected RBC increased from 4% to 12%
over the 48 hours incubation period (Figure 4.7).

In the presence of 10 µM retinol, trophozoite maturation was delayed (Figure 4.8).
Enlarged vacuoles were observed at 7 hours and the trophozoites appeared
diffusely stained. There was evidence of membrane rupture, with extrusion of
cytoplasm beyond the parasite membrane. Ring forms were present at 24 hours,
but the percentage of infected RBC at 48 hours was reduced by half that in control
cultures (Figure 4.7). Consistent with this observation, the [3H]-hypoxanthine
incorporation assay confirmed that 10 µM approximated the IC50 for retinol (Figure
4.7).

Cytoplasmic vacuolation was more prominent in parasite cultures treated with 43
µM retinol (IC90 value) (Figure 4.8). After 12 hours of incubation, most of the
parasites observed were degraded, pyknotic and exhibited loss of cytoplasm. At 48
hours, only degenerate/dead parasites were detectable and the parasite density
was <1%, lower than that at 0 hours (Figure 4.7). The [3H]-hypoxanthine
incorporation assay confirmed that 43 µM retinol was close to the IC90 and showed
that the effect of retinol was rapid. [3H]-hypoxanthine incorporation fell to 35% at 2
hours and was close to 100% by 10 hours (Figure 4.7).
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Figure 4.7:

The potency of retinol against parasite growth. The upper panel

shows percentage parasitaemia in cultures exposed to DMSO (), 10 µM
retinol () and 43 µM retinol (z) for 0 to 48 hours. The lower panel shows [3H]hypoxanthine incorporation (mean ± SD) for culture aliquots removed at each
time point and incubated with [3H]-hypoxanthine for 30 hours.
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Figure 4.8:

Giemsa-stained thin smears of P. falciparum isolate 3D7 maturation at 7, 12 and 25 hours after the

start of incubation in the presence of 0, 10 and 43 µM retinol. Enlarged vacuoles (A) and parasite membrane
rupture (B) are indicated by arrows.
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4.4

Discussion

The present studies addressed two issues. Firstly, the possible loss of retinol in the
in vitro culture system, which would confound the accurate quantitation of the
inhibitory effect of retinol on the growth of P. falciparum. Secondly, the mode of
action of retinol on the parasite. It was found that there are significant losses of
retinol during culture, consistent with its known surface adsorption and lightsensitivity (Klaassen 1999; Wingerath et al. 1999). All stages of parasite
development, including merozoite invasion, showed comparable sensitivity to
retinol, but at higher actual media concentrations than reported previously (Davis et
al. 1998).

In an earlier report (Davis et al. 1998), it was estimated that the retinol IC50 values
for parasite strains 3D7 and D10 ranged from 0.2 to 3.9 μM, whereas equivalent
values were higher, namely 8.1 to 21.3 μM, in the present study. Losses of retinol
were much greater in the previous experiments (80-96%) (Davis et al. 1998),
compared to approximately 50% in the present study. The greater losses of retinol
and IC50 values estimated from assayed concentrations reported by Davis et al.
(1998) may have been a result of a less rigorous approach to sample handling
after the aliquots of media had been taken. Knowing how critical and potentially
variable this component was, attempts to minimise light and surface exposure,
from preparation of stock solutions to in vitro culture and HPLC assay, were made
at all the stages of experimentation described in this chapter. It is, therefore, likely
that this strict adherence to experimental protocols limited retinol loss from sources
unrelated to parasite culture per se. Disposable plastic containers and pipette tips
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of the type that are commonly employed in cell culture laboratories were used
during the present experiments. It is possible that use of glassware combined with
inhibitors of retinol adsorption such as albumin and lipid emulsions may have
reduced losses at various steps in the present experiments (Smith et al. 1988;
Klaassen 1999), but an examination of the effectiveness of these strategies, as
well as their potential effect on parasite viability, was beyond the scope of the
present study.

The previous hypothesis that retinol’s anti-Plasmodium activity at concentrations
at, or close to, those in normal human serum (0.7-3.0 µM) (Bendich and Langseth
1989; Allen and Haskell 2002) supported retinol replacement as part of acute
treatment for falciparum malaria (Davis et al. 1994; Shankar et al. 1999; Shankar et
al. 2000), was not confirmed by the present series of experiments. Notwithstanding
the difficulties in extrapolating in vitro data to the in vivo situation (World Health
Organization 1996), the IC50 values in the present study are 3-4 times higher than
the physiologic range. However, serum retinol concentrations do not correlate with
the level of vitamin A intake or with dietary supplementation (Bendich and
Langseth 1989; Allen and Haskell 2002), and there is no generally accepted serum
level that defines hypervitaminosis A. Although serum concentrations up to 62 μM
have been reported as ‘normal’ (Bendich and Langseth 1989), the present data
indicate that IC50 values are within the range that has been regarded as toxic (4-80
μM) (Bendich and Langseth 1989). This range is, however, based on a chronic
high intake of vitamin A. Interestingly, the major acute toxic side-effect of retinol is
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haemolysis and the present investigation did not find evidence for this in vitro at
assayed media retinol concentrations that ranged up to almost 60 μM.

The effect of retinol on both chloroquine-sensitive (3D7) and multi-drug-resistant
(K1) strains of P. falciparum in the present study was through a direct mechanism
and not due to indirect effects such as on the RBC membrane. Pre-incubation of
RBC with high-dose retinol had no effect on parasite invasion and subsequent
maturation when the retinol was withdrawn. In addition, the anti-Plasmodium effect
of retinol in the present study was not specific to a particular part of the parasite’s
erythrocytic life-cycle, with comparable IC50 values across all stages of
development including merozoite invasion (see Table 4.1).

Because of the similar responses exhibited by 3D7 and K1, it has been
hypothesised that transmembrane proteins such as pfcrt, mutations in which are
associated with chloroquine resistance (Djimde et al.), are not involved in the
mechanism of action of retinol. Nevertheless, the morphological features of retinolexposed parasites in our experiments, especially vacuolisation (see Figure 4.8),
are common to those observed with chloroquine and a range of other antimalarial
agents including mefloquine, desferrioxamine and the artemisinin derivatives
(Jacobs et al. 1988; Atkinson et al. 1991; Peel et al. 1993). These drugs
accumulate in the food vacuole of the parasite (Geary et al. 1986; Jacobs et al.
1988; Atkinson et al. 1991; Maeno et al. 1993). At this site, quinoline antimalarials
are thought to interfere with haem metabolism (Geary et al. 1986; Loria et al.
1999),

desferrioxamine

withholds

parasite-associated

iron

from

essential

plasmodial enzymes (Atkinson et al. 1991), and the artemisinin drugs may bind to
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key parasite proteins (Eckstein-Ludwig et al. 2003) and induce free radical damage
(Meshnick et al. 1996; Berman and Adams 1997). Alternatively, the morphological
changes observed in this study and others (Atkinson et al. 1991; (Geary et al.
1986; Jacobs et al. 1988; Atkinson et al. 1991; Maeno et al. 1993), may represent
a final common pathway resulting from any toxic injury to the parasite.

A recent study has shown that retinol accumulates within P. falciparum in vitro
(Mizuno et al. 2003). Retinol binds to phospholipid membranes with high affinity
(Lucy and Dingle 1964; Singh and Das 1998) and vacuolar membranes should be
no exception. Although acting as an antioxidant in some circumstances (Kartha
and Krishnamurthy 1977; Cheng and Wilkie 1991; Herbert 1996; Schwartz 1996),
retinol can promote free radical generation in others (Herbert 1996; Schwartz 1996;
Murata and Kawanishi 2000). This latter effect could induce lipid peroxidation
(Schwartz 1996; Kubow et al. 2000; Dal-Pizzol et al. 2001; Dal-Pizzol et al. 2001)
leading to disruption of the food vacuole membrane and release of enzymes that
are deleterious to the cytoplasm in a way analogous to that in which the artemisinin
derivatives are thought to act (Maeno et al. 1993; Postma et al. 1996; Berman and
Adams 1997). Consistent with this hypothesis, the present study found microscopic
evidence of parasite membrane rupture with extrusion of cytoplasm into the RBC
(see Figure 4.8) without RBC membrane abnormalities such as haemolysis.

Retinol has been suggested as a factor that may modulate host defence in malaria
(Semba 1994; Shankar 1995; Shankar et al. 1999; Davis et al. 2000). Serghides
and Kain (2002) have recently shown that exposure of monocytes to the retinol
metabolite 9-cis-retinoic acid reduces secretion of TNFα, increases CD36
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expression and increases phagocytosis of P. falciparum-parasitised RBC
(Serghides and Kain 2002). It would be of interest to know whether this compound
also exhibits the direct anti-Plasmodium effects seen in the present experiments,
thus making an even stronger argument for its therapeutic use. Although it has
been reported recently that the anti-Plasmodium activity of 9-cis-retinoic acid is
less than retinol itself (Hamzah et al. 2003), these experiments used added rather
than assayed media concentrations. It is likely that losses of 9-cis-retinoic acid are
greater than those of retinol (Klaassen 1999) so the direct anti-Plasmodium effect
of 9-cis-retinoic acid may also be greater if this compound were used
therapeutically and bioavailability could be assured.
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4.5

Conclusion

In summary, a series of experiments were performed prompted by the previous
preliminary observation that retinol was directly toxic to P. falciparum in vitro. A
prime focus was on loss of retinol during preparation and culture, a significant
influence on the results but one that had not been considered by other groups. A
direct anti-Plasmodium effect was confirmed across all stages of parasite
development, but at actual media retinol concentrations that were above the range
in normal human serum. On current evidence, acute retinol supplementation
designed to achieve such supraphysiological concentrations might be a safe and
effective adjunct to conventional antimalarial therapy provided that there is an
acceptably small risk of exceeding levels at which RBC haemolysis is likely to
occur (>70 µM) (Murphy 1973; Davis et al. 1994; Sowell et al. 1994). The present
data add to knowledge regarding potential antimalarial therapies and justify
assessment of more potent synthetic retinoids and their metabolites in this regard.
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Chapter 5
The effects of retinol supplementation on
P. berghei infection in mice
5.1

Introduction

Interest in the use of vitamin A as anti-infective therapy began in the 1920’s.
However, it was not until 50 years later that the importance of vitamin A in reducing
morbidity and mortality from a variety of infections was established (Semba 1998).
Increased susceptibility to measles, respiratory syncytial virus infection and
diarrhoeal diseases has been shown to result from vitamin A deficiency, and
clinical trials of vitamin A supplementation reduced the severity of each of these
conditions (Glasziou and Mackerras 1993; Bresee et al. 1996; Dowell et al. 1996;
Semba 1998; Chowdhury et al. 2002). Vitamin A supplementation is now widely
implemented in many developing countries to improve childhood survival, and is
considered one of the most cost-effective health interventions (Patel 1990;
Shankar et al. 2000).

Depressed serum retinol concentrations are found in Plasmodium infections in
humans (Davis et al. 1994; Adelekan et al. 1997; Friis et al. 1997; Hautvast et al.
1998). Several studies have shown an inverse association between serum retinol
and parasite density (Sturchler et al. 1987; Adelekan et al. 1997). Malaria lowers
the plasma concentrations of retinol, vitamin E (α-tocopherol) and β-carotene
independently of the effects of nutritional status (Adelekan et al. 1997). Whether
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this consumption or loss of such nutrients alters disease outcome is unknown. It
has been proposed that low levels of serum retinol in acute human malaria reflect
rapid distribution of this vitamin into extravascular fluids where they can more
efficiently protect tissues exposed to reactive oxygen species (ROS) derived from
the

infection

itself

(Thurnham

and

Singkamani

1991).

Alternatively,

hyporetinolaemia may be a consequence of the severity of malaria infection,
perhaps resulting from impaired release from the liver (Rees-Smith and Goodman
1971; Davis et al. 1994), which contributes independently to morbidity and
mortality.

The protective effect of vitamin A administration on susceptibility to malaria and
parasite burden has been documented in humans (Galan et al. 1990; Thurnham
and Singkamani 1991; Shankar et al. 1999). Vitamin A supplementation in children
in Papua New Guinea reduced malaria morbidity by 30% and the incidence of
malaria by 20-50% (Shankar et al. 1999). By contrast, other trials (Binka et al.
1995; Varandas et al. 2001; Villamor et al. 2003) found limited effects of vitamin A
supplementation on the morbidity and mortality associated with human malaria.
These discrepancies could have been influenced by the levels of parasite density
and the different age groups of the studied population. The impact of vitamin A
supplementation is little in population with high parasitaemia and in children under
age 12 months (Shankar et al. 1997; Semba 1999). Further studies are required to
address these discrepancies and to shed light on the mechanisms underlying the
interrelationship between retinol and malaria.
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Data from in vitro experiments (Chapter 4) indicate that retinol has specific antiPlasmodium effect against the erythrocytic stages of P. falciparum. This direct
effect of retinol on parasite growth occurs at pharmacological rather than
physiological concentrations (i.e. >10 μM). The in vitro culture environment is,
however, quite different from that in the circulation of an infected animal or human,
because it excludes the role of host defense mechanisms, especially the spleen, in
eliminating parasitised RBC. In addition, the availability of retinol in vivo is likely to
be different from that in culture since retinol is readily metabolised in vivo to
compounds that may or may not have activity against the parasite. Therefore, an
evaluation of the antimalarial effects of retinol using an appropriate in vivo animal
model is an important next step in the present series of experiments.

To date, there have been two published studies, those of Krishnan et al. (1976)
and Stoltzfus et al. (1989), reporting a significant association between vitamin A
deficiency and increased susceptibility to P. berghei infection in vivo. Stoltzfus et
al. (1989) suggested that malaria and vitamin A deficiency act synergistically.
Vitamin A deficiency increased the severity of malaria infection in animals and
reduced the ability of the animals to recover from malaria. Alternatively, malaria
infection enhances the severity of vitamin A deficiency. Xerophthalmia was
significantly more prevalent and severe in the malaria-infected rats than in the
acute vitamin A deficient, non-infected rats (Stoltzfus et al. 1989).

Preliminary data by Krishnan et al. (1976) shows that acute oral retinyl acetate
supplementation enhanced the ability of the vitamin A-deficient animals to recover
from infection. However, the value of supplementation in acute infection when the
- 97 -

animals did not have prior retinol deficiency is unknown. In addition, data from in
vitro experiments (Chapter 4 and Chapter 7) indicate that all-trans-retinol is active
against P. falciparum in culture while vitamin A esters such as retinol palmitate
and, perhaps retinyl acetate, have limited antimalarial effect unless metabolised to
retinol in vivo.

There is also evidence that related nutrients such as vitamin E interact with retinol
during malaria infection (Melin et al. 1992; Goodman et al. 1994; Adelekan et al.
1997; Livrea and Tesoriere 1999), a situation not considered in previous animal
studies. Vitamin E is an antioxidant that acts as radical scavenger, predominantly
protecting the integrity of bio-membranes (Tappel 1962; Princen et al. 1995; Wang
and Quinn 1999; Herrera and Barbas 2001). However, in some situations, vitamin
E may act as a pro-oxidant, promoting oxidant injury (Bowry et al. 1992; Bowry et
al. 1995; Schwartz 1996; Weinberg et al. 2001). At supraphysiological
concentrations (>50 μM), vitamin E has been shown to inhibit the growth of P.
falciparum in vitro (Skinner-Adams et al. 1998), but physiological concentrations
may improve the parasite invasion of older RBC (Senok et al. 1997). In parallel
with retinol, depressed plasma vitamin E concentrations have been documented
during human malaria infection (Davis et al. 1994; Adelekan et al. 1997). It is
believed, in the absence of convincing confirmatory data, that the interaction
between vitamin E and retinol in vivo is as a result of their antioxidant and/or prooxidant activity within the cellular environment (Jenkins and Mitchell 1975; Urano et
al. 1992; Livrea and Tesoriere 1999). Their interaction can vary from synergy in
minimising membrane oxidation (Livrea and Tesoriere 1999) to antagonism
between the anti-oxidant effect of vitamin E and the pro-oxidant activity of retinol
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(Melin et al. 1992; Urano et al. 1992). The assessment of vitamin E concentrations
in vivo, particularly in response to retinol treatment, would provide important
information regarding the nature of the interaction between vitamin E and retinol in
malaria infection.

In the studies described in this chapter, the effects of retinol administered at
various times in relation to inoculation of P. berghei into previously healthy mice
were investigated. The aims of these studies were to: i) determine the effect of
retinol supplementation on parasitaemia before and after parasite inoculation, ii)
assess the effects of malaria and retinol supplementation on plasma and liver
retinol, and iii) assess the effect of other nutrients, in particular vitamin E, on the
relationship between retinol and malaria in the mouse model.

5.2

Materials and methods

5.2.1 Animals
The use of animals in these studies was approved by the Animal Ethics Committee
of the University of Western Australia. Six to seven week-old male Balb/c and
Swiss mice weighing 25-32 g (Animal Resources Centre, Canning Vale, Western
Australia) were housed at the Curtin University Animal Services Facility (a National
Health and Medical Research Council approved facility) in sterilised, chaff-lined
cages (maximum 4 per cage) in a controlled environment with a 12 hour light-dark
cycle and room temperature of 22°C. Animals were allowed free access to
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sterilised, commercial food pellets for rodents (Glen Forrest Stock Feeders, WA)
and sterilised water.

5.2.2 Establishment of P. berghei infection
Cryopreserved P. berghei parasites (ANKA strain, Australian Army Malaria
Institute, Milpo, Queensland, Australia) were thawed and 200 μL were injected by
the intraperitoneal (i.p.) route into each of the two Balb/c mice. The infected mice
were weighed daily and a blood sample obtained from the tail vein using a 26 G
needle and 100 μL heparinised micro-haematocrit tube.
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5.2.3 Monitoring of parasitaemia
Monitoring of parasitaemia was by thin-film microscopy. A thin blood film was
prepared on a clean glass slide (Marienfeld Superior, Germany) and dried in air at
ambient temperature prior to staining. The thin film was fixed with methanol and
stained with 20% Giemsa solution (Appendix 1) for 10 minutes. Digital images of
parasite smear at 1000 x magnification under oil immersion were taken using
digital camera (Leica DC100, Germany) and all parasitised and non-parasitised
RBC were counted. The percentages of infected RBC (i.e. number of infected
RBC/ total counts of RBC × 100) were calculated based on counts from at least 10
random microscopic fields per smear (see Figure 5.1).

Figure 5.1: Giemsa-stained smear of blood sample taken from a P. bergheiinfected mouse. The percentages of infected RBC were determined by visual
counting of digital images of complete RBC in different fields from the slide (•
uninfected RBC; • P. berghei-infected RBC).
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5.2.4 In vivo maintenance of P. berghei infection
Parasites were passaged to healthy mice, approximately 10 days post-inoculation
when the percentage of total erythrocytes in the infected animal reached ≥40%.
Infected mice were anaesthetised with sodium pentobarbitone (120 mg/kg,
Nembutal injection, 60 mg/mL, Boehringer Ingelheim Pty Ltd, New South Wales). A
midline incision was made from the lower abdomen to the upper chest to expose
the heart and all blood was harvested from cardiac ventricles using a 1 mL syringe
with a 26 G needle. The blood (500-800 μL) was placed in a Vacutainer® blood
tube containing 0.5 mL of 1.29 M sodium citrate as anticoagulant (BectonDickinson, , USA).

The erythrocyte count was determined by light microscopy. Briefly, 40 μL of blood
was added to 8 mL of formaldehyde-citrate solution (Appendix 1) and mixed gently.
An aliquot of the diluted blood (10 μL) was placed in a Neubauer counting chamber
(Superior, Germany) and the number of cells in 0.04 μL was counted. The
erythrocyte count (/μL) was calculated as (Number of cells in 0.04 μL ÷ Volume) ×
Dilution, where Volume= 0.04 μL and Dilution= 200.

A 100 μL aliquot of the citrated blood was diluted with 900 μL citrate-phosphatedextrose solution at pH 6.9 (Appendix 1). Based on the red cells count and the
peripheral parasitaemia, an aliquot of this parasite suspension containing
approximately 107 parasitised erythrocytes (approximately 70-100 μL) was
passaged by intraperitoneal (i.p.) injection into a healthy recipient.
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5.2.5 Cryopreservation of parasites
Citrated blood samples (Section 5.2.4) were washed twice with 1 mL 0.9% sodium
chloride solution by centrifugation (1,000 g for 1 min). The supernatant and buffy
coat were discarded. The cells were re-suspended in 1 mL of 10% (v/v) glycerol in
Alsever’s solution (pH 6.1, Appendix 1), frozen at –20 °C for 1 hour, then at –70 °C
for up to 16 hours prior to storage in liquid nitrogen.

5.2.6 Retinol preparation
A stock solution of all-trans retinol (Sigma Aldrich, USA) (100 mg per 100 μL) was
prepared by dissolving 100 mg retinol in ethanol (267 uL) and the solution was
mixed with 3.066 mL soybean oil (ethanol: soybean oil; 8: 92 vol/vol). Aliquots of
retinol stock solution were rigorously protected from light and kept at –20 °C.
Further dilutions were made from these aliquots in soybean oil and used
immediately.

5.2.7 Retinol supplementation studies
These studies were performed in stages. Pilot dose-ranging studies were
performed in healthy (Section 5.2.7.1) and malaria-infected (Section 5.2.7.2) mice
receiving retinol by oral administration. Two larger studies examined the effect of
route and timing of i) single-dose retinol administration in healthy and malariainfected animals (Section 5.2.7.3) and ii) multiple-dose retinol administration in
healthy and malaria-infected animals (Section 5.2.7.4, Figure 5.2).
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5.2.7.1

Pilot study 1: Dose-ranging study in healthy mice

Non-infected Swiss mice (2 mice/group) were given oral (gavaged) daily doses of
retinol at 10, 25, 50, 75 or 100 mg/kg body weight, or soybean oil vehicle, for up to
2 weeks. Mice were monitored daily for clinical signs of retinol toxicity, specifically
weight loss, hair loss, and skin scaling around the ears, neck, eyes, lips and
forepaws (Kistler 1986; Lindamood et al. 1987). Retinol administration was
terminated when physiological signs of distress (lack of self-grooming, hunched
appearance, reduced alertness and responsiveness) and/or clinical signs of retinol
toxicity were observed. Mice were kept a further two weeks before being
euthanased (Section 5.2.4).

5.2.7.2

Pilot study 2: Dose-ranging study in malaria-infected mice

Swiss mice (2 mice/group) were inoculated with P. berghei infected RBC (Section
5.2.4) and were given oral (gavaged) daily doses of retinol at 10, 25, 50, 75 or 100
mg/kg body weight, or soybean oil vehicle, when the percentage of infected RBC
reached 10-15%. The supplementation was continued for 4 days and the mice
were sacrificed on day 7 or 8 after inoculation. The parasitaemia in each mouse
was monitored daily.

5.2.7.3

Single-dose retinol supplementation

Swiss mice (n=40) were assigned to one of four groups as listed in Table 5.1. Half
of the mice were inoculated with P. berghei-infected RBC and their parasitaemia
monitored (Section 5.2.3). When the percentage of infected RBC reached 10-15%,
an i.p. injection of retinol at 100 mg/kg body weight or an equivalent volume (100
μL) of vehicle was given. Parasitaemia was monitored daily. The mice were
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sacrificed after 2 days of retinol treatment (on day 6 after the day of P. berghei
inoculation) (see Figure 5.2).

