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Preface

Communicable diseases are prevalent worldwide. In sub-Saharan Africa,
communicable diseases cause premature and preventable deaths. Their negative
effects are often felt in these poor and inadequate resource settings. Effective
implementation of environmental management coupled with community involve-
ment and participation may reduce the burden of communicable diseases, including
malaria. Application of simple control and preventable measures that are culturally
acceptable, affordable, accessible, and achievable may be the mainstay of dealing
with this public health problem in a sustainable manner. The positive effect of suc-
cessful intervention may be manifested by the reduction of disease burden among
women and children, more particularly children under five years of age who die in
large numbers. More often than not it is the individual’s responsibility to safeguard
their own health in all aspects such as positive change in lifestyles, good health-
seeking behavior, and where possible control of the environment, hence the effect
of climate change.

It is the view of the authors that the readers of this text book will derive maximum
benefits from it, use it as a reference manual in their workplaces, and share the
knowledge with the communities they serve. It is evident that change is enacted
from within the mindset of an individual, then transmitted to families, communi-
ties, and eventually nations, who will change thereby create an environment better

for everybody.

The book focuses on different types of malaria, more especially Plasmodium
falciparum, which is detrimental to communities and the cause of death among
children, particularly the under-fives, as well as pregnant women, women, and
men in general. Preferably, readers may use the book as a bedside reference manual,
especially those working in malaria endemic areas, which may contribute to reduc-
ing human suffering and unnecessary death. Although the treatment of different
forms of malaria, ranging from uncomplicated to complicated malaria, is outlined,
users of the book should go beyond bedside medicine to the communities and deal
with the root cause of the problem, which is the mainstay of malaria control and
prevention. These interventions can facilitate the wellbeing of the communities in
the affected countries, thereby economic improvement and meaningful develop-
ment may be achieved. And we can all jointly acknowledge and accept that “this

is our problem” as opposed to “it is their problem.” This therefore can help us deal
with malaria as a communicable disease.

Fyson H. Kasenga, PhD, MPH

Deputy Vice Chancellor,

Malawi Adventist University,

Malamulo College of Health of Sciences,
Makwasa, Malawi






Chapter1

Origin of Two Most Virulent
Agents of Human Malaria:
Plasmodium falciparum and
Plasmodium vivax

Boundenga Larson

Abstract

Malaria is a protozoan disease caused by a parasite belonging to Plasmodium
genus. Five species are known to infect humans: Plasmodium falciparum,
Plasmodium vivax, Plasmodium knowlesi, Plasmodium ovale, and Plasmodium
malariae. Among these species, Plasmodium falciparum and Plasmodium vivax
account for more than 95% of all human malaria infections and thus pose a serious
public health challenge. Plasmodium falciparum is highly prevalent in sub-Saharan
Africa, while Plasmodium vivax is rare in sub-Saharan Africa but endemic in many
parts of Asia. The recent studies using the development of molecular tools have
shown that a large diversity of malaria parasites circulate among the nonhuman
primates and certainly present a similarity with human parasites. For a long time,
the question of the origin of its parasites that infect human population has been
the subject of much debate. Today, it would seem that both most virulent agents of
human malaria would come from African apes. Thus, this chapter tries to review
available data about the origin of these two Plasmodium species.

Keywords: Plasmodium, nonhuman primate, human, Africa, origin, host switching

1. Introduction

Malaria is a serious infectious disease. It is caused by parasites of the genus
Plasmodium and transmitted by Anopheles mosquitoes to its vertebrate hosts. This
disease is an important global health problem, especially in sub-Saharan Africa [1]
(Figure1). Indeed, the African region continues to carry a disproportionately high
share of the global malaria burden [1, 2]. Among five Plasmodium species which
infect human, two species Plasmodium falciparum and Plasmodium vivax pose the
greatest threat for human health. For example, P, falciparum is the most prevalent
malaria parasite on the African continent. It is responsible for most malaria-related
deaths globally [3], while P. vivax is rare in sub-Saharan Africa, but it is the major
malaria parasite in most countries outside of sub-Saharan Africa [4].

The origin of parasites responsible of human malaria has always been at the
center of the debate [5, 6]. Understanding the origin of its infectious agents could
open a door in the improvement of strategies to fight against the malaria agents
which constantly surprise us by their abilities to adapt to the different means of
fight put in place. So then, the questions are as follows: Where do the pathogens
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Figure 1.
Map of world malaria distribution.

responsible for this disease come from in humans? This chapter is a synthesis of the
available data on the origin of two most virulent agents of human malaria:
P, falciparum and P. vivax.

2. Nonhuman primate natural hosts of a large Plasmodium diversity

Today, the diversity of Plasmodium parasites infecting primates is well docu-
mented. First studies based in morphological analysis have reported three species
which infect African apes (Plasmodium rveichenowi, Plasmodium schwetzi, and
Plasmodium rodhaini), and some of these were found to resemble human parasites
Plasmodium malariae, Plasmodium vivax, and Plasmodium ovale [7]. The develop-
ment of molecular tools allowed for a re-examination of Plasmodium diversity
[8-10]. Data collected over the past years have shown that NHPs are infected
with large diversity of Plasmodium belonging to two subgenera (Laverania and
Plasmodium) [11] (Figure 2).

2.1 Laverania subgenus

Among species classified into Laverania group, four species infect chimpanzees
(R gaboni, P, billcollinsi, P, billbrayi, and R reichenowr), only three infect gorillas (P, adleri,

P, blacklocki, and P, praefalciparum), and only one infect bonobo (P, lomamiensis) [8, 9, 12].
Therefore, P, billbrayi [10] is not accepted as a new species by some authors [6, 13] who
reported that these isolates did not seem to be sufficiently distinct from P, gaboni to war-
rant a separate species designation [6]. However, this species was described only in Pan
troglodytes schweinfurthii and hence is the reason why we believe that could be another
species [10] (Figure 2). Moreover, Mapua and colleagues reported recently several
lineages of these parasites among African apes [14].

To date, all studies on natural populations of apes (based on the analysis of fecal
samples) have shown that no Plasmodium species from the Laverania subgenus is
able to infect in natura both hosts (gorillas and chimpanzees) [8, 13], thus suggest-
ing the existence of a strong host specificity due to genetic barrier [6, 15]. However,
arecent study revealed that this genetic barrier is not completely impermeable
[16]; moreover, in this study, authors reported that the exchanges between gorillas
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and chimpanzees were possible in confined environments [16]. Second hypoth-
esis was about the role played by potential vectors [17]. However, this hypothesis
was refuted by a study which showed that vectors had no preference for hosts

[18]. Thus, other ecological factors could play a potential role in host specificity.
Furthermore the simians’ species of this group seem to be geographically located in
central Africa only (Figure 3).

2.2 Plasmodium subgenus

Conversely, subgenus Plasmodium (non-Laverania) includes several species
infecting a large variety of primates of varied origins [Africa, Asia (catarrhines),
South America (platyrrhines) and Human] [11]. Two major facts concerning this
group were the emergence of P. knowlesi in human population [19, 20] and the char-
acterization of P, vivax-like in chimpanzees and gorillas [21, 22] which completely
changed our consideration of this malaria parasite subgenus [23, 24].

In Africa NHPs, five species of this subgenus circulate among monkeys and great
apes, two for monkeys (P. gonderi and P. sp. DAJ-2004 [called now Plasmodium
mandrilli [25]]) and three for great apes (P, vivax-like, P malariae-like, and
P ovale-like) [13, 16]. In African great apes, both hosts (chimpanzee and gorilla)
are infected with these parasites (P, vivax-like, P malariae-like, and P. ovale-like)
(Figures 3 and 4). Thus, these Plasmodium species are not specific hosts, and it
would be very interesting to establish the mechanisms which favor host switch-
ing for these parasites. Several species were reported as implicate in circulation of
malaria parasites in central Africa [17, 18]. In African apes three Anopheles species
(An. moucheti, An. vinckei, and An. marshallii) are known to allow the circulation of
malaria parasites in forest environment [18].

Apart from African apes, Asian monkeys are also infected by many other species
of Plasmodium (P. cynomolgi, P hylobati, P. knowlesi, P. coatneyi, P. fragile, P, fieldi,
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Figure 4.
Phylogenetic tree of some Plasmodium species found in apes.
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P, simiovale, and P inui Plasmodium spp. [26]) (Figures 3 and 4). Several other species
of Plasmodium were observed among Asian apes by microscopic analyses, but no
molecular evidence of the existence of these lineages are available (e.g., P. pithecia and
P, sandoshami). These malaria parasites could infect many apes’ hosts. Several stud-
ies reported of the different NHP species with same parasites [27] or many parasites
which were found in one species of NHP, for example, four species of simian malaria
parasites were characterized in the pig-tailed macaques (Macaca nemestrina) [28, 29].
In this part of the world, the situation of P knowlesi gives a good example of the risk
that these parasites could present to humans. Recently, the probable existence of three
divergent subpopulations of P. knowlesi with the different origins was reported [30].
Finally, in South America some Plasmodium species were described as infecting
NHPs. The species found in Southern American primates are Plasmodium brasilianum
and Plasmodium simium, and these parasite species naturally infect monkeys from
the Cebidae and Atelidae families [31] (Figure 3). However, P. brasilianum infects 11
species of monkeys (Alouatta spp, Ateles spp, Brachyteles arachnoides, Cacajao calvus,
Callicebus spp, Cebus spp, Chiropotes satanas, Lagothrix spp, Saimiri spp, Saguinus
midas, and Pithecia pithecia), while Plasmodium simium infects only 2 species (Alouatta
spp and Brachyteles arachnoides). In recent studies, P simium was found for the first
time in capuchin monkeys from the Brazilian Atlantic Forest [32]. P brasilium and
P, simium are similar and indistinguishable from human P, malariae and P, vivax. These
similarities occur at the morphological, genetic, and immunological levels [31, 32].

3. Where do the malaria parasites that infect men come from?

The understanding of origin of human malaria parasites has been the subject of
numerous studies that have been based on the morphology, biology, and affiliation
of parasites to their hosts [33]. However, recent development of molecular tools in
diagnosis has made considerable progress in understanding the evolutionary history
of malaria parasites. Indeed, the contribution of several new sequences by this new
approach will clarify the debate on many theories developed on the subject [34].
Moreover, several of these parasites have been found to be associated with humans
by lateral transfer from other vertebrate host species [35, 36]. We will present the
probable origin of two most virulent Plasmodium species that infect human.

3.1 Plasmodium falciparum

The debate on the origin of P. falciparum most spread in world (Figure 5) was
opened with the study of Waters and his collaborators who proposed an avian origin
of this parasite that is to say that the man would have recently acquired this parasite
of a transfer from birds to humans [37]. Indeed, phylogenetic analyses based on
the study of ribosomal RNA subunit (rRNA) sequences showed that P, falciparum
formed a monophyletic group with Plasmodium spp. of birds (see Figure 6), hence
the conclusion of the authors.

Three years after the first hypothesis on the origin of P. falciparum, Escalante
and Ayala [38], in their study also based on 18S RNA, take into account for the first
time P, reichenowi, an isolated parasite in a chimpanzee African (Figure 7). They
will show that this parasite is the closest parent of P. falciparum; therefore, this
observation allowed authors to conclude that Plasmodium falciparum origin was not
arecent lateral transfer of this parasite of birds to humans [38, 39]. In this study,

P, falciparum and P, reichenowi form a large group with primate parasites of the
subgenus Plasmodium (non-Laverania), rodents, and birds [38, 40, 41] (Figure 7).
This will further fuel the debate on the origin of P, falciparum.
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Figures.
Distribution of Plasmodium falciparum in the world [42].
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Figure 6.
Phylogenetic tree of malaria parasites obtained by Waters and colleagues [37].

The disputes surround the probable origin of P, falciparum, whether it comes
from birds or rodents, will be raging. Authors as Prugnolle et al. believe that the
problems or weaknesses of many studies were based essentially on two aspects
[5]: firstly the low number of plasmodial species and sequences integrated in these
analyses and secondly the limited number of molecular markers used for the devel-
opment of phylogenies. Despite all this controversy, P. falciparum will be considered
to have an African origin [43-45].

The year 2009 will completely change our understanding of the evolutionary
history of P, falciparum, because prior to this year, only one species (P, reichenowi)
was known to be closer to P, falciparum. After the discovery of Plasmodium gaboni
parasite that infects chimpanzees [46], several other sequences from African great
apes will definitively bring elements of answers to question on the origin of this
parasite.

Indeed, in 2010, Prugnolle and colleagues will highlight for the first time
P, falciparum-like in gorillas and several other lineages. These studies will prove that
the Laverania group that includes P, falciparum has a great diversity of species that
circulate in African primates [9]. This will make it possible to show that the origin
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Origin of human Plasmodium falciparum. This phylogenetic tree illustrates the remarkable diversity of
Plasmodium parasites infecting African apes (Holmes 2010).

of P, falciparum is not found in birds or rodents but in the gorillas that have recently
transmitted it to humans via anophobic zoo-anthropophilic mosquito [17, 18]. P
falciparum-like of gorillas will be named P. praefalciparum to distinguish it from
that which infects humans [11, 13].

In 2011, the hypothesis of a gorilla origin of P, falciparum seems to be weakened
by the discovery of P. praefalciparum in a small African monkey (Cercopithecus
nictitans) [47]. This study also will reveal the existence of at least two types of P
praefalciparum: 1 and 2. P. praefalciparum-1 infects gorillas and monkeys (C. nicti-
tans), and P, praefalciparum-2 infects only gorillas [11]. Other studies will focus on
African monkeys, but will not find P. praefalciparum [48]. Thus, we believe that the
hypothesis of Plasmodium falciparum from monkeys is not solid and that C. nictitans
species is not a natural reservoir for this parasite [48].

Today, after numerous studies that analyzed more than 5000 samples of wild
and captives apes [8-10, 12, 13, 16, 21, 22, 47] (Figure 8), it appears that gorillas are
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the reservoir for the P. praefalciparum, even though several hypotheses concerning
the origin of P, falciparum have been proposed for primates [10, 47].

The hypothesis according to which Plasmodium falciparum would come from
gorillas seems to be the most plausible at the moment. Indeed, several P praefalciparum
sequences had been found from numerous wild-living gorillas in different areas [8, 13].
Loy and colleagues suggested that this parasite strain that was able to cross the host spe-
cies barrier by carried one or more highly unusual mutations that conferred him an abil-
ity to colonize humans [49]. This theory comes to the fact that recent studies in human
populations living close to the wild apes did not reveal the presence of parasites of great
apes belonging to Laverania subgenus in humans [50, 51]. Thus, then it would seem that
P, falciparum comes from African gorillas according to available data at the moment.

3.2 Origin of Plasmodium vivax

Plasmodium vivax is particularly prevalent in Asia, Southeast Asia, South
America, and the Western Pacific region [52] (Figure 9). Already the first studies
on malaria of the great apes had revealed the presence of parasites resembling
P, vivax [53, 54]. Despite its first observations, the question on the origin of P. vivax
remained uncertain for several years. Concerning this interesting question of the
P, vivax origin, several hypotheses have been proposed in recent years.

The first hypotheses about the origin of P, vivax had suggested that it originated
in Southeast Asia [24, 49]. These hypotheses were based on the fact that P, vivax
shares morphological and biological traits with several macaque parasites and that
Plasmodium simian’s species are abundant in this Asian region [36]. This hypoth-
esis was supported by the phylogenetic analyses that placed P. vivax among the
Plasmodium spp. of Asian monkeys with like closest parent, Plasmodium cynomolgi,
which infects macaques in Asia [40, 55]. The consensus view has thus been that
P, vivax emerged in southeastern Asia following the cross-species transmission of a
macaque parasite [23, 56, 57].

In addition to the first hypothesis, another hypothesis will articulate around of
the negative Duffy receptor and would suggest African origin of P, vivax [58, 59].
Indeed, the presence of negative Duffy blood group in central and West African
populations was correlated with the absence of P, vivax. This character would confer
resistance to P. vivax infection, which suggested that this mutation arose in response
to prolonged selection pressure from P, vivax [60]. Currently, Duffy antigen is the
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Figure 9.
The spatial distribution of Plasmodium vivax in the world [52].
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Figure 10.

The diagram presents a possible two-step scenario for the transfer and establishment of ape malarias in
humans. Sylvatic anopheline vectors were transmitting malaria between apes; in the first step, one (or more)
bridge vector(s) would also transfer infective Plasmodium parasites to humans. In a second step, human-
adapted Plasmodium parasites adapted to domesticated mosquito vector species that share the same ecological
niche with humans [63].

only receptor known to be used by parasite to invade the red blood cell. Thus, it has
been proposed that P. vivax co-evolved with African populations for longer than
with other human populations [24, 61].

However, the recent studies using the development of molecular tools allow to
have a clear view on the origin of this parasite. These studies have shown that chim-
panzees and gorillas from central and West Africa harbor a large diversity of
P, vivax-like parasites [10, 21, 22, 62]. This discovery accentuates the African origin
of Plasmodium vivax and reveals that African great apes are potential sylvatic reser-
voir of P vivax [21, 22]. However, elucidation of the origin of P, vivax in African apes
needed complementary studies of wild-living populations across central Africa [22].

Also, Prugnolle et al. have shown that P vivax-like found among African great apes
form a distinct and much more diverse genetic group than that of human parasites [21].
In this study authors revealed also an older origin of the African simian lineages and the
fact that these lineages are able to infect the Caucasian population today [21] (Figure 10).
Thus, the discovery of P, vivax in large numbers of chimpanzees and gorillas provides
compelling evidence for an African, rather than an Asian, origin of human P vivax.

Today, an interesting question would be to understand how this passage of
apes to man had been done. To this question, in view of current data and analyses,
we agree to say, instead, it is much more likely that extant human P. vivax could
represent a lineage that survived after spreading out of Africa [21, 64, 65], because
this theory could explain the fact that we observed today a reduced diversity of
the human parasites which would result from an out-of-Africa bottleneck, such as
observed in P, falciparum [45, 66].

4. Malaria like a zoonotic disease: the running toward new environments
is a wont for Plasmodium

It is true that many Plasmodium parasites circulating in African NHPs could
produce symptoms of this disease in apes [67]. However, no Plasmodium species
particularly parasites belonging to Laverania subgenus has been found to infect
human to date. Studies conducted in rural population in central Africa (Cameroon
and Gabon) have shown that Laverania parasites were absent of human populations
living in villages that are in very close proximity to wild forest [50, 51] and even
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those working in very close contact with NHPs [16]. On the other hand, several
studies reported that P, falciparum is able to infect African apes, for example,
Bonobos, chimpanzees [10, 26], and recently the mandrills [16]. The question is
why these transfers are vare or why the ancestral pavent of P, falciparum (P. praefal-
ciparum) appear incapable of infecting humans today. Loy et al. suggest that gorilla
parasite strain that was able to cross the host species barrier must have carried
one or more highly unusual mutations that enable it to colonize humans [49]. But,
supplementary studies would be necessary to support this hypothesis.

In contrast, many parasites of Plasmodium subgenus were reported to infect
humans. The major case known is P. knowlesi that infects NHPs in south Asia and
now is considered as the fifth Plasmodium species that infects human and cause
malaria in southern Asian population [19]. Other cases of natural or accidental infec-
tions of humans with simians Plasmodium were reported in literature. Indeed, a total
of seven species of monkey malaria have been reported via mosquitoes (P, cynomolgi,
P, brasilianum, P. eylesi, P. knowlesi, P. inui, P. schwetzi, and P. simium) [11, 68, 69].
Recently, ape P vivax has been found to cause clinical malaria in Caucasians who
stayed during some days in African forest [21]. Thus, parasites of Plasmodium sub-
genus are apparently able to cross the species barrier to humans. So the emergence
of these parasites should be monitored in areas where an influx of contact between
humans and NHPs increases with anthropization, which destroys ape habitat and
favors contact. In view of the rare faction of monkeys and the increase of the human
population, it is feared that human infection of simians Plasmodium will become
more frequent which could lead to humans becoming simians’ major host [70].

5. Prevention

The potential for zoonosis is influenced by human habitation and behavior as
well as the adaptive capabilities of parasites and vectors. Indeed, the existence of
potential sylvatic reservoirs of P, vivax and P, falciparum in Africa could compro-
mise malaria control and eradication efforts. Actually, there is lack of knowledge
about the real extent of malaria zoonosis. Thus, this aspect of zoonosis malaria
parasites must be taken into account by the public health authorities responsible
for the fight against malaria. African structures health need to put appropriate
strategies of prevention against zoonotic malaria parasites that could be developed.
However, they must be based on good data of research on diagnosis and treatment
of zoonotic malaria. Moreover, all people living in the locality or monkeys are
known to grass a large variety of malaria parasite, which must take their precaution
when they venture into forest environment, in order to avoid mosquito bites.

6. Conclusion

The development of the tools of molecular biology allowed us to see clearer
in the history of parasite that infects the man, especially Plasmodium species.
Indeed, these tools allowed us to highlight large diversity of the malaria parasites
that circulate to the nonhuman primates, so to understand better the origin of the
most virulent parasite responsible for human malaria (Plasmodium falciparum and
Plasmodium vivax). Therefore, on the basis of available data, it is more than likely
that its parasites have an African origin and that African gorillas and chimpanzees
would constitute potential reservoirs of its parasites. Thus, in this context, it is
important to determine or develop appropriate preventive strategies. It is necessary
to set up monitoring systems in forest areas and to make sensitization campaigns.
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Annex for reader

Diversity: the condition of having or being composed of differing elements
(variety). It can also include of different species or genetic lineages.

Gorilla sp.: designs all species belonging to Gorilla genus. This genus has three
subspecies of gorilla (Gorilla gorilla gorilla; Gorilla gorilla graueri and Gorilla gorilla
beringei).

Laverania: is a subgenus of the Plasmodium genus of parasites. The parasites
belonging to this subgenus have a strong host specificity.

Outgroup: outgroup is a more distantly related group of organisms that serves as
a reference group when determining the evolutionary relationships of the ingroup,
and it is used as a point of comparison for the ingroup and specifically allows for the
phylogeny to be rooted.

Phylogenetic tree: a phylogenetic tree is a diagram that represents evolutionary
relationships among organisms.

Plasmodium GorA (Prugnolle et al. 2010): Plasmodium adleri.

Plasmodium gorB (Prugnolle et al. 2010): Plasmodium blacklocki.

Plasmodium (non-Laverania): non-Laverania subgenus includes many parasites
such as P malariae, P. vivax, P. ovale-curtisi, and P. ovale-wallikeri as well as the
monkey parasites P. inui and P. hylobati.

Pan sp.: Pan sp. designs all species belonging to Pan genus (the common name of
member of this genus chimpanzees and bonobo).

RNA subunit (rRNA): ribosomal ribonucleic acid (rRNA) is the RNA compo-
nent of the ribosome and is an essential element for protein synthesis in all living
organisms.
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Malarial Pathophysiology and
Phytochemical Interventions:
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Oxidative Stress Anti-Disease
Phytotherapeutics
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Abstract

Malarial systemic pathophysiology refers to physiological changes or abnor-
malities that are experienced by individuals infected with the Plasmodium para-
site not be presenting in the absence of active, chronic or previous infection. The
pathologies are derived, in part, from OS induced insults whose mediators are
readily available in malaria. The malaria disease is equivalent to the pathophysi-
ology as shown by the abnormal syndromic expressions ranging from ailments
that affect homeostatic mechanisms and processes to tissues and organ specific
damages and derangements. Phytotherapeutic remedies refer to the natural
phytochemicals or plant medicinal compounds and their derivatives with known
antiparasitic and antimalarial disease effects in both experimental and clinical
situations. The chapter explores how Plasmodium infection generates or cause
to be generated oxidative stress, how oxidative stress drives systemic disease
process and how phytotherapeutics treatment (artemisinins) and administration
(asiatic acid) in malaria resolves the various pathologies as a current situational
analysis.

Keywords: malaria, phytochemicals, phytotherapeutics, asiatic acid, artemisinin,
severe malaria anemia, Plasmodium falciparum, oxidative stress, reactive oxygen species,
anti-disease

1. Introduction

Inferences into free radicals’ release and their subsequent OS generation has
been described as the causes and drivers of malaria [1-3]. The Plasmodium [4]-free
radical production [5]-antioxidant defense systems [6] triumvirate axis may be
elaborate in the host cell as a pathologic apparatus triggered to subside malarial
infection intensity. The character of OS has scarcer shades of clarity up to date
with some authors insinuating a protective facilitation against malaria disease,
others claim a pathophysiologic role in the pathogenesis of the disease [6]. Studies,
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however, tend to associate the production of reactive oxygen (ROS) and nitrog-
enous species (RNS) with OS (OS) in the development of complex sequalae and
systemic malarial disease and its outcomes.

Malarial parasite infection invokes hydroxyl free radical (OH") production by
the hepatocytes which may induce OS and apoptosis of liver parenchymal cells [7].
Additionally, it has been observed that parasitized red blood cells (pRBCs) generate
OH radicals and H,0, at approximately double the concentration found in non-
parasitized red blood cells (npRBCs); an elicitation from the abundant intracell and
endogenous redox reaction players.

Free hemoglobin (Hb), copiously available in malaria, is also a readily obtain-
able foundation of free radicals as the Plasmodium parasite uses the Fe**-containing
molecule as a fountain of amino acids crucial for its sustenance during the erythro-
cytic stage of disease. The main component and source of protein-bound and free
Fe’" is high levels of haeme. The haeme-Fe®* complex induces intravascular OS with
deleterious conformational changes to the red blood cells (RBC’s) and the endothe-
lial cells. Consequentially, release from pRBC’s during haemolysis and subsequent
internalization of malarial parasites into liver and brain tissues ensues with varied
malarial syndromes presentations [8].

Generally, free haem release during cell haemolysis has a prospective capacity of
increasing OS through the Fenton-Fritz Haber-Joseph Joshua Weiss reaction [9, 10]
which iron catalyzes, mainly: Fe** + '0,” - Fe?* 1+ 0,.

The second step is the Fenton reaction: Fe?* + H,0, - Fe** + OH™ + "OH.

Net reaction: 'O,” + H;O, - "OH + OH™ + O,.

And OS created by excess hydroxyl radicals ('OH), superoxide (O, "), reactive
non-radical compounds including singlet oxygen (o,), hydrogen peroxide (H,0,),
lipid hydroperoxides, hypochlorous acid (HOCI), chloramines (RNHCI), and ozone
(05) [11, 12] potentiates malarial infection patency and snowballing risk for fulmi-
nant disease. In the non-immune individuals, cell-mediated immune response is the
initial defense mechanism which generates OS as well and subsequently, aberrant
immune system response with disease traction increases.

Reactive nitrogen radical compounds such as nitric oxide (‘'NO), nitrogen
dioxide ('NO,), and non-radical nitrogen-based compounds which include per-
oxynitrite (ONOO™) and dinitrogen trioxide (N,Os), make up the collective group
of reactive nitrogen species (RNS). The unpaired electrons in their outer electron
obit make these species very unstable and highly reactive. Reactive nitrogen species
have direct linkages to ROS, especially in the formation of ONOO™ which gives rise
to nitrosative stress (NS).

The combination of OS and NS have been associated with the etiology of an
extensive variety of disease processes and states to include aging, infections,
ischemia-reperfusion (I/R) injury [13], acute kidney injury (AKI) and chronic
kidney diseases [14], diabetic neuropathies [15], inflammatory disease [16], vascu-
lar dysfunction and hypertension [17], atherosclerosis, neurological diseases [18]
including Alzheimer’s disease [19, 20]. Most of these conditions and diseases are
displayed as syndromes and facets of malaria disease.

Management of malaria, will of necessity therefore, require the inclusion of
anti-disease remedies that will concurrently suppress or eradicate the pathophysiol-
ogy associated with malarial. There have been strides to invent remedial treatment
for malaria by improving the potency of current antimalarials. However, this
avenue does not correspond to requirement of ameliorating the disease aspect of
malaria. Phytochemicals, some in basic research stage of investigation or clinical
stages, show promising outcomes that are worth promulgating, formulating and
pre-empting strides towards attempts to eradicate both the parasite and the sequa-
lae of malaria.
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1.1 Malaria causes

There are five main Phylum Apicomplexa (Sporozoa) Plasmodium strains
inflicting human malarial infection with changing disease outcomes, mainly
P, falciparum, P. vivax, P. malariae, P. ovale and a zoonotic parasite P, knowlesi.
Accordingly, parasite species, sub-species, host genetics and host demographics
at point of infection, determine malaria disease presentations of varying intensi-
ties [21]. A disease process and time-lines with differing syndromic mediators is
generated [22, 23]. The P, falciparum infection has the highest fatalities with strains
having developed multidrug resistance. Artemisinin derivatives are the latest
additions to the rug-casualties list. P vivax and P. ovale present chronic disease
with quiescent liver stage parasite hypnozoites driving disease relapses onwards of
7 years duration from initial infection reported [24]. However, there is divergent
of opinion straying from this recrudescence dogma [25].

1.2 Phenotypic presentations of malaria

Malaria disease displays manifestations in adults from non-endemic areas as a
different disease phenotype when compared to pregnant women and to children
under the age of 5-years. Accordingly, the pathophysiology of malaria, or malaria
disease [26] displays immunological idiosyncrasies, inflammatory aberrations,
haemolysis which may lead to severe malaria anemia (SMA) [27], acute kidney
injury (AKI) [28], and malaria cachexia leading to cardiac failure [29], hypoglycae-
mia [30, 31], acute respiratory distress syndrome (ARDS) [32], acute lung injury
(ALI) [33], cerebral malaria [34], hyperlactaemia with non-respiratory acidosis. Of
these pathophysiology, children invariably develop SMA [35], hypoglycaemia [36],
hyperlactaemia with non-respiratory acidosis and cerebral malaria while adults
presents with severe malaria, AKI [37] and non-respiratory acidosis [38]. Pregnant
women present with placental malaria with SMA also a common feature [39]. The
bottom line to all these manifestations is the OS mediation to the disease process
driven by various species emanating from the parasite-human host interactions.
The perceived relationship between the antioxidant capacities displayed by phyto-
chemicals and phytotherapeutics and the oxidant-driven malaria disease motivates
this chapter.

2. Malarial systemic disease and phytochemicals administration

The terms phytotherapeutics, phytotherapeutics are commonly used in the
branch of science involved in the use of plant natural products and their derivatives
and their use as disease management alternatives and ameliorates. The discovery
that phytochemicals like the artemisinin, asiatic acid (AA), oleanolic acid and
masilinic acid (MA) have both anti-inflammatory (and other physiological influ-
ences) activity and antimalarial activities have led to the exploration of their
anti-disease action in malaria.

3. Oxidative stress and artemisinin malarial treatment
Artemisinin is a tetracyclic 1,2,4-trioxane containing an endoperoxide bridge
(C—0—0—C), the key pharmacophore of the antimalarial [40] (Figure1).

Increasing solubility and pharmacological of the drug has been achieved when
semi-synthetic compounds were synthesized through modification of C10 in the
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Figure 1.
Artemisinin, structure of the endoperoxides [42].

Figure 2.
Dihydroartemisinin, structure of the endoperoxides [42].

original backbone to generate hemi-acetal or ester derivative such as dihydroarte-
misinin (Figure 2), artemether (Figure 3) and artesunate (Figure 4) [41].

The debate remains unresolved on the mode(s) of activation and consequent
biological target(s) of endoperoxides [43]. Activation of the endoperoxide bridge
is believed to be the source of artemisinin antimalarial activity. Cleavage of the
bridge, which is located at the core of the structure, generates short-lived cytotoxic
oxyradicals in the presence of haem iron or free iron Fe®* [44, 45]. However, two
different mechanisms of action premised on the endoperoxide bioactivation, have
been proposed.

Rearrangement of the oxygen-centred radicals, to produce more stable carbon-
centred radicals, have been hypothesized by the Poster Laboratory using 180-labeled
trioxane analogues [46, 47]. The ‘reductive scission’ model, has ferrous iron bind-
ing to either O1 or O2 cleaving the endoperoxide bond and generating oxyradical
intermediates which subsequently rearrange to primary or secondary carbon-centred
radicals via either b-scission or a [1,5]-H shift. This hypothesis has been supported
through evidence of the formation of these carbon-centred radical intermedi-
ates using electron paramagnetic resonance spin-trapping techniques [48, 49].
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Figure 3.
Artemether, structure of the endoperoxides [42].

H,C

H, Na

H’
C_E_ o0

Figure 4.
Artesunate, structure of the endoperoxides [42].

Capabilities of the C-centred radicals to drive haem and or proteins alkylation have
been proposed. However, the only evidence, so far provided, has been for haem
alkylation [50] and a few reported model studies on protein alkylation with ferrous
salts reactions in the presence of cysteine (iron-sulfur chelates) [51].

The concept of free radical generation and protein alkylation points towards
creation of OS as the parasite killing apparatus of the artemisinin derivatives but also
indicates the deleterious effect of the drugs on the human host and possibility of ini-
tiating or exacerbating malarial disease in the course antiparasitic activity. However,
paradoxically artemisinin has been reported to be pluripotent with anti-inflammatory
activity [52] although post treatment artemisinin haemolysis has also been observed
in people that would have been cleared of malaria. The latter adverse reaction has
been seen several weeks after successful treatment with artemisinin drugs.

