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Abstract:

Background: The American trypanosomiasis, Chagas disease, is a parasitic infection typically
spread by triatomine vectors affecting millions of people all over Latin America. Existing che-
motherapy is centered on the nitroaromatic compounds benznidazole and nifurtimox that pro-
vide unsatisfactory results and substantial side effects. So, the finding and exploration of novel
ways to challenge this neglected disease is a main priority.

Methods: The biologic and biochemical progress in the scientific knowledge of Trypanosoma
cruzi in the period comprising last 15-years has increased the identification of multiple targets
for Chagas” disease chemotherapy. In the middle of the best encouraging targets for trypano-
cidal drugs, ergosterol biosynthesis pathway and cruzipain, a key cysteine protease (CP) of 7.

cruzi, have been pointed out. Unfortunately, recent clinical trials investigating the administra-
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por the fast development of novel anti-7. cruzi chemotherapy would be focused on K777, the cys-

10.2174/1574891x1 1666161024165 teine proteinase inhibitor (CPI) near to enter to clinical trials, and founded on the clinical

304 evaluation of combination of known drugs with existing trypanocidal agents to obtain more
efficiency and less secondary effects.

Top series of xanthine have been recently identified as clinical candidate for Chagas disease. In
addition, trypanothione biosynthesis, thiol-dependant redox and polyamine metabolism, the
glycolytic, glyconeogenic, pentose phosphate, lipidic and polyisoprenoid biosynthetic path-
ways, and the enzymes from biosynthetic glycoconjugates pathways have been studied. Several
specific enzymes from these particular biosynthetic pathways such as hypoxanthine-guanine-
phosphoribosyl-transferase and farnesyl-pyrophosphate synthase, among others, have also been
broadly studied in 7. cruzi. Novel synthesized anti-7. cruzi compounds with or without specific
single or multi-target assigned are also described in detail.

Conclusion: In summary, loans on anti-Chagas disease agents focused to specific parasite tar-
gets as their metabolic pathways or specific enzymes will be summarized. Targets will also be
specifically discussed. Patent literature collected and published from 2000 to 2015, alleging
inhibitors for specific 7. cruzi targets or trypanocidal activity was achieved over the search
database from Delphion Research intellectual property network including international patents
and the European patent office, Espacenet.
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1. INTRODUCTION Trypanosoma cruzi is endemically spread in vast
areas of Latin America. The complex life cycle of
T. cruzi contains proliferative stages in the vector
(epimastigotes) and in the vertebrate (intracellular

amastigotes), in addition to non-proliferative in-

American Trypanosomiasis, a main health
problem caused by the parasitic protozoan
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fectious stages (trypomastigotes) in both hosts.
Even though Chagas disease transmission has been
dramatically decreased in several countries by
control of the domestic triatomine vector, sero-
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logical screening of blood donors and insecticide
spraying [1, 2], the parasite remains usually being
transmitted by infected triatomine bugs. Transmis-
sion also ensues by organ transplantation or blood
transfusion, from mother to newborn, and seldom
due to eating or drinking contaminated aliments
[3-7]. Although the control of natural transmission
by insect vectors has been achieved in several
countries, natural transmission persists in certain
areas of Latin America. Currently, the quantity of
infected people globally estimated by the World
Health Organization (WHO) amounts to 7 to 8
million and more than 10,000 deaths are thought to
occur annually [8]. The disease has also emerged
as a public health problem elsewhere in non-
endemic countries of the word due to transmission
of T. cruzi by people migration [9, 10].

Three clinical phases, acute, indeterminate and
chronic characterize the disease. In the acute
phase, just in the place where metacyclic trypo-
mastigotes enter, a local inflammatory lesion ap-
pears, while the parasites spread through the host
organism. During the acute phase of this infection,
parasitemia is frequently high and diagnosis can be
made by the microscopic examination of blood,
searching for trypomastigotes blood-forms of the
parasite. The indeterminate phase includes a pe-
riod generally symptomless, between the acute and
chronic phases that may last from ten to twenty
years. By contrast, the presence of myocarditis
and/or pathological disturbances in the peripheral
nervous and gastrointestinal systems is the charac-
teristics of the chronic phase. The percentage of
chronic infected individuals that develop cardiac
abnormalities is comprised between 30 to 40% and
around 10% in those that develop digestive tract
disease [11]. The most relevant clinical manifesta-
tion is chronic chagasic cardiomyopathy, causing
sudden death and heart failure [12].

A remarkable heterogeneity has been detected
among the results obtained using different meth-
ods when searching for the presence of 7. cruzi-
specific immunoglobulin G (IgG), during the
chronic stage of Chagas disease. Therefore, diag-
nosis can be serologically performed by means of
enzyme-linked immunosorbent assay, indirect
immunofluorescence, indirect hemagglutination,
or immunochromatography techniques. Then, at
least, two different kinds of serological tests are
used to analyze each potentially infected subject or
sample. It is worth noting that there is substantial

Recent Patents on Anti-Infective Drug Discovery, 2016, Vol. 11, No. 2 75

risk of finding false positive results with individual
tests due to cross-reactivity of anti-7. cruzi with
antigens of strictly related species of trypanoso-
matids [13-16]. By using antigenic carefully puri-
fied samples prior to examination and choosing
tests with the maximum specificity available can
diminish the possibility of obtaining false positive
results with serological assays. Additional diag-
nostic tool for 7. cruzi infection is the polymerase
chain reaction (PCR) used in order to evaluate the
presence of 7. cruzi DNA. Although auspicious
results for operational use of PCR in the diagnosis
of T. cruzi were considered, in those cases show-
ing that serological diagnosis was particularly lim-
ited, such as HIV co-infected patients and in neo-
nates with low parasitemia, the favorite method for
diagnosis is still a combination of serological
methods due to higher sensitivity, commercial
availability, and lower heterogeneity [13-15, 17].

Only benznidazole (Bz) and nifurtimox (Nx)
have been plenty effective to deserve extensive use
in the treatment of Chagas disease. To some ex-
tent, Bz, a 2-nitroimidazole pro-drug that requires
nitroreduction to become active, induces the crea-
tion of free radicals and other metabolites capable
to bind to the nuclear and mitochondrial DNA of
the parasite producing lethal DNA strand breaks
[18]. Nx also takes advantage of the parasite’s sus-
ceptibility to oxygen radicals by inhibiting the en-
zyme function required by the parasite for detoxi-
fying this kind of compounds [19]. Existing che-
motherapy of Chagas disease centered on these
nitroaromatic compounds is debatable because it is
responsible for unacceptable results, undergoes
significant side effects and is effective only for
acute and indeterminate stages of the infection.
During the chronic phase of the disease, its useful-
ness is controversial and resistance to Nx has been
accepted. However, some information related to
the treatment of chronically infected patients has
been early reported to improve cardiac grade [20,
21]. Even though the existing agents display se-
vere toxicities, treatment of chronic patients has
been considered suitable during the last years as it
frequently reduces clinical pathology [22-24]. The
use of Bz may determine a minor risk to heart
function than Nx in cases than any cardiac dys-
function is present [25, 26]. Existing treatment
protocols are statistically curatives in about 60%
of all acute Chagas cases, but only 10 to 20% for
symptomatic chronic Chagas disease cases have
been successful. Treatment with Bz is noticeably
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more effective and better tolerated in 7. cruzi-
infected children than in adults. The general rate of
curative therapy has been informed as 71% for
acute cases of Chagas disease in children, with
more than 90% cure rates described in cases of
congenital infection when treatment was adminis-
tered within the first year of life [4, 27-30]. A
stimulating alternative for optimizing the paediat-
ric treatment of Chagas disease was the obtain-
ment of a paediatric oral liquid Bz suspension
[31]. In children up to 14 years old, the cure rate of
recent chronic Chagas disease has been stated as
58%. However, this percentage signifies a minor-
ity of all chronic Chagas patients, as the prepon-
derance of chronic Chagas patients is between 15
and 69 years old [28, 32, 33]. Taking into account
that Nx and Bz are distant from the requests to
consider them ideal as trypanocidal drugs (very
safe, very effective, very stable and inexpensive)
in conjunction with the results obtained in trials
with allopurinol that in the last decade did not
show good results [34], searching for new agents
with anti-7. cruzi activity, with low toxicities and
improved efficacies during the indeterminate and
chronic phases, is still under development. In
2014, members of the NHEPACHA network
("Nuevas Herramientas para el Diagnostico y la
Evaluacion del Paciente con Enfermedad de Cha-
gas/New Tools for the Diagnosis and Evaluation
of Chagas Disease Patients”), based on clinical
and immunological evidence, have considered that
the etiological treatment should be obligatory for
all adult chronic Chagas disease patients, arguing
in favor of antiparasitic treatment for all chronic
patients [35]. In addition, WHO also recom-
mended specific antiparasite treatment for all
chronic-phase 7. cruzi-infected individuals. This
consensus seemed to be an important scientific
advance that requires a careful evaluation of the
security and effectiveness of currently available
drugs (Bz and Nx) as well as of new trypanocidal
drug candidates in chronic patients, who had been
previously excluded from such treatment. While
Bz is efficient in reducing the levels of circulating
parasites in most of these patients, side effects can
determine treatment discontinuation between 10-
20% of cases. Therefore, prevention of chronic
chagasic cardiomyopathy by treating infected
populations with trypanocidal therapy remains a
challenge. Despite the evidences obtained by
treatment therapy, discrepancy of the data for pa-
tient-important outcomes must be treated with
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carefulness. Geographically diverse controlled tri-
als testing newer forms of treatment therapy have
been necessary in order to estimate efficacy more
precisely, explore factors potentially responsible
for the heterogeneity of results and increase
knowledge on the equilibrium between efficacy
and tolerance of conventional treatment therapy
[36]. In this sense, the final report of a multicenter
randomized study involving more than 2500 pa-
tients with Chagas’ cardiomyopathy treated with
Bz or placebo for up to 80 days and followed
about a lustrum, concluded that trypanocidal ther-
apy with Bz in patients with established Chagas’
cardiomyopathy significantly reduced serum para-
site detection but did not significantly reduce car-
diac clinical deterioration through 5 years of fol-
low-up [37]. Unfortunately, the role of trypano-
cidal therapy in patients with established Chagas’
cardiomyopathy is unproven yet.

The identification of novel trypanocidal agents
may be founded on rational drug design and natural
products screening [38, 39]. However, there is a
crucial necessity to identify either specific enzymes
or metabolic pathways in the parasite valuable as
potential targets for drug expansion. On the other
hand, as a consequence of the parasite genome se-
quencing project [40], the chance of identifying
new specific pathways and novel drug targets has
been released since 2005. In the preceding 15-years
period, new progresses in the biologic and bio-
chemical knowledge on 7. cruzi have allowed the
identification of novel targets for Chagas disease
chemotherapy. Among auspicious targets for anti-
parasitic agents, proteinases, in particular cysteine
proteases (CPs), ergosterol biosynthesis, thiol-
dependent redox metabolism and isoprenoids bio-
synthetic pathways are well-known. In addition,
polyamine metabolism and transport pathways; the
enzymes of the glycolytic, glyconeogenic and pen-
tose phosphate biosynthetic pathways; lipidic (al-
kyl-lysophospholipids, glycosphingolipids) biosyn-
thesis, sialic acid transference and purine salvage
pathways including nucleotide synthesis, proline
pathway (proline racemase), and enzymes from
biosynthetic glycoconjugates pathways; as well as
some specific parasite enzymes including farnesyl-
pyrophosphate synthase, hexokinase, enzymes of
trypanothione synthesis and redox metabolism, hy-
poxanthine-guanine phosphoribosyl- transferase (an
essential enzyme from purine salvage), arginine
kinase, protein kinases and protein tyrosine phos-
phatases have been also extensively studied in 7.
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cruzi and related organisms. Additionally, some
organelles roles including DNA modulation in nu-
cleus and kinetoplast, involving topoisomerases, as
well as the exchanger Na'/H" mechanism from aci-
docalcisomes, some membrane components, such
as receptors, contractile vacuole complex and os-
moregulation, the glycosome and vitamin C synthe-
sis and mitochondrial components have been also
reflected as promising targets for antiparasitic
agents. Recently, cellular cycle and programmed
cell death (PCD) in T. cruzi have been also taken
into account as potential targets. Thus, herein, the
novel biotargets defined in the last years and the
groups of novel anti-Chagas disease compounds
with or without specific single or multi-target as-
signed will be also described in detail. The most
studied targets for antiparasitic drugs are the ergos-
terol biosynthesis pathway and the main cysteine
protease (CP) of T. cruzi, cruzipain. Unfortunately,
recent clinical trials investigating the treatment of
chronic indeterminate Chagas disease with the er-
gosterol biosynthetic inhibitors (EBIs) pozocona-
zole and ravuconazole revealed their inferiority
compared to the current standard drug Bz.Taking
into account the results obtained in the last 15
years, a reasonable approach for the prompt devel-
opment of new anti-7. cruzi chemotherapy would
be focused on K777, the cysteine proteinase inhibi-
tor (CPI) near to enter to clinical trials, and based
on the proven evaluation of drugs combination with
existing trypanocidal agents in order to obtain more
efficiency and less secondary effects. Interestingly,
lead series of xanthine have been recently identified
as clinical candidate for Chagas disease.

In summary, this review aims to present a
whole view comprising most advances on anti-
Chagas disease agents directed to specific parasite
targets and patents referring to their specific drug
targets. Metabolic pathways and specific enzymes
used as targets and patents will be also argued in
detail. The search strategy of patent literature
claiming for trypanocidal activity against 7. cruzi
was completed using the search database from
Delphion Research intellectual property network
including international patents and Espacenet, the
European patent office (2000- 2015).

2. TRYPANOSOMA CRUZI TARGETS: EN-
ZYMES, ORGANELLES, AND PROCESSES

Uncommon biochemical pathways, different in
numerous aspects from those of mammalian cells

Recent Patents on Anti-Infective Drug Discovery, 2016, Vol. 11, No. 2 77

are present in 7. cruzi. This point may offer selec-
tive targets for drug development, essentially,
metabolic pathways or specific enzymes. To some
extent, rational approach to chemotherapy requires
target validation as an indispensable step. The de-
sirable characteristics in a drug target should be
essentiality, druggability (interaction between
drug-like molecules and the target), assayability,
importance in life cycle stages of the pathogen
relevant to human health, and specificity (absence
of the target, or considerably differences with the
present in the host).

2.1. Proteinases

These kinds of enzymes have been associated
in multiple roles making them striking potential
targets for the appearance of new drugs against
Chagas disease [41]. Once T. cruzi clone CL
Brener genome was completely sequenced, sev-
enty cysteine peptidases (CPs), forty serine pepti-
dases (SPs), about two hundred and fifty metal-
lopeptidases (MPs), twenty five threonine pepti-
dases, and only two aspartic peptidases (APs) have
been predicted [40]. Among parasite proteinases,
in addition to cruzipain, the major CP, expressed
as a mixture of isoforms, two metacaspases, two
autophagins and a 30 kDa cathepsin B-like en-
zyme, have been reported not only as digestive
enzymes and virulence factors but also as interme-
diaries in autophagy and PCD processes [42].

2.1.1. Cysteine Proteinases (CPs)

CPs participate in the regulation of a wide
range of biological effects. Regarding that the sur-
vival mechanisms of the parasite may be poten-
tially impaired by specific inhibition of this kind
of enzymes, they are promising targets for chemo-
therapy. Cruzipain (Cz), also named as cruzain and
GP57/51 [43-45], is expressed by the developmen-
tal forms of the parasite cycle having microhetero-
geneities [46]. Although the bulk of the enzyme is
lysosomal, parasite reservosomes also contain it.
Besides, some plasma membrane bound isoforms
[47] and Cz released forms into the medium [48]
have been reported. In 7. cruzi, the enzyme bears a
catalytic domain and a peculiar C-terminal exten-
tion (C-T) [49]. This immunodominant antigen in
human chronic Chagas disease was associated
with virulence [50], the interaction between
plasma membrane-bound isoforms with alpha-
macroglobulins was described [51] and the hu-
moral immune response to Cz was associated with
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the severity of chronic disease [52]. Knowing that
sialylation is a surface reaction in 7. cruzi, the de-
tection of membrane bound isoforms of Cz, turned
interesting to identify the presence of sialic acid in
the C-T of Cz. In parallel, N-acetyl-D-
glucosamine has been also determined in O-
glycosidic linkages [53]. These findings might
help to elucidate the migratory route followed by
Cz. Strikingly, we have provided evidence indicat-
ing O-GIcNAc moieties constitute a common epi-
tope between Cz and either myosin or other car-
diac O-GlcNAc-containing proteins, as a new inter-
esting feature into the molecular immunepatho-
genesis of Chagas heart disease [54]. Later, we
have progressed in the structural characterization
of the oligosaccharide chains of this glycoprotein,
revealing the presence of sulfated residues [55],
essential for Cz recognition by IgG antibodies
from sera of Chagas disease patients [56]. We
have also demonstrated that sulfated epitopes are
shared between Cz and 7. cruzi sulfatides and that
IgG2 antibody levels specific for sulfated groups,
inversely correlate with disease severity in chronic
Chagas disease patients [57]. On top of this, we
have evidenced by immune assays performed with
Chagas disease sera that the structure of synthetic
GIcNAc6S mimics the N-glycan-linked sulfated
epitope displayed in Cz [58]. All the aspects re-
lated to the major CP of T. cruzi studied so far in-
clude the advances as proteinase, antigen and gly-
coprotein [59]. Furthermore, results suggesting
that 7. cruzi sulfation occurs via PAPS, and that
Cz sulfates are involved in the infection process by
T. cruzi were reported [60]. Finally, the involve-
ment of sulfates from Cz in the interaction with the
sialic acid-binding immunoglobulin like lectin-E
(Siglec-E) was demonstrated [61]. This molecule
is crucial for the survival and propagation of T.
cruzi and it was demonstrated that inhibitors of
CPs capable to block steps from parasite life cycle
killed the parasite and cured infected mice, vali-
dating to Cz as a very promising target for devel-
oping new drugs against Chagas disease [39, 49].
On the other hand, some minor and highly specific
CPs might also be involved in the inhibition of the
parasite life cycle. In this sense, we have described
the presence of TcCPmet, a proteinase secreted by
metacyclic trypomastigotes showing a different
nature with Cz [48]. In addition, a minor sub-class
of atypical Cz molecules (NACrI) containing dif-
ferences in both oligosaccharide pattern and pref-
erence of chromogenic substrates has been identi-
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fied [62]. Moreover, among cathepsin B-like CPs
in T. cruzi, a 30 kDa enzyme has been studied [63,
64]. Minor CPs may constitute new targets for the
development of novel inhibitors. However there is
no data available yet. The development of novel
and more specific Cz inhibitors is based on studies
related with the crystal structure and specificity of
cruzain bound to various inhibitors [65, 66]. Stud-
ies on animal models with these type of agents es-
tablished that an effective chemotherapy of the
American Trypanosomiasis based on CP inhibitors
(CPIs) is relevant. The emerging role of CPs in a
wide array of parasitic diseases is highlighted with
the vision that CPIs could convert in the -lactams
of anti-parasitic treatments in the coming decades.
New CPIs research will optimize intra- and ex-
tracellular enzyme targeting, for a better under-
standing of pharmacokinetic-pharmacodynamic
interactions searching for compounds with im-
proved efficacy and viability for clinical therapies
[67]. An overview of the development of small
molecule CPIs with anti-parasite activity and the
current background on natural peptidase inhibitors
in trypanosomatids was reported [68]. Two types
of CPIs, peptidyl and non-peptidyl containing in-
hibitors have been synthesized.

2.1.1.1. Peptidic CPIs

Among peptidic compounds, groups of irre-
versible or reversible inhibitors will be described
(Table 1):

2.1.1.1.1. Irreversible Peptidic CPlIs

a. Peptidyl diazomethane inhibitors. Based
on the N-terminal segment of the natural protein
inhibitor of CPs, cystatin C, biotin-labelled pepti-
dyl diazomethane CPIs were synthesized. At dif-
ference with the mammalian equivalents, a strong
reaction between Cz and these inhibitors was ob-
served when the inhibitor included a spacer arm,
containing a segment of the sequence of cystatin.
These results may be probably due to differences
in the topologies of the binding site [69].

b. Peptidyl ketone based inhibitors. A variety
of peptidyl fluoromethylketones, powerful irre-
versible Cz inhibitors, were designed and synthe-
sized, revealing that dipeptidyl alpha’, beta’-epoxy
ketones were Cz inhibitors more effective than the
selective irreversible CPI E-64. Aditionally, two
aminoacidic substitutions replaced the L-Leu resi-
due of this compound, obtaining D-Phe- and D-
Tyr containing epoxysuccinate derivatives from
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Table 1.
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Chemical structures of peptide-based cysteine proteinase inhibitors (CPIs). Representative compounds

A. Irreversible
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the peptidyl-epoxysuccinate E-64, demonstrating
to be potent irreversible Cz inhibitors but show-
ing low efficacy when tested in 7. cruzi cultures
[70]. Finally, two different irreversible peptidyl
halomethyl ketone inhibitors have been studied
by hybrid quantum mechanics/molecular mechan-
ics-molecular dynamics simulations in order to

obtain a complete representation of the possible
free energy reaction paths of the mechanism of
cruzain inhibition. This process involving the
formation of a protonated thiohemiketal, with
participation of His159 as a proton donor, seemed
to be feasible despite showing high free energy
barriers [71].
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c. Peptidyl vinyl/allyl sulphone inhibitors.
The potential toxicity related to the use of irre-
versible inhibitors determined the initiation of the
screening of compounds including vinyl sul-
phones. The trypanocidal activity involved to vinyl
sulphone derivatized dipeptides in in vivo assays
showing that these compounds efficiently saved
mice from an acute lethal 7. cruzi inoculation for
the first time, displaying a significant reduction of
parasites number in blood of infected animals [72].
Particularly, two vinyl sulphones, morpholinourea-
FhF-vinyl sulphone phenyl and morpholinourea-
FhF-fluoromethylketone produced parasite death
by arresting epimastigotes growth [73]. These
compounds inhibit Cz. Therefore, Cz was early
identified as a promising chemotherapeutic target
in the treatment of Chagas disease [74]. Also, a
second generation of potent N-alkoxyvinylsul-
fonamide inhibitors of Cz was established. One of
them, named 13, was highly effective against 7.
cruzi trypomastigotes in tissue culture [75]. Be-
sides, dipeptidyl allyl sulphones were shown to be
powerful than dipeptidyl vinyl sulphones [76].
Georgia Tech Research Corporation disclosed two
patents related to these compounds (Table 2), pro-
viding the procedures for synthesizing peptidyl
allyl sulfones, as well as in vivo and in vitro meth-
ods of using these protease inhibitors [77]. Doyle
et al., 2007 [78] have studied the effects of the
dipeptidic  inhibitor =~ N-methyl-Pip-F-homo-F-
vinyl-sulfonylurea phenyl (K777) in the course of
infection in immunodeficient and normal 7. cruzi
infected mice, finding that immunodeficient mice
treated with this inhibitor were rescued from lethal
infection, showed increased survival, negative
PCR, and histopathologically normal tissues. The
vinyl sulfone inhibitor K777, is a clinical candi-
date. So, the preclinical assessment compliance for
filing as an Investigational New Drug with the
United States Food and Drug Administration
(FDA) has been presented, and an outline of po-
tential clinical trial has been given [79]. The cur-
rent state of clinical trial will be explained in sec-
tion 6 of this manuscript. On the other hand, the
synthesis of vinyl sulphone-containing macrocy-
cles via olefin ring-closing metathesis was per-
formed to evaluate conformationally constrained
inhibitors. Unluckily, they were considerably less
active as inhibitors of cruzain and other CPs in
comparison with the acyclic vinyl sulphone K777
[80]. In order to study the mechanism of CP inhi-
bition by vinyl sulfones, the binding specificity of
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these proteases and the capacity of vinyl sulfones
as antiparasitic agents, the crystal structures of
cruzain, falcipain-3, and rhodesain in complex
with vinyl sulfones, and comparative inhibition
kinetics, were reported [81]. Additionally, the
treatment of dogs with the Cz inhibitor K777, ab-
rogated myocardial damage produced by 7. cruzi
[82]. Later, the compound WRR-483, analog of
K777, was synthesized, tested as cruzain inhibitor
and evaluated against 7. cruzi proliferation in cell
culture demonstrating a respectable potency on
cruzain and a high efficacy in the cell culture as-
say. The mode of action was confirmed by crystal-
lographic analysis, by targeting the active site of
cruzain. WRR-483 has also eradicated parasite in-
fection in a mouse model of acute Chagas disease,
indicating to this compound as an effective CPI
with trypanocidal activity in cell culture and ani-
mal model. The comparable efficacy to K777 sug-
gests that WRR-483 showed potential to be devel-
oped as candidate for the treatment of Chagas dis-
ease [83]. Kinetic analyses of a series of synthe-
sized oxyguanidine analogues of WRR-483
showed comparable potency to previously pre-
pared vinyl sulfone cruzain inhibitors. A rare ex-
ample of noncovalent inhibition of a CP by a vinyl
sulfone inhibitor against cruzain was described.
Depending on the aryl moiety of the P1’ inhibitor
subunit, co-crystal structures of two oxyguanidine
analogues bound to cruzain revealed differences in
binding interactions with cruzain, demonstrating
that the analogue WRR-669 is specifically non-
covalently bound in the crystal structure [84]. By
using circular dichroism and NMR spectroscopy,
the solution-state structural dynamics of the en-
zyme in complex with a covalently bound vinyl
sulfone inhibitor (K777) was also examined.
Chemical shift perturbation mapping verified that
six out of eight compounds tested bind to cruzain
at the active site. Three different binding modes
(covalent, noncovalent, and noninteracting) were
delineated for the compounds [85].The synthesis
and inhibitory potency of a series of new dipepti-
dyl allyl sulfones as clan CA CPIs were reported.
The inhibitors structure consisted of an R(1)-Phe-
R(2)-AS-Ph scaffold (AS=allyl sulfone). R(1) and
R(2) were varied with benzyloxycarbonyl, mor-
pholinocarbonyl, or N-methylpiperazinocarbonyl
substituents and Phe of Hfe residues, respectively.
The inhibitors were assayed with different CPs
such as cruzain, cathepsin B and calpain I, and
with the SP trypsin. (E)-Mu-Phe- Hfe-AS-Ph was
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the most potent inhibitor for cruzain, representing
at least 10-fold selectivity over CPs cathepsin B
and calpain I [86].

2.1.1.1.2. Reversible Peptidic CPIs

a. Bis-arylacylhydrazides and aryl ureas.
Centered on the structure of the active site of Cz,
some novel classes of reversible CPIs, have been
designed and synthesized comprising a family of
bis-arylacylhydrazides [87] and some aryl ureas
[88].

b. Ketone based inhibitors. The use of solid-
phase parallel synthesis allowed the development
of some potent ketone based peptides, reversible
against Cz. Thus, the formation of hemithioacetal
complexes with CPs inhibited the enzyme in the
nM range [89]. Crystal structures of ketone-based
reversible inhibitors of Cz were analyzed [66]. In-
novative series of alpha-ketoamide-, alpha-
ketoacid-, alpha-ketoester-, and aldehyde-based
inhibitors of Cz were synthesized. In vitro assays
showed that some of them displayed potency in
the picomolar range. In cells culture, anti-
trypanosomal activity was demonstrated by using
three different alpha-keto-based inhibitor scaffolds
[90]. Searching for protease inhibitors patents, sci-
entists from Glaxo Smith Kline Corp described a
series of cyclic ketone compounds capable to form
a hemithioacetal with the Cys 25 residue preserv-
ing oral bioavailability and improving pharma-
cokinetics. However, these compounds have not
been tested against Cz [91]. Regarding the epi-
merization problem in the ketone based inhibitors,
a series of substituted amides and 2 acylamide-
bicyclic ketone derivatives were synthesized by
Medivir UK Ltd, Genzyme Corp. In the first pat-
ent dealing with substituted amides [92], the syn-
thesis of these CPIs and its potential use in infec-
tious diseases including Chagas disease was re-
ported. Although a tetrahydropyran-3-one deriva-
tive was used as cathepsin S inhibitor, no biologi-
cal data were presented. In a similar way, Incenta
has also described a series of peptide mimics 2-
acylamino bicyclic ketone derivatives, claiming
that tetrahydrofuran-3-one derivatives were more
potent inhibitors of Cz than those of the previous
series described. Also, Amura patented inhibitors
of Cz and other CPs [93-96]. This company dis-
closed a series of pirrole compounds, with activity
on Cz and different cathepsins, useful for the in
vivo chemotherapy of CP-implicated diseases [97].
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Other peptide based CPIs, claimed by Corvas In-
ternational Inc. as useful antiparasitic agents, and
were tested as effective against Cz showing IC50
values lower than 50 nM. However, no specific
biological data are available [98]. On the other
hand, some amides that inhibit Cz more effectively
than mammalian CPs, have been also patented by
Amura Therapeutics Ltd. [99], as well as inhibitor
compounds of Cz and other CPs suitable as thera-
peutic agents for Chagas disease [100] (Table 2).

c. Azepanone based inhibitors. Smith Kline
Beecham Corp published a number of patents de-
scribing the synthesis and use of peptidomimetics
based on azepine or thiazepane [101, 102]. Al-
though they were tested as cathepsin K inhibitors,
and claimed to be useful against different parasitic
diseases including trypanosomiasis, only two pat-
ents reported biological data [103-105]. Only one
of them disclosed the inhibition by 4-
aminoazepan-3 one derivatives of seven parasitic
proteases including Cz. 43 out of 222 compounds
tested, showed Ki values lower than 5 nM against
Cz. 1-(pyridine2-ylsulfonyl) Azepan-3 one deriva-
tives resulted the most potent CPIs against Cz
[103] (Table 2).

d. Nitrile based inhibitors. Novartis has pat-
ented a series of peptidic heteroaryl nitrile deriva-
tives [106] for the treatment of osteoporosis and
several parasitic diseases.The patent describes that
the compound would be useful in the prevention
and treatment of several parasitic diseases includ-
ing Chagas disease. A series of alpha-amino-
carbonitrile-derived inhibitors of human dipeptidyl
peptidase and cathepsin B, H and L, claiming that
can be used for Chagas disease were further dis-
closed by The Combio Company [107]. However,
data related to their efficacy against parasitic dis-
eases have not been reported. Later, Boehringer
Ingelheim Pharmaceuticals Inc disclosed 404 ni-
trile compounds claiming their suitability as re-
versible inhibitors for the treatment of CPs-
mediated diseases treatment but no detailed ex-
perimental results were shown [106, 107]. Ten
compounds showing Ki values ranging from 0.09
to 20 uM were tested against Cz [108]. It is worth
noting that biological data for these nitrile based
inhibitors regarding their efficacy on parasitic dis-
eases are also absent (Table 2).

An in vitro search for reversible strong Cz in-
hibitors for the chemotherapy of Chagas disease,
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Patent protected drug targets and tripanocidal compounds.

Target

Inhibitor/Function

Patent Number *

CPs

CP inhibitors

2001: WO0195911 [91].

2002: WO024046A2/A3 [92]; WO02057246A2/A3 [93]; WO02057248A2/A3 [94];
WO002057249A1 [94]; WO02057270A1 [94]; CA2436462AA [94];

WO000217924A1 [103]; WO02100849A2/A3 [106]; WO02100849A3 [107].

