Microbial
pathogens and strategies for combating them: science, technology and education (A. Méndez-Vilas, Ed.)
____________________________________________________________________________________________

Major therapeutic targets in trypanosomatids
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Trypanosomatids are protozoan parasites that have some peculiar characteristics in biological terms, such as the presence
of a single flagellum and kinetoplast (i.e., a specialized organelle that concentrates mitochondrial DNA in the parasite) and
alternating forms in vectors and hosts with distinct modes of morphology, biochemistry, and exhaust. Among the diseases
caused by trypanosomatids are leishmaniasis and Chagas’ disease, both considered serious public health problems that
affect millions of people worldwide. Researchers have prioritized the study of chemotherapeutic agents that act on specific
and essential targets in trypanosomatids. These targets include energy metabolism, the trypanothione reductase system,
topoisomerases enzymes, arginase, superoxide dismutase, cysteine protease, and the biosynthesis of sterol, microtubules,
and polyamines.
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1. Trypanosomatids
1.1. Trypanosoma Genus
Trypanosomatids are protozoans that cause many serious diseases in mammals, such as Chagas’ disease caused by
Trypanosoma cruzi, sleeping sickness caused by Trypanosoma brucei, and leishmaniasis caused by different species of
Leishmania [1]. Although these protozoa are eukaryotic cells, they have some metabolic pathways and organelles that
can be distinguished from mammalian cells, with unique cell structures and processes that can be targeted in these
trypanosomatids [2].
Taxonomically, trypanosomatids are classified within the order Kinetoplastida. This order covers unicellular and
flagellated protozoan parasites that exhibit a unique structure, the kinetoplast. The kinetoplast is a specialized
mitochondrial region that contains mitochondrial DNA (kinetoplast DNA [kDNA]) [3] that is rich in molecules with
double-stranded circles, minicircles, and maxicircles that are concatenated into a network. Furthermore, they exhibit
unique mitochondria that are distinct from mammalian mitochondria [4], making this organelle a target for
chemotherapeutic agents [5].
The Trypanosomatidae family comprises monoxenic parasites that present a single invertebrate host during their life
cycle and heteroxenic parasites that alternate their life cycle between two hosts, a vertebrate and an invertebrate [6].
Monoxenic trypanosomatids are not considered pathogenic in mammals [7]. However, these protozoa may act as
opportunistic pathogens. Heteroxenic trypanosomatids present a complex life cycle, exhibiting morphological,
structural, and biochemical alterations, of which the genus Trypanosoma and Leishmania stand out [8].
This chapter focuses on the main features of the genus Trypanosoma and Leishmania and the targets of action of
chemotherapeutic agents.
1.1.1. Trypanosoma cruzi
Trypanosoma cruzi is the etiologic agent of Chagas’ disease or American trypanosomiasis. It is an obligatory
intracellular parasite that circulates between an invertebrate host (Triatomine insects) and a vertebrate host. It presents a
complex life cycle that involves at least three evolutionary forms: epimastigotes, trypomastigotes, and amastigotes.
Replicative epimastigotes are not infective and are found in the intestines of the insect vector. When these forms adhere
to the terminal portions of the insect intestine, they differentiate into metacyclic, non-replicative, and infective
trypomastigotes. Upon blood feeding, metacyclic trypomastigotes are eliminated with the feces and urine of the insect
vector and can penetrate through mucous and conjunctiva in vertebrate hosts to invade various cells types. Inside these
cells, the trypomastigote form differentiates into an amastigote that reproduces by binary fission. After successive
rounds of replication, amastigotes differentiate into sanguine trypomastigotes, which are released from the infected cell
[9].
1.1.2. Trypanosoma brucei
Trypanosoma brucei is the etiologic agent of sleeping sickness or human African trypanosomiasis [10]. This disease is
transmitted by the tsetse fly (genus Glossina). The epimastigote and trypomastigote forms are also found during its life
cycle. The fly ingests infective trypomastigotes that differentiate into procyclic forms and then epimastigote forms that
multiply in the salivary gland and differentiate into metacyclic trypomastigotes, which are responsible for infection in
the vertebrate host. When the fly bites the vertebrate host, it injects metacyclic trypomastigotes that differentiate into
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blood trypomastigotes that multiply in the bloodstream and can reach the central nervous system. Once inside the
vertebrate, the trypomastigotes escape from the host’s immune system by continuously replacing major parasite
antigens on the plasma membrane [11].
1.2. Leishmania Genus
Leishmaniasis is caused by different protozoan species of the genus Leishmania. It is transmitted to vertebrate hosts by
female insects that belong to the genus Lutzomyia [12] and Phlebotomus [13]. During the repast, sanguine
promastigotes are released in the saliva of the infected gnat. Defense cells then phagocytose the promastigotes, which
then differentiate into amastigotes. These, in turn, multiply within parasitophorous vacuoles to disrupt macrophages,
mainly affecting the lymph nodes, liver, spleen, and bone marrow (i.e., organs that are rich in cells of the mononuclear
phagocyte system) [14,15].
Leishmaniasis has several clinical presentations that can affect the skin, mucous membranes, and viscera. For
example, the species L. braziliensis and L. amazonensis are responsible for cutaneous and mucocutaneous American
Tegumentary Leishmaniasis, and the species L. chagasi and L. donovani are responsible for visceral leishmaniasis [1516].