3.1 Artemisinin and anti-oxidative stress disease inductions
Artemisinin and its derivatives require conversion to the biologically active

dihydroartemisinin (DHA Figure 2) to exert their activity. Besides the excellent
antimalarial effects, there is clinical and experimental evidence that suggests potent
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immune-suppressive against autoimmune and allergic disease of artemisinin and its
derivatives [52]. Derivatives of artemisinin possessing lower range toxicity, higher
bioavailability, and compelling immunosuppressive activity have been studied and
some commercialized. These are 3-(12-f-artemisininoxy) phenoxyl succinic acid
(SM735) [53], 1-(12-p-dihydroartemisinoxy)-2-hydroxy-3-tert-butylaminopropane
maleate (SM905) [54, 55], ethyl 2-[4-(12-f-artemisininoxy)] phenoxylpropionate
(SM933) [56], and 2’-aminoarteether (f)maleate (SM934) [57, 58].

To date, it is generally accepted that artemisinin wields antimalarial proper-
ties through (i) haeme or free iron breaking the peroxide bridge resulting in the
degradation of artemisinin molecular structure to form the nucleophilic radical
metabolite with the centre at C4. (ii) subsequently, the free radical, acting as
an alkylating agent, will attack macromolecular bearing electrophilic groups or
centres, which ultimately leads to parasitic demise [50, 59]. In fact, the pRBC’s have
increased concentrations of OS due to the parasitic infection by Plasmodium. In the
intervening time, OS driven free radicals and lipid peroxidation concentrations
dramatically increase intracellularly. Apparently, pRBC’s are rendered more suscep-
tible to artemisinin than npRBC’s. In vivo artemisinin is effective in killing pRBC’s
at nM concentrations which differs sharply when contrasted to marginal effects of
artemisinin on resting RBC’s even at high mM concentrations [60, 61].

3.2 Anti-inflammation and immunoregulatory effect of artemisinin

There are three fundamental steps by which T cells perform pivotal role in
acquired immune reaction [62, 63]: (i) GO to G1 transition of T cells is driven by
TCR cross-linking which leads to the secretion of T cell growth factor IL-2 and
expression of high-affinity receptor IL-2Ra chain (CD25); (ii) through autocrine
and or paracrine proliferative loop, IL-2 influences clone expansion and maintains
activated T cells survival; (iii) after efficacious clearance of the pathogen, the
inducement for cytokines production is lost and activated T cells will undergo
apoptosis.

Nevertheless, in autoimmune diseases, due to the tenacity of autoantigen, auto-
reactive T cells will be activated and with better survival [52]. Autoreactive T cell
proliferation is involved in the pathogenesis of various immune-related diseases,
such as rheumatoid arthritis (RA) and multiple sclerosis (MS) [20, 21] as well as
malaria.

Artemether is a powerful antimalarial drug [64] found to significantly suppress
the proliferation and synthesis of IL-2 and interferon-y (IFN-y) by T cells through
the TCR engagement influence [65]. The TCR engagement-triggered MAPKs signal-
ing pathway as well as phosphorylation of ERK1/2, Jnk, and P38 were significantly
inhibited by artemether. Discovery was made that artemether greatly affects T cells
function as compared to that of the antigen presenting cells (APCs) to exert the
immunosuppressive effects [65].

A series of artemisinin derivatives, with higher water solubility and lower
toxicity, have been created by inserting, to the parent artemisinin structure, new
functional groups like ethylene glycol [66, 67]. These have immunosuppressive
targeted at T cell activation suppression, combat inflammation through substantial
inhibition of the proliferation and production of IFN-y, IL-12 and IL-6. While there
is no direct influence of artemether and its derivatives on IL-2 and CD25 upregula-
tion of T cells, there is remarkable suppression of IL-2-mediated proliferation and
survival of activated T cells alluding to blocking of IL-2 induced phosphorylation
of Akt [68]. Additionally, artemether derivative SM934-driven preferential early
apoptosis activated of T cells, with no effect on resting T cells, has been observed
through staining of CD69 and annexin V.
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Furthermore, studies suggesting that artemisinin derivatives bind to calmodulin
to inhibit phosphodiesterase activity, which causes the increase of intracellular
cAMP concentration, and therefore to exert the immunosuppressive activity have
been reported [69, 70].

Additionally, oral treatment of SM905 has been shown to skew the T cell subset
from pathogenic Th17 to protective Th2 subset in an arthritic model with increased
IL-4 production and suppression of the RORyt mRNA expression together with
IL-17 production [71]. The artemisinin derivatives’ effects hinge on the anti-
inflammatory properties which play an antimalarial role. To back this assertion up,
artesunate has minor effects on inflammatory responses downstream of antibody
production demonstrating that highly proliferative germinal centre B cells are the
most sensitive cellular targets to the treatment. Significantly, in vitro artesunate
inhibits IL-1p, IL-6, and IL-8 production by way of stimulation by TNF-a as well
as the expression of vascular endothelial growth factor and hypoxia-inducible
factor-1a [72]. Moreover, artesunate inhibits Akt phosphorylation and IxB degrada-
tion by blocking PI3K/Akt signaling pathway downstream of TNF-« [73] making it
an efficient adjunct to malarial inflammatory response characterized by increased
and decreased Th1 and Th2 type cytokines, respectively.

The intriguing anti-inflammatory properties of the artemisinin (SM933) are
observed through the regulatory mechanism involving the NFxB and Rig-G/JAB1
pathways which regulation alters cell cycle activity of activated T cells selectively. In
contrast to SM933, SM934 and DHA treatment is majorly through the regulation of
the balance between effector T cells and regulatory T cells. Administering of DHA
significantly decreases effectors CD4 T cells and increases in Treg cells in a recipro-
cal regulatory process through modulation of the mTOR pathway which character-
izes its regulatory mechanism [56, 74].

3.3 Artemisinin structure: activity relationship in oxidative stress

Macromolecules bearing electrophilic groups or centres are prone to alkylat-
ing nucleophilic radicals, metabolites of artemisinin, which eventually leads to
cell damages [61]. Furthermore, artemisinin inhibits endoplasmic reticulum Ca**
ATPase (SERCA) with consequent cytoplasmic calcium accumulation and second-
ary activation of cellular calcium influx. In this way artemisinin induces
P falciparum cellular apoptosis [75]. The same effect has been shown by thapsigargin
(TG), a specific SERCA inhibitor with structural similarity to artemisinin, which
induces cellular calcium accumulation leading to apoptosis. While artemisinin and
TG have the same binding sites on SERCA, there are structural biology differences
in the binding pocket for different mammalian and Plasmodium species resultantly
conferring differential susceptibility to the drug. A single amino acid (Leu263)
in the transmembrane segment 3 of SERCA in P, vivax SERCA (PvCERCA) hasa
3-fold sensitivity to artemisinin while introduction of the same residue in P. berghei
SERCA (PbSERCA) decreases sensitivity 3-fold [75, 76].

Interestingly, while the peroxide bridge plays a necessary role in the artemis-
inin biological activity, artemisinin-SERCA binding does not involve this moiety
[77] but play a catalytic role in the inhibition [52]. Naturally, stereochemistry
and transitional state theory have it that the intact peroxide bridge makes the
spatial configuration of artemisinin to be relatively rigid and making the sesqui-
terpene lactone unable to flexibly rotate and fold. This results in lower affinity for
SERCA. Reduction and breaking of the peroxide bridge by divalent iron ion, how-
ever, releases the sesquiterpene lactone increasing its flexibility and binding affinity
to SERCA enhancing inhibitory effect of artemisinin on the enzyme. Moreover, the
concentration of Fe** in pRBC’s and activated lymphocytes is significantly increased

23



Malaria

compared to resting state cells increasing the opportunity for peroxide bridge to be
broken. In this manner, the pRBC’s and activated leukocytes, rather than npRBC’s
and resting cells, become more vulnerable to artemisinin activity. Nevertheless, the
mammalian SERCA is not susceptible to artemisinin inhibition [75]. Therefore, the
biochemical mechanism and artemisinin molecular target to exert immunosup-
pression in malaria and other disease driven by OS requires further perusal and
investigations.

4, Asiatic acid (AA) administration and oxidative stress-driven
malarial disease

Asiatic acid (AA), in Figure 2, is a naturally occurring pentacyclic triterpenoid
originating from the herb Centella asiatica. Triterpenoid saponins are the primary
constituents of C. asiatica responsible for extensive therapeutic actions. The
molecular mechanisms underlying the various biological activities of AA have
been described for malarial diseases as it is driven by OS. The pharmacological
properties of AA and its derivatives inhibit multiple pathways of intracellular
signaling molecules and transcription factors that are involved in the various
stages of acute and chronic diseases [78]. The anti-inflammatory [79], anti-
hyperlipidemia, malarial hypoglycaemia ameliorative effective [30], neuroprotec-
tive, reno-protective effects [80] and other activities of AA have an intricate and
elaborate pattern, amongst the triterpenes, that is envisaged on the pleiotropic
characteristics bed rocked on its anti-oxidative pro-oxidative properties and redox
reactivity [81, 82].

4.1 Severe malaria anemia (SMA) and anti-disease effects of asiatic acid activity

One of the major causes of morbidity and mortality in malaria is SMA driven by
a multifaceted etiology. Noteworthy mechanisms contributing to SMA include
(i) increased destruction of pRBC’s and npRBC’s (immune system mediated hae-
molysis, phagocytosis, splenic sequestration); (ii) decreased RBCs synthesis from
immune system and parasite effects [83, 84]. The number of RBC’s turnover is a bal-
anced process under normal physiology and a decrease in concentration (anemia)
is predicted by an efflux of reticulocytes from hematopoietic tissues. When anemia
develops from increased RBC’s destruction, such as haemolysis or hemorrhage,
erythropoietin (EPO) production in kidneys is normally up-regulated with a con-
comitant increase in reticulocytosis to alleviate rheological disturbances. Together
with EPO, growth factors and cytokines, to include granulocyte colony-stimulating
factor (G-SF), stem cell factor (SF), insulin-like growth fator-1 (IGF-1), take active
involvement in erythropoiesis 85, 86].

Therefore, production of EPO in the peritubular fibroblasts of the renal cortex,
requires that the kidneys physiology be normal [87, 88] and is determined by the
amount of oxygen present which depends on the concentration of RBC’s. Tissue
oxygen tension and hypoxia regulates EPO production in a feed-back loop with
hematocrit, centred on an inverse logarithmic relationship [89]. Increased hypoxia
resulting from SMA causes increased OS. Therefore, antioxidant capacity of AA is
able to correct hematocrit and ameliorating SMA [26]. However, the principle by
which this effect of AA on OS in SMA is premised on its effect in reducing kidney
lipid peroxidation and increasing antioxidant defenses in malaria.

This has a positive effect on oxygen tension and EPO production [90]. Overall,
OS driven by SMA revolves around hypoxia which emanates from reduced oxygen
delivery due to reduced RBC’s mass exacerbated by dysfunctional EPO synthesis.
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Correction of both OS and SMA, as does AA, is pivotal to malarial disease ameliora-
tion and resolution through modulation of the immune system responses.

4.2 Immune system as mediator of SMA generation

While the immune system plays a fundamental part in erythropoiesis, in SMA,
the immune response is central to its pathogenesis with pRBC’s, hemozoin, and
glycosylphosphatidylinositol (GPI) which activates monocyte and lymphocyte
singly or jointly followed by increased inflammatory mediator synthesis. Pro-
inflammatory mediators TNF-a, TNF-y, IL-1 and IL-23 tend to be up-regulated
while anti-inflammatory cytokines IL-4 and IL-10 exhibit low concentrations in
SMA [91, 92]. The over expression of Thl cytokines in malaria and SMA invari-
ably affects erythropoiesis negatively and enhance OS. There is a close association
between macrophage inhibiting factor (MIF) and SMA with bone marrow (BM)
activity suppression influenced by NO as a powerful erythropoiesis inhibitor [93, 94].
Haemolysis and associated Plasmodium products like hemozoin intrinsically moti-
vates SMA, erythropoiesis dysfunction, vasoconstriction which perturbs inducible
nitric oxide synthase (iNOS) and increased EPO compensatory increases. However,
increased EPO concentrations convoyed by insufficient erythroid progenitors
response results in low reticulocytotic presentations [92, 95]. Ultimately, ineffective
erythropoiesis, erythrophagocytosis and iron delocalisation may have a bearing on
SMA [96]. Taken together, inflammatory responses and OS, which are corrected by
AA administration, have a strong bearing in SMA outcomes.

Transdermal delivery of AA, as a once off application of a pectin hydrogel
patch, influences hematocrit (Hct), a surrogate marker for SMA, suggests the
phytochemical has influence on some yet unidentified mechanism of red blood
cell (RBC) molecular level metabolism [79]. By influencing the causes of low Hct
and SMA, which could be increased parasitaemia induced-haemolysis or inflam-
mation induced-erythropoiesis-suppression, AA is able to address reduced RBC’s
concentration of malaria. Inflammation drives OS (and vice versa) and its attending
outcomes through well-established mechanisms involving cytokines and other
soluble effector molecules in a vicious cycle.

The TNF-a and other cytokines are well established inflammatory mediators.
Reports of AA inhibition of TNF-a in acute pancreatitis in corneal lipoploysaccha-
ride induced inflammation have been made. The phytochemical’s antinociceptive
activities and anti-inflammation in mice has been linked to its ability to inhibit
cytokine activity [97-99]. Ultrasensitive fourth generation CRP concentrations
have been shown to be significantly lower in P. berghei (murine malaria)-infected
rats administered with both oral and transdermal amidated hydrogel matrix pectin
patch as compared to untreated animals. This indicates an anti-inflammatory
effect of the phytochemical [79] which is an essential anti-disease effect in malaria
through inhibition of inflammatory markers like TNF-a.

Nonetheless, it has been shown that TNF-« causes hypoferraemia and reduces
intestinal absorption of iron [100, 101]. A strong influence of SMA generation
has been shown by increased concentrations of the cytokine in malaria [102] with
a distinct mechanism for inadequate erythropoiesis linked to the cytokine [103].
Inflammation is a crucial driver of malaria where TNF-a is a key component, and
SMA is a common complication [104] through erythropoiesis perturbations [105].
Therefore, it stands to reason that AA’s influence on both inflammation and SMA
could be through inhibition of TNF-a as an association between suppression of the
cytokine by the phytochemical has been observed.

As a result, the relationship between AA and TNF-« in malaria present
key proponents to malaria disease management. Notwithstanding, a similarly
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structured triterpene, oleanolic acid (OA), has been reported to attenuate pro-
inflammatory cytokines (TNF-a and IL-6) release and ameliorate anemia in murine
malaria [106], properties that AA has been reported to have in other inflammatory
conditions [107].

Ferroportin (FPN), an abundant protein in the reticuloendothelial system which
mediates iron release and intestinal iron absorption, has its cytoplasm re-localisa-
tion induced by TNF-a [108]. This effect is obtained through working in tandem
with hepcidin which is abundantly expressed in malaria and other chronic diseases
with concomitant EPO resistance and dyserythropoiesis [109, 110]. Thus, possible
inhibition of TNF-a and the known amelioration of anemia in malaria by AA may
positively influence TNF-a-induced hypoferraemia which is driven by inflamma-
tory mediators on hepcidin [101].

4.3 Ferroportin (FPN) and SMA

Interestingly, FPN expression on RBC’s (54,000 copies per cell) has been
reported as a novel finding for a protein that had not been thought to be found on
these cells as export of Fe** had been thought to occur only after haemolysis of
pRBC’s [111]. By the exportation of iron generated by hemoglobin autoxidation,
FPN protects against iron accumulation, as well as malaria infection and haemolysis
creating an antioxidation status in the cell. In situations where there is increased
inflammation, increases hepcidin synthesis which dysregulates FPN metabolism
and increases Fe’* accumulation within both the pRBC’s and npRBC’s promotes iron
deficiency and haemolysis from OS [112]. The ability of AA to ameliorate malaria-
associated inflammation and OS is critical in to the phytochemical’s salvaging of
Hct and SMA through preservation and or upregulation of FPN activity in both
pRBC’s and npRBC}s. By reducing cellular Fe** in pRBC’s parasites proliferation
intracellularly is inhibited and protection against the disease conferred. Iron
supplementation in malaria down-regulates FPN influencing growth of the parasite
worsening malaria [113, 114]. Upregulation of FPN by AA is a possible mechanism
by which the phytotherapeutic effects antiparasitic activity and anti-disease in
murine malaria.

4.4 The inflammasome in chronic disease and asiatic acid administration

The inflammasome, a key component in the development of chronic disease
anemia is characterized by anemia and decrease in RBC’s volume corresponding
with the patent period of murine malaria infection. During the patent period, rapid
parasite multiplication is experienced culminating in peak parasitaemia and death.
However, timely intervention with AA administration as a chemoprophylactic has
salvages Sprague-Dawley (SD) rats from the brink of death to full recovery with 0%
parasitaemia at Day 12-15 post infection [26].

Peak parasitaemia effects on infection outcomes are compounded by subopti-
mal EPO directed responses such as reduced cellular proliferation (with adequate
EPO production) to SMA. The inflammasome seem to be the major underlying
factor driving tissue insensitivity to EPO which leads to SMA even in acute cases.
Administration of AA to reverses this process by restoring normal hemoglobin (Hb)
concentrations and Hct.

4.5 Inflammasome drives SMA through hepcidin-ferroportin influence

Iron metabolism is influenced by inflammation of chronic disease through
hepcidin, the inhibitor of the only known iron exporter. Inflammation drives the
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synthesis of hepcidin in the liver with cytokines TNF-a, IL-1 and IL-6 playing a
major role. Interestingly, the hepcidin phenomenon, by driving reduction in iron
concentrations, is calculated to protect against severe P, falciparum malaria and
death in young children [113]. Iron deficiency has also been shown to have a 5.5-fold
protection against placental malaria fatalities [115]. Modulation of Fe** concentra-
tion resulting in iron deficiency uses hepcidin synthesis in chronic inflammation

of malaria. This, therefore, means that inhibition of inflammation mediators will
also influence hepcidin synthesis and thus remove the metabolic barricade on iron
export by FPN.

The pleiotropic nature of AA comes to the fore in its ability to attenuate inflam-
matory cytokines (TNF-a. IL-1, IL-6) and combat malarial parasitaemia as well as
influence iron metabolism through hepcidin. A direct causal relationship between
hepcidin is and AA is yet to be established. However, it stands to reason that if AA
is able to attenuate the drivers of hepcidin synthesis, it is also able to influence the
hormone’s metabolism. Subsequently AA may be able to influence iron metabolism
through the same process of FPN-hepcidin interaction and reduction of iron export
from enterocytes, macrophages, hepatocytes and RBC’s. Preservation and recov-
ery of SMA evidenced by normalization of Hct and other RBC indices (reported
elsewhere) in malaria and parasitaemia reduction by AA indicates the possibility
of its influence on FPN effects on iron export lost in pRBC’s and was recovered for
normal intracellular iron to take place.

There is an abundance of FPN on RBCs with effects on RBC iron status, and
when down-regulated by hepcidin [111, 112] or other inhibitor could therefore
influence the growth of malaria parasites [116, 117]. However, FPN down-
regulation in malaria mediates parasitaemia proliferation, increase intracellular OS
from accumulation of haeme Fe** [111]. The mutation of FPN Q24H (glutamine
to histidine switch at position 248) is prevalent in sub-Saharan Africa populations
with a prevalence of between 2.2-20% [118, 119] renders FPN resistant to hepcidin-
induced degradation [120]. Due to the nonregulated form of the FPN, carriers tend
to have lower hemoglobin concentrations than normal controls which is consistent
with findings that high FPN levels in erythroblasts tend to export more iron, dimin-
ish hemoglobin synthesis [121, 122] although it may have protective effect against
OS as a health benefit to those of African descent. Phytochemical administration in
malaria and their effects on hepcidin-ferroportin relationship may have the same
effect.

4.6 Mechanisms of oxidative stress, haemolysis and SMA in malaria

The underlying cause of malarial anemia does not get fully explained by
dyserythropoiesis as it may have a rapid onset and life-threatening outcomes. A
plausible explanation of reduced RBC mass includes the haemolysis associated with
both pRBC’s and npRBC’s that occurs in malaria through changes that take place in
the cell membranes.

While in the circulation, RBC’s are in constant exposure to endogenous and
exogenous reactive OS (ROS) with a high potential for cell damage and functional
impairment through OS. However, ROS effects are minimized by the extensive
antioxidant system involving non-enzymatic antioxidants of low molecular weight
(glutathione and ascorbic acids as examples) and enzymatic antioxidants like
superoxide dismutase, catalase, [123] glutathione reductase [124], and peroxire-
doxin-2 [125, 126]. These antioxidants preserve the life span of RBC’s through
preserving cell membrane integrity [127]. The antioxidant ability to neutralize
endogenous ROS is diminished when the blood flows through the microcircula-
tion when hemoglobin (Hb) becomes partially oxygenated [128], more so in
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malaria-infection cells. Also, partial oxygenation consequence in conformational
changes of Hb and a dramatic increase in autoxidation of Hb building up with
attending OS [129, 130]. Un-neutralized ROS in the RBC causes membrane damage
that impairs their flow through the microcirculation and oxygen delivery to the
tissues inducing hypoxia and OS generation [131]. Also, cells that come in contact
with RBC’s containing increased ROS tend to receive OS with subsequent tissue
damage and inflammation induction [132, 133]. Indications are that RBC’s NADH
oxidase generate ROS from their membrane locations [134] away from the reach of
cytoplasmic antioxidant enzymes.

One other none Hb autoxidation related OS leading to RBC deformity is associ-
ated with caspase 3. In the RBC, caspase 3 is activated by oxidative reactions with
resultant degradation of band 3 [135, 136] which induce the exposure of phosphati-
dylserine, usually located in the inner leaflet of RBC membrane, to the outer surface
[137]. The resultant histrionic reorganization of the membrane is concomitant with
decrease in the discoid cell deformability [138] and ultimate haemolysis and RBC’s
mass reduction.

4.6.1 Oxidative stress, ATPases interaction and SMA

Ionic movement and homeostasis play a critical role in the development of OS
and ensuing sequalae driving SMA. Inhibition of Ca®* ATPase by OS [139, 140]
enhances intracellular calcium concentration and activity with resultant RBC
deformability decreases. Deregulated intracellular calcium concentration tend to
activate the Gardos channel that results in potassium leakage from the RBC with
subsequent cation homeostasis destabilization [128, 141] and shrinkage of cell with
impaired deformability [128].

In malaria the total antioxidant capacity is compromised in the later stages of
erythrocytic parasite development with membrane damage and breeches occurring
through increased OS in both in npRBC’s and pRBC’s leading to SMA [142] as the
RBC seem to be the readily available ROS sink in the disease [2]. This contributes to
premature RBC’s senescence and poor deformability resulting in the cells’ splenic
entrapment in the complex macrophage-abundant red pulp fenestrations [142, 143].
Oxidative stress is also associated with increased cell volume and density [144]. The
growing parasite also increases OS and cell density that causes RBC microvesicula-
tion as deformability and flexibility decreases exponentially. Any alterations that
affects RBC volume and excess surface area tend to affect deformability of the
cell [128] and this is a common occurrence in malaria leading to haemolysis, RBC
concentration and SMA.

By interfering with parasite proliferation in murine malaria, AA directly
contributes to normalizing cell volume and surface areas which aspects preserves
cellular morphology in malaria [79, 145].

The induction of inducible nitric oxide synthase (iNOS), which increases NO
synthesis, is closely linked to the inflammatory response in malaria with vascular
permeability, pulmonary oedema and SMA as outcomes [146]. Increasing NO
synthesis causes inhibition of the Na'/K" ATPase with subsequent disturbance of
water homeostasis in both the npRBC’s, pRBC’s and other tissues [147, 148]. When
ATPase pump fails there is an accumulation of Na* in the intracellular compart-
ment of both npRBC’s and pRBC’s with ensuing increased cell volume and surface
area, membrane rigidity and reduced deformability and infiltrability in the spleen.
Concomitant to decreased RBCs filterability is their removal by the spleen leading
to SMA [27, 149]. ROS and ONOO™ from inflammatory processes of malaria may
have the same effect through oxidation of cell membranes and inhibition of the
Na*/K* ATPase pump with consequential SMA [150, 151]. Notwithstanding ATPase
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inhibition, universal ATP depletion in malaria also uncouples the enzymes followed
by RBC’s membrane deformities, haemolysis and acute SMA [96, 152].

The fundamental basis of SMA driven by npRBC’s and pRBC’s spleen sequestration
is underpinned by a synergistic effect of inflammation, OS (ROS and NS) and ATP
depletion, falls under the ambit of disease processes resolved by the pleiotropic AA
through its anti-inflammatory, antioxidant and neuroprotective roles [97, 107, 153].
There is an intriguing coordination of immune and erythropoietic responses in malaria
related OS played by the AA administration which speculates extra dimensions in
controlling parasitaemia and alleviation of SMA.

4.7 Malarial hypoglycaemia expression and the oxidative stress phenotype

Childhood P, falciparum malaria syndrome is preceded by a strong expression
of hypoglycaemia. The etiology of low glucose concentrations in malaria have been
accredited to antimalarial drugs like quinine and chloroquine which exhibit insu-
linomimetic action although patients without either intervention or disease have
shown incapacitating hypoglycaemia [154]. Low blood sugar in malaria has also
been attributed to increased consumption by growing parasites, but hypoglycaemia
has been reported in low parasite loads in humans and it has also been shown that
parasite only consume about 10% of the total plasma glucose even in severe malaria
[155, 156].

A good and well characterized correlation exists in malaria between hyperlac-
taemia, hypoglycaemia and parasitaemia [157]. The possibility of microvasculature
obstruction contributing to tissue hypoxia with attendant inefficient glucose
utilization is plausible. Nevertheless, annotations that normal overall blood flow in
the brain during periods of coma in malaria have been indicated [158]. Low blood
flow rates in areas adjacent to high blood flow areas may elucidate the anomaly,
however, hyperlactaemia requires a different explanation than the microcirculation
obstruction alone and most likely a synergy with cytokine-induced oxygen unde-
rutilization could be involved [159, 160]. Elevated TNF-a has been associated with
hypoglycaemia, hyperlactaemia and non-respiratory acidosis (nRA) in a number
of diseases not related to malaria microvasculature obstruction as well [161].
Deliberate intervention with TNF-« in animals models tend to induce the same
parameters [162, 163].

A causal relationship of hypoglycaemia and TNF-a may be intimated in malaria
[164]. Borrelia recurrentis infection tends to elevate TNF-« in association with
inflammation and the triumvirate of hypoglycaemia, non-respiratory acidosis
and hyperlactaemia although there will not be parasites to excrete lactate or cause
microvasculature occlusion [165].

Overall, TNF-a seem to be the main orchestrator of inflammation and that the
anti-inflammatory effects of AA through inhibition of inflammatory mediators
influence hypoglycaemia amelioration in malaria [30]. Indeed, the biologically
active pentacyclictriterpenoid compounds oleanolic acid (OA) and maslinic acid
(MA) have been shown to clear parasitic infection and ameliorate hypoglycaemia
associated with malaria [106, 166] (Figure 5).

Asiatic acid and MA influence on glucose homeostasis in murine malaria
involves the attenuation of glycolytic hormone activity by, in part, inhibiting glyco-
gen phosphorylase (GP). Asiatic acid binds at the allosteric activator site naturally
occupied the physiological activator AMP [30, 167]. This way glycolytic oxidation
of glucose is reduced through reduced substrate while glycogen synthesis is upregu-
lated. Mitochondrial associated OS may be reduced by inhibiting GP, as happens
with glycogen synthase kinase 3p inhibition in chronic myocardial ischaemia or
hypoxia [168], under hypoglycaemic conditions of malaria that would have rather
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increase glucose mobilization being the norm. Actually, glycogen stores tend to be
high in animals that are administered with AA as compared to non-treated controls,
in experiments mentioned above showing glycogen preservation [30]. Inactivation
of GP not only reduce glycogenolysis but also stimulates glycogen synthesis [167]
preserving normoglycaemia in malaria and normoinsulinism. Figure 6 indicates the
allosteric binding site for the inhibitor AA on the dimeric GP.

CHj

Figures.
Asiatic acid.

Asictic Acid

Figure 6.

Schematic diagram of the glycogen phosphorylase dimeric molecule, for residues 10-837, viewed down the
molecular dyad. The catalytic (marked by GLUCOSE in white) and the allosteric (binds AMP and the
inhibitors AA shown in ved) binding sites positions are indicated. The allosteric site is situated at the subunit-
subunit interface some 30 A from the catalytic site [167].
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The Plasmodium parasite, immunological and inflammatory responses, as well
as chemotherapeutics currently used cause hypoglycaemia in malaria. The anti-
hyperglycaemic, antioxidant, pro-oxidant properties useful in glucose homeostasis,
observed when AA is administered in malaria, is hinged possibly on its influence
on controlling hormonal as well as enzymatic aberrations seen in malaria and its
treatment as explained above, where chloroquine and quinine treatment of malaria
has been implicated with hyperinsulinism driving hypoglycaemia [169, 170].

A pre-clinical experiment showed that insulin resistance, which invariably
causes hyperinsulinism [171], was ameliorated after administration of AA in
malaria [30]. Oral administration of AA at 10 mg kg maintained normoinsulinism
with reciprocal activity of glucagon in murine malaria in this study. Moreover, AA
attenuated key glycolytic enzymes in streptozotocin-induced diabetes mellitus
[172] an aspect that was seen in murine malaria with an overall effect on glucose
tolerance response. Also, administration of AA terminated the satiation effects of
high glucagon concentrations [173]. Also, positively modulated by AA administra-
tion, was the alleviation of the otherwise negative effects of malaria on food intake
and weight gain.

Malaria induced-hypoxia producing hyperlactataemia was also ablated in
animals that were administered with AA giving an overall high-grade wellbeing as
opposed to severe malaria infection [174].

5. Malarial acute kidney injury (AKI) and oxidative stress

Kidney injury, acute or chronic, is one of the common differential diagnosis
of malaria manifesting as syndrome. The diverse presentations and aetiological
mechanisms of AKI orbit around the properties of pRBC’s on microcirculation,
hypovolaemia, metabolic derangements or host immunologic responses to infection
[175-177]. These major pathogenic features are originated by the Plasmodium infec-
tion but may not be limited by the annihilation of the infection. Malaria associated
AKI may develop after parasite abolition [178] necessitating interventions that
also eradicate disease effects after parasitaemia clearance. Oxidative stress plays
a critical role in AKI etiology driven by either the parasite or the immunological
response to malaria infection which require neutralization in malaria. The source
of kidney impairment in malaria is through direct tissue injury or inhibition of key
components of kidney function. Inflammation as an immunological response initia-
tor or vice versa has a close link to AKI development through OS initiators free haem
Fe** and hemozoin which generate OS. Disruption of Na* transporters by OS in the
kidney [179] results in sodium wasting syndrome (hypernaturia), hypovolaemia
with severe dehydration and non-respiratory acidosis leading to hyponatraemia and
reduced glomerular filtration in malaria infection [180, 181] and malaria treatment
with chloroquine complicates the disease [182, 183]. Therefore, renoprotective
agents in the management of malaria AKI are imperative.

By combining the amphiphilic AA and amidated pectin hydrogel matrix in a
transdermal drug delivery system provides a robust framework for combating
malaria with renal function and electrolyte preservations [80]. AA-hydrogel matrix
administration confers “an apply and walk away” once-off treatment for malaria as
compared to the convoluted regimens of current antimalarial drugs in both dose,
dosage frequency and administration route, not to mention the oxidative damage
they bring. The non-nephrotoxicity of AA has been demonstrated in virtual screen-
ing experiments searching for selective inhibitors of 118-hydroxysteroid dehydroge-
nase 1 (11-HSD 1) against 11p-hydroxysteroid dehydrogenase 2 (11p-HSD 2) [184].
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These enzymes catalyze the interconversion of cortisone and cortisol in humans
[185]. The isoform 11p-HSD 1 is located in the liver, adipose and brain where it
converts the inactive cortisone to the active cortisol and 118-HSD 2 is primarily
expressed in kidney catalyzing the reverse conversion. The two enzymes provide a
balance in glucocorticoid metabolism. AA was shown to selectively inhibit 118-HSD
1 and not the other isoform. When 11-HSD 1 is inhibited there is a resultant reduc-
tion in liver gluconeogenesis, lipophilia and there is improved insulin sensitivity
[186], which may explain the positive influence of AA administration on glucose
homeostasis in malaria [30]. Therefore, 11-HSD inhibition by AA works in tandem
with AA glycogen phosphorylase (GP) inhibition (see above) that preserve glyco-
gen stores. Indeed, the kidney glycogen stores tend to be significantly higher in AA
administered SD rats than untreated controls. Nevertheless, inhibition of 11p-HSD
2 leads to sodium retention, hypokalemia and hypertension [187] parameters which
were not observed with AA administration as compared to controls in the transder-
mal drug delivery of AA studies above.