2003: EP1362052A1 [95]; NO20033220/A/A0 [95]; WO0248097A1/B1 [98];
W00248097C2 [98] WO03053331 A2/A3 [101]; WO03103574 A2/A3 [102];

WO003104257A2/A3 [102]; WO03097593 A2/A3 [102]; WO03097664A2/A3 [108].
2004: CN1486320A [96]; MX3006224A [96]; ZA0305259A [96]; NZ0526913A [96];
WO004007501A1 [97]; WO04020441A1 [104]; WO04110988A1 [105].

2005: 6958358 [99]; US6897240 [121]; US7521427 [77].

2006: US6982263 [107].

2008: US7425562 [100].

2009: US7521427 [77]; US7495023 [121].

2010: CA20100305056 [153]; WO2010059418 Al [152].

2012-: US20120101053 A1 [151]; EP2445872A1/A4 [151]; WO2010148488A1 [151].
2013: CA 20130244962 [153].

2014: WO2014019044 (A1) [134]; CA 8642799 [153].

Ergosterol

Biosynthesis

OSC inhibitors
C14 demethylase

2000: WO0076316A1 [247].
2003: WO03006012A1; CA 2453396AA [263, 264].
2004: BRO211098A [265].

Synthesis of PFT inhibitors 2001: WOO00105384A3 [282].
Poliisoprenoids 2003: US03134846A1 [283].
Redox TR inhibitors 2000: WO0050431A1 [318].
metabolism G S S inhibitors 2001: US6291217 [366].

Proline Race-

Parasite B cell mitogen

2007: US7262015 [430].

mase 2009: US7556939 [430]; US7585656 [431].
2010: US7732563; US7851603 [433].
2011: EP2272510A1; EP2451450A1; EP2451450B1; WO2011004323A1;
WO02011004323A9 [434].
Protein TrK inhibitors 2013: WO2013161919 [443].
Kinase 2015: JP20150111865 [443].
Polyamine 2005: US6949679 [450].
DNAnucleotide DHFR inhibitors 2001: WOO0153276A1 [477]; WOO0114401A1 [479].
synthesis 2013: WO 2013068551 A1 [481].
2014: EP 2776410 A1 [481].
Acidocalcisome Exch. Na'/H" inhibitors 2000: US6114393 [522].
DNA binder, 2002: WO02057224 A2/A3 [499].
Nucleus antimitotic drugs, 2003: WO03090678 A2/A3 [505].

topoisomerase II,

NADH analogs.

2005: US6967205 [495]; US6906076 [519].

Sialic Acid trans-
ference

Neuraminidase /

sialidase inhibitors

1999: WO9906369A1 [574].
2000: US6114386 [575].
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Table (2) contd.....

Anti-Chagas

Compounds

Groups

Patent Number *

-Imidazo[4,5- c|[1,2,6] thidiadiazine

2012: EP2392577A4, EP2392577 [600].

2,2 oxides US20120035160 A1 [600].
2014: WO2010086481A1; US8815846 B2 [600].
-Hybrid furoxany 2007: MX2007013128 (A) [603].

N-acylhydrazone derivatives

2009: MX2007013128 (A) [603].

-5-R1-2[(N-R2)-
Furfuryliden carbazones

and thiasemicarbazones

2013: WO2013059898A1 [607].

Diaminophenothiazinium

Compounds

2013: AU2013200264A1 [610].

-Imido-substituted 1,4-

Naphthoquinone

2015: US2015073177(A1) [612].

-Squaramide

Compounds

2014: W02014184416 (A1) [616].

-Pradimicin derivatives

2015: W02015051422 (A1) [618].

-QDO compounds

2012: W02012096556 (A1) [625];
WO 2012096556 Al [626].

-Quaternary n-(halomethyl)

ammonium salts

2014: US 0194640 A1 [630].

-Naphthoquinone- and phthalimide-

based lipocations

2013: W02013036766 (A1) [632].

-Scorpion-tail-like

macrocyclic compounds

2013: WO 2013087965 A1 [636].

-Bis and mono
spiro-indo-

le derivatives

2012: NZ588217 (A) [641].

-Thiazolidine and imidazolidine

Compounds

2012: WO2012119212 A1 [644].
2011: JP2011098968 (A) [646].

5.Ephenylethenylbenzofuroxan
derivatives

2011: CN102026989 (A); EP2269996A1;
EP2269996A4; EP2269996B1;
US8288374; US20110021450;

WO2009113569A1 [646].

*the first two letters in the Patent number corresponds to PCT (Patent Corporation Treaty) contracting states: BR, Brazil; CA, Canada; CN, China; EP, Europe;
MX, Mexico; NO, Norway; US, United States of America; WO, World Intellectual Property Organization; ZA, South Africa. CP, cysteine proteinase; OSC,
oxidosqualene cyclase; PFT, protein farnesyl transferase; TR, trypanothione reductase; DHFR, dihydrofolate reductase; nd, non determined.
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showed inhibitors bearing an amino nitrile war-
head in P1 position that exhibited low nM potency
against this enzyme. Added structure activity rela-
tionship (SAR) in P2 portion offered novel oppor-
tunities for safer treatment through the identifica-
tion of some compounds, showing selectivity pro-
file against other CPs [109]. Additionally, triazine
nitrile compounds, known inhibitors of other CPs,
were identified by a quantitative high-throughput
screen of cruzain as reversible enzyme inhibitors.
The in vitro potency against cruzain was highly
increased (350-fold) by modifying the structural
core scaffold from triazine to purine [110]. Mole-
cules with a nitrile moiety, a group susceptible to a
nucleophilic attack by CPs, have been identified as
good inhibitors. It is known that the nitrile group
binds covalently to Cys25. Thus, in order to inves-
tigate the molecular recognition of CPs by nitrile-
containing molecules, density functional theory
and quantum semi-empirical analysis were con-
ducted, reporting an interaction that starts with a
nucleophilic attack from the Cys25 to the inhibitor
followed by a proton transfer from His162, in ad-
dition to the detection of a transition state [111].
Reversible nitrile containing Cz inhibitors were
synthesized showing IC50s in the nM range in a
baculovirus generated Cz enzyme test. Although in
in vitro assays using epimastigotes and amas-
tigotes, the most potent compounds displayed an-
tiparasitic behavior with IC50 values ranging from
5 to 10 uM, trypomastigotes production was inhib-
ited 90 to 95% at 2 pM. The key compounds
Cz007 and Cz008, showed IC50 values of 1.1 and
1.8 nM, respectively, against the recombinant en-
zyme when tested in a murine model of acute T.
cruzi infection. Based on negative quantitative
PCR results that discard the presence of the para-
site in blood and mice organs, the surviving ani-
mals showed cure rates values of 90% for Cz007
and 78% for Cz008, in comparison with Bz (71%)
[112]. The design, synthesis and evaluation of a
series of compounds based on the dipeptidyl ni-
triles scaffold confirmed their inhibitory activity
against cruzain. SARs were proven using three,
eleven and twelve variants at the P1, P2 and P3
position, respectively. The most potent inhibitor
showed a Ki value of 16 nM reflecting a degree of
non-additivity in the SAR. Also, the trypanocidal
effects of some of the 33 inhibitors evaluated
showed EC50 values in the uM order. Further op-
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timization transferable to the design of cruzain in-
hibitors based on weapons other than nitrile as
well as alternative scaffolds was suggested [113].

2.1.1.2. Non Peptidic CPIs

SARs for non peptidic inhibitors of Cz based on
different scaffolds are reported (Table 3).

a. Thiosemicarbazones. Non-peptidic inhibi-
tors based on the thiosemicarbazone lead were re-
ported as active Cz inhibitors at the nM range; a
lot of them presenting small size and low cost
showed trypanocidal activity against intracellular
amastigotes in vivo turning them in interesting
candidates for drug development [114-117]. The
presence of parasite populations resistant to some
of these inhibitors was described. Although the
phenotypically stable 7. cruzi cell line R-Dm28,
displayed an increased resistance to the irreversi-
ble CPI Z-(SBz) Cys-Phe-CHN 2, capable to pref-
erentially inactivate cathepsin L-like enzymes,
constituting a limitation for CPs as targets for
chemotherapy [65], further assays with non-stable
cell lines, showed that the phenotype was reversed
upon elimination of the inhibitor from the culture
media [118]. In order to identify novel drug-like
non-peptidic parasitic CPls, a virtual screening
was performed by using the ChemBridge database.
A number of non-peptidic inhibitors avoided the
hydrolysis of proteases in living systems, retaining
in vivo activity and selectivity [119]. Lead optimi-
zation libraries of thiosemicarbazone inhibitors
were designed. Some of these compounds were
tested on different CPs and on their respective
parasites showing that they were able to kill sev-
eral species of protozoan parasites through the in-
hibition of CPs and other novel targets [120]. Two
patents related to thiosemicarbazone and semicar-
bazone CPIs were presented by Researchers of the
University of California in conjunction with meth-
ods of using such compounds to treat protozoan
infections [121] (Table 2). A series of novel
thiosemicarbazone derivatives was designed by
combining a potent Cz-inhibitor and an oxidative
stress promoter in the same molecule, the
thiosemicarbazone moiety and the S-nitrofuryl
group, respectively. Some of the derivatives re-
sulted 1.5-1.7-fold more active than Nx against
epimastigotes [122]. The bioreductive mode of
action of antitrypanosomal 5-nitrofuryl containing
thiosemicarbazones was analyzed by electronspin
resonance spectra of radicals generated in 7. cruzi
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Table3. Chemical structures of non peptidic-based cysteine proteinase inhibitors (CPIs).

a- Thiosemicarbazones and cyclic analogues
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by bioreduction, finding three different patterns of
signals produced by the diverse compounds tested
according to the 7. cruzi-oxygen uptake changes
[123]. A series of thiosemicarbazones derived
from 1-indanones were synthetized. Most of them
displayed remarkable trypanocidal activity.
Among these compounds, in particular, thiosemi-
carbazones 12 and 24, dispayed good inhibition of
Cz [124]. A series of 12 aryl thiosemicarbazones
were synthesized, biologically assayed and dock-
ing studies were directed towards the two parasite
enzymes cruzain and trypanothione reductase. In
in vitro assays, three p-nitroaromatic thiosemicar-
bazones showed high activity against 7. cruzi
showing IC50 values lower than 57 uM. Unfortu-
nately, although the in vitro inhibition test showed
that eight compounds inhibited cruzain activity, no
correlation was found between cruzain inhibition
and trypanocidal activity [125].

The structural development, the synthesis and
the trypanocidal evaluation of new aryl thiosemi-
carbazones (9a-x), designed as more conformation-
ally restricted compounds was described. An in-
creased trypanocidal activity was shown by includ-
ing a spacer group to aryl thiosemicarbazones. By
varying substituents attached to the phenyl ring,
they were observed to retain, enhance or greatly
increase the activity anti-7. cruzi, compared to the
non-substituted derivatives. In most cases, hydro-
phobic and bulky substituents, such as bromo,
biphenyl and phenoxyl groups, greatly increased
antiparasitic activity. Specifically, thiosemicarba-
zones, toxic for trypomastigotes without affecting
mouse splenocytes viability, and capable to inhibit
the epimastigotes proliferation, were identified.
When the most potent anti-7. cruzi thiosemicarba-
zones were evaluated against cruzain, no enzyme
inhibition was observed, leading to the identifica-
tion of new potent anti-7. cruzi agents, such as
compounds (9h) and (9r), which greatly inhibited
epimastigote proliferation, and demonstrated toxic-
ity for trypomastigotes, but not for splenocytes.
Mechanistically, these compounds did not inhibit to
cruzain, but induced 7. cruzi cell death by an apop-
totic process [126]. Mainly, thiosemicarbazones
and heterocyclic analogues have shown both try-
panocidal and inhibitory activity against parasite
CPs.

Searching for better drugs, a series of com-
pounds were synthesized, biochemical assays were
used to evaluate against cruzain potency and SAR
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leading to the discovery of 4 cruzain inhibitors
with IC50s lower than 10 uM. In vitro evaluation
of compounds against 7. cruzi revealed active
compounds among this series. Some modifications
as the removal of thiosemicarbazone or its re-
placement by semicarbazone resulted in virtually
inactive compounds. Other modifications in the
sugar also resulted in decreased potency [127].
Recently, by using a rigidification strategy of the
iminic bond, aryloxy/aryl thiosemicarbazone-
based conformationally constrained analogs of
thiosemicarbazones have been developed as poten-
tial inhibitors of cruzain. A SAR analysis was per-
formed in substituents attached in both aryl and
aryloxy rings. Apolar substituents or halogen atom
substitution at the aryl position improved cruzain
inhibition and antiparasitic activity as compared to
unsubstituted thiosemicarbazone. Two of them
showed strong inhibitory anti-7. cruzi activity by
inhibiting cruzain and so were able to diminish the
parasite burden in infected cells causing parasite
cell death through necrosis. These findings have
shown to conformational restriction as a valuable
strategy in the advance of antiparasitic thiosemi-
carbazones [128].

b. Aminoacylthiazolidones and hydrazone
derivatives. A series of aminoacyl thiazolidones
derivatives were synthesized. Some of them were
capable to inhibit 7. cruzi growth in concentrations
non-toxic for mammalian cells [129]. Studies with
aryl-4-oxothiazolylhydrazone derivatives against
T. cruzi were performed showing potency compa-
rable with reference drugs and strong activity at
non-cytotoxic concentrations in in vitro assays
with mammalian cells [130]. Trypanocidal promis-
ing cruzain inhibitors based on thiazolylhydra-
zones were identified and synthesized. Thiazoly-
lhydrazones 3b and 3j, exhibiting IC50 values be-
tween 200 and 400 nM were identified as potent
cruzain inhibitors. Lead compounds presenting in
vitro activity against both 7. cruzi epimastigote
and trypomastigote forms were recognized and in
vivo toxicity analysis was achieved. The relevance
of the thiocarbonyl carbon attached to the thiazolyl
ring and a comparison between thiazolylhy-
drazones and thiosemicarbazones was reported
[131]. Moreover, the synthesis of a series of 18
novel 2-hydrazolyl-4-thiazolidinones-5-carboxylic
acids, amides and 5,6- o,p-unsaturated esters was
described, and their in vifro activity on Cz and T.
cruzi epimastigotes was evaluated. Some com-
pounds showed activity by enzyme assays in the
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micromolar order. Computational tools and dock-
ing were used to correlate the biological response
with the physicochemical parameters of the com-
pounds and their Cz inhibitory effects [132]. Anti-
T. cruzi activities and docking studies of a series
of synthesized 2-(pyridin-2-yl)-1, 3-thiazoles de-
rived from 2-pyridine thiosemicarbazone were
studied. The majority of these compounds showed
to be potent cruzain inhibitors, displaying excel-
lent inhibition on trypomastigotes. In addition, the
resulting SARs have been analyzed. Altogether,
these data presented a novel series of thiazolyl hy-
drazones with potential effects against Chagas dis-
ease proposing that they could be important leads
against Chagas disease [133]. Researchers from
the University of Alagoas and Federal University
of Rio de Janeiro, Brazil, studied a method using
intermediate compounds for producing hydrazide-
N-acylhydrazone compounds for the chemother-
apy of trypanosomatid diseases including Chagas
disease, and their pharmaceutical compositions
[134]. Moreover, hybrid bioisoster derivatives
from N-acylhydrazones and furoxan groups were
designed in order to obtain at least a double
mechanism of action: cruzain inhibition and nitric
oxide (NO) releasing activity. The synthesis of
fifteen compounds included variations in the sub-
stitution in N-acylhydrazone as well as in the fu-
roxan group. These compounds showed trypano-
cidal activity in amastigote forms, NO releasing
capacity and inhibitory cruzain activity. Two com-
pounds resulted the most active in parasite amas-
tigotes and showed to be less cytotoxic than the
reference drug Bz. In addition to activity, the most
promising showed good permeability and selectiv-
ity index, higher than the reference drug [135].
Finally, 3-aminothiophene-2-acylhydrazones were
described as non-toxic, analgesic and anti-
inflammatory lead-candidates [136].

c. 5-Ethenylbenzofuroxan derivatives. These
compounds were developed and evaluated as anti-
proliferative 7. cruzi drugs displaying notable
in vitro activities against different strains and were
able to reduce the parasite load in animals with
established 7. cruzi infections. By additional bind-
ing interactions introduced in the S3 pocket of
cruzain, substrates were optimized and were con-
verted to inhibitors. CP mechanism-based pharma-
cophores were used. One of them showed to be
reversible even after the incorporation of the vinyl
sulphone pharmacophore showing to be well
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documented as irreversible cruzain peptidic inhibi-
tor [137].

d. Acyl and aryl-oxymethyl ketones. A previ-
ously unexplored beta-chloro vinyl sulphone
pharmacophore led to the development of potent
irreversible acyl- and aryl-oxymethyl ketone
cruzain inhibitors. Among them, 2, 3, 5, 6-
tetrafluorophenoxymethyl ketone was identified as
one of the most potent inhibitor against this en-
zyme with capacity to eradicate the parasite from
mammalian cell cultures entirely [138]. Moreover,
this nonpeptidic tetrafluorophenoxymethyl ketone
cruzain inhibitor was capable to substantially ame-
liorate symptoms of acute Chagas disease in a
mouse model with no apparent toxicity. The mode
of action was studied by using a high-resolution
crystal structure revealing key binding interactions
of this novel inhibitor class, obtaining inhibitor
analogues with improved potency and enhanced
activity in cell cultures suggesting that non-
peptidic tetrafluorophenoxymethyl ketone cruzain
inhibitors had the potential to satisfy the need for
improved Chagas disease chemotherapy [139].

e. Oxorhenium (V) and paladium (II), and
ruthenium metal complexes. When the activity
of gold (III), palladium (II) cyclometallated com-
plexes, and oxorhenium (V) complexes against
mammalian and parasitic CPs was studied, six
complexes were tested against the parasite CPs,
cruzain from 7. cruzi, and CPB from L. major re-
sulting two rhenium complexes the most potent
inhibitors. Preliminary results showed that two
oxorhenium (V) compounds and the palladium
compound 11 inhibited 7. cruzi intracellular
growth suggesting that metal complexes targeted
parasite CPs showing promise for the treatment of
both Chagas disease and Leishmaniasis [140]. Re-
garding ruthenium complexes, cis-[RuCI(NO,)
(dppb)(5’-mebipy)], cis-[Ru(NO;)2(-dppb)(5°-
mebipy)], ct-[RuCI(NO)(dppb)(5’-mebipy)]( PF6)2,
and cc-[RuCIl(NO)(dppb)(5’mebipy)](PF6) (com-
plex 1 to 4, respectively), where 5’-mebipy is 5°-
dimethyl-2’-bipyridine and dppb is 1,4-bis(diphe-
nylphosphino)butane, were synthesized and char-
acterized. All complexes exhibited a higher try-
panocidal activity than the control Bz. Complex 3
was the most potent against trypomastigotes and
amastigotes, exhibiting low toxicity to macro-
phages. It was observed that the nitrosyl complex
3, but not its analog lacking the nitrosyl group, re-
leased nitric oxide into parasite cells. This release
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diminished the effect on cruzain and induced sub-
stantial parasite autophagy resulting in parasite
cell death. Orally administered complex 3 reduced
blood parasitemia in infected mice and increased
the mice survival rate. The in vitro activity of
complex 3 against trypomastigotes was synergic
with Bz. These findings supported that drug com-
bination enhanced efficacy in infected mice, sug-
gesting that ruthenium-nitrosyl complexes seem to
be potential constituents for drug combinations
[141].

f. Alkyldiamine cryptolepine derivatives.
Early, trypanocidal activity was exhibited by 2-
bromo, 2-nitro-, and 2-methoxy-9-cyanoneocry-
ptolepine in the micromolar range in the absence
of cytotoxicity. Further assays described that cryp-
tolepine derivatives containing alkyldiamine side-

Table 4.
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chains, showed potent inhibitory activity and se-
lectivity against 7. brucei brucei when compared
to the lead compound. They were also potent in-
hibitors of cruzain, which could, at least in part,
explain their trypanocidal activity providing an-
other starting point for the rational design of novel
and effective anti-trypanosomal drugs [142].

2.1.1.3. Synthetic Derivatives or Approved Drugs
Active on CZ

The chemical structures of the compounds dis-
cussed in this item are displayed in Table (4).

a. Nitrofurazones (NFs). NFs and its deriva-
tive hydroxymethylnitrofurazone (NFOH) have
shown anti-Chagas disease activity due to TR
inhibitory activity. In addition to this activity,
in vitro cruzain inhibition assays were developed

Synthetic derivatives or approved drugs with probed activity on Cz.
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for both compounds, showing IC50 values in the
UM range. In addition, AM1 semi-empirical mo-
lecular modelling studies supported cruzain inhibi-
tory activity [143].

¢. Quinoxaline and acylhidrazones derivatives.
In vitro assays of some synthetic quinoxaline de-
rivatives showed similar inhibitor growth activity
than Nx. The quinoxaline N’ N’-dioxide derivative
compound 13, and the reduced derivatives 19 and
20 were the most cytotoxic compounds against the
protozoan [144]. New quinoxaline-N-acylhydrazon
derivatives, evaluated as cruzain inhibitor candi-
dates were designed, synthesized, studied by dock-
ing analysis and tested for trypanocidal activity.
Two salicylaldehyde N-acylhydrazones presented
IC50 values of the same magnitude order than the
standard drug Nx when tested in vitro against epi-
mastigotes of 7. cruzi resulting non-toxic at the
highest assayed doses in macrophages [145].

d. Oxadiazole derivatives. A series of oxadia-
zoles, reversible and noncovalent inhibitors of
cruzain were identified by docking screen and
chemically optimizated, having interpretable SAR
and high potencies. Many members of the oxadia-
zole class act via divergent modes of inhibition,
depending on the assay conditions tested [146].

e. Benzimidazole derivatives. Thirty three
novel 1,2 5-tri-substituted benzimidazole deriva-
tives were obtained by solid-phase synthesis and
their in vitro activity on Cz and 7. cruzi epimas-
tigotes was reported. Seven compounds showed
potent inhibition of 7. cruzi growth with IC50 val-
ues in the pM range. Docking studies revealed the
binding orientation of the ligands in the active site
of Cz providing a guide for the design of better
inhibitors. A promising hit compound named 2a
for novel anti-7T. cruzi agents showed that the ben-
zimidazole scaffold might represent an interesting
therapeutic alternative for the treatment of Chagas
disease [147].

Promising cruzain inhibitors retaining trypano-
cidal activity for SAR studies were selected. When
the most potent inhibitors were assayed against 7.
cruzi-infected cells, two compounds showed try-
panocidal activity. A SAR was established using
the compound Nequimed42 as precursor, identify-
ing the group 2-acetamidothiophene-3-carboxamide
as crucial for enzyme and parasite inhibition activi-
ties. This compound was ten-fold more active
against trypomastigotes than Bz. In addition, a
smaller compound derived from Nequimed42,
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named Nequimedl76, was highlighted as a novel
non-peptidic, non-covalent cruzain inhibitor and a
trypanocidal drug candidate [148].

f. Clinical and investigationally approved
drugs. A 2D-classifier capable of identifying Cz
inhibitors was useful in a virtual screening on the
DrugBank database, compiling FDA-approved and
investigational drugs. Fifty-four approved drugs
were selected as candidates, four of which were ac-
quired and tested on Cz and T. cruzi epimastigotes.
Among them, the antiparkinsonian and antidiabetic
drug bromocriptine and the antiarrhythmic amio-
darone showed dose-dependent inhibition of Cz and
antiproliferative activity on the parasite [149]. An
8-descriptor conformation-independent model was
applied to select potential anti-Chagas disease drugs
from the DrugBank database, three candidates were
experimentally tested in enzymatic and inhibitory
assays. Among them, levothyroxine (traditionally
indicated for patients with hypothyroidism) showed
a dose dependent inhibition on Cz activity. After a
screening, among approved drugs, using Bz-Pro-
Phe-Arg-pNA as chromogenic substrate, levothy-
roxine displayed a significant dose dependent inhi-
bition on 7. cruzi Cz activity. Trypanosoma cruzi
epimastigotes proliferation was affected by levothy-
roxine in a time and dose-dependent manner. This
study showed the potential of computer-aided drug
repositioning in the search of novel agents for ne-
glected diseases [150]. A patent presented com-
pounds containing the capability of inhibiting
and/or reducing the cathepsins activity, with the
aim to treat and/or prevent CPs and papain-like CPs
associated diseases, also including Chagas disease
among them [151]. Researchers from Secretary of
Health and Human Services, Department govern-
ment, USA, presented a patent describing novel
substituted triazine and purine compounds, inhibi-
tion methods of cruzain and rhodesain, and methods
for the treatment and prevention of Chagas disease
and African trypanosomiasis [152]. In the last
years, researchers from Merck Canada Ltd de-
scribed CPs dependant diseases in mammals caused
by numerous parasites and inhibitors that can be
valuable in the treatment and/or prevention of vari-
ous parasitic diseases comprising Chagas disease,
among others [153].

2.1.1.4. CPIs Obtained from Natural Compounds

A Kunitz-type inhibitor, BbCI, obtained from
Bauhinia bauhinioides, capable to inactivate Cz
was studied by its antiproliferative properties. The
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endothelial proliferation, the intracellular Ca®"
concentration and the membrane potential were
significantly influenced by BbCI [154]. An oxyran
derivative of alpha-lapachone, the epoxy-alpha-
lapachone, selected among natural naphthoqui-
nones, showed a high inhibitory activity against 7.
cruzi and a low toxicity [155]. Active naphthoqui-
none-compounds were evaluated as specific in-
hibitors of 7. cruzi CPs and SPs activities and dif-
ferent targets were revealed. A theoretical analysis
confirmed that beta-lapachone and E-64 interact
with the active site of cruzain, whereas epoxy-
alpha-lapachone exhibited no significant interac-
tions. The results obtained inferred that beta-
lapachone and epoxy-alpha-lapachone compounds
might inhibit 7. cruzi epimastigotes growth by act-
ing on different 7. cruzi proteinases. Natural naph-
thoquinones have been described as proteinase in-
hibitors models for design and development of
anti-Chagas disease compounds [156]. Searching
for novel lead compounds have extended over
SAR studies integrating high-throughput, virtual
screens and drug development strategies for a cor-
rect analysis of new anti-Chagas disease agents.
Progress on the development of cruzain inhibitors
emphasized on structural aspects of the ligand-
cruzain recognition process has recently been re-
viewed [157].

2.1.1.5. Calpains

These intracellular calcium-dependent CPs, de-
scribed in some bacteria and most eukaryotes have
been associated with varied biological processes.
At neutral pH, calpains exhibited partial prote-
olytic activity on proteic substrates transforming
their structures and biological activities in order to
modulate them [158]. After in silico analysis of the
Tritryps genome, it was first reported that calpain-
like proteins probably play important roles in cell
functions of trypanosomatids [159, 160]. The cal-
pain inhibitor MDL28170 produced a strong
growth rate reduction at 70 pM. Calpain-like
molecules were detected in 7. cruzi epimastigotes
[161]. Calpains were considered in some reports as
promising targets to treat Chagas disease. In this
sense, the in vitro evaluation of MDL28170 activ-
ity on the relevant clinical forms of 7. cruzi pro-
duced a significant reduction on bloodstream try-
pomastigote viability. In order to study the func-
tions of 7. cruzi calpains, the inhibitor MDL28170
was tested in crucial steps of the parasite life cy-
cle, in parasite viability and morphology [162,
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163]. Regarding that in 7. cruzi H49, the CP cata-
lytic triad is partially conserved, it was classified
as a calpain-like protein. Its locatization at the
zone where the flagellum is attached to the para-
site suggested that this protein and calpains could
have a structural role, connecting the subpellicular
microtubule array to the parasite body [164]. A
large family of calpain-related proteins was identi-
fied among numerous trypanosomatids genes with
interesting chemotherapeutic characteristics. In
this case, 40 genes were assigned as calpains in 7.
cruzi. On top of this, an overview describing the
biochemical and biological studies performed on
calpain inhibitors in trypanosomatids was pre-
sented [165].

2.1.2. Serine Peptidases (SPs)

Proteinases display key functions for the me-
tabolism and infectivity of pathogens. Parasite SPs
described include oligopeptidase B, a secreted pro-
lyl endopeptidase (7¢80), and a lysosomal serine-
carboxypeptidase. On one hand, oligopeptidase B
was involved in Ca®" signaling during cell inva-
sion in mammals [166, 167]. On the other hand,
Tc80 was purified from 7. cruzi and displayed col-
lagenolytic activity [168]. The enzyme ability to
hydrolyze peptide bonds at the carboxyl side of
Pro residues suggested that it is a prolyl endopep-
tidase also belonging to the S9ASP family, but dif-
ferent from the oligopeptidase B. Selective inhibi-
tors of the enzyme have been synthesized, show-
ing Ki values in a low nM range and capacity to
block the entrance of the parasite into the host
cells [169-171]. Therefore, this SP was shown as a
very auspicious target for the development of new
agents against this neglected disease. Moreover, a
75 kDa T. cruzi serine oligopeptidase, secreted
from the parasite was purified and subcellularly
localized into intracellular structures, including the
flagellar pocket, plasma membrane and reser-
vosomes [172]. Prolylprolylisoxazoles and prolyl-
prolylisoxazolines, two synthetic strong inhibitors
of human and Trypanosoma prolyloligopeptidase
(POP), were capable to inhibit 7. cruzi and T.
brucei in in vitro systems showing ED50 values in
the low uM range [173]. Most assays performed
with novel inhibitors on rPOP 7¢80 resulted effi-
cient, presenting Ki values lower than 1.52 nM.
Infective parasites treated with these specific
POPTc80 inhibitors were capable to attach to the
surface of host cells in mammals, but unable of
infecting them. Furthermost properties of these
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enzymes and the development of their prospective
as targets for drugs against Chagas disease,
leishmaniasis and African trypanosomiasis have
been described in detail [174, 175].

2.1.3. Metalloproteinases

Enzymes with homology to the leishmanial
gp63 are also present in 7. cruzi [49, 176]. MPs
belonging to the M32 family of peptidases are
lacking in eukaryotic genomes with the notable
exception of those present in these trypanosomat-
ids. As mentioned before, the genome of the CL
Brener clone of T. cruzi, encodes two MPs, named
TcMCP-1 and TeMCP-2, presenting 64% homol-
ogy between them. The structure of 7cMCP-1
showed powerful topological similarity with ar-
chaeal, bacterial and mammalian MPs. Trypano-
somatids are so far the only group of eukaryotes
encoding M32 MPs, making these enzymes an at-
tractive potential promising target for trypanocidal
drug development [177-179]. On the other hand,
LAPTc, a 330-kDa homohexameric metalloamin-
opeptidase with leucyl aminopeptidolytic activity
was isolated from 7. cruzi epimastigotes and ex-
pressed by all the parasite stages. As biosynthetic
pathways for vital amino acids, such as leucine,
are lacking in 7. cruzi, LAPTc could have a func-
tion in nutritional supply [180]. The mechanisms
displayed by parasite-derived products alter host
expression of matrix MPs and endogenous metal-
loproteinases inhibitors (MPIs) are capable to re-
duce collateral tissue damage, as has been reported
for tetracyclines as MP regulators in parasite infec-
tions [181]. Studies related with MPIs have not
been still reported in 7. cruzi.