2. Major Targets of Chemotherapeutic Agents
2.1. Energy metabolism
The energy metabolism of trypanosomatids differs between different species and can be completely different between
the various stages of the life cycle of the same species [17]. These variations may be associated with differences in the
availability of nutrients [18]. The energy metabolism of Trypanosomatidae family members is highly dependent on
glycolysis for adenosine triphosphate (ATP) production. Moreover, they have several glycolytic enzymes with specific
characteristics that make the energy metabolism of these protozoa a potential target for new chemotherapeutic agents
[19].
Studies have investigated various enzymes of the glycolytic pathway of trypanosomatids, including fructose-1, 6diphosphate aldolase, phosphoglycerate kinase, pyruvate kinase, triosephosphate isomerase, glycerol-3-phosphate
dehydrogenase, and glyceraldehyde-3-phosphate dehydrogenase. The latter enzyme has attracted great interest among
researchers. Glyceraldehyde-3-phosphate dehydrogenase is responsible for catalyzing the oxidative phosphorylation of
D-glyceraldehyde-3-phosphate to 1,3-bisphosphoglycerate in the presence of NAD+ and inorganic phosphate [19].
In trypanosomatids, glycolysis exhibits characteristics that are different from other eukaryotes. Studies have shown
that energy metabolism in trypanosomatids can be divided into four modes, with the exception of bloodstream forms of
T. brucei [17]. This parasite produces energy exclusively by glycolysis [20] because it possesses poorly developed
mitochondria. The first mode is characterized by the production of pyruvate from glucose. In the second mode, the main
end-product of glucose breakdown is acetate rather than pyruvate. In the third mode, the parasites produce succinate
from glucose. In the fourth mode, the parasites use amino acids in addition to glucose [17].
The first mode is used by bloodstream forms of T. brucei that use glycolysis to produce pyruvate to synthesize ATP.
Compared with the metabolic capacities of other trypanosomatids, the members of this category have less complex and
therefore less flexible energy metabolism. In the second mode, some bloodstream forms also rely solely on glucose for
the production of ATP. However, they do not produce pyruvate. Instead, they form acetate as the main end-product. In
the third mode, some bloodstream forms exclusively use glucose for the production of ATP. Occurring between these
end-products are acetate and succinate. This requires an additional electron acceptor for the reoxidation of NADH
because acetate production is larger than succinate production. The fourth mode involves trypanosomatids with the
most complex metabolic capacities, including the forms found in mammalian and insect hosts. These protozoa do not
only depend on glucose. They all have complex mitochondrial metabolism and can degrade both amino acids and
glucose. They use a cytochrome-containing respiratory chain and oxidative phosphorylation for the generation of ATP
[17].
2.2. Trypanothione system
Trypanosomatids lack the major disulfide reductases glutathione reductase and thioredoxin reductase. These protozoa
have a unique thiol-redox system, trypanothione, which is based on the low-molecular-weight molecules N1,N8-bisglutathionylspermidine, dihydrotrypanothione (T[SH]2), and trypanothione reductase (TryR). TryR maintains T(SH)2 in
the reduced form. This system is capable of sustaining many cellular functions that are mediated by thiol-dependent
(redox) processes. It is involved in cell proliferation, antioxidant defense, the removal of toxic compounds, and ironsulfur metabolism. However, this system has a limited capacity to cope with oxidative stress compared with mammalian
cells. Thus, the trypanothione system is also considered an attractive target for new chemotherapeutic agents [21].
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The trypanothione system is formed by a cascade of reactions in which trypanothione disulfide (TS2) is initially
reduced to T(SH)2 by TryR, which is NADPH-dependent. Subsequently, tryparedoxin (TXN) reduces hydroperoxides
with spending T(SH)2 in the presence of tryparedoxin peroxidase (TXNPx; Fig. 1) [22].
T(SH)2 is a low-molecular-weight thiol that consists of two molecules of spermidine-conjugated glutathione (GSH)
[23,24]. The synthesis of T(SH)2 is catalyzed by the ATP-dependent enzyme trypanothione synthetase (TryS). In this
system, GSH, the major antioxidant compound of mammalian cells, appears to play a secondary role compared with
trypanothione T(SH)2, although as a monothiol it can participate in the modulation of activity, the protection of certain
protein subsets, or elimination of xeno- and endobiotics [24].
NADPH in the detoxification process is generated from the enzymes glucose-6-phosphate dehydrogenase (G6PD)
and 6-phosphogluconate dehydrogenase (6PGD) via pentose. G6PD catalyzes the oxidation of glucose-6-phosphate
(G6P) to 6-phosphogluconate, with the concomitant production of NADPH [25].