Further, selective inhibition of 118-HSD 1 has been suggested to induce anti-
inflammatory effect via the stimulation of haeme oxygenase-1 in LPS-activated
mice and J774.1 in murine macrophages [188], which may explain the preserva-
tion of renal electrolyte handling that was observed when AA was administered.
Electrolyte loss in malaria results from inhibition of Na'/K" ATPase, ENac and
other electrolyte channels by OS (ROS) in the proximal convoluted tubules which
results in an increased sodium load reaching the distal convoluted tubes. Excess
Na® is as a result lost in the urine in a what is referred to as pseudohypoaldoste-
ronism. Therefore, a dual role of AA may be observed in malarial AKI in that
the anti-inflammatory and antioxidant effect through the selective inhibition of
11p-HSD 1 with ultimate reduction in gluconeogenesis which reduce glycolysis
and in lipid synthesis which reduces lipid peroxidation. Antioxidant capacity is
seen through AA inhibition of glycogen phosphorylase and glycolysis modula-
tion. Increased insulin insensitivity, that is usually seen in end-stage malaria
fronted by increasing glucose concentrations and OS, is abolished by AA inhibi-
tion of 11p-HSD 1. Furthermore, glycogen synthase upregulation when glycogen
phosphorylase is inhibited increases glycogen storage in the kidneys and this
way restoring optimum renal function and electrolyte handling deranged by OS
driven AKI. Also, inhibition of 118-HSD1 promotes autophagy and correlates with
reduced OS, inflammation [189] which are key pundits in malarial AKI eradicable
by AA administration.

6. Conclusion

Oxidative stress drives malaria pathophysiology by ROS and NS insults upon
pRBC’s and npRBC’s from parasitic infection, immunological host response. The
inflammatory milieu has a cross cutting foot print in malarial syndromes intricately
intertwining complex disease events, processes and systems to bring about malaria
disease. Here we have shown how artemisinin, a commonly used antimalarial
phytotherapeutic and asiatic acid, an experimental antimalarial phytochemical, to
explain their various interactions in the combat of malarial disease.

Asiatic acid, armed with constitutive antioxidant and oxidative properties
inhibit parasitic growth, host inflammasome and ameliorates systemic abnormali-
ties in malaria. With selective enzymatic inhibition propensities, apoptotic influ-
ences and amelioration of malaria-induced systemic metabolic derangements, AA
shows potential as an anti-parasitic, anti-disease, anti-inflammatory, antioxidant,
immunomodulatory, renoprotective and malarial disease elixir.
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Abbreviations

AA asiatic acid

ARF acute renal failure

SMA severe malaria anemia

nRA non-respiratory acidosis

NO nitric oxide

iNOS inducible nitric oxide synthase
ONOO™ peroxynitrite

ROS reactive oxygen species
pRBC’s parasitized red blood cells
npRBC’s non-parasitized red blood cells
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Chapter 3

Plasmodium falciparum Protein
Exported in Erythrocyte and
Mechanism Resistance to Malaria

Neyder Contreras-Puentes

Abstract

Malaria is a tropical disease of parasitic origin transmitted by the Anopheles
mosquito, caused by the protozoan of the genus Plasmodium. Around miles of
people worldwide affected by disease, have been related the endemic develop-
ment of genetic alterations, called erythrocyte polymorphisms. These erythrocyte
polymorphisms have become tools for resistance against malaria, where they have
had an impact on the appearance of hemoglobinopathies, enzymatic alterations in
erythrocytes, and modifications in the structure of erythrocytes related to mem-
brane proteins. These sections address a detailed approach to the resistance mecha-
nisms involved against the development of P, falciparum and develop a complete
development of the principles of molecular principles that attempt to explain the
functioning of these biochemical mechanisms and the development of the parasite.

Keywords: malaria, Plasmodium falciparum, erythrocyte, polymorphism, protein,
hemoglobinopathies

1. Introduction

Malaria is one of the world’s most severe public health problems. It leads to
high rates of morbidity and mortality in many underdeveloped countries, where
children and pregnant women are the most affected groups. According to the World
Malaria Report by the World Health Organization (WHO), 3.5 billion people from
106 countries live in areas where they are in risk of transmission, representing half
of the world’s population [1]. On the other hand, malaria caused an estimated 200
million clinical episodes and 445,000 deaths, 90% of these deaths in Africa [2, 3].
Malaria is caused by parasites of the Plasmodium genus, which are intracellular
eukaryotic organisms, with a complex life cycle. They commute between an inver-
tebrate transmitter vector, where the sexual stages develop, and a vertebrate host,
where the asexual stages take place. P, falciparum is responsible for the severe forms
of malaria and the majority of annual deaths [4, 5].

Human malaria clinical signs and symptoms are a direct consequence of the
parasite’s life cycle. Humans are infected with P, falciparum sporozoites, through the
female Anopheles mosquito’s bite. Each sporozoite reaches the liver through blood
or lymphatic circulation and multiplies forming a liver schizont, which differenti-
ates into thousands of merozoites that are released into the bloodstream, after the
schizont ruptures. Once released into the systemic circulation, the merozoites invade
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Figure 1.

Lifge cycle of Plasmodium spp. A. Exoerythrocytic cycle (1). Anopheles mosquito inoculates the sporozoites with
subsequent invasion in liver cells (2); generation of first pre-erythrocytic schizogony (3). B. Erythrocytic cycle.
The rupture of the schizont (4) releases the merozoites into the bloodstream where they invade red blood cells
(5) forming a trophozoite that ripens into schizont, whose rupture releases merogoites back into the torrent (6).
Some trophozoites can mature into gametocytes (7) that are ingested by the mosquito (8). C. Sporogonic cycle.
The gametocytes mature to macvogametes and flagellated microgametes (9) that, after fertilization, produce
an ooquineto (10), which migrates from the mosquito to generate oocyst (11) that will release thousands of
sporozoites (12). Adapted from http://www.dpd.cdc.gov/dpdx/HTML/ImageLibrary/Malaria_il.htm.

Rhoptries
Micronemes

Figure 2.

Mfrozoite invasion process in human erythrocytes. Description of invasion and internalization of the P,
falciparum pavasite in the host cell. (1) The nascent parasitophorous vacuole. (2) Contact closed. (A) Initial
contact of merozoite to erythrocyte. (B) The adhesion of the mevozoite to the erythrocyte is observed, through
the specific recognition and interaction of antigens and antibodies, as well as the functional and structural role
of the micronemes and rhoptries. (C) Process of invasion and development of the parasitophorous vacuole. (D)
The internalization of the mevozoite in the new host cell and the complete formation of the parasitophovous
vacuole are detailed. Taken and adapted from Zuccala and Baum [30].
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the red blood cells and initiate the intra-erythrocyte stage, which lasts approximately
48 hours. Immediately after the invasion, the growth and development staging
begins first as rings (0-24 h), then as trophozoites (24-40 h), and finally as schizonts
(40-48 h); the cycle ends with the host cell destruction and the release of new mero-
zoites from circulating erythrocytes, then initiating another cycle [6] (Figure1).

During the development and growth stages, the parasite causes successive changes
in the architecture of the infected erythrocyte (remodeling), which are fundamental
for its vital functions. These changes are the acquisition of extracellular environment
nutrients, the attribution of cytoadhesive properties that contribute to spleen-clearance
evasion, the generation of changes in the host membrane cytoskeleton that are neces-
sary for efficient parasite progeny release, and the formation of new organelles, such as
the Maurers clefts, tubulovesicular network, and the parasitophorous vacuole mem-
brane (PVM) (Figure 2) [7, 8]. When the parasite enters the erythrocyte, it locates
inside a parasitophorous vacuole (PV), which isolates it from the host cell cytoplasm,
through the PVM. From then on, pathogen survival will depend on the efficient traffic
of the molecules through the PVM and the plasma membrane [4, 9].

2. Human erythrocyte: properties of the human erythrocyte membrane

The erythrocyte is a cell of approximately 8 pm in diameter, highly special-
ized in O, and CO, transportation, without a nucleus and other organelles, useful
for protein synthesis. It has the ability to transit the bloodstream over a 120-days
lifetime. In addition, it has a remarkable capacity for deformability that allows its
movement through the capillary microcirculation and splenic endothelial clefts in
approximately 1 pm diameter [10]. The erythrocyte elastic properties are due to the
cytoskeleton membrane, which is formed by an array of regular hexagonal proteins
which makes up a two-dimensional mesh on the cell’s cytoplasmic surface. These
structural proteins interact with membrane lipids to maintain fluidity and subdi-
vide them into three protein types: cytoskeleton, integral, and anchor [11].

The membrane cytoskeleton proteins underlie just under the lipid bilayer and
associate with other proteins, forming a dynamic protein network, responsible
for maintaining the integrity of the erythrocyte, as it passes through narrow
blood capillaries. Spectrin, actin, adducin, dematin, band 4.1, tropomyosin, and
tropomodulin are within this group. Integral proteins are characterized for being
embedded in the lipid bilayer and presenting intra and extracellular domains, such
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Figure 3.
Mechanisms of HbAS-velated protection against P. falciparum. Adapted of Bunn [81].
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as band 3 and glycophorin A and C. Finally, anchoring proteins have the function of
connecting the cytoskeleton proteins with integral proteins, such as ankyrins and
band 4.2 proteins [12, 13].

3. Erythrocyte and merozoite membrane proteins: participate in
P. falciparum invasion process

The remodeling of the structures of the human erythrocytes for parasite of the
malaria is generated between the process of invasion of merozoites. During the pro-
cess, the parasite induces a transitory alteration of the structure of the membrane
of the host cell, binging sites of the surface cellular [14]. More than 50 . falciparum
proteins have been identified which induce the process of invasion; however, some
functional classes of elements such as merozoite surface protein (MSPs) have been
described, which have demonstrated a structural complex around the envelope of
the merozoites, related to PfEBAs (P, falciparum erythrocyte binding antigens) and
PfRHs (P, falciparum reticulocytes binding protein), which are able of save organ-
elles as micronemes and rhoptries [15-17].

In general, the erythrocyte membrane changes are set in motion with the mero-
zoite invasion process. It has been described that the initial interaction between the
merozoite and erythrocyte is probably a random collision, depending on the func-
tion of actin-myosin binding and specific molecular interactions between merozoite
ligands and erythrocyte membrane receptors, which mediate cellular recognition
and invasion of red blood cells [18]. This invasive process is carried out in four steps.
The first step, called the initial contact with merozoite, takes place mainly by the
interaction of proteins that are uniformly distributed on the surface of the merozo-
ite, called glycosyl-phosphatidyl-inositol protein (GPI), with erythrocyte surface
ligands, such as merozoite surface protein 1 (MSP1), whose receptor is band 3 pro-
tein in the erythrocyte membrane [19, 20]. The second step is called reorientation,
which is produced for vertical arrangement of apical secretory organelles, such as
rhoptries and micronemes. This step is mediated by a protein called apical membrane
Antigen-1 (AMA1), which seems to establish the apical interaction of the adhesins
with the erythrocyte; it is the border point between the weak union that occurs in the
initial contact with MSP1 and irreversible bonds that occur between microneme pro-
teins and erythrocyte membrane proteins [21, 22]. The third step is the tight-binding
formation between various adhesins produced at the apical end of the parasite and
its membrane receptors in the red blood cell, where the Duffy binding-like proteins
(DBL) and reticulocyte binding proteins (RBP) bind. For example, surface DBL
proteins of merozoite EBA 175 and EBA 140 (erythrocyte binding antigen 175 and
140) bind to erythrocyte membrane sialoglycoproteins, such as glycophorin A and
C [23, 24]. On the other hand, while PfRh proteins bind to complement receptor 1
(CR1), signalization established by sensitive chymotrypsin receptor pathway and
resistant to neuraminidase takes place [23, 25]. Once the parasite and erythrocyte
tight junction is established, intake is mediated by the actin-myosin motor activation
on the merozoite surface. This coincides with lipid and protein secretion, such as
organelle-released proteases called rhoptries, micronemes, and mononemes. These
proteases are associated to perform integral membrane proteins cleavage, such as
band 3 and rupture of the membrane cytoskeletal proteins [26, 27].

During the invasion, proteins from the rhoptries and dense granules are secreted
into the parasitophorous vacuole, and once it has developed to the ring phase,
these proteins are exported to the cytoplasm of the infected erythrocyte to trig-
ger the succession of effects of remodeling at the level of the host cell. It has been
established that P, falciparum is capable of associating with Knobs, which are related
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to Knobs-proteins rich in histidines (KHARP). This type of formations allows the
presentation of cytoadherence proteins exported by the parasite, which are coupled to
the membrane, as is the case in particular of P, falciparum of erythrocyte membrane
protein 1 (PfEMP1) [27].

Subsequently, the parasite invaginates the erythrocyte through a protein-free
zone and initiates the formation of parasitophorous vacuole, which continues with
a motility mechanism to enter the host cell. Rhoptries and dense granules secrete
proteins during the invasion early ring phase, which are trafficked to different
structures, such as parasitophorous vacuoles, cytosol, and erythrocyte membrane,
triggering a series of events that modify the host cell [28].

4. P. falciparum export proteins modify the erythrocyte membrane.

Once inside the erythrocyte, P. falciparum is subjected to a trophic phase, followed
by a replicative phase. The parasite modifies the host cell during the intra-eryth-
rocytic period, conditioning it as its new habitat. It induces the formation of new
permeability pathways, allowing it to provide itself with essential nutrients, dispose
of waste products, modify the electrolytic composition, and decrease the colloid
osmotic pressure of the erythrocyte, in order to survive in this new environment [29].

The infected erythrocyte enlarges in size, developing the formation of parasi-
tophorous vacuole (PV), parasitophorous vacuole membrane (PVM), new mem-
branous structures, such as the Maurer’s clefts (MC), tubulovesicular networks
(TVN), and erythrocyte surface protrusion appearance called Knobs. Moreover,
new type of channels in the PVM and alterations of the erythrocytic membrane
channels are formed, in which virulence proteins are trafficked [7, 29, 30]. In
addition to MC and TVM, other structures have been described, which are involved
in export protein trafficking, such as electron-dense vesicles (EDV), vesicle-like
structures (VLS), ] points or J-Dots, named for J-domain proteins [31-34].
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Figure 4.

Glucose-6-phosphate dehydrogenase (G6PD) pathway. G6PD, glucose-6-phosphate dehydrogenase, GPX,
glutathione peroxidase; GR, glutathione veductase, 6PG, 6-phosphogluconate dehydrogenase; GSH, glutathione
reduced; GSSG: glutathione oxidized. Adapted from Cappellini and Fiorelli [92].
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Name of Protein Location Molecular Putative function References
identification weight
(kDa)
KAHRP Knob- Erythrocyte 85-105 Essential for the [40, 41]
associated cytoskeleton formation of Knobs;
histidine- joins the erythrocyte
rich protein spectrin, actin, and
cytoplasmic tail of
PfEMP-1
MESA/PfEMP2 Mature Erythrocyte 168 It binds to the [41-43]
parasite- cytoskeleton protein 4.1R. You
infected can interrupt the
erythrocyte interaction p55-4.1R
surface
antigen
RESA/PF155 Ring- Erythrocyte 127 Joins the spectrin. [44-46]
infected cytoskeleton Suppresses the
erythrocyte increase of heat-
surface induced membrane.
antigen It can stabilize
the erythrocyte
membrane. Could
prevent the invasion
of erythrocytes
parasitized
Antigen 332 P, falciparum Erythrocyte 700 Binds with the protein [47]
(P£332) antigen 332 cytoskeleton and actin and provides
Maurer’s clefts deformability of
erythrocytes
GBP130 Glycophorin Erythrocyte 105 Decrease of rigidity [48]
binding cytoplasm and
protein 130 membrane of
parasitophorous
vacuole
PfEMP3 P, falciparum Erythrocyte 274-315 Joins the spectrin. [41, 49]
erythrocyte  cytoskeletonand Interrupts the
membrane Maurer's clefts interaction of the
protein 3 actin-spectrin-4.1R
protein complex.
Involved in the
trafficking of
PfEMP1.
PfEMP1 P, falciparum Erythrocyte 200-250 Cytoadherence ligand, [50]
erythrocyte membrane and antigenic variation,
membrane Maurer’s clefts and interacts with
protein 1 KARHP
RIFIN Repetitive Maurer’s Clefts — Possibly antigenic [38]
interspersed  and erythrocyte variability
family surface
STEVOR Subtelomeric Maurer’s Clefts — Possibly antigenic [51]
variable and erythrocyte variability
open reading surface
frame
SURFIN 4.2 Surface- Maurers Clefts — Possibly antigenic [52]
associated and erythrocyte variability
interspersed surface
gene protein
4.2
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Name of Protein Location Molecular Putative function References
identification weight
(kDa)

MAHRP1 Membrane- Erythrocyte 28.9 Generating the [53]

associated membrane Maurer’s clefts

histidine- or in protecting

rich protein 1 proteins within these
structures

REX-1 Ring- Transmembrane 83 ND [54]

exported

protein 1

ND, nondeterminate.

Table 1.
Proteins from the export of P. falciparum that modify post-invasion erythrocyte [6, 9].

Another host cell modification refers to P falciparum infected erythrocyte cytoad-
herence to endothelial cells, resulting in a sequestration of mature parasites in capil-
laries and microvasculature [35]. The sequestration probably leads to microcirculation
alterations and metabolic dysfunctions, which could be responsible for severe malaria
manifestations [36]. The cytoadherence to endothelial cells confers at least two advan-
tages for the parasite: (1) a more suitable microaerophilic environment for parasite
metabolism and (2) evasion to splenic circulation, where infected erythrocytes would
be destroyed [36-39]. P, falciparum exports its proteins to the erythrocyte cytoplasm,
where it binds to cytoskeletal components and alters the natural interactions of the
membrane structural proteins, in order to achieve these major changes in the erythro-
cyte structure. Export proteins are encoded by 8% of P, falciparum parasite genome.

It corresponds to host cell exported proteins, both in asexual and gametophytic
phases. Table 1 lists the main P, falciparum export proteins, which participate in the
remodeling process and present PEXEL motifs. However, non-PEXEL proteins such
as PFEMP1, SURFIN, and Pf332 are also shown in Table 1, due to their importance in
the infected erythrocyte remodeling process, but only PFEMP1.

5. Mechanism of resistance to malaria and effect of P. falciparum in
erythrocyte

Parasites of the genus Plasmodium have co-evolved over 200 million years with
the human species [55]. In this way, the increase of migrations in multiple regions
and the establishment of settlements in certain areas have influenced the increase
in endemicity produced by the successive exposure of the etiological agent of the
disease; this high effect of selective pressure of the parasite has co-influenced the
development of genetic variations linked to endemic populations, from which they
have emerged over time polymorphic variants in erythrocytes in order to respond
to the most severe symptoms of the disease, hindering the survival of the parasite
or preventing the development of its entire life cycle. Many of these variations may
be due to changes in structural proteins of the erythrocyte, alterations in hemoglo-
bin (thalassemia’s and sickle cell anemia), or an incidence in the quantitative and
functional level of enzyme activity involved in oxidative processes such as G6PD or
pyruvate kinase [56, 57].

Currently, a global distribution of erythrocyte polymorphisms has been
described, such as hemoglobinopathies (thalassemia’s, HbS, HbC, and HbE) and
enzymatic alterations such as glucose-6-phosphate dehydrogenase deficiency
(G6PD), which have their origin in response to the selective pressure exerted by
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malaria parasites on humans during the last 70,000 years [58]. Therefore, hemo-
globinopathies and erythroenzymopathies have been attributed to different mecha-
nisms that provide protection against severe manifestations of malaria; some of the
relevant mechanisms are associated with reduced erythrocyte invasion, decreased
intraerythrocytic growth, increased phagocytosis in infected erythrocytes, and
increased immune response against parasitized erythrocytes [59]. Therefore, this
type of erythrocyte polymorphisms can be related to resistance to malaria through
immune mechanisms that can be a major health problem, due to the high frequency
of carriers in endemic areas of malaria, mainly in the African continent where this
It seriously affects the normal development of populations. Therefore, this type of
genetic variants was originally characteristic of the tropics and subtropics; nowa-
days, there is a high dispersion in the whole world, product of the continuous migra-
tions that induce an increased effect of the prevalence values of these diseases [60].

5.1 Hemoglobinopathies

Hemoglobinopathies are a group of genetic alterations that involve a change in
some of the subunits of hemoglobin and present an autosomal recessive inheritance
pattern [61, 62]. These are divided into structural hemoglobinopathies, produced by
the simple substitution of amino acids in the a and p chains of hemoglobin and thalas-
semic syndromes, which are manifested by the total or partial decrease in the synthesis
of a globin chain [63]. The frequency of these polymorphisms in the world population
and their geographical distribution are highly variable. In the case of hemoglobinopa-
thies, it is estimated that every year more than 300,000 children with severe forms
of these diseases are born worldwide, most of them in countries of low and medium
income [64, 65]. Approximately 5% of the world population carries a sickle cell or
thalassemia gene, and in some regions, the percentage of carriers can reach 25%.
Approximately 60-70% of all births of children with some serious alteration of hemo-
globin (Hb) occurs in Africa, being the sub-Saharan region the most affected [66, 67].

5.1.1 Hemoglobin S

Hemoglobin S (HbS) is associated with a mutation in the $-globin gene where
there is a change of thymine by adenine, thus coding a valine instead of glutamic
acid (Glu6Val, BS). This mutation produces a hydrophobic modification in the
deoxygenation of the Hb tetramer, which results in the union between the beta-1
and beta-2 chains of the two hemoglobin molecules (Hb). This union produces a
polymer nucleus, which grows and invades erythrocytes, affecting architecture and
flexibility and influencing cellular dehydration, with physical and oxidative cellular
stress [68]. HbS is a hereditary trait that follows an autosomal recessive pattern, and
therefore, it can present in a homozygous (HbSS) or heterozygous (HbAS) form.
The HbSS form causes sickle cell anemia (SCA), while the heterozygote is consid-
ered a carrier of the trait [69].

It is estimated that around of 300 million people in the world, are diagnosed
with sickle cell trait (SCT) a greater presence in Africa and the Mediterranean
region, where the endemic areas of malaria are related to the occurrence of these
hemoglobinopathies. In the United States, the prevalence of sickle cell traits is
estimated at 8% for African-Americans and 0.05% for white Americans, suggesting
an approximate incidence of 7.9 per 100,000 births. [70, 71].

At the metabolic level, it has been described that an increase in the production of
ROS in the erythrocytes of individuals carrying the sickle trait shows a behavior simi-
lar to senescent erythrocytes. This phenomenon describes that aging causes eryth-
rocyte cytosolic changes that affect antioxidant functioning, which can lead to the
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generation of a redox imbalance and induce the hemolysis and toxic accumulation of
heme and Hb in the plasma [72, 73]. This oxidative imbalance tends to be even greater
in the erythrocytes of carrier individuals, a process that increases in cytosolic and
membrane transformations due to the decrease in its half-life. Hence, the infection

of HbAS erythrocytes with malaria parasites causes an increase in the redox imbal-
ance associated with the metabolic activity of the pathogens. However, the molecular
effects of this imbalance are not fully established and therefore it is necessary to
continue with their study to establish their role in the parasitic-host relationship.

Equally, have been suggested mechanisms which the sickle cell protects against
malaria as shown by Pasvol et al., where an inhibition of growth of the parasite due
to the polymerization of HbS and effect related with low oxygen levels is presented
[74, 75]. Recently, Archer et al. demonstrated that infected erythrocytes HbAS
showed a decrease in oxygen levels affecting the intracellular growth. These inves-
tigations have evidenced that growth inhibition produced by HbS-polymerized
increments the cytoadherence, a condition favorable for inducing a reduction in the
development of parasites [76].

Other mechanisms related have evidenced morphologic modifications in eryth-
rocyte due to aberrant expression of PFEMP1 able of affect the binding of infected
RBCs to host cells, and induce the diminution of virulence through the reduction
of rosette formation and decreased cytoadherence [77]. Also, it has been described
that the generation of antibodies against band-3 protein may be associated with
formation of aggregated band-3 with impact in new sites for endothelium adhesion
on erythrocyte with such polymorphisms and finally able cause conformational
changes in band-3. Alike, it has been demonstrated that the parasite remodels the
interaction of actin-cytoskeleton binding to enable the export of parasite-derived
proteins to knobs on the parasitized RBC surface [58] Figure 3.

Thus, the mechanism established that during the invasive step in sickle cell,
all are affected to a phenomenon of oxidative stress. This increase in ROS induces
phagocytosis phenomenon related with hemoglobin denaturation, formation
and hemichrome binding, aggregation protein as band 3 protein, development of
antibody and it deposition, and binding of complement C3c fragments [78].

In this way, the increase of phagocytosis processes in HbAS erythrocytes
infected with P, falciparum is remarkably advantageous for the host, in which a suc-
cession of associated mechanisms is triggered such as growth reduction and popula-
tion density of parasites, young forms of the parasite are rapidly eliminated by the
immune response, and it has been observed that mature forms (trophozoites and
schizonts) adhere to the endothelium in smaller proportion in important organs
(lungs, kidneys, brain, bone marrow, and placenta), which has led to a decrease
in the severe symptoms of the disease (cerebral malaria, placental malaria, and
respiratory disorders) [79, 80].

On the other hand, some molecular mechanisms have been established which
have included the concept of microRNA (miRNAs). The development in cultures
have founded the action of two miRNAs, miR-451 and let-7i, regulating of growth
of parasites. Likewise, the incidence of miR-451 and let7i have induced reduction
of parasitemia and a notable effect in the incorporation of hypoxanthine producing
changes in characteristic of erythrocyte and defects during invasion of parasite,
which have been associated with high specificity of sequences of miRNAs with
anti-parasite function.

5.1.2 a- and f-thalassemia

During much time, the association between a-thalassemia and malarial protec-
tion mechanism has been studied, reporting the presence of the a + variety in the
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studied population [82]. The a-thalassemia is able to induce hemolytic state and

be associated with a reduction in erythrocyte survival, with an increased eryth-
rocyte in circulating young erythrocytes [83]. The a-thalassemia is very common
in malaria-endemic regions; it is considered to confer protection against clinical
manifestations of the disease induced by P, falciparum. In vitro studies have evi-
denced that in a-thalassemic erythrocytes infected with Plasmodium, high levels

of antibodies develop from their surface. Additionally, activation mechanisms in
opsonized erythrocytes, complement-induced lysis and inhibition of sequestration
of infected erythrocytes have been associated, which result as anti-malarial mecha-
nisms that might be promoted by such antibodies [84, 85].

In other studies, the roles of microcytosis have been associated with the
protection from P, falciparum-related hemoglobin decrease; in patients, a reduc-
tion of infection for part of parasite and most notary in homozygous a-thalassemic
individuals have been evidenced, where a decline of hemoglobin levels, is observed
and likewise, microcytosis is related with oxidative stress induced in altered
erythrocytes with the presence of thalassemia and iron-deficiency. Finally, could
be linked a development of process as low resetting in infected microcytic RBCs
[86]. Likewise, a-thalassemia protects against severe malaria by attenuating the
effect of parasite virulence and decreasing the amount of Hb loss during increased
parasitemia. The a-thalassemia erythrocytes parasitized may be more susceptible
to phagocytosis in vitro culture and unavailable than normal red cells in the
formation of rosettes [87, 88]. Alike, has been related the complement receptor 1
(CR1), which is reduced on a-thalassemic erythrocytes infected, the diminution
of CR1 expression in this type of cells are associated with a possible mechanism for
reduction resetting [89]. Following, with less able to adhere to endothelial cells. Of
this mode, studies have suggested that altered cells maintain that membrane band
3 may be a target for enhanced antibody binding to parasitized a-thalassemic cells
[90, 91].

6. Erythroenzymopathies
6.1 Glucose-6-phosphate dehydrogenase deficiency (G6PD)

Worldwide, one of the most frequent polymorphic disorders at the level of
erythrocytes is the deficiency of glucose-6-phosphate dehydrogenase (G6PD), a
condition that is triggered by the decrease in the activity of glucose-6-phosphate
dehydrogenase [92]. This disorder linked to genetics is located in the terminal
region of the long arm of chromosome X (Xq28) and characterized by establish-
ing the condition of deficiency or normal in men; and in the case of women, it is
established that they can be heterozygous, homozygous, or normal [92, 93]. The
heterozygous women have a copy of the gene that synthesizes the normal G6PD and
another copy that produces the variant of the enzyme.

The active enzyme consists of identical subunits that form dimers and tetra-
mers, which contain a nicotinamide-adenine dinucleotide phosphate (NADP)
binding site [94, 95]. NADP binds to the enzyme, as a structural component and
as a substrate for the reaction. As shown in Figure 4, G6PD catalyzes the entry of
glucose-6-phosphate (G6P) into the pentose phosphate pathway, specifically that of
hexose monophosphate, a reaction that produces glucose-6 oxidation, phosphate to
6-phosphogluconolactone, reducing NADP to NADPH [96].

In erythrocytes, it is the only source of NADPH, being essential to protect cells
against physiologically high levels of oxidative damage, enzymatic mechanisms
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associated with increases in reduced glutathione (GSH) [92]. Where glutaredoxin
intervenes and by means of which GSH protects the sulfhydryl groups of the hemo-
globin and the erythrocyte membrane, but in the presence of oxidizing agents, in
the form of free radicals or peroxides, the level of GSH decreases, although it can
be restored by the action of glutathione reductase which does have an adequate
NADPH supplement [75].

Wide mechanisms have been described for the study of role of G6PD-
deficiency as elements protective during infection with P, falciparum. The distribu-
tion in the world with respect to malaria is similar to the mutated alleles G6PD;
these observations have evidenced that first studies evaluated the connection
between G6PD deficiency and malaria, with contradictory results. However,
the allelic heterogeneity of G6PD deficiency may be related with susceptibility
of P, falciparum when infected erythrocytes are present under this condition.
Thereby, studies established by Ruwende and col. have demonstrated that G6PD
A- alleles are associated with a reduction in the risk of severe malaria caused by
P. falciparum, protection that are confer principally in heterozygote individuals
[97]. Likewise, experimental investigations have evidenced a diminution in the
growth of parasitized-erythrocytes with G6PD A and A- in Mediterranean popula-
tion when contrast with normal subject. Thus, this has indicated the incidence of
mechanism of initial phagocytosis, where infected RBC of G6PD-deficicients is
induced to phagocytosis by macrophages in anterior stages of the development of
parasite, an aspect that is related with protective mechanism against malaria [98,
99]. Equally, a direct relationship of activation of process as phagocytosis in ring
stages of parasite in erythrocytes infected with this condition has been considered
[99]. This mechanism is associated with an increased binding of autologous IgG
and complements C3 fragments when were compared with infected-RBC normal
individuals [100]. Finally, have been associated a succession of phenomena’s as the
oxidation under increase of ROS into the erythrocytes and formation aggregated of
band-3 protein [101].

6.2 Pyruvate kinase deficiency (PK)

Pyruvate kinase (PK) is an enzyme engaged in the conversion of phosphoenol-
pyruvate (PEP) to pyruvate. The catalysis of PK is an important element for forma-
tion of ATP in the glycolytic route [102]. PK plays a fundamental role in erythrocyte
due to which cells depend on the production of ATP by glycolysis for the metabolic
development and functionality of the cells [103]. The PK activity generally is
increased in erythrocytes in the infection process. Likewise, have been associated
to recognizing and the generation of the target of drug with P, falciparum infec-
tion [104]. PK deficiency is enzymatic alteration of the glycolytic route inducing
non-spherocytic hemolytic anemia. The cause frequently linked is due to punctual
mutations (1529A and 1456 T). PK deficiency presents worldwide distribution and
is commonly prevalent in Caucasian populations [105].

It has been shown that PK deficiency is related to protection against infection in
mice with Plasmodium chabaudi parasites, suggesting a similar effect of PK defi-
ciency in humans. These effects have shown that PK-deficient human erythrocytes
have induced diminution of malaria infection [106]. Other reports have indicated
that possibly a protective effect against P, falciparum infection is generated, with
alterations associated to replication on infected erythrocytes, where an invasive
defect of erythrocytes in subjects bearing the homozygous mutation and to a
preferential macrophage clearance of ring-infected erythrocytes is evidenced both
in homozygous and heterozygous individuals [107].
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Some phenomena have been associated with the deficiency of pyruvate kinase
and infected erythrocytes, such as those established by the pleiotropic effect of the
enzyme deficiency in the invasion of the parasite, which favors a substantial reduc-
tion of the growth of these and in the same way observes the activation of processes
such as phagocytosis of infected erythrocytes in the ring stage that can provide
protection against malaria, either by causing a reduction in the parasite burden or
by reducing the number of erythrocytes infected with parasites in the trophozoites
stages and schizonts that are available to join microvascular beds of vital organs [108].