2.1.4. Aspartyl Proteinases (APs)

APs are present in numerous organisms like
vertebrates, plants, fungi, protozoa and some ret-
roviruses, participating in relevant metabolic proc-
esses and playing main roles in infectious diseases.
Trypanosoma cruzi genome predicted the presence
of two APs [40] cruzipsin-I and cruzipsin-II, iden-
tified and isolated from 7. cruzi epimastigotes. The
cathepsin D substrate Phe-Ala-Ala-Phe (4-NO2)-
Phe-Val-Leu-O4MP was hydrolyzed by APs but
serine and other proteinase substrates were not.
The AP inhibitors (APIs) pepstatin-A, and the 1,
2-epoxy-3-(phenyl-nitrophenoxy) propane
strongly inhibited the activities of both proteinases
indicating that the latter are novel 7cAPs
[182,183]. A few reports have been performed re-
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lated to APs in trypanosomatids. However, some
advantageous properties of APIs have been de-
scribed on vital biological processes of these para-
sites. In 7. cruzi, both APs activities and parasite
proliferation were significantly inhibited with pep-
statin-A, indicating that AP might be favorable
targets in trypanosomatids and APIs could act as
helpful therapeutic agents against these human
flagellates [184, 185]. When the effects of pep-
statin-A on 7. cruzi were explored, the prolifera-
tion of 7. cruzi epimastigotes was arrested in a
time- and dose-dependent way showing an IC50
value in the uM order. The hydrolysis of a sub-
strate specific for cathepsin was inhibited (65%)
by pepstatin-A using an extract of 7. cruzi epimas-
tigotes, signifying that an AP might be the intra-
cellular target of this inhibitor. /n vifro findings
suggested that APs might participate in the para-
site physiology, and be considered as promising
targets for the treatment of this neglected disease
[186].

2.1.5. Threonine Proteinases (Proteasome)

A structure formed by intracellular complexes
named proteasome controls protein degradation
from Archaebacteria to humans, participating in
cellular differentiation and replication in protozoan
parasites. So, it could constitute a promising target
[187]. The presence of a proteasome with similar
characteristics to those of other eukaryotes was
early reported in 7. cruzi [188]. On the other hand,
while lactacystin inhibition blocked some differen-
tiation steps in the parasite life cycle, an inactive
analogue of lactacystin, clasto-lactacystin, did not
show effect. By using proteasome inhibitors the
accumulation of ubiquitinated proteins was dem-
onstrated and the fact that flagellum associated
cytoskeleton proteins are targets of the ubiquitin-
proteasome pathway was early shown [189]. The
inhibition of the ubiquitin-proteasome pathway in
T. cruzi epimastigotes by lactacystin determined
the blocking of parasite growth but no of adhesion,
interrupted cell division and affected factors caus-
ing differentiation [190]. A patent of Nereus
Pharmaceuticals, Inc. [191] claimed the use of
analogue compounds to the heterocyclic com-
pound salinosporamide A, as proteasome inhibitor
for the treatment of neoplasm, inflammation and
microbial infection. Despite the known in vitro
capacity of proteasome inhibitors against trypano-
somes [49, 192], no biological data of trypanocidal
activity were divulged. Trypanosoma cruzi is a
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eukaryote rare example containing genes for the
two threonine proteases known as 20S proteasome
and HsIVU complex. The latter is an ATP-
dependent protease comprising multimeric com-
ponents. In order to study the possibility that a
proteasome inhibitor could modulate these com-
ponents and proteasome, 7. cruzi epimastigotes
were grown with the classical proteasome inhibitor
PSI, which induced no effect or rise in the level of
expression of proteasome components in different
strains, suggesting that the protease HsIVU and
20S proteasome coexist in 7. cruzi, and non-
lysosomal degradation vias are relevant for T.
cruzi biology [193].

An old patent was presented by researchers
from University of New York, USA, claiming
methods for treating parasitic diseases with lacta-
cystin, MG-132, N-methoxysuccinyl-glu-val-lys-
phe-modified compounds among others, selected
as effective agents as proteasome and ubiquitin
pathway inhibitors inhibitors on malaria, Chagas
disease and other neglected diseases [194].

2.1.6. Other Peculiar Proteases

Regarding that peptidases are common drug
targets, the identification of pathogens peptidases
that show no homology in their hosts could be use-
ful for selecting the most promising ones. Some
peculiar protease families, absent in metazoans,
have been described in 7. cruzi. Among them, two
eukaryote homologues of carboxypeptidases Taq,
and Atg4 proteinases can be mentioned. Due to
their particular phylogenetic distribution, the car-
boxypeptidases Taq were proposed as promising
targets [195]. On the other hand, Atg4, CPs com-
monly named autophagins, involved in the regula-
tion of the conserved degradative autophagic
pathway, result important for parasite survival un-
der nutritional stress conditions and differentia-
tion. There are no specific inhibitors for these
families so far, however, the increasing knowledge
of their biochemical properties and biological
functions, is a crucial step for the development of
inhibitors [196]. Researchers from the University
of Florida presented a patent containing a method
for treating a parasitic infection which pretends to
establish an intracellular niche for survival and
replication by administering a composition com-
prising  N-2-pyridinyl-2-pyridinecarbothioamide
and/or cambendazole to an infected individual
[197].
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2.2. Ergosterol Biosynthesis Pathway (EBI)

In mammals, sterols are vital structural con-
stituents of cellular membranes acting as predeces-
sors of steroid hormones and vitamin D. Also, they
serve as growth and development modulators in
unicellular organisms. In trypanosomatids, sterols
are localized in plasma, inner mitochondrial and
glycosomal membranes [198]. Contrasting human
hosts, the key sterol in 7. cruzi metabolism is er-
gosterol as a substitute of cholesterol. This discov-
ery caused an exhaustive search for the identifica-
tion and possible effect of inhibitors of ergosterol
biosynthesis (EBIs).

Sterol biosynthesis pathway has been deter-
mined as a promising target for drug therapy
against 7. cruzi. This depends on 1) the peculiarity
of this pathway in kinetoplastids, ii) the require-
ment of 7. cruzi for specific endogenous sterols,
similarly to fungi and yeast, for cell viability and
proliferation in all stages of parasite life cycle, and
to iii) the in vitro and in vivo susceptibility to
sterol biosynthesis inhibitors (SBIs). Chemically,
the ergosterol biosynthesis pathway has been vali-
dated in vitro at several different steps. The effects
shown by the commercially available EBIs, suc-
cessful for the treatment of fungal diseases, have
been suppressive but not curative against human or
experimental 7. cruzi infections, resulting unable
to stop the progression of the disease [199, 200].
The sterol metabolic pathway Fig. (1) contains
several enzymes shown as potential drug targets of
this biosynthesic via for combating Chagas dis-
ease:

2.2.1. C14-Alpha-Lanosterol Demethylase (CYP51)

In eukaryotes, the sterol C14 a-demethylases are
essential enzymes in sterol biosynthesis as well as
drug targets in antifungal therapy. They catalyze the
oxidative removal of the C14-a-methyl group from
the precursors of postsqualene sterol Fig. (1) and
have been reported in trypanosomatids. Early, de-
spite it was only a very low percentage of amino-
acid homology through the biological kingdoms,
the orthologous enzymes from bacteria to mammals
keep strict catalytic region- and stereo-specificity
showing a very limited range of substrates [201].
All of them catalyze basically the three-steps re-
quired for the oxidative removal of the Cl4-o-
methyl group from the lanostane structure. In the
sterol biosynthesis of pathogenic microbes, this re-
action is a requisite. Also, the specific inhibition of
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protozoan CYP51 could possibly cure human try-
panosomiases [202]. TcCYPS51 catalytically strictly
related to animal/fungi-like CYP51, showed prefer-
ence for C4 dimethylsterols. On the contrary, 7.
brucei ortholog enzyme, similarly to plant CYP51
necessitates C4-monomethylated sterol substrates.
Interestingly, the CYP51 family is a matter for cen-
tral P450 structure/function studies as well as an
important clinical drug target [203]. In 7. cruzi, the
effects of the SBIs simvistatin, zaragosic acid, ter-
binafine, ketoconazole, and others on the modula-
tion of diverse sterol biosynthesis genes and their
proteins have shown a possible specific regulation
of the CYP51 gene expression [204]. Crystal struc-
tures of TcCYP51 and ThCYP51 complexed with
fluconazole and posaconazole permitted the predic-
tion of essential chemical features, thus offering a
starting point for rational trypanocidal drugs design.
The structural data showed the molecular back-
ground of CYPS51 inhibition facilitating the design
of novel, selective and more potent agents [205,
206]. The sterol 14-a-methylenecyclopropyl-A7-24,
25-dihydrolanosterol (MCP) binds tightly to all pro-
tozoan CYP51s and has a strong mechanism-based
inhibitory effect on 7cCYP51. The crystal structure
of ThCYP51 complexed with this substrate analog
was presented showing to inflexibility as a typical
feature of the CYP51 substrate binding cavity, rati-
fying this enzyme as an outstanding aspirant for
design of novel drugs, comprising the mechanism-
based in substrate analog inhibitors [207]. Alike
therapeutic targets to CYP51 were identified.
Among them, T7cCYP51 active site was probed with
a library of synthetic small molecules. Whereas the
screening allowed the reduction of the library num-
ber from about 104,000 to 185 clue compounds
showing KD values in the nanomolar order, the
cross-validation against 7. cruzi-infected cells gen-
erated 57 active key compounds. The best one
showed 7. cruzi inhibition with EC50 at 17 nM and
trypanocidal effect at 40 nM. The structural diver-
sity of the selected key compounds, indicated that
CYP51 is a relatively permissive enzyme target for
small molecules [208].

2.2.1.1. Azolic Inhibitors

The chemical structures of the compounds dis-
cussed in this item are displayed in Table (5).

Among azolic drugs, ketoconazole and itracona-
zole, target the enzyme CYP51 (Table 5), produc-
ing both the accumulation of 14 o-methylsterols
and the declining production of ergosterol. The tria-
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zole derivatives, posaconazole, (SCH56592, Scher-
ing-Plough Research Institute), D0870, the D(+)
isomer of fluconazole (Astra-Zeneca Pharmaceuti-
cals), and TAK-187 (Takeda Chemical Company),
known inhibitors of fungal CYPS51, are capable of
inducing parasitological cure in mice models of
both acute and chronic Chagas’ disease in absence
of toxic side effects [209-211]. The in vivo anti-
parasitic activities displayed by D0870 and posa-
conazole were attributed to the grouping of unusual
pharmacokinetic properties and their strong and se-
lective inhibitory effect on the proliferation of in-
tracellular amastigotes at nanomolar range [199,
211-213]. Noticeably, itraconazole and fluconazole
prevented or diminished chronic phase [214]. One
of the most potent EBIs tested against 7. cruzi was
albaconazole (UR-9825; Uriach & Company, Bar-
celona, Spain) [130, 212, 215]. Whereas ketocona-
zole was no capable to eliminate 7. cruzi from ex-
perimental or natural infection [199], ravuconazole
(RAV, Eisai Co., Tokyo, Japan and BMS-207147,
Bristol-Myers Squibb) showed to be one of the
most progressive contenders for clinical assays
[213]. Nevertheless, the cross-resistance between
ketoconazole, miconazole and itraconazole exposed
in in vitro assays, in conjunction with the induced
resistance in 7. cruzi to some azoles, determined the
quizzing of the chemotherapeutic use of these com-
pounds [216-218].

Amiodarone, an antiarrhythmic compound, fre-
quently used in symptomatic treatment of Chagas
disease infected people, showed activity against
T. cruzi, both in vitro and in vivo, by acting syner-
gistically with posaconazole [219] and itraconazole
[220]. These results have pointed out the possibility
of promising novel approaches using combination
chemotherapy for the treatment of Chagas disease
by using existing approved drugs [221]. As previ-
ously described, some azole derivatives upon long-
term treatment frequently cause resistence constitut-
ing a severe difficulty [216]. The only azolic com-
pounds that entered clinical trials for the treatment
of the chronic form of 7. cruzi infection have been
posaconazole and ravuconazole. The availability of
the crystal structure of 7cCYP51, studied in com-
plexes with numerous protozoa-specific CYP51
inhibitors, the validation and efficacy of antifungals
as T. cruzi- specific CYP51 inhibitors could permit
the treatment for this infection, alone or combining
with the existing drugs [222, 223]. The evolution of
clinical process will be discussed in section 6 of this
manuscript.
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Table 5. Azole inhibitors of CYP51.
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The new antifungal drug candidate, the 1-
tetrazole-based agent VT-1161, currently in two
phase 2b clinical trials, [(R)-2-(2,4-difluorophenyl)-
1,1-difluoro-3-(1H-tetrazol-1-yl)-1-{5-[4-(2,2,2tri-
fluoroethoxy)phenyl]pyridine-2-yl} propan-2-ol],
showed to be a strong inhibitor of TcCYP51. Ad-
ditionally, VT-1161 revealed a high level of anti-
parasitic activity against amastigotes and caused
>99.8% in vivo suppression of peak parasitemia by
using the drug-resistant Y strain in a mouse model

of infection. The structural characterization of T.
cruzi CYP51, complexed with VT-1161 supported
the potential utility of this novel tetrazole-based
inhibitory chemotype in the treatment of Chagas
disease [224].

a. Imidazole-based compounds. Three sets of
CYP51 inhibitors including azoles, non-azole
compounds, and substrate analogs of the CYP51
reaction were in vitro and in vivo assayed. The
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compound 32-methylene cyclopropyl lanost-7-
enol revealed selectivity to 7. cruzi showing 50%
cell proliferation inhibition at 3 puM [218]. On the-
other hand, compounds 4c (NEU321) and 4;j
(NEU704) showed strong activities in contrast to
in vitro T. cruzi cultures, 160-fold superior than
those on host cells. Drug metabolism and proper-
ties of compound 4c were in vitro studied showing
that this chemical agent inhibited 7cCYP51. Com-
pound 4c displayed an enhanced ligand efficacy
and a smaller synthetic route in comparison with
preliminar disclosed CYPS51 inhibitors, showing
that this compound should be after reflected as a
hopeful agent after optimization [225].

b. Dialkyl imidazole derivatives. Inhibitors
containing structures simpler than that of posa-
conazole, were tested as 7cCYP51 inhibitors, dis-
playing in vitro strength for killing 7. cruzi amas-
tigotes with EC50 values in the nM range. By us-
ing a murine model of acute Chagas disease, two
compounds were capable to reduce blood para-
sitemia to undetectable levels. The production of
these compounds, considerably less expensive
than that of posaconazole, proposed them as clini-
cal candidates for further development of anti-
Chagas disease agents. Thus, the most strong and
selective inhibitor against parasite cultures show-
ing high efficiency in the acute disease model was
identified as compound 2. The latter showed high
hydrophobicity and high molecular weight (MW),
therefore, methodical modifications were per-
formed on different scaffold positions, identifying
inhibitors with the highly potent values of EC50
lower than 1 nM against 7. cruzi cultures. Halo-
genated derivatives (Table 5) displayed excellent
activity against 7. cruzi amastigotes, with reduced
molecular weight and lipophilicity, exhibiting
suitable physicochemical properties for an oral
drug candidate as potential anti-7. cruzi agent
[226, 227].

2.2.1.2. Non Azolic Inhibitors

The chemical structures of the non-azolic class
CYP51 of inhibitors are displayed in Table (6A)
and the inhibitors of other enzymes of the ergos-
terol biosynthesis on Table (6B).

a. Tipifarnib analogues. Tipifarnib (R115777), a
known inhibitor of human protein farnesyltrans-
ferase (PFT), strongly inhibited 7. cruzi prolifera-
tion (ED50=4nM). Unexpectedly, this fact was
ascribed to the inhibition of the mentioned CYP51
[228]. Additionaly, a lot of compounds capable to
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kill 7. cruzi parasites in a subnanomolar order,
lacking PFT inhibition, and beneficial on behalf of
other lanosterol CYP51 inhibitors showed low po-
tency inhibition of the cytochrome P450 human
enzyme. As tipifarnib exhibited high oral bioavail-
ability and suitable pharmacokinetic properties,
the lately discovered tipifarnib analogues showed
to be models for the development of drugs to treat
this parasitic disease. In a structure-guided fash-
ion, performing changes in the substituents linked
to the phenyl group located at the 4-position of the
quinoline ring of tipifarnib as well as by replacing
the amino group by O-me [229]. In order to dimin-
ish the PFT-inhibitory activity and augment the
CYP51 inhibition, tipifarnib analogs were devel-
oped. The efficacy of the lead tipifarnib analog as
compared to that of posaconazole in a mice model
of T. cruzi infection showed strong blocking activ-
ity on parasitemia but no success at curing mice.
Crystal structure of 7cCYP51 bound to a tipifarnib
analog was reported providing a novel structure-
based drug design for better tripanocidal com-
pounds [230].

b. LP10. This non-azolic CYP51 inhibitor con-
taining an N-[4-pyridyl]-formamide scaffold with
ability to bind to the active site of 7cCYP51, has
been studied in an acute murine model of 7. cruzi
infection. Similarly to the results reported for
posaconazole, the curative effect of this compound
was observed. A treatment of mice with LP10 dur-
ing 30 days, initiated 24 h post-infection, showed
no signs of acute disease and tissues remained his-
tologically unaffected after 6 months. The analysis
of sterol composition confirmed that LP10 blocked
the C14-alpha demethylation step, showing severe
ultrastructural membrane abnormalities and amas-
tigotes death. The analysis of sterol composition
confirmed the alterations observed [231].

c. Indomethacin-amide derivatives. Searching
for TcCYP51 inhibitors, a set of indomethacin-
amides displaying a structure with similarities to a
class of cyclooxygenase-2-selective inhibitors was
obtained. These derivatives bind to 7cCYPS5I,
in vitro inhibiting the enzyme activity and the
parasite sterol biosynthetic pathway producing
strong trypanocidal effects in parasite cultures
[232].

d. 4-Aminopyridyl-based derivatives. The use
of structure-based drug design and SAR analyses
allowed the development of a series of 4-
aminopyridyl-based lead inhibitors capable to tar-
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get TcCYP51. The key leader of this screening
was LP10 (EC50=0.65 uM), which was optimized
for giving other hit compounds also with high
binding affinity to 7cCYP51 and substantial activ-
ity on amastigotes. Many of the improved com-
pounds resulted selective against human metabolic
CYPs enzymes showing an IC50 value in the uM
order [233].

e. d-Tryptophan-derived inhibitors. Trypto-
phan-derived potent and selective inhibitors of 7c
CYP51 were developed. The co-crystal structure
information obtained from CYP51 and (R)-2,
which resulted more than 1000-fold strong than its
enantiomer (S)-1, was used to design additional
analogues. In vitro data obtained for compounds
(R)-2-(R)-8, in conjunction with pharmacokinetic
data suggested that this new CYP51 inhibitor scaf-
fold series has potential to deliver drug candidates
for treatment of 7. cruzi infections [234].

f. N-indolyl-oxopyridinyl-4-aminopropanyl-
based scaffold. The SAR of N-indolyl-
oxopyridinyl-4-aminopropanyl-based scaffold
identified in a target-based screening was explored
in order to optimize specific drug candidates for
TcCYP51. This scaffold advanced by medicinal
chemistry yielding oral lead compounds with
strong in vivo trypanocidal activity. An animal
model of infection using a transgenic 7. cruzi Y
luc strain that expresses firefly luciferase, allowed
the selection of biaryl and N-arylpiperazine ana-
logues. Crystal structure analysis allowed the
characterization of drug-target complexes for both
scaffold alternatives. The optimization of the bind-
ing and pharmacokinetic characteristics of these
compounds might bid strong inhibitors against ex-
perimental 7. cruzi infection [235]. In addition, the
SAR of an N-arylpiperazine series of N-
indolyloxopyridinyl-4-aminopropanyl-based  in-
hibitors designed in order to test the effect of sub-
stituents in the terminal N-phenyl ring on binding
type, selectivity and potency was studied. Two dif-
ferent ring binding types, hidden and solvent-
exposed have been detected depending on the sub-
stituents at C-4, by X-ray structure analysis. Two
5-chloro-substituted analogs, 9 and 10, with no
substituent at C-4 proved enhanced selectivity and
potency, reducing more than 99.8% blood para-
sites in mice [236].

g. Vinylsulfone K777 analogues. Recent SAR
aimed at addressing potential liabilities of the
T. cruzi CPI have generated the compound N-
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[(2S)-1-[[(E,3S)-1-(benzenesulfonyl)-5-phenylpent-
1-en-3-yl]amino]-3-(4-methylphenyl)- 1 -oxopro-
pan-2-yl]pyridine-4-carboxamide (4), showing a
trypanocidal effect at ten-fold lower concentra-
tions than K777. Anti-T. cruzi activity of the car-
boxamide analogue depends firstly from the
TcCYP51 inhibition. Also, this new compound
inhibited CYP isoforms in mammals but showed
trypanocidal activity at concentrations under those
required to in vitro inhibit mammalian CYPs sig-
nificantly. The evaluation of computational dock-
ing studies and truncated analogues of this novel
class of inhibitors revealed structural determinants
responsible for TcCYP51 binding [237].

h. Benzamide derivative. The compound (R)-
N-(1-(3,4'-difluorobiphenyl-4-yl)-2-(1H-imidazol-
1-yl)ethyl)-4-(5-phenyl-1,3,4-oxadiazol-2-yl)ben-
zamide, VFV, designed to fill the deepest portion
of the CYP51 substrate-binding cavity, revealed a
strong antiparasitic activity in cellular experiments
and cured the experimental Chagas disease with
100% efficacy. Studies on oral bioavailability, tar-
get activity, satisfactory pharmacokinetics and tis-
sue distribution characterized VFV as an auspi-
cious new drug candidate [238].

i. VNI and derivatives. The first enantioselec-
tive chemical synthesized compound showed to be
a strong experimental 7cCYP51 inhibitor [239].
This small molecule, non-toxic and with high se-
lectivity, exhibits favorable pharmacokinetics and
once administered by oral via to mice achieved a
parasitological cure, including acure rate (100%)
and survival (100%), in both stages of T. cruzi in-
fection [240]. An exploration of the potential of
VNI by nitro-derivative-resistant 7. cruzi strains,
using strict protocols of acute infection showed
high anti-7. cruzi efficacy of VNI and its deriva-
tive VNF against 7. cruzi bloodstream trypomas-
tigotes and amastigotes. VNI showed no
mutagenic potential. In 7. cruzi, cell ultrastructure
analysis showed that the damage induced by VNI
presented an autophagic phenotype. Thus, VNI
was described as a very auspicious anti-7. cruzi
drug candidate for Chagas disease therapy [241].
Comparative structural analysis of CYP51 com-
plexes with the inhibitor VNI and two derivatives
suggested that broad-spectrum CYP51 inhibitors
are likely to be preferable as anti-Chagas disease
drug candidates [242]. Finally, the main steps of
the sterol biosynthetic pathway has been recently
reviewed showing each enzyme involved in the



Targets and Patented Drugs for Chemotherapy of Chagas Disease

steps, as well as the antiproliferative, physiologi-
cal, biochemical, and ultrastructural effects of the
main known inhibitors (Table 5) [243].

2.2.2. Oxidosqualene Cyclase (0OSC)

OSC, also named lanosterol synthase, is a clue
enzyme in sterol biosynthetic pathway, converting
2, 3-oxidosqualene to lanosterol, a tetracyclic
product Fig. (1). In the production of mature ster-
ols, the synthesis of lanosterol constitutes an es-
sential step. In yeast and higher eukaryotes, OSC
catalyzes the synthesis of lanosterol from 2, 3-
oxidosqualene by a complex cyclization-
rearrangement reaction involving the formation of
a total of six new carbon carbon bonds by a single
enzyme. OSCs from trypanosomes and hosts use
different catalytic motifs, which could lead to the
development of specific inhibitors for this enzyme
[244]. This was done in the following years but
with non-azolic compounds.

a. Pyridinium ion based inhibitors. N-Alkyl-
and N-prenylpyridinium ions showed potent anti-
T. cruzi activities and inhibited the sterol biosyn-
thesis in these organisms. Specific non-azolic in-
hibitors such as N-(4E, 8E)-5, 9, 13-trimethyl-4, 8§,
12- tetradecatrien-1-ylpyridinium and a series of
compounds were designed to inhibit OSC and
tested against mammalian parasite stages, resulting
twelve of them highly active in the nM range
against trypomastigotes [245] (Table 6B).

b. Phenylthiovinyl derivatives. Nineteen in-
hibitors such as aza, methylidene, vinyl sulfide,
and conjugated vinyl sulfide derivatives of oxi-
dosqualene and squalene were tested by using a
recombinant 7. cruzi OSC. Some phenylthiovinyl
derivatives resulted 10 to 100 times more effective
on the 7. cruzi OSC than on the control enzymes
[246]. OSC inhibitors used to treat fungal, bacte-
rial and parasite infections including trypanoso-
matids based on the drug induced blockage of
sterol biosynthesis were reported by members of
the University of Utah Research Foundation [247]
(Tables 2 and 6B).

c. Cyclohexylamine based inhibitors. A series
of 25 inhibitor compounds of human liver OSC,
were tested as inhibitors of Saccharomyces cere-
visiae, T. cruzi, Pneumocystis carinii and Arabi-
dopsis thaliana OSCs expressed in a S. cerevisiae
OSC-defective strain. Remarkably, two derivatives
identified by screening, the cyclohexylamine sub-
stituted compounds 9 and 20, showed an activity
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lower than 60 pM, similarly to the analog of 5-
phenyl-benzo[d]isothiazol compound 11. In par-
ticular, these compounds resulted auspicious for
the development of new anti-7. cruzi agents [248]
(Table 6B).

2.2.3. Squalene Epoxidase (SQO0)

SQO catalyzes the transformation of squalene
to (3S) 2, 3-oxidosqualene Fig. (1). In vertebrates,
it is a non-metallic, flavoprotein monooxygenase
enzyme which serves as a potential target for the
design of chemotherapeutic drugs for different
pathogenic organisms [249].

a. Allylamine based inhibitors. In the sterol
biosynthesis, the allylamine terbinafine, among
antifungal drugs, is capable to inhibit squalene ep-
oxidase pathway and resulted to be synergistic
with ketoconazole against 7. cruzi [250] (Table
6B).

b. 5-Nitrofuranes and S-nitrothiophenes de-
rivatives. Among S5-nitrofurane derivatives, the
synthesized heteroallyl-containing 5-nitrofuranes
exhibited a dual mechanism of action based in
oxidative stress and inhibition of membrane sterol
biosynthesis as potential anti-7. cruzi agents.
Some of the derivatives displayed high and selec-
tive activity against the proliferative parasite
forms, showing IC50 values against the amastigote
forms in the low uM to sub-mM range. The in vi-
tro activity of these novel compounds was higher
than those of nitrofurane and terbinafine. In addi-
tion, novel S5-nitrofuranes and the thia-analogues
displayed outstanding effects on 7. cruzi viability.
Free sterols analysis from parasite incubated with
these compounds showed squalene accumulation
in comparison with Nx, proposing the inhibition of
parasite squalene epoxidase activity. SAR studies
showed relevant features for the design of novel
derivatives. In trypanosomatids, altogether, these
findings pointed to a general effect of 5-
nitrofuranes and 5-nitrothiophenes, considering
them as latent chemotherapeutic agents for para-
sitic diseases [251, 252] (Table 6B).

2.2.4. Squalene Synthase (SQS)

SQS catalyzes the first step in sterol biosynthe-
sis by a head-to-head reductive dimerization of
two molecules of farnesyl pyrophosphate (FPP) in
a reaction of two steps to produce squalene Fig.
(1). At present, this enzyme is extensively studied
as a possible target for cholesterol-lowering
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agents, and interestingly described as a promising
target for antiparasitic chemotherapy [253, 254].

a. Thiocyanate derivatives. The 4-
phenoxyphenoxyethyl thiocyanate (WC-9) was
shown to be an effective and strong agent against
epimastigote proliferation capable to produce the
accumulation of low MW metabolites from me-
valonate to squalene [255]. WC-9 induced 7. cruzi
epimastigotes growth inhibition associated with a
decrease in parasite endogenous sterols content
owed to a specific blockage of their de novo syn-
thesis at the level of squalene synthase enzyme
[256] (Table 6B). Also some aryloxyethyl thiocy-

Table 6A. Non-azole inhibitors of CYP51.
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anate derivatives, structurally related WC-9 were
reported, some of them with trypanocidal activity
comparable with ketoconazole. Moreover, one of
them was shown to be an effective anti-Chagas
disease agent with auspicious future as a lead drug
for further in vivo studies [257].

b. Quinuclidine based inhibitors. Among
quinuclidine inhibitors synthesized, 3-(biphenyl-4-
yl)-3 hydroxyquinuclidine (BPQ-OH) resulted a
powerful non-competitive inhibitor of 7. cruzi
SQS, showing a Ki value in the nM range (Table
6B). BPQ-OH showed the ability to eliminate in-
tracellular 7. cruzi amastigotes from culture cells
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Table 6B. Inhibitors of other enzymes of the ergosterol biosynthesis.
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producing no side effects on the host cells [199,
258]. Aditionally, E5700 and ER-119884 were re-
ported as strong non-competitive or mixed-class
inhibitors of 7. cruzi SQS with Ki values in the low
nM to sub nM range. E5700, by oral administration,
was capable of providing complete protection in in
vivo studies [254]. SQS inhibitors were screened
against a recombinant leishmanial SQS, against L.
mexicana promastigotes, and 7. cruzi intracellular

amastigotes. An association between compounds
that inhibited the enzyme and the reduction in the
levels of steroids caused proliferation inhibition of
L. mexicana promastigotes [259].

2.2.5. Delta 24 (25)-Methyltransferase (24-SMT)

As shown in the biosynthetic pathway, this en-
zyme is essential for the biosynthesis of ergosterol,
but not required for the biosynthesis of cholesterol
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Fig. (1). Metabolic pathway of ergosterol biosynthesis in Trypanosoma cruzi and enzyme inhibitors.

Fig. (1). The design, synthesis and evaluation of a
series of potential transition state analogues of 24-
SMT against the recombinant L. major 24-SMT
and the parasites L. donovani and T. cruzi in vitro
were carried out. Some of the compounds showed
inhibition of the recombinant L. major 24-SMT
and inhibited parasite proliferation. Other analogs,
although did not show enzyme inhibition, pre-
sented anti-7. cruzi activity [260] (Table 6B).