Fig. 1 Scheme of trypanothione-dependent hydroperoxide metabolism in trypanosomatids. Trypanothione disulfide (TS2) is reduced
to dihydrotrypanothione (T(SH)2) by NADPH-dependent trypanothione reductase (TryR). Tryparedoxin (TXN) reduces
hydroperoxide (ROOH) to the corresponding alcohol (ROH) at the expense of T(SH)2, but only in the presence of the tryparedoxin
peroxidase (TXNPx).

2.3. Topoisomerases enzymes
Topoisomerases are enzymes that participate in many cellular processes, such as replication, transcription, and
recombination. These enzymes act by single-strand breaks (type I) or double-strand breaks (type II) in DNA [26]. In
addition to its role in DNA metabolism, these enzymes are also involved in the organization and replication of
kinetoplast DNA in trypanosomatids and may be an important target for the chemotherapy of diseases caused by
trypanosomatids.
The kinetoplast concentrates approximately 30% of the DNA in trypanosomatids. This DNA is formed by two types
of molecules: minicircles and maxicircles [27]. Approximately 10,000 minicircles and 50 maxicircles form a network of
kDNA [28]. Maxicircles encode ribosomal RNA and mitochondrial proteins. Minicircles are involved in the formation
of small RNA guides that control the editing process of mRNA from maxicircles. Minicircles from determined species
are heterogeneous with regard to their nucleotide sequence, although the size of these circles in kDNA is equal. Despite
the heterogeneity, trypanosomatid minicircles have at least one conserved location that corresponds to the origin of
replication. Maxicircles are more homogeneous with regard to DNA sequences, presenting a greater number of
conserved regions [29].
The replication of kDNA is restricted to the S phase of the cell cycle, in which the minicircles are covalently linked,
decatenated, and released from the center of the kDNA network [27]. When released, the minicircles move up to one of
the two protein complexes located on opposite sides of the periphery of the kinetoplast where the topoisomerases are
needed for kDNA replication.
In these protozoa, topoisomerases play an important role in the replication of kDNA. This enzyme enables the
minicircle kDNA network to multiply as free molecules, catalyzing the segregation of new minicircles and reconnecting
them to the DNA network [30]. In addition to catalytic activity, topoisomerases II play a structural role in linking
maxicircles to the membrane of mitochondria and movement of maxicircles during the replicative phase.
2.4. Arginase
Arginase is an enzyme that catalyzes the hydrolysis of L-arginine to L-ornithine and urea in the final step of the urea
cycle [27]. One of the products of this pathway, L-ornithine, is a precursor in the synthesis of polyamines. There are two
arginase isoenzymes: the cytosolic enzyme arginase I and mitochondrial enzyme arginase II [31]. These enzymes act
negatively in the regulation of the levels of nitric oxide (NO) produced by nitric oxide synthase (NOS) through the
consumption of arginine (Fig. 2). Consequently, a reduction of NO production by macrophages is observed, impairing
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the microbicidal response of these cells. The production of NO occurs through two stages: a monooxygenase stage that
produces the intermediate Nω-hydroxy-L-arginine and further hydrolysis that generates L-citrulline and NO [31].
Arginase is an attractive target for new chemotherapeutic agents because its inhibition leads to a decrease in the
capacity of trypanosomatids to establish infection in macrophages, in addition to affecting the biosynthesis of
polyamines that are essential to the growth and differentiation of these protozoa [32].