These result in a reduced level of invasion of P. falciparum and erythrocytes of
subjects with homozygous mutations. We also indicated that the possible biochemi-
cal differences in the intracellular medium, including the accumulation of glycolytic
metabolic intermediates, did not cause a difference in the growth of parasites in
erythrocytes between homozygotes and heterozygotes [109, 110]. To know even
more the hypotheses of the reduction of the invasion observed in the erythrocytes
of the subjects with homozygous mutations, it is also due to the capacity of the
parasite, including the altered development of merozoites, the invasion of erythro-
cytes by merozoites was examined. It has been observed that the erythrocyte-tale
merozoites had normal levels of invasion and replication in the erythrocytes of the
control subjects [110].

We examined the phagocytic uptake of infected erythrocytes with . falciparum
(ring phase and mature phase) of case and control matter. Phagocytosis of infected
erythrocytes in the ring stage of patients with homozygous mutations was higher
than phagocytosis of uninfected erythrocytes. Also, an increased clearance has been
observed by macrophages of erythrocytes infected in the ring stage of the parasite
derivatives and heterozygotes for the PKLR mutation [108, 110].

Finally, it has led to establish that infected erythrocytes under this condition
had a greater phagocytic phenomenon related to the development and deposition of
hemichromes, IgG, and complement C3c [111, 112].

7. Conclusions

Malaria for years has been a study approach for scientists in the approach to the
structural and functional study of the constituent proteins of the etiological agent,
Plasmodium falciparum. A description of important proteins of the parasite has
been established, as well as an approach of the main experimental studies that try to
explain the molecular basis of each of the main erythrocyte polymorphisms shows
a direct and significant resistance against the development of the parasite, and in
this way, structural supports and detailed knowledge of some of these polymorphic
modifications that show a complete field of study that will lead to the increasingly
broad development of new tools for the compression and search for new pharmaco-
logical therapies are provided.
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AMA1 apical membrane antigen-1

CAT catalase

CR1 complement receptor 1

C3c complement component C3c

DBL Duffy binding-like proteins

EDV electron-dense vesicles

G6PD glucose-6-phosphate dehydrogenase
GPI glycosyl-phosphatidyl-inositol protein
GPX glutathione peroxidase

GR glutathione reductase

6PG 6-phosphogluconate dehydrogenase
GSH glutathione reduced

GSSG glutathione oxidized

HbAS hemoglobin AS

IgG immunoglobulin G

MC Maurer’s clefts

KHARP Knobs-proteins rich in histidines
mi-RNA micro-ribonucleic acid

MSP1 merozoite surface protein 1

NADP nicotinamide-adenine dinucleotide phosphate
PV parasitophorous vacuole

PVM parasitophorous vacuole membrane
PfEMP1 Plasmodium falciparum erythrocyte membrane protein 1
PKLR pyruvate kinase isozymes R/L

PK pyruvate kinase

ROS reactive oxygen species

RBP reticulocyte binding proteins

SCT sickle cell trait

TVN tubulovesicular networks
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Chapter 4

Pharmacokinetic and
Pharmacodynamic Profiles
of Rapid- and Slow-Acting
Antimalarial Drugs

Qigui Li and Brandon Pybus

Abstract

Artemisinin and its derivatives are highly effective antimalarial drugs. These
compounds combine potent and rapid antimalarial activity with a wide therapeutic
index. An initiation of artemisinin resistance, described by a delayed parasite
clearance time, is unlikely to cause high-level resistance. Artemisinins as a class
demonstrate poor efficacy as monotherapy. This shortcoming can be overcome
using oral artemisinin-based combination therapies (ACT) and intravenous-arte-
sunate (IV-AS) in combination with slow-acting partner drugs. Pharmacokinetic
and pharmacodynamic (PK/PD) evaluation demonstrates that the rapid efficacy
of artemisinins is largely due to drug peak concentrations. Critical evaluation also
demonstrates that AS is superior in PK/PD either following oral or intravenous
administration when compared to the other rapid-acting artemisinins. This rapid
efficacy and decreased mortality demonstrates that currently available artemisi-
nins have a great advantage when combined with slow-acting antimalarial drugs
for uncomplicated malaria or in sequential therapy with AS injection initially for
severe and complicated malaria. Compared to other ACTs, dihydroartemisinin-
piperaquine (DP) demonstrates a superior in PK/PD profile, most likely due to the
long half-life of piperaquine. These findings will help us better understand the PK/
PD profiles of rapid-acting (artemisinins) and slow-acting (piperaquine) drugs,
and suggest how to best use ACTs in the future.

Keywords: artemisinin, artesunate, piperaquine, pharmacokinetics,
pharmacodynamics

1. Introduction

The artemisinin group of antimalarials is considered to be highly and rapidly
effective compared with other traditional malaria drugs. Resistance to artemisinins
emerged in 2008 in parts of Southeast Asia and continues to spread [1]. Although
there is more evidence to confirm drug resistance [2, 3], artemisinin and its deriva-
tives are still widely used in current malaria therapy [2, 4]. Clinical artemisinin
resistance is demonstrated as a delayed clearance phenotype; that is, infection
finally resolves with treatment with artemisinin-based combination therapies
(ACTs), but the time required for parasite clearance substantially increases [5].
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High rates of recrudescence with daily monotherapy of artemisinins for 3-5 days
are observed in humans. However, this shortfall is being overcome using oral ACTs
and injectable artesunate (IV-AS) in combination with slow-acting antimalarial
drugs. The rapid parasite killing of artemisinins in the treatment of early uncom-
plicated malaria with ACTs may prevent its progression to more severe disease
with subsequent reduction in severe cases and associated mortality [6]. ACTs are
currently the preferred treatment for malaria due to their enhanced efficacy and the
potential to lower the emergence and spread of resistance [7].

The WHO has endorsed ACTs as the “policy standard” for all malaria infec-
tions in areas where P falciparum is the predominant infecting species. Four ACTs
recommended by a WHO Expert Consultative Group in 2001 are artemether
(AM)-lumefantrine (Coartem), AS-mefloquine (Artequin), AS-amodiaquine, and
AS-sulfadoxine/pyrimethamine [8]. Monotherapy with the artemisinins was signifi-
cantly decreased after 2001 to prevent the emergence of resistance. However, IV-AS,
as a monotherapy, is still in first line of treatment for both adults and children in Asian
countries [9] for complicated and severe malaria, as well as some areas in Africa [10].

Recent trials have used IV-AS with its more favorable pharmacokinetic profile
[11, 12]. The SEAQUAMAT trial, a large multicenter randomized trial carried out in
Bangladesh, Thailand, Myanmar, Indonesia, India, and Vietnam, showed a 34.7%
reduction in mortality from all causes associated with IV-AS as compared to intrave-
nous quinine [13]. This remains the largest trial performed for severe malaria and was
the first to conclusively demonstrate a benefit over standard quinine therapy. There is
strong evidence that IV-AS will reduce the risk of death by one-third when compared
to quinine therapy in cases of severe malaria. Consequently, IV-AS was immedi-
ately recommended for patients with severe malaria by The European Network on
Imported Infections Disease Surveillance (TropNetEurop) after these trials [14].

The most recent development in antimalarial therapy is the use of artemisinin
derivatives, especially IV-AS, which will potentially revolutionize the management
of severe and complicated [15]. Therefore, there is a strong case for continued need
for AS as a monotherapy, if only for this niche indication [16]. However, there is
currently no useable formulation available that is produced under good manufac-
turing practice (GMP) conditions. The Walter Reed Army Institute of Research
(WRAIR) continues to develop a novel cGMP injection of AS since 2004, which is
in the process of US FDA approval [17, 18].

2. PK/PD evaluation of the artemisinins in patients

Pharmacokinetics (PK), in general, comprises three distinct phases (absorption,
distribution, and elimination) of artemisinin drugs in blood after oral, intravenous,
or intramuscular administration. Following single oral administration, AS and
dihydroartemisinin (DHA) have short mean residence times (MRT) of 2.0 and
2.7 h, respectively, and artemisinin (QHS) has a longer MRT of 7.4 h. Following
intramuscular injections, arteether (AE) and AM both display very long MRTs at
13.9 and 42.9 h respectively. However, IV-AS displays the shortest MRT (0.90 h)
after intravenous injection (Table 1). It is obvious that the different artemisinins
and the method of their delivery result in significant differences in PK charac-
teristics in humans. After multiple administrations, four drug concentrations of
QHS, DHA, AS, and AM have been reported to decline daily due to autoinduction
metabolism [19-23] that may result in the high rates of recrudescence with the
monotherapy at a multiple dosing.

Pharmacodynamics (PD) has similarities to PK profiles but instead measures
parameters of efficacy. For any antimalarial, the mean parasitemia-time curve
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following administration presents as a lag phase. This lag phase is then followed by

a sharp drop in parasite burden (representing the clearance phase), which is then
followed by a slow decrease to very low parasitemia levels. Subsequent phases of this
process are usually under the limits of microscopic detection of both the dormant and
terminal phases (Figure 1, top). The artemisinins affect this profile in multiple ways.
First, they prevent the continuation of merogony at later stages of parasite develop-
ment as compared to quinine or mefloquine. This stops the occasional alarming sharp
rise in parasitemia immediately following treatment described earlier (lag phase).
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Figure 1.

Stfndﬂrd pavasite clearance curve in diffevent stages (lag phase, cleavance phase, dormant and terminal phase)
and synchronicity of parasite development under antiparasitic drug received at o h (top chart). The mean
pavasite clearance curves (bottom chart) of AS (solid line) at single intravenous 120 mg and oral 100 mg at

8 h, then oral 750 mg mefloquine at 24 h [26, 27]; oral AS (dashed line) at 100 mg first day and 50 mg b.i.d

2-5 days orally [22, 28, 29]; oral DHA (dot and dashed line) at 200 mg first day and 100 mg 2—5 days orally
(30, 31]; oral QHS (solid line) at 500 mg first day, 250 mg b.i.d 2—5 and 500 mg last day orally [19-21, 29];
intramuscular AM (dashed line) at 3.2 mg/kg first day and 1.6 mg/kg 2—5 days intramuscularly [35, 36]; and
intramuscular AE (dot line) of 4.8 mg/kg at 0 h and 1.6 mg/kg at 6 and then 2—5 days intramuscularly [38, 39],
in malaria patients (bottom chart) (Table 1). The parasitemia at o h was set as 100% of parasitemia.
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Second, the drop in parasite load is accelerated. This is explained by enhanced clear-
ance of erythrocytes infected with ring forms (clearance phase) [24]. Rapid termina-
tion, surviving and stage unaffected parasites display very low levels of dormancy
[25], which is the basis of the recrudescence (dormant and terminal phase). Different
artemisinins with varied methods of delivery show different parasitemia-time
profiles (Figure 1, bottom). Although the PK/PD publication record is very limited,
the possible PK and PD evaluations for individual drugs with the same regimens

in monotherapy for human-malaria are described below; and the PK data of five
artemisinin drugs (AS, DHA, QHS, AM, and AE) corresponding with parasitological
consequences in malaria patients are shown in Table 1, Figures 1 and 2.

2.1 Intravenous-artesunate (IV-AS)

PK/PD profiles in humans were studied following AS intravenous administra-
tion at doses of 120 mg/person on the first day at 0 h followed by oral 100 mg at 8 h
(Figure 2, top left). A mean peak level (Cy.x) of 11.343 ng/ml was displayed for

IV-AS, which rapidly cleared with an elimination half-life of 0.05 h. The Cy,,x of
DHA, the primary metabolite of AS, was 2646 ng/ml with an elimination half-life

IV AS . “ Oral AS

Oral DHA | \ Oral QHS

L. i N LTS B TR . S 4 B T

ol M AM M AE

Figure 2.

Pharmacokinetic/pharmacodynamic profiles arve in plasma following intravenous-artesunate and oval
artesunate (AS, with DHA measurement) [22, 26-29], oral dihydroartemisinin (DHA) [30, 31], oral
artemisinin (QHS) [19-21, 29], intramuscular artemether (AM) [35, 36], and arteether (AE) [38, 39] with
various regimens measured by HPLC-ECD or LC-MS (solid markers) and computer-fitted curves (solid line)
are from malaria human trials. Relative PK/PD parameters are given in Table 1, and the parasitemia was
counted 100% at zero while the first dosing time.
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of 0.67 h (Table 1). The mean AUC for DHA was 2378 ng h/ml, which is 2 times
higher than that of the parent compound, AS, (AUC of 1146 ng h/ml) [26, 27].

In this trial, the lag phase for the parasitemia curve was estimated as 1.92 h
(Table 1), which was the shortest as compared to oral AS and 4 other drugs
(Figure 1, bottom), indicating that the IV-AS injection very efficiently kills
parasites, with a mean time of 3.18 h for clearance of half the parasitemia (PCs),
which is the lowest PCsy and has the lowest area under inhibitory curve (AUIC)
at 397.3% h/pl in this evaluation (Table 1). After modeling, an E,,,x of 0.00111%
parasitemia was estimated for IV-AS therapy on the first day. The E,,,x was the
principal pharmacodynamic parameter determining maximum antimalarial
effects for the artemisinins, as it displayed a sharp concentration-effect rela-
tionships. This relationship may be due to the time that blood concentrations
exceeded the minimum parasiticidal concentration (MPC), as opposed to being
driven by either C,,,x or AUC [25]. For the data presented in this chapter, the MPC
was the lowest after administration of100 mg per patient of IV-AS, with parasit-
emia remaining in blood (0.0011%) as compared to the other four artemisinin
derivatives addressed (Table1).

2.2 Oral artesunate (AS)

PK/PD profiles in plasma were studied following oral AS administration of
100 mg/person tablets on first day, followed by 50 mg twice daily for 2-6 days
(Figure 2, top right). The mean peak plasma concentration of DHA was measured
at 1052 ng/ml, with an elimination half-life of 0.75 h (Table 1). Also, the AS con-
centration declined day-over-day for the 5-day duration of dosing [22]. Mean AUC
of DHA was calculated to be 1334 ng h/ml, 6.4 times higher than that of the parent
compound (AUC of 210 ng h/ml), AS [28].

With the same oral dose regimen of AS, the time of lag phase in the parasitemia
curve was only 2.81 h, shorter when compared to the four other artemisinins, with
arange of 4.03-8.89 h (Figure 1, bottom) but longer than that of IV-AS (1.92 h),
indicating that the effect of AS tablets was very efficient with a 0.36 h absorption
half-life and a Cy,,x of 1052 ng/ml [29]. Similarly, rapid parasite clearance with a
mean time of 8.48 h for clearance of half the parasite load (PCs), the lowest PCsq of
the four drugs and the lowest AUIC with 921.2% h/pl (Table1). After modeling, an
Emax of 0.0016% parasitemia was calculated for oral treatment with AS on the first
day. For the data presented here, the MPC was the lowest, with parasitemia remain-
ing in blood after dosing with 100 mg of AS per patient as compared to other four
artemisinin derivatives (Table1).

2.3 Oral dihydroartemisinin (DHA)

Profiles of PK/PD in plasma following administration of 200 mg/person in tablets
DHA on day 1 followed by 100 mg at day 2-5 are shown in Figure 2 (middle left).
After 200 mg of DHA, the mean peak plasma concentration of DHA was 437 ng/

ml with an elimination half-life of 0.85 h. The mean AUC of DHA was calculated to
be 1329 ng h/ml. With the 200 mg oral dose regimen, the time of lag phase in the
parasitemia curve was 4.03 h, longer than that of oral (1.92 h) and IV-AS (2.81 h) but
still shorter than either QHS (5.76 h), AM (726 h), or AE (8.89 h), indicating that
the rapid clearance effect of DHA tablets was inferior to AS, but superior to QHS,
AM, and AE regimens. Additionally, this rapid parasite clearance resulted in a mean
time of 10.05 h of PCsy and an AUIC of 1167.9% h/pl (Table 1, Figure 1, bottom).
After the first day, modeling estimates of the E,, were 0.213% parasitemia for oral
DHA treatment. For the data presented here, after 200 mg per patient of DHA, high
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MPC remained in the blood as compared to the other three artemisinin derivatives
(Table 1). Absorption of DHA tablets, with 0.67 h half-life, was 50% slower than
that of AS (0.36 h) in this trial as well, indicating that the relatively slow reduction of
parasitemia may have resulted from the slow absorption [30, 31].

As compared to oral AS, the AUCs of treatments with either AS or DHA (in
oral form) the same, with only C,,, of oral AS differing, and was two times higher
than oral DHA treatment, suggesting that this high peak concentration (Cy,,y)
may be causally related to the decrease of parasitemia in patients [30, 31]. DHA
appeared to have very low bioavailability (<50%). If calculated with an equal dose
level, the C.x and AUCpya estimated from AS treatment were four- and twofolds,
respectively, higher than the DHA dosage regimen. Our data demonstrate that the
DHA tablet (Cotexin) in beagle dogs had only 24.4% absolute bioavailability [32].
In malaria patients, rebound parasites (3%) on day 3 and one-fourth recrudescence
rate (24%) were found in subjects treated with DHA tablets in clinical work [30].
The 3% of rebound parasites were only found in DHA oral treatment in this com-
parison (Figure 2).

2.4 Oral artemisinin (QHS)

PK/PD evaluation in plasma following artemisinin (QHS) oral administration of
500 mg/person on the first day followed by 250 mg twice daily for 4 days and then
another 500 mg on 6th day is seen in Figure 2 (middle right). After 500 mg of QHS
by oral dosing, the mean peak plasma concentration of QHS was reached at 588 ng/
ml and then declined with an elimination half-life calculated at 2.4 h. The mean
AUC of QHS was estimated at 2601 ng h/ml, which was a comparatively high AUC
due to the oral dose taken. With the 500 mg oral dosage regimen, the lag time in the
parasitemia curve was 5.76 h, which was longer than oral and IV-AS (1.92-2.81h)
and DHA (4.03 h) but was better than AM and AE in trials (Figure 1, bottom).
This indicates that the rapid effect of QHS capsules was not as good as oral AS and
DHA even given at three- to sixfold higher doses [19-21, 29]. The patients treated
with oral QHS showed 13.95 h of PCsq and the 1464.4% h/pl of AUIC (Table1). The
absorption of QHS capsules with a 1.21 h half-life was slower than the absorptions
of AS and DHA drugs, suggesting that the slow reduction of parasitemia may have
resulted from slow absorption and lower antimalarial potency. Compared with oral
AS and DHA study, oral QHS appeared to have very low bioavailability of 30% [33]
and low antimalarial potency with cultured P, falciparum [34].

2.5 Intramuscular artemether (AM)

PK and PD profiles in plasma following AM intramuscular administration in
sesame oil of 3.2 mg/kg on day 1 and then 1.6 mg/kg daily on day 2-5 can be seen in
Figure 2 (bottom, left). The mean peak plasma concentration was reached at 74.9 ng/
ml and then declined with an elimination half-life calculated at 783 h (Table 1), indi-
cating that this formulation had the lowest peak of drug concentration when com-
pared to the other four artemisinin drugs. A mean AUC was estimated at 1230 ng h/ml
[35, 36]. At the same dosage regimen, the time of lag phase in the parasitemia curve
was 7.26 h, which was the second longest lag time compared with the other three
drugs except for AE, indicating that the effect of the AM intramuscular formulation
had a very low and prolonged absorption from muscle injection sites [37].

Parasitemia counts early after dosing did not decrease due to the low peak
concentration of AM, but increased markedly to 110% at 4 h (parasitemia was set
at 100% of the zero dosing time). This observation may explain why the lag time
was longer at 7.26 h with no parasite decrease after injection. Similarly, there was
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very slow clearance of parasites producing a mean PCs, time of 15.6 h (Figure 1,
bottom), which was also the longest PCs, time compared to the other three drugs
except AE (Table 1). The AUIC of 1613.4% h/pl also revealed that this drug given
as an intramuscular regimen was not efficacious in reducing parasitemia [35].
Although intramuscular AM was not fast enough to kill parasites in patients,

the long-lasting exposure level of AM (7.83 h elimination half-life) could reduce
parasitemia at an acceptable rate. Computer modeling estimated the E,;,; at 0.003%
parasitemia in this clinical trial. The MPC (E,,,) was only a little more than oral AS
in the first-day modeling, but much less than oral DHA, oral QHS, and intramuscu-
lar AE (Table1).

2.6 Intramuscular arteether (AE)

PK and PD profiles in plasma following AE intramuscular administration in
sesame oil of 4.8 mg/kg at 0 h and 1.6 mg/kg at 6 h on day 1 and then daily 1.6 mg
from day 2-5 are illustrated in Figure 2 (bottom, right). The mean peak plasma con-
centration was reached at 110.1 ng/ml and then declined with an elimination half-life
calculated at 22.7 h (Table 1), indicating that this formulation has a low peak of drug
concentration when compared to AS, DHA, and QHS. Mean AUC was estimated
at 4702 ng h/ml [38]. At the same dosage, the lag time in the parasitemia curve was
8.89 h, which was the longest lag time and the highest AUC value compared with the
other four drugs, indicating that the effect of the AE intramuscular formulation had
avery low and prolonged absorption from muscle injection sites [37].

Parasitemia counts early after dosing did not decrease due to the low peak con-
centration of AE, but increased to 108% at 6 h (100% parasitemia set at O h of the
first dosing time). As with AM, this increase may be the reason why the lag time is
longer at 8.89 h with no parasite killing after injection. Similarly, a very slow parasite
clearance was produced at mean PCs, time of 19.68 h, which was the longest PCs,
time compared to the other four drugs (Table 1). The highest AUIC of 2463.5% h/ul
revealed that the drug with the intramuscular regimen was not efficacious in reduc-
ing parasitemia [35, 39]. Intramuscular AE was neither able to exterminate parasites
rapidly, nor to reduce parasitemia much in patients revealing it to be an inferior
antimalarial agent when compared to the other four drugs (Figure 1, bottom). The
computer modeling estimated the E,,, at 0.55% parasitemia in this clinical trial. In
spite of two doses on day 1 (4.8 mg/kg at 0 h and 1.6 mg/kg at 6 h), the E,,,, was still
the highest value compared to other the four artemisinins (Table 1).

3. Efficacy and potency of artemisinins depending on drug peak
concentration

Intravenous and oral AS are the fastest killers of parasites in human malaria
treatments out of the five artemisinins, indicating that AS is a superior antimalarial
agent in performance of PK/PD. IV-AS provides the highest peak concentration
and a very short exposure time, while oral AS can also provide high peak levels and
similar short exposure times. The data suggest that the higher peak level has a major
role in eliminating parasites rapidly and the short exposure time contributes to the
avoidance of fatal neurotoxicity [40, 41] as well as prevention of resistance [42].

Although DHA has similar efficacy to AS in vitro [34], the agent does not have as
rapid effect as IV-AS or oral AS, even with twofold higher dosing. The explanations
include lower bioavailability [43, 44], which results in a slower absorption phase,
and a long lag time which has an effect on activity. However, we believe the principal
reason is due to the lower peak concentration observed when compared to oral AS.
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Oral artemisinin (QHS) does not compete well in this PK/PD comparison with its
relatively low potency against cultured P, falciparum [34]. Although high oral doses
(three- to sixfolds higher than oral DHA and AS, Table 1) produced higher plasma
concentrations (2601 ng h/ml of AUC) and high peak concentrations (588 ng/ml), the
relatively low potency [34] and bioavailability [33] significantly limited the efficacy.

Intramuscular AM or AE consistently displays low efficacy and slow parasite
killing. Due to the sesame oil formulation, AM and AE have a very low and pro-
longed absorption from muscle injection sites [37]. Initially, parasitemia counts
after dosing do not decrease due to the low and delayed peak concentrations
(75-110 ng/ml) of AM and AE. This may be the main reason for slow elimination
of parasites as the observed lag times of 7.2-8.9 h are the longest of the drugs.
Subsequently, they have the slowest clearance rates, with mean PCs, times of
15.63-19.68 h, potentially resulting in inadmissible failures in some of the AE trials
(Table1) [38]. Although drug exposure times of AM and AE are comparatively
longer than AS, DHA, and QHS, this long exposure apparently did not improve
efficacy. Instead, it seems to induce neurotoxicity [41]; therefore, this formulation
should not be encouraged for clinical use to treat acute and severe malaria as safer
agents are available.

PK/PD evaluations demonstrate that the rapid efficacy of the artemisinins is
principally due to the drug peak concentration (C,y,y). This further indicates that
AS has superior PK/PD following either oral or intravenous administration. Other
pharmacokinetic parameters, such as drug exposure level (AUC) and drug exposure
time (half-life), tend to be of minor importance for efficacy [45]. Most clinical
observations demonstrate that the fast pharmacodynamic properties of these drugs
have been largely addressed with pharmacokinetic findings [38, 45, 46]. Further,
low drug exposure of artemisinins may be a cause for observed treatment failures
[37, 47, 48]. These studies showed that using a low dose regimen may not provide
enough drug exposure to kill the parasites in these patients [49]. In contrast, the
clinical cure indicated that the intravenous formulations, like AS injection, are very
important in the rapid treatment of malaria with high observed peak concentra-
tions (Cpnax), especially in severe and complicated malaria [26, 27].

Evidence shows that higher plasma concentrations (Cp,,; and AUC), especially
peak concentrations (Cpn,x), greatly enhance the efficacy and clinical therapeutic
potentials of the artemisinins. As previously discussed, the severity of the possible
complications for P, falciparum malaria constitutes a serious medical emergency,
and appropriate treatment should be initiated if infection is suspected. Appropriate
treatment requires enough high-dose regimens and should be given to provide
successful therapeutic efficacy for malaria patients, as it is known that 84% of all
malaria related deaths occur within 24 h of hospital admission in African children
[50]. As such, first exposure concentrations of artemisinin drugs are critical in the
clinical setting.

4. PK/PD evaluation of artemisinin-based combination therapies
(ACTs)

In order to avoid a high recrudescence of the monotherapy of artemisinins and
to delay or prevent emergence of artemisinin resistance, WHO recommends the use
of combination therapies for the treatment of uncomplicated P, falciparum malaria.
Artemisinin derivatives rapidly decrease the parasite biomass, while the presence of
partner antimalarial drugs with a different and slow-acting mechanism reduces the
probability of high recrudescence. These therapies include one artemisinin deriva-
tive plus a partner, slow-acting, antimalarial drug with a longer half-life [51, 52].
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WHO encourages the development of fixed-dose combination (FDC) versions of
ACTs, versus coblistered tablets that can be misused to facilitate administration of
artemisinin as monotherapy.

Two ACT combinations, artesunate-sulfadoxine/pyrimethamine (AS-SP) and
artesunate-amodiaquine (AS-AQ ), are used in areas where parasites are suscep-
tible to these drugs. In areas where resistance to sulfonamide-pyrimethamine,
chloroquine, and amodiaquine is prevalent, other artemisinin combinations are
used such as artemether-lumefantrine (AL) or artesunate-mefloquine (AS-MQ).
More recently, dihydroartemisinin-piperaquine (DP) is a promising ACT option
that exhibits an excellent efficacy and safety profile and is currently the first-line
therapy for uncomplicated malaria in Asia. Currently, artemisinins have been intro-
duced to the market combined with other slow-acting drugs to create fixed-dose
ACTs containing amodiaquine, mefloquine, and piperaquine [53].

Artemisinin-resistant falciparum malaria has developed on the border
between Thailand and Cambodia. The development of artemisinin resistance is
likely a consequence of patient treatment with artemisinin monotherapy with
substandard, counterfeit, or adulterated drugs for over 40 years. This artemis-
inin resistance phenomenon is characterized clinically by much slower parasite
clearance rates after artemisinin treatment [54]. This artemisinin resistance,
defined by a delayed parasite clearance time, has been associated with several
genetic mutations.

One hypothesis to explain this phenomenon is delayed parasite clearance derived
from a stage-specific decrease in artemisinin sensitivity against circulating young
asexual ring-stage parasites. Another hypothesis to explain this phenomenon is
dormancy of ring-stage parasites in vivo, which would render them resistant to
artemisinin treatment. A related hypothesis is that reduced sensitivity to treatment
with artemisinins renders the ACT partner drug vulnerable to development of
resistance. This very ominous development accompanied with the development of
resistance over time in Asia to all of the partner drugs used for ACTs suggests that
all of the current ACT regimens would be predicted to fail in Southeast Asia. This
phenomenon will lead to malaria recurrence after treatment, and decreased efficacy
of artemisinin-based treatment of severe malaria. To assess this question further
concerning AS-MQ efficacy, a clinical trial was conducted on the Thai-Cambodian
border using this combination to treat 151 subjects infected with uncomplicated

falciparum malaria. Patients were followed over a 42 day period or until recurrent
parasitemia was observed. The PCR-corrected treatment failure rate at 28 days was
13.1%, and the treatment failure rate at 42 days after treatment was 18.8%. These
treatment failures were associated with longer parasite clearance times, increased
pfmdrl copy number, increased initial parasitemia, and elevated mefloquine ICso
values. These data demonstrate the combined effects of artesunate resistance and
mefloquine resistance in this region [55].

Similar to other drug resistance phenotypes, this resistance can best be under-
stood based on its mechanism of action. More recently, it was demonstrated that
artemisinin attacks multiple parasitic targets, suggesting that mutations in drug
targets are unlikely to cause high-level artemisinin resistance. These findings will
help us to better understand the mechanisms of artemisinin resistance and suggest
that how can we continue to use ACTs [51].

There is a very large body of evidence to support the hypothesis that ACTs
provide the best possible treatment available today for uncomplicated multidrug-
resistant falciparum malaria. ACTs provide rapid treatment responses that are well
tolerated, provide excellent cure rates with 3-day treatment regimens, provide
reductions in gametocyte carriage, and decrease drug resistance by providing
protection for combination partner drugs.
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Clinical trials in 10 investigational sites in 7 African countries (Burkina Faso,
Nigeria, Gabon, Zambia, Uganda, Rwanda, and Mozambique) were performed. About
4116 African children under 5 years of age with uncomplicated P, falciparum malaria
were treated with four ACTs: 1226 with AL, 1002 with AS-AQ, 413 with chlorprogua-
nil-dapsone-artesunate (CDA), and 1475 with DP. The PCR-corrected cure rate on day
63 showed no differences between DP, AL, and AS-AQ, while these three ACTs were
statistically superior in comparison with CDA. The PCR-uncorrected cure rate at day
63 indicated that DP was statistically superior to AL, AS-AQ,, and CDA [56].

In addition, the efficacy of the Eurartesim® formulation of DP in Thailand,
Laos, and India was compared with that of AS-MQ for the treatment of patients
aged 3 months to 65 years with uncomplicated P, falciparum malaria in a noninfe-
riority trial conducted in Asia. DP was shown to be a highly efficacious drug for
the treatment of uncomplicated P, falciparum malaria in areas where multidrug
parasites are prevalent [57].

Several additional trials compared the efficacy of the Artekin® formulation of
DP versus AS-MQ in patients with uncomplicated P, falciparum malaria. Most of the
trials were conducted in Asia with one trial conducted in Peru, and the majority of
trials included both pediatric and adult patients. DP was shown to be highly effec-
tive for the treatment of uncomplicated P, falciparum malaria [58].

Antimalarial drug resistance is now well established in both P, falciparum and
P, vivax. In southern Papua, Indonesia, where both strains of Plasmodia coexist, a
series of studies were conducted to optimize treatment strategies. A randomized
trial compared the efficacy and safety of DP with AS-AQ. Of the 334 patients in the
evaluable patient population, 185 were infected with P, falciparum, 80 were infected
with P, vivax, and 69 were infected with both species. DP was both more efficacious
and better tolerated than AS-AQ when used to treat multidrug-resistant P, falciparum
and P, vivax infections. The prolonged therapeutic effects of piperaquine appeared to
delay the time to P, falciparum reinfection, decrease the rate of recurrence of P vivax
infection, and reduce the risks of both gametocyte carriage and anemia [59].

Other studies have also shown that DP has excellent efficacy for the treatment of
uncomplicated malaria. The results showed that DP was superior to AL and AS-AQ
for reducing the risk of recurrent parasitemia and recrudescence [60]. DP has con-
sistently been shown to be well tolerated, safe, and efficacious in adults and children
in Asia, Africa, and South America, both in children and in adults with uncompli-
cated malaria due to P, falciparum, P. vivax, or mixed infections with significantly
less nausea, vomiting, and dizziness than AS-MQ [58, 61]. DP was also better toler-
ated, with no clinically significant cardiovascular or metabolic effects [58].

Recently, nine trials compared the efficacy of Eurartesim®, Duocotecxin®, or
Artekin® formulations of DP with that of AL in patients with uncomplicated
P, falciparum malaria. Most of these trials were conducted in Africa, with one
trial conducted in Cambodia. These additional trials demonstrated the efficacy
of DP for the treatment of uncomplicated P. falciparum malaria. DP was shown
to be superior to AL with respect to other endpoints, including fever and parasite
clearance times, reinfection rates, and gametocyte carriage rates [58].

The conclusions of those studies were that DP was shown to be a safe, well toler-
ated, and highly effective treatment of P, falciparum malaria in Asia and Africa, but
the effect on gametocyte carriage was inferior to that of AS-MQ [62].