2.2.6.  3-Hydroxy-3-Methyl-Glutaryl-Coenzyme
A-(HMGCoA) Reductase

Mevinolin, an inhibitor of HMGCoA, showed
antiproliferative effects when tested on 7. cruzi by

in vivo and in vitro assays (Fig. 1; Table 6B). Be-
sides, the evaluation of the ability of ketoconazole,
terbinafine, and other specific EBIs, was per-
formed. The combination of mevinolin with keto-
conazole, terbinafine, and other specific EBIs re-
vealed a synergic action against 7. cruzi prolifera-
tive forms [261]. Different Amphotericin B-lipid
formulations assayed in vitro and in vivo displayed
strong trypanocidal activities [262]. It is worth
mentioning that the low number of disclosed pat-
ents does not reflect the increasing multiple clues
related to enzymes of this biosynthetic pathway.
Scientist of the Yale University presented the syn-
thesis of CYPS51 inhibitors including 5-amino-1-
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benzylimidazole derivatives, showing antibacte-
rial, antifungal and anti-trypanosomal activity.
These agents showed no host cells toxicity and a
notable IC50 ranging from pM to pM values
against 7. cruzi amastigotes. The analysis of in
vivo experimental mice tests suggested both the
responsability of a phenylbenzylimidazole moiety
for the enzyme inhibition and anti-7. cruzi activity.
However, no data on enzymatic inhibition was de-
scribed [263-265] (Table 2).

2.3. Biosynthesis of Polyisoprenoids

The enzymes of the isoprenoid pathway have
been consigned to different compartments in eu-
karyotes, counting trypanosomatids. The chemical
structures of the compounds discussed in this item
are displayed in Table (7).

2.3.1. Farnesylpyrophosphate Synthase (FPPS)

FPPS is the enzyme in charge for the formation
of farnesylpyrophosphate, marking the branching
point in the synthesis of a diversity of sterols and
other indispensable isoprenoids in these patho-
genic protozoa. The condensation of the diphos-
phates of C5 alcohols to form C10 and C15
diphosphates (geranyl and farnesyl) is performed
by FPPS. In 7. cruzi, the gene codifiying for
TcFPPS was cloned, sequenced, expressed and
characterized as a crucial enzyme for parasite sur-
vival. TcFPPS confines to the cytoplasm and is
absent in other organelles such as the mitochondria
and glycosomes [266].

Bisphophonates, metabolically inert inorganic
PP analogues compounds that inhibit FPPS, can
block the above mentioned pathways [267]. Hu-
man bone resorption disorders implicate bisphos-
phonates as good candidates with potential in-
nocuousness to control tropical diseases. The ni-
trogen-containing bisphosphonates risedronate and
pamidronate inhibited to the recombinant FPPS by
both reducing parasitemia in infected mice and
inhibiting intracellular replication of amastigotes
in in vitro assays [199, 213]. By contrast, etidro-
nate, another non-nitrogen-containing bisphospho-
nate did not affect parasite proliferation [268].
Sterols analysis performed in treated parasites
showed that risedronate inhibited epimastigotes
proliferation and sterol biosynthesis at a pre-
squalene level, associating these results with FPPS
inhibition, appearing as a positive lead compound
for the development of novel agents against 7.
cruzi [269-271]. Although some fatty acids-
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derived bisphosphonate agents showed to be
strong growth inhibitors of amastigotes at low uM
level, none of them resulted effective against epi-
mastigotes [272, 273]. The selective action exhib-
ited by bisphophonates against 7. cruzi was attrib-
uted to the drug accumulation in parasite acidocal-
cisomes [274]. The structures of the TcFPPS alone
and in complexes with substrates and inhibitors
were analyzed revealing that the enzyme under-
goes conformational changes after binding, ena-
bling the enzyme to bind to a bisphosphonate in-
hibitor [275]. 2-Alkylmercaptoethyl-1,1-bisphos-
phonate derivatives were synthesized and tested
against 7. cruzi, and several of them resulted
strong inhibitors on parasite amastigotes, targeting
TcFPPS. A remarkable emergence of long chain
length sulfur-containing bisphosphonates as rele-
vant antiparasitic agents occurred. The representa-
tive members of this class of drugs, shown as
compounds 37, 38, and 39, exhibited ED50 values
against 7. cruzi amastigotes and IC50 for 7cFPPS
inhibition in the puM order [276] (Table 7).

2.3.2. Protein Farnesyltransferase (PFT)

PFT is the enzyme responsible for the transfer-
ence of a farnesyl residue from farnesylpyrophos-
phate to the thiol of a cysteine side chain of pro-
teins carrying the so called CaaX-sequence at the
C-terminus. Protein prenylation defined as the at-
tachment of polyisoprenoids to specific proteins, is
involved in signal transduction and anchorage of
protein to cell membranes [277, 278]. Prenylation
was demonstrated in trypanosomatids. When PFT
of T. cruzi was cloned, differences with its mam-
malian counterpart were found, validating the use
of PFT as target for a trypanocidal drug [279].
Some PFT inhibitors (PFTIs) have been assayed in
the context of phase III clinical assays in treatment
of human cancer [280]. The improvement of
PFTIs development is visibly directed to non-thiol
PFTIs because side drug effects were associated to
free thiols. Numerous non-thiol benzophenone-
scaffold-based PFTIs were examined in in vitro
and in vivo assays with 7. cruzi. The structural fea-
ture shared by all inhibitors was an amino function
capable to be protonated. Thus, R-phenylalanine
and N-propylpiperazinyl derivatives showed no
cytotoxicity to cells, displaying the best in vitro
activity with IC50 values in the nM range. On the
other hand, in vivo testing of the survival rates of
infected animals ranged from 60 to 80% at day
115 post infection. As mentioned above, tipifarnib,
the PFTI in anticancer clinical trials, was able to
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kill 7. cruzi by blocking the CYP51. The devel-
opment of tipifarnib analogues displaying reduced
affinity for human PFT in order to reduce toxicity
while increasing affinity against 7cCYPS51 was per-
formed including reasonable modifcations, result-
ing efficient in an acute-Chagas disease-mouse
model [281]. Mark Field patented the use of
PFTIs, including manumycin A, a natural antibi-
otic and other synthetic compounds such as cyclic
hexenones, used for the treatment of parasitic dis-
eases [282]. Schering Corp also disclosed twenty
one piperazine or piperidine scaffold based-PFTIs
used for 7. brucei infection treatment [283]. How-
ever, no patents connected with 7. cruzi PFT in-
hibitors have been reported yet (Table 2). The Mo-
rita-Baylis-Hillman adduct (MBHA) (Compound
3), 3-hydroxy-2-methylene-3-(4-nitrophenyl)-pro-
panenitrile) was synthesized, strongly inhibited
epimastigotes proliferation, caused intense trypo-

Table 7. Isoprenoid metabolism inhibitors.
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mastigotes lysis and morphological ultrastructural
changes in both parasite forms. Docking calcula-
tions of compounds 1, 2 and 3 proposed the possi-
bility of 3 mechanism of action on 7cFPPS inhibi-
tion [284] (Table 7).

2.3.3. Protein Geranylgeranyltransferase Type I
(PGGT-I)

PGGT-I, similarly to PFT, occurs in many eu-
karyotic cells. It consists of two subunits, a com-
mon alpha subunit and a different beta subunit. In
T. cruzi gene database, a protein showing 20%
amino acid sequence identity to the PGGT-I beta
of other species was identified [285]. The cloning
and characterization of a recombinant ortholog of
TcPGGT-I showed PGGT activity with distinct
specificity toward protein substrates when com-
pared to that of the mammalian PGGT-I and
TcPFT. Interestingly, it was shown that cytosol
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fractions obtained from trypomastigotes and epi-
mastigotes contained 100-fold lower levels of
PGGT-I activity compared with PFT activity. Al-
though the CaaX motif mimetics PGGT-I inhibi-
tors exhibited very low potency on 7cPGGT-I
compared to the mammalian enzyme, it was sug-
gested as a potential target to develop selective
inhibitors [286, 287]. Mimetics of terminal CAAX
tetrapeptide of Ras protein containing different
biaryl cores in place of AA were prepared and
studied as PFTI [288] (Table 7).

2.4. Thiol-Dependent Redox Metabolism

A unique thiol-dependant redox metabolism,
based on a low molecular weight thiol-polyamine
conjugate, N1, N8 bis (glutationyl), trypanothione
T(H)2, an unusual spermidine-glutathione conju-
gate, is exclusively found in flagellates of the or-
der Kinetoplastida replacing the ubiquitous glu-
tathione reductase (GR) [289]. The parasite anti-
oxidant defense contains a key enzyme, TR, that
catalyses the NADPH-dependent reduction of
T(H)2. The presence of the trypanothione system
was proven by PCR and homology cloning. In T.
cruzi, the synthesis of glutathione begins with the
consecutive action of ¥-glutamyl cysteine synthase
and glutathion synthase by an ATP-dependant re-
action. Thus, trypanothione synthesis requires the
conjugation of two molecules of glutathione with
spermidine. The enzyme ¥-glutamylcysteine syn-
thase is the clue limitant enzyme of this pattern
and buthionine sulfoximine (BSO) has been de-
scribed as its inhibitor Fig. (2). BSO and other in-
hibitors from trypanothione metabolism resulted to
be potential candidates as agents against
T. cruzi, alone or in conjunction with with free
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radical-producing drugs such as the existing used
Nx and Bz [290]. The absence of trypanothione in
the mammalian host in addition to the sensitivity
of trypanosomatids concerning oxidative stress
and, the unability to synthesize T(SH)2, validate
the enzymes of the trypanothione metabolism as
drug-targets [291, 292]. X-ray -crystallography
analysis was early performed on the three-
dimensional structure of the purified TR in free
form, in complex with substrates and/ or in the
presence of inhibitors.

The proximal reductant of tryparedoxin is re-
sponsible for substitution of thioredoxin-, glutare-
doxin- and glutathione-dependent reactions. Fi-
nally, the heterologous expression, the functional
characterization and the crystallization of some
components of this recombinant system enabled
the design of inhibitors based on rational structure
[293]. In this biosynthetic pathway, there are three
key points that are susceptible to be attacked
pharmacologically. These are: the activity of the
TR, the function of glutamate-cysteine ligase
(GCL) and polyamine transport in 7. cruzi, in con-
trast, to GCL and the polyamine uptake system
[294]. On the other hand, notably, the trypan-
othione system is capable to sustain several cellu-
lar functions mediated by thiol-dependent (redox)
processes. Novel functions have emerged for try-
panothione as a potential cofactor in iron metabo-
lism. The minimalist thiol-redox system, devel-
oped by trypanosomatids, is an example of meta-
bolic fitness driven by the remarkable physico-
chemical properties of a glutathione derivative
[295, 296].

Many trypanocidal agents have been involved
in the trypanothione metabolism, some of them

Cysteine + Glutamate 3
Trypanothione
ATP __—Glu-Cvs- Glv ADP +Pi
Buthionine -Glutamylcysteine )
sulfoximine synthetase Trypanothione
synthetase
ADP +Pi ATP
Spermidine
-Glu-Cys > -Glu-Cys- Gly
@at}m (Glutathione)
ATP synthetase
+Pi
Glycine ADP +Pi

Fig. (2). Trypanothione synthesis requires the conjugation of two molecules of glutathione with spermidine. The enzyme ¥-glutamylcysteine

synthase is the clue limitant enzyme of this pattern and buthionine sulfoximine (BSO), the inhibitor of this step.
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inhibiting 7. cruzi TR [297]. The chemical struc-
tures of the compounds discussed in this item are
displayed in Table (8).

2.4.1.1. TR Irreversible Inhibitors

a. Subversive substrates or sabotage inhibi-
tors. Molecules capable to convert an antioxida-
tive disulfide reductase into a pro-oxidative en-
zyme are usually known as sabotage inhibitors.
Characteristic subversive substrates are reduced in
single-electron steps to the respective radicals that
further react with molecular oxygen yielding su-
peroxide anion radicals, thus increasing the conse-
quences of oxidative stress. The subversive proc-
ess may occur avoiding the regeneration of T
(SH)2, in case that the acting reductase is TR
[298]. Among compounds that can act subversive
substrates of TR and other flavoenzymes it can be
considered nitrofurans and naphthoquinones
(Table 8) [297, 299]. Nitrofuran compounds, mod-
erate inhibitors of TR and GR and the compounds
nifuroxime, nifuroxazide, and nifurprazine,
showed to be the most promising derivatives, since
they were redox-cycled by the 7. cruzi flavoen-
zymes lipoamidedehidrogenase (LipDH) and TR
having pronounced antiparasitic effects on 7. cruzi
cultures, suggesting that these nitrofuran deriva-
tives as trypanocidal drugs [299]. The bactericidal
nitrofuran derivative chinifur is an inhibitor and
subversive substrate of TR that interacts weakly to
some structurally related antioxidant enzymes
[300]. However, a series of nitrofurazones and ni-
trothienyl analogues derivatives, proposed as TR
inhibitors, in which the semicarbazide moiety con-
sisted of different alkyl and aromatic chains aim-
ing at mimicking the spermidine part of trypan-
othione were not found to be significantly better
inhibitors of 7. cruzi in in vitro growth [301].
When hydroxymethylnitrofurazone (NFOH), gen-
erated by the addition of a hydroxymethyl group to
nitrofurazone was tested in a murine model of
Chagas' disease, a dramatic reduction of para-
sitemia levels similar to that obtained with Bz was
observed. The percent of mortality were 16%, 33%
and 66% espectively for NFOH, Bz and placebo
groups [302]. On the other hand, nitrofurazone
was highly toxic, leading to an overall rate of mor-
tality near to 75%, requiring the interruption of the
treatment. Naphthoquinones readily suffer redox
cycling in aerobic conditions. Several natural
naphthoquinones and synthetic derivatives, have
been tested as trypanocidal agents [297, 303, 304].
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Among them, menadione, plumbagin, and lapa-
chol although presenting trypanocidal activities,
interacted with 7cTR as well as 2GR [305]. A se-
ries of menadione, plumbagin, and juglone deriva-
tives have been synthesized in order to obtain try-
panocidal compounds specific for 7cTR [297].
Two 1, 4-naphthoquinone moieties linked by a
polyamine spacer were contained in two of the
most strong derivatives [297]. A significant try-
panocidal activity is not obtained by inhibiting TR
alone but the combination of both inhibition of
T(SH)2 reduction and redox cycling is required to
render the parasite more susceptible to free radical
species detrimental effects [303].

Later, knowing that methylene blue display try-
panocidal activity, when this phenothiazine drug
was tested on a quantity of specific molecules of
the parasite antioxidant metabolism, disulfide re-
ductases and its thiol products, 7cTR inhibition
was detected [306]. Also, the diaryl sulfide-based
TR inhibitors (TRIs) were investigated as subver-
sive substrates with anti-7. cruzi properties [307].

b. Ajoene. The spontaneous degradation prod-
uct of the major sulfur garlic-derived natural com-
pound allicin, ((E,Z)-4,5,9-trithiadodeca-1,6,11-
triene-9-oxide), is known for its antifungal, antivi-
ral, anti-trypanosomal, and antimalarial activity.
Additionally, it is a covalent inhibitor and subver-
sive substrate of both human GR and 7. cruzi TR.
The study of a crystal structure of GR inhibited by
(E)-ajoene evidenced a mixed disulfide between
the active site Cys58 of the enzyme with a specific
moiety of ajoene. The flavoenzymes and ajoene
interact increasing the cellular oxidative stress.
Part of the antiparasitic and cytostatic actions of
ajoene may at least be due to the numerous effects
on key enzymes of the antioxidant thiol metabo-
lism (Table 8) [308].

c. Organ metallic complexes. Some platinum
IT organometallic complexes are extensively used
in therapy of cancer. They are also irreversible
ligands of 7cTR, but not of GR, with both in vivo
and in vitro trypanocidal activities assays [309,
310]. On the other hand, it was reported that com-
plexation of the known antiparasitic drug keto-
conazol with ruthenium II or Il and rhodium II
enhanced the activity of the parental drugs dis-
abling primary and secondary drug resistance
[311]. Synthesized copper (II) and gold (I) clotri-
mazole and ketoconazole complexes exhibited
higher inhibitory activity on 7. cruzi proliferation
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than their own parental compounds [312]. Isis In-
novation Ltd presented a patent claiming that some
(2, 2 ’6 °2 ’’terpyridine) platinum II complexes
were useful as antitumoral and antiprotozoal
agents [313] (Table 2). Nearly forty complexes
including pyridine-2-thiolate-(4-chloro-2, 2°, 6’,
2’terpyridine) platinum (II), were synthesized,
inhibited the TR reduced form and were active on
T. cruzi and other trypanosomatids. The Mannich
bases, unsaturated irreversibly compounds inacti-
vated 7cTR and exposed a divinyl ketone as the
active compound responsible for the enzyme inac-
tivation by structural studies [314]. Among sixteen
palladium (II) complexes with some bioactive ni-
trofuran-containing thiosemicarbazones as ligands,
many of them showed higher in vitro growth inhi-
bition against 7. cruzi than Nx and potent DNA
binding but the main mechanism of action seems
to be due to the oxidative stress as a result of their
bioreduction and extensive redox cycling. Addi-
tionally, the complexes were shown to be irre-
versible TRI [315] (Table 8).

2.4.1.2. Reversible Inhibitors (Table 8)

a. Tricyclic compounds. Tricyclic neuroleptic
compounds have been considered as an auspicious
class of TRIs [316]. Trypanocidal effects on epi-
mastigote and trypomastigote forms are exerted by
clomipramine, trifluopherazine combined with thi-
oridazine, and prometazine. Also, clomipramine
and thioridazine resulted effective in in vivo mod-
els [317] (Table 8). Clomipramine led to 70%
mice survival after more than 2 years, preventing
the evolution to fibrosis of the inflammatory infil-
trates [318, 319]. However, the psychotropic activ-
ity of clomipramine rules out its use as che-
motherapeutic agent. Analogs of this drug contain-
ing a tricyclic dibenzosuberyl moiety and a series
of polyamines substituted with N-dibenzosuberyl
structure were prepared. The analogs of clomi-
pramine were poor TRIs, while the polyamine de-
rivatives were effective with the strongest com-
pound, N(4),N(8)-bis(dibenzosuberyl)spermine(7),
having a Ki value=0.26 mM [320].The transmis-
sion of Chagas disease by blood transfusion could
be prevented by the acridine derivative mepacrine,
which similarly to phenothiazines, acts as TR re-
versible competitive inhibitor but not of GR. Fi-
nally, a crystallographic TR-inhibitor complex was
obtained coupling mepacrine to the active site of
T. cruzi TR [321]. Furthermore, studies in conjuc-
tion of biological activities, mutation studies, and
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virtual ligand docking simulations performed with
a new series of TR small-molecule inhibitors led
to the prediction of a binding mode that was con-
firmed by crystal structure analysis. The binding
conformation and potency of the inhibitors re-
sulted wide-ranged between TR from 7. brucei
and 7. cruzi [322]. A synopsis of the diverse tri-
cyclic compounds, strong TRIs displaying inhibi-
tory activities against parasites has been recently
reported [323].

b. Aminodiphenylsulfides. Some compounds
with lesser neuroleptic activity than phenothiazi-
nes corresponding to a series of 2-amino diphenyl-
sulfides were synthesized resulting strong TRIs,
demonstrating that extremely bulky ligands pro-
vided easy accommodation to the enzyme active
site (Table 8) [324, 325].

c. Polyamine derivatives. The analysis of nu-
merous synthesized polyamine-based inhibitor
compounds showed that many of the spermine de-
rivatives were significantly more effective than the
equivalent spermidines [326] (Table 8). A library
of spermidine-peptide conjugate was screened ex-
posing that N 1, N 1, N 4, N §, N 12-penta (3-
phenylpropyl) spermine was the greatest effective
competitive inhibitor of 7cTR. The compounds of
this series resulted potent trypanocides, but a clear
correlation between enzyme inhibition and anti-7.
cruzi activity was not demonstrated. Numerous
synthesized polyamine derivatives showed to be
strong competitive inhibitors of 7c¢TR. Among
them, compound 12 showed to be the most effec-
tive inhibitor studied [327]. The natural spermine
derivative from the root bark of Lycium chinense,
kukoamine A, a mixed-type inhibitor of TR,
showed no significant inhibition of human GR
[328]. The synthesis of benzofuranyl 3, 5-bis-
polyamine derivatives was reported, resulting as
time-dependent inhibitors of 7cTR. In addition,
the design of the spermidine-bridged macrocyclic
alkaloid lunarine 1, showed to be a known time-
dependent TRI. In the series of the bis-
polyaminoacrylamide derivatives, the compounds
2 and 4 were shown to be competitive inhibitors,
but only the bis-4-methyl-piperazin-1-yl-
propylacrylamide derivative 4 (Table 8) displayed
time-dependent activity [329].

d. Bisbenzylisoquinoline alkaloids. Daphno-
line and cepharanthine showed to be TRIs, the first
one exhibited parasitological cure rate (70%) simi-
lar to Bz in an acute mice model (Table 8) [330].
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Table8. Trypanothione reductase inhibitors. Representative compounds.

I-Irreversible Inhibitors

a- Subversive substrates or sabotage inhibitors [301-307]

b- Ajoene [308]
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e. Quaternary arylalkylammonium phe-
nothiazines. In order to introduce a permanent
positive charge into inhibitor molecules, a series of
substituted benzyl [3-(2-chloro-phenothiazine-10-
yl) propyl] dimethylammonium salts were synthe-
sized by quaternization of the tertiary alkylamine
omega-nitrogen atom of chlorpromazine, resulting
linear competitive inhibitors of recombinant 7c¢TR,
with either trypanothione disulfide or N-
benzyloxycarbonyl-L-cysteinylglycyl 3-dimethy-
laminopropylamide disulfide as substrate. The
most potent inhibitor of this series showed about
two orders of magnitude more inhibitory than the
parent chlorpromazine rendering a Ki value of
0.12 uM [331]. The quaternization of the nitrogen
atom of 2-amino-4-chlorophenyl phenyl sulfide
analogues of chlorpromazine enhanced the inhibi-
tion of 7cTR nearly forty-fold times with a linear
competitive Ki value in the uM range [332]. A
new Receptor-Dependent LQTA-QSAR approach
was proposed as a new 4D-QSAR method to carry
out molecular dynamics simulations in order to
generate a conformational profile based on a group
of 38 phenothiazine derivatives acting as specific
competitive TRIs. A combination of molecular
docking and molecular dynamics simulations was
used to evaluate the binding mode of the phenoti-
azine derivatives and the descriptors could assist to
design novel inhibitors [333]. One of the most po-
tent phenothiazines capable to inhibit TR irre-
versibly is thioridazine (TDZ). The eftect of TDZ
on mice infected with different 7" cruzi strains and
treated at the acute or chronic phase was studied.
The treatment strongly reduced the mortality rates,
the cardiac histological and electrocardiographical
abnormalities, and modified the natural evolution
of the experimental infection (Table 8) [334].

f. Nitrofuryl derivatives. In a series of novel
S-nitrofuryl derivatives designed to contain in the
same molecule the nitro group, an oxidative stress
promoter, and lateral chains that could interact

with TR, 75% of them were more active on epi-
mastigotes than Nx [335, 336]. The antimicrobial
chlorhexidine linear competitive inhibitor {1, 1'-
hexamethylenebis  [5-(4-chlorophenyl)  bigua-
nide]}, and a piperidine derivative acting as mixed
inhibitor are two structurally novel types of TRIs
but not of GR. These compounds did not exert an
improved inhibitory activity when compared to
chlorhexidine, but the change from competitive to
mixed-type inhibition resulted beneficial, since
substrate accumulation did not overcome inhibi-
tion [337].

g. Mesoionic 1,3,4-thiadiazolium-2-aminide
derivatives. Studies of a series of mesoionic 1,3,4-
thiadiazolium-2-aminide derivatives evidenced to
(MI-HH; MI-3-OCH(3); MI-4-OCH(3) and MI-4-
NO(2)) as the most active compounds determining
their effect on TR activity in Leishmania sp. and T.
cruzi. Only compound MI-4-NO(2) caused en-
zyme inhibition effect on extracts from parasites
cultures, which was confirmed by using the re-
combinants 7cTR and L. infantum TR [338].

h. 5-Nitro-2-furaldehyde semicarbazones
and 1[(SR1thiophene derivatives. MDL28302
and MDL29431, two N,N'-thiophene-substituted
polyamine analogs inhibited trypomastigotes in-
fectivity in mammalian host cells and this effect
was reversible. Their effects were abrogated by
MDL72527, known inhibitor of polyamine oxi-
dase (PAO). The PAO competitive substrates -N1-
acetylspermine and Nl-acetylspermidine also
abolished the effect induced by MDL28302 or
MDL29431. These compounds when added to in-
fected cultures caused a marked reduction in intra-
cellular parasite proliferation [339]. In vitro and in
vivo trypanocidal activity of some nitrofurazones
(5-nitro-2-furaldehyde semicarbazones) and thio-
phene analogues against 7. cruzi were studied by
applying the SIMCA methodology to the electro-
static and steric fields (CoMFA fields) of the
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molecules, 3D-QSAR models were obtained.
When nitrofurazones bearing N4 substituents were
tested, a complete survival was observed in in-
fected mice. The in vitro model allowed larger N4
substituents than the survival model, but positive
centres in the region from the nitro group were not
tolerated. Likewise, the in vitro model was in line
with the active site of TR. Both models could be
used in the design of new drugs containing an am-
ide-like group at a distance of 7-9 A from a defi-
nitely reducible group [340].

i. Natural product scaffolds. The harmaline
10-thiaisoalloxazine and aspidospermine frame-
works were identified as the base of T. cruzi TRIs,
showing linear competitive inhibition with Ki val-
ues in the mM range [341]. In a screening using
TcTR, the crude extract of the the fungus Lentinus
strigosus was able to strongly inhibit the enzyme.
By using a bioassay guided fractionation of this
extract, the triquinane sesquiterpenoid hypno-
philin, and the panepoxydol derivative panepoxy-
done inhibited TR. Hypnophilin also killed intra-
cellular amastigotes [342]. An organic extract
from a culture of the endophytic fungus Alternaria
sp, isolated from the plant Trixis vauthieri, inhib-
ited almost 99% TR, and its fractionation led to
altenusin, a biphenyl derivative showing also with
high activity against the enzyme [343].

j- Dethiotrypanothione analogues. The synthe-
sis of these macrocycles feature ring-closing olefin
metathesis reactions rendered a derivative number
4 as the most potent inhibitor of 7. cruzi TR ob-
tained with a Ki=16 uM (Table 8) [344].

k. Aryl B-aminocarbonyl derivatives. Three
QSAR models were built and validated using dif-
ferent alignments based on docking with the 7cTR
crystal structure, pharmacophore, and molecular
interaction fields. The models obtained assured
that this second generation of GRIND descriptors
was able to detect the most important TR residues
for binding the aryl B-aminocarbonyl derivatives,
rationalizating distances among them. Finally, a
revised binding mode has been proposed for these
inhibitors, allowing further optimization of the
lead compounds with such combined structure-
and ligand-based approaches in the fight against
the Chagas disease [345].

1. Substrate analogue compounds. These type
of compounds were synthesized and evaluated
showing to be low micromolar 7. cruzi TRIs. Two
of them were designed as potential irreversible in-
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hibitors. However, they in conjunction with a third
one, displayed reversible competitive inhibition.
Only one of them was displayed as the most potent
inhibitor with a Ki value in the uM order [346].

2.4.2. Other Enzymes of the Trypanothione Me-
tabolism

This metabolism contains other key enzymes,
besides TR, without counterparts in the mammal-
ian host, which could be also mentioned as pro-
spective drug targets [287,347]. They are v-
glutamylcysteine synthetase, trypanothione syn-
thetase, ornithine decarboxylase (ODC) and S-
adenosylmethionine  decarboxylase (S-ADC),
similarly to the proposed for polyamine trans-
ported [348, 349]. Peroxide detoxification in this
parasite is achieved by ascorbate peroxidase and
different thiol-dependent peroxidases.

In order to study the efficiency of targeting
each pathway enzyme, different characteristics
were considered: (i) the kinetic properties of the
enzyme and the antioxidant metabolite concentra-
tions and (ii) the existing knowledge and investi-
gational methods for the study of the control of
fluxes and intermediary concentrations in these
metabolic pathways. The enzyme kinetic parame-
ters were determined under near-physiological
conditions, including glutathione synthetase. Then,
based on these parameters, the enzyme activities,
the metabolite concentrations and the fluxes meas-
ured in the parasite under control and oxidizing
conditions, a kinetic model of T(SH)2 metabolism
was constructed in 7. cruzi and the contribution of
each enzyme was quantified. The concentration of
reduced T(SH)2 was controlled by TR and oxida-
tive stress; however, YECS and TryS also con-
trolled the cellular level of T(SH)2 when more
than 70% of inhibition was found. The model pre-
dicted that in order to diminish the T(SH)2 synthe-
sis flux by 50%, while it was necessary to inhibit
vECS or TryS by 58 or 63%, respectively, or both
by 50%, more than 98% inhibition was required
for TR. For this reason, a concurrent and reason-
able inhibition of YECS and TryS appeared to be
an auspicious multi-target therapeutic strategy. By
contrast, the use of highly strong and specific TRIs
and the antioxidant machinery are necessary to
affect the parasites antioxidant capabilities [350].

Ascorbate-dependent hemoperoxidase
(TcAPx): A plant-like ER-localized ascorbate-
dependent hemoperoxidase, TcAPX, was discov-
ered in 7. cruzi. This enzyme belongs to the para-
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site oxidative defense system and is involved in
the reduction of the parasite-specific thiol trypan-
othione by ascorbate in a redox pathway involving
non-enzymatic interactions [351]. To evaluate the
relevance of TcAPx in protecting 7. cruzi from
oxidative stress and to determine if it is critical for
virulence, null mutants have been generated by
targeted gene disruption. However, TcAPx was not
essential for parasite viability within the mammal-
ian host and did not show a significant role in es-
tablishment or maintenance of chronic infections,
therefore, this enzyme should not be considered a
main concern for drug design [352].

Glutathione cycle: It is well-known that glu-
taredoxins play a main role in different cellular
functions. The gene corresponding to a putative
dithiol glutaredoxin, encoded in the 7. cruzi ge-
nome was cloned and the recombinant protein ex-
pressed resulted a characteristic thioltransferase.
The variable activity was dependent on the nature
of the reducer and/or oxidant agent used. The epi-
mastigote extracts displayed a similar activity,
suggesting that the enzyme was present in the
parasite. A redox scenario, involving glutaredoxin
mainly in reduction of glutathione disulfide as well
as in deglutathionylation process of target proteins
was supported in 7. cruzi. Thus, this cycle could
be a recognized target for the design of specific
inhibitors with antiparasitic properties [353].

a. Phosphinopeptides Structurally Related to
Glutathione. A series of phosphinopeptides struc-
turally related to glutathione was developed, two
of them showing a strong inhibitory effect on
parasite amastigotes [354].

b. Phosphonate and Phosphinate Analogues
of Glutathionyl-Spermidine. These compounds
were reported as potent inhibitors of glutathionyl-
spermidine synthetase (GspS) from E. coli, show-
ing to be similarly strong against C. fasciculata
GspS (CfGspS). The recombinant TryS from C.
fasciculata, L. major, T. cruzi and T. brucei were
inhibited by phosphinate analogues with Ki appar-
ent values 20-40-fold greater than that of CfGspS.
This phosphinate analogue remained to be the
strongest enzyme inhibitor identified yet, repre-
senting a good starting point for drug discovery for
these tropical diseases [355].

c. 5-Nitrofuran derivatives. In the last years,
several  potential  antiprotozoal  containing
thiosemicarbazone and carbamate nitrofurans have
been studied by cyclic voltammetry and electron
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spin resonance techniques. A self-protonation
process involving the nitro group was observed.
Cyclic voltammetry studies have demonstrated
that glutathione could react with radical species
from S-nitrofuryl system. The nitrofuran-free radi-
cals were characterized by electron spin resonance.
The dependence between both the thiosemicarba-
zone or carbamate substructure and the length of
the linker, furyl- or furylpropenyl-spacer was ob-
served. A selective anti-trypanosomal activity of
these derivatives was found. All the derivatives
resulted active in a dose-dependent way on epi-
mastigotes and trypomastigotes [356].