Table 5.1:

Groups of mice receiving retinol or vehicle as a single i.p. dose.
Retinol

Mice

N

Vehicle

Healthy

10

+

Healthy

10

Infected

10

+

-

Infected

10

-

+

5.2.7.4

(100 mg/kg)
+

Multiple-dose retinol supplementation

Swiss mice (n=86) were assigned to one of six groups as listed in Table 5.2. Two
groups comprised healthy mice that received oral doses of either retinol at 50
mg/kg body weight/ day or soybean oil vehicle for up to 4 doses. A control group
consisting of P.berghei-infected mice that received soybean oil was included in
parallel. The remaining groups consisted of infected mice treated with retinol i)
after parasitaemia reached 10-15%, ii) before the P. berghei inoculation, and iii)
before and after inoculation. The total doses of retinol are shown in Table 5.2 and
Figure 5.2. Mice were sacrificed on day 7 or 8 post-inoculation (see Figure 5.2).
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Table 5.2:

Groups of Swiss mice receiving retinol or vehicle multiple

supplementation orally.
Soybean
Mice

N

oil

Healthy

12

+

Healthy

12

-

Infected 17

+

Infected 15

Retinol

Retinol

pre-inoculation post-inoculation Total dose
-

-

4×

+

4×

-

-

4×

-

-

+

3-4×

Infected 15

-

+

-

4×

Infected 15

-

+

+

6-7×

5.2.8 Post-mortem sample preparation
Blood from sacrificed animals (Section 5.2.7) was drawn into a Vacutainer® tube
containing EDTA as anticoagulant (Becton-Dickinson, USA) and 0.02% (w/v)
butyhydroxytoluene (BHT). The plasma was separated by centrifugation at 1,000 g
for 20 minutes. Aliquots of plasma were stored in 0.5 mL tubes covered with
aluminium foil. The RBC pellet were washed twice with PBS buffer containing
0.02% BHT and centrifuged at 1,000 g for 20 minutes. The liver was harvested
from each animal and washed with PBS buffer (0.02% BHT). The aliquots of
plasma, RBC pellet and liver were placed in 1 mL tubes covered with aluminium
foil and stored at -70°C.

5.2.9 Measurement of antioxidants in plasma and liver lipid extract
5.2.9.1

Extraction from plasma

Plasma samples (Section 5.2.8) were first thawed at room temperature. 1 mL of a
known concentration of dl-α-tocopherol (internal standard) (Fluka, Australia) was
added to the solution and mixed thoroughly. N-hexane solution (BDH, Australia)
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was then added to the mixture followed by vigorous vortexing for 15 minutes and
centrifugation at 3,200 g (4 °C for 15 minutes). The hexane layer was aspirated,
placed in a HPLC vial and kept at 4°C before assay.

5.2.9.2

Extraction from liver

Liver powder was prepared from the thawed liver obtained from post-mortem
collection (Section 5.2.8). Briefly, the thawed liver was dried, chopped into pieces
and frozen in liquid nitrogen. The frozen liver pieces (approximately 200 –500 mg)
were homogenised in a Teflon capsule attached to micro-dismembranator (B.
Braun Biotech Int, California, USA) which was run at 2,000 g for 1 minute. The
extraction of homogenates was performed based on the method of Werner and
DeLuca (2001).

Briefly, liver powder was placed in pre-weighed 10 mL

polypropylene tubes and weighed. 4 mL solution of water/methanol (1% BHT,
degassed)/ methylene chloride (0.1% BHT, degassed) (Appendix 1), was added to
the liver powder. The mixture was vortexed vigorously for 15 minutes and
centrifuged at 10 °C at 3,200 g for 15 minutes. Supernatant (3 mL) was extracted
into a fresh tube containing 1 mL of known concentration of dl-α-tocopherol, and 1
mL of n-hexane (Analar, BDH) was added to the solution, vortexed (15 minutes)
and centrifuged (3700 g, 15 minutes). The hexane layer was aspirated, placed in a
HPLC vial and kept at 4°C before assay.
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5.2.9.3

High performance liquid chromatography (HPLC)

The concentrations of retinol and vitamin E in each extract were assayed by high
performance liquid chromatography (HPLC) using dl-α-tocopherol acetate as the
internal standard (Sowell et al. 1994; Davis et al. 1998). Briefly, hexane-extracted
samples were applied to a reverse-phase C18 column. The mobile phase was
methanol/ammonium acetate/acetonitrile/tetrahydrofluran and eluted peaks were
monitored at wavelengths of 325 nm (retinol) and 292 nm (vitamin E) and 280 nm
(internal standard) using a programmable detector (see Section 3.3.5). The
concentration of antioxidants was calculated from a standard curve using the peak
areas on the chromatogram. The assay detection limits were 0.1 μM (retinol) and
1.0 μM (vitamin E), and the inter-assay precision for both retinol and vitamin E was
<6.6%.

5.2.10

Statistical Analyses

Data were analysed using the statistical package SPSS for Window (SPSS Inc.,
version 11.5.0, Chicago, USA). The mean concentrations (with 95% confidence
intervals, C.I.) are presented when data were normally distributed. The median
concentrations (with lower and upper quartiles, IQR) are presented when the data
were not normally distributed. General Linear Model (GLM) for repeated measures
was used to assess whether normally distributed variables changed significantly
over time. The P-value was derived from the Type III sum of squares. Multiple
means were compared by ANOVA. Post-hoc two-way comparisons were adjusted
for multiple comparisons by the Bonferroni method or, for experiments with small
sample numbers, the least significant difference (LSD) method. When the data
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were not normally distributed, non-parametric Mann-Whitney U tests were used to
compare the two means. Correlations between the levels of infection and
antioxidants were analysed by Pearson’s product-moment correlation co-efficient
for normally distributed data and by Spearman’s (rho) otherwise.
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D a y re la tiv e to in o c u la tio n
Figure 5.2: Experimental schedules for the groups of mice assigned to receive single or multiple supplementation of
either retinol or soybean oil; control healthy mice treated with vehicle (○) or retinol (□) and infected mice treated with
vehicle (●) or retinol (■) relative to the day of parasite inoculation (X) and the day of sacrifice (+). The numbers of mice in
each group are given in Tables 5.1 and 5.2.
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5.3

Results

5.3.1 Pilot study 1: Dose-ranging study in healthy mice
The mice supplemented with soybean oil vehicle alone remained healthy over
12 days, as did mice receiving retinol at doses ranging from 15 to 50 mg/kg
body weight/ day for up to 10 days. However, retinol supplementation at 75 and
100 mg/kg body weight/day for 7 days was associated with retinol toxicity (hair
loss, scaling of the skin especially around the ears, eyes, lips, neck and
forepaws), a lack of self-grooming and a hunched appearance. Retinol
supplementation was terminated, and after a week of a normal chow diet and
water as described in Section 5.2.1, these changes had largely resolved.

5.3.2 Pilot study 2: Dose-ranging study in malaria-infected mice
In order to define the effective dose range for retinol, an additional pilot study
was performed (see Section 5.2.7.2). In this study, P. berghei infected mice
(n=2 per group) received a single dose of between 15 to 100 mg retinol/kg body
weight when the parasitaemia reached 10-15%. Parasite density was monitored
daily (Section 5.2.3) and the percentages of infected RBC over time were
determined (see Figure 5.3). The parasitaemia-time curves indicated that the
increase in percentage of infected RBC over time was similar regardless of the
retinol dose, suggesting that retinol was ineffective against P. berghei infection
when given as a single oral dose of up to 100 mg/kg body weight.
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Figure 5.3: The effects of retinol (10 to 100 mg/kg body weight) on P.
berghei infection. Percentage of infected RBC was plotted for each of 2 mice
receiving soybean oil () and retinol at 100 (z), 75 (), 50 (S), 25 (□) and
10 (U) mg/kg body weight.

The doses of retinol used in subsequent studies (Sections 5.2.7.3 and 5.2.7.4)
were chosen based on these data and the results of the first pilot study (Section
5.3.1). The selected doses of retinol used in single i.p. injection and multiple
oral supplementation were 100 and 50 mg/kg body weight, respectively.

5.3.3 Retinol supplementation studies
The concentrations of retinol and α-tocopherol in plasma and liver samples
collected from mice were determined as described in Section 5.2.9 (see
Appendix 4; Tables A4.5 and A4.6). Since the post-mortem samples collected
from the experiments were utilised to measure concentrations of antioxidants
(Section 5.2.9) and lipid peroxide markers (Chapter 6), the quantity of sample
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available was limited. Therefore, antioxidant levels were measured only on a
subset of samples as listed in Table 5.3 and Table 5.4.

Table 5.3:

Total number of plasma samples in which serum retinol and

vitamin E were measured.
Number of plasma samples
available (n)
Group

Retinol

α-tocopherol

Single supplementation
Healthy + vehicle

10

10

Healthy + retinol

10

10

Infected + vehicle

10

10

Infected + retinol

9

9

Healthy + vehicle

-

-

Healthy + retinol

1

1

Infected + vehicle

-

-

+ retinol after infection

-

-

+ retinol before infection

6

6

+ retinol before & after infection

5

5

Multiple supplementation

- not measured
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Table 5.4:

Total number of liver extract samples in which tissue retinol

concentrations were measured.
Group

Number of liver
samples available (n)

Single supplementation
Healthy + vehicle

10

Healthy + retinol

9

Infected + vehicle

9

Infected + retinol

8

Multiple supplementation
Healthy + vehicle

7

Healthy + retinol

9

Infected + vehicle

13

+ retinol before infection

11

+ retinol after infection

12

+ retinol before & after infection

14

The mean (95% C.I.) concentrations of plasma retinol and median (IQR) levels
of liver retinol are listed in Table 5.5. The mean (95% C.I.) or median (IQR)
concentrations of vitamin E for each group are summarised in Table 5.6.

5.3.3.1

Plasma and liver retinol concentrations

The concentrations of plasma and liver retinol from the infected and healthy
animals that received single or multiple doses of soybean oil vehicle were
compared to determine whether P. berghei infection altered retinol status (see
Table 5.5, Figures 5.4 and 5.5). There were no significant differences between
the levels of plasma retinol or liver retinol in vehicle-treated healthy and infected
mice (see Figures 5.4 and 5.5). Further analyses of correlations between retinol
concentrations and parasitaemia (%) are described in Section 5.3.3.3.
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The concentrations of plasma and liver retinol, from the infected and healthy
animals that received retinol supplementation were compared to assess
whether or not retinol supplementation altered retinol status. There were no
significant differences in the levels of plasma retinol between any of the groups
(see Table 5.5 and Figure 5.4). This result suggests that retinol administration
either as a single i.p. dose (100 mg/ kg body weight) or as multiple oral doses
(4-7 × 50 mg/kg body weight) did not alter the levels of plasma retinol in healthy
or P. berghei-infected mice.

Liver retinol concentrations in healthy and infected mice that received singledose retinol were substantially greater than those in the respective vehicletreated comparator groups (see Table 5.5 and Figure 5.5, P<0.01 in each case).
Liver retinol levels in healthy and infected mice receiving a single dose of retinol
were similar (P=0.17).

In groups that received multiple doses of retinol, liver retinol levels were
significantly greater than those of control soybean oil vehicle (see Table 5.5 and
Figure 5.5, P<0.01 in each case). Liver retinol concentrations in the healthy,
retinol-supplemented group were significantly higher when compared to those
of infected groups that received comparable doses of retinol treatment (a total
of 4 × 50 mg/kg), before inoculation and after infection (P<0.01 in each case,
see Figure 5.5) but were similar to those of the infected group that received
larger doses of retinol (6-7 × 50 mg/kg) before and after infection (P=0.56). In
addition, plasma retinol did not correlate with liver retinol (rs=0.08, n=46, P=0.6).
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The present data indicate that retinol supplementation increased hepatic retinol
uptake but that P. berghei infection attenuated this increase.

Table 5.5:

Concentrations of plasma (μM) and liver retinol (μmol/g liver) in

groups of mice.
Plasma (μM)

Liver (μmol/g liver)

Mean (95% C.I.)

*Median (IQR)

Healthy + vehicle

1.3 (1.1 - 1.6)

47 (27 - 86)

Healthy + retinol

1.4 (1.3 - 1.6)

317 (241 - 576)

Infected + vehicle

1.4 (1.2 - 1.6)

38 (26 - 71)

Infected + retinol

1.6 (1.2 - 2.1)

235 (122 - 383)

Healthy + vehicle

-

22 (19 - 32)

Healthy + retinol

1.8 (single value)

716 (289 - 980)

Infected + vehicle

-

32 (20 - 71)

1.3 (0.7 - 2.0)

106 (64 - 269)

-

95 (39 - 144)

1.5 (0.8 - 2.3)

399 (157 - 910)

Healthy + vehicle

-

32 (20 - 65)

Infected + vehicle

-

37 (21 - 70)

Φ

Single supplementation

Multiple supplementation

+ retinol before infection
+ retinol after infection
+ retinol before & after infection
Pooled (single + multiple)

- Not measured
* Liver retinol concentrations were compared by Mann-Whitney U test.
Φ

Plasma retinol concentrations were compared by ANOVA.
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Figure 5.4: Plasma retinol status in healthy control (C) and infected (I)
mice that received either vehicle or retinol as a single or multiple doses
before infection (Ib), and before and after infection (Ib+a). Data are presented
as mean (95% C.I) for the single-dose study and as median (IQR) for the
multiple-dose study. Plasma retinol concentrations were not significantly
different between the groups.
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Figure 5.5: Liver retinol status in healthy control (C) and infected (I) mice
that

received

either

vehicle

or

retinol

as

a

single

or

multiple

supplementations before infection (Ib), after infection (Ia) and before and
after infection (Ib+a). Data are presented as mean (95% C.I) for the singledose study and as median (IQR) for the multiple-dose study. In both single
and multiple supplementation studies, the increased in liver retinol levels
were significantly greater in retinol-treated groups (healthy and infected)
than in vehicle-treated groups (*, P<0.01). The levels of retinol in those
groups of infected mice treated with retinol (multiple) before infection and
after infection were significantly lower than those of healthy, retinol-treated
(Φ, P<0.01).
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5.3.3.2

Plasma vitamin E concentrations

As in the case of plasma retinol, vitamin E concentrations were similar in the
infected and control mice that received vehicle only (Table 5.6 and Figure 5.6).
Retinol supplementation increased the plasma vitamin E concentrations in the
control mice (P<0.05; see Table 5.6 and Figure 5.6) but the levels of plasma
vitamin E in infected retinol-treated animals were comparable to those of
vehicle-treated groups and tended to be lower than those in healthy retinoltreated animals (P=0.06). Plasma vitamin E concentrations in the multiple-dose
group were lower than those of single-supplemented groups (see Table 5.6).
However, because of the small sample size (n=1-6, see Table 5.3), statistical
analysis was not performed. These data were included in the analysis of
associations between plasma retinol and vitamin E concentrations (Figure 5.7).

Plots of correlations between plasma retinol and vitamin E concentrations for i)
pooled data, ii) retinol-treated ± P. berghei infection, iii) infected ± retinol
supplementation and iv) infected and retinol-treated are shown in Figure 5.7.
Analyses of correlations (Table 5.7) indicated that there was a significant
positive relationship between plasma retinol and vitamin E concentrations,
particularly in the case of retinol-treated groups (r=0.62, P<0.01).
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Table 5.6:

Concentrations of plasma α-tocopherol (μM), given as mean

(95% C.I.) or median (IQR).
Group

Plasma α-tocopherol (μM)
Φ

Mean (95% C.I.)

Single supplementation
Healthy + vehicle

6.6 (4.7 - 8.6)

Healthy + retinol

9.6 (8.3 - 10.9)

Infected + vehicle

6.3 (4.3 - 8.3)

Infected + retinol

7.0 (3.8 - 10.1)
Median (IQR)

Multiple supplementation
Healthy + vehicle

-

Healthy + retinol

3.9 (single value)

Infected + vehicle

-

+ retinol before infection
+ retinol after infection
+ retinol before & after infection
Φ

2.6 (1.0 - 3.9)
4.0 (1.3 - 9.6)

Plasma vitamin E concentrations in groups that received single

supplementation were compared by ANOVA.
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Figure 5.6: Plasma vitamin E status in healthy control (C) and infected (I)
mice that received either vehicle or retinol as a single or multiple doses
before infection (Ib), and before and after infection (Ib+a). Data are presented
as mean (with 95% C.I) for the single supplementation study and as median
(IQR) for multiple supplementation study. In the single-dose study, plasma
vitamin E concentrations in healthy retinol-supplemented animals were
significantly greater than those of healthy and infected vehicle-treated mice
(*, P<0.05). Plasma vitamin E concentrations in infected retinol-treated
animals were also lower than those of healthy retinol-treated mice, but the
reduction was only of borderline significance (ψ, P= 0.06).

- 121 -

Table 5.7:

Pearson product-moment coefficients for plasma retinol vs

vitamin E concentrations in specified groups.
Comparison

Correlations between plasma retinol and
vitamin E concentrations (n)

All mice

0.37** (51)

Retinol-treated ± infection

0.42* (31)

Infected ± retinol supplementation

0.53** (30)

Infected + retinol supplementation

0.62** (20)

* P<0.05
** P<0.01

- 122 -

(i) All

21

(ii) Retinol-treated ± infection

21

2

2

Plasma vitamin E (μ M)

R = 0.14

R = 0.18

14

14

7

7

0

0

0

1

2

3

(iii) Infected ± retinol
supplementation

21

0

2

3

21

(iv) Infected and retinol-treated

14

R = 0.38

2

2

R = 0.28

14

1

7

7

0

0
0

1
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1
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Figure 5.7: Relationship between plasma vitamin E and retinol (μM) from
samples from i) all mice, ii) retinol-treated ± P.berghei infection, iii) infected ±
retinol supplementation and iv) infected + retinol supplementation. The
correlation for each comparison is given in Table 5.7.

5.3.3.3

Effect of retinol supplementation on parasitaemia

The effects of retinol supplementation on the course of infection were examined
by comparing the parasitaemia in mice that were assigned to different treatment
groups (see Figure 5.2). The parasitaemia-time curves for individual mice in the
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retinol treatment and control groups are shown in Figures 5.8 (single
supplementation

study)

and

Figures

5.9,

5.10

and

5.11

(multiple

supplementation). The mean data with 95% C.I. from multiple supplementation
studies are presented in Figure 5.12. The parasite densities on day 6 or 7 in
each group are summarised in Table 5.8.

Table 5.8:

Endpoint parasitaemia reached in each of the group of infected

mice
Group

Parasitaemia %

Mean

mean [95% C.I.]

Difference vs
vehicle

Infected + single supplementation
Vehicle

56 [41-70]

-

Retinol

61 [51-72]

9

Vehicle

73 [65-81]

-

Retinol before inoculation

49 [37-60]

24

Retinol after inoculation

55 [44-66]

18

Retinol before and after inoculation

62 [54-69]

11

Infected + multiple supplementation

Figure 5.8 shows an increase in the percentage of infected RBC with time for
the infected mice receiving single supplementation of either retinol or vehicle.
There were no significant differences in parasitaemia between these two groups
(P=0.39).

The parasitaemia in all mice in the infected group that received multiple-dose
soybean oil was >50% on day 7. A significant reduction in parasitaemia was
observed in the group that received retinol supplementation before inoculation
with P. berghei in comparison to the control group (Figures 5.9 and 5.12). In 7
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out of these 16 mice, the levels of infection during the 7 days period were <50%
(Figure 5.9). A smaller but still significant reduction in parasitaemia of 10-15%
was observed when multiple doses of retinol were given after the parasitaemia
in the infected animals had reached 10-15% (around day 4 post-inoculation; see
Figures 5.10 and 5.12). In 5 out of 14 mice from this group, the percentages of
infected RBC were <50% during the 7-day period (Figure 5.10). The present
data suggest that retinol supplementation, given as multiple doses, reduced the
levels of infection, particularly when administered before parasite inoculation.

Continued retinol supplementation did not lower parasitaemia (Figures 5.11 and
5.12). Only 2 out of 14 mice in this group had levels of infection below 50%
(Figure 5.11). The parasitaemia-time curve for this group (Figure 5.12, bold
triangle) similar to that of the control infected animals (P=0.24 for end-point
parasitaemia). This result suggests that larger doses of retinol given
continuously before and after infection have limited effect in reducing the
parasitaemia.

Relationships between the end-point parasitaemia and i) plasma retinol and
vitamin E and ii) liver retinol concentrations were analysed. There was no
correlation between parasitaemia and either plasma retinol or vitamin E
concentrations (rs=0.40 and –0.16, n=18, P=0.10 and 0.51, respectively).
However, there was a significant inverse association between liver retinol
concentrations and parasitaemia in i) all mice with liver retinol concentrations
available (Figure 5.13, r=-0.33, n=66, P<0.05) and ii) the mice from the multiple
supplementation study which had liver retinol measured (Figure 5.13, r=-0.45,
n=49, P<0.005).
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To assess the relationship between parasitaemia, liver retinol and mode of
retinol administration in more detail, stepwise multiple liner regression analysis
was performed with parasitaemia as the dependent variable. Liver retinol was
included as an independent variable along with supplementation modality as
three binary independent variables (retinol before inoculation vs infected control
animals, retinol after inoculation vs infected control animals, and retinol before
and after inoculation vs infected control animals).

Liver retinol remained a

strong predictor of parasitaemia (r²=0.21; P=0.001) while supplementation
modality was not (P>0.10 in each case).
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Figure 5.8: The effect of single i.p. supplementation of retinol (100 mg/kg
body weight) on parasitaemia. Percentage of infected RBC from day 4 to
day 6 after infection in each mouse treated with retinol (●) and soybean oil
vehicle (○) was plotted. Day 0 was day of infection, retinol or soybean oil
was given on day 4 and mice were sacrificed on day 6.
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Figure 5.9: The effects of retinol on parasitaemia when retinol doses (50
mg/kg body weight) were given orally before parasite inoculation.
Percentage of infected RBC from day 3 to day 7 after infection in each
mouse treated with retinol (■) and soybean oil vehicle (□) was plotted. Day
0 was day of infection, retinol was given before day of infection on every
second day in doses of 4 × 50 mg/kg body weight. The mice were sacrificed
on day 7 or 8 after inoculation.
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Figure 5.10: The effects of retinol on parasitaemia when retinol doses (50
mg/kg body weight) were given orally after parasite inoculation. Percentage
of infected RBC from day 3 to day 7 after infection in each mouse treated
with retinol (●) and soybean oil vehicle (○) was plotted. Day 0 was day of
infection, retinol or soybean oil was given on day 4, 5 and 6 and mice were
sacrificed on day 7 or 8 after inoculation. If mice were to be sacrificed on day
8, supplementation was given on day 7.

- 128 -

100

Infected RBC (%)

80

60

40

20

0
0

1

2

3

4

5

6

7

8

Day

Figure 5.11: The effects of retinol on parasitaemia when retinol doses (50
mg/kg body weight) were given orally before and after mice were infected
with P. berghei. Percentage of infected RBC from day 3 to day 7 after
infection in each mouse treated with retinol (▲) and soybean oil vehicle (∆)
was plotted. Day 0 was day of infection, retinol was given before day of
infection on every second day at doses 4 × 50 mg/kg body weight, and
supplementation was continued on day 3, 4 and 5 after infection. The mice
were sacrificed on day 7 or 8 after inoculation.
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Figure 5.12: Comparison

on

the

effects

of

retinol

(oral,

multiple

supplementation) in reducing the parasitaemia. The curves indicate
percentages of infected RBC (mean and 95% C.I.) for control animals that
received soybean oil (○) and groups that received retinol treatment i) before
infection (■), ii) after infection (●) and iii) before and after infection (▲).
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Figure 5.13: Relationship between liver retinol and percentage of infected
RBC in mice with measured liver retinol concentrations from i) single and
multiple supplementation studies (r=-0.33, n=66, P<0.05) and ii) only
multiple supplementation (r=-0.45, n=49, P< 0.005).
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5.4

Discussion

In the present series of experiments, multiple-dose retinol supplementation in
healthy Swiss mice was associated with significant 20-30% reduction in
parasitaemia when the retinol was given before parasite inoculation. This
finding parallels the results of a clinical study which found that prophylactic
retinol administration in children in Papua New Guinea reduced parasitaemia by
the same extent (Shankar et al. 1999). The present data are also in accord with
those of other authors who that showed vitamin A deficiency impairs the ability
of rodents to recover from P. berghei infection (Krishnan et al. 1976; Stoltzfus et
al. 1989). A lesser reduction in parasitaemia (10-15%) was achieved when
retinol supplementation was given in the acute phase of the infection (i.e. when
the parasitaemia had reached 10-15%).

