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Introduction

Malaria, a most dreadful infectious disease, is caused by malarial

Abstract

Malaria is one of the most severe global infectious diseases caused by a
group of parasites belonging to the genus Plasmodium. Each year it is estimated
that over 220 million cases of malarial infections are reported. As drug resistance
develops to existing antimalarial drugs, a new artemisinin-based combination
therapy has been introduced. The goal of the antimalarial drug therapy should
ideally be directed towards the reduction of malarial incidences by targeting the
blood stage of the disease and in addition to eliminate all persistent asexual
forms of these parasites in their entirety from the blood. As proteases like aspartic
proteases and cysteine proteases are involved in the egress phenomenon which
is where the parasites emerge from the infected erythrocytes, proteases are also
considered as targets for antimalarial drugs and classes of drugs that have been
developed along this line have proven most effective in reducing parasitemia.
With the establishment of nocturnal melatonin levels in the host's blood acting
as the “key signal” regulating Plasmodium life cycles in the erythrocyte, attention
is now predominantly more focused on developing melatonin antagonists which
will significantly reduce parasitemia and in turn, lessen the incidence of malarial
infection. Recently, a number of melatonin antagonists with antimalarial activities
have been developed. Melatonin not only acts as the signal for promoting the
intraerythrocytic growth of malarial parasites, but similarly serves as an effective
antioxidant in the erythrocyte, protecting them from free radical attacks within
erythrocytes. Hence, working on the development of antimalarial drugs with
anti-melatonergic activity will undoubtedly be extremely effectual in eliminating
malaria.
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chemical insecticides such as DDT has been successful in eliminating
the disease effectively, however, they also produce undesirable side
effects on the ecosystem which have resulted in the elimination of non-
targeted organisms [3]. The recent availability of genome sequences
for Anopheles mosquitoes and Plasmodium parasites has opened up
new vistas for novel interventions. A deeper understanding of the
Plasmodium biology, vector habitat and proliferation are essential for
exploring the discovery and inventions of new interventions that can
effectively address malaria eradication programs.

World

Plasmodium
proliferation

falciparum, growth, development and

parasites that infect and destroy red blood corpuscles resulting in a
high fever, severe anemia and other complications that ultimately
result in death in the majority of untreated cases. Recent findings
reveal that nearly 40% of the world’s population is at a potential risk
of suffering from malaria due to being habitants of countries where
the disease is endemic. According to a World Health Organization
(WHO) report, more than 220 million cases of malarial infections are
reported every year and the annual mortality rate due to malaria is
781,000 [1]. The groups of parasites that cause this disease belong to
the genus Plasmodium and these species belong mostly to Plasmodium
falciparum. Other species include Plasmodium vivax, Plasmodium
malariae, Plasmodium ovale and Plasmodium knowlesi. The Global
Malaria Eradication Programs launched by WHOrelied solely upon
two tools, namely the use of the insecticide dichloro-diphenyl-
trichloroethane (DDT) for vector control and the administration
of chloroquine for treatment and prevention [2]. Although use of

A single bite by an infected female Anopheles mosquito injects
100 or more sporozoites into the bloodstream and within minutes
after being introduced into the blood they invade the hepatocytes
where they remain either dormant or develop over several days
ultimately forming schizonts that give rise to the blood stage
infection [4]. The schizonts of the hepatic stage augment into
several thousands of merozoites and following the rupture of liver
cells these merozoites are released into the blood stream and invade
erythrocytes. The intraerythrocytic parasites replicate synchronously
and some merozoites develop into male and female gametocytes. The
gametocytes are taken up into the gut of female mosquitoes during
blood meals. The male gametocytes are activated and form gametes
which fuse with the female gametocytes to form diploid ookinetes.
These ookinetes migrate into the mid gut of the vector and pass
through the gut wall to form oocytes and give rise to sporozoites by
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meiotic division. These sporozoites then find their way to the salivary
glands of the mosquito, where they remain till they are transmitted
into human beings by the bite of the mosquitoes [5]. Of the various
stages, the intraerythrocytic stage of Plasmodium development is
crucial for infecting humans and causing disease. It is the primary
cause of malaria morbidity and mortality. All the clinical symptoms
of malaria ranging from fever, anaemia and cerebral signs are all
associated with blood stage of the Plasmodium lifecycle [6]. The
progression of the malarial parasitic life cycle involves interplay
between the parasite’s changing environment and its own built-in
genetic program [7]. The erythrocytic cycle of Plasmodium falciparum
occurs over a period of 48 hours and consists of ring, trophozoite,
and schizont that ultimately give rise to merozoites that are released
into the blood stream at a specific time of the day-night cycle [8].
The role of the host’s circadian system and pineal hormone melatonin
are essential for the synchronous maturation of Plasmodium and its
survival in the host [9]. The emergence of the parasites from the
host’s erythrocyte involves a coordinated occurrence of the rupture
of parasitophorous membranes and erythrocyte membranes as
well as the release of many proteases. These proteases, due to their
involvement in parasitic development and invasion are targeted
mainly by antimalarial drugs [10]. Of the various proteases identified
in the Plasmodium, the ubiquitin-proteosome-protein system
(UPS) is imperative for regulating the Plasmodium cell cycle. The
UPS pathway in Plasmodium falciparum is said to be involved in
specific functions related to pathogenesis or virulence [11]. Recent
studies conducted by Dr Koyama and his associates have revealed
that melatonin up regulates the genes related to UPS and evidence
for this has been obtained by using melatonin receptor antagonists,
such as luzindole which inhibits this system [12]. Understanding the
importance of activation and modulation of kinases in Plasmodium
biology is advocated as an essential step for the future development of
antimalarial drugs. Kinase inhibitors such as genistein and tyrphostin
block the P. falciparum cell cycle and hence have the potential of
acting as antimalarial drugs [13].