Tryparedoxin: The tryparedoxin-dependent
peroxide detoxification pathway is the main oxida-
tive-stress defense in 7. cruzi. It is constituted by
the enzymes TR, tryparedoxin (TXN), trypare-
doxin peroxidase (TXNPx) and tryparedoxin-
dependent glutathione peroxidase A (GPxA).
TXNs, are unique multipurpose oxidoreductases,
members of the thioredoxin superfamily from try-
panosomatids, responsible for the transference of
reducing equivalents from trypanothione to dithiol
proteins as sulfur-dependent peroxidases. In try-
panosomes, TXNs but no thioredoxins are the
oxido-reductases of peroxiredoxins. Two genes
codifying for TXN-like proteins have been identi-
fied in 7. cruzi. They are TXNI, characterized as a
cytoplasmic protein capable to intervene in the
electron transfer between trypanothione and perox-
iredoxins, and TXNII, a putative tail-anchored
membrane protein [357]. TcTXNI1 interacting-
proteins were discovered, increasing the knowl-
edge on 7. cruzi redox interactome. Studies on this
interactome included the design of an active site
mutant protein lacking the resolving cysteine, and
the validation of the in vifro complex between the
mutated 7cTXN1 and the cytosolic peroxiredoxin.
This mutant protein was expressed, heterodisulfide
complexes were isolated and identified by 2-
DE/MS. Thus, fifteen TcTXNI1 proteins involved
in oxidative metabolism and protein synthesis and
degradation were identified [358]. The gene region
coding for the soluble version of TXNII was
cloned, expressed and showed TXN activity. It
was also able to transfer reducing equivalents from
trypanothione, glutathione, or dihydrolipoamide to
various acceptors, including methionine sulfoxide
reductases and peroxiredoxins supporting the oc-
currence and functionality of a second trypare-
doxin, as a new component in 7. cruzi redox sce-
nario [359]. Metabolic Control Analysis estab-
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lished that while 10% control was attained by TR,
the TXN-TXNPx and tXN-GPxA redox pairs con-
trolled the pathway flux by 90 to 100%. Quantita-
tive kinetic and metabolic analyses pointed out to
TXN as a convenient drug target due to its low
catalytic efficiency, high control on the flux of per-
oxide detoxification and role as supplier of reducing
equivalents to the two parasite major peroxidases
[360]. These oxidoreductases mediators of electron
transfer between trypanothione and peroxiredoxins
constitute a difference with the host cells, in which
these activities are mediated by thioredoxins. These
differences mark TXNs an interesting target for the
improvement of therapeutic agents. The interactions
of TcTXNII were investigated. An active mutant
with the absence of the resolving cysteine was de-
signed, expressed and incubated with 7. cruzi pro-
teins. The hetero-disulfide complexes were purified
by affinity chromatography and identified by elec-
trophoresis followed by MS. Sixteen 7cTXNII in-
teracting proteins involved in relevant cellular
processes were thus identified [361].

2.5. Glyoxalase System

The glyoxalase system, involving two metal-
loenzymes glyoxalase I (GLO1) and glyoxalase II
(GLO2), is a nearly ubiquitous metabolic pathway
linked to the detoxification of extremely reactive
aldehydes such as the glycolytic byproduct meth-
ylglyoxal to D-lactate, by using glutathione as a
cofactor. Methylglyoxal is a toxic by-product of
glycolysis and other metabolic pathways. In
mammals, the main route for detoxification of this
reactive metabolite is via the glutathione-
dependent glyoxalase pathway forming D-Lactate,
containing lactoylglutathione lyase and hydroxya-
cylglutathione hydrolase. Recent studies have re-
vealed a single requirement upon the thiol trypan-
othione as a cofactor in trypanosomatids, suggest-
ing that the trypanothione-dependent glyoxalase
system may be a striking target for rational para-
site drug design. The enzymes in 7. cruzi and
Leishmania spp. have shown more than 200-fold
selectivity for both glutathionylspermidine and
trypanothione over glutathione. Thus, they are lac-
toylglutathionylspermidine lyases and hydroxya-
cylglutathionylspermidine hydrolases. The strict
substrate specificity of the parasite GLO enzymes
can be directly attributed to their unusual active
site architecture. Unconventional routes of meth-
ylglyoxal detoxification have been studied almost
two decades ago in order to exploit trypanoso-
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matid glyoxalase enzymes as targets for chemo-
therapy [362, 363]. Trypanosoma cruzi GLO1 was
cloned, expressed and characterized, showing to
be able to isomerise hemithio-acetal adducts of
trypanothione more than 2400 times more compe-
tently than glutathione adducts, and being methyl-
glyoxal adducts 2-3-fold improved substrates than
the comparable phenylglyoxal ones. However, glu-
tathionylspermidine hemithioacetal adducts were
isomerised in a more efficient way [364]. Methyl-
glyoxal metabolism was compared in trypanoso-
matids showing the major differences in 7. cruzi
compared to those present in L. major and T.
brucei [365]. An enzyme presenting glutathionyl-
spermidine synthetase activity, showed differences
in several physicochemical parameters as compared
to known enzymes with similar activities. It was
early patented by a research german group, the new
procedure to isolate this enzyme from C. fascicu-
lata, the way for produce it in genetically trans-
formed organisms, and its use as a target for the
discovery of trypanocidal drugs [366] (Table 2).

Protozoan parasites showed marked deviations
in the GLO pathway. Among them, the functional
replacement of glutathione by trypanothione as a
characteristic of trypanosomatids can be men-
tioned. These differences in the methylglyoxal me-
tabolism in protozoan parasites indicate their po-
tential therapeutic value. GLO enzymes charac-
terization, vital features of the GLO pathway in the
main human protozoan parasites, particularly in
those from P. falciparum, T. brucei, T. cruzi, and
Leishmania spp., in addition to the genes codifying
for GLO 1 and Il in FEntamoeba histolytica,
Toxoplasma gondii, and Giardia lamblia have
been reviewed a few years ago [367].

S-4- Bromobenzylglutathionylspermidine, a glu-
tathionylspermidine-based inhibitor was found to
inhibit the 7. cruzi enzyme in a potent linear com-
petitive mode with a Ki near to 5 uM. The predic-
tion algorithms, in conjunction with subcellular
fractionation, suggested that 7cGLOI1 in epimas-
tigotes is located in the cytosol and the mitochon-
drion. The opposing substrate specificities of hu-
man and trypanosomatid GLO enzymes suggested
this system might be another striking drug target
[365].

2.6. Glycolysis and Glyconeogenesis

The metabolic processes named glycolysis and
glyconeogenesis play essential roles as ATP
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source and synthesis of glycoconjugates, relevant
for the viability and virulence, respectively, of the
human-pathogenic forms of trypanosomatids.
Therefore, the two pathways are targets for anti-
parasitic drugs. In 7. cruzi amastigotes, it was de-
scribed that possibly the energy entirely derives
from glycolysis [368]. The glycolytic pathway has
been first recognized as the unique mechanism for
ATP generation in the infective stage of these or-
ganisms, and many glycolytic enzymes have been
identified and studied as potential drug targets:

Phosphofructokinase (PFK). The gene that
codifies for 7. cruzi CL Brener phosphofructo-
kinase (PFK) and the recombinant enzyme have
been characterized. In contrast to previous reports,
kinetic properties and size of the PFK genes in the
T. cruzi strains studied resulted similar to those of
L. mexicana and T. brucei homologs. Regarding
the comparison of sequences from genes of differ-
ent eukaryotes, it was shown that, although being
an ATP-dependent enzyme, T. cruzi PFK showed
a substantial sequence matching with inorganic
pyrophosphate-dependent PFKs [369].

ML251 is a novel potent inhibitor of 7. brucei
and T. cruzi PFKs, active in the nM order, and the
SAR within the series have been described [370].

Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). The comparison between the glycoso-
mal GAPDH (gGAPDH) and that present in the
mammalian counterpart showed structural differ-
ences favoring the improvement of specific inhibi-
tors. Although adenosine was found to be a very
unfortunate inhibitor, the obtainment of disubsti-
tuted nucleosides by addition of substituents to the
2' position of ribose and the N6-position of adeno-
sine 1, showed that the adenosine derivative [N6-
(1 naphthalenemethyl)- 2’-(3-chlorobenzamido)
adenosine] inhibited amastigotes growth but no
effect was observed on the corresponding GAPDH
human enzyme. It has been suggested that a tight
binding competitive inhibitor of this glycolytic
pathway enzyme might block the energy produc-
tion in trypanosomatids [371, 372].

T. cruzi and T. brucei gGAPDHs showed high
homology (> 95 %). However, some specific in-
teractions identified could be useful to design se-
lective irreversible inhibitors against 7. cruzi
gGAPDH. The use of two different approaches
resulted in the identification of three hits chemical
classes with moderate inhibitory activity (high mi-
cromolar range) against this enzyme [373].
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GAPDH is also involved in nuclear functions, in-
cluding transcriptional control, and maintenance of
telomere structure, among others. It was proposed
that the balance in the NAD+/NADH ratio during
T. cruzi life cycle homeostatically controls
GAPDH telomere association, suggesting that re-
dox status locally modulates the association of
GAPDH enzyme with telomeric DNA [374].

Coumarin derivatives. The design of a series of
3-piperonylcoumarins derivatives as inhibitors of
T. cruzi gGAPDH was focused on the structures of
previously identified natural products. Regarding
the biological activity, the molecules could be
clustered in different groups according to chemical
substitutions, finding that the best active synthe-
sized derivatives contained heterocyclic rings at
position 6. When molecular modeling studies of
these derivatives by docking assays were com-
pared to natural hit chalepin, suggested a different
mode of binding [375]. In order to develop a dual
target enzyme inhibitor against the parasites 7.
brucei and T. cruzi, a series of quinone-coumarin
hybrids against GAPDH/TR was designed and de-
veloped. The synthesized molecules were character-
ized by enzyme assays and in in vitro parasite cul-
tures showing good inhibition parameters at the uM
range both against ThGAPDH and TcTR. Strik-
ingly, 2-{4-[6-(2-dimethylaminoethoxy)-2-ox0-2H-
chromen-3-yl]phenoxy}anthracene-1,4-dione  dis-
played a remarkable EC50 value for 7. brucei para-
sites (0.026 uM) combined with very low cytotox-
icity toward mammalian cells, at least partially due
to the fact that it does not inhibit human GR [376].

Cis and trans-methylpluviatolides. The SAR for
racemic  mixtures of cis- and  trans-
methylpluviatolides was evaluated in vitro by us-
ing trypomastigotes and an enzymatic assay with
T. cruzi gGAPDH. A trypanocidal activity with
IC50 value in the pmolar range was exhibited by
the combination of the trans-stereoisomers. Only
the (-) enantiomer was active and despite being
inactive the (+) enantiomer acted as an antagonis-
tic competitor. In addition, at the evaluated con-
centrations trans-methylpluviatolide displayed low
toxicity, and neither inhibited gGAPDH activity
nor hindered peroxide and NO production [377].

"Bi-Substrate" analogues. A series analogues
was synthesized as potential inhibitors of the
GAPDH, and only one compound was identified
as capable to inhibit this enzyme with good affin-
ity and a 50-fold high specificity [378].
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Anacardic acids, glucosylxanthon and flavon-
oid derivatives. Seven natural products were iden-
tified as novel inhibitors of 7. cruzi GAPDH by
combination of structure and ligand-based virtual
screening techniques, including anacardic acids,
flavonoid derivatives, and one glucosylxanthon.
The structural diversity of this series might be
considered for future medicinal chemistry [379].
Also, the evaluation of the inhibitory effects of a
library of natural and synthetic anacardic acid de-
rivatives against GAPDH showed among the best
potent inhibitors the compounds 6-n-pentadecyl-
and 6-n-dodecylsalicilic acids. Trypanosoma cruzi
GAPDH-catalyzed reaction analysis showed that
these derivatives were non-competitive inhibitors
with respect to both substrate and cofactor [380].
Novel ruthenium compounds, NO donors, cis-[Ru
(NO)(bpy)(2)L]X(n)) showed inhibitory effect on
this enzyme, exhibiting strong in vitro and in vivo
activities at doses up to 1000-fold lower than Bz.
One of the mode of action of these compounds oc-
curs via the S-nitrosylation of Cysl66 of 7. cruzi
GAPDH [381].

Hexose-phosphorylating enzymes. In 7. cruzi,
the essential substrate glucose is intracellularly
phosphorylated to glucose-6-phosphate. In most
organisms, hexokinase (HK) is the first enzyme
that participates in the glycolysis. Unlike to the
human enzyme, the corresponding enzyme in 7.
cruzi presented an unusual inhibition by inorganic
diphosphate (PPi) [382]. Additionally, an ATP-
dependent glucokinase (GlcK) displaying a ten-
fold inferior substrate affinity in comparison with
the hooknose was further identified in 7. cruzi.
The two enzymes, from the same family but be-
longing to very different groups, are located in
glycosomes of kinetoplastids which contain the
first seven glycolytic steps as well as enzymes of
the oxidative branch of the penthose phosphate
pathway (PPP). After cloning and sequencing and
expression of GlcK genes of 7. cruzi and L. major,
the recombinant soluble and active enzymes,
TcGlcK and LmjGlcK were purified and kineti-
cally characterized. It was found that no inhibition
was exerted either by glucose-6-phosphate or by
PPi. The absence of inhibition by PPi is in contrast
to the observed for the 7. cruzi and L. mexicana
hooknoses [383]. The analysis of the crystal struc-
ture of TcGlcK exposed the oligomerization and
anomer specificity of hexose-phosphorylating en-
zymes. The fact that TcHK and GIlcK showed
preference for distinct anomers suggested that
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these enzymes are not directly competing for the
same substrate and perhaps exert different physio-
logical functions [384].

Bisphosphonates These non-hydrolysable ana-
logues of PPi are strong7cHK inhibitors. Analys-
ing a series of 42 bisphosphantes, the most active
compound against 7cHK displayed IC50 value
versus intracellular amastigotes in the pM range
[382]. The effect of the three more active com-
pounds of this series was analyzed on purified
TcHK, on the enzyme in purified intact gly-
cosomes, on glucose consumption by intact and
digitonin-treated parasite epimastigotes, and on the
parasite growth [385]. They were non-competitive
or mixed 7cHK inhibitors, resulted several orders
more active than PPi, were able to block the use of
glucose by the epimastigotes, and did not alter the
sterol composition, demonstrating that they were
not inhibitors of FPPS and suggesting that these
bisphosphonates acted formerly as specific 7cHK
inhibitors and might signify a new class of selec-
tive trypanocidal agents [386].

Glucose-6-phosphate dehydrogenase (G6PDH).
In T. cruzi, G6PDH, a key enzyme in the parasite
glycolytic pathway catalyzes the oxidative phos-
phorylation of D-glyceraldehyde-3-phosphate to 1,
3-bisphosphoglycerate associated to the reduction
of oxidized NAD to NADH. The cloning, sequenc-
ing, expression of 7cGAPDH was followed by pu-
rification and characterization of the recombinant
protein. Response surface methodology allowed
further determining the region of optimal condi-
tions for the enzyme [387].

Human steroids. Steroids such as dehydroepi-
androsterone (DHEA) and epiandrosterone (EA)
exert multiple effects in mammals including the
inhibition of G6PDH. Although this inhibition was
initially considered specific for the mammalian
enzyme, it was later shown that DHEA and EA
also inhibited 7. cruzi G6PDHs but not the enzyme
from Leishmania species. In addition, in vitro
studies on these steroids showed that they were
capable to kill trypanosomes. In contrast to wild
type trypanosomes, mutant forms expressing L.
mexicana G6PDH were not susceptible to the ster-
oids, indicating that GOPDH is the in situ target. In
addition, the use of bromo-derivatives of the ster-
oids showed 50-100 fold lower Ki' values for
G6PDH displaying an increased trypanocidal
strength [388].
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Triosephosphate isomerase (TIM). The single
gene that encodes for T¢TIM was cloned and se-
quenced. The native form of the enzyme was early
purified from epimastigotes. The crystal structure
analysis showed two hexanes localized at <4 A
from residues that form the dimer interface, near to
a site considered as potential target for drug design
[389]. In T. cruzi glycolytic pathway, TcTIM ex-
hibits high catalytic rates of glyceraldehyde-3-
phosphate- and  dihydroxyacetone-phosphate-
isomerization only in its dimeric form. Thus, to
become in selective anti-Chagas disease drugs,
compounds must be able to specifically disrupt
TcTIM but not human TIM (hTIM) dimer inter-
face. It is an essential 7. cruzi enzyme and one
of the potential drug targets for Chagas disease.
The impact of E104D, the most frequent mutation
in the autosomal "TPI deficiencies" in humans,
was studied in TIMs from different organisms in-
cluding 7. cruzi. The mutation affected the rate
and extent of formation of active dimers from un-
folded monomers differentially and produced con-
siderable changes in activation energy in 7cTIM,
indicating that the role of a conserved non-
catalytic residue is extremely dependent on its mo-
lecular background [390].

Benzothiazoles. The compounds 3-(2-benzo-
thiazolylthio)-propanesulfonic acid, 2-(p-amino-
phenyl)-6-methylbenzothiazole-7-sulfonic acid, and
2-(2-4(4-aminophenyl)  benzothiazole-6-methyl-
benzothiazole-7-sulfonic acid were among the
strongest inhibitors of 7¢TIM. The half-maximal
inactivation was shown with 33, 56, and 8 mi-
croM, respectively; in comparison with human
TIM, which required 422 microM, 3.3 mM, and
1.6 mM. In TcTIM, the effect of the benzothia-
zoles decreased as the enzyme concentration in-
creased. 7cTIM and human TIM differ in the spe-
cific amino acid cysteine localized in dimer inter-
face of the parasitic enzyme. All the findings sug-
gested that the benzothiazoles perturb the interac-
tions between the two subunits of 7¢TIM and that
the interface cysteine is central in their harmful
action [391]. The possible binding sites at the in-
terface of TcTIM showed that fully flexible ben-
zothiazoles were docked onto the dimer interface,
purposing that the dimer disruption was not via
Cys 15, as presented in last studies, but it could be
carried out through the unstabilization of pi-pi in-
teractions of two aromatic clusters present in the
interface, enabling a novel alternative for rational
SAR for drug design [392]. In addition, 3-(2-
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benzothiazolylthio)-propanesulfonic acid (BTS)
has been described as a powerful and selective in-
hibitor of 7¢TIM [393].

Enzyme-dimer-interface-irreversible inhibitors.
Taking into account that 7cTIM exhibits high cata-
lytic rates of glyceraldehyde-3-phosphate- and di-
hydroxyacetone-phosphate-isomerization only in
its dimeric form, as above described, the enzyme
was screened against an in-house chemical library
containing about 230 compounds fitting to differ-
ent chemotypes. After a second screening, 26
compounds corresponding to 8 different chemo-
types were positives. In addition to the in vitro ac-
tivity displayed against 7. cruzi, 4 compounds ex-
hibited selectivity for 7cTIM over hTIM [388].

Phenazine, thiadiazole and thiadiazine deriva-
tives. The mechanism of inhibition of 7c¢TIM by
1,2,4-thiadiazol, phenazine and 1,2,6-thiadiazine
derivatives was investigated. To this aim, bio-
chemical and molecular docking studies combined
with molecular dynamics simulations were per-
formed in order to study their interaction with
wild-type and mutant 7¢TIM. It was shown that
phenazine and 1,2,6-thiadiazine derivatives, 2 and
3, act as dimer-disrupting inhibitors of 7¢TIM
having also allosteric effects in the conformation
of the active site. These compounds induced a high
selective irreversible inactivation of this parasitic
enzyme at low mM concentrations. Simulations
obtained by molecular docking indicated the pos-
sible interference between the phenazine deriva-
tive and the association of the two monomers of
the dimeric enzyme by localizing at the dimer in-
terface, while 1,2,6-thiadiazine could act as an in-
hibitor binding to a region surrounding Cys-118
[394]. On the other hand, the binding of 1,2,4-
thiadiazol derivative 1 into the active site caused a
significant decrease in enzyme mobility in both
monomers. The loss of conformational flexibility
upon compound 1 binding suggests that this in-
hibitor could be preventing enzyme optimal activ-
ity. The elucidation of the mode of action of this
kind of inhibitors could help future rational novel
drug design [395].

Bis-thiazole and 3H-[1.2] dithioles derivatives.
Some bisbenzothiazoles had been described as ir-
reversible inhibitors of this druggable 7¢TIM and
novel bioactive furane-containing thiazoles had
been reported as excellent in vivo anti-T. cruzi
agents. Therefore, new bis-thiazoles were designed
and developed. The bis-thiazol 5, 3,3’-allyl-2,2’-
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bis[3-(2-furyl)-2-propenylidenehydrazono]-2,2°,3,3’-
tetrahydro-4,4’-bisthiazole, showed the best in vi-
tro anti-T. cruzi profile with a higher selectivity
index than Nx and Bz against parasite amastigotes.
Although this derivative displayed marginal activ-
ity against 7cTIM, the bis-thiazol 14, 3-allyl-2-[3-
(2-furyl)2-propenylidenehydrazono]-3’-phenyl-2’-

(3-phenyl-2-propenylidenehydrazono]-2,2°,3,3’-

tetrahydro-4,4’-bisthiazole, showed to be an excel-
lent inhibitor of 7c¢TIM. The authors stated that the
activity of bis-thiazol 5 in vivo, together with the
lack of in vitro mutagenic and in vivo toxicity ef-
fects, suggest an auspicious future for this com-
pound as promising trypanocidal drug exceeding
the “hit-to-lead” step in the drug development
process [396]. Additionally, 3H-[1,2] dithioles de-
rivatives also showed the ability to inhibit 7c¢TIM.
This chemotype was structurally modifyed in or-
der to analyze the influence of volume, lipophilic-
ity and electronic properties in the trypanomicidal
activity in the different structures. In addition, the
selectivity of parasites vs. mammalian cells was
also examined. With the aim to guess a possible
mechanism of action, not only the inhibition of pu-
rified 7cTIM activity was analyzed. Inhibition of
Cz, membrane sterol biosynthesis and excreted me-
tabolites, using the whole parasite, were achieved,
considering this structural framework as interesting
for the generation of new drugs for Chagas disease
[397]. The known 7¢TIM inhibitors behave poorly
or have shown low activity in the parasite.

Isocitrate dehydrogenases (IDHs). 7rypano-
soma cruzi exhibit two putative IDHs. The cloning
of both IDH genes was carried out and the recom-
binant enzymes were expressed in E. coli. Try-
panosoma cruzi IDHs are strictly dependent on
NADP+ and displayed apparent affinities towards
isocitrate and the coenzyme in the low micromolar
range. In 7. cruzi, IDHs are cytosolic and mito-
chondrial enzymes, and there is no evidence for
the typical Krebs cycle-related NAD-dependent
IDH. Hence, like in 7. brucei, the Krebs cycle is
not a canonical route in 7. cruzi. However, the cit-
rate produced in the mitochondrion could be iso-
merized into isocitrate in the cytosol and the mito-
chondrion by means of the putative aconitase,
which would provide the substrate for both IDHs.
The cytosolic IDH is significantly more abundant in
amastigotes, cell- derived and metacyclic trypomas-
tigotes than in epimastigotes, accordingly with with
the expected oxidative burst that this pathogen has
to face when infecting the mammalian host [398].
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Enolase. This glycolytic/gluconeogenic en-
zyme is commonly extremely conserved, with
comparable overall fold and matching catalytic
residues in all organisms. However, significant
differences exist between the trypanosomatid and
host enzymes, with three unique, reactive residues
close to the active site of the parasite enzyme that
might be useful for the improvement of novel try-
panocidal drugs [399].

Phosphoenolpyruvate carboxykinase (PEPCK).
ATP-dependent PEPCK is a key enzyme that par-
ticipates in 7. cruzi catabolism of glucose and
amino acids. The significant differences in the
amino acid sequence and substrate specificity of
the human PEPCK (GTP-dependent) in compari-
son with those of 7cPEPCK determine it as good
target for the development of anti-Chagas disease
drugs. The crystal structure of the recombinant
TcPEPCK was solved up to 2.0 A resolution. Al-
though the structure of the TcPEPCK was pre-
sented in 2001 providing a good basis for the
modelling of new trypanocidal drug leads. How-
ever, no specific inhibitors have been described up
to date [400].

Fructose-1,6-bisphosphatase. ~ This  glu-
coneogenic enzyme is also present. It was de-
scribed many years ago but no inhibitors have
been described yet. Details on glucose metabolism
can be found in expert revision [401].

2.7. Pentose Phosphate Pathway

In the last decade, results concerning the pen-
tose phosphate pathway (PPP) have been de-
scribed in 7. cruzi. All the enzymes of this path-
way are present in the main developmental forms
of the parasite cycle [402]. The cloning and se-
quencing of the seven enzymes of PPP were car-
ried out and the expression as active proteins was
developed. 6PGDH controls glucose flux through
the pathway by its response to the NADP/NADPH
ratio. It is encoded by a number of genes per hap-
loid genome. Although the recombinant form of
Tc6PGDH showed kinetic parameters identical to
the values reported for from mammalian counter-
parts, Km reported for NADP was significantly
lower than the value reported for the human en-
zyme, and closer to that for the 7. brucei enzyme.
These results suggested that inhibitors of
Th6PGDH might be effective for the chemother-
apy of Chagas disease. The behaviour of the en-
zyme showed to be similar to the redox regulated
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6PGDHs from chloroplasts and cyanobacteria. In
addition, a considerable 6PGDH increase was ob-
served in metacyclic trypomastigotes under oxida-
tive stress conditions, suggesting that the enzyme
might play a noticeable role in the defense mecha-
nisms against oxidative stress becoming an impor-
tant target for chemotherapy [403]. In the CL
Brener clone, the genes encoding for 6-
phosphogluconolactonase, 6-phosphogluconate
dehydrogenase (6PGD), transaldolase and transke-
tolase are present as a single copy per haploid ge-
nome. Taking into account that 6PGD is not very
stable; the enzyme stabilization was acquired by
introducing two salt bridges using site-directed
mutagenesis. Ribose-5-phosphate isomerase (Rpi)
belongs to Type B enzymes; genes encoding Type
A enzymes, present in mammals, are absent. Two
genes codify for ribulose-5-phosphate epimerase.
Several PPP enzymes have a major cytosolic com-
ponent, secondary glycosomal localization and
also minor localizations in other organelles [404].

This functional PPP is probably indispensable
in T. cruzi, for protection against oxidative stress
and also for ribose 5-phosphate (R5P) production
for nucleotide biosynthesis. The recombinant RpiB
catalyzes the isomerization of R5P to ribulose 5-
phosphate (Ru5P) showing Km values of 4 mM
(R5P) and 1.4 mM (Ru5P). An analogue of the
reaction intermediate, 4-phospho-D-erythrono-
hydroxamic acid, when the Rpi acts via a mecha-
nism involving the formation of a 1,2-cis-enediol,
was capable to inhibit the enzyme competitively.
Moreover, the lack of RpiBs in genomes of higher
animals also marks this enzyme as a feasible target
for the treatment of Chagas disease [405]. Crystal-
lographic and kinetic studies of the 7cRpiB were
reported. The structures of the wild-type and main
mutant enzyme, alone or bound to phosphate, D-
R5P, or the inhibitors 4-phospho-D-erythrono-
hydroxamic acid and D-allose-6-phosphate, have
emphasized some topography points of the active
site, showing that small conformational changes
are linked to binding. The kinetic studies have
confirmed that TcRpiB is capable to isomerize D-
R5P effectively, but not the 6-carbon sugar D-
allose-6-phosphate; in its place, this sugar acts as
an enzymatic inhibitor. The results obtained pro-
vided discernments into the action of RpiB en-
zymes and potential future work in drug design
[406]. It is worth noting that 7. cruzi trypan-
othione-dependent antioxidant system requires the
supply of NADPH, provided by G6PD and 6PGD
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enzymes to work correctly. Different patterns of
G6PD and 6PGD activities were observed among
strains along the growth curve and when cells
were challenged with H,O, reinforcing the hetero-
geneity within 7. cruzi populations and the signifi-
cance of G6PD in protecting the parasite against
ROS [407].

a. Dehydroepiandrosterone (DHEA) and
16BrEA. The administration of DHEA to infected
rats reduced blood parasite levels in the acute and
chronic 7. cruzi infection [408]. 16a-
Bromoepiandrosterone (16BrEA) inhibited the
proliferation of epimasigotes and was also a strong
TcG6PDH inhibitor [409].

b. Steroidal halogenated compounds deriva-
tives. These compounds derived from DHEA are
the best characterized inhibitors of TcG6PDH, but
also noble inhibitors of the homologue enzyme in
humans. Therefore, the absence of target selectiv-
ity might determine partial inhibition of human
G6PDH in red blood cells resulting in hemolytic
side effects. In addition, the treatment of Chagas
disease patients with steroidal drugs might also
produce unwanted androgenic side effects. Novel
TcG6PDH inhibitors were identified among
thienopyrimidine and quinazolinone derivatives by
a target-based high-throughput screening against a
commercial library. SAR for the identified hits and
structural features contributing for the enzyme se-
lectivity indicated quinazolinones as promising
leads for further optimization [410].

2.8. Enzymes From Biosynthetic Glycoconju-
gates Pathways

2.8.1. B-D-Galactofuranose (Galf) Biosynthetic
Enzymes

Galf is a constituent of parasite glycoconjugates
located on the cell surface of Leishmania Spp. and
T. cruzi, but is not present in the host mammals.
Then, it was early considered a respectable chemi-
cal therapeutic target for inhibitors design. There-
fore, alkyl, benzyl and aryl 1-thio-B-D-galacto-
furanosides were synthesized. The best inhibitor
was the compound 4-aminophenyl-1-thio-B-D-
galactofuranoside obtained by catalytic hydro-
genation of the nitrophenyl derivative, constituting
an adequate ligand for the preparation of an affin-
ity  phase  capable to  isolate B-D-
galactofuranosidases from different sources. Also,
the inhibitory activity of D-galactono-1, 4-lactone
was shown. In addition, the presence of exo B-D-
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galactofuranosidase was evidenced in 7. cruzi
[411, 412].The relevance of the B-Galf-containing
glycans has been described in parasite-cell interac-
tion and protection against oxidative stress. Recent
studies on UDP-galactose 4' epimerase (GalE),
UDP-galactopyranose mutase (UGM), and UDP-
galactofuranosyl transferase (GalfT) enzymes and
on the role of B-Galf in the disease pathogenesis
were developed. The principal role in Galf forma-
tion, its exclusive chemical mechanism, and the
lack of a homologous enzyme in humans recog-
nize UGM as the best striking drug target in the -
Galf-biosynthetic pathway of protozoan parasites
[413].