The limited therapeutic effect of retinol when given as treatment post-inoculation
does not support the role of vitamin A in the treatment of malarial. However, a
possible explanation for this result relates to the shorter exposure of infected
animals to high retinol levels. Although there is no supporting data available, it
is possible that retinol is a slow-acting compound. Consequently, the effect of
retinol on P. berghei infection could have been limited by the relatively shorter
exposure of the infected animals to retinol (i.e. 24 to 72 hours; Figure 5.2). The
therapeutic efficacy of retinol might have improved if longer exposure was
allowed. This however, was not possible to perform in the present series of
experiments because of the massive parasite load in the infected animals.
Further studies could assess the earlier administration of retinol below 10% P.
berghei parasitaemia.
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Multiple high-dose retinol given before parasite inoculation and continued
afterwards was relatively ineffective in lowering parasitaemia. This result
appears inconsistent with the protective effect observed in the other multiple
retinol supplementation groups but a significant difference may have emerged if
greater numbers of animals had been used. Nevertheless, two possible
explanations for this apparent inconsistency relate to aspects of retinol toxicity.
Firstly, the mice that were given retinol before and after inoculation received the
greatest total dose and it is possible this regimen inhibited immunological and
reticuloendothelial defence mechanisms. There is some in vitro (Serghides and
Kain 2002) and in vivo (Hoglen et al. 1997; Aukrust et al. 2000) evidence that
retinol supplementation improves immune function, but relatively high doses
might attenuate this improvement and its possible suppressive effects on
parasitaemia. However, the early pilot study showed that repeated doses of
retinol at 50 mg/kg/day for up to 12 days did not produce clinical signs of toxicity
and other published studies have shown no toxicity when retinol was given to
mice by mouth at 75 mg/kg/day for 3 to 7 days (Rosengren et al. 1995; Inder et
al. 1999; Bray et al. 2001). Secondly, hypervitaminosis A in mice has been
shown to cause a decrease in RBC numbers and haemoglobin content (Hixson
and Denine 1979; Rosengren et al. 1995). If this effect applied in the animals
given retinol either side of inoculation, the reduced RBC numbers may have
lead to higher apparent parasitaemia when expressed as a percentage of all
RBC. Alternative explanatory mechanisms may relate to the effect of retinol on
oxidant status (see Chapter 6).

Retinol supplementation in single and multiple doses did not alter plasma retinol
concentrations significantly, which were also not influenced by P. berghei
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infection. Previously-published studies have shown depressed serum retinol in
humans (Davis et al. 1994; Adelekan et al. 1997; Friis et al. 1997; Hautvast et
al. 1998) and in rats (Stoltzfus et al. 1989) with malaria. The discrepancy
between the present data and those of others may relate to species-specific
differences in in vivo retinol metabolism but also to differences in experimental
design. P. berghei does not usually cause high parasitaemia and death in rats
and so, in the case of the rat studies (Stoltzfus et al. 1989), blood samples for
serum retinol assay were taken at least 2 weeks after parasite inoculation rather
than the 7 days in the present experiments. One study in healthy Balb/c mice
showed that chronic (28-day) retinol supplementation increased serum retinol
concentrations by a modest 20% (Cui et al. 2000). There was only a single
animal in the control group that received multiple retinol doses over 7 days who
had serum available for assay and the serum retinol concentration in this mouse
(1.8 μM) was amongst the highest levels recorded in any of the animals studied.

In contrast to the plasma concentration data, retinol supplementation increased
liver concentrations of retinol in all supplemented groups. The greatest average
increase was >30-fold in healthy mice receiving multiple doses. For the malariainfected groups of animals, there was a 3 to 20-fold increase in liver retinol
relative to that in vehicle-supplemented infected mice. These data show that
malaria infection attenuated the marked increase in liver retinol seen in the
supplemented control mice. The reasons for this relative reduction may relate to
reduced absorption of retinol due to malaria-associated alterations in
gastrointestinal absorption, mobilisation and transport during the acute phase of
P. berghei infection (Mata 1992; Mitra et al. 1998; Stephensen 2001).
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Alternatively, there may have been greater consumption of liver retinol stores
during P. berghei infection than in control mice.

Malaria-associated retinol consumption may start with the increased distribution
of retinol into extravascular fluids where it can more efficiently protect tissues
exposed to ROS generated by the infection itself (Thurnham and Singkamani
1991). Increased retinol consumption could also occur because of a greater
retinol requirement by the immune system and metabolically active tissues
involved in defence against parasitic infection. Retinol may be consumed due to
oxidative cleavage at sites of inflammation (Hoglen et al. 1997; Stephensen
2001; Serghides and Kain 2002). The relationship between retinol and oxidative
damage is assessed in detail in Chapter 6.

A further source of retinol consumption may be uptake by the parasite itself
(Mizuno et al. 2003). Consistent with this suggestion, pooled data indicated that
the reduction in liver retinol was in inverse proportion to parasitaemia. Liver
retinol stores were the most powerful predictor of end-point parasitaemia in the
present

series

of

experiments,

an

effect

that

was

independent

of

supplementation modality. In fact, there was no relationship between end-point
parasitaemia and supplementation modality after adjustment for liver retinol.
This suggests that the non-significant difference in endpoint parasitaemia
between the control and retinol administration before and after inoculation
groups was due to play of chance.

Data derived from measurement of vitamin E concentrations highlight two
important results. Firstly, retinol supplementation increased plasma vitamin E
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concentrations while plasma retinol itself remained unaltered and, secondly,
there was a positive correlation between plasma retinol and vitamin E
concentrations in vivo. Previous human studies investigating the interaction
between retinol and vitamin E have also reported an increase in serum vitamin
E in response to chronic supplementation with beta-carotene and vitamin A.
(Goodman et al. 1994) and vitamin E has been shown to modulate retinol
homoeostasis in tissues (Napoli et al. 1984).

The nature of the interaction

between retinol and vitamin A is defined by their antioxidant/pro-oxidant
properties. There is a synergistic interaction between retinol and vitamin E in
protecting membrane lipids from oxidation (Livrea and Tesoriere 1999). By
contrast, vitamin E can inhibit retinol-induced haemolysis (Urano et al. 1992).
As the doses of retinol used in the present experiments were not associated
with haemolysis and its consequences (such as jaundice), the role of
augmented circulating vitamin E concentrations may be to reduce oxidant tissue
damage to membranes and other cellular structures in acute malaria.

5.5

Conclusion

The studies described in this chapter provide some insights into the effects of
retinol supplementation on P. berghei infection in vivo. The findings support the
protective role of retinol in reducing the morbidity of malaria. The present data,
namely the similarity of concentrations across the various experimental groups,
indicate that plasma retinol is a poor indicator of tissue retinol status in the
murine P. berghei model. By contrast, liver retinol concentrations were strongly
related to parasitaemia. The inverse relationship between these two variables
suggests that retinol is consumed during acute infection, and its consumption is
increased in proportion to the parasitaemia. This could be because of direct
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parasite retinol uptake or by increased utilisation of retinol by tissues including
immune and reticuloendothelial systems in response to progression of the
infection. Retinol supplementation increases levels of plasma vitamin E. This
may contribute towards protection of cellular membranes against oxidative
damage. Further experiments examining the oxidant effects of retinol are
outlined in Chapter 6.
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Chapter 6
Lipid peroxidation in P. berghei infected
mice
6.1

Introduction

Oxidative stress is an important consequence of malaria infection that results
from free radical generation. Free radicals such as reactive oxygen species
(ROS) come from two sources, those generated by Plasmodium parasites as a
result of their metabolic activity (Mohan et al. 1992; Atamna and Ginsburg 1993)
and those released by host leukocytes as a defence mechanism against
Plasmodium infection (Clark and Hunt 1983; Kharazmi et al. 1987; Thumwood
et al. 1989). When the rate of free radical formation outweighs the neutralising
capacity of the exposed cellular environment, free radicals become toxic to the
malaria parasites (Clark and Hunt 1983; Greve et al. 1999) but may also
contribute to life-threatening host complications such as anaemia (Newton et al.
1997; Das and Nanda 1999; Kremsner et al. 2000; Griffiths et al. 2001),
pulmonary oedema (Fantone and Ward 1982) and coma (cerebral malaria)
(Weiss et al. 1998; Medana et al. 2001).

Biological components such as circulating lipids and cell membranes are
vulnerable to oxidation by ROS (Marnett 2002; Pierce et al. 2004). ROS are
capable of abstracting a hydrogen atom from a methylene carbon on a
polyunsaturated fatty acid (PUFA) or PUFA side chain (Halliwell and Chirico
1993) (see Figure 2.3 for an outline of the mechanisms of lipid peroxidation).
This reaction propagates the oxidative injury, chemically altering lipid molecules
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with concomitant changes in structure and function (Halliwell and Chirico 1993).
The oxidation of membrane lipids by ROS alters the fluidity and permeability of
the cell membrane, eventually increasing fragility and enhancing aging and cell
death (Mohan et al. 1995). A series of studies in malaria has consistently shown
that lipid peroxidation is increased (Thurnham et al. 1990; Das et al. 1993; Das
and Nanda 1999) and that PUFA such as arachidonic and linoleic acids are
reduced in proportion to the severity of malaria infection (Delmas-Beauvieux et
al. 1995; Griffiths et al. 2001).

The sensitivity of malaria parasites to ROS such as hydrogen peroxide,
superoxide and hydroxyl radicals has been demonstrated in vitro (Dockrell and
Playfair 1984; Wozencraft 1986; Kamchonwongpaisan et al. 1989) and in vivo
(Clark and Hunt 1983; Dockrell and Playfair 1984). The in vivo administration of
pro-oxidants such as phenylhydrazine, alloxan, tert-butyl hydroperoxide and
divicine has been shown to generate ROS, which consequently inhibit P.
knowlesi and P. berghei infection in rodents (Pollack et al. 1966; Clark et al.
1984; Clark et al. 1984). Disintegration of parasites inside circulating
erythrocytes during the cell-mediated immune response has been shown to
involve soluble factors such as ROS (Clark and Hunt 1983; Stocker et al. 1984).
A number of studies have also proposed that aldehydes from the oxidised lipids
are likely to be the agents that kill the parasites since several of these are toxic
to malaria parasites (Clark et al. 1987; Buffinton et al. 1988).

In general, all aero-tolerant cells, including the “microaerophilic” malaria
parasites, are equipped with antioxidative mechanisms that protect the cellular
components against oxidation by ROS. Antioxidant defences can either prevent
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the generation of free radicals, or intercept the free radical catalysed-oxidation
reaction.

Antioxidants such as superoxide dismutase (SOD), catalase,

glutathione peroxidases (GPx), transferrin, lactoferrin and iron chelators,
primarily prevent oxidative damage by neutralising the ROS to form water
(Livrea and Tesoriere, 1998). Additionally, other molecules distributed within the
aqueous and non-aqueous compartments of cells intercept and scavenge free
radicals, thereby inhibiting the initiation and propagation of lipid peroxidation.

Retinol is a lipid-soluble compound that is consumed during lipid peroxidation
(Tesoriere et al. 1997). It is capable of inhibiting radical reactions, thereby
acting as an antioxidant that protects the cellular environment from being
oxidised by ROS (Tesoriere et al. 1993). Retinol inhibits the enzyme-catalysed
oxidation of arachidonic acid and the production of lipid intermediates induced
by ascorbate or iron in membrane preparations or homogenates from animal
tissues (Kartha and Krishnamurthy 1978; Halevy and Sklan 1987; Das 1989;
Livrea and Packer 1994). Studies with animal models that received vitamin A
supplementation also provide evidence that retinol can prevent peroxidative
damage. Protection against membrane lipid peroxidation (Kartha and
Krishnamurthy 1977; Ciaccio et al. 1993) and oxidative modifications of protein
(Tesoriere et al. 1994) following radical stress induced in vivo have been
reported. However, an antioxidant such as retinol is a redox agent that protects
against free radicals in some circumstances and promotes free radical
generation in others (Herbert 1996; Schwartz 1996; Hoglen et al. 1997; Chen et
al. 1999; Murata and Kawanishi 2000; Dal-Pizzol et al. 2001; Dal-Pizzol et al.
2001; Gimeno et al. 2004).
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In certain biological environments, retinol could alter the balance between prooxidants and antioxidants, thereby behaving as a pro-oxidant. When applied to
cultures of rat Sertoli cells, retinol at 7 μM was shown to elevate the
concentrations of lipid hydroperoxides and modulate antioxidant enzyme
activities (Dal-Pizzol et al. 2001). A metabolite of retinol, namely anhydroretinol,
has been shown to induce cellular ROS production, causing oxidative stress
and cell death (Chen et al. 1999). Apart from its oxidising effect on lipids, retinol
(from 0.5 to 5 μM) also causes oxidative damage to cellular and isolated DNA
(Murata and Kawanishi 2000). The induction of DNA damage by retinol is dosedependent and probably involves generation of superoxide anion and hydrogen
peroxide (Murata and Kawanishi 2000).

The inhibition of lipid peroxidation by retinol is attributed to its ability to form a
retinol-derived carbon-centered radical that acts as a trap for the chain-carrying
peroxyl radicals (Samokyszyn and Marnett 1990; Tesoriere et al. 1993). This
radical-trapping activity competes with lipid molecules for the chain-elongating
peroxyl radical and thereby inhibits the formation of lipid hydroperoxide.
However, instead of breaking the radical chain reactions, the formation of
retinoid-derived carbon centered molecules may, in turn, generate even more
reactive radicals that cause greater peroxidation of oxidisable lipids
(Samokyszyn and Marnett 1990; Tesoriere et al. 1993). This pro-oxidant
capacity of retinol may have been the underlying reason for the enhancement of
lipid peroxidation and modulation of cellular antioxidant activity in response to
retinol treatment that has been described by others (Herbert 1996; Schwartz
1996; Hoglen et al. 1997; Chen et al. 1999; Murata and Kawanishi 2000; DalPizzol et al. 2001; Dal-Pizzol et al. 2001; Gimeno et al. 2004).
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Understanding the involvement of free radicals in the pathogenesis of diseases
such as malaria is hampered by the technical difficulties involved in identifying,
detecting and quantifying free radicals in vivo. This is because free radicals are
highly reactive transient species and present at low concentration (Halliwell and
Grootveld 1987; Halliwell and Cross 1994). Specialised equipment such as
electron spin resonance (ESR) can detect these molecules but only when a
suitable stable radical adduct such as nitrones is available ((Rosen and Halpern
1990). ESR analysis is a useful technique when applied to in vitro systems but
has limited use in analysis of specimens from patients (Rumley and Paterson
1998). Due to the present technical limitations of measuring free radicals,
assessment of the ROS effect on biological systems relies predominantly on
indirect methods that include the assessment of major targets of ROS such as
circulating and membrane lipids, protein and DNA (Halliwell and Grootveld
1987). Studies looking into the extent of damage caused by free radical
generation using these indirect methods have contributed to an understanding
of the pathogenesis of clinical complications of malaria such as anaemia (Das
et al. 1993; Newton et al. 1997; Das and Nanda 1999; Kremsner et al. 2000;
Griffiths et al. 2001), pulmonary oedema (Fantone and Ward 1982) and coma
(Weiss et al. 1998; Medana et al. 2001). In addition, the use of reliable
biomarkers of ROS damage should enable better characterisation of
antimalarial compounds that exert their pro-oxidant effect on free radicalsensitive Plasmodium parasites (Turrens 2004).

The most common and extensively developed method for detecting oxidative
damage is assessment of lipid peroxidation. This is because free radicals acting
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on circulating lipid and cell membranes produce a sequence of reactions that
give rise to measurable end products such as conjugated dienes, hydrocarbon
gases and lipid hydroperoxides (Halliwell and Chirico 1993). Published studies
on lipid peroxidation in malaria are based on the measurement of non-specific
and unstable lipid products, mainly the thiobarbituric acid reactive substances
(TBARS) which are thought to reflect the production of malondialdehyde (MDA)
(Das et al. 1991; Das et al. 1993; Erel et al. 1997; Das and Nanda 1999; Erel et
al. 2001; Pabon et al. 2003). The thiobarbituric acid reaction (TBA) tests that
measure MDA suffer interference since TBA reacts with compounds other than
MDA such as bilirubin, biliverdin and haem-containing substances. The lack of
specificity of this marker can produce false-positive results and therefore may
overestimate this marker in vivo (Halliwell and Grootveld 1987; Moore and
Roberts 1998). In contrast, a recently described family of metabolites produced
in vivo by free radical-catalysed peroxidation of arachidonic acid, namely F2isoprostanes, have been identified as a reliable, sensitive and specific marker of
in vivo lipid peroxidation (Morrow et al. 1990; Morrow et al. 1994; Morrow and
Roberts 1999). The F2-isoprostane assay gives better quantification because of
the chemical stability and excellent chromatographic characteristics of the
molecule (Mori et al. 1999; Pratico 1999; Proudfoot et al. 1999; Greco et al.
2000).

F2-isoprostanes can be assayed in a wide range of biological tissues and body
fluids from humans and animals, including urine (Roberts et al. 1996;
Helmersson and Basu 1999; Morrow and Roberts 1999; Kelly 2001). Increased
isoprostane concentrations have been used as a robust biochemical marker of
in vivo oxidative stress in a range of common diseases including those of the
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cardiovascular (Morrow et al. 1995; Davi et al. 1997; Pratico et al. 1998; Reilly
et al. 1998; Hill and Awad 1999; Cabiscol et al. 2000; Cracowski et al. 2001;
Devaraj et al. 2001; Tangirala et al. 2001) and neurological (Greco et al. 2000)
systems. Therefore, F2-isoprostanes are a better marker of in vivo oxidative
stress in malaria than alternative measurements used to date.

The studies described in Chapter 4 showed that retinol possesses in vitro
activity against P. falciparum, causing membrane rupture. When given as
supplementation in vivo, retinol reduced P. berghei parasitaemia by 7-30%
(Chapter 5).

The relatively low liver retinol levels in supplemented infected

animals suggest that retinol is consumed during P. berghei infection.

The

oxidant capacity of retinol during malaria infection may have contributed to the
effect of retinol against Plasmodium spp. Nonetheless, if retinol interferes with
the generation of ROS during malaria infection by exerting either an oxidant or
anti-oxidant effect, the expected outcome of retinol administration would be an
alteration in oxidative stress.

Any changes in the levels of F2-isoprostanes and in the composition of PUFA
should reflect changes in the oxidative state in P. berghei infection with or
without retinol supplementation. To test this hypothesis, the concentration of F2isoprostanes were measured in plasma, RBC and liver samples in the mice
used in the studies described in Chapter 5, and the percentages of PUFA in
liver homogenates in the same mice were also determined. Further data
analyses on F2-isoprostanes, arachidonic acid and total PUFA were examined
in detail, specifically i) the relationship between retinol and its precursor,
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arachidonic acid and ii) the correlation beween retinol concentrations and the
levels of F2-isoprostanes, arachidonic acid and total PUFA.

6.2

Materials and methods

6.2.1 Sample preparation
The assessment of F2-isoprostane and phospholipids concentrations described
in the present chapter made use of the plasma, RBC and liver samples taken
from the same mice used for previous studies (Chapter 5). Due to the limited
amount of samples available, only plasma, RBC and liver from mice receiving
multiple doses of retinol or vehicle were taken for measurement of F2isoprostane and phospholipids (Table 6.1). In brief, plasma, RBC and liver
samples were collected at the final time point. Blood was collected into
EDTA/glutathione-containing tubes. Aliquots of plasma from the centrifuged
blood were frozen at -80 °C in the presence of 0.2 % butyhydroxytoluent (BHT).
Packed RBC and liver tissue were washed twice in 1 x PBS buffer containing
0.2 % BHT (Appendix 1) and stored at -80°C.

In preparation for the F2-isoprostane assay, RBC samples were lysed by 3
cycles of freezing in liquid nitrogen and thawing at 37 °C for 2 minutes. The
lysed RBC were diluted in 0.1 M phosphate buffer (pH 4). Thawed liver samples
(20-70 mg) were homogenised in ice-cold chloroform/methanol (2:1) solution for
1 minute using an Ultra-Turrax T18 homogeniser (IKA Labortechnik, Germany).
Aliquots of 4 mL and 0.5 mL lipid fractions from liver homogenates were dried
under N2, and used for measurement of F2-isoprostane and phospholipid fatty
acids, respectively.
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Table 6.1:

Total number of available samples from groups of mice

receiving multiple doses of retinol or vehicle.
Number of samples available (n)
Group
Multiple supplementation

F2-isoprostane

Phospholipid fatty acids

Plasma RBC Liver

Liver

Healthy + vehicle

6

8

6

6

Healthy + retinol

11

7

8

9

Infected + vehicle

11

11

12

12

+ retinol before infection

12

12

11

11

+ retinol after infection

8

11

12

12

+ retinol before & after

8

11

14

14

infection

6.2.2 Measurement of F2-isoprostane concentrations
The total concentrations of F2-isoprostanes (free and esterified) in plasma, RBC
and liver were measured as described previously by Mori and colleagues (Mori
et al. 1999). Briefly, an internal standard, 8-iso-PGF2α-d4 (5 ng), was added to
the thawed plasma, lysed RBC and lipid extracts.

Plasma and RBC were

hydrolysed in 1M KOH (methanolic) at 40 °C for 30 minutes in tubes flushed
with N2. Proteins were removed from the hydrolysed plasma and RBC by
methanol precipitation and centrifugation. Liver lipid extracts were reconstituted
in 200 µL of methanol and 15% KOH (aqueous), flushed with N2 and hydrolysed
at 45 °C for 1 hour. After hydrolysis, samples were diluted with 0.1 M phosphate
buffer (pH 4) to a final volume of 10 mL and acidified to pH 3.0

Solid phase extraction was performed on the acidified samples using C18 SepPak and Silica Sep-Pak cartridge columns (Waters Associates, Milford, MA)
attached to a vacuum manifold (Alltech, Deerfield, IL) and vacuum pump
(Dynavac, Melbourne, Australia) (see Section 3.4). The isoprostane fraction
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was derivatised with 10% pentafluorobenzyl bromide (PFBBr) + 10% ndiisopropylethylamine (DIPEA) and n,O,-bis(trymethyl-silyl) trifluoroacetamide
(BSTFA) + trimethylchlorosilane (TMCS) (99:1) to give the isoprostane
pentafluorobenzyl esters, trimethylsilylethers (see Section 3.4.4). Isoprostanes
were analysed by gas chromatography mass spectrometry (Agilent 5973 Mass
Selective Detector, Palo Alto, CA) using electron capture negative ion chemical
ionisation (ECNICI) and monitored m/z 569 and m/z 573 for the F2-isoprostanes
and d4-internal standard, respectively. The within- and between-assay
reproducibility was 3.7 % and 6.7 %, respectively.

Total haemoglobin in the lysed RBC diluted in 0.1 M Phosphate buffer was
quantified from absorbance at 562, 578 and 598 nm using a UV visible
spectrophotometer (Cary 50 Bio, Varian Inc., USA). Plasma, RBC and liver F2isoprostane concentrations were expressed as nmol/mL, pmol/mg haemoglobin
and pmol/µg arachidonic acid, respectively (see Appendix 4; Table A4.6).

6.2.3 Measurement of liver polyunsaturated fatty acids (PUFA)
Total lipid fractions from homogenised liver (Section 6.2.2) were available for
measurement of PUFA. Briefly, the phospholipid fraction was obtained from
total lipid extracts by thin-layer chromatography using a solvent system of
petroleum spirit/diethyl ether/acetic acid/methanol (170:40:4:4, v/v) on silica gel
60 F254-precoated aluminium sheets (Merck, Darmstadt, Germany) (see
Section 3.5). An internal standard, heptadecanoic acid (C17:0, 20 μg) was
added to the phospholipid extracts. Fatty acid methyl esters were prepared by
treatment of phospholipid extracts with 4% H2SO4 in methanol at 90ºC for 20
minutes and analysed by gas liquid chromatography using a BPX70 column
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(25m x 0.32mm, 0.25mm film thickness) (SGE, Ringwood, Victoria, Australia)
temperature programmed from 150 to 210°C at 4°C/min using N2 as the carrier
gas, in a Hewlett-Packard model 5980A gas chromatograph (Hewlett Packard,
Rockville, MD). Peaks were identified by comparison with a known standard
mixture. Individual fatty acids (palmitic, stearic, oleic, linoleic, arachidonic and
docosahexaenoic acids) were calculated as percentage of total fatty acids (see
Table A4.7). The amount of arachidonic acid in μg/g liver was used to adjust the
concentration of liver F2-isoprostane which was expressed as pmol/μg
arachidonic acid (Section 6.2.2). This was calculated based on the area ratio of
peaks corresponding to arachidonic acid and a known amount of heptadecanoic
acid (internal standard).