Recent studies of signaling pathways in P. falciparum have
exhibited that Plasmodium has receptors for activated C kinase and
is expressed during the intraerythrocytic cell cycle [14]. Although G
protein-coupled receptors are absent in Plasmodium, the existence
of serpentine or heptahelical receptor genes in its genome and the
transcripts of which have been identified in the asexual stages of
the parasite [15]. Melatonin acts by inducing cAMP production
and increases intracellular Ca®* activating protein kinase A (PKA)
and the protein kinase in turn regulates Plasmodium growth and
differentiation. Both cAMP and Ca** control different aspects of
Plasmodium development and combined action of both are crucial
for parasitic function. The blocking of either one of these messengers
inhibits PKA and arrests parasitic growth [16].

Malaria control: therapeutic options

Despite the launch of the global malaria eradication programs by
WHO in 1955 [2,17] more people are at risk of suffering from malaria
now than ever before [18]. Malarial parasites are clever enough to
avoid the host immune system as they develop various sophisticated
mechanisms [18]. The need for developing effective human malarial
vaccines are imperative and will aid in the eradication of malaria
at a global level [19] which was indeed developed by Glaxo, Smith

and Kline (GSK). The vaccine RTSS developed by GSK, was found
effective in reducing the risk of clinical malaria and in preventing the
episodes of severe malaria for a period of 18 months [20]. The Bill
and Melinda Gates foundation introduced an agenda in 2007 with
the final goal of eradicating all species of Plasmodium that caused
malaria infection in humans and this was supported by WHO [21].
The antimalarial drugs have been found to be effective in eradicating
all four species of malarial parasites that have been identified so far.

Recently the role of malaria pigment has received attention with
regards to the control of malarial parasitic development. During the
intraerythrocytic stage of development, the trophozoite form feeds
on hemoglobin. The toxic heme (to the parasite) is aggregated to
form insoluble dark-brown crystals known as hemozoin (Hz) which
accumulates inside the parasitized erythrocyte. Phagocytes acquire
Hz through phagocytosis of parasitized red blood cells (RBC) or free
Hz crystals released by schizont rupture [22]. Hz through a variety of
mechanisms causes the suppression of immune mechanisms and is
said to be responsible for associated clinical problems. Hz ingestion
by mononuclear cells enhances the production of pro-inflammatory
mediators such as tumor necrosis factor-a and nitric oxide [23,24].
The blocking of Hz formation has been recommended to increase
immune mediated parasitic clearance and thus it will be useful in
preventing the formation and transmission of gametocytes [25].
Chloroquine, quinine, and artemisinin are efficient in blocking the
formation of Hz from heme. Effective targeting of Hz with these drugs
alludes to the reduction of high morbidity and mortality associated
with this disease .Since resistance to these drugs has become a major
problem, modifications of quinine, chloroquine, or artemether to
overcome parasitic resistance will be of immense help in achieving
the goal [25]. P. vivax causes intense morbidity in countries of
Latin America and Asia. Chloroquine is the drug of choice to treat
malaria caused by P. vivax. Therefore, it was felt that monitoring
the development and resistant phenotypes and genotypes should be
given top priority wherever endemic malaria is present. During a
recent study, in vitro methods were implemented in order to examine
anti-malarial drug sensitivity towards Plasmodium and to various
drugs which were simultaneously assayed. The results of this study
indicate that all P. falciparum isolates were revealed to be chloroquine
resistance. The majority of P. vivax and P. falciparum isolates were
sensitive to mefloquine and artesunate [26]. The Plasmodium parasite
has the ability of developing drug resistance at an acutely rapid rate;
finding new and effective methods which effectively fight against
malaria must henceforth be the top global health priority. Structure-
based drug discoveries centered on structural genomics is a newly
developed field introduced for the speedy development of anti-
malarial programs and it will inevitably assist in accelerating drug
development [27]. Recently, the Malaria Eradication Research Agenda
(malERA) has been introduced which highlights the importance of
both basic science and operational research in its fight against malaria
[28]. The malERA emphasizes the need for the development of basic
research in fully comprehending malaria parasite biology in addition
to the operational research in the global fight against malaria [29]. The
role of human natural killer cells (NK cells) and macrophages in the
control of malarial parasitic infection was recently evaluated by using
the RICH mouse model (RBC supplemented, immune cell-optimized
humanized mice) which remains manifest in multiple cycles of P.
falciparum infection. By depleting NK cells, a noteworthy (seven-
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fold) increase of parasitemia was noted at 48 hours post infection
in these RICH mice. The removal of macrophages did not result in
parasitemia. In vitro studies revealed that NK cells preferentially
interacted with infected RBCs causing the activation of NK cells and
the elimination of infected RBCs. This study was in favour of the
notion that NK cells are essential for controlling malarial infection
[30]. Any procedure that activates NK cells can be useful in controlling
malarial infection in infected individuals. Based on various effective
measures that are currently available, the working group on malaria
and the UN Millennium Project have recommended the use of these
measures for reducing the malaria morbidity and mortality by 75% in
2015 from its baseline level of 2005 [31].