Fig. 2 Scheme the competition between the enzymes oxide nitric synthase and arginase by L-arginine. Arginase catalyzes the
hydrolysis of L-arginine to L-ornithine and urea. L-ornithine is precursor in the synthesis of polyamines. Furthermore, the nitric oxide
synthase produces nitric oxide and L-citrulline by consumption of L-arginine.

2.5. Superoxide dismutase
Superoxide dismutase (SOD) is a metalloenzyme that constitutes the first line of defense against damage caused by
superoxide anions in eukaryotes and prokaryotes [33,34]. This enzyme catalyzes the removal of superoxide radicals to
molecular oxygen and hydrogen peroxide [35] through alternating cellular oxidoreduction reactions of metals present in
the SOD active site [36]. The inhibition of SOD in trypanosomatids leads to oxidative damage through the
accumulation of superoxide radicals that can cause the death of the parasites, making these enzymes another potential
chemotherapeutic target [27].
Three classes of SOD have been described, based on prosthetic groups (i.e., iron, manganese, and copper-zinc). They
are found in different locations in the cell, including the cytosol, other cell organelles, and cell secretions [33].
Trypanosomatids have only iron-SOD, which differs from the vertebrate host both structurally and with regard to their
specific inhibitors [37,38].
2.6. Cysteine protease
Cysteine proteases play numerous indispensable roles in the biology of protozoa. They are involved in nutrition,
enzyme activation, immunoevasion, virulence, and tissue and cellular invasion [39]. Blocking these enzymes has been
an important target for chemotherapeutic agents [40] because they are essential to the life cycle and pathogenicity of
trypanosomatids. This functional diversity is attributable to their unique nucleophilicity, adaptability, and stability in
different biological environments [39].
Cysteine proteases can be distributed into groups, based on their structural and functional similarities. The first
cysteine protease discovery was papain. Since then, many proteases with sequences in common with papain have been
referred to as “papain-like” [41]. In trypanosomes, the main cysteine proteases of the papain family are cruzipain (T.
cruzi) [42,43] and rhodesain (T. brucei) [44]. They are responsible for the majority of proteolytic activity, acting on the
survival of the parasite in the infected cell, infection, and differentiation processes. The levels of these enzymes vary
according to the evolving forms and strains of the parasite and are more abundantly expressed in the multiplicative
forms. All cysteine proteinase inhibitors act through steric blockade of substrate access in the enzymatic catalytic center
[45].
2.7. Sterol biosynthesis
One of the distinct characteristics of trypanosomatids in mammals is sterol metabolism that, similar to fungi,
synthesizes ergosterol instead of cholesterol [46]. Ergosterol in trypanosomatids is involved in cytokinesis, cell growth,
and cell membrane integrity. For this reason, this metabolic pathway has been intensively studied as a potential
chemotherapeutic target in trypanosomatids [47].
Sterols comprise a lipid class found in cellular membranes and are essential for their normal structure and function
[48]. In mammalian cells, cholesterol is the main sterol found in various membranes [46] and is directly related to the
regulation of fluidity and plasma membrane permeability. Trypanosomatids produce ergosterol and other 24-methyl
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sterols that are directly involved in cell viability and the regulation of membrane enzymes. Among the enzymes
involved in this metabolism are 3-hydroxy-3-metilglutaryl coenzyme A reductase, farnesyl pyrophosphate synthase,
squalene synthase, squalene epoxidase, lanosterol synthase, 14α-demethylase, and sterol 24-methyltransferase [49].
Cholesterol and ergosterol diﬀer in a few minor ways. Cholesterol has only one double bond in the B ring and has a
fully saturated side chain without a methyl group at C24. The presence of the 3β-OH grouping and absence of methyl
groups at C4 and C14 are required for cell growth in both sterols. However, the presence of two double bonds in the B
ring of the steroid nucleus, presence of a β methyl at position 24, and double bond at C22 in the side chain in the
ergosterol molecule are essential for the growth of trypanosomatids (Fig. 3).