6.2.4 Statistical analyses
Data were analysed using the statistical package SPSS for Window (SPSS Inc.,
version 11.5.0, Chicago, USA). Multiple means were compared by ANOVA.
Post-hoc two-way comparisons were adjusted for multiple comparisons by the
Bonferroni method. Less stringent P were derived from the least significant
difference (LSD) method. Correlations between the levels of F2-isoprostane,
PUFA content, parasitaemia and retinol levels were given by Pearson’s method
for normal distribution, and otherwise by Spearman’s (rho) method.
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6.3

Results

6.3.1 Tissue concentrations of F2-isoprostanes
A typical chromatogram of plasma F2-isoprostanes analysed by GC-MS with
ECNI detection in the selective ion monitoring (SIM) mode is shown in Figure
6.1. Similar chromatograms were obtained in RBC and liver analyses. The
pattern was consistent for every sample measured for F2-isoprostanes
regardless whether or not the animal was infected or healthy, retinolsupplemented or vehicle-treated. The concentrations of F2-isoprostanes in
plasma, RBC and liver samples were calculated based on the area ratio of
peaks corresponding to F2-isoprostanes (m/z 569) and a known amount of 8iso-PGF2α-d4 (internal standard) (m/z 573). The mean (95% C.I.) F2-isoprostane
concentrations in each of the groups of mice are summarised in Table 6.2 and
all data are shown in Figures 6.2, 6.3 and 6.4.

The levels of F2-isoprostanes in groups of infected and non-infected mice
supplemented with either vehicle solution or retinol were compared to examine
the effect of P. berghei infection on lipid peroxidation. Plasma F2-isoprostane
concentrations (Figure 6.2) were significantly greater in the P. berghei-infected
than in the healthy mice, regardless of whether retinol or vehicle was given
(P<0.01). The analyses of RBC and liver F2-isoprostane concentrations
produced similar results (Figures 6.3 and 6.4, P <0.01).

The relationship between F2-isoprostane generation and parasite density was
examined by comparing plasma, RBC and liver F2-isoprostane concentrations
in healthy animals (0% parasitaemia) and in infected animals with either <50%
or >50% infected RBC at sacrifice (see Figure 6.5). The 50% cut-point was
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chosen to determine whether there was a ‘dose-response’ relationship between
parasitaemia and F2-isoprostanes in the three tissues of interest without a
disproportionate contribution from the relatively large numbers of animals with
high parasitaemia. Plasma, RBC and liver F2-isoprostane concentrations were
significantly lower in healthy mice in comparison to those with parasitaemia
<50% and >50% (P<0.05).

RBC and liver F2-isoprostane concentrations in

infected mice with parasitaemia <50% and >50% were not significantly different
(P=0.68 and 0.24, respectively). However, the difference in plasma F2isoprostane concentrations between these groups was close to significant
(P=0.06),

suggesting

a

trend

towards

greater

plasma

F2-isoprostane

concentrations in the most severely infected group (parasitaemia >50%).

Inter-correlations between F2-isoprostane concentrations derived from plasma,
RBC and liver samples from each individual mouse were analysed (Figures 6.6,
6.7 and 6.8). Plasma, RBC and liver F2-isoprostane concentrations were
significantly correlated (r=0.44 to 0.46, P<0.01).

The influence of retinol on lipid peroxidation was examined by comparing the
F2-isoprostane concentrations in the infected mice that received vehicle or
retinol before infection, before and after infection, and after infection (Table 6.2;
Figures 6.2, 6.3 and 6.4). There were no significant differences between the
levels of plasma, RBC and liver F2-isoprostane in these groups. In addition,
there was no significant correlation between liver F2-isoprostane concentrations
and liver retinol levels (Section 5.3.3.1).
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Figure 6.1: Typical chromatogram of plasma F2-isoprostane analysed by
GC-MS with ECNI detection in the SIM mode. The upper trace shows ion
m/z 569, with the F2-isoprostane eluting at 15.15 minutes. The lower trace
shows the peak of the deuterated internal standard 8-iso-PGF2α-d4
monitored at m/z 573, which eluted at 15.15 minutes. An identical pattern of
peaks was also obtained for traces derived from RBC and liver.
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Table 6.2:

F2-isoprostane levels (mean with 95% C.I.) in each group

measured.
Mean
Group

(lower-upper bounds 95%C.I.)

Plasma F2-isoprostane (nmol/mL)
Healthy + vehicle

6.0* (4.4-7.6)

Healthy + Retinol

6.1* (5.1-7.1)

Infected + vehicle

10.5 (9.7-11.3)

Infected + Retinol before infection

10.2 (7.4-13.0)

Infected + Retinol after infection

11.2 (9.1-13.2)

Infected + Retinol before & after infection

11.0 (8.7-13.4)

RBC F2-isoprostane (pmol/mg haemoglobin)
Healthy + vehicle

309*(246-372)

Healthy + Retinol

338 (232-445)

Infected + vehicle

759 (581-938)

Infected + Retinol before infection
Infected + Retinol after infection
Infected + Retinol before & after infection

972 (778-1,166)
1,017 (628-1,407)
841 (733-949)

Liver F2-isoprostane (pmol/µg arachidonic acid)
Healthy + vehicle

42*(25-60)

Healthy + Retinol

52 (32-72)

Infected + vehicle

189 (125-253)

Infected + Retinol before infection

263 (157-358)

Infected + Retinol after infection

268 (154-382)

Infected + Retinol before & after infection

219 (147-291)
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Figure 6.2: Plasma F2-isoprostane (nmol/mL) in groups of mice; (1)
Healthy + soybean oil (vehicle), (2) Healthy + retinol, (3) Infected + vehicle,
(4) Infected + retinol before infection, (5) Infected + retinol after infection,
and (6) Infected + retinol before and after infection. Values from individual
mice (●), mean and 95 % C.I.(■). Plasma F2-isoprostane concentrations in
groups (1) and (2) were significantly lower than those in groups (3), (4), (5)
and (6) (P<0.01).
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Figure 6.3: RBC F2-isoprostane (pmol/mg haemoglobin) in groups of mice;
(1) Healthy + soybean oil (vehicle), (2) Healthy + retinol, (3) Infected +
vehicle, (4) Infected + retinol before infection, (5) Infected + retinol after
infection, and (6) Infected + retinol before and after infection. Values from
individual mice (●), mean and 95 % C.I.(■). RBC F2-isoprostane levels in
groups (1) and (2) were significantly lower than that in groups (4), (5), (6)
(P<0.05).
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Figure 6.4: Liver F2-isoprostane (pmol/µg arachidonic acid) in groups of mice;
(1) Healthy + soybean oil (vehicle), (2) Healthy + retinol, (3) Infected + vehicle,
(4) Infected + retinol before infection, (5) Infected + retinol after infection, and
(6) Infected + retinol before and after infection. Values from individual mice (●),
mean and 95 % C.I. (■). Liver F2-isoprostane levels in groups (1) and (2) were
significantly lower than those in groups (3), (4), (5) and (6) (P<0.05).

- 155 -

20
(32)

(nmol/mL)

Plasma

16

(7)

12
n = (17)

8
4

(pmol/mg haemoglobin)
(pmol/ μg arachidonic acid)

RBC
Liver

F2 -isoprostane

0
2,500 0

1

2

3
(39)

2,000
1,500

(6)

1,000
(15)

500
0
500 0

1

2

3
(43)

400
(5)

300
200
(14)

100
0

0

10

<50
2

>50
3

Infected R B C (% )

Figure 6.5: Relationship

between

generation

of

F2-isoprostane

and

parasitaemia. The level of end-point infected RBC (%) for each mouse was
divided into 0, <50% and >50% (n=number of mice per group). Plasma, RBC
and liver F2-isoprostane concentrations in mice with parasitaemia <50 and
>50% were significantly greater than those of healthy mice (P<0.05), but the
levels in mice with parasitaemia <50% and >50% were not significantly different
(P=0.06, 0.68 and 0.24 for plasma, RBC and liver F2-isoprostane, respectively).
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Figure 6.6: Relationship between the levels of plasma and RBC F2isoprostane. There was a significant correlation between these two variables
(n=42, r=0.46, P<0.005).
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Figure 6.7: Relationship between the levels of plasma and liver F2isoprostane. There was a significant correlation between these two variables
(n=43, r=0.44, P<0.005).
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Figure 6.8: Relationship between the levels of RBC and liver F2-isoprostane.
There was a significant correlation between these two variables (n=52, r=0.44,
P<0.005).
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6.3.2 Arachidonic acid and PUFA content
The percentages of arachidonic acid, the precursor of F2-isoprostanes are
summarised in Table 6.3 and data are shown in Figure 6.9. There was no
correlation between liver F2-isoprostane concentrations and arachidonic acid
(P=0.30).

The effect of P. berghei infection in altering the percentages of (i) arachidonic acid
alone (Table 6.3 and Figure 6.9) and (ii) polyunsaturated fatty acids, PUFA over
total phospholipids (Table 6.3 and Figure 6.10) was examined. The percentages of
arachidonic acid and total PUFA were significantly greater in infected animals
supplemented with vehicle than in control mice (Figures 6.9 and 6.10). In the
infected animals considered as a single group, there was no correlation between
parasitaemia by tertile and both percentages of arachidonic acid and total PUFA
(F=0.20 and 0.04; P>0.82).

The influence of retinol on the composition PUFA was examined by comparing the
percentages of arachidonic acid and total PUFA in healthy animals treated with
retinol and those of healthy mice receiving vehicle only. There was no significant
difference in the percentages of arachidonic acid and total PUFA between these
groups (P>0.08). The influence of retinol on arachidonic acid and total PUFA in the
infected animals that received retinol before infection, before and after infection
and after infection, was also assessed. Both arachidonic acid and PUFA were
significantly lower in the infected group that received retinol supplementation
before parasite inoculation, in comparison to those treated with vehicle, retinol after
infection and retinol before and after infection (Figures 6.9 and 6.10, P<0.05).
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There was no correlation between liver retinol concentrations and the percentages
of arachidonic acid and PUFA content (P>1.03 and P>0.75 respectively).

Table 6.3:

Arachidonic acid and total PUFA content relative to total

phospholipids. Data are mean (95% C.I.).
Mean
Group

(95%C.I.)

Liver Arachidonic acid (C20:4) (%)
Healthy + vehicle

17.9 (16.2- 19.2)

Healthy + Retinol

18.6 (17.6- 19.7)

Infected + vehicle

19.4 (19.0- 19.9)

Infected + Retinol before infection

18.0 (17.3- 18.7)

Infected + Retinol after infection

20.4 (19.4- 21.4)

Infected + Retinol before & after infection

20.2 (19.1- 21.3)

Liver PUFA (%)
Healthy + vehicle

47 (44-51)

Healthy + Retinol

50 (48-52.6)

Infected + vehicle

50.9 (49.7- 52.1)

Infected + Retinol before infection

47.8 (46.1- 49.5)

Infected + Retinol after infection

52.3 (50.0- 54.5)

Infected + Retinol before & after infection

51.1 (48.9- 53.4)
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Arachidonic acid (%)

24

21
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(n=8)
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Figure 6.9: Liver arachidonic acid (%) in groups of mice; (1) Healthy +
soybean oil (vehicle), (2) Healthy + retinol, (3) Infected + vehicle, (4) Infected +
retinol before infection, (5) Infected + retinol after infection, and (6) Infected +
retinol before and after infection. Values from individual mice (●), mean and 95
% C.I. (■). Liver arachidonic acid levels in group (1) were significantly lower
than those in groups (3), (5) and (6) (P<0.05), while those in groups (2) and (4)
were significantly lower than those in groups (5) and (6) (P<0.05).
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Figure 6.10: Liver PUFA (%) in groups of mice; (1) Healthy + soybean oil
(vehicle), (2) Healthy + retinol, (3) Infected + vehicle, (4) Infected + retinol
before infection, (5) Infected + retinol after infection, and (6) Infected + retinol
before and after infection. Values from individual mice (●), mean and 95 % C.I.
(■). Liver PUFA levels in groups (1) and (4) were significantly lower than those
of groups (3), (5) and (6) (P<0.05).
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6.4

Discussion

In the present study, P. berghei infection increased levels of F2-isoprostanes in
plasma, RBC and liver samples by approximately 2, 3 and 5 fold, respectively, in
Swiss mice. The increases in plasma and RBC were comparable to those of MDA
in plasma, RBC, platelets and cerebrospinal fluid reported previously in human
malaria (Table 6.4) (Das et al. 1991; Das et al. 1993; Erel et al. 1997; Das and
Nanda 1999; Erel et al. 2001; Pabon et al. 2003). However, because measurement
of MDA by the TBA assay can include compounds such as bilirubin and haemcontaining substances that are increased in malaria (Halliwell and Grootveld 1987),
it could be inferred from the present levels of F2-isoprostanes (a more robust and
specific marker of lipid peroxidation (Morrow et al. 1990; Morrow et al. 1994;
Morrow and Roberts 1999) that lipid peroxidation was greater in the murine model
than in previous human studies. Although published human studies have included
patients with complicated (Das and Nanda 1999) including cerebral (Das et al.
1991) falciparum malaria, the P. berghei infection in the present animals was
probably relatively severe, with most sacrificed only when the parasitaemia was
>50%.

The present results indicate that the generation of F2-isoprostane due to P. berghei
infection occurred in all sample types. Furthermore, there was a significant
correlation between concentrations of F2-isoprostane in plasma, RBC and liver
from our animals, implying that oxidant injury resulting from P. berghei infection
was not tissue-specific. Several studies have indicated that in vivo oxidative
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damage is likely to occur at only a few sites or tissues at any given time (McCall
and Frei 1999). Based on the present data and those of others (Table 6.4) (Das et
al. 1991; Das et al. 1993; Erel et al. 1997; Das and Nanda 1999; Erel et al. 2001;
Pabon et al. 2003), this does not appear to be the case for malaria-associated
oxidative stress. Indeed, it has been proposed that free radicals contribute to a
range of tissue-specific complications of human malaria including coma (cerebral
malaria), anaemia and pulmonary oedema (Clark et al. 1989). The disproportionate
increase in liver F2-isoprostane in our malaria-infected suggests that hepatic
dysfunction, a further recognised complication of human malaria, might also relate,
at least in part, to oxidant injury.
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Table 6.4:

Comparison between the levels of lipid peroxidation markers in

healthy control and malaria samples in published studies of human malaria.
Level
Marker

mean ± SD

Fold

Control

Malaria

106.2

219.9

± 24.7

± 60.2

3.0

3.5

± 0.5

± 0.5

1.2

2.6

± 0.6

± 1.1

1.7

4.2

± 0.4

± 2.2

1.3

3.9

± 1.2

± 2.8

0.9

1.3

± 0.3

± 0.6

6.1

10.6

(nmol/mL)

± 1.5

± 2.9

*RBC F2-isoprostane

322.7

898.9

(pmol/mg Hb)

± 93.1

± 363.7

47.8

233.6

± 20.7

± 138.3

RBC TBARS (nmol/ g Hb)

Plasma MDA (μmol/L)
CSF MDA (μmol/L)
Platelet MDA (nmol/109)

Plasma MDA (μmol/ L)
Plasma MDA (μmol/L)
*Plasma F2-isoprostane

*Liver F2-isoprostane
(pmol/μg arachidonic acid)
•

Ref

increase
(Das and Nanda
2.1

1999)
(Das et al. 1993)

1.2
(Das et al. 1991)
2.2
(Erel et al. 2001)
2.5
(Pabon et al.
3.0

2003)
(Erel et al. 1997)

1.4
Present study
1.8
Present study
2.8
Present study
4.9

Plasma, RBC and liver F2-isoprostane concentrations for healthy and P. bergheiinfected animals (± retinol supplementation) were pooled and calculated as mean ±
SD. The fold or net increase of lipid peroxide marker as the result of malaria
infection was calculated as lipid peroxide in malaria samples/ lipid peroxide in
controls. In each study, the lipid peroxide concentrations in malaria samples were
found to be significantly greater than those of control samples.
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Several studies have shown that the tissue levels of lipid peroxides such as MDA
increase in proportion to the severity of malaria (Das et al. 1993; Erel et al. 1997;
Das and Nanda 1999; Erel et al. 2001), but a direct relationship with parasitaemia
has not been reported previously. The present data reveal a borderline positive
relationship between the endpoint parasitaemia and concentrations of F2isoprostanes in plasma. Consistent with this observation, lipid peroxidation has
been shown to result from free radical release during malaria infection (Clark et al.
1989), not only from parasitised RBCs themselves (Mohan et al. 1992; Atamna and
Ginsburg 1993) but also from the activated blood monocytes that respond to their
presence in the circulation (Clark and Hunt 1983; Kharazmi et al. 1987; Thumwood
et al. 1989). There were, however, no such associations for RBC and liver F2isoprostanes. Since only 8 mice (20%) had an endpoint parasitaemia <50%,
greater numbers of mice with non-severe P. berghei infections are likely to be
needed to ensure statistical power sufficient to confirm or refute these preliminary
observations.

Although merozoites are not capable of infecting liver parenchymal cells in P.
berghei malaria, phagocytic cells in the liver can take up infected RBC and free
merozoites (Singh et al. 2002). This results in cytokine-mediated liver injury
(Adachi et al. 2001) and, by implication, free radical damage. Although there was
not a statistically significant relationship between parasitaemia and liver F2isoprostanes in the present study, hepatic Kupffer cell uptake of infected RBC and
merozoites could help explain why the fold increase in F2-isoprostanes in infected
animals in the present study was greatest in the liver.
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Apart from measurement of the end products of PUFA peroxidation, assessment of
changes in the total PUFA content can also serve as an index of free radicalinduced oxidant injury (Frei et al. 1988). Data from the present studies indicate that
P. berghei infection increases liver PUFA and arachidonic acid. These increases
contrast with the findings of others in studies using plasma from humans with
malaria (Delmas-Beauvieux et al. 1995; Griffiths et al. 2001). In addition, the
production of F2-isoprostanes in the liver would have been expected to lead to
consumption of its arachidonic acid precursor. The confounding effects of
interfering substances and/or lability in storage (McCall and Frei 1999) cannot be
excluded, and enhanced synthesis of arachidonic acid or its acquisition by the liver
from other sources such as platelets are possible. Similarly, there was no inverse
correlation between liver arachidonic acid and liver F2-isoprostane status in the
present study. The formation of F2-isoprostanes proceeds through peroxidation of
arachidonic acid in situ and subsequent release into the circulation by
phospholipases (Morrow et al. 1992). However, the levels of arachidonic acid are
generally 20 to 40-fold higher than the concentrations of F2-isoprostane
(Waddington et al. 2003). Consequently, an increase in of F2-isoprostane levels
might be achievable with a relatively small impact on the abundance of its
precursor. In support of this finding, a previous report has also failed to
demonstrate a direct correlation between plasma F2-isoprostanes and arachidonic
acid in human subjects (Yu et al. 2004).

Studies in Chapter 5 suggested that liver retinol was consumed during malaria
infection. Several studies have indicated that retinol can be consumed during
oxidant injury via a redox reaction that can either reduce or enhance the
- 169 -

peroxidation of lipids (Tesoriere et al. 1997). The present data indicate retinol
supplementation did not alter F2-isoprostane concentrations and the peroxidation
of total PUFA and arachidonic acid, and there was no correlation between total
PUFA and liver retinol. However, since retinol supplementation before parasite
inoculation has been shown to have the greatest protective effect against P.
berghei infection (Chapter 5), it was interesting to note that total PUFA and
arachidonic acid (%) for this group were significantly lower than the rest of infected
groups and similar to those in vehicle-treated control animals. While regression
analysis in Chapter 5 suggests strongly that liver retinol rather than mode of retinol
supplementation is the strongest predictor of a protective effect of retinol, it is
possible that retinol administration before parasite inoculation has an effect on
PUFA that the combination of infection and continued retinol administration
abrogates. Further assessment of this hypothesis was beyond the scope of the
present experiments.

The measurement of F2-isoprostanes as a biomarker of oxidant injury associated
with malaria could be extended to human malaria. F2-isoprostanes have been
found in every biological fluid tested including urine (Morrow et al. 1995; Davi et al.
1997; Reilly et al. 1998; Helmersson and Basu 1999; Hill and Awad 1999; Mori et
al. 1999; Walter et al. 2000; Devaraj et al. 2001). Measurement of urinary F2isoprostanes would be a convenient way of assessing oxidant injury in clinical
studies, especially when there is a lack of –80°C freezer storage for specimens.
Unlike RBC and tissues such as liver, urine has limited amount of lipids that can be
auto-oxidised into F2-isoprostanes, thereby giving a more accurate indication of in
vivo oxidant injury (Helmersson and Basu 1999; Mori et al. 1999). Additional
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studies looking into the levels of urinary F2-isoprostane are under investigation
during the writing of this thesis and the preliminary data are presented in Appendix
3. Furthermore, isoprostanes are not only a reliable marker of oxidant injury but are
also capable of exerting biological activity (Kunapuli et al. 1997). It has been shown
that, at physiological concentrations, F2-isoprostanes are able to induce the
activation of platelets and neutrophils to generate superoxide in a dose-dependent
manner (Walsh and Vaughan 1998). Whether these effects have implications for
malaria are unknown but could serve as the focus of future research.

Studies on the influence of oxidising agents such as retinol on oxidant injury during
malaria infection are limited due to the inadequate methods of quantification and/or
validity of current in vivo biomarkers of oxidative damage. Suitable biomarkers
must be present in assayable concentrations that do not change through
degeneration or generation of additional oxidation products when handled or stored
(McCall and Frei 1999). The measurement of biomarkers such as F2-isoprostanes
and PUFA has some limitations, including ex vivo auto-oxidation of lipid
components. In the present studies, measures to minimised the ex vivo formation
of additional products were undertaken that include rapid sample handling and
storage at –80°C and the addition of the antioxidant BHT to the stored and
processed samples.
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6.5

Conclusion

The studies detailed in this Chapter provide evidence that P. berghei infection
promotes lipid peroxidation in a range of tissues, especially the liver. The
generation of F2-isoprostane in plasma may reflect parasite burden but retinol
supplementation has minimal influence on lipid peroxidation in plasma, RBC or
liver. The protective effect of retinol against P. berghei infection found in the
studies described in Chapter 5 appears to be mediated by other mechanisms.
Further studies assessing, for the first time, the relationship between F2isoprostane production and severity of malaria in humans are in progress. Although
F2-isoprostane is a relatively robust index of lipid peroxidation, other biomarkers
could be incorporated into future studies examining the relationship between
oxidant status and the progression and sequelae of human malaria.
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Chapter 7
In vitro antimalarial activity of retinoids and
the influence of selective retinoic acid
receptor antagonists
7.1

Introduction

Within the intra-cellular environment, retinol is metabolised into retinoic acids such
as all-trans retinoic acid (RA), 9-cis RA and 13-cis RA (Collins and Mao 1999).
These retinoic acids have been shown to influence cellular functions in a wide
range of cell types at nanomolar concentrations (Mehta 1996; Ueno et al. 1998). In
the case of malaria, one in vitro study showed that 9-cis RA was able to induce
protection by enhancing the immune response towards P. falciparum-infected RBC
(Serghides and Kain 2002). The studies described in Chapter 4 show a direct in
vitro effect of retinol against P. falciparum at concentrations ranging from 10.1 21.4 μM. Since the biological activity of retinoids such as all-trans RA and 9-cis RA
is greater than that of retinol (Dawson and Hobbs 1990; Klaus 1990), it is possible
that retinoic acids have greater efficacy against Plasmodium parasites than their
precursor, retinol.