D-galactofuranosidase inhibitors. D-galacto-
furanosyl nucleoside analogues, derived by the
addition of nucleophiles to perbenzoylated-D-
galactofuranosyl isothiocyanate were firstly pre-
pared. Among them: N-D-galactofuranosyl-O-
ethylthiourethane, N-D-galactofuranosyl-4-oxoi-
midazolidine-2-thione, N-D-galactofuranosyl-4-
imidazoline-2-thione, and N-D-galactofuranosyl-
4-methoxyimidazolidine-2-thione can be mentioned.
Biological assays were performed showing that
imidazoline and imidazolidine-2-thione derivatives
acted as a new type of exo-D-galactofuranosidase
inhibitors. On the other hand, the synthesis of oli-
gosaccharides, glycoconjugates, and mimetics of
D-Galf requires specific methods for the prepara-
tion of galactose derivatives in the furanosic con-
figuration, the synthesis of appropriate acceptors,
and efficient glycosylation methods for the
construction of a- and B-D-Galf linkages [414].

2.8.2. UDP-Galactopyranose Mutase (UGM)

In T. cruzi, as well as in other pathogens, the
flavoenzyme UGM catalyzes the conversion of
UDP-galactopyranose to the precursor of the cell
surface B-galactofuranose (UDP-galactofuranose)
involved in the virulence of the pathogen. Galf,
key for virulence and absent in humans, makes its
biosynthetic pathway as another interesting target
for the development of novel anti-7. cruzi drugs
[415]. The crystal structure of the biosynthetic
TcUGM was reported. The absence of galacto-
furanose in humans in addition to the fact that
UGM is an essential component of key glycocon-
jugates in trypanosomatids, determine that it is an
attractive target for drug design. Novel informa-
tion about the UGM biochemistry suggested a
combined strategy for the design of UGM inhibi-
tors from eukaryotic pathogens [416]. The lack of

Vilma G. Duschak

UGM in humans makes this enzyme inhibition a
good approach in the design of new Chagas thera-
peutics. A series of computer simulations of
TcUGM with or without an active site ligand and
the molecular details of the mechanism that con-
trols the uptake of the substrate was addressed,
suggesting a modular mechanism in which each
moiety of the substrate controled the flexibility of
a different protein loop. Furthermore, the calcula-
tions indicated that interactions with the substrate
diphosphate moiety resulted especially important
for stabilizing the closed active site. Kinetics
measurements of site directed mutants of 7cUGM
supported this hyphotesis. These findings offer
new alternatives for the design of drugs [417].

2.9. Arginine Kinase (AK) AND Arginase

The use of creatine kinase (CK) for the storage
of ATP in the form of phosphocreatine, in verte-
brates, allows maintaining ATP homeostasis dur-
ing muscle contraction. Trypanosoma cruzi and T.
brucei, have an alternative pathway that usages as
the catalyst for arginine phosphorilation to the AK
enzyme, producing the analogous phosphagen,
phosphoarginine. When the production of ATP is
required, the high-energy phosphate is prepared to
be transferred to adenosine diphosphate ADP. To
this aim, phosphagens, posphoarginine and phos-
phocreatine, play a critical role as energy reserve.
In addition, the molecular and biochemical charac-
terization of AKs in trypanosomes have been re-
ported [418]. Also, this pathway is widespread
through invertebrates, comprising a great diversity
of phosphagens other than arginine, but not
creatine. CK and AK are homologous proteins that
fit to the family of the conserved proteins gua-
nidino kinases (GKs), with phosphotransferase
activity. A near relationship exists between the
energy requirements within the cell and the activ-
ity of GKs. TcAK relevance is acquired during the
vertebrate stage of the parasite life cycle, attrib-
uted to discrepancies in the insect feeding condi-
tions. Thus, phosphoarginine results a rapid source
of energy under starvation stress conditions or dur-
ing bursts of cellular activity allowing the parasite
to adaptate either to environmental changes or
stress conditions [419]. The overexpression of AK
in parasites was studied showing a significantly
increased survival during hydrogen peroxide expo-
sure suggesting that AK participates in oxidative
stress response systems [420]. In addition, crystal
structure was reported [421], the subcellular local-
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ization after digitonin extraction pattern of AK re-
sulted similar to the cytosolic indicator and the
immunofluorescence analysis revealed that al-
though AK is localized mainly in unidentified
punctuated structures, and also in the cytosol, it
did not co-localize with any of the subcellular
markers [422]. Moreover, some reports showed
that AK inhibition caused parasite growth inhibi-
tion in culture. The arginine analogs agmatine, ca-
navanine, nitroarginine also inhibited to the AK
enzyme. Among them, canavanine resulted a
strong AK inhibitor. The green tea catechins
showed trypanocidal action against two different
developmental stages of 7. cruzi. In addition, the
recombinant 7cAK was inhibited by the polyphe-
nols catechin, gallate or gallocatechin gallate
[423]. However, patents related to catechins com-
pounds in the last years described that they pre-
sented anticancer activity. It is worth noting that
amino acid metabolic routes as possible therapeu-
tic targets against Chagas disease have been prop-
erly described in detail [424].

Small-molecule arginase inhibitors.Taking into
account that pathogens are capable to synthesize
their own arginase to evade the immune reaction,
small-molecule arginase inhibitors were reported
as auspicious therapeutics for the treatment of sev-
eral diseases, such as allergic asthma, cardiovascu-
lar diseases, cancer, immune disorders and dis-
eases associated with pathogens including 7. cruzi.
Interestingly, data about arginase inhibitors and
their properties was discussed [425].

2.10. Proline Pathway

L-Proline display several roles in trypanoso-
matids. In 7. cruzi, proline participates in energy
metabolism, in differentiation procedures and re-
sistance to osmotic stress.

2.10.1. Proline Racemace (PRAC)

This enzyme, initially found in Clostridium
sticklandii, is responsible for the interconversion
of L- and D-proline enantiomers, bears cysteine
residues in the active site and does not necessitate
neither co-factors nor other known coenzymes.
After isolation and cloning of the gene, the first
eukaryotic amino acid (proline) racemase was
identified in 7. cruzi (TcPRAC). Two paralogous
genes per parasite haploid genome codify for
TcPRACA and T7cPRACB, respectively, giving
rise to intracellular protein and secreted isoforms.
Remarkably, the secreted form of PRAC is a
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strong host B-cell mitogen supporting parasite
evasion of specific immune responses. The intra-
cellular or secreted forms of the enzyme exhibited
different kinetic properties that might be important
for their relative catalytic efficiency. Studies with
an enzyme-specific inhibitor and abolition of en-
zymatic activity by site-directed mutagenesis of
the active site Cys330 residue encouraged the pos-
sibility to use PRAC as a new target for Chagas
disease drug chemotherapy On the other hand, the
overexpression of 7cPRAC headed to an increase
in parasites differentiation into infective forms and
its consequent penetration into host cells. Addi-
tionally, parasite viability was weakened in func-
tional knock-down parasites emphasizing to
TcPRAC as a latent target for drug design and
immunomodulation of parasite-induced B-cell
polyclonal activation [426, 427].

In this homodimeric enzyme, each monomer
folded in two symmetric alpha/beta subunits is di-
vided by a profound cleft. The crystal structure of
TcPRAC in complex with a transition-state analog,
pyrrole-2-carboxylic acid, have demonstrated the
existence of a reaction center per monomer, with
two Cys residues optimally located to carry out the
acid/base catalysis. The mutation of the catalytic
Cys residues abolished the enzymatic activity, pre-
serving the ptotein mitogenic properties. By con-
trast, the inhibitor binding stimulates the closing of
the interdomain crevice abrogating B cell prolif-
eration and suggesting that the T7cPRAC mitogenic
properties depend on the ligand-free-enzyme ex-
posure of temporary epitopes [428]. Through the
use of wild-type parasites and parasites over-
expressing TcPRAC genes, the relative contribu-
tion of TcPRAC to the disposal of D-proline fol-
lowed by further assembly into peptides was esti-
mated, suggesting that D-proline-containing pep-
tides might be benefitial for 7. cruzi by providing
resistance against the proteolytic mechanisms of
the host, similarly to the mucopeptide layer of bac-
terial cell wall [429]. The identification and char-
acterization of racemase, particularly PRAC, was
disclosed in a patent by researchers from Institute
Pasteur and Centre National de la Recherche Sci-
entifique (CNRS), Paris, France. It is related to the
methods and kits for detecting racemases, the pep-
tides consisting of the motifs and the antibodies
directed to these peptides but no specific inhibitors
for the chemotherapy of the trypanosomiasis have
been included [430]. Moreover, crystallographic
structure of 7cPRACA and methods of modelling
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identified drugs that treat or prevent infection by
T. cruzi were also provided [431]. Interestingly,
PRAC was investigated showing to be an effective
mitogen for B cells that contributes to the para-
site's immune evasion and persistence in the hu-
man host. The recombinant epimastigotes overex-
pressing TcPRAC genes presented an increased
capacity to differentiate into metacyclic infective
forms and afterwards in vifro penetrate into host-
cells. It was demonstrated that 7. cruzi antibodies
specific for PRAC and the specific PRAC inhibitor
pyrrole-2-carboxylic acid were used in in vitro as-
says affecting significantly the parasite infection
of Vero cells, demonstrating that this inhibitor is
capable to impede 7. cruzi intracellular differentia-
tion [432]. Finally, a patent related with TcPRAC
inhibitors was presented by researchers from Insti-
tute Pasteur, Paris, France. The invention concerns
a novel class of inhibitor of this essential enzyme
present in several important organisms, particu-
larly, TcPRAC (Table 2). PRAC inhibitors for the
treatment of Trypanosoma spp. infection were also
patented [433, 434].

2.10.1. Proline Racemace (PRAC)

This enzyme, initially found in Clostridium
sticklandii, is responsible for the interconversion
of L- and D-proline enantiomers, bears cysteine
residues in the active site and does necessitate nei-
ther co-factors nor other known coenzymes. After
isolation and cloning of the gene, the first eukary-
otic amino acid (proline) racemase was identified
in 7. cruzi (TcPRAC). Two paralogous genes per
parasite haploid genome codify for 7cPRACA and
TcPRACB, respectively, giving rise to intracellular
protein and secreted isoforms. Remarkably, the
secreted form of PRAC is a strong host B-cell mi-
togen supporting parasite evasion of specific im-
mune responses. The intracellular or secreted
forms of the enzyme exhibited different kinetic
properties that might be important for their relative
catalytic efficiency. Studies with an enzyme-
specific inhibitor and abolition of enzymatic activ-
ity by site-directed mutagenesis of the active site
Cys330 residue encouraged the possibility to use
PRAC as a new target for Chagas disease drug
chemotherapy. On the other hand, the overexpres-
sion of TcPRAC headed to an increase in parasites
differentiation into infective forms and its conse-
quent penetration into host cells. Additionally,
parasite viability was weakened in functional
knock-down parasites emphasizing to 7cPRAC as
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a latent target for drug design and immunomodula-
tion of parasite-induced B-cell polyclonal activa-
tion [426, 427].

In this homodimeric enzyme, each monomer
folded in two symmetric alpha/beta subunits is di-
vided by a profound cleft. The crystal structure of
TcPRAC in complex with a transition-state analog,
pyrrole-2-carboxylic acid, have demonstrated the
existence of a reaction center per monomer, with
two Cys residues optimally located to carry out the
acid/base catalysis. The mutation of the catalytic
Cys residues abolished the enzymatic activity, pre-
serving the ptotein mitogenic properties. By con-
trast, the inhibitor binding stimulates the closing of
the interdomain crevice abrogating B cell prolif-
eration and suggesting that the 7cPRAC mitogenic
properties depend on the ligand-free-enzyme ex-
posure of temporary epitopes [428]. Through the
use of wild-type parasites and parasites over-
expressing 7cPRAC genes, the relative contribu-
tion of 7cPRAC to the disposal of D-proline fol-
lowed by further assembly into peptides was esti-
mated, suggesting that D-proline-containing pep-
tides might be benefitial for 7. cruzi by providing
resistance against the proteolytic mechanisms of
the host, similarly to the mucopeptide layer of bac-
terial cell wall [429]. The identification and char-
acterization of racemase, particularly PRAC, was
disclosed in a patent by researchers from Institute
Pasteur and Centre National de la Recherche Sci-
entifique (CNRS), Paris, France. It is related to the
methods and kits for detecting racemases, the pep-
tides consisting of the motifs and the antibodies
directed to these peptides but no specific inhibitors
for the chemotherapy of the trypanosomiasis have
been included [430]. Moreover, crystallographic
structure of 7cPRACA and methods of modelling
identified drugs that treat or prevent infection by
T. cruzi were also provided [431]. Interestingly,
PRAC was investigated showing to be an effective
mitogen for B cells that contributes to the para-
site's immune evasion and persistence in the hu-
man host. The recombinant epimastigotes overex-
pressing TcPRAC genes presented an increased
capacity to differentiate into metacyclic infective
forms and afterwards in vitro penetrate into host-
cells. It was demonstrated that 7. cruzi antibodies
specific for PRAC and the specific PRAC inhibitor
pyrrole-2-carboxylic acid were used in in vitro as-
says affecting significantly the parasite infection
of Vero cells, demonstrating that this inhibitor is
capable to impede 7. cruzi intracellular differentia-
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tion [432]. Finally, a patent related with TcPRAC
inhibitors was presented by researchers from Insti-
tute Pasteur, Paris, France. The invention concerns
a novel class of inhibitor of this essential enzyme
of several important organisms, particularly,
TcPRAC (Table 2). PRAC inhibitors for the treat-
ment of Trypanosoma spp. infection were also pat-
ented [435, 436].

2.11. Protein Kinases (PKs) /Protein Tyrosine
Phosphatase (PTP)

Among promising drug targets for mumerous
human and animal diseases comprising try-
panosomiasis and leishmaniasis, protein kinases
(PKs) were described. The completion of the ge-
nome sequences of L. major, T. brucei and T. cruzi
has defined the eukaryotic PKs or kinome for each
parasite representing a third part of the human
complement. In order to develop novel anti-
parasitic chemotherapeutic agents, the analysis of
the kinome analysis allowed exploiting differences
between parasite and mammalian PKs [437]. On
the other hand, cyclic AMP-PKA (PKA) signalling
is substantial for 7. cruzi growth and differentia-
tion. In this sense, immunofluorescence assays
proposed that PKA can associate with trypomas-
tigotes plasma membrane, probably by interaction
of the PKA regulatory subunit with some P-type
ATPases capable to anchor PKA to the T.
cruzi plasma membrane [438]. Likewise, by using
the specific PKC inhibitors Ro 32-0432 and Rot-
tlerin, a possible correlation between 7. cruzi
metacyclogenesis induced by oleic acid and the
activation of a particular PKC isoenzyme was in-
vestigated. The mentioned compounds abrogated
epimastigote differentiation and membrane trans-
location of PKC beta, gamma, and delta, thus sup-
porting a crucial role for classical and novel PKC
isoenzymes in 7. cruzi signalling pathways in-
volved in oleic acid induced-metacyclogenesis
[439].

a. Staurosporine, genistein, wortmannin. In
order to evaluate PKs as drug target these Ser/Thr,
Tyr and phosphatidylinositol 3' (P13) PK inhibitors
(PKIs), respectively, were evaluated on 7. cruzi
epimastigotes and amastigotes. Staurosporine was
the most effective after 24 h of treatment and ge-
nistein produced a potent inhibition during the
whole treatment (60-70% inhibition) whereas
wortmannin showed a low IC50 value in the mM
range. Also, these PKIs showed strong ultrastruc-
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tural effects on the epimastigotes, but without in-
terference either with the division of intracellular
amastigotes or with their differentiation to trypo-
mastigotes. Nevertheless, considering that try-
panosomes have kinomes that comprise a great set
of PKs and phosphatases, PKs should not be ig-
nored as an important drug target [440].

b. 1-O-Hexadecylphosphocoline. This com-
pound, commonly named miltefosine, is capable to
inhibit the 7cPKC activity in 7. cruzi through a
Na'-ATPase-independent way, indicating that the
inhibition of parasite’s growth, at least in part, is
due to the inhibition of the both enzymes [441].
Recently, the role in health and disease of the
nervous system tropomyosin-related TK receptors
(Trk), known as a family of growth factor recep-
tors essential for neuronal survival, has been dis-
cussed [442]. Regarding these receptors, Ono
Pharmaceutical Co., Ltd., presented a Trk-
inhibiting compound in different presentations
forms, beneficial for the prevention and/or treat-
ment of numerous diseases including Chagas dis-
ease. These drugs were described as heterocyclic
carbon compounds containing a hetero ring having
chalcogen such as O, S, Se or Te, or nitrogen as
the only ring hetero atoms [443].

Recently, the TcPTP1 has been implicated in
the cellular differentiation and infectivity of the
parasite. Consequently, it is a hopeful target for
the design of new anti-parasitic drugs. The crystal
structure of 7cPTP1 obtained at a resolution of
2.18 A provide structural insights into the active
site environment to start structure-based drug de-
sign by different strategies in order to develop
specific 7cPTP1 inhibitors [444].

c. Aromatic 6-substituted thienopyrimidines.
Due to the recent discovery of a lapatinib-derived
analog 2 with excellent potency against 7. brucei
in the nM order and selectivity over human host
cells, other classes of human TKI scaffolds have
been explored aimed to expand the range of pur-
sued chemotypes. Two analogs corresponding to
the group 4 with sub-micromolar potencies for 7.
cruzi were discovered, confirming the value of
concurrent screening of a chemical library against
different protozoan parasites [445].

2.12. Polyamine Metabolism and Transport
Pathways

Polyamines participate in numerous cellular
processes, including chromatin condensation, sta-
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bilization of tRNA’s structure, DNA conforma-
tional transitions and post-translational modifica-
tion (PTM) of proteins, among others [446]. Poly-
amine metabolism has been considered as a prom-
ising chemotherapeutic target in parasite infec-
tions, taking into account that they are essential
requirements for parasite cell growth and differen-
tiation. ODC is a key enzyme of the polyamine
biosynthesis pathway and it is usually inhibited by
difluormethylornithine (DFMO), however, 7. cruzi
has not been affected by this inhibitor and ODC
has not been detected in any stage of its life cycle.
In adding, 7. cruzi was found to be susceptible to
an ODC-related compound, difluoromethylargin-
ine (DFMA), which is supposed to inhibit arginine
decarboxylase (ADC), but this enzyme activity
was only found in trypomastigotes at almost unde-
tectable levels [447].

Knowing that in 7. cruzi genome ODC gene is
missing, the trypanosomatid was transformed with
a recombinant plasmid bearing the complete cod-
ing region of ODC gene. The transgenic parasites
acquired the capacity to synthesize putrescine and
became susceptible to DFMO, irreversible inhibi-
tor of ODC. The appearance of DFMO-resistant
T. cruzi after a first step selection of ODC-
transformed parasites grown in the presence of
high drug levels were reported in parasites trans-
fected with ODC gene [448].

Putrescine analogues. 1,4-Diamino-2-butanone
(DAB) was capable to inhibit epimastigotes prolif-
eration producing notable signs of oxidative stress.
Aditionally, the measurement of thiobarbituric-
acid-reactive substances was performed in order to
evaluate lipid peroxidation. The finding of a dose-
dependent response indicated that putrescine up-
take by this diamine auxotrophic parasite might be
vital for epimastigote growth in axenic medium
and cellular organization [449]. The design, syn-
thesis and therapeutic use of diverse inhibitors of
polyamine transport to prevent polyamines salvage
in tumoral cells was included into a patent from
Laval University, Canada [450]. Despite the re-
sults obtained, the significance of polyamines in
cell survival and the complete information of the
synthetic pathways in 7. cruzi still needs addi-
tional investigation.

Polyamine biosynthetic enzyme inhibitors.
Considering that the targeting of the polyamine
pathway enzymes might offer a new therapy ap-
proach capable to inhibit the deoxyhypusine hy-
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droxylase and in order to identify new lead com-
pounds, piperidines were synthesized and biologi-
cally evaluated [451]. Different inhibitors were
tested considering that the enzymes involved in
spermidine synthesis are auspicious targets for
drug development to therapy of many tropical dis-
eases including Chagas disease [452].

Amino acid and polyamine exclusive transport-
ers from trypanosomatids, members from the
Amino Acid/Auxin Permeases (AAAP) family,
were investigated, considering that these per-
meases are absent in mammals and could be then
evaluated as a potential target against 7. cruzi
[453]. In addition, some exclusive properties of the
metabolism of polyamines in trypanosomatids
have been reviewed, including the prozyme S-
ADC regulation activity, the ODC co-expression,
and the formation of trypanothione, a unique com-
pound linking polyamine and thiol metabolism in
trypanosomatids. In particular, remarkable points
within polyamine metabolism are emphasized for
their probable use in selective therapeutic strate-
gies [454].

Pentamidine. This aromatic diamidine is capa-
ble to block a polyamine transporter present in
L. major, decreased the viability of 7. cruzi trypo-
mastigotes and the parasite burden of infected cells;
diminished the inflammation and parasite burden in
hearts from infected mice, and decreased para-
sitemia, increasing the survival rate. In addition,
transport of putrescine and spermidine in 7. cruzi
epimastigotes and amastigotes was potently inhib-
ited by pentamidine. In this sense, the extensive use
of pentamidine in human could be an advantage
over newly synthesized molecules which require
more trials prior to their clinical use to be used as a
new agents against Chagas disease [455].

2.13. Purine Salvage Pathway and Nucleotide
Synthesis

In mammals, nucleotides are synthesized de
novo and also salvaged from recycled purine
bases. However, most parasites are obligate purine
auxotrophs. So, they must salvage purines from
their host and they have developed patterns to
transport, internalize and metabolize the constitu-
ents of nucleic acids and ATP. Thus, 7. cruzi nu-
cleotide synthesis is dependant on the scavenging
of exogenous purines. Among enzymes from try-
panosomatids that participate in the scavenging of
purines from the host can be mentioned:
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2.13.1. Purine (Hipoxantine/Guanine)-Phosp-
horibosyltransferase (HGPRT)

The transference of a phosphoribosyl moiety on
the nucleobase hypoxanthine or guanine for con-
verting purine bases to ribonucleotides is catalyzed
by HGPRT. This enzyme is responsible for the
initiation of the metabolism of certain cytotoxic
purine base analogues (allopurinol) in the parasite.
Then, both inhibitors and substrates of HGPRT are
considered virtuous targets for effective and selec-
tive chemotherapeutic agents. The cloning, se-
quencing and overexpression of hgprt genes from
T. cruzi and other pathogenic trypanosomatids
were addressed, and all the recombinant proteins
have been purified and characterized [456].
The purine (3'-azido-3’deoxyinosine, 3'-deoxya-
denosine) and pyrimidine (3'-azido-3'-deoxy-
thymidine) analogues inhibited the proliferation of
amastigotes in culture cell lines [457]. Also, al-
lopurinol  (4-hidroxy-pyrazol-(3,4d)-pyrimidine)
has been used in humans for the treatment of gout.
In vertebrates, it is transformed in oxypurinol, a
strong inhibitor of xanthine oxidase (XO). The
compound acts as a purine analogue and is incor-
porated via HGRPT into DNA disrupting the syn-
thesis of RNA and proteins in XO-deficient-
trypanosomatids. Allopurinol was active in mice
models of acute Chagas disease [458], despite dif-
ferences in susceptibilities among 7. cruzi strains
and some conflicting reports related to its efficacy
in humans were shown. The drug showed no in
vivo activity due to low incorporation in 7. cruzi
vertebrate stages and perhaps to inadequate phar-
macokinetic properties. The interaction between
purine analogues with the 7cHGPRTSs and its hu-
man counterpart was assayed, and some of them
showed affinity for the trypanosomal enzyme
[459]. A structure-based docking method identi-
fied a number of possible 7cHRPT inhibitors. The
compounds (2,4,7-trinitro-9-fluorenyl-idenemalo-
nonitrite,3-(2- fluorophenyl )-5-(phenoxy)-1,2, 4-
triazolo (4,3-C)-quinazoline and [6-(2,2- dichloro-
aceta mido )chrysene] proved to be strong inhibi-
tors [460]. The design of a mechanism-based in-
hibitor of TcHPRT based on kinetic parameter
analysis was developed [461].

2.13.2. Dihydrofolate Reductase (DHFR)

Among enzymes involved in DNA nucleotide
synthesis, DHFR and thymidylate synthase (ThyS)
are well-known. Both constitute a bifunctional
protein present in different species of protozoa and
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has been productively used as a drug target in
chemotherapy of cancer, malaria and also infec-
tious diseases. The gene coding for the TcDHFR
was cloned and expressed [462]. By using a struc-
ture-based approach, several derivatives of
methotrexate, the inhibitor of the human enzyme,
were designed and synthesized, showing some of
them higher selectivity for the parasite enzyme
than for the human counterpart. The design, syn-
thesis and screening of another group of com-
pounds as inhibitors of DHFR of trypanosomatids
showed weak activity in in vitro assays using 7.
cruzi amastigotes [463]. On the other hand, a
structure-based three-dimensional quantitative
SAR (3D-QSAR) tactic was used in order to pro-
duce a library of selective lead TcDHFR-ThyS in-
hibitors for additional development as antiparasitic
agents. The 3D-QSAR models obtained for
TcDHFR-ThyS and human DHFR showed a wor-
thy agreement between experimental and predicted
enzyme inhibition data [464]. Aimed to study the
interactions between DHFR enzyme and classical
and novel inhibitors, TcDHFR-ThyS was crystal-
lized complexed with the dihydrotriazine-based or
quinazoline-based antifolates C-448, cycloguanil
and Q-8 [465]. Also, six strong inhibitors of this
parasitic enzyme were synthesized, characterized,
and the inhibitory activity of each compound
against 7. cruzi and human DHFR was tested.
Among these compounds, compound 6b, ethyl 4-
(5-[(2,4-diamino-6- quinazolinyl) methyl] amino-2
methoxyphenoxy) butanoate, was co-crystallized
with the bifunctional 7cDHFR-ThyS enzyme and
the crystal structure of the ternary en-
zyme:cofactor:inhibitor complex was determined.
The potential interactions of all inhibitors with
TcDHFR and hDHFR were analyzed by molecular
docking [466]. DHFR inibitors include:

a. 2, 4-Diaminopyrimidines derivatives. 5-
Benzyl-2, 4-diaminopyrimidines were reported as
selective inhibitors of the trypanosomal and
leishmanial enzymes. Numerous compounds with
alkyl/aryl substitution on the 6-position of the
pyrimidine ring were prepared and evaluated
against the recombinant enzymes and the complete
organisms finding that the presence of a substitu-
ent did not enhance the inhibitor activity neither
against the enzyme nor whole parasites compared
to unsubstituted compounds [467]. On the other
hand, synthesized 4'-substituted and 3', 4’-
disubstituted 5-benzyl-2,4-diaminopyrimidines were
tested against the recombinant parasite and human
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DHFRs. Some of them showed a respectable in
vitro activity against T. cruzi. Those compounds
which bound within the enzyme pocket of try-
panosomatid enzymes presented the highest selec-
tivity as shown by molecular modeling [468, 469].

b. 2, 4-Diaminoquinazolines. In different try-
panosomatids, a series of 2, 4-diaminoquinazolines
were designed, synthesized and evaluated as
DHFR inhibitors. Some of them displayed strong
activity against 7. cruzi [470]. Also a set of quina-
zoline-2,4,6-triamine derivatives (1-9) was ration-
alized basing on docking studies of the DHFR
structures from trypanosomatids and Plasmodium,
and three compounds out of nine were the most
effective against 7. cruzi than Nx and Bz, and
were endowed with redox properties, representing
a good start for drug development [471].

c. Antifolate drugs. The FDA-approved drug
for the treatment of Preumocystis carini infection
in AIDS patients, the lipophilic trimetrexate
(TMQ), showed to be a strong inhibitor of
TcDHFR activity and was also very effective in
killing the clinical forms of 7. cruzi. Unfortu-
nately, TMQ also showed to be a noble inhibitor
of human enzyme [472].

2.13.3. Pteridine Reductase (PTR)

Reduced pteridines are required in many impor-
tant cellular functions. Unlike their mammalian
host, trypanosomatids are pteridine auxotrophs and
salvage the precursor pteridines from the host re-
ducing them to the respective biologically active
tetrahydro-forms using parasite enzymes which
may be useful as drug targets. The enzyme
pteridine reductase 1 (PTR1), first related with re-
duction of unconjugated pteridines, was only
found in trypanosomatids and plant pathogens.
PTRI catalyzes the reduction of folate to dihydro-
folate and tetrahydrofolate mediating in the sal-
vage of oxidized pteridines showing lower sensi-
tivity to methotrexate than DHFR, interfering in
the efficiency of antifolate drugs targeting DHFR
[473]. In addition, PTR2 was identified and ex-
pressed in T. cruzi, it can reduce dihydropterin and
dihydrofolate substrates but is not capable to re-
duce oxidized pteridines [474]. A set of pteridine
analogues at the active site of PTR2 were analized
by a docking study finding better results than that
of methotrexate [475]. The crystal structures of
PTR2 complexed to methotrexate and dihydrofo-
late was reported [476]. Triazine derivatives were
patented as novel DHFR inhibitors useful for para-
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sitic infections including Chagas disease by Isis
Innovation Ltd, 2001 [477]. Disclosed patents on
purine analogues have been related to antiviral
and/or anticancer activity [478], only a few of
them claimed their effects on parasitic diseases.
Among ATP analogues, nucleoside pirophosphate
and triphosphate analogues were useful against
infectious diseases caused by some protozoans in-
cluding Chagas disease. However, no experimental
evidences were described [479], (Table 2). The
identification of TcPTRI1 inhibitors was done by a
rapid screening approach using a folate-based li-
brary with structure-based design. Folate depend-
ent enzymes included PTR1, DHFR, and ThyS.
The affinity profile determined selectivity and
specificity of a series of quinoxaline and 2, 4-
diaminopteridine derivatives. Nine compounds
showed superior activity against parasite enzymes
compared to the human enzymes. In 7. cruzi, se-
lected inhibitors were evaluated on wildtype and
overexpressing PTR1 lines, as a model for PTR1-
driven antifolate drug resistance. When PTR1 in-
hibitors were used in combination with known
DHFR inhibitors, an additive profile and a reduc-
tion in the treatment toxicity was observed com-
pared to the administration of the DHFR inhibitor
alone. The combination of antifolates targeting
two enzymes showed to be successful in the im-
provement of new antiparasitic drugs [480].

Triazine dimers. Researchers from the Univer-
sity of Antwerpen, Belgium have patented disub-
stituted triazine dimers for the treatment and/or
prevention of infectious diseases, including Cha-
gas disease. The new compounds contain two
disubstituted triazine rings covalently linked by an
organic linker, thereby creating dimers [481].