A

B

Fig. 3 Chemical structure of ergosterol (A) and cholesterol (B).

2.8. Microtubules biosynthesis
Microtubules are polymers constructed from tubulin heterodimers. Tubulin can be divided into α-tubulin and β-tubulin
[50,51], which can bind to form protofilaments. Several protofilaments form a microtubule. Microtubules are
cylindrical structures that can rapidly disassociate and rearrange to create essential components of eukaryotic cells, such
as flagella [52]. The main function of microtubules is to provide structural support for the maintenance of cell shape and
arrangement of internal organelles. Thus, microtubule disruption and stabilization may be another potential
chemotherapeutic target in trypanosomatids.
In trypanosomatids, microtubules are one of most important components of the cytoskeleton of the cell. These
protozoa have structurally approximately 18% more tubulin compared with mammals. In addition to α- and β-tubulin,
trypanosomatids have γ-tubulin, which plays a fundamental role in the formation of microtubules and function of
flagella, suggesting a possible molecular target [53,54].
2.9. Polyamines biosynthesis
Polyamines are low-molecular-weight aliphatic amines that are essential to the growth and differentiation of
trypanosomatids. Furthermore, these amines function as a substrate for trypanothione reductase in the synthesis of
trypanothione. The disruption of the usual functions of polyamines has been one strategy in the search for new
chemotherapeutic agents [55].
Among the main polyamines are spermidine and spermine (Fig. 4), which act on DNA packaging. The enzymes
involved in polyamine biosynthesis include ornithine decarboxylase (ODC) and S-adenosy-L-methionine decarboxylase
(AdoMetDC) [56]. In T. brucei, the enzymes ODC and AdoMetDC have a long half-life, and spermidine synthase
(SpdS) is perennial. T. brucei conjugates spermidine and GSH using two enzymes, glutationilespermidine synthase
(GSS) and TryS, to form trypanothione. In Leishmania, the enzymes involved in the synthesis of polyamines and
trypanothione are similar to T. brucei, but Leishmania possesses one polyamine transport system. T. cruzi does not have
the enzyme ODC, but AdoMetDC and aminopropyltransferases are present. TryS is an enzyme with polyamine
substrate specificity, catalyzing the production of trypanothione and analogs. T. cruzi depend on efficient putrescine
uptake and exhibit a high-affinity transporter [57] (Fig. 5).
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Fig. 4 Chemical structure of spermidine (A) and spermine (B).

Fig. 5 Scheme of polyamine metabolism in (A) T. cruzi and (B) in Leishmania and T. brucei. ODC appears to be absent from T. cruzi
(A). Put synthesis occurs in T. brucei and Leishmania, and both possess a functional ODC (B). Therefore, T. cruzi is dependent of
Put from the host, which is obtained by efficient transport systems for Put and Spd. Different transporters for Put and Spd have been
observed in distinct stages of Leishmania, whereas T. brucei need efficient transport systems for polyamines. Abbreviations:
AdoMet, S-adenosy-L-methionine; AdoMetDC, S-adenosy-L-methionine decarboxylase; dcAdoMet, decarboxylated S-adenosy-Lmethionine; MR, met recycling pathway; ODC, ornithine decarboxylase; Put, putrescine; SpdS, spermidine synthase; Spd,
spermidine; MTA, methylthioadenosine; GSH, glutathione; ROS, reactive oxygen species; T(SH)2, dihydrotrypanothione; TS2,
trypanothione disulfide; TryR, trypanothione reductase.
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