5. Therapeutic effects of ACTs depending on the half-life of partner drug

Concerning therapeutic benefits, combination therapy minimizes the risk
of emergence and spread of parasites resistant to either agent. Preventing the
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development of artemisinin resistance is of vital importance given the crucial role
artemisinin derivatives play in malaria control and treatment programs. Artesunate
resistance has already emerged in western Cambodia [1, 63]; however, ACTs are still
capable of achieving cure rates exceeding 90%. Since 2001, WHO guidelines have
recommended the use of ACTs to include DP, AL, AS-MQ, AS-AQ, and AS-SP to
treat patients with uncomplicated P. falciparum malaria. Among those ACTs, DP
represents a new and extremely promising fixed-dose combination. Several clinical
trials have repeatedly shown that DP is a safe and highly efficacious therapy against
uncomplicated P, falciparum and the asexual stages of P, vivax malaria. The risk of
recurrent infections was significantly lower for DP, followed by AS-AQ and then
AL, supporting the recent WHO recommendation to consider DP as a valid option
for the treatment of uncomplicated P, falciparum malaria [64].

These therapies include one artemisinin derivative plus a partner compound,
slow-acting, antimalarial drug with a longer half-life [51, 52]. The cumulative risk
of parasitological failure was greater in studies of patients treated with AL, AS-MQ,
and AS-SP than in patients treated with DP, reflecting the very long half-life of
piperaquine. The long half-life of piperaquine is expected to have a major impact
in improving the health-care systems of countries in P, falciparum malaria endemic
areas (Table 2). Piperaquine has a large apparent volume of distribution (greater
than 500 1/kg) and a terminal elimination half-life estimated around 5 weeks. With
increasing sensitivity of assay techniques, the true terminal half-life is probably
similar to that of chloroquine, 1-2 months. The oral bioavailability of piperaquine
increases with coadministration with fat [58, 64-67].

In addition, the superior efficacy of DP for the treatment of P vivax in malaria
endemic areas versus chloroquine or other ACTs may reflect some measures of
chloroquine resistance in areas where trials were conducted or comparison with
one of the longer acting ACTs. Of the ACTs, DP has the longest half-life and as such
was shown to be highly efficacious at preventing P. vivax relapses for up to 56 days
following treatment. In a separate study, AS-MQ also provided protection against
P, vivax parasitemia for up to 63 days. The shorter half-life combinations such as
AL, although equally effective at rapidly reducing parasite biomass, were shown to
provide comparatively little protection against early relapse [64-67]. Accordingly,
the DP combination demonstrably has superior PK/PD qualities compared to all
other ACTs recommended by WHO.

Antimalarials Half-life of Half-life of partner Regions currently in use
artemisinin drug per full adult purchase cost per course (US$)
derivative course (US$)

Artemether-lumefantrine ~3h 4-5days Africa, EM, SE Asia, WP and SA

Artesunate-mefloquine <1h 14-21 days Africa, SE Asia, WP and SA

Artesunate-amodiaquine” <1h 9-18 days Africaand EM

Dihydroartemisinin- 45 min ~5 weeks Africa, SE Asia

piperaquine <1h 16 days NA

Artesunate-pyronaridine NA 1-2 months Africa, EM, SE Asia, WP and SA

Chloroquine1 NA ~4 days (S) or Africa, EM (IPT in Africa,

Sulfadoxine-pyrimethamine ~8 days (P) EM and WP)

"This refers to the ty; of the active metabolite monodesethylamodiaquine; the ty/, of amodiaquine is ~3 h

"These former first-line antimalarials ave included as a reference. EM, eastern Mediterranean; IPT, intermittent
preventive treatment; NA, not applicable; P, pyrimethamine; S, sulfadoxine; SA, South America; SE Asia, Southeast
Asia; ty5, half-life; WE, Western Pacific.

Table 2.
Plasma half-lives of the partner drugs used in artemisinin-based combination thevapies (ACTS) [58, 64—67].
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6. Conclusion

Artemisinins have been used clinically in the treatment of malaria for over
40 years, during which time their mechanism of action and pharmacokinetic
properties have been elucidated. Empirical judgments concerning efficacy and
optimal administration have been influenced by their impressive parasite clearance
kinetics, which are superior to many commonly used alternatives. Among the five
artemisinins in current use, the PK/PD profiles of AS are the best.

This report has also discussed the fact that the rapid efficacy of artemisinins is
principally driven by peak concentration (Cp,yx) from the first drug exposure. Other
factors in the pharmacokinetic parameters, such as drug exposure level (AUC) and
drug exposure time (half-life), appear to be of lesser importance. By the fundamen-
tal and reliable measures of efficacy in cure and mortality rates for uncomplicated
and severe malaria, it is demonstrated that current artemisinins (AS, AM, and
DHA), performing in roles as ACT or monotherapy, provide a clear-cut advantage
over other antimalarials in some geographical locations. The most recent advances
in the decrease of the mortality (34.7%) were shown with the use of IV-AS, as
compared to IV quinine.

Although the artemisinins are poorly efficacious at achieving 100% cure in
malaria when used as monotherapies, this shortage has been overcome using oral
ACTs and IV-AS sequentially with a slower acting partner drug such as mefloquine
or piperaquine. Previous arguments for the long-term benefits of combination and
sequential therapies for preventing resistance and recrudescence still stand. The rapid
action and subsequent decrease in mortality show that the artemisinins have a great
advantage over other antimalarials when used as ACTs for uncomplicated malaria and
in sequential therapy with AS injection in cases of severe and complicated malaria.

As a result of the long half-life of oral piperaquine, DP has excellent PK/PD
potential when compared to all other ACTs. Importantly, WHO guidelines for the
treatment of malaria expanded to include DP as an ACT option for the “first-line
treatment of uncomplicated P. falciparum malaria worldwide” [53]. This was catego-
rized as a “Strong Recommendation” and was added due to “High Quality Evidence.”
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Chapter 5

Nipping the Malaria Vectors in the
Bud: Focus on Nigeria

Omolade Olayinka Okwa

Abstract

Vector control is an important component of malaria control. Human malaria is
a mosquito-borne parasitic disease which causes up to a million deaths a year and is
estimated to infect over 212 million people worldwide. It is present in 97 countries
covering half of the world’s population. Around 90% of deaths occur in sub-Saharan
Africa, especially Nigeria and the Democratic Republic of the Congo (DRC). Malaria
is the most widespread mosquito-borne disease in Nigeria where it has a holoendemic
status. Of the four malaria parasites in Africa, Plasmodium falciparum is the most com-
mon malaria species, while Anopheles gambiae sensu stricto is the predominant vector in
Nigeria. This review discusses the challenges to control malaria in Nigeria which gives
alarger picture of sub-Saharan Africa. These challenges include the adaptability of the
anopheles mosquito to the environment, their diversity, and their different vectorial
capacities. Despite all the efforts to control malaria, it is still a public health challenge
in Nigeria and in sub-Saharan Africa. However, one of the basic challenges is the source
which are the diverse breeding sites. This problem is enhanced by malariogenic activi-
ties of humans. Salient recommendations for vector control by nipping the malaria
vector in the bud were identified and advocated.

Keywords: Anopheles, malaria, Plasmodium, vectors, Nigeria

1. Introduction

Human malaria is a parasitic disease caused by five species of Plasmodium
(a protozoon) such as P, falciparum, P. ovale, P. malariae, P. vivax, and the zoonotic
P, knowlesi in Asia. Globally, malaria causes up to a million deaths a year and is esti-
mated to infect over 212 million people. It is present in 97 countries covering half of the
world’s population [1]. Around 90% of deaths occur in sub-Saharan Africa, especially
in Nigeria and the Democratic Republic of the Congo (DRC) [2]. It is an established
fact that malaria kills over a million children every year in sub-Saharan Africa [1, 3].

As a vector-borne disease, malaria vector control is an important component
of malaria control. The malaria parasite has a complex life cycle, having a series of
stages in the mosquito and the human host. The transmission of malaria takes place
when the parasite enters the host through the saliva of the insect during a blood
meal. As mosquitoes continue to threaten human health and existence, thereisa
need to continually fight back by nipping the malaria vectors in the bud by diverse
mosquito control methods.

These concerns necessitate preventive approaches to control malaria by mos-
quito control methods that involve “nipping in the bud” from the source of the
malaria problem.
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2. Mosquitoes as deadly insect vectors

Mosquitoes are slender, fragile, flying insects of about 3-6 mm in the order
Diptera (true flies) within the invertebrate super-phylum Arthropoda. These
insects are the deadliest animals on the planet earth, transmitting not only malaria
parasites but also filariasis, yellow fever, dengue fever, Zika virus, Mayaro virus,
Ross River virus, West Nile virus, Rift Valley fever, Japanese encephalitis, St. Louis
encephalitis, chikungunya, and other pathogens and bringing death and misery to
millions every year [4]. There are about 40 mosquito genera, and Africa is the home
to three important, efficient, and deadly mosquito genera which are Anopheles,
Culex, and Aedes species [5]. The female Anopheles belonging to one of these deadly
genera transmits malaria even more than wild fire!

3. The adaptability of the Anopheles mosquitoes

Malaria is a problem in the tropics and not in temperate regions of the world. In
the temperate countries, there are mosquitoes, but the life of the malaria parasite
inside the mosquito is a race against time. The time taken for the malaria parasite
to go through its growth and development is close to the average life span of the
mosquito itself. This period is longer in the temperate areas where the survival of
the parasite is on the knife edge, and temperature below certain point reduces the
life span of the mosquito before it can transmit malaria [6].

The adaptability of Anopheles mosquitoes in the tropics and the ability to thrive
in variety of habitats are a big challenge, and this is tantamount to greater spread of
malaria.

Mosquitoes naturally infest ponds, marshes, puddles, swamps, and other
wetland habitats. However, mosquitoes can also breed in any collection of still or
stagnant waters [7].

Adult female mosquitoes may live up to a month in extreme cases in captivity
but up to 2 weeks in nature. They are poikilothermic and have amazing adaptability
such as suctorial mouthparts, holometabolous life cycle, and great diversity which
are some of the secrets behind their success [8].

Both male and female Anopheles mosquitoes feed on sugary and plant juices as
source of energy, flight, and dispersal. However, only the female mosquitoes feed
on blood which is required every 2-3 days for the maturation of its eggs as the plant
sources are inefficient. This blood sucking instinct is a mandatory biological process
[9]. Female mosquitoes mate once in a lifetime and require still waters to oviposit.
Mosquito goes through four stages during its life cycle. The first three stages egg,
larva, and pupa are aquatic, but the adult is aerodynamic but may also rest on
vegetation. More so, in Africa, malaria-carrying mosquitoes typically bite between
dusk and dawn which coincides with the sleeping patterns of the people [3, 6].

3.1 The environment and the human malaria vectors

Distribution and incidence of vector-borne diseases are determined by the
ecological conditions that favours them [10]. There is a relationship between the
environment and mosquito abundance [11]. There are evidences that mosquito can
adapt to environmental changes and even water pollution [12]. Today’s mosquito
breeds even where we thought they can never thrive due to environmental changes
[9]. It has been established that climatic factors have profound influences on mos-
quito’s life span [13]. As ecosystems are being modified across the planet, the habitat
is altered, and malaria territories are being extended because of global warming.
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Consequently, any small variations in microclimate can affect the mosquito’s
chances of survival or longevity [14].

3.1.1 Environmental factors

These include factors such as temperature, rainfall and humidity which are
important factors for mosquito development, and longevity [15]. Changes in the
local environment are important as they create or reduce the number of suitable
breeding sites for vectors, so affecting their abundance and transmission pattern
[16]. Temporal and spatial changes in temperature, precipitation, and humidity
under different climatic conditions will affect the biology and ecology of malaria
vectors and consequently the risk of malaria transmission [15].

3.1.2 Temperature

This factor has been regarded to be the most important factor affecting mosqui-
toes [17, 18]. A drop in temperature can change a mosquito’s life span by more than
1 week. Small changes in temperature result in large differences in availability and
development of mosquitoes. This implies that if temperature rises, the larvae takes
a shorter time to mature and more offspring are produced. In fact, temperature
affects metamorphic changes of mosquitoes in their breeding water sites [18]. This
also means that the frequency of sucking and digesting of blood meal by female
mosquitoes increases, and this has grave implications for malaria transmission [17].

3.1.3 Rainfall

This factor also plays a role in mosquito ecology as it increases the availability of
surface water and so more breeding sites and affects relative humidity and hence
longevity of the adult mosquito [6]. There is relatively lower temperature but higher
relative humidity. Biting intensity of mosquito reduces as rainfall reduces and can
be suspended at low temperature. Rainfall also determines the type of predominant
malaria vector species. For example, An. arabiensis prevails in the dry season, while
An. gambiae sensu stricto (ss) is a rainy season vector [8, 9].

3.1.4 Vegetation

Mosquitoes will rest in houses after feeding if there is no outdoor resting site.
Vegetation increases outdoor resting sites and mosquito abundance, and type
of species could relate to type of vegetation cover [19]. For example, it has been
reported that Anopheles arabiensis, a malaria vector in Nigeria, predominates in the
arid savanna, while An. gambiae ss is a forest-loving vector. An. arabiensis has been
identified in deforested areas within forested areas in urban areas [6, 9].

4. The challenges of malaria vector control in Nigeria
4.1 Human malaria in Nigeria

Malaria is the most widespread mosquito-borne disease in Nigeria where it hasa
holoendemic status, the most vulnerable groups being children aged 0-5 years and
pregnant women [3]. The disease accounts for 25% of infant mortality and 30% of

childhood mortality [2]. Nigeria contributes the highest burden to global malaria
morbidity and deaths. This is about 25% of global malaria cases, about 30% of
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global malaria deaths [20]. Malaria is one of the greatest causes of outpatient visits
and work and school absenteeism in Nigeria [21, 22]. It has a familiar reputation of
causing fever, headache, and teeth chattering shills and shakes [22]. Malaria is the
number one killer disease in Nigeria where unfortunately, it is called “common”
malaria. This is an irony! Malaria death has been described by an expert as causing
death more than the deaths due to the first and second world wars [9]. No wonder
the World Health Organization described mosquitoes as the deadliest animals on
the planet earth [4].

P, falciparum is the most virulent species of malaria parasite in Nigeria. It causes
95% of infections, while P. malariae causes 5% of infections in Nigeria [23]. P, ovale
is rarely seen, while P, vivax is absent in the whole of West Africa [24]. The risk of
malaria exists throughout the country where it is a disease of public health con-
cern. Malaria imposes immense morbidity and mortality as well as socioeconomic
burdens on both individuals and the nation at large [21, 22].

4.2 Efforts to control human malaria in Nigeria

Nigeria is a large country and the most populous country in Africa (169 million;
Nigeria population commission) and one of the hardest hit by malaria in the entire
globe [25].

The Nigeria Federal Ministry of Health reported that Nigeria loses about 1.1 tril-
lion naira annually to control malaria. A lot of funds have been invested on malaria
drugs, insecticides, and mosquito nets for control of malaria. The Nigerian Minister
of Health claimed that malaria reduces the country’s gross domestic product (GDP)
by 1% annually [26].

The burden of malaria in Nigeria is being managed through effective case
management and vector control measures, including the use of insecticide-treated
bed nets (ITNs) and indoor residual spraying (IRS). ITNs are now distributed freely
to vulnerable groups in Nigeria. IRS is also one of the major vector control inter-
ventions used in Nigeria today. However, these methods have limitations in their
usage [27].

Vector control has proven record in the prevention and control of vector-borne
diseases. However, it is bad news that despite all the efforts to control mosquitoes in
Nigeria, they are not even threatened or on the verge of extinction [9]. Malaria still
remains a deadly scourge and formidable foe of public health concern. These are the
main challenges:

4.3 Diverse anopheles species complexes and sibling species

Malaria transmission dynamics is a complex system that is superficially under-
stood. For example, one has to deal with diversity of mosquito species in the tropics.
The An. gambiae complex is the predominant vector in sub-Saharan Africa, but it is
not the only vector in the field [18, 23].

* The Anopheles gambiae species complex consists of at least eight different sibling
species: An. gambiae (ss), An. arabiensis, An. melas, An. merus, An. quadrimacu-
latus A, An. quadrimaculatus B, An.bwambae, and An. coluzzi [9, 23, 28].

* An. funestus species complex is another group of mosquitoes that play signifi-
cant role in malaria transmission in sub-Saharan Africa. This complex occurs
in sympatry with the An. gambiae complex [23, 29]. The eight sibling species of
the An. funestus species complex are An. funestus ss, An. rivulorum, An. vaneeds,
An. leesoni, An. parensis, An. brucei, An. confuscus, and An. aruni.
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An. funestus ss like An. gambiae ss is also very widespread, highly endophilic, and
anthropophilic and hence anthropophagic. Both complexes are polymorphic, biologi-
cally and genetically. Evidences suggest that they may share the same habitat, although
An. funestus ss is more restricted in habitat choice than An. gambiae ss [18, 23, 30].

The behavior of each of the sibling species in both complexes varies and so their
roles in malaria transmission. Hence, targeting only one sibling species by whatever
method is not going to curb the menace of malaria. The diversity of the epidemio-
logical situations within sub-Saharan ecotypes presents different malaria situation
[31]. Comprehensive knowledge of behavior and heterogeneities that exist within,
and among these vectors, will always be of benefit. Any strategy aiming at control
will have to account for this heterogeneity in species diversity [32].

Malaria transmission dynamics is variable throughout Africa with huge vari-
ability in transmission patterns even within villages few kilometers apart [33]. The
correct analysis of the distribution of specific malaria vectors is one of the prereq-
uisites for meaningful epidemiological studies and for planning and monitoring of
successful malaria control or eradication program [34].

In the past, large areas of Nigeria had no reliable data in the past on presence and
absence of vectors [23]. It has been established that there are diversities of malaria
vectors in Nigeria and they have different bionomics and vector competences. In
Nigeria today, 35 Anopheles species have so far been recognized, but they do not all
transmit malaria under the same circumstances. Some Anopheles mosquito species
have unknown vector status, while some are non-malaria vectors ([9, 12]. However,
the malaria transmission dynamics in Nigeria is mainly vectored by members of
the An. gambiae complex such as An. gambiae ss, An. coluzzi, and An. arabiensis.

An funestus ss is also an important main vector, while An. nili, An. melas, and An.
moucheti are localized vectors in Nigeria [9, 23, 29]. Secondary vectors in Nigeria
include An. pharoensis, An. coustani, An. hancocki, and An. longipalpis [9, 12].

Control measures can only be effective if the abundance, behavior, and pro-
portion of the vectors are known. The existence of species complexes containing
morphologically cryptic sibling or isomorphic forms presents a major challenge
to malaria control program as these require vector identification using molecular
techniques [32].

Failure to know which sibling species one is dealing with will result in wasting
scare resources and time to control non-malaria vectors [9].

4.4 Vectorial capacity and vectorial competence of the malaria vectors

The malaria problem in sub-Saharan Africa represents a peculiar case because
the vectorial system is the most complex anywhere. This vectorial system diversity
absolutely impacts malaria epidemiology and control [35].

Vectorial capacity and vectorial competence have been used interchangeably
to describe the ability of mosquitoes to serve as a disease vector. The two terms are
not synonyms because vectorial capacity is qualitative and is influenced by such
variables as vector density, longevity, and vector competence itself [3]. Vectorial
capacity takes into account environmental, behavioral, and cellular and biochemi-
cal factors that influence the association between a vector, the pathogen transmitted
by the vector, and the host to which the pathogen is being transmitted [36].

However, vectorial competence is a component of vectorial capacity which is
governed by intrinsic and generic factors that influence the ability of a vector to
transmit a pathogen. For example, the susceptibility of an Anopheles mosquito to
sporozoite stage of Plasmodium species is an important component of vectorial
competence [37]. Vector competence, however, differs from one species to another
and from place to place. There are Anopheles species complexes that vary in their
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behaviors, vectorial competences, and capacities, and these present a real problem
to malaria control in the tropics [35].

The main factor governing the ability of Anopheles species to act as malaria
vector is the frequency with which it feeds on humans [37]. These malaria vectors
associated with stable malaria are those which are strongly antropophagic, often
feeding on humans to the exclusion of other hosts. Anopheline vectors of malaria
consist of various behaviors associated with their biting activities and hence trans-
mission dynamics [38].

4.5 Malariogenic activities and lifestyles of humans

Malariogenic activities and lifestyles are human activities that promote the
transmission of malaria. The ability of mosquitoes to thrive even outside their
natural habitat makes them a nuisance to mankind. Man and environment are
created to interact with each other on a balance basis, but man has failed in his duty
to the environment. The responsibility of man is to respect, protect, and care for the
environment [9, 12].

By sheer negligence, mosquito breeds just under our nose, right inside our
homes, so house spraying and screening are obviously inadequate. People store
water in containers in their homes because of poor water supply, being ignorant of
the consequences.

In residential areas, human activities create mosquito breeding sites such as
discarded trash cans, open buckets, clogged gutters, abandoned vehicles, tires,
drainages, ditches, natural depressions, or just anywhere that can retain water.
Inside homes, endophilic female mosquitoes rest in dark places, corners of rooms,
and behind curtains, but the exophilic biters rest on vegetation after feeding. When
the eggs are about to be laid, they go into any suitable water within and outside the
houses to oviposit.

4.6 Diverse breeding sites of the anopheles mosquito

It will be cost-effective to deal with mosquitoes by “nipping them in the bud”
through eliminating their very source. The remote source of the malaria problem in the
tropics is the mosquito’s adaptability to environmental conditions and diversity and
indiscriminate types of breeding sites which are of great importance [16]. The crux of
the matter is that the intricacy of mosquitoes extends even into their breeding sites [9].

There is a considerable paucity of adequate information regarding vector ovipo-
sition habits, where Anopheles rest during the day and in their preferred breeding
sites [39].

This information is critical for control efforts as we will not need to bother too
much on the species or sibling species type or their vectorial capacities.

However, most researchers do not take into account the menace of mosquito
breeding sites and the attendant environmental factors. The source of mosquito
problem can be just near you or about anywhere where stagnant or still water
collects or is stored in homes. This should be appropriately incorporated into vector
control program.

5. Recommendations for action
* Integrated management approach has been said to be the best for malaria

control program, but they must take into account the breeding sites of
mosquitoes.
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Knowledge, attitude, and practices (KAP) is the educational diagnosis of a
community and is also essential for control program.

Health and environmental education of the populace on preventing domestic
mosquito breeding is essential. The following steps should be noted.

Objects, excavations, plants, and anything that can hold water must be elimi-
nated. Water storage containers in homes should always be covered.

People should dispose unused containers and place useful ones upside down
under a roof or seal with a tight cover.

People must change frequently the water troughs of domestic and pet animals
and garden flower pots around homes.

People should keep trash cans tightly sealed and drill a hole at the bottom in
order not to retain water that may serve as breeding sites.

People should fill up eroded soils, natural depressions, and excavations and
empty rain-filled receptacles. Swimming pools in homes should not be left
unused and untreated.

Outdoor spraying of domestic animal shelters, garages, outdoor latrines, and
tree hole fillings must be carried out regularly.

People should spray oil on stagnant pools around them to kill mosquito aquatic
stages.

Drainage system, ditches, and gutters must not be dumped with waste to avoid
clogging, thereby making them stagnant for mosquitoes to breed.

People should take action to prevent sewage effluents, soakaway, domestic run-
offs and empty soft drink bottles from becoming breeding sites of mosquitoes.

People should adhere to basic architectural designs; house designs with excava-
tions or rain-filled receptacles should be discouraged such as the eave tube
technology in Benue State, Nigeria [40]

Environmental sanitation should be everybody’s business. Enforcement of
environmental sanitation by clearing bushes, cleaning drainages and open gut-
ters, destruction and removal of containers, plants, tires, sachets, and anything
that can hold water around homes will go a long way. Therefore education of
the populace on mosquito breeding sites in homes is advocated.

6. Conclusion

No doubt, human malaria affects the health, wealth, and welfare of human

populations.

The disease causes serious morbidity, human suffering, and mortality. These

adverse consequences have led to increased need to wage a continuous war against
malaria vectors by prevention not only at the local, national, and global levels but
also at the domestic level.
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Malariologists and vector biologists will benefit tremendously if the source of
mosquito breeding sites is located and destroyed. This will reduce the transmission
threshold of malaria to a considerable level. Malaria will not be readily controlled if
we continue to ignorantly breed mosquitoes domestically.

Health education, the principle by which individuals and groups of people learn
to behave in a manner conducive to the promotion, maintenance, or restoration
of health, is applicable to malaria control. It not only teaches prevention and basic
health knowledge but also conditions ideas that reshape everyday habits of people
with unhealthy lifestyles in developing countries. This type of conditioning not only
affects the immediate recipients of such education, but it also impacts the future
generations who will benefit from improved and properly cultivated ideas about
health that will eventually be ingrained with a ripple effect.
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Chapter 6

Aedes aegypti: The Main Enemy
of Public Health in Brazil -
Challenges and Perspective

for Public Health
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Abstract

Mosquitoes (Diptera: Culicidae) are important vectors responsible for transmis-
sion of many diseases and parasites. They are causing millions of deaths every year
and are considered one of the deadliest animals in the world. The most common
arboviruses, such as dengue, chikungunya and Zika, to which the Brazilian popula-
tion is most exposed and that occur through the bites of the Aedes aegypti mosquito,
which is the main aim of this study. These infections caused by these three arbovi-
ruses are widely distributed on the national territory and have severe consequence
to population in some cases. Without effective vaccine and specific treatment, the
maintenance and integration of a continuous entomological and epidemiological
surveillance are important, besides the methods to control and to prevent these
arboviruses in Brazil. This chapter discusses the role of Fiocruz (Oswaldo Cruz
Foundation, the most prominent institution of science and technology in health in
Latin America) for the development of new methodologies to diagnose and control
mosquito-borne diseases through public health policies for the country.

Keywords: Aedes aegypti, dengue, Zika, chikungunya, surveillance, prevention

1. Introduction

The mosquitoes’ ability of disease transmission is studied since the nineteenth
century, although malaria has affected humanity for millennia. Oswaldo Cruz called
it “Amazonian’s elf,” and in the 50th year, a new disease combat method became
important worldwide, the medicated salt of Mario Pinotti. Since this, the efforts of
the Oswaldo Cruz Foundation (Fiocruz) combated and prevented the diseases
transmitted by mosquitoes in Brazil. Among these diseases, we can find malaria,
dengue, Zika and chikungunya. Brazilian territory is an endemic area for their
transmission, considering the tropical climate and the Brazilian population habits.
In the last years, the country was affected by an outbreak caused by chikungunya
virus and by the third arbovirus (Zika virus—ZIKV). These viruses were responsi-
ble for causing a large number of infections [1, 2].
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1.1 Aedes aegypti

The first report about Aedes aegypti is dated from 1925 by Kirkpatrick, in
Egypt [3]. Aedes aegypti is a small dark-colored mosquito with white stripes mark-
ings. Mosquito is considered domesticated animal as much as other animals, such as
the pet dog or cat [3]. These mosquitoes can use natural locations or artificial
containers with waters to lay their eggs, thus tree holes, plant axils and common
household items that can accumulate rainwater, for example, are potential
breeding sites, especially when these locations contain organic material. During
their lifetime, the A. aegypti females are found around the houses and all day long
they are capable of biting humans. Unlike most other mosquitoes, Aedes
mosquitoes are active and bite only during the daytime, with peak activity during
the early morning and in the evening before dusk. They are also capable of biting
other animals, but without transmitting diseases to them. Thus, after feeding on
human blood, they lay her eggs in the still water. These eggs are laid over a period of
several days, and they are resistant to desiccation surviving for long periods of six or
more months, until they have contact with water again, and the larvae are
released [4, 5].

In America regions, A. aegypti is the only epidemiological important species
transmitting the dengue virus. This species is originated from Africa where it was
domesticated and adapted to the environment created by man, becoming
anthropophilic. In the seventeenth century, these mosquitoes started spreading all
over the world, to Mediterranean in the eighteenth century, to tropical Asia in the
nineteenth century and to Pacific Island in the end of the nineteenth century and
beginning of the twentieth century. These adaptive characteristics allowed them to
become abundant in many cities and easily carried to other areas by means of
transport, which increased their vectorial competence, that is, their ability to
become infected by a virus, to replicate it and transmit it. Although A. aegypti
eradication took place in the Mediterranean in the 1950s and between 1950s and
1960s in most countries of the Americas, there was a reinfestation in most of the
areas from which it had been previously eradicated. Nowadays, this vector is con-
sidered a cosmotropical species due to the increasing adaptive capacity of the
A. aegypti [6-10].

In the past, Aedes albopictus has its origin in the Asian jungles, but in conse-
quence of an intense tire trade, by sea, this vector came to the Americas in the
1980s, firstly to the USA and then, in Brazil and in others countries of the Central
and South America, in Africa, Europe but either in some Pacific Island [6].

A. albopictus also lays their eggs in tree holes, but differently of A. aegypti, that
mosquito has their habits outside the household and bites both animals and humans
(anthropophilic and zoophilic diurnal habits). In Asia, A. albopictus is responsible
for the transmission of epidemic outbreaks of classical and hemorrhagic dengue
fever [11].

1.2 Arboviruses: dengue, Zika and chikungunya

Arboviruses (an acronym of ARthropod-BOrne virus) have caused much con-
cern in public health worldwide. Arboviruses have been emerging in different parts
of the world due to genetic changes in the virus, alteration of the host and vector
population dynamics or because of anthropogenic environmental factors. These
viruses’ capacity for adaptation is notable, as well as the likelihood of their emer-
gence and establishment in new geographic areas [12]. Here, we highlight three
important viruses such as dengue virus (DENV), chikungunya virus (CHIKV), and,
lately, Zika virus (ZIKV).
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Dengue is a flaviviruses infection transmitted by mosquitoes of Aedes genus,
mainly A. aegypti and A. albopictus. The dengue virus (DENV) comprises five
distinct serotypes, and this disease is a fast emerging pandemic-prone viral consid-
ered the major public health challenge worldwide [4, 13].

The first epidemic of dengue hemorrhagic fever occurred in Manila, Philippines,
between 1953 and 1954, followed by Bangkok, Thailand and Malaysia in 1958 and
Singapore and Vietnam in 1960. Due to economic growth and consequent increase
of post-World War II urbanization, the epidemic of dengue and hemorrhagic den-
gue spread in the 1970s to other areas of the world, starting in Southeast Asia [10].

In Brazil, since the 1980s, there is an intense virus circulation with epidemic
bursts affecting all the regions of the country [14].

The World Health Organization (WHO) estimates 100 million symptomatic
cases per year and 2.5 billion people are at risk of infection worldwide. There are no
available vaccines and no effective treatment for dengue, which reinforces the need
for strategies to prevent virus transmission by the main vector A. aegypti (Figure 1).

ZIKV is also transmitted by Aedes aegypti, and it was first isolated from a rhesus
macaque (Macaca mulatta) placed as sentinel during a study about yellow fever in
the Zika Forest, Uganda, Africa in 1947 [15]. ZIKV had its first documented out-
break only in 2007 in Micronesia. Since then, the transmission area has spread to
islands in the Pacific Ocean, especially during a great epidemic in Polynesia in
October 2013. In 2015, some cases of humans infected by ZIKV were reported in
Brazil, developing into an outbreak that spread throughout South America, the
Caribbean islands and Central America. Originally adapted to a zoonotic cycle in
Africa, ZIKV evolved into an urban cycle involving a human reservoir and domestic
mosquito vectors [16].

Zika virus was first identified in Uganda in 1947. Before 2007, only sporadic
human cases were reported from countries in Africa and Asia. In 2007, the first
documented Zika virus disease outbreak was reported in the Federated States of
Micronesia. In subsequent years, outbreaks of Zika virus disease were identified in
countries in Southeast Asia and the Western Pacific. Zika virus was identified
for the first time in the Western hemisphere in 2015, when large outbreaks
were reported in Brazil. Since then, the virus spread throughout the Americas

(Figure 2) [17].

A Denguee -like outbreak  Dengue was spread by the [ Denguee is considened a
n han1_.\n- wiks pecorded Asdes Mosquito from Schlesinger isolated magor camse of child
in a Chinese medical Adrica to India to Oceanta serotypes 12 meortality in the Pacific
encyclopedia 1o the Americas . ? and Americas
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EE:;![H;::“:?T DENY spreads lsolated the DENY continues to be an
e wrs raphdly during WW1 serotypes Jed emergency disease in the
DENV outbreak tropical and subtropical
countries of the warld
Figure 1.

Chronological spread of DENV (adapted from https://www.centralmosquitocontrol.com/resources/disease-inf
ormation/dengue).
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Chronological spread of ZIKV (adapted from Ref. [18]).
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Figure 3.

Chronological spread of CHIKV.