Melatonin-based therapeutic options: recent studies

Melatonin, the neurohormone, is secreted mainly by the pineal
gland and is also formed by multitudinous other organs in the
body such as the gastrointestinal tract, thymus, and skin, but the
production of melatonin by the pineal gland is circadian in nature and
is controlled by the suprachiasmatic nucleus of the hypothalamus.
The nocturnal production and release of melatonin either into the
blood or into CSF has either very high or very low levels of melatonin
which are deducted in the blood during the daytime [32]. The
light-dark cycle entrains the melatonin rhythm generated by the
suprachiasmatic nucleus of the hypothalamus by acting through the
retino-hypothalamic tract. Melatonin secretion existent in humans or
other species is used as a “signal essential for the synchronization of
Plasmodium falciparum life cycle” [33]. Melatonin found in the blood
of the host (human) crosses the erythrocyte membrane, binds with
the receptors found on the membrane of P. falciparum and activates
phospholipase C. Phospholipase C induces the production of the
inositol triphosphate (IP3). IP3 stimulates the release of Ca** from the
endoplasmic reticulum of the parasite that initiates the synchronous
maturation of the malaria parasite [33]. Genomic studies have
established that both Ca’* and cAMP are essential for coordinating
various aspects of Plasmodium function and both of these messengers
are activated by melatonin [34]. Melatonin activates PKA through
these two messengers only [14]. Melatonin modifies the life cycle of
P. Falciparum by up regulating the genes involved in the UPS as well
as controlling signaling pathways which has been discussed in the
earlier section and this effect was blocked by the melatonin receptor
antagonist luzindole [12]. The effects of melatonin on Plasmodium cell
signaling pathways are also blocked by the phospholipase C inhibitor,
U 73122 [35]. Not only malaria parasite Plasmodium but another
parasite Trypnasoma cruzi also requires melatonin for regulating its
cell cycle but in this case the hormone is synthesized by the parasite
itself [36]. Similar to the nocturnal activation of Plasmodium by the
host’s melatonin levels in the blood, the filarial parasite Wuchereria
bancrofti are released in to the host’s blood during the night time, and
this is triggered by high nocturnal levels of melatonin in the host’s
blood [37]. The endogenous circadian rhythm in these parasites (both
Plasmodium and Wuchereria bancrofti) although self-sustained, they
are tuned to environmental time cue, namely the melatonin levels in
the host’s blood [37]. The above mentioned findings point out that
cell cycles of P. falciparum or P. vivax, mainly the development of
asexual stages can be blocked by suppressing melatonin actions
using the common melatonin receptor (MT, and MT,) antagonist
luzindole [38,39]. As exposure to bright light can suppress nocturnal

melatonin levels [40], bright light can be applied at night to remove
“key signal” (high plasma melatonin levels in the host) that is essential
for synchronizing malaria parasite growth and development. A
light mask treatment can deliver light through the subject’s eyelids
at specific intensities (enough to suppress plasma melatonin levels)
without disturbing the subject’s sleep in the night [41].