The cellular differentiation and anti-proliferation effects of retinoids are believed to
result from retinoic acid receptor (RAR) and retinoid X receptor (RXR) heterodimer
interactions (Leid et al. 1992; Zhang et al. 1992; Dawson et al. 1994; Tsai and
O'Malley 1994). The binding of ligands to RARs activates the heterodimerised
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receptors while RXR commonly acts as a silent partner (Kurokawa 1994; Forman
et al. 1995; Glass 1996). RXRs have been found in a number of metazoan phyla
including nematodes (Sluder et al. 1999), platyhelminths (Freebern et al. 1999;
Freebern et al. 1999) and insects (Guo 1998; Perera et al. 1998), but not in plants
or in protozoa. To date, the RARs have only been described in vertebrates but it is
possible that an organism such as P. falciparum could acquire such receptors from
its vertebrate host. All-trans retinoic acid (RA) and 9-cis RA are retinol metabolites
that are the biologically active ligands for the RARs α, β and γ (Petkovich et al.
1987; Allenby et al. 1993). 9-cis RA is also an agonist for RXRs (Heyman et al.
1992; Levin et al. 1992).

The antimalarial effect of retinol and other retinoids could result from paradoxical
pro-oxidant activity as has been described in Chapter 6 and other studies (Chen et
al. 1999; Murata and Kawanishi 2000; Dal-Pizzol et al. 2001). An alternative mode
of action could be through the binding of retinol and/or its metabolites to specific
nuclear receptors (Giguere 1987; Petkovich et al. 1987; Mangelsdorf 1990), an
event that could influence basic parasite functions such as macromolecular
synthesis (Ferrari et al. 1983). The aim of the present study was, therefore, to
investigate the hypothesis that the antimalarial activity of retinoids is mediated by
P. falciparum nuclear receptors.
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7.2

Materials and methods

7.2.1 Retinoids and their preparation
RAR antagonists ER 27191, Ro 415253 and AGN 194301 were kindly provided by
Tsukuba Research Laboratories (Ibaraki, Japan), Hoffman-La Roche Ltd. (Basel,
Switzerland) and Allergan Inc. (California, USA) respectively. ER 27191 is a
selective antagonist of RAR α, β and γ (Ueno et al. 1998) while both Ro 415253
and AGN 194301 are selective antagonists of RAR α (Apfel et al. 1992; Teng et al.
1997; Kochhar 1998). The retinoids and RAR antagonists were dissolved in 100%
DMSO and dilutions were prepared from thawed stock solutions as described in
Section 3.2.1. All dilutions were made with a 2% v/v DMSO/medium solution and
diluted with parasite culture to a final DMSO concentration of 1% v/v in each case.

7.2.2 Parasite culture and growth inhibition assays
Cultures of the laboratory-adapted isolates 3D7 and K1 were maintained in
modified candle jars (Section 3.1.2). The in vitro efficacies of each agent against
the culture-adapted isolates of P. falciparum 3D7 and K1 were determined by
assessing [3H]-hypoxanthine incorporation (Section 3.2.2). Data are presented as
mean percentage growth inhibition ± SD compared to untreated controls for
quadruplicate experiments. The concentrations required to inhibit parasite growth
by 50% (IC50) were determined by linear interpolation (Huber and Koella 1993).
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7.2.3 Drug combination (isobologram) studies
The effect of the RAR antagonists on the action of retinol, and the combination of
all-trans RA with Ro 415253, was assessed against P. falciparum clone 3D7 using
isobolographic analysis (Czarniecki et al. 1984; Rosenblum 1991). In brief, IC50
concentrations of each agent alone were determined by log-linear interpolation of
two data points from each triplicate experiment performed on three separate
occasions. The inhibitory effect of each combination was assessed as described
for 48-hour inhibition assays (Section 3.2.5). Isobolograms were constructed using
data from each individual experiment and all experiments were repeated at least
three times, with the exception of the combination of all-trans RA in combination
with Ro 415253 which was assessed in a single triplicate experiment.
Concentrations of each drug that alone or in combination resulted in 50% growth
inhibition were plotted as a fractional inhibitory concentration (FIC), as described
previously (Berenbaum 1978).

7.2.4 Analysis of isoboles
Concentrations of each drug that alone or in combination resulted in 50% growth
inhibition were plotted as a fractional inhibitory concentration, as described
previously (Berenbaum 1978). Isoboles were constructed from these FIC values.
Because there is no agreed method for isobolographic analysis, three different
approaches were used in the present study.

Firstly, using the SAAM II program (SAAM Institute, Seattle, WA), a standard
hyperbolic function (Brueckner and Fleckenstein 1991; Canfield et al. 1995)
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Yi = 1 - [XI / (XI + e(-I) (1 - Xi))]

(Yi the IC50 of drug A when combined with drug B, Xi the IC50 of drug B when
combined with drug A, I the interaction value) was fitted to the data. Positive values
of I indicate synergy, whereas negative values indicate antagonism. When the
value of I is close to zero, the interaction is considered additive.

Secondly, sums (Σ) of the FIC were calculated as described by Berenbaum (1978)
using the formula (IC50 of A in a mixture that results in 50% inhibition/IC50 of A
alone) + (IC50 of B in mixture that results in a 50% inhibition/IC50 of B alone). A
ΣFIC >1 indicates synergy, <1 antagonism and close to 1 an additive interaction.
Values of I and ΣFIC were taken as demonstrating a relationship that was
significantly different from additivity if the 95% confidence intervals of the estimates
did not span zero and unity, respectively.

Thirdly, dose factors of potentiation (DFP) were determined using the method of
Poch (1980). Additive interaction (DFP = 1) is represented by the straight line
joining FIC = 1.0 on the two axes. Overadditive interaction is seen when the fitted
isobole is curvilinear. DFP values are calculated using the ratios between
overadditive and additive FICs, as DFP = CRdrug A × CRdrug B where CR is the ratio
between the FIC 0.5 and the overadditive FIC (isobole). DFP values >1 indicate
synergy and <1 antagonism. The magnitude of the DFP is a measure of the
strength of the overadditive interaction.
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7.3

Results

7.3.1 Growth Inhibition Assays
The efficacy of retinol, retinyl palmitate, all-trans RA, 9-cis RA, 13-cis RA and the
three RAR antagonists in inhibiting the growth of P. falciparum 3D7 and K1 isolates
are illustrated in Figure 7.1 and 7.2, and the inhibitory concentration of each agent
to achieve 50% growth inhibition is listed in Table 7.1 (IC50, in terms of added but
not assayed retinol).

Retinol inhibited the in vitro growth of both the standard P. falciparum isolates with
an IC50 of 2.5-3.2 × 10-5 M (Figure 7.1 and Table 7.1). Although less effective than
retinol itself for a given added concentration, all-trans RA, 9-cis RA and 13-cis RA
were also able to inhibit [3H]-hypoxanthine incorporation (Figure 7.1 and Table
7.1). Retinyl palmitate demonstrated poor growth inhibition such that an IC50 could
not be obtained for this agent over the range of concentrations used (Table 7.1).

All RAR antagonists demonstrated IC50 values (1.2-3.0 × 10-5 M) that were
comparable to the IC50 of retinol (Figure 7.2 and Table 7.1). DMSO did not inhibit
the growth of control cultures, even when tested at double the 1% v/v
concentration used in the present series of experiments.
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Table 7.1:

Concentrations (µM) of retinoids and retinoic acid receptor

antagonists required to inhibit [3H]-hypoxanthine incorporation by 50% (IC50) in
the laboratory-adapted strains of P. falciparum 3D7 and K1.
Retinoid

3D7 (µM)

K1 (µM)

Retinol

32

25

All-trans RA

70

73

9-cis RA

74

79

13-cis RA

59

69

Retinyl palmitate

Not achieved

Not achieved

Ro 415253

18

17

ER 27191

12

15

AGN 194301

29

30
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Figure 7.1:

Growth inhibition (Mean ± SD) of P. falciparum isolates 3D7 and

K1 when exposed to Retinol (■), all-trans-retinoic acid (□), 9-cis-retinoic acid
(●), 13-cis-retinoic acid (○) and retinyl palmitate (Χ). Each triplicate experiment
was repeated at least three times.
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Figure 7.2:
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Growth inhibition (Mean ± SD) of P. falciparum isolates 3D7 and

K1 when exposed to RO 415253 (■), ER 27191 (□) and AGN 194301 (●). Each
triplicate experiment was repeated at least three times.
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7.3.2 Isobologram studies
Isoboles describing the interaction of combinations of retinol with the RAR
antagonists Ro 415253, ER 27191 and AGN 194301 are illustrated in Figure 7.3.
The analysis of these isoboles is given by the values for interaction value (I), sums
of the fractional inhibitory concentration (ΣFIC) and dose factor potentiation (DFP),
as listed in Table 7.2

The isobolographic analysis indicate that the combinations of retinol with the RAR
antagonists Ro 415253, ER 27191 and AGN 194301 were all at least mildly
antagonistic, as assessed from values for I, ΣFIC and DFP (Figure 7.3 and Table
7.2). The combination of all-trans RA with Ro 415253 also proved antagonistic
(Figure 7.3 and Table 7.2).
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Table 7.1: In vitro efficacy of combinations of retinol and all-trans RA with specific antagonist compounds as
assessed by isobolographic analysis. P. falciparum isolate 3D7 was used in all these experiments. Data are the
value of I fitted to each data set and its 95% confidence intervals [95% C.I.], the mean ∑FIC and [95% C.I.] in
each case, and the corresponding Dose factor Potentiation (DFP) value.
Interaction Factor

∑FIC

I

[95% C.I.]

Mean

[95% C.I.]

Retinol/ ER 27191

-2.03

[-3.05 to –1.01]

1.37

[1.23 to 1.52]

0.46

Retinol/ Ro 415253

-2.01

[-3.42 to –0.60]

1.46

[1.27 to 1.64]

0.46

Retinol/ AGN 194301

-0.61

[-0.94 to –0.29]

1.14

[1.08 to 1.19]

0.79

All-trans RA/ Ro 415253

-2.69

[-3.75 to -1.63]

1.43

[1.23 to 1.63]

0.39

Drug Combination

DFP
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Figure 7.3:
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Ro 415253 FIC

Isobolograms describing the interaction of retinol with Ro

415253, ER 27191 and AGN 194301 and the interaction of all-trans RA with
Ro 415253. The FICs of the drugs that alone or in combination induced 50%
growth inhibition are plotted.
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7.4

Discussion

The present study was planned as an extension of previous research that
identified retinol as a compound that might influence the clinical response to
falciparum malaria (Sturchler et al. 1987; Davis et al. 1993; Davis et al. 1994;
Hautvast et al. 1998; Shankar et al. 2000). The present data demonstrate that
the main active metabolites of retinol were less effective at inhibiting parasite
growth in the in vitro system than retinol itself and that the retinol ester, retinyl
palmitate, had minimal antimalarial activity. The present data also show that
specific retinol nuclear receptor antagonists have antimalarial properties but,
despite this apparently paradoxical effect, proved to be weakly antagonistic to
the antimalarial effects of retinol as assessed by three isobolographic analytical
techniques. These results may provide important insights into the interaction
between retinol and P. falciparum.

There are several explanations for the fact that retinol had greater antimalarial
activity than its metabolites in vitro. Firstly, the studies described in Chapter 4
and by others (Davis et al. 1998; Klaassen 1999) have shown that retinol can
be lost from the system during experiments through adherence to surfaces and
exposure to light. Although the attempts to minimise such losses were
employed in the present study, they can still be significant (>50%) (Davis et al.
1998), and perhaps, greater in the case of all-trans and 9-cis RA. In the studies
described in Chapter 4, a sensitive high performance liquid chromatography
assay was used to measure media concentrations of retinol but no such assay
was available to us for the other retinoids. For consistency in the present study,
the concentrations of retinoids were compared as the added rather than
assayed (actual) media concentrations in each case.
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The second explanation for the apparently greater effect of retinol is that the
availability of retinol within the parasite may be higher than that of its
metabolites for the same actual media concentration. There have been no
studies of parasite vitamin A metabolism but one study has shown that retinol
can bind to, and activate, RARα, β and γ, without being metabolised to retinoic
acids and other active compounds (Repa et al. 1993). Thus, even if retinol was
not metabolised within P. falciparum, it might still have antimalarial effects
through nuclear receptor interaction. Retinol receptor binding has, however, not
been demonstrated in all studies and retinol metabolites other than all-trans RA
and 9-cis RA, such as 4-oxoretinol, may be important (Achkar et al. 1996).
Measurement of intra-parasitic retinol and metabolite concentrations would be
useful in this respect but would appear technically difficult.

The third explanation for the greater retinol effect is that retinoids do not inhibit
parasite growth through specific nuclear receptors but rather act at the
erythrocyte membrane (to inhibit merozoite invasion, for example) or at
alternative sites within the parasite. In the latter situation, the chemically
reactive carboxylic acid group possessed by retinoic acid derivatives/analogues
may be responsible for direct injury to the parasite.

Although a detailed examination of these different mechanisms was beyond the
scope of the present study, the present in vitro data do not support the clinical
use of retinol metabolites such as tretinoin (all-trans RA) as adjunctive
treatments for falciparum malaria. Retinol supplementation can be given by
mouth as vitamin A or parenterally as retinyl palmitate. Davis et al. (2000)
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(Davis et al. 2000) recently reported pharmacokinetic data from severely ill adult
patients with falciparum malaria who received retinyl palmitate by intramuscular
injection and found that these patients mobilised the retinol ester to the same
extent as healthy volunteers. Nevertheless, given that the in vitro potency of
retinyl palmitate was poor despite probably relatively good bioavailability of the
water-miscible preparation, this post-injection peak in retinyl palmitate is unlikely
to contribute to parasite clearance.

In the present study, the panel of RAR antagonists against 3D7 and K1 were
initially tested to confirm that they had no intrinsic antimalarial effect before
performing combination experiments with retinol. Each antagonist inhibited [3H]hypoxanthine uptake. Although this effect was quantitatively similar to that of
retinol, the qualitative interpretation of the data was restricted without
knowledge of actual media concentrations. The mechanism responsible for the
antimalarial action of the retinoid antagonists is unknown but may be similar to
the mode of action of retinol itself. There are limited in vitro data describing the
characteristics of RAR antagonists (Teng et al. 1997; Ueno et al. 1998).
However, the binding of these agents to nuclear receptors appears to involve a
very similar network of hydrophobic and electrostatic contacts with the ligand
binding domain of the receptor (Schapira et al. 2000). These interactions may
have some retinoid-like effects when retinoids per se are not present. As with
the retinoids themselves, an effect on the host red cell membrane or direct
chemical toxicity to the parasite may also be features of the studied selective
antagonists. Nevertheless, each of the antagonist compounds antagonised the
antimalarial action of retinol and Ro 41525 was also antagonistic to all-trans RA,
consistent with competition for a specific nuclear receptor in P. falciparum.
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7.5

Conclusion

Data from the present study confirm the antimalarial effect of retinol, provide
evidence that theoretically more potent retinoic acid metabolites are less
effective than retinol in an in vitro culture system, and suggest that P. falciparum
may possess or acquire an RAR-like moiety. Future studies could be directed
towards identifying sequences in the parasite genome that might code for the
known types of RAR or similar molecules, as well as determining whether
retinoids have antimalarial activity through other mechanisms. The continued
clinical interest in the value of vitamin A supplementation in malaria (Sturchler et
al. 1987; Davis et al. 2000; Shankar et al. 2000) strengthens the need for such
studies.
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Chapter 8
General discussion
This thesis contains a range of in vitro studies investigating: i) the quantitation of
the direct antimalarial effect of retinol and other retinoids, ii) the influence of
selective retinoid receptor antagonists on the anti-Plasmodium effect of retinol,
iii) methodological and toxicological factors that could confound an assessment
of the antimalarial potency of retinol, iv) the stage-specificity of retinol including
merozoite invasion, and v) a microscopic characterisation of retinol-associated
damage to parasite structures. There are also in vivo studies incorporating a
well-established murine malaria model, specifically: i) a detailed retinol dosefinding study in healthy and infected animals, ii) a prospective intervention study
with retinol used prophylactically, in the acute phase of the infection, or as a
combination of these two modalities, iii) a characterisation of endpoint retinol
disposition in plasma, RBC and liver after these interventions and its
relationship to parasite burden, iv) an examination of the relationship between
plasma retinol, vitamin E and endpoint parasitaemia after the interventions, and
v) a characterisation of the nature and extent of lipid peroxidation as a result of
malaria infection with or without retinol supplementation. In this chapter, the
findings, applications and implications of each of these studies will be
discussed.

The importance of the micronutrient vitamin A (retinol) in the fight against
infectious diseases has long been recognised and retinol supplementation
remains one of the most cost-effective of all available health care interventions
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(Patel 1990; Glasziou and Mackerras 1993). However, in the case of malaria,
there is limited understanding of the role retinol plays in the pathophysiology of
the infection and published data relating to the effectiveness of retinol
administration in reducing malaria-associated morbidity and mortality are
inconsistent. This is likely to reflect the wide range of laboratory and clinical
situations in which retinol has been investigated as well as the many possible
pathways through which retinol may act (Giguere 1987; Petkovich et al. 1987;
Petkovich 1992; Saag 1996; Schwartz 1996; Serghides and Kain 2002;
Simeone and Tari 2004). There are increasing numbers of naturally-occurring
synthetic retinoids and some of these could provide more potent antimalarial
activity without an increase in toxicity. A sound understanding of the role and
mode of action of retinoids in the pathogenesis of malaria is, therefore, required
before retinol and related compounds can be applied as antimalarial therapies.
The research studies described in this thesis contribute to our current
understanding of the effects of retinol on Plasmodium parasites as well as its
influence on aspects of the host response to malaria infection.

The first studies described in this thesis (Chapter 4) examine the potency of
vitamin A (retinol) against P. falciparum in an in vitro culture system isolated
from the possible confounding effects of host defense. These studies
demonstrate that the anti-Plasmodium effect of retinol occurred at a
concentration range that was above physiological. Although the serum levels of
vitamin A in normal individuals may vary widely and there is no generally
accepted serum level that defines hypervitaminosis A (Bendich and Langseth
1989; Allen and Haskell 2002), the present data indicate that antimalarial IC50
values are within the range conventionally regarded as toxic. Human vitamin A
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toxicity has, however, been studied in situations involving high retinol intake
over long periods (Geubel et al. 1991; Nagai et al. 1999; Allen and Haskell
2002). The present data suggest that short-lived supraphysiological levels of
retinol may be safe and provide useful adjunctive therapy, especially when
there is the possibility of parasite resistance to available antimalarial drugs.

The limitations of the in vitro system relating to the bioavailability of retinol and
retinol-associated haemolysis were also addressed in Chapter 4. These
important aspects of in vitro assessment have not been fully considered in
previous investigations (Samba et al. 1992; Davis et al. 1998). Although no
significant RBC haemolysis was observed, even at high retinol concentrations,
the loss of retinol in cultures was >50% despite efforts to minimise light and
surface exposure. This is important information that must be considered in any
in vitro studies of retinoids regardless of their context, since the added
concentrations will be greater than those producing the observed effect. This
may lead to an underestimation of potency. Although the in vitro antimalarial
efficacy of retinol in the present studies was found to occur at greater culture
media concentrations than previously reported, all stages of parasite
development were affected, including merozoite invasion. Given that some
antimalarial drugs such as quinine have relatively narrow stage-specific activity,
the broad spectrum of retinol efficacy would be another advantage in its role as
adjunctive treatment.

Although the findings outlined in Chapter 4 are not strongly supportive of the
use of retinol as part of acute treatment of falciparum malaria, they do provide
evidence of the pharmacological effect of retinol on Plasmodium parasites.
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Retinol treatment was associated with the rupture of parasite membranes and
degenerative changes within the food vacuole. These appearances could reflect
the oxidising capacity of retinol against parasite membrane lipids, a hypothesis
addressed and discussed in Chapter 6.

The difficulties of extrapolating in vitro data to the infection in vivo provided the
impetus for the investigation of the effect of retinol supplementation in P.
berghei-infected mice outlined in Chapter 5. Although no animal malaria model
closely parallels falciparum malaria in humans, murine P. berghei infection
provided a well-established option to evaluate the influence of retinol on malaria
infection in vivo. Consistent with the validity of the murine model, the studies in
Chapter 5 showed that multiple-dose prophylactic retinol retards the
development of murine malaria to an extent similar to that in a clinical trial in
Papua New Guinea that found retinol supplementation reduced P. falciparum
parasitaemia by 30% (Shankar et al. 1999).

Other

multi-dose

administration

schedules

utilised

in

the

Chapter

5

experiments, namely retinol after parasite inoculation, and before and after
inoculation, appeared less effective in reducing parasitaemia than prophylactic
dosing. However, in the first of these two cases, retinol treatment was given
when the parasitaemia reached 10-15%, a figure that is well above the parasite
density at which most patients present with human malaria. Future studies
could assess the earlier administration of retinol, such as the 1-3% P. berghei
parasitaemia used in studies of artemisinin derivatives (Lin et al. 1997). In any
case, when the data from all modes of multiple-dose retinol administration were
pooled, liver retinol was found to be a strong inverse predictor of parasitaemia.
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Liver retinol may, therefore, be a surrogate marker for tissue retinol stores that
influence the effectiveness of immune and reticuloendothelial function (Hoglen
et al. 1997; Aukrust et al. 2000; Serghides and Kain 2002). However, malaria
parasites actively take up retinol (Mizuno et al. 2003). Abundant tissue stores
may facilitate this process and contribute to parasite clearance through the
direct antiparasitic activity of retinol which was the subject of the studied
described in Chapter 4. It is likely that there is more than one mechanism of
action underlying the antimalarial effect of the retinoids.

Although the therapeutic effect of retinol demonstrated in the present in vivo
studies was much weaker than the currently available antimalarial drugs such
as artemisinin derivatives (Janse et al. 1994; Lin et al. 1997; Chimanuka et al.
2001; Gumede et al. 2003), the benefits of adjunctive treatment of retinol with
other antimalarial agents cannot be underestimated. It has been shown that coadministration of retinol may enhance the activity of quinine and omeprazole in
vitro (Skinner-Adams et al. 1999). Further investigations should be directed
towards assessing the in vitro and, in particular, the in vivo efficacy of retinol in
combination with currently available antimalarial drugs.

In contrast to studies in humans (Davis et al. 1994; Adelekan et al. 1997; Friis et
al. 1997; Hautvast et al. 1998), plasma retinol concentrations were not
influenced by either retinol supplementation or by P. berghei infection in the
present in vivo studies. In addition, there was no association between plasma
and liver retinol. This suggests that plasma retinol is a poor indicator of overall
retinol status in malaria and supports concerns that plasma levels do not reflect
tissue reserves in organs such as liver (Rees-Smith and Goodman 1971;
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Bendich and Langseth 1989; Stoltzfus et al. 1989; Davis et al. 1994; Allen and
Haskell 2002). The value of plasma or serum retinol concentrations in clinical
and epidemiological studies of acute malaria infection may thus be limited.

Malaria attenuated the ability of retinol supplementation to augment liver stores.
This may have reflected infection-associated enhanced distribution and/or
consumption of retinol, with a possible contribution from direct parasite uptake
(Mizuno et al. 2003). Reduced absorption of vitamin A (Mata 1992; Stephensen
2001) and/or loss in stools or urine (Alvarez et al. 1995; Mitra et al. 1998;
Stephensen 2001) could have played a role. While malabsorption of vitamin A
in other diseases including diarrhea (Mata 1992; Alvarez et al. 1995) has been
documented, there are no equivalent data in malaria. It would be of interest to
explore the disposition of retinol during acute malaria but such studies were
beyond the scope of the present series of experiments.

The studies outlined in Chapter 5 revealed a strong relationship between
vitamin E and retinol in plasma. Retinol supplementation increased plasma
vitamin E while plasma retinol itself remained unaffected. This finding is in
accord with the results of human studies (Goodman et al. 1994). Changes in
important endogenous antioxidants such vitamin E could reflect a protective
response that limits damage to membranes and other cellular components
during acute malaria. Further studies examining the interrelationships between
these micronutrients would be of interest in this regard.