Zika virus caused large outbreaks in previously unexposed populations, and
from 2013 onward, outbreaks linked with neurological disorders including Guillain-
Barré syndrome and congenital malformations, for reasons that are not yet known.
The future transmission of Zika infection is likely to coincide with the global
distribution of Aedes vectors [19].

A different arbovirus type, an alphavirus, is responsible for causing
chikungunya. Differently than the other two diseases, dengue and Zika,
chikungunya causes prolonged joint pain and persistent immune response.

Chikungunya is a mosquito-borne viral disease first described during an out-
break in southern Tanzania in 1952. It is an RNA virus that belongs to the alphavirus
genus of the family Togaviridae. The name “chikungunya” derives from a word in
the Kimakonde language, meaning “to become contorted” and describes the
stooped appearance of sufferers with joint pain (arthralgia) (Figure 3) [20].

Both A. aegypti and A. albopictus have been implicated in large outbreaks of
chikungunya, whereas A. aegypti is confined within the tropics and sub-tropics,

A. albopictus also occurs in temperate and even cold temperate regions. In recent
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decades, A. albopictus has spread from Asia to become established in areas of Africa,
Europe and the Americas [20].

The first report for A. albopictus in the Americas occurred in Houston (the
United States) in 1985. In Brazil, it was detected for the first time in 1986 in the
states of Rio de Janeiro and Minas Gerais [21, 22]. A. albopictus was essentially a
species wilderness that bred and fed on of the forests and adapted outside houses
and inside houses in the various urban and suburban areas of their distribution,
according to records made by Gomes and Pessoa [23, 24]. This mosquito species is
known as a secondary vector of chikungunya and dengue virus [25].

There is no specific antiviral drug treatment for chikungunya. The treatment is
directed primarily at relieving the symptoms, including the joint pain using antipy-
retics, optimal analgesics and fluids. There is also no commercial chikungunya
vaccine.

2. Clinical diagnosis and treatment for dengue, Zika and chikungunya
fever

The greatest challenge is the differential clinical diagnosis between dengue, Zika
and chikungunya. These three diseases have identical symptomatology and often
the patient may present more than one disease at the same time or even having one
of these diseases without the manifestation of symptoms. The clinical diagnosis can
still occur after some days after the beginning of the infection, but mainly by
laboratorial diagnosis [26-28].

Dengue, Zika and chikungunya infection are diagnosed based on clinical, labo-
ratory and epidemiological criteria. It is an important recognition and differentia-
tion of the clinical symptoms and signs to make the correct diagnosis, start proper
treatment and prevent the associated complications [26-28].

Dengue is an exanthematic febrile disease, which is often accompanied by nau-
sea, aches (especially frontal headache) and pains and responsible for high rates of
morbidity and mortality in countless endemic areas around the world.

In dengue fever, the incubation period lasts for 4-10 days; after that, the disease
has three phases: febrile (lasts 2-7 days with no specific signs and symptoms);
critical (last 24-48 h) and convalescence. The progression to severe dengue infec-
tion (hemorrhagic fever) is variable and difficult to predict [29].

Zika fever and dengue are so similar, characterized by fever, exanthema, head-
ache, conjunctivitis (nonpurulent), myalgia and arthralgia (notably small joints of
hands and feet).

Unlike dengue, Zika presents low morbidity, but it is associated by diseases
such as congenital microcephaly cases and Guillain-Barré syndrome
(a neurological disorder that could lead to paralysis and death), myelitis and
meningoencephalitis [30].

Zika fever is very analogous to dengue, symptom manifests in period of
3-12 days and lasts for 4-7 days. It is estimated that in five infected patients, only
one develop them [31].

Chikungunya fever symptoms are sudden fever accompanied by headache,
polyarthralgia (debilitating) or arthritis and maculopapular rash. The incubation
period lasts for 2-12 days. Symptoms usually disappear in less than 2 weeks, but
arthralgia may last even years. Severe chikungunya can manifest encephalitis,
myocarditis, hepatitis and multiple organ failure that are fatal [32, 33] (Table 1).

Diagnosis of dengue, Zika and chikungunya is primarily clinical. In regions of
epidemic, dengue is primordial, look for warning symptoms and a complete blood
count and transaminases to determinate the phase and severity of the disease. The
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Symptoms’ Arboviruses
DENV CHIKV ZIKV
Headache Intense Moderate Moderate
Ganglionar Mild Moderate Intense
hypertrophy
Cutaneous rash ~ From the 4th day Appear from 2nd and 5th  Appear from 1st or 2th day

(exantema) (30-50% cases) days (50% cases) (90-100% cases)

Fever Above 38°C (4- Above 38°C (2-3 days) without febrile and subfebrile 38
7 days) (1-2 days of subfebrile)

Itch Mild Mild From moderate to intense

Articulation Rare From moderate to intense Mild

swelling

Neurological Rare Rare More frequently that DENV and

events CHIKV

Conjunctivitis Rare 30% cases 50-90% cases

Joint pain Mild From moderate to intense Moderate

Muscles pain Intense Intense Moderate

Hemorrhage Moderate Mild —

events

*Adapted from: http://combateaedes.saude.gov.br/pt/sintomas

Table 1.
The main symptoms of dengue, Zika and chikungunya.

methods for establishing a laboratory diagnosis of these arboviruses are as follows:
(1) detection of the virus for example, cell culture or viral RNA real-time detection;
(2) antibody detection for example, IgM or IgG detection and (3) antigen/antibody
combined detection for example, NS1 and IgM/IgG [27, 28].

These diseases are usually self-limiting with no need for hospitalization except
warning signs are observed, especially severe dengue. There are no specific treat-
ments available. Only symptomatic treatment with nonsalicylic analgesics and
nonsteroid anti-inflammatories drugs are administrated when dengue infection is
discovered. Patients should be advised to drink plenty of fluids to replace fluid lost
from sweating, vomiting and others.
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3. Epidemiology

The Brazilian regions with the highest incidence and prevalence of these
diseases (northeast and southeast region) present a favorable climate for the devel-
opment of the Aedes aegypti (Figure 4) and the use of lighter clothes, which cover
smaller areas of the body, favoring their exposure.

The number of suspected or confirmed dengue cases reported to the World
Health Organization (WHO) is showed in Figure 5 as well its distribution in the
world.

In 2015, the incidence of probable cases of dengue fever (number of cases/
100,000 inhabitants), according to Brazilian geographic regions, shows that the
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Figure 4.
Bragzilian demographic density and latitude at geographic regions.
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Figure 5.
Average number of suspected or confirmed dengue cases reported to WHO, 2010-2016.
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Midwest and Southeast regions had the highest incidence: 1451.9 cases/100,000
inhabitants and 1205.7 cases/100,000 inhabitants, respectively. Among the states,
Goias (2500.6 cases/100,000 inhabitants) and S3ao Paulo (1665.7 cases/100,000
inhabitants) have presented the most incidence numbers [34].

The dengue fever incidence rate was about 733.4 cases/100,000 inhabitants in
all Brazilian States at 2016. During this year, the midwest (1322.0/100,000 inhabi-
tants) and the southeast (1001.2/100,000 inhabitants) regions have presented big-
ger incidence numbers than the other geographic Brazilian regions [35].

In 2017, the midwest region had an incidence of 502.7 cases/100,000 inhabitants
and the northeast region had 151.8 cases/100,000 inhabitants, most notably the
states of Goids with 947.3 cases/100.00 inhabitants, Ceara with 453.4/100,000
inhabitants and Tocantins with 331.2/100,000 inhabitants [36].

Figure 6 shows the total number cases of dengue in Brazilian regions during
2015-2017, mainly in the Southeast and Northeast regions, due to their characteris-
tic climate aspects.

In 2015, 38,499 suspected chikungunya fever cases were registered in Brazil
(Figure 6) which caused an incidence rate of 18.8 cases/100,000 inhabitants. These
cases were distributed by 704 cities and 17,971 (46.7%) of them and 14 deaths were
confirmed: 05 in Bahia, 02 in Sergipe and 07 in Pernambuco Brazilian states [35].

In 2016, the registered cases number increased significantly to 271,824 and the
incidence rate was 133.0 cases/100,000 inhabitants. These cases were distributed in
2829 cities and 151,318 (55.7%) were confirmed. Once again, the northeast region
had the highest incidence rate. Among the states were: Rio Grande do Norte (723.1
cases/100,000 inhabitants), Ceara (537.7 cases/100,000 inhabitants), Alagoas
(514.8 cases/100,000 inhabitants) and Paraiba (503.0 cases/100,000 inhabitants).
At the same year, 196 deaths caused by Chikungunya fever were confirmed [35].

In 2017, the registered cases number had a slight decrease with 185,737, and the
incidence rate was 90.1 cases/100,000 inhabitants. However, there are 52,285 cases
discarded. During this year, the Northeast region had the highest number of prob-
able chikungunya fever cases (142,131 cases, 76.5%) in relation to the total of the
country. Followed by the Southeast (22,984 cases, 12.4%), North (16,570 cases,
8.9%), Midwest (3679 cases, 2.0%) and South (373 cases, 0.2%) [36].
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Figure 6.

Total dengue cases within Brazilian regions at the last 3 years.
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The analysis of the incidence rate of probable cases of chikungunya fever (num-
ber of cases/100,000 inhabitants), according to geographic regions, shows that the
Northeast presents the highest incidence rate: 249.7 cases/100,000 inhabitants.
Among the Brazilian states, we highlight Ceara (1271.0 cases/100,000 inhabitants),
Roraima (795.0 cases/100,000 inhabitants) and Tocantins (207.1 cases/100,000
inhabitants) [36].

The general objective of the Zika surveillance is to describe the epidemiology of
the occurrence of microcephaly related to congenital infections in the national
territory. Thus, from week 45/2015 until week 06/2016, there were 5280 registered
cases of microcephaly occurrence, considering newborns, stillbirths, abortion and
fetuses. Considering the year of notification, 60.1% (3174/5280) were recorded in
2015 and 39.9% (2106/5280) in 2016. [37]. Thus 3174 are confirmed, being 508
confirmed and 203 of these cases distributed in 13 Brazilian states, mainly in
Northeast region (93.6%). Southeast region presented only five microcephaly noti-
fied cases. At least 27 of the confirmed cases evolved to death after birth or during
pregnancy. At the end of 2016, the number of reported cases of the microcephaly
increased to 10,867. Of these, 3183 (29.3%) remain under investigation and 7684
(70.7%) cases were investigated and classified, being 2366 confirmed, 49 probable
and 5269 discarded. According to the geographical distribution, confirmed cases of
the 10,867 reported are distributed in 751 Brazilian cities of the 27 Brazilian states,
mainly in Northeast region (75.3%). The southeast region showed a large increase in
the number of confirmed cases of microcephaly: 74 cases [38].

Due to this epidemiological situation of Zika viruses and its consequences, this
disease is considered an Emergency in Public Health of National Importance
(ESPIN). From week 45/2015 and until week 52/2017,there were 15,298 cases noti-
fied of suspected changes in growth and possibly related to infection with the Zika
virus and other infectious etiologies, of which 2869 (18.8%) remained research until
2017, December. Of the total cases, 3071 (20.1%) were confirmed, 339 (2.2%) were
classified as likely to be related to infection during pregnancy and 230 (1.5%) as
inconclusive. The majority of cases reported is concentrated in the Northeast region
of the country (60.6%), followed by the Southeast (23.9%) and Midwest region
(7.3%). The five Brazilian states with the greatest number of reported cases are
Pernambuco (16.8%), Bahia (16.3%), S3ao Paulo (9.0%), Paraiba (7.3%) and Rio de
Janeiro (7.3%) [39].
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Figure 7.
Cases of dengue, chikungunya and Zika fever in Brazil during 2015, 2016 and 2017.
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Nowadays, the 542 microcephaly cases confirmed in Brazil between weeks 1 and
52/2017, 204 (37.6%) received care in childcare. The confirmed children were
concentrated in the Southeast (183 cases). Attending in precocious stimulation was
performed in 100 of the 542 (18.5%) of confirmed cases, while care in specialized
care occurred in 184 of the 542 (33.9%) confirmed cases [39].

Figure 7 shows the behavior of these three diseases in relation to the number of
registered cases for the period 2015-2017.

These epidemiology data have demonstrated the incidence rates of the three
arboviruses among 2015-2017. In 2016, the incidence of dengue cases has slightly
decreased. In 2017, although the numbers of dengue have decreased, the cases of
Zika and chikungunya increased, consequently the occurrence of accompany Zika
diseases increases during the same period, mainly the microcephaly cases [35-39].

4. Control and prevention

For residents in areas populated by the Aedes aegypti species, the most important
preventative measure they can take is to remove standing water wherever possible
to eliminate breeding sites. This species can breed in as little as one tablespoon of
water, so every effort should be made to eliminate standing water in buckets, old
tires, gutters, birdbaths, flower pots and more. Additionally, residents should pro-
tect themselves indoors with the use of air conditioning and properly maintained
window screens and outdoors with the use of mosquito repellents containing DEET
(N,N-diethyl-meta-toluamide) and loose fitting clothing [40]. At present, the con-
trol of dengue disease is mainly hampered by the absence of antivirals or a vaccine,
which results in an estimated half worldwide population at risk of infection.

Currently, antiviral treatment against dengue is available, and the development
of an effective anti-dengue vaccine would represent a cornerstone in public health.
An important aspect of dengue is that an effective immunity can be potentially
impaired during heterologous infections (refers to the immunity that can develop to
one pathogen after a host has had exposure to nonidentical pathogens), which may
lead to severe manifestations of dengue and represents a great burden in the devel-
opment of a vaccine against this pathogen.

Due to the absence of an effective vaccine for these arboviruses, the control is
still accomplished through the prevention and elimination of potential mosquito-
breeding habitats. Thus, the use of chemical insecticides is yet the main vector
control component. Alternative products, with potential to be used in the control of
A. aegypti, including the biolarvicide Bti (Bacillus thuringiensis var. israelensis) and
some insect growth regulators are also being used recently [41].

4.1 Vaccination

It is widely recognized that passive vaccination is the most appropriate preven-
tive and therapeutic option but till now no vaccine is available for Zika and
chikungunya although some initiative to the development of a vaccine have been
tested. Several vaccine approaches have been used such as inactivated viral vac-
cines, live-attenuated viruses, recombinant subunit vaccines, DNA vaccination and
others. In Brazil, a live-attenuated viruses vaccine developed by Sanofi Pasteur
laboratory has been available since 2016. It is sold in private clinics and is part of
vaccination pilot public programs in Parand state. The product requires three appli-
cations with an interval of 6 months between them. In the early studies, the efficacy
in the population above 9 years old is approximately 66% against the four serotypes
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of dengue virus. In addition, it reduces severe cases—those that lead to death, such
as hemorrhagic dengue—by 93% and hospitalization rates by 80%.

Pending vaccine development, the measures recommended to prevent against
mosquito bites and vector control consist of individual protection or action. Mos-
quito control is the best available method for preventing arboviruses infection.
Breeding sites must be removed, destroyed, cleaned and treated with insecticides.

4.2 Repellents and larvicides

About the intervention against mosquitoes, mainly Aedes aegypti, the use of new
repellents and insecticides agents are investigated. Due to the development of
resistance, biological magnification of toxic substances through the food chain, and
others adverse effects on the environment and human health caused by the syn-
thetic insecticides, eco-friendly agents control of mosquitoes vectors have a great
importance to avoid dengue, Zika and chikungunya and others diseases transmitted
by A. aegypti. By this way, so many natural products as plant extracts and essential
oils have been evaluated against larval and pupal stages of A. aegypti as
nanoparticles containing plant extracts and the essential oils from Zingiber officinale,
Curcuma longa, Ocimum basilicum, and Mentha piperita which variety of types and
levels of their actives constituents could be responsible for their potential to combat
mosquitoes and have been shown to be promising and low-cost mosquitoes control
strategies [42-45].

Other intervention, could be done such as using repellents with DEET, wear
cloth which minimizes skin exposure to the day-biting vectors, stay in places with
air conditioning, use domestic insecticides in aerosol form or in vaporizers within
the home.

The conventional methods such as insecticides and larval biological used until
now revealed that control have proven ineffective at halting disease spreading
[46, 47]. A successful system controlling a broad spectrum of approaches should be
mutually compatible and encompass including the development of novel insecti-
cides, transgenic disease-resistant mosquitoes, the release of sterile insects to sup-
press vector populations and equipment for preventing mosquito bites is to be
developed [48].

In Brazil, some new approaches to control mosquito have shown considerable
promise in latest years are the biolarvicide Bti, the genetic control of A. aegypti
mosquitoes and the development of mosquitoes that are resistant to arbovirus
infection [47].

Brazil was among the pioneers in adopting Bti to control mosquitoes and black
flies. Developed by research groups in Brazilian institutions, this bacterial larvicide
is highly toxic at very low doses to target organisms (mosquito and black flies
larvae) and safe to other nontarget organisms. Larvicidal activity is due to large
amounts of crystal proteins produced during sporulation and transformed into
toxins under specific conditions after ingestion by larvae. The structure of the pro-
teins made by the bacterium strain and the presence of proteolytic enzymes and
receptor in the host larvae midgut determined the selectivity observed. Brazilian
product showed some advantages such as reduction in the number of applications,
formulation with high storage stability, no environmental impact and high persis-
tence in the environment and especially efficient in tropical climates [49].

4.3 Biological control of mosquitoes

One way to control mosquitoes is the genetic control strategy known as release
of insects carrying dominant lethal genes (RIDL) which is an advancement of the
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environmentally benign sterile insect technique (SIT). The RIDL involves the
insertion of a lethal gene into male mosquitoes that prevents them from being able
to reproduce successfully. The insects are considered sterile because the vast
majority dies before maturing. These genetically modified males will seek out
females to mate with and the ensuing progeny will contain the lethal gene [50-52].
If an appropriate number of mosquitoes are released, the females will be more likely
to find a modified male, and a substantial drop in population can be achieved in a
remarkably short period. To control populations with this technique as “zones” of
release should be established to ensure sufficient area coverage. The preliminary
results in Brazil showed that successful approach achieved a 95% reduction in local
mosquito populations [53].

Another alternative approach to A. aegypti control is the use of mosquitoes with
the Wolbachia pipientis an endosymbiotic bacterium to prevent arboviruses repli-
cating within the mosquito. The bacteria can hinder the fertility of their hosts and
influence the sex of offspring. Besides, it can block viruses from reproducing in
infected fruit flies and mosquitoes [50, 52, 53]. Mosquito control is an effective
measure to prevent a dengue outbreak [54].

FIOCRUZ’s initiative to produce, create and release adult mosquitoes infected by
bacterium of Wolbachia genus in several districts of the city of Rio de Janeiro has
been shown to be very effective in controlling the diseases transmitted by Aedes
aegypti.

Other mosquitoes genetically modified (Moscamed™, created in 2005) are pro-
duced in large scale and released in different cities of Bahia states, reducing the
mosquito population in 95% during 6 months. These strategies are being expanded
throughout the Brazilian territory to combat Aedes aegypti [55, 56].

4.4 Control of mosquitoes by the Brazilian government

* Monthly/bimonthly inspection of households/population orientation by
health agents;

* Application of larvicides in the houses (more than 300,000 nonmilitary health
agents +220,000 soldiers fighting against potential mosquitoes breeding sites);

* Smoke dispersion containing neurotoxic agent to adult mosquitoes at
epidemic locals;

* Biological control through the use of a bacterium naturally found in the
environment, Wolbachia, which when present in Aedes, is able to prevent the
transmission of the disease by the mosquitoes, and this characteristic is passed
through on to their larvae.

5. The role of Fiocruz

In Brazil, dengue has a seasonal pattern, with a higher incidence of cases in the
first 5 months of the year, a warmer and wetter period, typical of tropical climates.
In the second half of the twentieth century, from 1986, dengue became epidemio-
logically important, when the epidemic broke out in the State of Rio de Janeiro and
the circulation of serotype 1, which soon reached the Northeast Region. Thus,
dengue became endemic in Brazil, interspersed with epidemics, usually
associated with the introduction of new serotypes, in areas previously indene
(14, 55-58].
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The Oswaldo Cruz Foundation (Fiocruz), under the Ministry of Health have a
mission to produce, disseminate and share knowledge and technologies aimed at the
strengthening and consolidation of the Unified Health System (SUS) and contribute
to the promotion of health and quality of life of the population [59].

Since 2003, in order to promote dengue control actions, Fiocruz has established
the Fiocruz Dengue Network, through the allocation of resources to the Program
for Development and Technological Innovation in Public Health in the field
of research.

With the epidemiological cycles of the disease continuing, repeating itself and
spreading throughout the country, more than 30,000 cases of dengue fever were
reported in the city of Rio de Janeiro in 2008. Due to this epidemic, Fiocruz was
called to assist the state and municipality in actions to combat the disease.

Thus, from 2009, Fiocruz redirected an integral focus to the issue with coverage
in these three areas, without excluding the research. The Network Health Care of
Integrated Actions for Health Care in Dengue Control originated from 2015
onwards and began to include in its scope the issues related to two emerging viruses
in Brazil: chikungunya and Zika.

Aiming to reduce or even block the transmission of Zika, dengue and
chikungunya Fiocruz has set up a factory for the large-scale release of Aedes aegypti
Wolbachia bacterium in Rio de Janeiro. The plant has the capacity to produce
10 million eggs of the mosquito per week.

The initiative, officially called “Eliminating Dengue: Brazil Challenge,” began in
2016 as a pilot project focused on the city of Niterdi and the Tubiacanga neighbor-
hood of Rio. According to the project’s schedule, it will expand to North and South
zones of Rio de Janeiro. The release of mosquitoes will be finalized by the end of
2018, at which time the project’s coverage will have increased to a total area occu-
pied by approximately 2.5 million people.

The Oswaldo Cruz Foundation (Fiocruz) developed a new test that will help
drive public policies to fight the health emergency caused by the three infection
diseases. The kit uses molecular diagnostics to detect and differentiate simultaneous
RNA of the three viruses through real-time PCR technology, and the result is
released on the same day. The kit can be used for laboratory diagnosis of all three
viruses, two of them or each separately. The test allows diagnosis in the critical
phase of the disease, at the beginning of clinical symptoms and an accurate labora-
tory diagnosis is essential. The opportunity or earlier diagnosis can also aid for
epidemiological surveillance and prevention of new cases.

Fiocruz maintains investment in research, development and innovation because
this is the only way to seek and find answers to the challenges due to triple Zika-
dengue-chikungunya epidemic. Therefore, the goal is to search for cooperation with
other institutions in Brazil and internationally to build projects that could offer new
possibilities to generate knowledge and developing technologies.

6. Conclusion

Aedes aegypti is still a worldwide threat, since more than half of the world’s
population live in areas where these mosquitoes species are present. However,
many efforts have been undertaken to combat and to control these mosquitoes and
the diseases transmitted by them, such as vaccination, repellents and larvicides and
the biological control of mosquitoes. Brazil has been continuously developing public
policies to health education, alerting the population on the risks which can be
avoided, with the purpose of decreasing the dengue, Zika and chikungunya dis-
eases. The Brazilian government plays a role in continuing investment in research,
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development and innovation to find new ways with national and international
cooperation to combat Aedes aegypti.
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New Cost-Benetfit of Brazilian
Technology for Vector Surveillance
Using Trapping System
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Abstract

The recent introduction of chikungunya and Zika virus and their subsequent
dispersion in the Americas have encouraged the use of novel technologies for adult
Aedes surveillance to improve vector control. In Brazil, two platforms for surveil-
lance of eggs and gravid Aedes aegypti have been developed. First, it consists of
using data of sampling of eggs in ovitraps associated with GIS technologies to moni-
tor Aedes spp. populations. Although effective, it is not realistic to use in a large-
scale epidemic scenario as it requires a large amount of human resources for field
and laboratory activities. Second, it consists of trapping female Ae. aegypti citywide
at fine spatial and temporal scales for vector surveillance (MI-Aedes) to detect high
Aedes infestation areas using a GIS environment and the identification of arbovirus-
infected trapped mosquitoes by RT-PCR (MI-Virus platforms). Such integration
of continuous vector surveillance and targeting vector control in hotspot areas is
cost-effective (less than US$ 1.00/person/year), and it has been shown to reduce
mosquito population and prevent dengue transmission. The main advantage of
the MI-Aedes platform over traditional mosquito surveillance is the integration of
continuous vector monitoring coupled with an information technology platform for
near real-time data collection, analysis, and decision-making. The technologies also
provide data to model the role of climate on the vector population dynamics.

Keywords: surveillance, vector control, novel technologies, adult trap, MI-Aedes,
MI-Virus

1. Introduction

The public health impact of arthropod-borne viruses (arboviruses) has
increased dramatically over the last 50 years with diseases such dengue and chikun-
gunya spreading to new geographic locations and increasing in incidence [1]. Most
of the known arboviruses were initially isolated in tropical areas such as Africa,
South America, and some Asian countries [2]. In fact, many of the diseases trans-
mitted by arthropods encountered today not only existed but were widespread in
their distribution before written records began and are among the major causes of
illness and death in many countries. In recent years, and despite efforts to control
vectors, the prevalence of viral infections transmitted by arthropods worldwide has
increased. However, changes in viral genetics, host, and vector population as well
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as the global climate facilitated, among other factors, the expansion and spread of
arboviruses in the world. The expansion of global human population, migratory
movements of people and animals, and rapid disordered urbanization led to a closer
contact between man and animal reservoirs, thereby increasing exposure to infec-
tion with arboviruses [2].

Various arboviruses including the important public health concern dengue
virus (DENV) [3], yellow fever virus [4], chikungunya virus (CHIKV) [5], and
Zika virus (ZIKV) [6] have Aedes aegypti (Figure 1) and Aedes albopictus as vectors.
The most prevalent human arboviral infection is caused by DENV that accounts
for approximately 100 million annual infections worldwide with almost half of the
world’s population at risk of infection [7, 8]. Since CHIKV was firstly detected in
the Americas in December 2013, it has caused more than 1.7 million of confirmed or
suspected cases. At least 48 countries and territories of the Americas confirmed the
autochthonous circulation of ZIKV [9].

Historically, surveillance of vectors that transmit arboviruses was focused on
immature stages (eggs, larvae, and pupae) with little emphasis given to the adult
mosquito. The oviposition trap (ovitrap) developed in the 1960s [10] is still being
used to detect Aedes spp., especially when vector population is low (Figure 2a).
However, surveillance of adult female population is necessary to evaluate the impact
of vector control interventions, to detect arboviruses, and to look for insecticide
resistance alleles. Interventions that also require surveillance of adult mosquito
population include evaluations on the efficacy of insecticide-treated materials,
the release of sterile or genetically modified insects, and the dispersion of spatial
repellents.

In light of the requirements listed above, various traps have been developed to
monitor the populations of Aedes spp. and other arthropods by sampling eggs and
host-seeking or gravid females. Traps devised to catch adult Ae. aegypti are divided
into two major classes: active and passive. Passive traps are low cost and capture
gravid Ae. aegypti without electricity using funnels, sticky cards, or insecticides.

In these traps, water or an infusion of hay is used to attract the insects. Examples
of sticky traps for adult vectors are MosquiTRAP, Gravid Aedes Trap (GAT), and
Autocidal Gravid Ovitrap (CDC-AGO) (Figure 2b-d) [11]. The catch rates of
passive traps depend on factors such as size, color, and type of attractant, among
others. In contrast, active traps use an electrical device—for instance, a battery-
operated fan that sucks the insects into the trap. BG-Sentinel (Figure 2e) is an
example of active trap used to capture adult mosquitoes.

Figure 1.
Global map of forecasted probability of occurrence of Aedes aegypti at a spatial resolution of 5 x 5 km
(Kraemer et al. [1], https://doi.org/10.7554/eLife.08347.004).
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Passive mosquito traps used for surveillance: (a) ovitrap, (b) MosquiTRAP, (c) Aedes Gravid Traps (GAT),

Figure 2.
(d) Autocidal Gravid Ovitrap (CDC-AGO), and (e) the active trap BG-Sentinel.

Health authorities are increasingly employing new technologies in order to
achieve integrated Aedes management. In this context, predictive mathemati-
cal modeling has the potential to help authorities to act preemptively by rapidly
preparing vector alerts and mobilizing the resources needed for an integrated vector
management whenever an imminent surge of mosquitoes and, therefore, a higher
risk of infection with arboviruses are likely to take place. Also, by assessing the
data collected by surveillance traps for adult mosquitoes using spatial statistics, it is
possible to present data correlating the infestation index with other variables such
as the vector control method used, epidemiological data, virus-infected mosquito
data, and climatic data, among others [12]. The automated presentation of the
results obtained directly from the field allows the integrated analysis of entomologi-
cal data with geographic information system (GIS), thereby enabling the deliver-
ance of immediate vector control responses to the precise localities presenting the
highest levels of mosquito infestation.

Climate is an important factor in the geographic and temporal distribution of
arthropods. It is also relevant for the patterns of dispersion and efficiency in the
transmission of arboviruses by arthropods to their hosts [13]. Considering the per-
spectives regarding global climate changes, it is likely that arboviruses will continue
to colonize new regions of the planet. Thus, research regarding the role of climate
in the population dynamics of vectors and predictions of future scenarios depend
on the ability of climate-based models to describe associations with arboviruses.
Monitoring the effect of climatic variations on vector surveillance and control can
be achieved by technological platforms with adequate space-time resolution.

This chapter presents two study cases of vector surveillance by sampling egg and
adult Aedes spp. mosquitoes in Brazilian municipalities. It also provides a compre-
hensive description of innovative web platforms that process, in near real time, data
regarding adult vector abundance and arbovirus identification from mosquitoes
caught in sticky traps strategically positioned in urban areas. The information gath-
ered can be used to rapidly activate vector control actions making these platforms
successful and cost-effective tools to deal with arboviral disease threats by public
health authorities.

2. Gravid mosquito traps

The ovitrap has been used for many decades as a sensitive, inexpensive, passive
surveillance tool for detecting the presence of gravid mosquitoes [10, 14]. The addi-
tion of a larvicide or autocidal mechanism allows long-term use of ovitraps with
minimal risk of the device becoming a productive source of adult mosquitoes [15].
In spite of these positive attributes, ovitraps only provide information on the
number of collected eggs and cannot produce accurate information about the
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number of gravid Aedes mosquitoes. This is because a single female can lay different
numbers of eggs in a single ovitrap [16], and therefore, information on the presence
of eggs alone does not produce enough information about the levels of infestation of
a particular area. Another shortcoming of the ovitrap is that it requires laboratory
logistics for egg counting, hatching, and identification of the larvae. Consequently,
information about the vector population is delayed by at least 1 or 2 weeks [17].

Ovitraps can be modified to collect gravid females by incorporating an adhesive
capture surface (sticky ovitraps). Adult female mosquitoes collected in sticky
ovitraps provide a direct measure of adult abundance, and those can also be mor-
phologically identified in the field and processed to detect arboviruses [18, 19].
Sampling with sticky ovitraps is a more sensitive method to detect and estimate
adult mosquitoes in comparison with sampling of immatures [20-22].

A major advantage of using sticky traps is that the captured mosquitoes can
be readily identified in the field at the time of trap inspection. This avoids the
need for additional specialized human labor and the delay imposed when samples
have to be delivered to laboratories to identify the mosquito [20]. The abundance
of adult mosquitoes was successfully estimated in three areas of Rio de Janeiro,
Brazil, by using sticky traps [23]. Obviously, these kinds of field-ready results are
only possible if field agents are well-trained to identify the mosquito species of
Ae. aegypti. Indeed, well-trained agents have been shown to accurately (95-100%)
identify Ae. aegypti captured using the sticky trap MosquiTRAP [24]. However,

a later study found that mosquito identification in the laboratory was superior to
that performed in locus by trained field agents [25]; divergent results presented by
these studies may be due to differences in the way the field agents were trained and
qualified.

Several sticky trap models have been developed to capture gravid Ae. aegypti
in Brazil [20, 26], Australia [18], Italy [27], Porto Rico [28], and Malaysia [29]. All
rely on a combination of visual and olfactory stimuli for the oviposition behavior of
gravid Aedes spp. Typically, a sticky trap consists of a black matte plastic container
of any size, an entrance port, water, an oviposition attractant, and a sticky card
using an odorless entomological glue to retain the gravid mosquito. Once stuck, the
mosquito remains in resting position. Those that escape usually loose one or more
legs remain adhered to the sticky card. Identification of collected mosquitoes is still
possible with their thoraces since they usually remain somewhat visible
[18, 20]. Sticky traps do not require electricity or batteries and are, therefore, low-
cost devices.

The oviposition attractants include infusions of organic materials such as hay
[15], grass infusions [30], or synthetic lures [31]. The chemical composition of
synthetic oviposition attractants was derived from research that identified volatiles
of grass infusions that were behaviorally active in laboratory, semi-field, and field
studies. The synthetic oviposition attractant AtrAedes™ used in the MosquiTRAP
consists of a mixture of nonanal, decanal, and 3-methylphenol, which is released
from a sealed-tube reservoir system for approximately 45 days at a constant rate to
continually attract the target species [31]. The main advantage of using synthetic
attractants is that the synthetic lure has a constant attractiveness over time and has a
pleasant smell, whereas grass infusions need to be transported and rest for 5-7 days
to be active and are smelly.