2.13.4. Dihydroorotate Dehydrogenase (DHOD)

The fourth enzyme of the pathway that catalizes
the transformation from dihydroorotate to orotate
in T. cruzi diverges from the human enzyme.
Searching for strong inhibitors against 7. cruzi
DHOD activity, this activity was inhibited by the
extracts from the brown algae Fucus evanescens
and Pelvetia babingtonii. Besides, these extracts
resulted effective against both the protozoan infec-
tion and the proliferation in mammalian cells
[482]. On the other hand, a recombinant 7cDHOD,
complexed to orotate was recently crystallized
[483], opening the possibility for inhibitors design.
Genetic studies have demonstrated that 7cDHOD
is vital for parasite survival validating it as promis-
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ing target for antichagasic agent’s development.
Thus, the crystal structure analysis of 7cDHOD
complexes has allowed proposing possible sites
for structure-based specific inhibitors design and
studying mechanisms of fumarate reduction and
dihydroorotate oxidation [484, 485]. The identifi-
cation of new7cDHOD inhibitors was allowed by
combination of virtual screening and structural
analysis. Among the investigated class 1A inhibi-
tors, the strongest compound was able to inhibit
TcDHOD enzyme with a Kiapp value in the pM
order. The compounds were considered promising
hits for further drug development [486]. Purine
salvage pathway has been meticulously investi-
gated over the last twenty years. However, the ex-
istence of by-pass mechanisms by other enzymes
and transporter systems could be suggested re-
cently, based on the published genomic data of
Trypanosoma, Leishmania and Plasmodium.
Hence, the inhibition of a single salvage enzyme
could be able or not to cause parasite death or
growth arrest [487].

2.14. Organelles, Structures and Processes as
Targets

2.14.1. DNA Modulation/Replication, Nucleus
and Kinetoplast

Different classes of molecules were assayed
aiming to interfere with processes involving DNA,
including interference with topoisomerases, use of
DNA binders, antimitotic agents and NADH ana-
logues.

Topoisomerases are ubiquitous and indispensa-
ble for nucleic acid biosynthesis and cell survival
by modifying DNA topology. They are responsible
for solving the torsional tensions produced during
replication and transcription, and are in control of
maintaining the genomic stability during the re-
combination of DNA. Top are involved in the ki-
netoplastids metabolism of both nuclear and mito-
chondrial (kinetoplast) DNA. Molecular and cellu-
lar biology studies aiming for antiparasitic chemo-
therapy have focused on parasites DNA Top, con-
sidering them as target. Particularly, Top II, essen-
tial for kinetoplast replication. Some inhibitors of
bacterial DNA Top II resulted active against T.
cruzi, generating damage to epimastigotes nucleus
and/or kinetoplast as well as inhibiting prolifera-
tion and differentiation, proposing both organelles
as putative drug targets [488].
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The Top activities of relaxation and decatena-
tion are based on a common nicking-closing cycle
which includes one or both DNA strands and have
been considered as an auspicious drug target. In-
terestingly, the comparison between Tops from
members of the Trypanosomatidae family and
those from the host showed significant structural
differences, making them motivating for the de-
sign of specific inhibitors capable to bind to the
interface of DNA-Top complexes, stabilizing Top-
mediated transient DNA breaks [489, 490]. Re-
garding the complex II (succinate: ubiquinone re-
ductase), it often plays a pivotal role in the adapta-
tion of parasites into host organisms and could be
a possible target for the development of new
drugs. In this sense, when 7. cruzi complex II was
studied, it was found to be composed of differents
hydrophilic and hydrophobic nucleus encoded
subunits (SDHs). In trypanosomatids unusual fea-
tures were discovered, making complex II a target
for new chemotherapeutic agents [490]. The try-
panosoma pre-replication machinery component
Orc1/Cdc6 is different from the Orcl and Cdc6
mammal proteins. It was proposed as a possible
target for drug development. Likewise, studies in
T. brucei showed that the RNAi-mediated silenc-
ing of trypanosoma Orc1/Cdc6 expression reduced
cell survival, demonstrating that Orcl/Cdc6 is
critical for trypanosoma subsistence [491].

a. Cryptolepine derivatives. 2-Bromo-, 2-
nitro-, and 2-methoxy-9-cyanoneocryptolepine
compounds revealed activity against 7. cruzi and
T. brucei in the pm range, in absence of toxicity to
mammalian cells [492].

b. Substituted N-benzene and naphthalene-
sulfonamides. In order to evaluate the in vitro ef-
fectiveness of a series of six amine N-
benzenesulfonamides substituted aromatic rings,
against 7. cruzi, the interaction of a selection of
sulfonamides with pUCI18 plasmid DNA was ex-
amined by using nuclease activity assays. Data
revealed the participation of a redox mechanism.
Three sulfonamide derivatives evidenced the for-
mation of ROS in charge for DNA strand scission.
The analysis of the parasites treated with these
compounds by transmission electron microscopic
exhibited mainly a complete cellular disorganiza-
tion mostly directed to DNA bearing structures.
The in vitro screening of a new series of fifteen N-
substituted benzene and naphthalenesulfonamides
against 7. cruzi was performed and three of them
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exhibited notable in vitro activity and selectivity
towards epimastigotes and amastigotes, and one of
them also decreased parasitemia levels in a mice
model of acute Chagas disease [493, 494]

c. Quinolone derivatives. Trypanosoma cruzi
is sensitive to quinolone derivatives possibly due
to the inhibition of DNA Top II. New Pharma Re-
search Sweden AB has presented a patent on these
derivatives considering them as useful agents in
the treatment of bacterial and parasitic diseases
comprising those caused by trypanosomatids.
However, no specific data were reported [495]
(Table 2).

d. Pyrazole and propenone quinoxaline de-
rivatives. Although the pyrazole quinoxaline se-
ries resulted inactive against 7. cruzi, the com-
pounds fitting to the propenone quinoxaline series
showed a moderate activity. The compound (2E)-
1-(7-Fluoro-3-methyl-quinoxalin-2-yl1)-3-(3,4,5-
trimethoxy-phenyl)-propenone was active against
intracellular amastigotes of 7. cruzi with no toxic-
ity to mice peritoneal macrophages. Docking stud-
ies revealed the possible interaction of the com-
pounds of the second series with the 7. cruzi poly-
(ADP-ribose)-polymerase-protein [496].

e. Dicationic guanidine and amidine deriva-
tives. Aromatic diamidines were described as DNA
minor groove-binding ligands, such as pentamidine,
present an extensive spectrum of activities against
human and veterinary pathogens. Twenty dicationic
molecules comprising either diguanidino or re-
versed amidine cationic groups were in vitro as-
sayed vs 7. cruzi. Among the most active DNA
modulating agents, belonging to the reversed
amidine series, six displayed IC50 values lower
than 1 pM and were described as auspicious agents
for the treatment of trypanosomiasis [497, 498].
The synthesis of compounds with strong DNA
binding affinities such as the dicationic reversed
amidines, in particular new 2, 5-bisalkyl (or aryl)
imino aminophenyl furanes and thiophenes was de-
scribed by scientist from University of North Caro-
lina at Chapel Hill. The presented patent claimed
them as mycobacterial, fungal and protozoal useful
compounds for infections including 7. cruzi [499]
(Table 2). The diarylthiophenediamidine DB1362,
four diamidines DB811, DB889, DB786, DB702
and the diguanidine DB711 showed a strong
in vitro activity against intracellular amastigotes
and bloodstream trypomastigotes and no toxicity to
host cells [500, 501]. Considering that despite their
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microbicidal activity, they had presented rather
poor bioavailability and high toxicity, several ana-
logues and derivatives were synthesized and in vitro
and in vivo screened in order to improve their selec-
tivity and pharmacological properties. Thus, struc-
ture optimization of novel aromatic dicationic com-
pounds was proposed for future design of new anti-
parasitic drug candidates [502]. Although ten novel
structurally related amidines were active against
T. cruzi trypomastigote forms and DB2247 was 6-
fold more effective than Bz displaying very low
toxicity, none presented superior trypanocidal effect
against intracellular amastigotes as compared with
the reference drug. These results might be attributed
to dissimilarities in mechanisms and cellular targets
between bloodstream and amastigote forms. The
design of novel amidines might provide promising
activity against 7. cruzi [503, 504].

f. Dinitroaniline sulfonamide derivatives.
Scientist from Ohio State University disclosed
these antimitotic compounds with activity against
tubulin as useful for the treatment of diseases
caused by parasitic protozoa. Although these com-
pounds exhibited good in vitro activity, they were
unsuccessful to cure parasite infected mice. The
toxicity of compounds containing nitroaromatic
groups has not been still addressed [505]. Re-
cently, mononuclear complexes composed of (5-
chloro-2-hydroxybenzylidene) aminobenzenesul-
fonamides  (L1-3) of  general formula
(L2(M)2H20, where M is Co, Cu, Zn, Ni or Mn)
reduced epimastigote proliferation and were found
trypanocidal for trypomastigotes of 7. cruzi Y
strain. Complexes C5 and C11 showed similar
IC50 values in the uM order for trypomastigotes,
than the positive control Nx. While none of these
complexes inhibited TR, some degree of DNA
binding was observed, albeit less pronounced than
the experimented for cisplatin in this assay.
Unfortunately, most of these complexes were toxic
for mouse splenocytes [506].

g. Vanadium mixed-ligand complexes. The
synthesis, characterization and evaluation of four
new mixed-vanadyl ligand complexes,
[VIVO(L(2)-2H)(L(1))], containing a bidentate
polypyridyl DNA intercalator L(1), and a triden-
tate salycylaldehide semicarbazone derivative L(2)
as ligand were developed, displaying a similar ac-
tivity on 7. cruzi epimastigotes as Nx. When DNA
was studied as possible parasite target, the results
obtained by electrophoretic analysis suggested that
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the DNA interactions of these complexes could be
involved in their mode of action [507]. The inclu-
sion of the lipophilic 3,4,7,8-tetramethyl-1,10-
phenanthroline NN ligand and seven tridentate
salicylaldehyde semicarbazone derivatives (L1-
L7) formed part of the development of a new se-
ries of heteroleptic [VIVO (L-2H)(NN)] com-
pounds. The complexes exposed more in vitro ac-
tivity against 7. cruzi than Nx and a great part of
them displayed more activity than that previously
described for [VIVO (L-2H)(NN)] complexes of
other NN co-ligands. The great activity and selec-
tivity shown by L2, L4, L5 and L7 complexes al-
lowed them to be considered as new leads for drug
development. Unfortunately, although all of them
interacted well with DNA, with binding modes
and strength altered in different extents by the NN
and semicarbazone co-ligands, molecular docking
studies suggested that the anti-7. cruzi activity
displayed could not be explained only by intercala-
tion of DNA as mechanism of action [508].

h. Ruthenium complexes. Searching for novel
metal-based agents acting against diseases pro-
duced by trypanosomatids, four organoruthenium
(I) compounds [Ru2(p-cymene)2(L)2]X2, being
L= bioactive 5-nitrofuryl-containing thiosemicar-
bazones and X=Cl or PF6 were evaluated on T.
cruzi. Two of them, [Ru2(p-cymene)2(L4)2]CI2
and [Ru2(p-cymene)2(L1)2]CI2 presented sub-
stantial in vitro activity against trypomastigotes
showing IC50 values in the uM order On the other
hand, the compounds HL4=5-nitrofuryl-N-phenyl-
thiosemicarbazone and HL1=5 nitrofurylthiosemi-
carbazone, displayed fairly good selectivities to-
ward trypanosomes compared to mammalian cells.
The studies on trypanomicidal action of the or-
ganoruthenium agents showed their ability to pro-
duce toxic free radicals by bioreduction and also to
interact with the two possible parasite targets,
DNA and Cz, suggesting that these complexes
seem to display a "multi-target" mechanism of try-
panosocidal action [509]. Otherwise, the synthesis
of the novel ruthenium complexes [RuCI2(HL)
(HPTA)2]CI2 with HL=bioactive 5-nitrofuryl con-
taining thiosemicarbazones and PTA=1,3,5-triaza-
7-phosphaadamantane was developed including
PTA as co-ligand with the aim to modulate the
aqueous solubility of the complexes. Once water
soluble complexes were obtained, activity against
T. cruzi was evaluated in vitro and the
[RuCI2(HL4)(HPTA)2]CI2 complex, with HL4=N-
phenyl-5-nitrofuryl-thiosemicarbazone, was the
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most active compound. Oxidative stress plus the
interaction with parasite DNA could participate as
possible targets in the potential mode of action of
these ruthenium complexes. The exploration of
metal compounds was extended to activity against
several parasites [510].

i. Diphenylamine derivatives. Selective and
strong anti-trypanosomal agents, in particular 4,4’-
bis(imidazolinylamino)- and 4,4'-bis(guanidine)
diphenylamine compounds, CD27 and CD2S5,
respectively, were discovered, searching for DNA-
binding small molecules. The trypanocidal proper-
ties of these symmetric diphenylamine compounds
in addition to the crystal structure analysis of the
detailed interaction of these compounds with DNA,
suggests the start for studying the mechanism of
trypanocidal activity of these compounds [511].

j- Bisbenzimidazole derivatives. Six deriva-
tives characterized by a 3, 4-ethylenedioxy-
extension of thiophene core, exposed a pro-
nounced affinity to bisbenzimidazole, and a potent
thermal stabilization effect toward ds-DNA, and
one of them inhibited 7. cruzi epimastigotes
growth [512]. Such inhibition was produced by the
specific interaction between parasite tubulin and
ligands such as benzimidazoles, colchicine and
vinblastine. Thus, in kinetoplastids, tubulin has
been projected as a possible target [513]. Fifteen
years ago, selective hit compounds against kineto-
plastid tubulin have been identified, suggesting to
this protein as target for the development of novel
drugs [514].

k. Ribavirin. This 1, 2, 4-triazole-3-
carboxamide riboside is a well-known antiviral
drug, capable to inhibit human S-adenosyl- L-
homocysteine hydrolase (hRSAHH), catalyzing the
conversion of S-adenosyl-L-homocysteine to
adenosine and homocysteine. The drug structure,
similar to that of adenosine, caused inactivation of
hSAHH and TcSAHH, dependent on time. Ri-
bavirin is capable to bind to the adenosine-binding
site of the two SAHHs enzymes and to reduce the
NAD (+) cofactor to NADH. The binding step of
ribavirin to hSAHH and TcSAHH is reversible and
presents similar Ki values. However, the slow in-
activation step is S-fold more rapidly with
TcSAHH, offering a structural lead for the design
of selective TcSAHH inhibitors as potential anti-
parasitic drugs [515].

I. NADH analogues. To date, no significant
results have been obtained headed for the design
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of selective inhibitors against 7cSAHH targeting
the substrate binding site. A validation for the de-
sign of anti-parasitic drugs directed toward cofac-
tor-binding sites was provided by kinetic and
thermodynamic studies related with the association
and dissociation of NAD/H with 7¢SAHH and
hSAHH. Analogues of NAD and the reduced
NADH have shown a substantial selective inacti-
vation of TcSAHH, approving this rational design
approach [516]. The fact that hNSAHHs bind to the
cofactor NAD (+) more tightly than several para-
sitic SAHHs about 1000-fold proposes to the co-
factor binding site of this essential enzyme as a
potential anti-parasitic target against 7cSAHH.
The determination of kinetic parameters for NAD
(+)/NADH analogues suggested that NADH ana-
logues resulted the most auspicious for TcSAHH
selective inhibition [517]. Based on the crystal
structures of SAHHSs, the free energy simulations
were useful for the prediction of residues clue for
the differential cofactor binding properties be-
tween human and trypanosomal SAHHs, showing
specific potential sites for mutagenesis [518]. Sci-
entist from Bradley Cytokine Pharmasciences, Inc,
have described a patent on compounds and meth-
ods for infectious diseases treatment. Some of
them, targeting specific nuclear location, signal
blocking ingress of specific proteins or nuclear
molecular complex claim their use for the treat-
ment or prevention of parasitic and viral diseases
[519], (Table 2).

2.14.2. Acidocalcisomes and Exchanger Na'/H'
Mechanism

Another unusual feature of 7. cruzi in compari-
son with mammalian cells is the storage of cal-
cium in acidocalcisomes, parasite specialized
acidic organelles. These structures participate in
polyphosphate and calcium storage in addition to
the adaptation to environmental oxidative stress
[520]. 3,5-Dibutylhydroxytoluene inhibits Ca**
discharge via the acidocalcisomal exchanger
Na'/H', a mechanism involved in Ca*"and pH ho-
meostasis exclusive of trypanosomatids. The drug
also showed controversial effects on the vacuolas
H'-ATPase, depending on the princubation times
and were obtained in concentrations used for this
drug as antioxidant agent, indicating that care must
be taken when evaluating this drug as trypanocidal
agent [521].

a. Guanidine derivative compounds. The use
of Na'/H" exchange inhibitors for the treatment of
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protozoal infections comprising Chagas disease
was claimed by Hoechst Marion Russel Deutch-
land CmbH. Although these compounds were de-
scribed, neither synthesis nor characterization was
reported [522], (Table 2).

b. B-Lapachone-derived naphthoimidazoles.
Forty five semi-synthetic naphthoquinones deriva-
tives were obtained from lapachol and B-lapachone
extracted from Tabebuia sp and the naphthoimida-
zole 4,5-dihydro-6,6-dimethyl-6H-2-(phenyl)-pyran
[betha-4,3] naphth[1,2-d]imidazole (N1) were
considered among the more active compounds
against 7. cruzi. The effect of N1 against epimas-
tigotes proposed that reservosomes, mitochon-
drion, and nucleus as targets, while in trypomas-
tigotes, in which reservosomes are missing, mito-
chondrion, nucleus and acidocalcisomes were the
compartiments affected by the compound [523].

2.14.3. Membrane Components, Receptors, Con-
tractile Vacuole and Osmoregulation

Almost a decade ago, parasite membrane com-
ponents, nutrients and metabolites transport pro-
teins localized in the parasite-host interface have
got into focus as novel drug targets.

a. Aquaporins (AQPs). In the protozoan ge-
nomes, the genes codifying for AQP water and
solute channels have been identified. The cloning
and functional characterization of six protozoan
AQPs was developed. The permeability properties
were attributed to specific protein features. Also,
AQPs were considered responsible for probable
physiological roles in osmotic protection and me-
tabolism. The presence of 7cAQP was described
in the parasite acidocalcisomes and contractile
vacuole complex [524]. The prospective use of
protozoan AQPs as a target for chemotherapeutic
agents was reviewed some years ago [525]. Like-
wise, a contractile vacuole complex is involved in
T. cruzi osmoregulation [526]. Trypanosoma cruzi
evolution allowed the ability to transit between
diverse hosts and the replication in hostile envi-
ronments. The aquaporin gene 7cAQP1 was
knocked down or overexpressed and experiments
with inhibitors, revealed its significance for the
cellular response to hyperosmotic stress. The
analysis of a genome-wide transcriptional of
stressed parasites revealed down-regulation of
genes belonging to diverse functional categories
and up-regulation of genes encoding trans-
sialidase-like and ribosomal proteins. The analysis
of the sequences from 3'UTRs of up- and down-
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regulated genes allowed the identification of con-
served structural RNA motifs enriched in each
group, proposing that specific ribonucleoprotein
complexes could be of great significance in the
adaptation of this parasite to diverse environments
through regulation of transcript abundance [527].
The identification of compounds capable to inter-
fere with the uptake function of a subset of trans-
porters, which are indispensable for parasite vi-
ability, could be useful as targets for new drug
chemical therapies [528].

b. Phosphatidylinositol kinases (PIKs)
TcVps34, a T. cruzi phosphatidylinositol-3-kinase
(PI3K) plays a noticeable role in vital processes
for parasite survival comprising osmoregulation,
acidification, and vesicular trafficking [529]. In
T. cruzi epimastigotes, enzymatic parameters of
the classes PI4K, PIPK and PI3K and detailed re-
sponses to the confirmed kinase inhibitors adeno-
sine, sodium deoxycholate, wortmannin and
LY294002, as well as the activators Ca’", phos-
phatidic acid, spermine and heparin were evalu-
ated suggested that could participate in signaling
pathways. The three classes were cloned and ex-
pressed and their product was tested for kinase ac-
tivity, showing that the phosphatidylinositol me-
tabolism through PIKs activities plays a central
role in signaling pathways [530].

c. Exopolyphosphatase (PPX). The exopoly-
phosphatase from 7. cruzi (TcPPX) was cloned,
expressed, purifyed, and characterized. 7cPPX and
most exopolyphosphatases differ in their prefer-
ence for the short-chain polyphosphate poly P.
TcPPX overexpression occasioned an important
reduction in total short-chain poly P and partial
diminution in long-chain poly P, together with a
late regulatory volume reduction after hyposmotic
stress supporting the role of poly P in the os-
moregulation of the parasite [531].

d. Ecto-enzymes, precursors of surface mole-
cules, organelle membranes, transporters. Ecto-
enzymes are present in parasite membrane; contain
active site facing towards the external medium
rather than to the citoplasm. A chromium (III)
adenosine 5'-triphosphate complex (Cr-ATP)
emerged as a novel inhibitor of ecto-ATPases in
trypanosomatids with the aim to obtain a better
understanding of properties and role of these AT-
Pases in the biology of parasites. DIDS (4, 4 diiso-
thiocyanatostilbene 2,2' disulfonic acid), suramin
and ADP showed to be effective inhibitors. Only
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ADP presented no additive inhibition pattern with
Cr-ATP [532]. Inositol is known as the precursor
for most 7. cruzi surface molecules, comprising
phosphoinositides, glycosylinositolphospholipids
andg lycosylphosphatidylinositol anchors. Regard-
ing that the parasite is an inositol auxotroph, the
inositol transport system might constitute a prob-
able target for novel trypanocidal agents, as some
of its properties are different from its mammalian
counterpart. In 7. cruzi epimastigotes, the myo-
inositol transport system is inhibited by PKA and
stimulated by PKC effectors [533].

The synthesis of novel copper (II) complexes of
two triazolo-pyrimidine derivatives (1,2,4-triazolo-
[1,5-a]pyrimidine, and 5,7-dimethyl 1,2,4-triazolo-
[1,5-a]pyrimidine, showed anti-proliferative effect
against 7. cruzi. Copper (II) complexes C24b, C49
and C35, operated both on the parasites energy
metabolism at the level of the NAD(+)/NADH
balance and at the level of the organelle mem-
branes, producing damage and cell death [534]. At
difference with Arg transporters in higher eu-
karyotes, trypanosomatids arginine transporter
genes were characterized showing that they also
transport Lys. However, these parasite transporters
only translocate Arg. Trypanosoma cruzi encodes
for the Lys-specific permease TcAAP7, a member
of the large amino acid/auxin permease family.
The deletion of the alleles coding for these per-
meases failed suggesting that genes encoding for
Lys permeases should be essential [535].

e. Phosphodiesterases (PDEs). Trypanosoma
cruzi codifies for four different families. PDEC2,
characterized as a FYVE domain containing pro-
tein [536], has been involved in 7. cruzi normal
osmoregulation. The cells that overexpress this
enzyme were unaffected by PDEC2 inhibitors. In
T. cruzi, the localization of PDEC2 shows a strong
labelling in the contractile vacuole complex.
Moreover, the significance of this domain in the
TcPDEC2 localization and activity was evidenced
when transgenic parasites overexpressing a trun-
cated version of TcPDEC2 without the FYVE do-
main showed a miscarriage in its targeting to the
contractile vacuole complex and a manifest reduc-
tion in PDE activity [537]. TcPDEC2 was pro-
posed for the development of PDE inhibitors as
lead compounds for trypanocidal drugs [538]. A
new and uncommon 7c¢PDEC, capable to hydro-
lyze cyclic GMP, despite it prefers cyclic AMP,
has a FYVE-type domain in its N-terminal region.
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TcPDEC showed homology to the mammalian
PDE4 family members. PDE4 inhibitors are at
present under development for the treatment of
inflammatory diseases. However, different com-
pounds have been identified as probable 7cPDEC
inhibitors through virtual screening by homology
modeling and were tested against amastigotes
growth and recombinant 7cPDEC activity, result-
ing strong inhibitors. The best inhibitors were
found to rise the cAMP cellular concentration, in
line with their in vitro TcPDEC inhibitory activity,
providing chemical validation of this target. The
mentioned compounds could be useful tools in the
study of 7. cruzi osmoregulation and in the devel-
opment of novel drugs against Chagas' disease and
other trypanosomiases [539]. In trypanosomatids,
although cAMP is produced during the life cycle
stages, its signaling pathways are very different
from those of mammals. The identification of
downstream cAMP Response Proteins (CARPs)
were discovered in trypanosomatids. CARPs ex-
pression levels correlated with sensitivity to PDE
inhibitors, suggesting a complex signaling cas-
cade. The relationship between the roles of these
novel CARPs and the signaling pathway on cell
division and differentiation are relevant for cell
biology and represent a new architype in cAMP
signal transduction, and credible targets for try-
panosomatid-specific cAMP pathway-based thera-
peutics [540].

2.14.4. Glycosome and Vitamin C Synthesis

Glycosomes, unique single-membrane perox-
isome-related organelles are found in all the try-
panosomatids forms studied. They contain a glyco-
lytic pathway that catalyzees the aerobic fermenta-
tion of glucose to succinate. Aditionally, these or-
ganelles contain enzymes for many other routes
including gluconeogenesis, the PPP, beta-
oxidation of fatty acids, purine salvage, and bio-
synthetic pathways for pyrimidines, ether-lipids
and squalenes. The enzymatic content of gly-
cosomes is quickly transformed during differentia-
tion of bloodstream mammalian forms to those
living in the insect midgut. Autophagy seems to
play a central role in trypanosomatids differentia-
tion by degrading old glycosomes, while a popula-
tion of new organelles comprising diverse en-
zymes is synthesized [541]. On the other hand, it
was verified that T. brucei and T. cruzi are capable
to synthesize vitamin C and that the reaction takes
place in the parasite glycosomes. Regarding that
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the ability to synthesize vitamin C or ascorbate is
widespread in eukaryotes but is absent from hu-
mans, this feature set up another possible che-
motherapeutic drug target [542]. A variety of gly-
cosomal enzymes contributing to diverse biologi-
cal routes have been certified as drug targets by
genetic or chemical means. The inhibitors used for
several of these enzymes have been got by differ-
ent methodologies such as by using compound li-
braries screening or design followed by synthesis.
A number of inhibitors caused growth inhibition of
the clinically relevant stages of trypanosomatid
species and in some cases exerted therapeutic ef-
fects in infected animals. On the other hand, three
isoenzymes of phosphoglycerate kinase (PGK)
were simultaneously expressed in 7. cruzi, the cy-
tosolic isoenzyme PGKB and two glycosomal en-
zymes, PGKA and PGKC. In 7. cruzi epimas-
tigotes, PGKA is associated to the glycosomal
membrane and responsible for about 23% of the
glycosomal PGK activity in contrast to the 77%
soluble activity mainly attributed to PGKC. Re-
sults performed with antibodies specific for PGKA
almost completely blocked the epimastigotes glu-
cose consumption indicating that PGKA is the
predominant isoenzyme for sustaining glycolysis
through parasite glycosomes. The glycosomes in-
tegrity and the correct compartmentalization of at
least some matrix enzymes are critical for parasites
viability, for participating proteins in the assembly
of the organelles and transmembrane route of sub-
strates and products of glycosomal metabolism,
offer also potential as drug targets [543, 544].

2.14.5. Mitochondrion

The exclusive characteristics of 7. cruzi mito-
chondria and mitochondrial metabolism in con-
junction with the possibility of taking advantage of
these particularities to target novel drugs against
this parasite has been extensively discussed [545,
546].

a. C-allyl lawsone-derived naphthofuranqui-
nones. These napththoquinones were active
against trypomastigotes and epimastigotes, show-
ing at the ultrastructural level alterations on the
parasite mitochondrion, which looked severely
swollen. Aditionally, these compounds caused a
collapse in the mitochondrial membrane potential,
reduced specifically the activity of the mitochon-
drial complex I-III, and induced oxygen consump-
tion indicating an association between trypano-
cidal action of these compounds and mitochondrial
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dysfunction, thus augmenting ROS generation and
parasite death [547].

b. Cyclopalladate complex: [Pd2 (S(-)C,,N-
DMPA), (m-DPPE)]|CI, was more active in vitro
and in vivo against 7. cruzi than Bz, showing low
toxicity to mammalian cells. An apoptosis-like
death in 7. cruzi trypomastigote forms and causes
mitochondrion disruption seen by electron micros-
copy. This complex applies an apoptosis-like death
in T. cruzi trypomastigotes causing ultrastructural
mitochondrion disruption [548].

c. Compounds related to furoxans and alkyl-
nitrates. Among over a hundred furoxans, alkylni-
trates and related compounds examined, a furoxan
3-sulfonyl derivative, named compound 4 was as
lead compound inhibiting 7. cruzi trypomastigotes
and amastigotes, ascribing the effect to activity on
mitochondrial dehydrogenases [549].

d. Diamidines and arylimidamides (AIAs).
The in vitro and in vivo effects of DB766 against
T. cruzi showed a potent activity on bloodstream
trypomastigotes and amastigotes and low toxicity
to mammalian cells. Fluorescent and transmission
electron microscopy showed the localization of
this AIA in DNA-enriched compartments inducing
mitochondrial damage. /n vivo DB766 efficiently
decreased the blood and cardiac tissue parasite
load and presented efficacy similar to that of Bz
[550].The circular dichroism (CD) spectra using
the whole kKDNA was similar to those found for
the conserved sequence and revealed minor groove
binding. Some of the compounds displayed the
maximum trypanocidal activities, such as DB766,
producing low or no variation in the thermal de-
naturation (Tm) measurements. Nevertheless, they
induced deep alterations of KDNA topology. Oth-
ers, like the AIA DBI1831, despite effective,
showed no altered Tm and CD measurements,
suggesting that the potent affinity of amidines with
kDNA per se is not sufficient to cause their try-
panocidal activity. This AIA and the diamidine
DB1965 exhibited a strong trypanocidal in vitro
effect trypomastigotes and amastiogtes, displaying
a high selectivity index. DB1965 showed in vivo
activity in an acute mice model similar to Bz. Af-
ter treating with 20 daily consecutive doses, a
combined dosage of DB1965 with Bz, although no
parasitological cure was observed, resulted in
parasitaemia clearance and 100% animal survival.
These findings confirmed that AIAs represent en-
couraging new chemical entities against 7. cruzi in
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therapeutic schemes using the AIA alone or in
combination with other drugs, like Bz [551, 552].

e. Trifluoromethylquinoxaline N, N'-dioxides.
The analysis of some derivatives containing opti-
mal requirements for in vitro activity against 7.
cruzi showed that those having electron-
withdrawing substituents in the positions 2-, 3-, 6-,
and 7- were the most active compounds. Accord-
ingly, mutagenicity and in vivo analyses and study
of mechanism of action were performed with the
best derivatives, demonstrating that mitochondrial
dehydrogenases are involved in the anti-7. cruzi
activity [553].

f. (2E)-N-(1,3-benzothiazol-2-yl)-3-(2,5-dime-
thoxyphenyl)-2-propenamide (CAD-1). This
cinnamic acid derivative induced 58% of 7. cruzi
epimastigotes death; principally by apoptosis. The
decrease in the transmembrane mitochondrial elec-
trical potential in conjunction with the increase in
the intracellular ROS accumulation, suggested the
parasites mitochondria as the key target for CAD-
I-induced death. Despite the concentration of
CAD-1 used is not sufficiently low to consider it
as a strong trypanocydal agent, altogether, the
novel mechanism that induces 7. cruzi death and
the originality of its chemical structure, signed to
CAD-1 as a lead compound that could serve as a
template to obtain novel agents [554].

g. Berenil. Mitochondrial DNA (kDNA) is
formed by interlocked molecules: minicircles and
maxicircles. kDNA is a sign of kinetoplastids,
constituting a valuable target in chemotherapeutic
and biological studies. The effects of this minor-
groove-binding agent that acts preferentially at the
kDNA level, thus affecting ultrastructure and mi-
tochondrial activity of 7. cruzi epimastigotes pro-
moted a reduction on parasite growth, but cell vi-
ability was not affected. While nuclear ultrastruc-
ture was not modified, this compound produced
substantial changes in kKDNA organization. It was
shown that berenil prevented the minicircle decate-
nation of the network, thus avoiding DNA replica-
tion and ending in the presence of dyskinetoplastic
cells. Moreover, berenil-treated parasites presented
high levels of ROS and a slight reduction in the
oxygen consumption and in the mitochondrial
membrane potential. These findings revealed that
this DNA-binding drug essentially affects kDNA
topology and replication, reinforcing the idea that
the kinetoplast symbolizes a prospective target for
chemotherapy against trypanosomatids [555].
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2.15. Programmed Cell Death (PCD) in 7. cruzi.