The studies in Chapter 6 were based on the hypothesis that retinol exerts a prooxidant effect on membrane lipids. This hypothesis was based on three major
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observations made in Chapters 4 and 5, in addition to published data relating to
the antioxidant and/or pro-oxidant nature of retinol discussed in Chapter 2 and
Chapter 6, Section 6.1. Firstly, there was microscopic evidence that parasite
membrane integrity was compromised when P. falciparum-infected RBC were
exposed to retinol in vitro. Secondly, there was apparent consumption of retinol
during P. berghei infection, an observation that has been shown previously to
be associated with oxidative events such as lipid peroxidation (Livrea et al.
1992; Livrea and Packer 1994; Livrea and Tesoriere 1999). Thirdly, the marked
changes in the vitamin E status in response to retinol supplementation
suggested an antioxidant and/or pro-oxidant interaction between these vitamins.

In Chapter 6, oxidant injury during P. berghei infection was examined. Although
there has been a substantial amount of published data relating to the increase
in lipid peroxidation during malaria (Das et al. 1991; Rath et al. 1991; Srivastava
et al. 1992; Das et al. 1993; Erel et al. 1997; Das and Nanda 1999), these data
were generated using assays of non-specific and unstable makers of lipid
products such as MDA (Das et al. 1993; Erel et al. 1997; Das and Nanda 1999;
Erel et al. 2001; Pabon et al. 2003). In the present studies, a more robust and
specific marker of lipid peroxidation, namely F2-isoprostanes, was employed,
together with an analysis of changes in composition of PUFA including
arachidonic acid, the precursor of F2-isoprostanes. That P. berghei infection
increased the levels of plasma and RBC F2-isoprostanes could be considered
confirmatory of the findings of others. However, the specificity of the F2isoprostane assay gives greater credence to the present data. In addition, the
present studies were the first to demonstrate malaria-associated oxidant injury
to the liver.
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Although there was no significant relationship between parasitaemia and liver
F2-isoprostanes, the greater increase in F2-isoprostanes in the liver relative to
plasma and RBC may reflect the activity of phagocytic (including Kupffer) cells
(Singh et al. 2002) presented with an increasing number of parasitised RBC,
merozoites and related cellular components. The resultant cytokine activity
(Adachi et al. 2001) and generation of ROS within the liver may have
contributed to greater oxidative damage than seen in other tissues.
Nevertheless, the strong inter-correlation between plasma, RBC and liver F2isoprostane concentrations suggests that oxidant injury resulting from P.
berghei infection was not tissue specific, unlike other forms of free radicalmediated oxidative damage such as those in cardiovascular disease (Sawada
and Carlson 1987; Rikans and Hornbrook 1997; McCall and Frei 1999), The
present data provide evidence that lipid peroxidation may be involved in a range
of complications of human falciparum malaria involving major vital organ
systems.

In human falciparum malaria, parasite burden is closely associated with
complications and mortality, and it could, therefore, be hypothesised that there
is a correlation between tissue F2-isoprostanes and parasitaemia in the P.
berghei model. Although there was no such relationship in the present set of
studies, two potentially confounding factors merit consideration. Firstly, because
of the study design, there were relatively few animals with low-grade or
moderate levels of parasitaemia. Secondly, free radicals produced during
malaria come not only from parasitised erythrocytes (Mohan et al. 1992;
Atamna and Ginsburg 1993) but also from activated blood monocytes
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(Kharazmi et al. 1987; Thumwood et al. 1989). Hence, it is possible that
substantial release of ROS by activated immune cells occurred before the
higher levels of parasitaemia were reached.

There was an unexpected increase in the liver concentrations of PUFA and
arachidonic acid in response to P. berghei infection. Increased oxidation of
PUFA to isoprostane should have lowered PUFA content relative to that of
saturated fatty acids. The confounding effects of interfering substances and/or
lability in storage (McCall and Frei 1999), enhanced PUFA synthesis, or PUFA
acquisition from other sources such as platelets are all possible explanations.
The lack of correlation between liver F2-isoprostane and its main precursor,
arachidonic acid, in the present study parallels data from other experimental
contexts (Yu et al. 2004) and could reflect the greater abundance of arachidonic
acid in comparison to F2-isoprostane (Waddington et al. 2003). The present
mouse liver tissue was analysed at the end of a severe infection. Changes in
the kinetics of arachidonic acid and F2-isoprostane synthesis or production and
metabolism over time have not been characterised in infections and so the
interpretation of data from a single time-point should be made with caution.

Retinol did not influence malaria-associated changes in F2-isoprostanes, PUFA
and arachidonic acid in the present mice with P. berghei infection. Although this
constitutes evidence against a pro-oxidant (or antioxidant) role for retinol in
malaria pathophysiology, the oxidising capacity of retinol is not limited to
peroxidation of lipids. It is possible that retinol contributed to peroxidation of
other key moieties such as DNA in the present infected animals (Murata and
Kawanishi 2000; Dal-Pizzol et al. 2001). Oxidative DNA damage in response to
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retinol and its derivatives assessed through the DNA biomarker 8-oxoguanine
has

been

documented

(Murata

and

Kawanishi

2000).

Thus,

future

investigations on the consequence of redox reactions involving retinol and its
metabolites could be performed using alternative marker of oxidant injury such
as 8-oxoguanine.

Studies in progress in human malaria take advantage of urinary isoprostanes as
a stable and reliable index of in vivo lipid peroxidation. Preliminary data
(Appendix 3) show that urinary isoprostanes are increased in malaria with the
highest concentrations in the patients with severe infections. Further samples
are available for assay and the question of the effect of artemisinin therapy, a
group of antimalarial drugs that may act through free radical generation within
the parasitised erythrocyte (Meshnick 1998), is also being assessed.

An alternative retinol pathway that could be involved in mediating the antiPlasmodium effect of retinol is intracellular binding of retinol and/or its
metabolites to specific parasite nuclear receptors. An examination of the
involvement of retinoid nuclear receptor interactions in parasite growth and
development is described in Chapter 7. It was important first to assess the
efficacy of retinol metabolites, all-trans RA, 9-cis RA, 13-cis RA and retinyl
palmitate, against P. falciparum in culture since retinoic acids are the essential
ligands that bind to the retinoid nuclear receptors RAR and RXR, and their antiPlasmodium activity has not been characterised previously. Published reports
on the effects of retinoids in different systems have revealed that the antiproliferative action of retinoic acids are more potent than that of their retinol
precursor (Petkovich et al. 1987; Allenby et al. 1993; Murakami et al. 2002).
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However, the data obtained from the present experiments revealed that retinoic
acids and retinyl palmitate had less antimalarial activity than retinol. Since the
actual media concentrations of non-retinol retinoids were not measured, it is
possible that the lower efficacy of retinoic acids was due to their greater loss
during in vitro experiments.

The intracellular metabolism of retinol into retinoic acids has been extensively
described in higher organisms but it is not known whether this occurs in
protozoan parasites. Nevertheless, the anti-Plasmodium activity of retinol could
be mediated by an intracellular retinoid receptor or related molecule(s) since it
has been shown that retinol itself can bind to, and activate, RAR α, β and γ
without being metabolised to retinoic acids or other active compounds (Repa et
al. 1993).

Isobolographic analyses revealed a consistent antagonistic

interaction between retinol and each of the RARα antagonists assessed, as well
as between all-trans RA and R0 41 5253, suggesting that P. falciparum may
possess or acquire a RARα-like moiety. The present data also indicate an
inhibition of parasite growth by the RARα antagonists which could reflect their
chemical similarities to retinoids. Further studies could be directed towards
identifying sequences in the parasite genome that might code for retinoid
nuclear receptors or similar molecules potentially involved in modulating the
antimalarial activity of retinoids.

Nevertheless, when the complete genomic

sequence of P. falciparum became available in 2002 (Gardner et al. 2000),
analysis of the database indicated that it was unlikely that P. falciparum
possessed RAR and RXR genes.

- 199 -

The significant protective effect of retinol against malaria infection in vivo may
have been mediated by alternative mechanisms beyond the scope of the
studies presented in this thesis. The importance of retinol and its metabolites in
modulating the immune function must not be overlooked as this event could
have contributed significantly to the reduction in malaria morbidity. Thus,
evaluation of different host defence activities, such as those of circulating
phagocytes as well as other cytotoxic cells in response to retinol administration,
are aspects for future investigation that may lead to a greater understanding on
the antimalarial affects of retinol.

In comparison with other infections, malaria has been a relative newcomer in
terms of the recognition of the importance of vitamin A status. The present
studies add to the growing body of knowledge in this area. Because there is a
limited number of antimalarial drugs and since parasite drug resistance is a
continuing threat, the value of potential prophylactic and therapeutic adjuncts
such as retinol cannot be underestimated. In addition, the pathophysiology of
malaria and its complications is incompletely understood and patients
presenting with severe falciparum malaria still have an unacceptably high death
rate. Knowledge of key processes involved in malaria-related tissue damage
such as lipid peroxidation is central to improvements in clinical management
that reduce the morbidity and mortality associated with this important parasitic
disease.
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Appendix 1
Reagents and solutions
A1.1:

Continuous in vitro culture maintenance of P. falciparum

12% Sodium chloride (NaCl) solution
NaCl (BDH, Australia)

11.3 g

HTPBS

q.s.100 mL

Osmolarity

270-290 mmol/kg

Solution was filter sterilised (0.22 µM filter, Millex-Gs, Milipore, MA) and stored
at 4°C.
1.6% Sodium chloride (NaCl) solution
NaCl (BDH, Australia)

0.9 g

HTPBS

q.s.100 mL

Osmolarity

270-290 mmol/kg

Solution was filter sterilised (0.22 µM filter, Millex-Gs, Milipore, MA) and stored
at 4°C.
0.9% Sodium chloride (NaCl) solution
NaCl (BDH, Australia)

0.2 g

Glucose (Sigma, USA)

0.2 g

HTPBS

q.s.100 mL

Osmolarity

270-29 mmol/kg

Solution was filter sterilised (0.22 µM filter, Millex-Gs, Milipore, MA) and stored
at 4°C.
Human tonicity phosphate buffered saline (HTPBS)
NaCl (BDH, Australia)

7g

Na2HPO4 (BDH, Australia)

2.85 g

NaH2PO4 (BDH, Australia)

0.625 g

Double distilled water

q.s.1000 mL

Osmolarity

270-290 mmol/kg
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Solution was adjusted to pH 7.3 and was filter sterilised (0.22 µM filter, Nalgene
Filterware, USA) and stored at 4°C.
Complete maintenance media
Sterile incomplete media

960 mL

Sterile 10% Pooled Human Plasma

100 mL

(Fremantle Hospital Blood Bank)
Sterile hypoxanthine solution

10 mL

Sterile 5% bicarbonate

40 mL

Sterile L-glutamine

10 mL

Osmolarity

270-290 mmol/kg

Solution was stored at 4°C
Incomplete media
RPMI 1640 media powder (Gibco, USA)

10.4 g

HEPES buffer (25 mM) (ICN, CA)

5.94 g

Double distilled water

q.s. 940 mL

Osmolarity

270-290 mmol/kg

Solution was adjusted to pH 6.75 at 20°C, filter sterilised (0.22 µM filter,
Nalgene Filterware, USA) before used and stored at 4°C.
Hypoxanthine solution (5 mg/mL)
Hypoxanthine (sigma, USA)

0.5 g

Double distilled water

q.s.100 mL

Solution was microwaved, filter sterilised (0.22 µM filter, Millex-Gs, Milipore,
MA) before used and stored at 4°C.
5% Bicarbonate
Bicarbonate (Gibco, USA)

25 g

Double distilled water

q.s. 500 mL

Osmolarity

720-740 mmol/kg

Solution was filter sterilised (0.22 µM filter, Millex-Gs, Milipore, MA), stored at
4°C and used within 14 days.
L-Glutamine solution (200 mM)
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L-glutamine (Sigma, USA)

2.92 g

Double distilled water

100 mL

Solution was filter sterilised (0.22 µM filter, Millex-Gs, Milipore, MA) and stored
at -20°C in 5 mL aliquot until required.
10% Giemsa stain (for staining smears)
Giemsa stain (BDH, Australia)

10 mL

Double distilled water

90 mL

Cryoprotective solution
Sorbitol (BDH, England)

37.8 g

NaCl (BDH, Australia)

8.1 g

Double distilled water

900 mL final

Glycerol (BDH, Australia)

350 mL

Solution was filter sterilised with 0.22 µM membrane and stored at 4°C.
Gelatin mix
Gelatin (Sigma, USA)

0.75 g

Incomplete media

100 mL

Gelatin was melted and left in 37°C water bath for one hour to fully dissolve.
The solution was then filter sterilised (0.22μM filter, Millex-Gs, Milipore, MA) and
stored at 4°C.
Sorbitol (5%) solution
Sorbitol (BDH, England)

5g

Double distilled water

q.s. 100 mL

Solution was filter sterilised (0.22 µM filter, Millex-Gs, Milipore, MA) and stored
at 4°C.

A1.2:

Determining the antimalarial effects of retinol and other

compound, alone or in combination against P. falciparum in vitro
Complete drug media
Sterile incomplete media

960 mL

Sterile 10% pooled human plasma

100 mL
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Sterile 5% bicarbonate

40 mL

Sterile L-glutamine

10 mL

Osmolarity

270-290 mmol/kg

Solution was stored at 4°C.
2% Control drug media (vehicle)

A1.3:

Complete drug media

98 mL

Dimethyl sulfoxide (DMSO) (BDH, Australia)

2 mL

Retinol supplementation in P. berghei infected mice

Formaldehyde-citrate solution
Formaldehyde solution (40% w/w CH2O)

10 mL

Trisodium citrate solution (109 mM)

to 1L

109 mM Trisodium citrate Solution
Trisodium citrate (Na3C6H6H5O7.2H2O)

32 g

Water

to 1 L

Citrate-phosphate-dextrose solution (pH 6.9)
Trisodium citrate (Na3C6H6H5O7.2H2O)

30 g

Sodium dihydrogen phosphate (NaH2PO4.2H2O)

0.16 g

Dextrose (anyhydrous)

2g

Double distilled water

to 1 L

Solution was adjusted to pH 6.9 with 1 M HCl, filter sterilised (0.22 µM filter,
Millex-Gs, Milipore, MA) and stored at 4°C.
Alsever’s solution (pH 6.1)
Dextrose (anyhydrous)

20.5 g

Trisodium citrate (Na3C6H6H5O7.2H2O)

8.0 g

Sodium chloride

4.2 g

Citric acid (monohydrate)

0.5 g

Double distilled water

to 1 L

0.1 M Phosphate Buffered Saline, PBS( pH 7.2, 0.02% BHT)
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0.1M phosphate buffer, pH 7.2

500 mL

Sodium chloride

3.5 g

Butyhydroxytoluent (BHT)

0.1 g

Solution was kept at 4 °C and used cold.
0.1 M Phosphate Buffer, PB (pH 7.2)
0.2 M monobasic stock

84 mL

0.2 M dibasic stock

216 mL

Double distilled water

600 mL

0.2 M monobasic solution
Sodium phosphate monobasic

13.9 g

Double distilled water

to 500 mL

0.2 M dibasic solution
Sodium phosphate dibasic heptahydrate (anhydrous)

28.4 g

Double distilled water

to 1 L

Water/methanol/ methylene chloride (1:2:1 v/v) (0.02% BHT, degassed)
Double distilled water

200 mL

Methanol

400 mL

Methylene chloride

200 mL

Butyhydroxytoluent (BHT)

0.16 g

Solution was degassed under vacuum for 10 minutes and stored at 4 °C.
A1.4:

Measurement of retinol and α-tocopherol from plasma and liver

homogenates

Retinol stock standard
All-trans retinol (Fluka, Australia)

3.2 mg

Isopropanol (BDH, Australia)

25 mL

Retinol was dissolved in isopropanol, dispensed into 0.6 mL aliquots in 1 mL
labelled glass HPLC vials and stored at -70°C.
dl-α-tocopherol (vitamin E) stock standard
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dl-α-Tocopherol (Fluka, Australia)

300 mg

N-hexane (Waters, Australia)

100 mL

dl-α-Tocopherol was dissolved in n-hexane, dispensed into 0.6 mL aliquots in 1
mL labelled glass HPLC vials and stored at -70°C.
dl-α-tocopherol acetate (vitamin E acetate) stock internal standard
dl-α-tocopherol acetate (Sigma, USA)

142 mg

Ethanol (Waters, Australia)

10 mL

dl-α-Tocopherol acetate was dissolved in ethanol, dispensed into 0.6 mL
aliquots in 1 mL labelled glass HPLC vials and stored at -70°C.

Retinol calibration assignment standard
Retinol stock standard

200 μL

N-hexane (Waters, Australia)

to 25 mL

Solution was made to the volume with n-hexane, sealed, mixed by inversion,
stored at <-15 °C in the dark and was stable for up to two weeks.

dl-α-Tocopherol calibration assignment standard
dl-α-Tocopherol stock standard

200 μL

N-hexane

to 25 mL

Solution was made to the volume with n-hexane, sealed, mixed by inversion,
stored at <-15 °C in the dark and stable for up to two weeks.

Mixed working HPLC standard
Retinol stock standard

200 μL

dl-α-Tocopherol stock standard

200 μL

dl-α-Tocopherol acetate stock standard

200 μL

N-hexane (Waters, Australia)

to 25.0 mL

Solution was made to the volume with n-hexane, sealed, mixed by inversion
and stored at 2-8 °C in the dark and stable for up to two weeks.

Working internal standard
dl-α-Tocopherol acetate stock standard

200 μl

Ethanol (Waters, Australia)

to 200 mL
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Solution was made to the volume with ethanol, sealed, mixed by inversion and
stored at 2-8 °C in the dark.

A1.5:

Measurement of total F2-isoprostane concentrations and poly-

unsaturated fatty acids (PUFA)
KOH solution
Potassium hydroxide KOH (BDH, Australia)

11.22 g

Methanol (BDH, Australia)

200 mL

KOH was dissolved in methanol.

0.1 M Phosphate buffer KH2PO4 (pH 4)
Potassium dihydrogen phosphate, KH2PO4

6.8 g

(BDH, Australia)
Double distilled water

500 mL

Solution was acidified to pH 4 by the addition of 5M HCL and filter sterilised
(0.22 μM filter, Millex-Gs, Milipore, MA).

Acetonitrile/ water solution (15:85, v/v)
Acetonitrile (BDH, Australia)

150 mL

Double distilled water

850 mL

Ethyl acetate/ Petroleum spirit solution (50:50, v/v)
Ethyl Acetate (BDH, Australia)

500 mL

Petroleum spirit (40-60 °C Grade) (BDH, Australia)

500 mL

Ethyl acetate/ Methanol (50:50, v/v)
Ethyl acetate (BDH, Australia)

500 mL

Methanol (BDH, Australia)

500 mL

10% PFBBr (v/v)
PFBBr (Sigma, USA)

1 mL

Acetonitrile (BDH, Australia)

9 mL
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Solution was kept at 4 °C.

10% DIPEA (v/v)
DIPEA (sigma, USA)

1 mL

Acetonitrile (BDH, Australia)

9 mL

Solution was kept at 4 °C.

Chloroform methanol (1:2, v/v) solution
Chloroform (BDH, Australia)

100 mL

Methanol (BDH, Australia)

200 mL

TLC developing solvent (170: 40: 4: 4, v/v)
Petroleum spirit (40-60 °C Grade) (BDH, Australia)

170 mL

Diethyl ether (BDH, Australia)

40 mL

Acetic acid (BDH, Australia)

4 mL

Methanol (BDH, Australia)

4 mL

4% Sulfuric acid/ Methanol (v/v)
Sulfuric acid, H2SO4 (Sigma, USA)

4 mL

Methanol (BDH, Australia)

96 mL
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Appendix 2
Chemical properties of retinoids
Retinol
Supplier:

Sigma ®, USA

Chemical name:

all-trans-retinol

Molecular formula:

C28H36O5S

Molecular weight:

286.5
CH3
OH

Structural formula:
Retinol palmitate
Supplier:

Sigma ®, USA

Chemical name:

all-trans-retinol palmitate

Molecular formula:

C36H60O2

Molecular weight:

524.9
O

CH3
O

Structural formula:
All-trans-retinoic acid
Supplier

Sigma ®, USA

Chemical name:

All-trans-retinoic acid

Molecular formula:

C20H28O2

Molecular weight:

300.42
CH3
O

OH

Structural formula:

9-cis-retinoic acid
Supplier:

Sigma ®, USA
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Chemical name:

9-cis-retinoic acid

Molecular formula:

C20H28O2

Molecular weight:

300.42

HO

Structural formula:

O

Ro 41-5253
Supplier:

Hoffmann-La Roche Ltd, Switzerland

Chemical name:

p-[(E)-2-[3’,4’-dihydro-4’,4’-dimethyl-7’(heptyloxy)-2’H-1-benzothiopyran-6’yl]propenyl]benzoic acid 1’,1’-

dioxide
Molecular formula:

C28H36O5S

Molecular weight:

484.65
O

OH

S

O

Structural formula:

O

Melting point:

approx. 165°C

Stability:

Light and air sensitive, particularly in solution

Storage:

In the cold and protected from light

Solubility

Soluble in dimethyl sulfoxide

O

ER 27191
Supplier:

Eisai Co., Ltd., Tsukuba Research

Laboratories,
Chemical name:
tetramethyl-

Ibaraki, Japan
4-[4,5,7,8,9,10-hexahydro-7,7,10,101-(3-pyridylmrthyl)anthra-[1,2-b]pyrrol-

3-

yl]benzoic acid
Molecular formula:

C33H34N2O2

Molecular weight:

490.62
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N

N

O

Structural formula:

OH

Melting point:

approx. 165°C

Stability:

Light and air sensitive, particularly in solution

Storage:

In the cold and protected from light

Solubility

Soluble in dimethyl sulfoxide, hardly soluble in
other solvents

AGN 194301
Supplier:

Allergan Inc., San Diego, Carlifornia, USA

Chemical name:

(not provided by supplier)

Molecular formula:

C26H21BrFNO4

Molecular weight:

510.3640
H
O
O
OH
NH

H

O

Structural formula:

HO

Melting point:

Varies

Stability:

Light and air sensitive, particularly in solution

Storage:

In the cold and protected from light

Solubility

Soluble in dimethyl sulfoxide

Br
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Appendix 3
Elevated urinary F2-isoprostane
concentrations
in falciparum malaria
Introduction
Oxidative stress is an important consequence of malaria infection. Free radicals
are toxic to malaria parasites (Clark and Hunt 1983; Greve et al. 1999) but may
also contribute to life-threatening complications such as anaemia (Newton et al.
1997; Das and Nanda 1999; Kremsner et al. 2000; Griffiths et al. 2001),
pulmonary oedema (Fantone and Ward 1982) and coma (Weiss et al. 1998;
Medana et al. 2001). Major targets of free radical damage during malaria
infection are circulating lipids (Das et al. 1991; Das et al. 1993) and cell
membranes (Griffiths et al. 2001), which are most vulnerable to oxidation.
Previous studies in malaria have shown that lipid peroxidation is increased in
proportion to infection severity (Das et al. 1991; Das et al. 1993; Das and
Nanda 1999).

Published studies of lipid peroxidation in malaria have been based on
measurement

of

non-specific

and

unstable

lipid

products

such

as

malonylaldehyde (MDA) (Das et al. 1991; Rath et al. 1991; Das et al. 1993; Erel
et al. 1997; Mohapatra et al. 1999). While these markers appear to provide a
good index of lipid peroxidation in vitro, they may not be specific and accurate
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markers in vivo (Halliwell and Grootveld 1987). A recently described family of
metabolites produced in vivo by free radical-catalysed peroxidation of
arachidonic acid, namely F2-isoprostane, has been identified as a reliable,
sensitive and specific non-invasive marker of in vivo lipid peroxidation (Morrow
et al. 1990; Morrow et al. 1994; Morrow and Roberts 1999).

F2-isoprostane can be assayed in a wide range of biological tissues and body
fluids from humans and animals, including urine (Roberts et al. 1996;
Helmersson and Basu 1999; Morrow and Roberts 1999). Increased urinary
isoprostane concentrations have been used as a robust biochemical marker of
in vivo oxidative stress in a range of common diseases including those of the
cardiovascular (Morrow et al. 1995; Davi et al. 1997; Pratico et al. 1998; Reilly
et al. 1998; Hill and Awad 1999; Cracowski et al. 2001; Devaraj et al. 2001;
Dworski et al. 2001; Tangirala et al. 2001) and neurological (Greco et al. 2000)
systems. It is, therefore, likely that urinary F2-isoprostanes may prove a better
marker of oxidative stress in malaria than alternative measurements used to
date.