The place where the sticky trap is positioned in the investigated premises is
important to increase the mosquito catch rate. Studies in Brazil revealed that when
the sticky trap MosquiTRAP was placed outdoor, it captured five times more
females than indoor traps [26]. This is probably because host-seeking Ae. aegypti
feed on human blood indoors but lay eggs outdoors after a few days of digesting

126



New Cost-Benefit of Brazilian Technology for Vector Surveillance Using Trapping System
DOI: http://dx.doi.org/10.5772/intechopen.78781

the blood meal. Moreover, outdoor traps allow vector control workers to sample the
mosquitoes without inconveniencing homeowners and are notably well-accepted by
local communities [17, 18, 27, 32].

The potential of the MosquiTRAP for trapping gravid Ae. aegypti has been
compared with the Nasci aspirator [33] and backpack aspirator [34]. Sticky traps
collected a higher number of mosquitoes and are more cost-effective and opera-
tionally easier, besides being less inconvenient to householders than active traps.
MosquiTRAP has ben also compared with BG-Sentinel trap and Adultrap and
ovitrap with favorable results [35].

Altogether, sticky traps are perhaps the most appropriate tools for Ae. aegypti
surveillance and the development of new entomological indices for the detection
of epidemic outbreaks in urban areas. Interestingly, a study comparing the ability
to detect Ae. aegypti by the different surveillance methods (larval survey, ovitrap,
and the sticky trap MosquiTRAP) showed that ovitrap and the sticky trap pre-
dicted dengue occurrence better than larval survey, both spatially and temporally.
However, ovitrap clusters showed less accuracy in pinpointing the dengue risk
areas, and the sticky trap presented better results for signaling dengue transmission
risk both geographically and temporally (Figure 3) [36].

0% [ a3 {111y
i (T DR (185)
0 o

Figure 3.

Cluster veliability maps of (A) dengue cases, (B) larval survey, (C) ovitrap, and (D) MosquiTRAP catches
in Belo Horizonte (Minas Gerais, Brazil) from January 2007 to June 2008. Darker colors represent higher
reliability values (Belo Horigonte city, Minas Gerais State, Brazil, Adapted from De Melo et al. [36]).

127



Malaria

3. Use of geographic information system (GIS) for vector surveillance

GIS is a powerful automated system for the capture, storage, retrieval, analy-
sis, and display of spatial data that offer expanding opportunities for epide-
miology because it allows a spatial perspective on a disease. The integration of
vector surveillance with the mosquito traps and georeferencing technologies has
emerged as an important tool for fighting Ae. aegypti and transmission of arbovi-
ruses [31, 37, 38].

By georeferencing the ovitrap and sticky traps, the egg collection and adult
catching data obtained during Ae. aegypti surveillance was used to generate maps
that show the areas of high and low infestation [31, 39-42]. This information
provides real-time data and allows spatial analyses to determine vector control
actions and to evaluate their impact on mosquito populations and infection with
arboviruses [31, 39, 43]. The continuous surveillance of Aedes population allied with
mathematical modeling strategies (described below) allows reliable predictions of
infestation, as shown in Brazil [12].

4, Brazilian case studies

Two types of traps associated with georeferencing systems were developed
and evaluated continuously in Brazil: (1) ovitraps associated with the surveillance
platform MSCP-Aedes (Monitoring System and Population Control for urban
Aedes) and (2) sticky traps for gravid Aedes mosquitoes associated with a real-time,
large-scale surveillance system known as MI-Aedes platform (from Portuguese
“Monitoramento Integrado do Aedes”). Both systems will be described below, with
empbhasis on the adult trapping technology—MI-Aedes—since it has been used in
the last 13 years in hundreds of Brazilian cities.

4.1 Monitoring system and population control for urban Aedes (MSCP-Aedes)

The MSCP-Aedes platform was developed by the National Institute for Space
Research (INPE) and Research Center Aggeu Magalhdes (CPqAM), Oswaldo Cruz
Foundation (Fiocruz), located in Recife city, Pernambuco State, Brazil. The poten-
tial of ovitraps in reducing the population of Aedes spp. was evaluated for 1 year
(April 2014-April 2015), during all seasons of the year (summer, autumn, winter,
and spring), by the deployment of 464 georeferenced traps in five areas of Recife,
the capital city of the state of Pernambuco, located in northeastern Brazil. Thirteen
egg collection cycles were performed with 98.5% of the ovitraps being positive for
Aedes eggs. At the end of the study, more than 4 million eggs were collected from
the environment, and the Ae. aegypti population in one of the five localities evalu-
ated was significantly reduced. The platform provided information on the spatial-
temporal distribution of Aedes spp. eggs. Using this data, maps generated within a
GIS environment helped the health authorities to prioritize the city areas in most
need of vector control actions [40] (Figure 4).

Another pilot trial of the MSCP-Aedes system was carried out from March 2008
to October 2011 in two other cities of Pernambuco State, Brazil: Ipojuca and Santa
Cruz [37]. After the first 2 years of evaluation, a significant decrease in the density
of eggs was observed in both cities showing the potential of the MSCP-Aedes plat-
form associated with the vector control actions conducted by the health authorities
to reduce mosquito abundance (Figure 5). However, the MSCP-Aedes platform
required a great number of people to accomplish the field and laboratory activities,
which is not realistic to use in a large-scale scenario.
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Figure 4.

Sp%tial distribution of Aedes spp. eggs in Brasilia Teimosa (Recife, Pernambuco State, Brazil), in June—July
2004 (A), December 2004 (B), and March 2005 (C). Green, low infestation; yellow, intermediate infestation;
red, high infestation. The map at the right shows the mean number of eggs for the whole period (April 2004 to
April 2005). Adapted from Regis et al. [40].

Figure 5.

Spatial distribution of Aedes eggs at the high-density period (May-June) in Ipojuca (Recife, Brazil),
Pernambuco State, 2008-2011. The mass suppression of eggs using 2700 control ovitraps started in October 2009
(Adapted from Regis et al. [37]).

4.2 Integrated Aedes surveillance system (MI-Aedes)

The innovative MI-Aedes platform was developed in Brazil by a university-
company partnership between the Federal University of Minas Gerais and the
university’s “spin-off ” Ecovec, in Belo Horizonte, Minas Gerais State. University-
Company partnerships have been stimulated by the Brazilian Innovation Law, which
aims to foster the generation of innovations and dissemination of new technologies
aiming to solve national (and international) problems [44, 45]. The World Health
Organization has praised this new technology for the surveillance and generation of
entomological indices [46]. More details about the platform are given below.

The MI-Aedes platform consists of (a) the sticky trap MosquiTRAP (baited with
a AtrAedes to generate mosquito abundance indices), which is placed within blocks
of urban areas 250 m equidistant from each other and inspected weekly, (b) the
recording of entomological data on electronic spreadsheets or by cell phone during
trap inspection, and (c) an Internet site that integrates real-time adult mosquito
surveillance data and GIS technology to provide entomological indices [12, 31, 36,
38, 41, 47, 48] (Figure 6).

The information used for vector control relies on (1) weekly surveillance of
gravid Ae. aegypti infestation of the municipality street blocks, (2) re-infestation
surveillance of the monitored blocks, (3) identification of hotspot areas, and
(4) production of entomological indices.

The MI-Aedes Web-data system consists of three integrated software devel-
oped to simplify information gathering and processing: (a) the “‘geo-mosquito
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Figure 6.

The MI-Aedes platform consists of (A) sticky trap (MosquiTRAP), (B) cell phone for sampling GIS mosquito
data, (C) MI-Virus (optional—see text for detail), and (D) Internet georeferenced maps at real time that
produces automatic data for entomological indices.

collection,” which is installed in portable devices (e.g., cell phones) to record
household information, placement of the trap within the residence, and Ae. aegypti
field capture data; (b) the “monitoring,” which processes the field data to produce
tables with entomological indices and graphs showing trends; and (c) the “geo-
Aedes,” which produces georeferenced maps of mosquitoes captured with the sticky
MosquiTRAP and makes them available to users on the Internet on a weekly basis.

There are several advantages of using electronic spreadsheets or mobile phone
over conventional data acquisition systems. The field data can be accessed imme-
diately (premises visited and scheduled for visits, trap locations, residents’ names,
and so on), and the entomological indices can be produced automatically. Also,
there is no delay between the data that is reported to the database and the database
that is available for web mapping and public health access.

The MI-Aedes platform was evaluated in hundreds of Brazilian cities for more
than 10 years and showed to greatly reduce arbovirus transmission [41]. The geore-
ferenced maps presented weekly on the Internet by the MI-Aedes platform allowed
health managers to identify the infestation status of city blocks by the colors green,
yellow, orange, and red, according to the number of adult Ae. aegypti females
captured (Figure 7). The weekly data evaluating vector infestation levels became an
important information for dengue control programs because it helped public health
managers to optimize Ae. aegypti control activities with improved precision of the
target activities to the infested blocks. Indeed, a study analyzing three Brazilian
municipalities revealed that following implementation of the MI-Aedes platform,
the weekly vector control indicator established by the entomological “mean female
Aedes index “(MFAI) was reduced (Figure 7) and so was the number of dengue
cases [31]. Further research showed how the health authorities used the platform
to evaluate the performance of the control measures employed by them within the
area covered by the MI-Aedes [12, 41].

4.2.1 Viirus detection of trapped gravid Aedes spp. collected by the sticky trap
MosquiTRAP

The detection of gravid mosquitoes infected with arboviruses such as DENV,
CHIKYV, and ZIKV is an important information for public health managers looking
to control Ae. aegypti infestation and the spread of arboviral diseases in hotspot
areas. The inclusion of a strategy to identify the arbovirus present in infected
mosquitoes trapped in the MosquiTRAP into the MI-Aedes platform was intended
to provide additional information regarding the spread of arboviruses and serve
as an early warning system for epidemics since viral detection in mosquitoes can
precede detection in humans. Accordingly, a rapid and well-established method for
arbovirus identification [49] was associated with the MI-Aedes platform to create an
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Figure7.

Tegnpoml and spatial analysis of neighborhoods in the municipality of Presidente Epitdcio (Sdo Paulo State,
Brazil) (2008). Colored maps are classified according to the entomological indices from epidemiological week
7-16 (February-April, summer). In epidemiological weeks 7—10, there were 44 and 55% of neighborhoods
classified as “dengue alert” and “critical,” respectively. Weeks 14-17 were 88.9 and 11.1% of the municipality’s
territory as “visk-free” and “dengue alert,” vespectively, indicating a strong seasonal variation in the Aedes
aegypti population density that was probably influenced by the climate conditions or targeted control measures.
Adapted from Eiras and Resende [31].

Calching

Figure 8.

Logistic of the Integrated Monitoring Virus (MI-Virus). Weekly, caught female Aedes aegypti by MosquiTRAP
are place in barcoded Eppendorf tube and send by post to laboratory for RT-PCR analysis. Bar code provides
GIS trap position. Source: Ecovec Company, Belo Horizonte, Minas Gerais State, Brazil.

Integrated Monitoring Virus (MI-Virus) platform. The trapped Ae. aegypti and
Ae. albopictus are placed in Eppendorf tubes with guanidine and sent by mail for
virus detection and identification by reverse transcriptase RT-PCR (Figure 8).

In Brazil, the MI-Virus platform was tested in hundreds of municipalities to
detect and map not only Ae. aegypti abundance but also the presence of mosquito
populations infected with different arboviruses such as DENV, CHIKV, and
ZIKV. The use of MosquiTRAP to detect DENV-infected gravid Ae. aegypti trapped
by was performed in Brazil [41, 50] and Colombia [51]. In In 2017, the MI-Aedes and
MI-Virus platforms were used during an outbreak of chikungunya in Governador
Valadares city, located in the southeastern state of Minas Gerais, Brazil (data
not published). The real-time data obtained by the MI-Aedes platform and the
confirmation of CHIKV by the MI-Virus (Figure 9) led the health authorities to
act quickly and employ additional vector control activities to target areas with the
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Figure 9.

Dagm obtained by the MI-Aedes platform and MI-Virus deployed in Governador Valadares city, Minas Gerais
State, Brazil (epidemiological week 11, March 05-11, 2017). Dark dots at colored circles mean MosquiTRAP
(GIS) position. Colored circles mean infestation status of mosquito abundance (see text for further detail).
Black circles mean infected Aedes aegypti by chikungunya virus captured by MosquiTRAP (data not
published). Source: Ecovec company, Belo Horizonte, Minas Gerais State, Brazil.

highest mosquito densities. As a result, abundance of Ae. aegypti and chikungunya
cases reduced significantly (data not published). Futures studies should be con-
ducted of arbovirus detections in other areas.

4.2.2 Modeling the population dynamics of Aedes aegypti using MI-Aedes

Once vector surveillance and control are established as the recommended
approach to manage vector-borne diseases, the ecological problem of the popula-
tion dynamics of mosquitoes arises as a fundamental question [52]. In such context,
mathematical modeling has a twofold role: to assist the validation of these novel
technologies by providing methods to predict the population dynamics of adult
mosquitoes and to offer ways to improve the surveillance indices. As an ecological
problem, the infestation by mosquitoes is influenced by many anthropic (every-
thing that results from human action such as sanitation and mosquito breeding
container) and non-anthropic variables (temperature and rainfall) [53]. It has been
well established that the population dynamics of different stages of Ae. aegypti and
viral transmission are influenced by environmental variables, especially those of
climate: temperature, humidity, and precipitation [54-58]. The vector-virus-human
system can generate multiple sources of complexity for modeling. The vector
management approach of considering the female population as a risk of infection
indicator helps to simplify the modeling efforts, which can decouple the complex
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ecological vector-virus-human system and focus on the mosquito population. In
addition, the surveillance platform MI-Aedes generates a huge amount of sampling
data from many localities [12, 59, 60]. These huge data banks provided basis for
many modeling studies such as a novel stochastic point process pattern algorithm
that identify the spatial and temporal association between DENV-infected mos-
quitoes and human cases. This process showed a strong and significant association
between high DENV incidence in mosquitoes and the onset of symptoms in humans
at specific spatial and temporal windows [61]. Also the model goodness-of-fit stud-
ies based on the number of sticky traps and suggests a minimum of 16 traps for the
MI-Aedes at the neighborhood level for mosquito surveillance [62].

Decades of studies regarding the effects of temperature, precipitation, and
humidity on vector population and the occurrence of infectious disease cases
generated controversial conclusions, suggesting that the phenomenon depends on
local specificities, as extensively demonstrated for dengue [54, 63]. Nevertheless,
it is well established that temperature affects the physiology of the mosquito and
virus and, consequently, is associated with the vector population size and dengue
cases [13, 58, 64-66]. Humidity greatly affects the development of vector stages
and the number of dengue infections [67, 68]. Although precipitation is strongly
correlated with humidity, due to its complex pattern and unpredictable influence
in the environment, it figures as the most complex meteorological variable [69].
Notwithstanding, precipitation is a good explanatory variable for dengue cases
and mosquito population size [70]. Hence, the construction of models to explain
the effects of climatological variables cannot disregard the complete set of these
influential variables.

The problem of describing or even predicting a response time series such as dis-
ease cases or infestation can be approached with descriptive models, which provide
a model time series solution by fitting coefficients and/or functions in accordance
with past lagged time series of a set of explanatory variables. Belonging to that class
are the regressive models, which have been used for predicting or describing the
number of dengue cases or the degree of adult Ae. aegypti infestation [12, 56, 59, 71].
Through a descriptive model, time series of temperature, precipitation, wind veloc-
ity, and humidity were analyzed as explanatory variables for the adult mosquito
abundance index MFAI in the subhumid tropical climate of the city of Governador
Valadares, Brazil [59]. In the study, generalized linear models (GLM) with time
lags and interaction terms between explanatory variables were used to identify
the following significant associations: interaction between lagged temperature
and humidity with the mosquito abundance data obtained on the previous week.
Transient associations were mapped in a periodogram using wavelets and revealed
significant effects for precipitation and wind velocity. Interestingly, the wavelet
technique identified non-stationary effects on the relationship between meteoro-
logical variables and infestation.

Another study using descriptive models was conducted in the city of Porto
Alegre, located in a humid subtropical region of southern Brazil. It used data
derived from monitoring the Ae. aegypti adult female population in the course of
MI-Dengue (nowadays, MI-Aedes) surveillance platform [12]. As described above,
the platform employs sticky traps to capture adult Ae. aegypti females to provide a
weekly infestation index. To predict mosquito abundance in subsequent weeks, time
series data from previous weeks regarding the maximum, minimum, and mean
temperature, precipitation, humidity, and mosquito abundance were fitted in a set
of proposed models using generalized additive models (GAM). The best power of
prediction was achieved when previous values of minimum temperatures and adult
females were included in the set of explanatory variables (Figure 10). Precipitation
was not a significant explanatory variable for the humid temperate climate of Porto
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Figure 10.

Observed adult infestation index MFAI and predicted generalized additive models (GAM) with meteorological
and infestation data as explanatory variables for the city of Porto Alegre, Rio Grande do Sul, Brazil. From
September 2012 to January 2016 (Figure extracted from da Cruz Ferreiva et al. [12]).
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Figure 11.

Mechanistic model comprising the populations of the stages of development of Aedes aegypti: E(t), A(t), F1(t),
and F2(t), which are the populations of eggs, aquatic forms, and females pre and post blood meal, vespectively.
The rates of development of the model ave set to depend on precipitation p. The curves are generated after

solving a system of nonlinear differential equations, the preferved framework to represent that class of models
(data not published).

Alegre, presumably because precipitation is less seasonal in this region. The associa-
tion between mosquito infestation and the number of dengue cases was positive,
indicating that the infestation index MFAI is a good indicator for the risk of arbovi-
ral transmission [12].

Mechanistic models have the same goal of describing or even predicting a time
response series as the descriptive models but differ from the latter because they are
structured with realism based on the natural phenomena, for example, the popu-
lation model comprises the biological cycle of Ae. aegypti. Hence, through these
models, from deviations and corrections for adjustment to the data, it is possible to
reveal the cause-effect relations of the underlying phenomena.

Mechanistic models have been used to study and predict vector infestation and
the number of dengue cases [60, 72-78]. One such model was developed to account
for the effect of precipitation on the stages of development of Ae. aegypti by setting
the model parameters as dependent on the precipitation index (in millimeters)
(Figure 11) [60]. Figure 12 illustrates the model result considering the infestation
index MFAI and the precipitation from June 2009 to December 2010 for the city of
Sete Lagoas, Minas Gerais, Brazil.

4.2.3 Cost-benefit of the MI-Aedes platform

Dengue epidemics pose a heavy burden on health services and the economy
of any country. Recently, studies in eight countries in the Americas and Asia
have shown that the cost of epidemics in these countries reached approximately
US$ 1.8 billion per year [79, 80]. This number only refers to the money spent on
outpatient and hospital expenses and did not consider costs such as those related to
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Figure 12.

Comparison of 83 epidemiological weeks covering the time series data of Aedes aegypti females captured
divided by the number of traps (MFAI), the model vesult, and the precipitation index in the municipality of
Sete Lagoas, Minas Gerais, Brazil. From June 2009 to December 2010 (J.L. Acebal—data not published).

surveillance and vector control activities. The economic losses imposed by arboviral
diseases involve the patient’s withdrawal from productive activities, drug expenses,
hospitalization, medical consultations, treatment of sequelae, and death [81].

The time needed to treat and recover from arboviruses varies. On average, dengue
removes the affected patient for 10-12 days from their work activities. The ZIKV
may lead to birth defects including microcephaly and other severe brain malforma-
tions, which impose lifetime incapacity. Recovery from chikungunya varies from
months to years [82].

Following the guidelines of the National Program for Dengue Control (PNCD),
the MI-Aedes and MI-Virus technologies were adopted by the health authorities
of the state of Minas Gerais (Brazil) and implemented in 21 cities with a high
incidence of dengue in the period 2009-2011. The total cost of the program for all
21 cities for 2 years of work was less than US$ 1.5 million, making an average of
US$ 71,428 per city. It included 4700 sticky traps, 115,000 sticky cards, synthetic
oviposition attractants, RT-PCR on all mosquitoes caught in the traps, Web software
licensing, cell phones, and technical support, among other items. The number of
people benefited by the program was approximately 2 million, making the cost per
habitant per year around US$ 0.70. The cost-effectiveness was calculated as the cost
of running the MI-Aedes and MI-Virus platforms divided by the number of cases
of prevented arboviral diseases compared with cities that did not use the MI-Aedes
platform and relied only in the PNCD guidelines. The MI-Aedes and MI-Virus plat-
forms prevented a total of 27,191 cases at a total cost of US$ 7.5 million, thus saving
approximately US$ 0.4 million in direct costs (health care and vector control) and
US$ 7.1 million in lost wages (societal impact) annually [41]. The cost-effectiveness
of the platforms MI-Aedes and MI-Virus in cities with high mosquito infestation
levels emphasizes the power of using these new technologies in vector control
practices.

Currently, the MI-Aedes platform is running simultaneously in 154 Brazilian cit-
ies targeting approximately 7.5 million people, using about 12,000 sticky traps, and
performing 625,000 trap inspections and around 8200 RT-PCR analysis per month
on pooled mosquitoes (source: Ecovec. Ltd).

Investing more effort into integrating MI-Aedes strategies and costs with vector
control operations, and standardizing the MI-Aedes-based control system across
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cities, should help to increase the platform cost-effectiveness. Future studies should
be conducted for developing new predictive model of serotype dynamics across
cities for accurate arboviruses transmission.

5. Conclusions

In Brazil, two platforms for surveillance of eggs and gravid Aedes aegypti have
been developed. First, the use of gravid traps associated with GIS technologies
was used in Brazil in the last years to monitor Aedes spp. populations. The MSCP-
Aedes platform is based on data collected upon sampling of eggs in ovitrap works.
Although effective, the platform requires a large amount of human resources for
field and laboratory activities that is not realistic to use in a large-scale epidemic
scenario.

Second, the MI-Aedes and MI-Virus platforms described herein have been used
in hundreds of cities and in a variety of scales besides of being a cost-effective (less
than US$ 1.00/person/year) approach to reduce mosquito population and prevent
the transmission of arbovirosis such as dengue, chikungunya, and Zika [13, 41]. The
main advantage of the MI-Aedes platform over traditional mosquito surveillance is
the integration of continuous vector monitoring at fine spatial and temporal scales
coupled to an information technology platform for near real-time data collection,
analysis, and decision-making.

The surveillance data generated with the MI-Aedes platform is used to calculate
weekly vector indices and detect hotspots to help health authorities to strategically
manage vector control resources. The platform is suitable to be implemented at
worldwide scale because it does not require extensive infrastructure or exper-
tise. For example, one field surveillance agent can visit 70-100 traps per week,
conduct mosquito identification, and feed the database using a cell phone. More
importantly, the MI-Aedes platform is the only large-scale mosquito surveillance
system with a good track record on the prevention of cases of dengue [41]. Used to
their optimum level, as tools for analysis and decision-making, the MI-Aedes and
MI-Virus platforms are information management vehicles with high public health
potential. Indeed, it is worth mentioning that this platform not only provides a wide
range of GIS tools for Ae. aegypti surveillance, but the data collection and process-
ing modules can be adapted to monitor other diseases, such as AIDS, tuberculosis,
malaria, and leishmaniosis, among others.

6. Future studies

Studies with MI-Aedes platform should be continuously conducted to improve
the accuracy and threshold of arbovirus outbreaks. The sensitivity of trap device of
the MI-Aedes platform will be enhanced by replacing the MosquiTRAP by the GAT
as it has been shown to be more effective [11]. Currently, studies using MI-Aedes and
MI-Virus technologies for monitoring vector and virus circulation (DENV, CHIKYV,
and ZIKV) together with new mathematical models are very important tools to
address targeted areas for vector control address. Future studies using MI-Aedes
platform in association with integrated mosquito control alternatives, such as
Wolbachia and transgenic mosquitoes, should be also conducted. Those combina-
tions of interventions will be best applied in sustained, proactive implementation
and will likely be suitable for rapid control of a developing epidemic. In addition to
such proactive strategies, arbovirus prevention will benefit from greater capacity for
outbreak response, before outbreaks have peaked and begun to decline on their own.
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Abstract

Mosquitoes are serious vectors of diseases threading millions of humans and
animals worldwide, as malaria, filariasis, and important arboviruses like dengue,
yellow fever, chikungunya, West Nile virus, and Zika viruses. The swift spread of
arboviruses, parasites, and bacteria in conjunction with the development of resis-
tance in the pathogens, parasites, and vectors represents a great challenge in mod-
ern parasitology and tropical medicine. Unfortunately, synthetic insecticides had
led to some serious health and risk concerns. There are no vaccines or other specific
treatments for arboviruses transmitted by mosquitoes. Accordingly, avoidance of
mosquito bites remains the first line of defense. Insect repellents usually work by
providing a vapor barrier deterring mosquitoes from coming into contact with the
skin surface, and this chapter focused on assets and liabilities, mechanism of action,
improving efficacy, safety, and future perspective of synthetic and natural repel-
lents that could potentially prevent mosquito-host interactions, thereby playing
an important role in reducing mosquito-borne diseases when used correctly
and consistently.

Keywords: repellent plants, synthetic repellents, treated clothes, nanoparticles,
microencapsulation

1. Introduction

Parasites since antiquity [1] are a serious threat for millions of humans and
animals worldwide which bring about chronic debilitating, periodically disabling
disease and are responsible for the overwhelming financial loss [2-6]. Mosquitoes
(Diptera: Culicidae) [7, 8] are among them as they can act as vectors for serious
parasites and pathogens, including malaria, filariasis, and important arboviruses,
such as dengue, yellow fever, chikungunya, West Nile virus, and Zika viruses
[9, 10]. Mosquito control and personal protection from mosquito bites are the most
meaningful measures for controlling several life-threatening diseases transmitted
exclusively by bites from bloodsucking mosquitoes. Repellents evolved, dates back
to antiquity; the Pharaoh Sneferu, reigned from around 2613-2589 BCE and the
founder of the fourth dynasty of Egypt, and Cleopatra VII, the last pharaoh of
ancient Egypt, used bed nets as protection against mosquitoes; the ancient
Egyptians used essential oils (EOs) for repelling insects, medicinal benefits, beauty
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care, and spiritual enhancement and in literally all aspects of their daily life [1].
Insect-repellent plants have been applied traditionally for thousands of years
through different civilizations [11]. Such plants were used in various forms such as
hanged bruised plants in houses, crude fumigants where plants were burnt to drive
away mosquitoes, and oil formulations applied to the skin or clothes [12]. Smoke is
undoubtedly the most extensively exploited means of repelling mosquitoes,
typically by burning plants in rural tropics and by utilizing spiral-shaped incenses
like Katori Senk—an archetypal icon of the humid Japanese summers [13].
Mosquitoes have been considered as a major obstacle to the tourism industry and
socioeconomic development of developing countries particularly in the tropical and
endemic regions [14]. Mosquito problems are ancient as old as the pyramids, and
the presence of malaria in Egypt from circa 800 BCE onward has been confirmed
using DNA-based methods, and antigens produced by Plasmodium falciparum lead-
ing to tertian fever in mummies from all periods were detected, and all mummies
were suffering from malaria at the time of their death [1]. Herodotus noted down
that the builders of the Egyptian pyramids (circa 2700-1700 BCE) were given large
amounts of garlic almost certainly to protect them against malaria [1]. Despite
recent considerable efforts to control vector-borne diseases, malaria alone produces
250 million cases per year and 800,000 deaths including 85% of children under
5 years [15]. Global warming has moved the mosquitoes on the way to some tem-
perate and higher altitudes, affecting people who are vulnerable to such diseases
[16]. Recently, malaria is a great problem in Africa, but it was well controlled in
Egypt [1]. Ahead of the development and commercial success of synthetic insecti-
cides in the mid-1930-1950s, botanical insecticides were the leading weapons for
insect control. Synthetic insecticides are distinguished by their efficacy, speed of
action, ease of use, and low cost. Therefore, they drove many natural control
methods as botanicals, predators, and parasitoids to shadows [8, 17, 18]. Insecticidal
treatment of house walls, in particular, could provide a very helpful reduction of
mosquito incidence, but such measures need financial and organizational demand,
but poor rural areas in endemic regions do not have sufficient resources for such
costly protective measures. Because of health and environmental concerns [8, 17],
there is an urgent need to identify new nonhazardous vector management strategies
that replace harmful chemical insecticides and repellents. There are no vaccines or
other specific treatments for arboviruses transmitted by mosquitoes; therefore,
avoidance of mosquito bites remains the first line of defense [9, 18]. Hence, the use
of the mosquito repellents (MRs) on exposed skin area is highly recommended.
Insect repellents usually work by providing a vapor barrier deterring mosquitoes
from meeting the skin surface. Insect repellents had been used for thousands of
years against biting arthropods. Several species of primates were observed
anointing their pelage via rubbing millipedes and plants as Citrus spp., Piper
marginatum, and Clematis dioica. Wedge-capped capuchins (Cebus olivaceus) were
observed rubbing the millipede Orthoporus dorsovittatus onto their coat during the
period of maximum mosquito activity [19]. Such millipede contains benzoquinones
and insect-repellent chemicals, and it was hypothesized that the anointing behavior
was intended to deter biting insects. Laboratory studies revealed a significant
repellent effect of benzoquinones against Aedes (Stegomyia) aegypti (the yellow
fever mosquito) and Amblyomma americanum (the lone star tick). Such anointing
behavior to deter blood-feeding arthropods is also common among birds, and it
could be genetically expressed as an “extended phenotype” as it has an obvious
adaptive advantage. Evidence for this lies in the fact that benzoquinones applied to
filter paper elicited anointing activity among captive-born capuchins [12]. The
World Health Organization (WHO) also recommends repellents for protection
against malaria as the resistance of Plasmodium falciparum to anti-malarial drugs
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such as chloroquine is increased. Most of the commercial MRs are prepared using
non-biodegradable, synthetic chemicals like N,N-diethyl-3-methylbenzamide
(DEET), dimethylphthalate (DMP), and allethrin which may lead to the environ-
ment and, hence, the unacceptable health risks in the case of their higher exposure.
With an increasing concern for public safety, a renewed interest in the use of
natural products of plant origin is desired because natural products are effective,
environmentally friendly, biodegradable, inexpensive, and readily available [7, 8,
13, 17, 20]. Repellent application is a reliable mean of personal protection against
annoyance and pathogenic infections not only for local people but also for travelers
in disease risk areas, particularly in tropical countries; therefore, this chapter
focused on assets and liabilities, safety, and future perspective of synthetic and
natural MRs that could potentially prevent mosquito-host interactions, thereby
playing an important role in reducing mosquito-borne diseases when used correctly
and consistently.

2. Synthetic repellents

The history of synthetic repellents had been reviewed [12]; before World War II,
MRs were primarily plant-based with the oil of citronella being the most widely
used compound and the standard against which others were evaluated. At that time,
the emergence of synthetic chemical repellents starts. There were only three prin-
cipal repellents: dimethylphthalate discovered in 1929, Indalone® (butyl-3,3-
dihydro-2,2-dimethyl-4-oxo-2H-pyran-6-carboxylate) patented in 1937, and
Rutgers 612 (ethyl hexanediol), which became available in 1939. Later on and for
military use, 6-2-2 of M-250 (a mixture of six parts DMP and two parts each
Indalone® and Rutgers 612) was used [13]. The event of World War II was the
primary switch on in the development of new repellent technologies because the
Pacific and North African theaters posed significant disease threats to allied military
personnel. Over 6000 chemicals had been tested from 1942 to 1947 in a variety of
research institutions led to the identification of multiple successful repellent
chemistries. Such great aim established several independent research projects that
inevitably identified one of the most effective and widely used insect repellents to
date, DEET. From then on, several compounds have been synthesized relying on
previous research, which identified amide and imide compounds as highly success-
ful contact repellents. Among these are picaridin, a piperidine carboxylate ester,
and IR3535, which are currently considered DEET competitors in some repellency
bioassays [21]. The chemical structures of some synthetic repellents are shown in
Figure 1.

2.1 DEET

DEET (N,N-diethyl-3-methylbenzamide) is the standard and most effective
broad-spectrum insect-repellent component with a long-lasting effect on mosqui-
toes, ticks, as well as biting flies, chiggers, and fleas. DEET was discovered as a
mosquito repellent by the US Department of Agriculture and patented by the US
Army in 1946. It was allowed for public use in 1957, and since then it has been a
standard repellent for several insects and arthropods [14]. DEET is the most
studied insect repellent and mainly used as a positive control to compare the
efficacy of many repellent substances. DEET has a dose-dependent response: the
higher the concentration, the longer the protection. DEET, 20-25%, is the con-
ventional concentration used in commercial products. The shorter protection
time depended on the mixture as well [14]. In fact, DEET plays a limited role on

147



Malaria

[x]

c 1 T |
T i o™ | L
| Tr Rt i £ 3
DEE] ENCILONER FPICARIM DERA
0
"? (s & -:l-l . |
u I PR £ i | e .
- R = ) e 41 1 e | 5]
i : N e L @
\ - I = e
i oy i 5120
o t
R¥EYS PERMETHRIY ETHYL ANTHRAMILATE
Figure 1.