Melatonin derivatives: novel potential antimalarial drugs?

As we discussed in the earlier paragraphs, melatonin plays an
imperative role in the control of malaria parasite replication and hence
targets and blocks melatonin’s action on plasmodium development
which will significantly help to curb this infection and disease.
Much interest has been provoked in the development of melatonin
antagonists as antimalarial drugs leading to the development of
new melatonin related compounds 7-11 and 12-16 which may be
applied in an attempt to block the parasite’s development [42].
These N-heterocyclic derivatives were developed by modifying the
structure of the parent compound namely melatonin. Substituting
hydrogen in the methoxy group and adding diverse substituents to
the carboxamide at the position C3 of the indole ring of melatonin
resulted in the synthesis of 7-11 compounds. Compounds 12-16 were
developed by the substitution of the amide group. When tested for
antimalarial activity, compounds 12, 13, and 14 exhibited antimalarial
activity. Among the indole compounds with antimalarial activity
which was synthesized earlier NITD 609 belonging to spiroindolone
was found to interfere with the transmission of the parasite to the
vector Anopheles and this drug is applied in phase I of the clinical trial
[43]. The Compounds 7-11 belonging to 2-(indol-3-yl) ethylamine
derivatives and compounds 12-16 belonging to (2-(5-methoxy
-1H-indol -3yl) amine when tested for antimalarial activities,
compounds 9 and 10 were able to block the effect of melatonin in
Plasmodium. New derivatives from the compounds 12-14 with
antimalarial activities are in progress [42]. As circadian changes
in the melatonin levels of the host environment (plasma or blood)
acts as a “key signal” for synchronizing the growth, development
and differentiation of P. falciparum or P. vivax or P. knowlesi,
devices, agents, or drugs that either prevent or block the actions of
melatonin on malarial parasites [44] will be beneficial in curbing
malaria parasite infection. Besides using the nocturnal melatonin
level as a signal for synchronizing its life cycle, malarial parasites also
use melatonin as an antioxidant for protecting themselves from free
radical attacks in the oxygen rich environment where they have to
thrive and multiply (intraerythrocytic stage) [45]. Hence, the usage
of melatonin antagonist derivatives will be ideal for blocking the
actions of melatonin on malaria parasite growth, differentiation
and development. A schematic diagram of the role of melatonin in
the activation of the key events which cause malarial parasitemia is
demonstrated in Figure 1. Blocking melatonin actions on malaria
parasites will be an effective method for inhibiting the malarial life
cycle.

Conclusion

Malaria continues to be one of the major global health problems
in developing countries and is the most common cause of death
from infectious diseases. More than 3.3 billion people live in areas at
risk of malaria [46]. In most cases, infection of the human host with
malaria parasites commences with the bite of an infected Anopheles
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Figure 1: Antimalarial actions of melatonin antagonists.

mosquito. Antimalarial drug therapy which was introduced in the
early stages was quinine, a natural product and this was followed
by synthetic derivatives 8-aminoquinolone, primaquine and the
4-aminoquinolone chloroquine. All these drugs cause parasite
death by preventing the polymerization of the toxic byproduct of
hemoglobin breakdown namely the heme into non-toxic product Hz.
This Hz is the main cause for the occurrence of severe malaria anemia,
immunosuppression and cytokine dysfunction apparent in malarial
infected individuals, especially in children and pregnant women.
Targeting this pigment is considered as essential for the development
of new therapeutic tools against malaria. Chloroquine, quinine, and
artemisin all block the formation of Hz from heme. As malarial
parasites have developed resistance against these drugs, modification
of the structures of quinine, chloroquine and artemisinin has become
inevitable for targeting the disease. As both intracellular calcium and
cAMP are essential for coordinating various aspects of the malarial life
cycle, inhibiting the formation or reducing the levels of these agents
within the cytoplasm of malarial parasites will be the other possible
mechanisms for controlling the growth and spread of malaria.
Spiroindole derivatives have been shown to block the entry of Ca*
into the malarial parasites and the drug was patented in 2013 [47].
With the identification of melatonin as a nocturnal signal essential for
synchronizing the Plasmodium life cycle, interest has been diverted
to the development of drugs or agents that block the actions of
melatonin on Plasmodium and recently melatonin derivatives that
are antagonists to melatonin have been developed and found effective
in inhibiting malarial parasitic growth. Employing these melatonin
antagonists in clinical trials for treating malaria infected patients will
benefit not only the patients infested with the disease but will assist in
preventing the spread of malaria itself.
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