The present investigation aimed to determine levels of F2-isoprostane in urine
samples from patients with complicated or severe falciparum malaria. Plasma
concentrations of the isoprostane precursor arachidonic acid in a subset of
these patients and in a group of healthy controls were also measured.
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Material and methods
Patients
Urine samples from 21 Vietnamese patients, 9 with uncomplicated and 12 with
severe malaria (Warrell et al. 1990) were assayed. Admission demographic and
clinical details of the patients are shown in Table 1. Of the 12 severe cases, 9
had cerebral malaria (Glasgow Coma Score< 11). In 6 of these comatose
patients and the other 3 conscious severe cases, acute renal impairment
(serum creatinine >250 μmol/L after rehydration) or jaundice (serum bilirubin
>50 μmol/L and serum aspartate transaminase, AST >2 x normal) were present.

Clinical methods
Patients were treated with artesunate or quinine, together with other measures
for specific complications as described previously (Warrell et al. 1990). An
aliquot of urine was taken from each patient within the first 4 hours of
admission. All samples were stored initially at –30 ºC for up to 4 weeks, and
were then transported on dry ice before subsequent storage at -80 ºC. Urine
contains only trace quantities of lipids and ex vivo formation of F2-isoprostane is
negligible (Morrow and Roberts 1996).

F2-isoprostane assay
Urinary F2-isoprostanes were measured as described previously by MORI et al.
(Mori et al. 1999). Briefly, 2 mL aliquot of urine acidified to pH 3 and 8-isoPGF2α-d4 (internal standard) were chromatographed on C18 Sep-Pak and Silica
Sep-Pak cartridge columns (Waters Associates, Milford, MA) attached to a
vacuum manifold (Alltech, Deerfield, IL) and vacuum pump (Dynavac,
Melbourne, Australia), followed by High Performance Liquid Chromatography
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(HPLC) (Hewlett-Packard, Waldbronn, Germany) using a Gilson FC-205
Fraction Collector (Gilson Inc., Middleton, WI). The F2-isoprostane fraction was
derivatised with 10% PFBBr + 10% DIPEA and BSTFA + TMCS (99:1) to give
the

F2-isoprostane

pentafluorobenzyl

esters,

trimethylsilylethers.

F 2-

isoprostanes were analysed by gas chromatography mass spectrometry
(Agilent 5973 Mass Selective Detector, Palo Alto, CA) using electron captive
negative ion chemical ionisation (ECNICI) and monitored m/z 569 and m/z 573
for the F2-isoprostanes and d4-internal standard, respectively. The within and
between assay reproducibility was 6.7 % and 3.7 %, respectively. Urinary
creatinine was measured using standard automated methods. F2-isoprostane
concentrations in urine were expressed as pmoL/mmol creatinine.

Plasma phospholipid fatty acid assay
Stored plasma samples from 15 of the present patients (9 severe, 6
uncomplicated) and 5 healthy Vietnamese adults aged between 25 and 50
years were available for measurement of plasma phospholipid fatty acids.
Briefly, the phospholipid fraction was obtained from total lipid extracts by thinlayer chromatography using a solvent system of hexane/diethyl ether/acetic
acid/methanol (170:40:4:4, v/v) on silica gel 60 F254-precoated aluminium
sheets (Merck, Darmstadt, Germany). Fatty acid methyl esters were prepared
by treatment of phospholipid extracts with 4% H2SO4 in methanol at 90ºC for 20
minutes and analysed by gas liquid chromatography using a BPX70 column
(25m x 0.32mm, 0.25mm film thickness) (SGE, Ringwood, Victoria, Australia)
temperature programmed from 150 to 210°C at 4°C/min using N2 as the carrier
gas, in a Hewlett-Packard model 5980A gas chromatograph (Hewlett Packard,
Rockville, MD). Peaks were identified by comparison with a known standard
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mixture. Arachidonic acid (C20:4 n-6) was expressed as a percentage of the
total plasma phospholipid.

Statistical analyses
Statistical analysis was by non-parametric methods using the computer
package SPSS for Windows (SPSS Inc., Chicago, Ill).

- 266 -

Results
Only two patients had admission urinary F2-isoprostane concentrations within
previously published normal reference ranges from a variety of studies (<415
pmol/mmol creatinine, as reviewed by Souvignet et. al (Souvignet et al. 2000).
Two patients had concentrations >10,000 pmol/mmol creatinine. Although both
of these patients had cerebral malaria, jaundice and renal impairment, there
was no significant difference between urinary F2-isoprostane concentrations in
uncomplicated compared to severe malaria (median [range]; 1,185 [86-2,994]
vs 2,043 [247-13,954] pmol/mmol creatinine respectively; P= 0.43; see Figure
1).

When all 21 patients were considered as a single group, there was no
significant association between urinary F2-isoprostane and age, body weight,
parasitaemia, serum creatinine, serum bilirubin or AST (-0.29<rs<0.15; n=21;
0.24<P<0.97). There was, however, a significant positive correlation between
urinary F2-isoprostane and haematocrit (rs=0.44; n=21; P=0.047).

The relationship between urinary F2-isoprostane and both pre-treatment and
outcome was also examined. There were 6 patients who had been treated with
an artemisinin derivative before admission but there was no significant
difference between urinary F2-isoprostane in these patients, (790 [247-13,954]
pmol/mmol creatinine) and those in the 13 patients who were either untreated or
received quinine or Fansidar® (1913 [86-12,711] pmol/mmol creatinine:
P=0.16). Two of the severely ill patients, both of whom were in deep coma and
were jaundiced, died despite intravenous quinine therapy. The urinary F2-
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isoprostane concentrations in these patients (682 and 2118 pmol/mmol
creatinine) were well within the range of values of the 19 survivors.

The percentage of total plasma phospholipid fatty acids (AA%) represented by
arachidonic acid in the three groups of subjects is shown in Figure 2. There was
a significant difference in AA% between the 3 groups (Kruskal-Wallis test;
P=0.46), with severe cases having significantly lower AA% than controls (5.7
[2.0-11.4]% vs 9.2 [6.4-10.5]% respectively; P=0.05 on post-hoc multiple
comparison testing). There was also a trend to a significant difference between
uncomplicated (7.5 [6.0-10.3]%) and severe cases (0.1>P>0.05 by KruskalWallis post hoc test). There was no significant correlation between the level of
plasma arachidonic acids and the urinary F2-isoprostane from the 15 patients
(rs=0.22; P=0.43).
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Table A3.1: Admission demographic and clinical details of the patients. Data
are presented as median and [range].
Uncomplicated

Severe

Number

9

12

Gender (M:F)

7:2

12:0

Age (year)

33 [21-45]

34.5 [17-60]

Body weight (kg)

48 [42-59]

51 [38-57]

Haematocrit (%)

32 [21-52]

29 [10-40]

Parasite count (/μL)

20750 [50-228571]

11800 [503-252000]

Serum creatinine (μmol/L)*

97 [71-133]

182 [44-894]

Serum bilirubin (μmol/L)*

27 [15-31]

88 [5-425]

Serum AST (U/L)*

30 [24-34]

55 [12-306]

*P<0.05 for between-group comparison by Mann-Whitney U test
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F2-isoprostanes (pmol/mmol creatinine)
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Figure A3.1: Urinary F2-isoprostane concentrations in 9 uncomplicated and 12
severe malaria cases. The solid lines correspond to group medians. The dotted
line (---) indicates the upper limit of urinary F2-isoprostane concentrations in
healthy humans (see text).
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Arachidonic acid (% total plasma phospholipids)
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Figure A3.2: Plasma arachidonic acid expressed as a percentage of the total
plasma phospholipid (AA%) in the three groups of subjects. The solid lines
correspond to group medians. The severe cases had AA% levels that were
significantly lower than those of the controls (see text).
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Discussion

During malaria infection, free radicals such as reactive oxygen species (ROS)
are generated either by the parasite (Hunt and Stocker 1990; Atamna and
Ginsburg 1993) or host response mechanisms that promote parasite clearance
(Greve et al. 1999). The exposure of circulating lipids (Das et al. 1991; Das et
al. 1993) and cell membranes (Griffiths et al. 2001) to free radicals results in
lipid peroxidation that generates F2-isoprostanes. Consistent with these
observations, the present data show that urinary F2-isoprostane concentrations
are greatly increased in patients with both uncomplicated and severe malaria.

The magnitude of the urinary F2-isoprostane concentrations in the patients
presented in this study relative to published normal ranges was much greater
than reported in previous studies of human malaria using alternative measures
of lipid peroxidation (Das et al. 1993; Erel et al. 1997). Das et al. (1993) found
that mean plasma MDA concentrations in patients with severe falciparum
malaria were only 33% greater than controls, while Erel et al. (1997) reported a
similar percentage increase in vivax cases. There was a wide scatter of values
in all groups of subjects in both these studies. These findings, together with
those of a recent study in which plasma MDA was, by contrast, lower in malaria
patients than in controls (Arun Kumar and Das 1999) could reflect the relatively
low reliability of plasma MDA (Halliwell and Grootveld 1987). Urinary
isoprostanes have been shown to be a better index of lipid peroxidation than
plasma MDA (Morrow et al. 1990; Morrow et al. 1994; Morrow and Roberts
1996; Morrow and Roberts 1999) and the present data are consistent with the
many studies that have demonstrated enhanced free radical generation in
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malaria. Interestingly, mean cerebrospinal fluid (CSF) MDA concentrations in
cerebral malaria have been found to be three times greater than those in
controls (Das et al. 1991). CSF may, like urine, be a biological fluid in which
confounding influences such as ex vivo peroxidation are much less than in
plasma.

The present data did not find an association between severity of malaria, or
indeed specific vital organ complications, and the degree of lipid peroxidation,
unlike other authors who measured MDA (Das et al. 1991; Das et al. 1993; Das
and Nanda 1999). This may have been due to the relatively small numbers of
subjects in this study. Nevertheless, one of the severely ill patients had a
urinary F2-isoprostane concentration within published reference ranges and
others were close to this level (see Figure A.1). It is likely that production and
excretion of isoprostanes varies with other factors in malaria such as the
nutritional status of the patient. The time-course of the infection may also be
important. Free radical generation resulting from the host response may decline
as complications become well established. We assessed whether artemisinin
treatment might increase F2-isoprostane production as the mode of action of
these drugs appears to be free radical generation within the parasitised
erythrocyte (Gu et al. 1986; Postma et al. 1996). Patients treated with these
compounds before admission had similar urinary isoprostanes to those given
other antimalarial drugs. This may imply that intraerythrocytic events do not
have a significant impact on total circulating free radical status.

The

positive

association

between

urinary

F2-isoprostane

and

venous

haematocrit in the present study was unexpected albeit relatively weak. Other
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cross-sectional studies have shown, by contrast, a positive association between
free radical generation and erythrocyte loss in malaria infection (Erel et al. 1997;
Das and Nanda 1999; Griffiths et al. 2001). Additionally, it has been
demonstrated that non-parasitised erythrocytes have shortened life span and
enhanced splenic clearance during malaria infection (Looareesuwan et al.
1991). The causes of enhanced removal of non-infected erythrocytes include
increased oxidative damage (Greve et al. 1999; Kremsner et al. 2000). There
are, however, a number of other patient- and infection-specific factors that
influence the venous haematocrit, including nutritional status, gender and
coincident intestinal helminth infections, together with the destruction of
parasitised erythrocytes by increasing schizogony as the infection develops.

The significant reduction in AA% in the severe malaria group was consistent
with data from a previous study (Delmas-Beauvieux et al. 1995). In addition,
and within the limits of analyses in groups with small numbers, this finding
supports the concept that lipid peroxidation is increased in malaria, especially in
severe cases, with consumption of the arachidonic acid precursor and
increased production of F2-isoprostanes. The fact that there was no correlation
between urinary F2-isoprostanes and plasma AA% is not surprising given the
small sample size and the fact that these may represent different substrate
pools.

In support of this finding, a previous report has also failed to

demonstrate an association between plasma AA and urinary F2-isoprostanes in
a larger group of subjects (Mori et al. 1999).

The present study demonstrates that urinary F2-isoprostane concentrations are
elevated in falciparum malaria. Indeed, the present data provide evidence that
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malaria-associated lipid peroxidation is greater than previously thought. The
association between urinary F2-isoprostanes and either artemisinin therapy or
complications was unclear and inconsistent, but the group-specific urinary F2isoprostane data, together with the depressed AA% in the severely ill patients,
suggest that complications such as coma may be associated with the greatest
lipid peroxidation. Further studies with larger subject numbers and serial
assessments through parasite clearance and convalescence are needed to
further explore the role of lipid peroxidation in treatment response and
prognosis.
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Appendix 4
Raw data
Table A4.1: The loss of retinol during in vitro culture. Actual media
concentrations of retinol (μM) measured by HPLC.
Actual concentration of retinol (μM)
Added Retinol
(μM)
0

Incubation time (hours)
8
12
24

5

48

Retinol-treated RBC culture
0
0.5
10
6.5
30
21.2
50
33.5
100
75.5

0.3
6.4
18.0
33.5
53.4

0.3
5.8
19.7
32.3
51.2

0.3
5.9
15.7
31.3
57.3

0.5
4.7
10.8
27.8
46.7

0.4
4.0
14.4
24.9
48.0

Retinol treated 3D7 culture
0
0.5
10
6.5
30
21.2
50
33.5
100
75.5

0.5
5.4
18.7
34.3
51.9

0.4
7.6
19.9
33.8
59.8

0.3
6.0
12.7
29.5
59.2

0.4
5.0
16.2
26.6
43.4

0.3
4.2
23.4
54.2

Note: Retinol recovery (%) in Figure 4.3 were calculated based on the actual
concentrations of retinol measured by HPLC.
Calculation example:
Actual retinol concentration when time= 0 hour (i.e. actual retinol concentrations from
stock solution),
= AVERAGE [(6.5/10),(21.2/30),(33.5/50),(75.5/100)] × 100
= 69.5 % (as plotted in Figure 4.3, at time= 0 hour)
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Table A4.2: The effect of retinol on the growth of P. falciparum in vitro.
3

[H]-hypoxanthine incorporation (%) ± SD in stage-specific cultures treated with

retinol.
Culture

Retinol Incorporation (%)
(μM)
± SD

3D7 ring: 20 hours
59.2
17.9
± 0.5
41.5
34.8
± 3.0
29.5
51.7
± 5.1
12.7
74.7
± 2.3
6.0
100.0
± 7.4
4.1
95.2
± 8.7
3.0
96.1
± 9.5
1.3
92.9
± 13.8
0.6
100.0
± 1.6
K1 ring: 20 hours
59.2
17.1
± 0.5
41.5
29.0
± 3.0
29.5
44.9
± 5.1
12.7
61.8
± 2.3
6.0
96.7
± 7.4
4.1
92.0
± 8.7
3.0
100.0
± 9.5
1.3
100.0
± 13.8
0.6
100.0
± 1.6
3D7 merozoite invasion: 48 hours
43.4
3.4
± 0.4
30.4
9.0
± 0.8
26.6
14.5
± 1.1
16.2
37.0
± 2.5
5.0
100.0
± 14.6
3.0
100.0
± 10.8
2.7
100.0
± 12.7
1.6
100.0
± 9.5
0.5
100.0
± 10.8
0.2
100.0
± 12.1

Culture

Retinol
(μM)

Incorporation (%)
± SD

3D7 ring: 48 hours
43.4
4.2
± 0.5
30.4
23.8
± 4.0
26.6
38.8
± 4.3
16.2
64.3
± 4.2
5.0
73.9
± 1.9
3.0
74.2
± 2.1
2.7
81.5
± 4.4
1.6
72.2
± 3.6
0.5
74.1
± 12.8
K1 ring: 48 hours
43.4
1.4
± 0.2
30.4
5.3
± 1.0
26.6
11.3
± 1.0
16.2
42.9
± 5.2
5.0
94.3
± 9.1
3.0
100.0
± 4.9
2.7
95.7
± 5.8
1.6
100.0
± 6.5
0.5
95.6
± 4.1
RBC merozoite invasion: 48 hours
46.7
96.1
± 2.4
32.7
93.4
± 7.2
27.8
95.3
± 3.9
10.8
95.8
± 8.1
4.7
98.6
± 5.1
3.3
99.1
± 6.5
2.8
95.9
± 6.9
1.1
95.2
± 4.7
0.5
81.0
± 10.4
0.3
80.7
± 9.3
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Table A4.2 (cont.): The effect of retinol on the growth of P. falciparum in
vitro. 3[H]-hypoxanthine incorporation (%) ± SD in stage-specific cultures treated
with retinol.
Culture

Retinol Incorporation
(μM)
(%) ± SD

3D7 merozoite invasion: 96 hours
43.4
2.6
± 1.0
30.4
6.1
± 0.7
26.6
10.4 ± 0.9
16.2
40.3 ± 6.3
5.0
100.0 ± 8.1
3.0
100.0 ± 5.7
2.7
100.0 ± 11.7
1.6
100.0 ± 8.8
0.5
100.0 ± 10.5
0.2
100.0 ± 11.5
K1 merozoite invasion: 48 hours
43.4
2.4
± 0.4
30.4
8.1
± 1.3
26.6
13.3 ± 3.4
16.2
53.0 ± 5.6
5.0
99.2 ± 9.8
3.0
100.0 ± 9.2
2.7
98.5 ± 8.5
1.6
100.0 ± 5.5
0.5
96.6 ± 7.2
0.2
95.2 ± 7.7
K1 merozoite invasion: 96 hours
43.4
7.3
± 1.0
30.4
17.7 ± 1.3
26.6
28.2 ± 7.2
16.2
92.2 ± 8.9
5.0
100.0 ± 6.2
3.0
100.0 ± 4.6
2.7
100.0 ± 9.2
1.6
100.0 ± 8.4
0.5
100.0 ± 12.1
0.2
100.0 ± 10.3
3D7 mature forms: 48 hours
43.4
0.6
± 0.2
26.6
22.0 ± 1.9
5.0
64.8 ± 3.3
1.6
90.0 ± 1.4

Culture

Retinol
(μM)

Incorporation
(%) ± SD

RBC merozoite invasion: 96 hours
46.7
100.0 ± 6.4
32.7
100.0 ± 7.4
27.8
100.0 ± 4.6
10.8
100.0 ± 8.7
4.7
100.0 ± 7.3
3.3
100.0 ± 5.0
2.8
100.0 ± 8.3
1.1
100.0 ± 7.8
0.5
97.4 ± 13.5
0.3
100.0 ± 11.8
RBC merozoite invasion: 48 hours
46.7
100.0 ± 7.7
32.7
100.0 ± 5.1
27.8
100.0 ± 5.6
10.8
100.0 ± 6.1
4.7
100.0 ± 7.6
3.3
100.0 ± 9.2
2.8
100.0 ± 7.9
1.1
100.0 ± 9.0
0.5
100.0 ± 10.6
0.3
100.0 ± 8.2
RBC merozoite invasion: 96 hours
46.7
100.0 ± 7.1
32.7
100.0 ± 7.1
27.8
100.0 ± 8.9
10.8
100.0 ± 7.4
4.7
100.0 ± 11.1
3.3
100.0 ± 4.0
2.8
100.0 ± 11.3
1.1
100.0 ± 12.0
0.5
100.0 ± 11.4
0.3
100.0 ± 12.0
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Table A4.3: Retinol (single) supplementation study: Parasitaemia (%) of
each mouse on day 4, 5 and 6 after the day of P. berghei inoculation.
Group

Day Day
0
1

Day
2

PARASITAEMIA (%)
Day Day
Day
Day
3
4
5
6

Day
7

Single: Infected + vehicle
Study10 WHI
Study10 BLA
Study10 RED
Study 11 WHI
Study 11 BLU
Study 11 BLA
Study 12 WHI
Study 12 BLA
Study 12 RED

4.38
6.73
5.75
12.71
3.93
6.74
9.84
9.56
14.46

14.87
10.40
16.37
40.31
10.19
18.05
27.73
26.82
34.94

35.22
42.36
37.72
76.42
36.48
50.97
76.42
66.36
78.48

END
END
END
END
END
END
END
END
END

Single: Infected + retinol
Study 10 WHI
Study 10 BLA
Study 10 RED
Study 11 WHI
Study 11 BLU
Study 11 BLA
Study 11 RED
Study 12 WHI
Study 12 BLA
Study 12 RED

7.05
8.12
5.61
6.40
4.21
9.85
4.25
8.03
24.76
11.58

20.98
22.88
18.68
34.53
29.12
31.17
15.63
28.99
39.68
36.37

56.58
56.15
42.59
59.59
64.58
65.02
38.65
62.05
83.62
83.32

END
END
END
END
END
END
END
END
END
END
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Table A4.4: Retinol (multiple) supplementation study: Parasitaemia (%)
of each mouse on day 4, 5 , 6, 7 and 7.5/8 after the day of P. berghei
inoculation.
Group

Day Day
0
1

Day
2

Multiple: Infected + vehicle
Pilot3 WHI
Pilot3 BLA
Study4 BLA
Study4 BLA2
Study5 WHI
Study5 BLU
Study6 WHI
Study6 BLU
Study7 WHI
Study7 BLU
Study7 BLA
Study7 BLA2
Study7 RED
Study9 WHI
Study9 BLU
Study9 BLA
Study9 RED
Study9 BLA2

PARASITAEMIA (%)
Day
Day
Day
Day
3
4
5
6

0.48
-

6.22
1.77
2.64
1.76
0.87
2.65
1.00

Multiple: Infected + retinol before infection
Pilot3 BLU
Pilot3 WHI
Study4 BLU3
Study 4 BLU4
Study 4 RED
Study 4 RED2
Study 6 WHI
1.52
Study 6 BLU
3.10
Study 6 BLU2
3.02
Study 6 BLA
0.72
Study 6 RED
0.00
Study 7 WHI
1.15
Study 7 BLA
0.00
Study 7 RED
2.14
Study 7 BLA2
1.43
Study 7 BLU

Day
7

Day
7.5/ 8

1.69 10.06 20.83
(poor smears)
9.25 27.69 55.93
10.90 38.40 66.98
9.05 10.76 38.28
11.05 14.93 35.16
9.00 17.00 35.20
5.14 19.00 32.55
7.98 25.71 51.25
3.62
9.19 25.03
4.72 15.56 48.56
4.02 19.95 45.29
4.80 12.64 29.70
10.61 32.69 77.38
6.88 12.35 32.18
9.82 26.63 40.88
7.54 18.00 44.61
7.19 24.33 58.46

60.82
74.87
85.69
58.93
55.51
57.73
53.97
79.61
67.44
94.33
94.27
59.11
END
72.02
88.27
89.83
75.45

68.7
95.8
END
END
95.8
94.3
END
END
END
END
END
END
END

0.27
1.43
8.05
9.96
6.19
6.88
4.00
3.04
7.03
5.80
0.00
4.84
4.93
6.28
6.85

8.85
25.00
55.82
64.05
42.98
62.95
57.76
28.98
43.09
58.90
8.28
61.98
70.42
44.83
75.62
70.50

18.9
44.2
86.7
91.7
71.6
80.2
END
END
END
END
END
END
END
END
END
END

1.40
4.95
23.08
22.95
13.01
26.82
10.78
8.11
13.36
13.40
0.00
10.12
15.35
11.21
14.47
19.32

2.44
19.35
46.75
55.83
27.74
54.64
29.63
11.00
19.21
24.46
8.75
29.92
40.12
25.59
43.90
42.67

END
END
END
END
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Table

A4.4

(Cont.):

Retinol

(multiple)

Supplementation

study:

Parasitaemia (%) of each mouse on day 4, 5 , 6, 7 and 7.5/8 after day of P.
berghei inoculation.
Group

Day Day Day
0
1
2

PARASITAEMIA (%)
Day Day Day
Day
3
4
5
6

Multiple: Infected + retinol before & after infection
Study4 BLA3
11.71
Study4 BLA4
10.22
Study4 BLU
9.24
Study4 BLU2
9.25
Study6 WHI
0.88 5.00
Study6 BLU
2.74 6.00
Study6 BLU2
4.12 8.00
Study6 BLA
4.19 7.50
Study6 RED
4.32 9.00
Study7 WHI
0.68 1.63
Study7 BLU
1.20 6.72
Study7 BLA
0.61 3.26
Study7 RED
1.44 4.76
Study7 BLA2
2.46 4.85
Multiple: Infected +retinol after infection
Study5 WHI
Study5 BLU
Study5 BLA
Study5 RED
Study9 WHI
Study9 BLU
Study9 RED
Study9 BLA2
Pilot2 RED
Pilot2 BLU
Study5 WHI R100
Study5 BLU R100
Study5 BLA R100
Study5 RED R100

Day
7

Day
7.5/ 8

29.87
26.27
25.64
27.51
13.36
11.00
27.00
11.22
12.60
1.75
14.74
16.10
11.49
20.49

45.98
51.46
47.89
49.77
44.90
22.83
39.90
33.50
34.78
8.70
46.55
29.03
27.98
36.43

70.45
79.84
75.29
72.52
55.84
30.42
77.40
58.99
60.56
48.82
60.48
53.22
61.25
57.85

END
END
END
END
END
END
END
END
END
END
END
END
END
END

2.13 2.00
5.80 7.14
3.23 3.91
6.79 14.95
11.97 27.82
5.46
6.91 20.46
7.67 19.53
1.75 30.37
22.44
12.33 8.12
6.52 6.78
9.94 11.04
13.14 15.03

8.20
20.00
8.27
26.53
47.47
24.69
34.32
38.51
55.38
47.72
28.21
19.83
34.59
27.64

23.11
36.27
24.39
49.34
79.69
50.78
63.03
72.73
79.05
63.89
57.57
39.80
71.34
63.31

79.7
51.7
97.1
92.4
END
END
END
END
END
END
76.1
71.2
END
79.5
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Table A4.5: Retinol (single) supplementation study: Plasma retinol and
vitamin E and liver retinol concentrations from each mouse.
Group

Plasma Retinol Plasma vitamin E Liver Retinol
(μM)
(μM)
(μmol/ g liver)

Single: Healthy + vehicle
Study 10 WHI
Study 10 BLA
Study 10 RED
Study 11 WHI
Study 11 BLU
Study 11 BLA
Study 11 RED
Study 12 WHI
Study 12 BLA
Study 12 RED

0.6
1.9
1.6
1.2
1.3
1.4
1.2
1.2
1.3
1.5

4.2
2.0
11.1
6.2
6.1
5.8
6.2
5.7
8.4
10.7

32.3
61.6
124.2
12.6
30.1
32.1
67.5
150.0
73.7
18.6

Single: Healthy + retinol
Study 10 WHI
Study 10 BLA
Study 10 RED
Study 11 WHI
Study 11 BLU
Study 11 BLA
Study 11 RED
Study 12 WHI
Study 12 BLA
Study 12 RED

1.4
1.7
1.1
1.6
1.5
1.5
1.4
1.5
1.3
1.3

8.3
11.6
11.8
8.6
11.5
6.7
9.3
11.4
8.2
8.5

271.2
487.8
214.5
316.6
268.3
213.3
1,773.9
663.5
391.3
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Table A4.5 (cont.): Retinol (single) supplementation study: Plasma retinol and
vitamin E and liver retinol concentrations from each mouse.