Chemical structuves of some synthetic repellents.

disease control in endemic regions because of its high cost, unpleasant odor, and
inconvenience of the continuous application on the exposed skin at high concen-
trations [22, 23].

2.2 Permethrin

Permethrin is a pyrethroid insecticide derived from the plant Chrysanthemum
cinerariifolium. It was registered in the US in 1979 as both repellent and insecticide.
Recently, it is the most common insecticide available for use on fabrics such as
clothing, bed nets, etc. for its exclusive role as a contact insecticide via neural
toxicity and equally as an insect repellent [7, 8, 13, 17]. The protection offered
against a broad range of bloodsucking arthropods with negligible safety concerns
ranked permethrin-treated clothing an important arthropod protection technique
especially when used in combination with other protection strategies as applying
topical repellents [13].

2.3 Picaridin

Picaridin (1-piperidinecarboxylic acid 2-(2-hydroxyethyl)-1-methylpropylester)
is a colorless, nearly odorless piperidine analog that was developed by Bayer in the
1980s through molecular modeling [12]. It is also known as KBR 3023, icaridin,
hydroxyethyl isobutyl piperidine carboxylate, and sec-butyl-2-(2-hydroxyethyl)-
piperidine-1-carboxylate. Its trade names include Bayrepel and Saltidin, among
others. Picaridin was first marketed in Europe in the 1990s and later in the US in
2005 [24, 25]. The efficacy of picaridin is as good as DEET, and notably, 20%
picaridin spray was found to protect against three main mosquito vectors, Aedes,
Anopheles, and Culex for about 5 h with better efficacy than that of DEET. There-
fore, repeated application is required every after 4-6 h [13]. In Australia, a formu-
lation containing 19.2% picaridin provided similar protection as 20% DEET against
Verrallina lineata [26]. The same formulation provided >95% protection against
Culex annulivostris for 5 h but only 1-hour protection against Anopheles spp. [26].
Picaridin at concentrations of 2-13% v/v in 90% ethanol showed better protection
against anophelines in Africa than comparable formulations containing DEET [27].
Field studies against mosquitoes in two locations in Australia indicated that a 9.3%
formulation only provided 2-hour protection against V. lineata [26, 28]. It had been
concluded that studies showed little significant difference between DEET and
picaridin when applied at the same dosage, with a superior persistence for
picaridin [29]. To maintain effectiveness than with the higher concentrations
(>20%) of picaridin used in the field.
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2.4 DEPA

N,N-diethyl-2-phenyl-acetamide (DEPA) is a repellent developed around the
same time as DEET and repels a wide range of insects, but DEPA did not get its
reputation. The repellency of DEPA has demonstrated almost similar to DEET
against mosquito vectors as Ae. aegypti, Ae. albopictus, An. stephensi, and C.
quinquefasciatus [13]. It has regained interest recently and could prove to be an
important competitor to DEET especially in developing countries due to its low
cost, $25.40 per kg compared to $48.40 per kg for DEET [30].

2.5 Insect repellent 3535

Learning from nature offered a molecule with an impressive performance in
comparison to a natural and pure synthetic repellent solution called insect repellent
3535 (IR3535). Scientists got inspirations from nature for the development of the
topical IR 3535 with the intention to create a molecule with optimized protection
times and low toxicity. The naturally occurring amino acid f-alanine was used as a
basic module, and the selected end groups were chosen to avoid toxicity and
increase efficacy. IR 3535 was developed by Merck in 1970 and thus named as Merck
IR3535; it has been available in Europe, but it was not available in the USA until
1999 [12]. IR3535 is used for humans and animals, as it is effective against mosqui-
toes, ticks, flies, fleas, and lice. Its chemical formula is C;;H,;NOs3, and its other
names are ethyl-N-acetyl-N-butyl-f-alaninate, ethyl butylacetylaminopropionate
(EBAAP), p-alanine, and N-acetyl-N-butyl-ethyl ester. The protection of IR 3535
may be comparable to DEET, but it requires frequent reapplication in every 6-8 h.
IR3535 is found in products including Skin So Soft Bug Guard Plus Expedition
(Avon, New York, NY) [31]. Although 20% IR 3535 provides complete protection
against Aedes and Culex mosquitoes (up to 7-10 h), it offers lesser protection against
Anopheles (about 3.8 h), which affects its application in malaria-endemic areas [13].
Several field studies were identified and indicated that IR 3535 is as effective as
similarly, DEET in repelling mosquitoes of the Aedes and Culex genera but may be
less effective than DEET in repelling anopheline mosquitoes; an uncontrolled field
study of a controlled release formulation of IR 3535 reported that these formulations
may provide complete protection against mosquito biting for 7.1-10.3 h [32].

2.6 Ethyl anthranilate

Ethyl anthranilate (EA) is a new member in the scope of entomology which
drew a significant attention in repellent research in the recent years and is being
considered as an improved alternative to DEET [13, 33]. It is a nontoxic, the US
FDA approved volatile food additive. EA is novel and repellent against Ae. aegypti,
An. stephensi, and Cx. quinquefasciatus as its EDs, values of EA were 0.96, 5.4, and
3.6% w/v, respectively, and CPTs of EA, 10% w/v, throughout the arm-in-cage
method were 60, 60, and 30 min, respectively. Moreover, its spatial repellency was
found to be extremely effective in repelling all the three tested species of mosqui-
toes. EA provided comparable results to standard repellent DEPA. As a result, the
repellent activity of EA is promising for developing effective, safe, and eco-friendly
alternative to the existing harmful repellents for personal protection against differ-
ent mosquito species [34].

2.7 Comparative efficacy of synthetic repellents

The comparative efficacy of synthetic repellents had been summarized [14] as
follows: Aedes species demonstrated an aggressive biting behavior and Ae. Aegypti,
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above all, proved to be tolerant to many repellent products. Ae. albopictus was easier
to be repelled than Ae. aegypti. DEET is the most studied insect repellent; at higher
concentrations, it presented superior efficacy against Aedes species, providing up to
10 h of protection. Although IR3535 and picaridin showed good repellency against
this mosquito genus, their efficacy was on average inferior to that provided by
DEET. Fewer studies have been conducted on the mosquito species Anopheles and
Culex. The repellency profile against Anopheles species was similar for the four
principal repellents of interest: DEET provided on average 5-11 h, IR 3535 4-10 h,
picaridin 6-8 h, and Citriodora 1-12 h of protection, depending on study conditions
and repellent concentration. Culex mosquitoes are easier to repel, and each repellent
provided good protection against this species. DEET showed 5-14 h of protection
and IR 3535 2-15 h, depending on product concentration, while the test proving the
efficacy of picaridin and commercial products containing PMD was discontinued
after 8 h of protection. To go over the main points, DEET remains probably the
most efficient insect repellent against mosquitoes, effective against sensitive species
as Culex as well as more repellent-tolerant species such as Aedes and Anopheles. Even
though fewer studies have been conducted on these non-DEET compounds,
picaridin and to some extent IR 3535 represent valid alternatives. Consequently, the
choice of repellents could be adjusted somehow according to the profile of biting
vectors at the travelers’ destination.

3. Botanicals

Nature is an old unlimited source of inspiration for people [1, 11, 18, 35] as well
as for scientific and technological innovations. Recently, global attention has been
paid toward exploring the medicinal benefits of plant extracts [4, 11, 36, 37].
Repellents of natural origin are derived from members of the families as Asteraceae,
Cupressaceae, Labiatae, Lamiaceae, Lauraceae, Meliaceae, Myrtaceae, Piperaceae,
Poaceae, Rutaceae, Umbelliferae, and Zingiberaceae. They have been evaluated for
repellency against various mosquito vectors, but few compounds have been found
commercially. Increased curiosity in plant-based arthropod repellents was gener-
ated after the United States Environmental Protection Agency (US EPA) added a
rule to the Federal Insecticide, Fungicide and Rodenticide Act (FIFRA) in 1986
exempting compounds considered to be minimum hazardous pesticides [30].
Increased interest has also been driven by the rapid registration process of plant-
based repellents by US EPA, which are often registered in less than a year, while the
conventional pesticides are registered in an average of 3 years [30]. The public
considers botanicals as safer and suitable alternative repellents; most of them are
produced and distributed locally and appear on the market for only a short time.
Even though many studies have shown that almost all registered commercial prod-
ucts based on botanical active ingredients offer limited protection and require
frequent reapplication than even a low concentration of DEET-based repellents, the
growing demand for natural alternative repellents in the community illustrates
further need to evaluate new botanical repellents critically for personal protection
against mosquitoes and mosquito-borne illnesses [7, 8, 13, 17]. The repellent activity
of EOs includes some metabolites, such as the monoterpenes a-pinene, cineole,
eugenol, limonene, terpinolene, citronellol, citronellal, camphor, and thymol that
are repellents against mosquitoes; the sesquiterpene, j-caryophyllene, is repellent
against A. aegypti, and phytol, a linear diterpene alcohol, is repellent against
Anopheles gambia. Most of the arthropod-repellent compounds are oxygenated,
having the hydroxyl group linked to a primary, secondary, or aromatic carbon.

In some metabolites having a hydroxyl group linked to a tertiary carbon, as linalool,
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a-terpineol, and limonene, the repellent activity is suppressed against A. gambiae,
suggesting the likelihood that the type of carbon where the hydroxyl substitution is
there modulates repellency. Most insect repellents are volatile terpenoids such as
terpinen-4-ol. Other terpenoids can act as attractants. More information is widely
discussed [7, 38], and chemical structures of some natural repellent compounds are
shown in Figure 2.

3.1 PMD and lemon-scented eucalyptus

Compound p-menthane-3,8-diol (PMD is derived from lemon-scented eucalyp-
tus (Eucalyptus citriodora, Myrtaceae) leaves, and its importance as a repelling agent
is increasing due to its good efficacy profile as well as its natural basis. PMD is a
potent and commercially available repellent discovered in the 1960s via mass
screening of plants for repellent activity, for instance, lemon eucalyptus and
Corymbia citriodora (Myrtaceae) formerly known as Eucalyptus maculata citriodova.
Lemon eucalyptus EO contains 85% citronellal and is already used in cosmetic
industries due to its fresh smell. It was discovered when the waste distillate
remaining after hydro-distillation of the EO was far more effective at repelling
mosquitoes than the EO itself, and it provides very high protection from a broad
range of insect vectors for several hours as well [7, 39]. The EO from C. citriodora
also contains active constituents like citronella, citronellol, geraniol, isopulegol, and
6-pinene which play important roles in repelling both mosquitoes and ticks. Such
compounds provide short-term repellency against mosquitoes, but PMD has a lon-
ger protection time than other plant-derived compounds because it is a monoter-
pene with low volatility than volatile monoterpenes found in most EOs and does not
tend to evaporate rapidly after skin application [7, 8, 14].

There have been attempts to commercialize and market the insecticides/repel-
lent products containing eucalyptus oil as such or based upon them. Crude euca-
lyptus oil was primarily registered as an insecticide and miticide in the USA in 1948,
and 29 of such compounds have been registered in the USA until the year 2007 for
use as natural insecticide/insect repellent/germicide. Only four products of them
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Figure 2.
Chemical structuves of some natural vepellent compounds found in botanical species.
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have been active, whereas 25 have been canceled. These include Citriodiol, Repel
essential insect repellent lotion (two variants), Repel essential insect repellent pump
spray, and Repel insect repellent 30 by the United Industrial Corp., USA. Some
eucalyptus-based products include the following: Quwenling is successfully
marketed as an insect repellent in China and provides protection against anopheles
mosquitoes parallel to DEET and has exchanged the widely used synthetic repellent
dimethylphthalate; Quwenling contains a mixture of PMD, citronellol, and
isopulegone. Mosiguard Natural contains 50% eucalyptus oil, Buzz Away is a com-
mercially available product in China based on citronellal, and MyggA1 Natural is
based on PMD from lemon eucalyptus and is shown to repel ticks. More details are
widely discussed [40].

3.2 Citronella

The name “Citronella” is derived from the French word “citronelle” around
1858. It was extracted to be used in perfumery and used by the Indian Army to repel
mosquitoes at the beginning of the twentieth century and was then registered for
commercial use in the USA in 1948. Today, citronella (5-10%) is one of the most
widely used natural repellents on the market; such concentrations are lower than
most other commercial repellents, whereas higher concentrations can cause skin
sensitivity. Among plant-derived substances, products containing Citriodiol
showed the most effective repellent profile against mosquitoes. EOs and extracts
belonging to plants in the Citronella genus (Poaceae) are commonly used as ingre-
dients of plant-based mosquito repellents, mostly Cymbopogon nardus that is sold in
Europe and North America in commercial preparations [39]. Citronella contains
citronellal, citronellol, geraniol, citral, a-pinene, and limonene giving an effect
similar to that of DEET, but the oils rapidly evaporate causing loss of efficacy and
leaving the user unprotected. Among plant-derived substances, products containing
Citriodiol showed the most effective repellent profile against mosquitoes. For trav-
elers heading to disease-endemic areas, citronella-based repellents should not be
recommended, but if efficacious alternatives are prohibitively expensive or not
available, the use of citronella to prevent mosquito bites may provide important
protection from disease vectors. Even though citronella-based repellents only give
protection from host-seeking mosquitoes for a short time (2 h), formulations could
prolong such time (please see the formulation section).

3.3 Neem and methyl jasmonate

The aromatic plants of the Meliaceae family which include neem, Azadirachta
indica, Carapa procera, Melia azedarach, Khaya senegalensis, and Trichilia emetica
contain substances of the limonoid group and insecticidal and repellent effects on
insects [18]. Neem provided a protection of 98.2% for 8 h against An. darlingi.
Regardless of being not approved by US EPA for use as a topical insect repellent,
neem is widely advertised as a natural alternative to DEET, and it has been tested
for repellency against a wide range of arthropods of medical and veterinary impor-
tance. MiteStop®, based on a neem seed extract, had a considerable repellent effect
on bloodsucking mosquitoes, tabanids, ceratopogonids, simuliids, as well as licking
flies [41]. Several field studies from India have shown the very high efficacy of
neem-based preparations, contrasting with findings of intermediate repellency by
other researchers. However, these contrasting results may be due to differing
methodologies and the solvents used to carry the repellents.

Methyl jasmonate (M]) is derived from the nonvolatile jasmonic acid and has the
ultimate vapor pressure for a repellent (0.001 mmHg at 25°C) which is quite higher
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than DEET. It repels only Cx. quinquefasciatus but does not repel Ae. aegypti, An.
gambiae, Phlebotomus flies, and Glossina morsitans, which restricts the application of
M]J to C. quinquefasciatus mosquitoes only. On the other hand, MJ has been found to
cause aversion in a number of ticks such as nymphal L. ricinis and Hyalomma
marginatum rufipes Koch, etc. [30].

3.4 Essential oils

EOs are used against insects [20, 42-50] throughout the globe. EOs are distilled
from members of the Lamiaceae (mint family), Poaceae (aromatic grasses), and
Pinaceae (pine and cedar family). EOs could be used for farm animal protection
against nuisance flies and lice [47]. Almost all of the botanical repellents are also
used for food flavoring or in the perfume industry, indicating that they are safer
than DEET. The most effective oils include thyme, geraniol, peppermint, cedar,
patchouli, and clove that have been found to repel malaria, filarial, and yellow fever
vectors for a period of 60-180 mins. Most of these EOs are highly volatile, and this
contributes to their poor longevity as mosquito repellents. As a result, repellents
containing only EOs in the absence of an active ingredient such as DEET should not
be recommended as repellents for use in disease-endemic areas, whereas those
containing high levels of EOs could cause skin irritation, especially in the presence
of sunlight [39]. Although EOs effectively repel mosquitoes as irritants, repellents,
antifeedants, or maskants, unfortunately, relatively few have been commercialized,
despite being widely used in candles and as topical insect repellents. Botanical,
herbal, or natural-based repellents include one or several plant EOs. These oils are
considered safe by the EPA at low concentrations but provide a limited duration of
protection against mosquitoes (<3 h). Citronella (discussed previously) is the prin-
cipal and sometimes only active ingredient in many plant-based insect repellents
[7]. Eucalyptus oil is used as an antifeedant mainly against biting insects as
eucalyptus-based products used on humans as insect repellent can give protection
from biting insects up to 8 h depending upon the concentration of the essential oil.
Such repellent activity could be extended up to 8 days when eucalyptus EOs are
applied on the clothes. Eucalyptus oil (30%) can prevent mosquito bite for 2 h;
however, the oil must have at least 70% cineole content [40]. On the other hand,
E. citriodora EO alone showed an insufficient protection against the three main
mosquito species [14].

4. Safety of repellents
4.1 Safety of synthetic repellents

Insect repellents containing DEET are broadly used among populations. DEET
should be used with caution as it may damage spandex, rayon, acetate, and
pigmented leather and it could dissolve plastic and vinyl (e.g., eyeglass frames).
Moreover, DEET damages synthetic fabrics and painted and varnished surfaces,
precluding its use in bed nets and in many urban settings [51]. Being the gold
standard of repellents, the safety profile of DEET is largely studied. There is an
estimated 15 million people in the UK, 78 million people in the USA, and 200 mil-
lion people globally that use DEET each year safely when it is applied to the skin at
the correct dose indicated at the commercial preparation (in the case of it not being
swallowed or rubbed into the mucous membranes). DEET has been used since 1946
with a tiny number of reported adverse effects, many of which had a history of
excessive or inappropriate use of repellent. Its toxicology has been more closely
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scrutinized than any other repellent, and it has been deemed safe for human use,
including its use on children, pregnant women, and lactating women [39]. Even
though insect repellents containing DEET are safe, some side effects have been
described, mainly after inappropriate use such as dermatitis, allergic reactions,
neurologic and cardiovascular side effects, as well as encephalopathy in children. In
addition, there are a small number of reports of systemic toxicity in adults following
dermal application. The safety profile in the second and third trimester of preg-
nancy has been well known through inspection of very low placental cord concen-
trations after maternal application of DEET, but animal models do not indicate any
teratogenic effects. DEET also blocks mammalian sodium and potassium ion chan-
nels contributing to the numbness of lip following the application of DEET [13].
Approval for use in young children is a controversial issue between countries, with
some recommending lower concentrations, whereas others suggesting that higher
strengths can be used. However, the causation between the few reported cases of
encephalopathy in children and the topical use of DEET cannot be supported by a
good evidence base [14, 39].

When permethrin is impregnated appropriately in cloths and nets, toxicity
fearfulness is minimal [52]. Although synthetic pyrethroids are utilized worldwide
as active ingredients in MRs [15] due to their relatively low toxicity to mammals
[53], inappropriate application at high doses initiates neurotoxic effects such as
tremors, loss of coordination, hyperactivity, paralysis, and an increase in body
temperature. Other side effects include skin and eye irritation, reproductive effects,
mutagenicity, alterations in the immune system, etc. [13]. Recent studies also
showed that some pyrethroids are listed as endocrine disruptors and possible car-
cinogens [53] and pyrethroids might cause behavioral and developmental neuro-
toxicity, with special concern revolving around infants and children, due to their
potential exposure during a sensitive neurodevelopmental stage [54]. More evi-
dence in the recent years indicates that pyrethroid insecticides can reduce sperm
count and motility, cause deformity of the sperm head, increase the count of
abnormal sperm, damage sperm DNA, induce its aneuploidy rate, affect sex hor-
mone levels, and produce reproductive toxicity [55]. Moreover, an elevated con-
centration of transfluthrin in the gaseous phase during the indoor application of an
electric vaporizer was detected, but they found inhalation risk of airborne
transfluthrin was low. The exposure levels and potential risk of pyrethroids during
the applications of other types of commonly used MRs remain unknown [53]. On
the other hand, long-term exposure to pyrethroid-based MRs in indoor environ-
ments causes chronic neurotoxicity, for example, dysfunction of blood-brain bar-
rier permeability, oxidative damage to the brain, [56] and cholinergic dysfunction
which cause learning and memory deficiencies [57]. Even though ventilation
through natural air exchange and conditioner dissipate of airborne pollutants,
residues persisting in the air and/or on indoor surfaces could potentially cause
continuous exposure to the residents.

US EPA-OPP’s Biochemical Classification Committee classified IR 3535 as a
biochemical in 1997, because it is functionally identical to naturally occurring beta-
alanine in that both repel insects, the basic molecular structure is identical, the end
groups are not likely to contribute to toxicity, and it acts to control the target pest
via a nontoxic mode of action [58]. No reported toxicity has been made so far
against IR 3535, and it induces less irritation to mucous membranes and exhibits
safer oral and dermal toxicity than DEET which makes it an attractive alternative to
DEET in disease-inflicted endemic regions [13]. The ester structure of the propio-
nate grants essential advantages because of a short metabolic degradation and quick
excretion as a simple water-soluble acid [58]. Picaridin has the advantage of being
odorless and non-sticky or greasy. Moreover, unlike DEET, picaridin does not
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damage plastics and synthetics. In some studies, picaridin induces no adverse toxic
reactions in animal studies but exhibits low toxicity and less dermatologic and
olfactory irritant in other studies. Consequently, picaridin’s comparable efficacy to
DEET and its suitability of application and favorable toxicity profile ranked it as an
attractive option and unquestionably an acceptable alternative for protection
against mosquitoes and other hematophagous arthropods to control the menace of
vector-borne diseases in endemic areas [13]. DEPA does not show cytotoxicity or
mutagenicity [59], thereby increasing its suitability in direct skin application. It also
exhibits moderate oral toxicity (mouse oral LDsy 900 mg/kg) and low to moderate
dermal toxicity (rabbit and female mouse LDsq of 3500 and 2200 mg/kg, respec-
tively) [60]. Acute and subacute inhalation toxicity studies of DEPA have also been
reported [61] which indicate its applicability as aerosol formulations. Indalone was
an early synthetic repellent effective against both mosquitoes and ticks. It was even
more effective than DEET; however, its chronic exposure induced kidney and liver
damage in rodents which restricted its application [13]. EA is approved by the US
FDA, WHO and European Food Safety Authority (EFSA) [62, 63]. Furthermore,
EA has been listed in the “generally recognized as safe” [64] list by the Flavour and
Extract Manufacturers Association (FEMA) [65]. EA does not damage synthetic
fabrics, plastics, and painted and varnished surfaces which further widen the utility
of EA in bed nets, cloths, and different surfaces in the endemic settings [14, 66].

4.2 Safety of plant-based repellents

Because many conventional pesticide products fall into disfavor with the public,
botanical-based pesticides should become an increasingly popular choice as repel-
lents. There is a perception that natural products are safer for skin application and
for the environment, just because they are natural and used for a long time com-
pared to synthetic non-biodegradable products [14]. In contrast to DEET, some
natural repellents are safer than others, and plant-based repellents do not have this
strictly tested safety evidence, and many botanical repellents have compounds that
need to be used with caution [39]. PMD has no or very little toxicity to the envi-
ronment and poses no risks to humans and animals. PMD has been developed and
registered for use against public health pests and is available as a spray and lotion.
Not much is known about the toxicity of eucalyptus oils; however, they have been
categorized as GRAS by the US EPA. Further, the oral and acute LDs, of eucalyptus
oil and cineole to rat is 4440 mg/kg body weight (BW) and 2480 mg/kg BW,
respectively, making it much less toxic than pyrethrins (LDs, values 350—

500 mg/kg BW; US EPA, 1993) and even technical grade pyrethrum (LDs value
1500 mg/kg BW) [40]. PMD is an important component of commercial repellents
in the US and registered by US EPA and Canadian Pest Management Regulatory
Agency in 2000 and 2002, respectively [13]. In contrary, lemon eucalyptus EO does
not have US EPA registration for use as an insect repellent. PMD is the only plant-
based repellent that has been advocated for use in disease-endemic areas by the
Centers for Disease Control (CDC), due to its proven clinical efficacy to prevent
malaria, and is considered to pose no risk to human health [39]. In 2005, the US
Centers for Disease Control and Prevention made use of its influence by endorsing
products containing “oil of lemon eucalyptus” (PMD), along with picaridin and
DEET as the most effective repellents of mosquito vectors carrying the West Nile
virus [67]. PMD provides excellent safety profile with minimal toxicity. In studies
using laboratory animals, PMD demonstrated no adverse effects apart from eye
irritation. It is safe for both children and adults as the toxicity of PMD is very low.
However, the label indicates it should not be used on children under the age of 3 [7].
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The safety of neem is extensively reviewed; azadirachtin is nontoxic to mam-
mals and did not show chronic toxicity. Even at high concentrations, neem products
were neither mutagenic nor carcinogenic, and they did not produce any skin irrita-
tions or organic alterations in mice and rats. On the other hand, reversible repro-
duction disturbances could occur due to the daily feeding of aqueous leaf extract for
6 and 9 weeks led to infertility of rats at 66.7 and 100%, respectively. Using
unprocessed and aqueous neem-based products should be encouraged if applied
with care. The pure compound azadirachtin, the unprocessed materials, the aque-
ous extracts, and the seed oil are safe to use even as insecticides to protect stored
food for human consumption, whereas nonaqueous extracts turn out to be rela-
tively toxic [8]. From the ecological and environmental standpoint, azadirachtin is
safe and nontoxic to fish, natural enemies, pollinators, birds, and other wildlife.
Azadirachtin is classified by the US EPA as class IV (practically nontoxic) [7, 8, 17]
as azadirachtin breaks down within 50-100 h in water and is degraded by sunlight
as the half-life of azadirachtin is only 1 day, leaving no residues. Safety and advan-
tages of EOs are widely discussed [7, 8, 17, 39]. There is a popular belief that EOs are
benign and harmless to the user. Honestly, increasing the concentration of plant
EOs as repellents could increase efficacy, but high concentrations may also cause
contact dermatitis. Some of the purified terpenoid ingredients of EOs are moder-
ately toxic to mammals. Because of their volatility, EOs have limited persistence
under field conditions. With few exceptions, the oils themselves or products based
on them are mostly nontoxic to mammals, birds, and fish. Many of the commercial
products that include EOs (EOs) are on the “generally recognized as safe” [64] list
fully approved by the US FDA and EPA for food and beverage consumption.
Moreover, EOs are usually devoid of long-term genotoxic risks, and some of them
show a very clear antimutagenic capacity which could be linked to an
anticarcinogenic activity. The prooxidant activity of EOs or some of their constitu-
ents, like that of some polyphenols, is capable of reducing local tumor volume or
tumor cell proliferation by apoptotic and/or necrotic effects. Due to the capacity of
EOs to interfere with mitochondrial functions, they may add prooxidant effects and
thus become genuine antitumor agents. The cytotoxic capacity of the essential oils,
based on a prooxidant activity, can make them outstanding antiseptic and antimi-
crobial agents for personal uses, that is, for purifying air, personal hygiene, or even
internal use via oral consumption and for insecticidal use for the preservation of
crops or food stocks. Some EOs acquired through diet are actually beneficial to
human health [68, 69]. Eugenol is an eye and skin irritant and has been shown to be
mutagenic and tumorigenic. Citronellol and 2-phenylethanol are skin irritants, and
2-phenylethanol is an eye irritant, mutagen, and tumorigenic; they also affect the
reproductive and central nervous systems [30]. Hence, it is advised that EOs with
toxic profile should be used for treating clothing rather than direct application to
individual’s skin [13]. Although EOs are exempt from registration through the US
EPA, they can be irritating to the skin, and their repellent effect is variable, depen-
dent on formulation and concentration. The previously mentioned safety and
advantages designate that EOs could find their way from the traditional into the
modern medical, insecticidal, and repellent domain.

5. Conclusions and challenges for future research
Several diseases transmitted by mosquitoes cause high losses of human and
animal lives every year. DEET is considered as a “gold standard” to which other

candidate repellents are compared; therefore, DEET is the most ever-present active
ingredient used in commercially available repellents, with noteworthy protection
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against mosquitoes and other biting insects. Unfortunately, the widespread use and
effectiveness of commercial formulations containing DEET and other synthetic
substances could lead to resistance [70, 71]. Some health and environmental con-
cerns lead to the search for natural alternative repellents. The use of repellent plants
has been used since antiquity [1], and it is the only effective protection available for
the poor people against vectors and their associated diseases [71]. Ethnobotanical
experience is passed on orally from one generation to another, but it needs to be
preserved in a written form and utilized as a rich source of botanicals in repellent
bioassays. Then again, the growing demand for natural repellents points up the
further necessity to evaluate new plant-based products critically for personal pro-
tection against mosquitoes and mosquito-borne diseases [7, 8, 17, 18]. Regarding
environmental and health concerns, plant-based repellents are better than synthetic
molecules. Even though many promising plant repellents are available, their use is
still limited; therefore, advance understanding of the chemical ecology of pests and
the mode of repellency would be helpful for identifying competitor semiochemicals
that could be incorporated into attractant or repellent formulations. There are
numerous commercially available formulations enhancing the longevity of repel-
lent, by controlling the rate of delivery and the rate of evaporation. Such formula-
tions are very useful to people living in the endemic areas in the form of sprays,
creams, lotions, aerosols, oils, evaporators, patch, canister, protective clothing,
insecticide-treated clothing, and insecticide-treated bed nets [7, 8, 17]. The poten-
tial uses and benefits of microencapsulation and nanotechnology are enormous
including enhancement involving nanocapsules for pest management and
nanosensors for pest detection [7, 8]. Nanoparticles are effectively used to control
larvae [72-76] and to repel adults of mosquitoes [77, 78].

Polymer-based formulations allow entrapping active ingredients and provide
release control. Encapsulation into polymeric micro/nanocapsules, cyclodextrins,
polymeric micelles, or hydrogels constitutes an approach to modify physicochemi-
cal properties of encapsulated molecules. Such techniques, applied in topical for-
mulations, fabric modification for personal protection, or food packaging, have
been proven to be more effective in increasing repellency time and also in reducing
drug dermal absorption, improving safety profiles of these products. In this work,
the main synthetic and natural insect repellents are described as well as their
polymeric carrier systems and their potential applications [79]. Encapsulated EO
nanoemulsion is prepared to create stable droplets to increase the retention of the
oil and slow down release. The release rate correlates well to the protection time so
that a decrease in release rate can prolong mosquito protection time. Microencap-
sulation is another way to slowly release the active ingredients of repellents. In
laboratory conditions, the microencapsulated formulations of the EOs showed no
significant difference with regard to the duration of repellent effect compared to
the microencapsulated DEET used at the highest concentration (20%). It exhibited
>98% repellent effect for the duration of 4 h, whereas, in the field conditions, these
formulations demonstrated the comparable repellent effect (100% for a duration of
3 h) to Citriodiol®-based repellent (Mosiguard®). In both test conditions, the
microencapsulated formulations of the EOs presented longer duration of 100%
repellent effect (between 1 and 2 h) than non-encapsulated formulations [80].
Microencapsulation reduces membrane permeation of CO while maintaining a con-
stant supply of the citronella oil [81]. Moreover, using gelatin Arabic gum micro-
capsules also prolonged the effect of natural repellents. In addition, the
functionalization of titanium dioxide nanoparticles on the surface of polymeric
microcapsules was investigated as a mean to control the release of encapsulated
citronella through solar radiation. The results showed that functionalizing the
microcapsules with nanoparticles on their surface and then exposing them to
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ultraviolet radiation effectively increased the output of citronella into the air for
repelling the mosquitoes without human intervention, as the sunlight works as a
release activator [82].

It is recommended to use US EPA-registered insect repellents including one of
the active ingredients: DEET, Picaridin, IR3535, Oil of lemon eucalyptus (OLE),
Para-menthane-diol (PMD), and 2-undecanone. Synthetic MRs are applied for
years but induced some safety and environmental concerns; as a result, the
advancement in the development of repellents from the botanical origin is encour-
aged. But some obstacles are hindering botanical repellents which as the source
availability, standardization, commercialization, and analyses in order to certify the
efficacy and safety [7]. Commercially available repellents are provided in Table 1.
For saving time and efforts, a high-throughput chemical informatics screen via a
structure-activity approach, molecular-based chemical prospecting [83], as well as
computer-aided molecular modeling [84] would accelerate the exploration of new
environmentally safe and cost-effective novel repellents which activated the same
chemosensory pathways as DEET at a fairly shorter time and lower costs [13]. The
selection of various repellents could be tailored along with the profile of safety
concerns and biting vectors at the travelers’ and military destinations by reducing
annoyance and the incidence of illness. The use of these technologies to enhance the
performance of natural repellents may revolutionize the repellent market and make
EOs a more viable option for use in long-lasting repellents. Green technologies and
cash cropping of repellent plants afford a vital source of income for small-scale
farmers and producers in developing countries and raise the national economy.
Moreover, in some developing countries where tourism is a chief source of national
income, the use of repellents would increase the pleasure and comfort of tourists.
Finally, much faster work needs to be done to discover new and safe repellents for
personal protection from mosquitoes.
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