Group
Single: Infected + vehicle
Study 10 WHI
Study 10 BLA
Study 10 RED
Study 11 WHI
Study 11 BLU
Study 11 BLA
Study 11 RED
Study 12 WHI
Study 12 BLA
Study 12 RED
Single: Infected + retinol
Study 10 WHI
Study 10 BLA
Study 10 RED
Study 11 WHI
Study 11 BLU
Study 11 BLA
Study 11 RED
Study 12 WHI
Study 12 BLA
Study 12 RED

Plasma Retinol Plasma vitamin E Liver Retinol
(μM)
(μM)
(μmol/ g liver)
1.2
1.4
2.0
1.4
1.1
1.2
1.4
1.7
0.9
1.4

5.3
11.4
7.4
8.2
3.2
7.5
9.0
4.2
3.7
3.4

38.4
27.5
42.2
36.1
70.0
82.4
23.6
20.8
71.8

2.1
0.6
2.0
1.7
1.5

8.4
3.4
15.2
7.2
3.3

0.8
1.6
2.1
2.1

3.9
10.9
3.5
6.8

415.9
310.5
130.1
99.5
353.4
392.7
119.2
159.2
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Table A4.6: Retinol (multiple) supplementation study: (i) Plasma retinol and
vitamin E and liver retinol concentrations, and (ii) plasma, RBC and liver F2isoprostane from each mouse.
Group

Plasma
Liver
F2-Isoprostane
Retinol Vitamin E Retinol Liver Plasma
RBC
μM
μM
μmol/g pmol/ μg pmol/mL pmol/mg
liver
AA
Hb

Multiple: Healthy + vehicle
Pilot 3 BLU
Pilot 3 BLU2
Study 6 WHI
Study 7 WHI
Study 8 WHI
Study 8 BLU
Study 8 BLA
Study 8 RED
Study 8 BLA2
Study 7 WHI
Study 11 WHI
-

-

19.2
31.8
30.2
20.0
21.8
11.5
45.2
-

68.9
25.9
30.9
40.2
54.8
32.6
-

5,298.7
3,693.1
6,193.5
7,808.5
5,639.9
7,545.2
-

377.3
440.0
233.2
267.5
261.2
229.7
319.8
342.9

Multiple: Healthy + retinol
Pilot 1 WHI
Pilot 3 RED
Pilot 3 WHI
Study 4 RED3
Study 4 RED4
Study 6 WHI
1.8
Study 6 BLU
Study 8 WHI
Study 8 BLU
Study 8 BLA
Study 8 RED
Study 8 BLA2
-

3.9
-

1,057.3
1,585.5
814.8
489.4
286.5
902.4
291.4
7.5
715.6

76.6
61.0
75.2
79.0
25.9
28.3
42.1
27.7

4,442.2
5,993.9
8,262.8
8,230.2
6,124.1
6,530.1
4,391.1
5,436.8
8,039.5
4,533.4
5,340.3

480.5
413.4
288.8
377.9
117.0
352.3
338.9

Multiple: Infected + vehicle
Pilot 3 WHI
Pilot 3 BLA
Study 4 BLA
Study 4 BLA2
19.9
182.0
Study 5 BLU
9.8
315.1
Study 5 WHI
8.5
170.0
-. Not measured due to insufficient sample volume.

10,238.1
10,416.0
10,863.3
11,019.9
12,258.6

742.5
-
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Table A4.6 (cont.): Retinol (multiple) supplementation study: (i) Plasma retinol
and vitamin E and liver retinol concentrations, and (ii) plasma, RBC and liver F2isoprostane from each mouse.
Group

Plasma
Liver
F2-Isoprostane
Retinol Vitamin E Retinol Liver Plasma
RBC
μM
μM
μmol/g pmol/ μg pmol/mL pmol/mg
liver
AA
Hb

Multiple: Infected + vehicle
Study 6 WHI
Study 6 BLU
Study 7 WHI
Study 7 BLA2
Study 7 BLU
Study 7 BLA
Study 7 RED
Study 9 BLA
Study 9 RED
Study 9 BLU
Study 9 BLA2
-

-

Multiple: Infected + retinol before infection
Pilot 3 WHI
Pilot 3 BLU
Study 4 BLU3
Study 4 BLU4
Study 4 RED
Study 4 RED2
Study 6 WHI
Study 6 BLU
1.1
1.8
Study 6 BLU2
0.7
0.5
Study 6 BLA
1.5
3.7
Study 6 RED
Study 7 WHI
Study 7 BLA
1.2
1.2
Study 7 BLA2
2.1
4.7
Study 7 RED
1.8
3.5
Study 7 BLU
-

93.5
239.1
20.9
120.8
22.8
21.6
31.7
45.1
48.0
39.4

183.4
248.0
96.4
138.4
93.8
315.0
367.2
80.0
78.9
-

10,980.5 1,169.2
1,161.0
10,453.1 858.8
7,481.7 952.0
10,304.3 875.5
541.7
10,257.6 653.1
454.7
461.8
11,146.6 481.2

106.1
103.1
89.9
202.6
276.3
268.9
275.9
162.6
64.2
30.1
34.0

566.9
199.3
170.7
163.7
305.3
141.4
460.4
121.0
256.6
326.5
177.9
-

4,138.1
8,208.5
6,660.9
7,349.2
8,657.5
8,842.0
6,951.8
17,692.5
10,266.3
17,089.4
14,936.6
12,040.3
-

1,320.6
1,020.3
1,071.2
799.2
951.6
651.2
1,037.8
1,363.5
1,195.4
1,269.6
462.1
520.1

-. Not measured due to insufficient sample volume.
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Table A4.6 (cont.): Retinol (multiple) supplementation study: (i) Plasma retinol
and vitamin E and liver retinol concentrations, and (ii) plasma, RBC and liver F2isoprostane from each mouse.
Group

Plasma
Liver
F2-Isoprostane
Retinol Vitamin E Retinol
Liver
Plasma
RBC
μM
μM
μmol/g liver pmol/ μg AA pmol/mL pmol/mg Hb

Multiple: Infected + retinol before & after infection
Study 4BLA3
171.3
286.9
Study 4 BLA4
182.0
53.6
Study 4 BLU
76.5
147.5
Study 4 BLU2
337.5
374.4
Study 6 WHI
821.4
332.0
Study 6 BLU
1.8
4.0
1,400.0
197.9
Study 6 BLU2
1,176.7
350.1
Study 6 BLA
1.1
1.7
1,474.1
87.9
Study 6 RED
648.6
181.9
Study 7 BLU
0.8
0.9
112.2
121.5
Study 7 WHI
1.7
10.0
460.9
123.4
Study 7 BLA2
2.3
9.2
759.9
113.7
Study 7 RED
108.1
230.1
Study 7 BLA
326.3
466.4
Multiple: Infected + retinol after infection
Study 5 WHI
105.2
227.6
Study 5 BLU
40.7
125.7
Study 5 BLA
Study 5 RED
38.1
224.7
Study 9 WHI
327.2
85.0
Study 9 BLU
302.8
109.9
Study 9 BLA
33.1
254.9
Study 9 RED
85.4
206.1
Study 9 BLA2
122.6
101.4
Study 5 BLU
125.8
437.0
Study 5 BLA
70.8
614.3
Study 5 RED
150.2
569.4
Study 5 WHI
10.6
264.2
-. Not measured due to insufficient sample volume.

6,797.9
7,526.5
10,065.6
9,969.6
13,368.3
13,815.7
13,086.1
13,674.6

953.2
480.6
851.3
874.6
946.5
902.8
847.6
807.2
1,017.4
958.0
608.5

13,516.8
10,996.3
9,274.1
10,850.2
13,753.6
13,909.1
9,542.3
7,380.3
-

2,260.5
906.6
1,091.3
1,770.6
523.1
435.8
406.7
553.1
912.7
1,131.9
1,196.9
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Table A4.7: Retinol (multiple) supplementation study: The percentage of
phospholipids fatty acids include saturated (palmitic and stearic acids),
monounsaturated (Oleic acid) and polyunsaturated (linoleic, arachidonic and
docosahexaenoic acids) from each mouse.
Fatty acid phospholipids (%)
Palmitic Stearic Oleic Linoleic Arachidonic

Docosahexaenoic

Multiple: Healthy + vehicle
Study 7 WHI
26.2
Study 8 WHI
28.1
Study 8 BLU
26.7
Study 8 BLA
27.2
Study 8 RED
31.9
Study 8 BLA2
25.8

18.8
18.0
17.1
13.8
14.5
15.6

13.9
7.3
8.1
8.4
7.6
8.3

14.5
16.2
18.1
19.5
16.1
16.3

15.6
17.6
17.2
18.3
18.4
20.5

11.2
13.0
13.0
12.8
11.5
13.6

Multiple: Healthy + retinol
Pilot1 WHI
23.7
Study 4 RED3
24.7
Study 4 RED4
24.6
Study 6 WHI
Study 6 BLU
22.9
Study 8 WHI
23.6
Study 8 BLU
23.0
Study 8 BLA
22.0
Study 8 RED
24.2
Study 8 BLA2
24.5

17.4
15.9
18.9
13.7
20.3
14.4
23.0
15.0
14.6

11.3
7.8
9.9
8.2
8.3
9.4
8.2
10.1
8.6

16.9
19.6
18.4
20.1
20.8
23.0
18.2
19.4
19.7

18.1
19.4
17.0
20.3
16.7
18.9
17.4
19.4
20.3

12.6
12.7
11.3
14.8
10.2
11.2
11.2
12.0
12.4

Multiple: Infected + vehicle
Study 4 BLA2
23.8
Study 5 BLU
20.9
Study 5 WHI
22.4
Study 6 WHI
24.7
Study 6 BLU
23.8
Study 7 WHI
24.7
Study 7 BLA2
23.4
Study 7 BLU
26.0
Study 7 BLA
26.2
Study 7 RED
25.6
Study 9 BLA
23.3

15.1
20.7
15.1
13.1
14.4
17.8
19.9
15.4
16.4
15.3
14.9

9.1
9.1
8.5
11.5
9.2
8.2
7.2
8.3
9.6
9.4
9.1

18.4
17.4
20.3
18.1
19.4
17.0
16.4
16.1
16.8
18.2
21.2

19.4
19.0
19.4
19.6
19.6
18.6
20.8
20.3
18.4
18.6
19.2

14.1
12.9
14.2
13.1
13.5
13.7
12.3
14.0
12.6
12.9
12.3
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Table A4.7 (cont.): Retinol (multiple) supplementation study: The percentage of
phospholipids fatty acids include saturated (palmitic and stearic acids),
monounsaturated (Oleic acid) and polyunsaturated (linoleic, arachidonic and
docosahexaenoic acids) from each mouse.
Group

Fatty acid phospholipids (%)
Palmitic Stearic Oleic Linoleic Arachidonic

Multiple: Infected + retinol before infection
Study 4 BLU3
28.8
18.1 9.5
Study 4 BLU4
23.2
19.1 8.8
Study 4 RED
28.9
13.6 8.9
Study 6 WHI
23.3
18.8 9.0
Study 6 BLU
26.7
12.9 10.9
Study 6 BLU2
23.6
15.1 8.6
Study 6 BLA
26.9
15.9 8.7
Study 6 RED
22.7
21.0 12.2
Study 7 WHI
25.1
18.4 9.5
Study 7 BLA2
24.5
20.1 8.7
Study 7 RED
23.4
20.0 9.8

17.8
18.0
16.8
18.5
18.9
20.7
15.7
17.6
17.2
17.1
18.3

Multiple: Infected + retinol before & after infection
Study 4 BLA3
23.8
20.4 9.9
16.8
Study 4 BLA4
20.6
16.1 8.3
19.1
Study 4 BLU
24.2
14.6 8.6
19.4
Study 4 BLU2
23.8
20.6 8.3
18.9
Study 6 WHI
25.5
16.7 7.9
20.4
Study 6 BLU
21.9
16.0 8.3
21.3
Study 6 BLU2
22.3
24.3 8.2
19.0
Study 6 BLA
21.4
14.3 8.5
23.5
Study 6 RED
23.2
14.5 7.7
19.4
Study 7 BLU
22.7
14.0 6.6
18.6
Study 7 WHI
22.7
15.5 10.4
21.0
Study 7 BLA2
23.7
14.3 9.6
18.1
Study 7 RED
21.4
22.2 7.8
18.5
Study 7 BLA
26.0
18.6 9.0
17.3

Docosahexaenoic

16.3
19.3
17.4
17.6
19.2
18.3
19.0
16.1
18.6
18.4
17.9

9.6
11.6
14.4
12.8
11.4
13.8
13.9
10.4
11.3
11.2
10.6

18.6
22.1
20.8
19.6
17.8
22.7
18.2
21.0
22.6
22.3
20.0
20.9
18.9
17.1

10.6
13.8
12.4
8.7
11.8
9.8
7.9
11.3
12.4
15.7
10.4
13.5
11.2
12.1
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Table A4.8: The effect of retinoids on the growth of P. falciparum. Inhibition of
3

[H]-hypoxanthine incorporation (%) ± SD in mixed-stage cultures treated with

retinoids and RAR-α selective antagonists.
Inhibition (%) ± SD

Retinoid (M)
3D7
Retinol

5 × 10-10
5 × 10-9
5 × 10-8
5 × 10-7
5 × 10-6
1 × 10-5
5 × 10-5
1 × 10-4

K1

2.0
6.4
1.5
7.1
3.6
0.8
68.3
96.8

± 2.8
± 9.1
± 2.1
± 10.0
± 5.0
± 1.2
± 12.6
± 0.8

1.7
24.9
7.1
4.9
8.2
19.4
72.2
94.1

± 2.4
± 8.4
± 10.1
± 2.8
± 4.6
± 8.5
± 2.6
± 1.5

All-trans retinoic acid
5 × 10-10
5 × 10-9
5 × 10-8
5 × 10-7
5 × 10-6
1 × 10-5
5 × 10-5
1 × 10-4

8.2
10.7
13.8
9.9
10.6
0.0
25.9
74.7

±
±
±
±
±
±
±
±

6.6
2.4
0.1
0.2
2.3
0.0
0.6
2.1

4.4
1.2
6.8
1.8
3.6
2.5
21.3
74.5

±
±
±
±
±
±
±
±

9-cis retinoic acid
5 × 10-10
5 × 10-9
5 × 10-8
5 × 10-7
5 × 10-6
1 × 10-5
5 × 10-5
1 × 10-4

16.7
18.7
18.8
17.6
10.7
19.4
23.9
70.5

± 1.6
± 8.7
± 2.4
± 0.6
± 15.1
± 16.2
± 23.4
± 7.5

6.3
11.3
8.3
12.9
19.8
22.8
16.0
68.1

± 8.9
± 16.0
± 11.7
± 18.3
± 18.6
± 2.6
± 20.8
± 21.6

13-cis retinoic acid
5 × 10-10
5 × 10-9
5 × 10-8
5 × 10-7
5 × 10-6
1 × 10-5
5 × 10-5
1 × 10-4

15.7
7.5
3.3
0.0
4.6
2.5
41.5
81.2

± 15.0
± 6.5
± 5.7
± 0.0
± 4.0
± 4.3
± 4.0
± 2.9

8.7
11.1
7.7
4.3
6.1
11.4
23.1
82.3

± 8.0
± 9.7
± 6.7
± 6.0
± 6.3
± 2.5
± 1.5
± 12.7

6.2
0.1
1.5
1.4
2.2
3.5
3.0
4.7
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Table A4.8 (cont.): The effect of retinoids on the growth of P. falciparum.
Inhibition of

3

[H]-hypoxanthine incorporation (%) ± SD in mixed-stage cultures

treated with retinoids and RAR-α selective antagonists.
Inhibition (%) ± SD

Retinoid (M)
3D7

K1

Retinyl Palmitate
5 × 10-10
5 × 10-9
5 × 10-8
5 × 10-7
5 × 10-6
1 × 10-5
5 × 10-5
1 × 10-4
AGN 194301
5 × 10-11
5 × 10-10
5 × 10-9
5 × 10-8
5 × 10-7
5 × 10-6
5 × 10-5
1 × 10-4

0.0
0.0
0.0
0.0
5.9
0.0
0.0
2.0

±
±
±
±
±
±
±
±

5.8
7.6
9.7
2.3
5.1
4.1
6.2
2.7

15.1
21.8
5.3
3.8
13.8
21.5
19.4
5.0

± 11.7
± 4.7
± 9.6
± 4.2
± 4.6
± 8.7
± 6.2
± 5.8

2.0
14.6
33.0
22.4
8.2
8.0
63.1
98.1

± 9.9
± 1.8
± 17.1
± 0.3
± 14.4
± 10.1
± 1.1
± 0.9

0.0
0.0
0.0
0.0
0.0
0.0
64.6
97.3

± 9.9
± 4.5
± 18.7
± 13.9
± 16.4
± 5.5
± 0.1
± 0.6

ER 27191
5 × 10-11
5 × 10-10
5 × 10-9
5 × 10-8
5 × 10-7
5 × 10-6
5 × 10-5
1 × 10-4

7.8
6.5
0.0
6.0
8.8
19.2
99.3
100.0

±
±
±
±
±
±
±
±

4.4
5.7
0.0
6.4
9.7
6.7
0.3
0.2

6.7
9.4
13.2
10.2
5.5
17.4
88.0
100.0

± 2.3
± 13.3
± 8.3
± 5.0
± 7.8
± 6.8
± 15.9
± 0.2

R0 415253
5 × 10-11
5 × 10-10
5 × 10-9
5 × 10-8
5 × 10-7
5 × 10-6
5 × 10-5
1 × 10-4

2.0
0.2
1.2
0.0
0.0
2.7
86.6
100.1

± 3.5
± 0.3
± 2.1
± 0.0
± 0.0
± 2.4
± 11.3
± 0.1

0.0
4.5
3.5
0.6
0.0
6.4
86.9
99.9

±
±
±
±
±
±
±
±

0.0
7.8
6.0
0.7
0.0
9.2
5.7
5.7
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Table A4.9: Calculated FIC values from individual retinoid-RAR α antagonist
combinations which inhibited the growth of P. falciparum isolate 3D7 by 50%.
Drug combination

Adjusted FIC values
Drug A
Drug B

SUM FIC

RO 415253/ all-trans retinol
0.06
0.10
0.12
0.20
0.24
0.39
0.40
0.40
0.48
0.48
0.59
0.60
0.73
0.77
0.77
0.80
0.80
0.90
0.97
0.98

1.77
1.47
1.78
1.09
1.77
1.23
0.99
0.66
0.92
1.77
0.62
0.59
1.33
0.42
0.31
0.93
0.57
0.15
0.01
0.08

1.83
1.57
1.90
1.29
2.01
1.62
1.39
1.06
1.40
2.25
1.21
1.19
2.06
1.18
1.08
1.73
1.37
1.05
0.97
1.05

0.05
0.07
0.09
0.11
0.14
0.18
0.22
0.27
0.36
0.43
0.47
0.54
0.58
0.60
0.61
0.65
0.72
0.73

1.77
0.80
0.95
1.73
0.84
0.99
1.44
0.73
1.05
0.99
1.43
0.74
1.39
0.95
0.89
0.15
0.62
0.60

1.82
0.86
1.03
1.84
0.97
1.17
1.66
1.00
1.41
1.42
1.90
1.28
1.98
1.55
1.50
0.80
1.33
1.33

ER 27191/ all-trans retinol
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Table A4.9 (cont.): Calculated FIC values from individual retinoid-RAR α
antagonist combinations which inhibited the growth of P. falciparum isolate 3D7 by
50%.
Drug combination

Adjusted FIC values
Drug A
Drug B
0.81
0.68
0.86
0.55
0.89
0.70
0.90
0.30
0.96
0.07

SUM FIC
1.49
1.41
1.59
1.19
1.04

AGN194301/ all-trans retinol
0.03
0.04
0.06
0.07
0.08
0.12
0.14
0.15
0.25
0.28
0.31
0.42
0.45
0.46
0.49
0.49
0.56
0.62
0.63
0.69
0.70
0.74
0.75
0.78
0.78
0.81
0.82
0.87
0.94
0.98

1.11
1.15
1.30
1.34
1.15
0.76
1.16
0.79
0.67
1.11
0.87
0.61
0.70
0.67
0.78
0.60
0.73
0.40
0.52
0.35
0.35
0.51
0.46
0.30
0.45
0.12
0.23
0.17
0.04
0.26

1.15
1.19
1.36
1.41
1.23
0.89
1.30
0.94
0.92
1.39
1.17
1.02
1.15
1.14
1.27
1.09
1.28
1.01
1.15
1.04
1.04
1.24
1.21
1.08
1.23
0.92
1.05
1.04
0.98
1.24

0.27
0.34
0.55
0.84
0.91

1.01
0.99
1.01
0.49
0.74

1.28
1.33
1.56
1.33
1.65

RO 415153/ all-trans retinoic acid
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