Natural PCD occurs in 7. cruzi epimastigotes
maintained in axenic cultures [556]. Under suit-
able stimuli, 7. cruzi undergoes PCD, offering in-
teresting new therapeutic targets. It is worth men-
tioning that the mechanisms of the proccess has
not been established yet, but the identification and
modulation of molecular targets inducing PCD in
T. cruzi may lead to new potential therapeutic ap-
proaches [557]. The cellular process known as
autophagy helps to reutilize the cytoplasmic com-
ponents and aged or damaged organelles, in nor-
mal conditions. The autophagic pathway has been
associated in various physiological and pathologi-
cal circumstances, even throughout the course of
infection caused by intracellular pathogens. A lot
of compounds are presently used for modulating
the autophagic response. During host cell invasion,
T. cruzi, interacts with autophagic compartments
and the pre-activation of autophagy considerably
rises the parasite colonization of the host cell.

a. Diterpene 5-epi-icetexone. This drug was
tested on parasites synchronized with hydroxyurea
at different periods of time after removal of the
nucleotide in order to study the effect of this agent
on growth and morphology. When the diterpene
was added at 12 h after removal of hydroxyurea,
the agent affected parasites growth, slightly inhib-
ited the incorporation of thymidine, perhaps on the
transition S/G2 of the cellular cycle and induced a
delay in the progression of cell division as shown
by transmission electron microscopy. At cytostatic
dose, the compound affected 7. cruzi cell cycle,
feasibly in the transition S/G2 phase and cell divi-
sion. Indeed, 5-epi-icetexone targets have not been
still identified [558].

b. Ruthenium nitrosyl complexes and nitric
oxide. Particularly, ruthenium (III) and (II) amines
are among coordination compounds, good NO-
captors-deliverers. Numerous ruthenium amine
complexes were studied as NO-carriers in vitro
and in vivo and their chemical and photochemical
properties were evaluated. Interestingly, these ni-
trosyl complexes, effective in different models of
cancer, can also control 7. cruzi infection. The ac-
tivation of these complexes may be chemical or
photochemical, and the presence of NO in the
compound can be responsible for the observed bio-
logical effects. The efficiencies of these com-
pounds have been explained based on the specific
rate constant for NO liberation from the
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[RuNO](2+) moiety, the quantum yield of NO re-
lease, and the [Ru(I)NO(+)](3+)/[Ru(I[)NO(0)]
(2+) reduction potential [559].

c. Eupomatenoid-5. The neolignan isolated
from the leaves of Piper regnellii var. pallescens,
eupomatenoid-5, showed trypanocidal activity,
inducing oxidative imbalance in the three parasitic
forms, especially trypomastigotes. This was re-
flected by a decrease in the activity of TR and in-
crease in the formation of ROS. In addition, a re-
duction of mitochondrial membrane potential was
triggered, thus impairing the cell redox system
through the production of more ROS and reactive
nitrogen species. All these effects led to oxidative
stress, characterized by lipid peroxidation and
DNA fragmentation. These alterations are key
events in the induction of parasite death through
apoptosis, necrosis, and autophagy [560].

d. Iron superoxide dismutase (FeSODA).
Trypanosoma cruzi antioxidant network composed
by cytosolic and mitochondrial peroxiredoxins and
TS, act as a virulence factor for strains causing
Chagas disease. An augmented resistance of 7.
cruzi peroxirredoxins overexpressers to in vivo or
in vitro nitroxidative stress conditions was ob-
served. Additionally, the regulation of the levels of
mitochondrial superoxide radical by iron superox-
ide dismutase (FeSODA) influences parasite PCD,
highlighting this enzyme role in parasite survival.
The role of FeSODs in T. cruzi PCD in Chagas
disease chronic infection is under investigation
yet. The possible use of the antioxidant enzymes
as therapeutic targets requires further investigation
[561].

e. Natural sesquiterpene lactones (STLs). At
difference with the reference drugs, the two natu-
ral STLs, induced PCD in both epimastigotes and
trypomastigotes. A combination of dehydroleu-
codine (DhL) and either Bz or Nx showed an in-
creased effect of natural compounds and synthetic
drugs on the decrease of parasite viability. DhL
and helenalin (HIn) induced PCD in 7. cruzi epi-
mastigote and trypomastigote forms, by a different
mechanism of action than the conventional drugs
to kill the parasite, proposing to DhL and Hin as
an interesting option for Chagas disease treatment,
alone or in combination with conventional drugs
[562].

f. N-oxide-containing heterocycles. The selec-
tion of these compounds was performed with T.
cruzi epimastigotes according to the mechanism of
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action and type of death. Most of the N-oxides
evaluated were capable of decreasing the release
of succinate and the shedding of acetate, probably
by acting on mitochondria. Quinoxalines and ni-
trofuranes exhibited substantial mitochondrial de-
hydrogenase inhibition. None of the selected com-
pounds showed a positive TUNEL assay at low
concentration. However one furoxan and one ben-
zofuroxan, showed a necrotic effect at high con-
centrations by microscopic assays. The use of a
protease inhibitor (3-methyladenine) and studies of
transmission electron microscopy suggested an
autophagic phenotype for the benzofuroxan Bfx1
and the nitrofurane Nfl and a 'BigEye' phenotype
for the furoxan Fx1 [563].

g.  Morita-Baylis-Hillman  adducts  3-
hydroxy-2-methylene-3-(4-nitrophenylpropane-
nitrile). 3-Hydroxy-2-methylene-3-(4-nitrophenyl-
propanenitrile) (MBHA3), derived from the Mo-
rita-Baylis-Hillman reaction, effectively caused a
loss of viability in both epimastigote and trypo-
mastigote forms. However, the mechanisms of
parasite death elicited by MBHA3 remain un-
known. Trypanosoma cruzi treatment with lower
concentrations of MBHA3 led to alterations in the
mitochondrial membrane potential and acridine
orange labeling, but did not decrease the viability
of epimastigotes forms, as determined by the cal-
cein-AM/ethidium homodimer and annexin-
V/propidium iodide assays. In contrast, treatment
with higher concentrations of MBHA3 led to ex-
tensive plasma membrane damage, loss of mito-
chondrion membrane potential and DNA fragmen-
tation suggesting that MBHA3 induced death by
necrosis in a mitochondrion-dependent manner at
the highest concentrations tested [564].

h. Memantine. The effect of memantine, an-
tagonist of the glutamate receptor in the CNS of
mammals, was evaluated on 7. cruzi epimastigotes
exhibiting trypanocidal effect. Besides, this com-
pound reduced both metacyclogenesis and the
parasite energy metabolism. Aditionally, meman-
tine activated different mechanisms that drove to
the apoptosis-like cell death of epimastigotes.
Likewise, the interference of memantine in intra-
cellular amastigote displayed with an IC50 value
five times lower than the obtained in epimastigotes
[565].

i. Difluoromethylornithine (DFMOQ). The
complete depletion of intracellular polyamines by
inhibiting ODC with DFMO blocked the induction
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of autophagy both in response to starvation or ra-
pamycin treatment. This effect was linked with a
reduction in the levels of two proteins essential for
autophagosome formation. DFMO, acting as host
cell autophagy inhibitor, blocked 7. cruzi coloni-
zation, demonstrating that polyamines and auto-
phagy enable parasite infection. Among autophagy
inhibitors, wortmannin and 3-methyladenine, are
non-specific and possibly toxic, however, DFMO
is a FDA-approved drug that may be appreciated
in restricting autophagy and the propagation of
Chagas disease infection [566].

j. Thiazolidinones derivatives. Among a series
of designed thiazolidinones, 2-[2-Phenoxy-1-(4-
bromophenyl) ethylidene) hydrazono]-5-
ethylthiazolidin-4-one (4h) and 2-[2-phenoxy-1-
(4-phenylphenyl)  ethylidene)  hydrazono]-5-
ethylthiazolidin-4-one (41) were the most potent
against epimastigote proliferation and trypomas-
tigotes, while did not display host cell toxicity.
Thiazolidinone 4 h was able to reduce the in vitro
parasite burden and the blood parasitemia in mice
with similar potency to Bz. These thiazolidinones
did not inhibit cruzain activity. However, they ex-
hibited strong antiparasitic activity by acting as
parasiticidal agents and inducing a necrotic para-
site cell death [567].

k. p-Carboline-3-carboxamide derivative.
The synthetic compound N-butyl-1-(4-
dimethylamino) phenyl-1,2,3 4-tetrahydro-f3-

carboline-3-carboxamide (C4) showed activity
against epimastigotes and trypomastigotes Altera-
tions in mitochondrial membrane potential and in
the cell membrane integrity, an increase in the
formation of reactive oxygen species and in phos-
phatidylserine exposure, a reduction of cell vol-
ume, DNA fragmentation, and the formation of
lipid inclusions, suggests that mitochondria are a
target of C4, and its dysfunction can lead to differ-
ent pathways of cell death [568].

l.  Dibenzylideneacetones. @ The  diben-
zylideneacetones A3K2A1 and A3K2A3 have
strong activity against 7. cruzi. An increased oxi-
dant species production and a depletion of the en-
dogenous antioxidant system revealed that
A3K2A1 and A3K2A3 induced oxidative stress in
the three parasitic forms, especially trypomas-
tigotes. Parasite lipid peroxidation and DNA frag-
mentation, proved that the produced oxidative im-
balance determined the final damage in essential
T. cruzi structures. So, A3K2A1 and A3K2A3 in-
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duced vital alterations in 7. cruzi, leading to para-
site death through the three pathways, apoptosis,
autophagy, and necrosis [569].

2.16. Sialic Acids Transference

Despite trypanosomes are not capable to syn-
thesize sialic acids, they can scavenge them from
its hosts via an exclusive neuraminidase that con-
tains trans-sialidase (TS) activity. This peculiar
enzyme, developmentally regulated, is responsible
for the transference of sialic acid molecules from
host glycoconjugates to mucin-like acceptors lo-
cated in the surface membrane from the parasite
and appeared to be essential for the parasite sur-
vival and the cell invasion in the mammalian host
[570, 571]. Also, TS inhibitors are considered po-
tential trypanocidal therapeutic agents. The crystal
structures of 7cTS alone or complexed with sub-
strates and sialidase inhibitors showed that a sig-
nificant number of amino acid residues within the
active site of 7cTS is conserved and shared by all
identified sialidases. However, crucial amino acid
residue discrepancies between mammalian siali-
dases and the parasite TS offer an explanation for
the peculiar glycotransfer enzymatic activity of
TcTS [572]. Some target synthetic sialylmimetics-
cyclohexenephosphonate monoester compounds
have exhibited auspicious inhibitory properties
when assayed with parasitic or bacterial sialidases
[573]. Horenstein and Parr from the University of
Florida patented novel N-substituted piperidines
claiming that these compounds with neuramini-
dase inhibitory activity could be useful for the
treatment of bacterial, viral and parasitic infections
caused by trypanosomes [574]. Besides, scientists
from University of Alabama disclosed a bacterial
sialidase inhibitor and methods of preventing and
treating bacterial or trypanosomal infections [575],
(Table 2). Nevertheless, no data on the activity
against the parasite enzymes was presented in both
patents. Also, TS was examined as probable drug
target. To this purpose, a library of substrate ana-
logues centered on 1,4- disubstituted 1,2,3-triazole
derivatives of galactose modified in the C-1 or C-6
positions were synthesized and evaluated, demon-
strating to be TS acceptor substrates, despite the
sugar triazoles displayed low inhibition towards
in vitro TcTS-catalyzed hydrolysis of 2'-(4-
methylumbelliferyl)-alpha-d-N-acetylneuraminic
acid. However, in vitro trypanocidal activity as-
says against the 7. cruzi trypomastigotes, exposed
many compounds active in a low uM range [576].
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Moreover, in order to evade the infection from the
host's immune system, TS transfers sialic acids
from mammalian host cells to parasitic cell consti-
tuting an auspicious target for the improvement of
new therapeutics to treat the disease. To begin the
elucidation of the catalytic mechanism of this reac-
tion, the formation of a long-lived covalent inter-
mediate could be estimated and a Tyr/Glu pair
could be identified as an uncommon catalytic nu-
cleophile [577]. The characterization of a labeled
TS by UV-MALDI-TOF-MS revealed that the in-
activation of the enzyme happens through the es-
tablishment of a covalent bond between the
Arg245 and Asp247 and the inhibitor aglycone.
The contribution of Asp247 in the catalytic
mechanism was demonstrated with the construc-
tion of a mutant (TSD247A) that only contained
residual activity permitted by the obtainment of a
more open catalytic cleft. Regarding that Ne-
uNACFNP is the mechanism-based inhibitor of a
TS enzyme described for the first time, it repre-
sents a novel template for drug design that opens
new possibilities for chemotherapy of Chagas' dis-
ease [578]. Therefore, in order to obtain ligands
for TcTS, a lot of a-configured C-sialosides were
developed and their affinities to the immobilised
enzyme were measured by surface plasmon reso-
nance. Since Tyr (119) and Trp (312) constitute
the acceptor binding region in the enzyme active
site, the results showed the significance of the side
chains of these residues of 7cTS in target oriented
ligand synthesis [579].

Regarding inhibitors, the 1,2,3-triazole linked
sialic acid-6-O-galactose and the sialic acid-
galactopyranoside displayed elevated 7¢TS inhibi-
tory activity, whereas only the former exhibited
significant trypanocidal activity. The former was
highlighted as a prototype for further design of
novel neoglycoconjugates against Chagas' disease
[580]. In contrast to the general hydrolases, 7c¢TS
showed outstanding regio- and stereoselectivity as
well as high yields in transfer reactions. In detail,
the preparative use by chemoenzymatic syntheses
with 7¢TS are outlined on the design of modified
donor and acceptor substrates. On the other hand,
activities to develop 7cTS inhibitors are based on
donor- and acceptor- modifications and on some
completely different structures [581].

a. Macrocyclic inhibitor for neuraminidases
(NAs). A macrocyclic mechanism-based inhibitor
for NAs composed by a 2 difluoromethylphenyl
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aglycone and a linker between the aglycone and C-
9 positions of sialic acid was synthesized. The
macrocyclic structure was deliberately designed to
keep the aglycone moiety in the active site of the
NA after cleavage of the glycoside bond. While
studies with some NAs treated with a similar
acyclic derivative, showed that the irreversible in-
hibition was restricted, this new macrocyclic com-
pound proceeded as an irreversible inhibitor for
the same NAs. Trypanosoma cruzi, human, and
numerous NAs, were inhibited irreversibly by this
macrocyclic compound. This inhibition resulted
inversely proportional to the k (cat) of the target
NA, in contrast to common k (cat) inhibitors
[582]. TS presents no analogy with the human
counterpart converting to this enzyme in an excit-
ing drug target to fight against the parasite. Al-
though several compounds have been checked
against TS activity, no potent inhibitors have been
still recognized [583].

b. Glycosyl diketopiperazines (DKPs). Glyco-
syl DKPs cyclo [Asp-(aGalNAc) Ser] 3 and cyclo
[Asp-(aGalNAc) Thr] 4 were synthesized and bio-
logically evaluated for the improvement of new
trypanocidal agents and in particular, 7. cruzi in-
hibitors. While the DKPs 3 and 4 revealed signifi-
cant trypanocidal effects with IC50 values in the
uM order, glycosyl amino acids 1 and 2 exhibited
healthier inhibition of TS than the equivalent
DKPs [584].

2.17. Biosynthesis of Lipids

a. Alkyl-Lysophospholipids (ALPs). ALPs
constitute another set of auspicious compounds
with activity against in vitro and in vivo T. cruzi
proliferation and differentiation. First, these ana-
logues of lisophospholipids were designed and
synthesized as potential immunomodulator agents,
progressing as antitumoral and antileukaemial
drugs [585]. In contrast with the conditions in the
vertebrate host, where the CDP-choline pathway
preponderates, ALPs anti-7. cruzi activity has
been associated with a selective blockage of para-
site phosphatidyl-choline (PC) biosynthesis in-
cluding the transmethylation pathway. However,
the mechanism related with antiparasitic activity is
not known yet. ALPs showed respectable oral ac-
tivity and low toxicity [586]. Besides, lysophos-
pholipid analogues (LPAs) formerly established as
anti-cancer agents, have also presented substantial
in vitro and in vivo activity against 7. cruzi. Al-
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though the lipid synthesis in 7. cruzi and cancer
cells is inhibited by LPAs, the activity showed to
be about 20-fold superior against the parasite
[587]. A report described the antiproliferative syn-
ergy of LPAs with ketoconazole against 7. cruzi
epimastigotes and amastigotes. Similarly to the use
of edelfosine or ketoconazole alone which induced
morphological alterations in parasites plasma
membrane and reservosomes, the combination of
the drugs, probably by interfering with lipid me-
tabolism also produced severe mitochondrial dam-
age, and formation of multinucleated structures
[588]. The three developmental stages of the para-
site suffered alterations in the plasma membrane
when were treated with LPAs. In epimastigotes,
the effects of these compounds affected the mito-
chondrion proposing to these organelles as poten-
tial targets of these analogues [589]. In addition,
the interference of LPAs in the lipid biosynthesis
alter the quantity of phospholipids and sterols, and
so the membrane physical properties [590]. On the
other hand, taking into account that the natural an-
tibiotic thiolactomycin (TLM) is an inhibitor of
Type II fatty acid synthase but not of Type I fatty
acid synthase in mammals, a series of analogues of
TLM have been evaluated showing similar or
higher inhibition than TLM and some of them dis-
played activity against 7. cruzi [591].

b. Glycosphingolipids (GSLs). In the last
years, studies on lipid metabolism have focused
not only in basic biology but also in using them for
chemotherapeutic purposes. In eukaryotic cells,
glycosphingolipids (GSLs) are ubiquitous. How-
ever, very little information about their role in
parasites has been reported. Posaconazole, which
acts as described in section 2.2.1. by blocking
sterol biosynthesis, is the best advanced novel
anti-Chagas disease drug prototype, however, did
not completely confirm its original potential in a
Phase II clinical trial for chronic Chagas' disease.
In vitro assays, demonstrated that posaconazole is
extremely active against 7. cruzi in addition to be
very well tolerated in clinical trials. Thus, combi-
nation therapies might provide a point of view
categorically promising. In this sense, evidences
suggested the in vivo functional interactions be-
tween sterols and sphingolipids, proposing that the
combination of sterol and sphingolipid biosynthe-
sis inhibitors might allow advancing in drug de-
velopment against Chagas' disease [592].
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c. Glycosylphosphatidylinositol (GPI) bio-
synthetic pathway. A number of proteins are an-
chored to the membrane through GPI molecules
that are crucial for parasite virulence and partici-
pate in host immune responses. Thus, 7. cruzi
genes related to the biosynthesis of GPI anchors
represent probable novel targets for the progress of
improved therapies against Chagas disease. In
silico analysis of the 7. cruzi genome allowed the
identification of eighteen genes codifying for pro-
teins of the GPI biosynthetic pathway and the
inositolphosphorylceramide (IPC) synthase gene.
The two genes were constitutively expressed in all
the parasite stages. Trypanosoma cruzi genes
TcDPM1, TcGPI10 and TcGPI12 complemented
yeast mutants in GPI biosynthesis. Unsuccessfully,
efforts for generating 7. cruzi knockouts for the
three genes failed, suggesting that GPI might be an
essential parasite constituent. Trypanosoma cruzi
sequences codifying for components of the GPI
biosynthetic pathway were analyzed indicating
that these are essential genes participating in cru-
cial characteristics of host-parasite interactions
[593].

d. Fatty acid acylation. The addition of the
fatty acid moieties myristate and palmitate to pro-
teins is essential for the survival, growth, and in-
fectivity of Trypanosomatids. Myristoylation and
palmitoylation processes are critical for parasite
growth, targeting, localization, and specific func-
tions of some proteins. A  single N-
myristoyltransferase (NMT) and multiple palmi-
toyl acyltransferases are present in trypanosomat-
ids, and these enzymes and their protein targets
have not been still fully characterized. Total inhi-
bition of each process drives to cell death in try-
panosomatids, and the genetic ablation of NMT
compromise parasite virulence. Likewise, NMT
inhibitors efficiently cure 7. brucei infection in
rodents. Consequently, protein acylation signifies
a promising target for novel trypanocidal drugs
[594].

3. ANTI-T. CRUZI COMPOUNDS WITHOUT
ASSIGNED SPECIFIC TARGET

In relation to the chemical strucutres of the
compounds mentioned in this item please refer to
Table (9).

a. Megazol derivatives. From an in vitro
screening of a series of 1,3,4-thiadiazole-2-
arylhydrazone derivatives of megazol against try-
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pomastigotes, eight compounds were chosen for in
vivo studies. The two compounds derived from the
reaction of megazol with 4-hydroxybenzaldehyde
and 4-bromobenzaldehyde showed a significant
decrease in the measured levels of parasitemia and
in the mortality rates (Table 9). The dihydroxy-
benzaldehyde derivative, although be 2-fold more
strong in vitro than megazol, showed no in vivo
effect [595].

b. Fenarimol and analogs. The non-toxic fun-
gicide fenarimol was activity in vivo in a murine
model, inhibiting blood parasitemia to almost un-
detectable levels [596]. Optimization of this drug
led to the synthesis of 1-[phenyl(pyridin-3-
yl)methyl] piperazinyl analogues containing am-
ide, sulfonamide, carbamate/carbonate and aryl
moieties, several of them displaying low nM ac-
tivities on 7. cruzi. Later, two analogues showed a
high curative rate in a mouse model of acute T.
cruzi infection (Table 9) [597].

c. Benzoxaboroles. Benzoxaboroles were
firstly reported as antifungal, antibacterial and
anti-inflammatory activities, determining that bo-
ron-based drugs were capable to display striking
properties and activities contrary to parasites re-
sponsible for neglected tropical diseases. Many
biotechnology companies have effectively identi-
fyed to this new type of boron-based drugs, as tal-
ented for the mentioned diseases. Among exclu-
sive properties of these agents, its capacity to re-
versibly interact with biochemical targets through
an empty p-orbital, is central for their triumph as
prototypes. Main features essential for oral absorp-
tion; metabolic stability and low toxicity are re-
quired for their progression to clinical trials in line
with the physicochemical and pharmacokinetic
properties shown by these compounds [598]. The
compound concentration and incubation time
needed to achieve maximum efficacy in vitro be-
tween the oxaborole AN4169 was compared with
the broad class of nitroherocyclic compounds:
benznidazole, nifurtimox, and fexinidazole sul-
fone, and four ergosterol biosynthesis inhibitors —
posaconazole, ravuconazole, EPL-BS967 and
EPL-BS1246. The oxaborole and the nitrohetero-
cyclics, although less potents, showed broad effi-
cacy and variable responses against all 7. cruzi
tested and were rapidly trypanocidal, whereas er-
gosterol biosynthesis inhibitors showed variable
activity that was both compound- and strain-
specific, and were unable to eradicate intracellular
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infection at the most efficacious concentrations
[599].

d. Imidazo[4,5-c][1,2,6]thiadiazine  2,2-
dioxides derivatives. Researchers from the Con-
sejo Superior de Investigacion, University of Uru-
guay, have patented a new family of anti-Chagas
disease derivatives from imidazo[4,5-c][1,2,6]
thiadiazine 2,2-dioxides (Table 9) to be used as
medicament or pharmaceutical composition for the
treatment of parasitic diseases, particularly Chagas
disease [600].

e. Hybrid furoxanyl N-acylhydrazone de-
rivatives. Several prototypes and drug candidates
for neglected diseases contain a repeated func-
tional N-acylhydrazone moiety. In parallel, the
furoxan system has been investigated as pharma-
cophore Chagas disease. Forty hybrid furoxanyl
N-acylhydrazones and their activity on 7. cruzi
were designed and synthetized. Among them, four
derivatives exhibited excellent to good selectivity
indexes against the 7. cruzi and other microorgan-
isms. The derivative furoxanylN-acylhydrazone
(E)-2-methyl-N'-(4-phenyl-3-
furoxanylmethylidene)-4H-imidazo[1,2-
a]pyridine-3-carbohydrazide 15 resulted ten-fold
more strong against 7. cruzi amastigotes than Nx.
The satisfactory stability, in a virtual biological
system (Table 9) and the lack of mutagenicity of
some derivatives allowed the authors proposing
them as prototypes for future pre-clinical studies
[601].

f. Nitro-heterocyclic derivatives.

f-1. Nitrofuroxazide derivatives. The in vitro
anti-7. cruzi activity assays of nifuroxazide ana-
logues, such as 5-nitro-2-furfuryliden and 5-nitro-
2-theniliden derivatives, were performed and
compared to Bz. A molecular modeling approach
was also carried out to relate the lipophilicity po-
tential property with the biological activity data.
The S5-nitro-2-furfuryliden derivatives presented
better pharmacological profile than the 5-nitro-2-
theniliden analogues and the design of new ana-
logues is required for achieving optimum lipophil-
icity [602]. In this sense, 5-R1-2[(NR2)-
furfuryliden, toleniliden) semicarbazones and
thiosemicarbazone and its derivatives, the obten-
tion methods and their use for producing com-
pounds for treatment of Chagas disease were pat-
ented by researchers from the Universidad Na-
cional Auténoma de México [603].
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f.2. 3-Nitro-1H-1,2,4-triazole-based derivati-
ves. A series of novel nitro (triazole/imidazole)-
based heteroarylamides/sulfonamides, (including
3-, 2- and 4-nitroimidazoles-based compounds)
was synthesized and the 2-nitroimidazoles showed
a discrete active against 7. cruzi, while the 4-
nitroimidazoles were mostly inactive. The strong-
est compound generated IC50 values lower than 1
puM and up to more than 1400-fold selectivity to-
wards the parasite (Table 9). From the detailed
SARs, the 3-nitrotriazole-based chlorinated thio-
phene/benzothiophene sulfonamides/amides were
the best active trypanocidal compounds, display-
ing up to 14-fold greater potency against 7. cruzi
as compared to Bz [604] and presented excellent
performance in an acute model of infection [605].

g. Sesquiterpene lactone type furan-
heliangolides. Dichloromethane and methanol
crude extracts obtained from leaves plus inflores-
cences of Lychnophora pohlii showed activity
against 7. cruzi trypomastigotes. The bioassay-
guided fractionation of the extracts yielded seven
active compounds: the sesquiterpene lactones
lychnopholide, centratherin, goyazensolide and
15-desoxygoyazensolide in the dichloromethane
extract, and caffeic acid and the flavonoids luteo-
lin and vicenin-2 in the methanol extract. One ac-
tive caffeoyl quinic acid derivative was isolated
from the inactive hydroalcoholic extract. Chemi-
cally, this type of plant contains sesquiterpene lac-
tone type furan heliangolides among other deriva-
tives [606]. Researchers from Universidad Federal
from Ouro Preto and Fundacao Fapemig (Brazil)
patented pharmaceutical compositions containing
sesquiterpene lactones, type furan heliangolides.
This patent disclosed compounds with pharmacol-
ogical activity and effectiveness for pharmaceuti-
cal using for humans and animals, for treating dis-
eases caused by naturally resistant parasites, such
as T. cruzi among others. Furan heliangolide ses-
quiterpenoid compounds activity has been signifi-
cantly in vivo and in vitro tested. Lichnofolide
(LYC) presented the best results for the treatment
of infection by 7. cruzi of mice infected with dif-
ferent strains, evidencing for the first time the po-
tential of this compound for in vivo treatment of
parasite strains with different sensitivity profiles to
drugs usually used for Chagas disease treatment
[607]. In vivo activity and the effects against 7.
cruzi of the new drug LYC, loaded in nanocap-
sules (NC), were compared with those from Bz.
Treatment with free LYC, LYC-poly-¢-
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caprolactone, and LYC-poly(lactic acid)-co-
polyethylene glycol of infected mice in the acute
phase or Bz solution were carried out. As ex-
pected, although there were no mice cure, free
LYC decreased the parasitemia and enhanced mice
survival, confirming LYC as a potential novel
agent for Chagas disease treatment [608].

h. Diaminophenothiazinium compounds.
Studies based on Alzheimer's disease and related
tauopathies established that the diaminophenothiaz-
ine compounds, such as methylthioninium were
proposed as potential chemotherapeutic agents
[609]. Interestingly, a patent pertaining in general to
the chemical synthesis and purification area, and
specifically to the methods of synthesis and/or puri-
fication of some 3,7-diamino phenothiazin-5-ium
compounds as diaminophenothiazinium com-
pounds, including methylthioninium chloride,
commonly known as methylene blue, was presented
by Wista Lab Ltd. In addition, the description of the
purification method, compositions, their use in
methods for inactivating pathogens and those of
medical treatment, prophylaxis, diagnosis of
tauopathies, different types of infections including
Chagas' disease among them, were presented [610].

i. Imido-substituted 1,4-naphthoquinone de-
rivatives. Eleven imido-naphthoquinone analogs
IMDNQI1-IMDNQ11 showed stronger activity on
T. cruzi in comparison with Nx. Studies in a mur-
ine cell line exposed that IMDNQI1, IMDNQ2,
IMDNQ3, and IMDNQI10 exhibited higher selec-
tivity than Nx [611]. Researchers from Howard
University, USA, have recently provided methods
capable to inhibit 7. cruzi proliferation with novel
imido-substituted-1,4-naphthoquinones, proposing
that their administration could offer prophylaxis or
treatment of Chagas disease [612].

j- Aryloxi compounds

j.1. Aryloxi-quinones. Twenty seven novel syn-
thetic aryloxy-quinones were evaluated against 7
cruzi epimastigotes, and compared to Nx. 2-
Phenoxy-naphthoquinone (Table 9 - 3b) exhibited
a significant inhibitory activity and a great selec-
tivity. The most active compounds of each series
showed redox properties as determined by cyclic
voltammetry commonly used to obtain electro-
chemical parameters for biological studies with
quinones. No correlation was found between the
potential of reduction (Epc) calculated and the try-
panocidal effect. The design of a pharmacophore
recognized the strongest and more selective com-
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pounds and the 3D-QSAR equation could be use-
ful for the prediction of new designed trypanocidal
compounds [613].

j.2. Aryloxy-indole-4,9-diones. The synthesis
and in vitro evaluation against 7. cruzi epimas-
tigotes of novel indole-4, 9-dione and their phe-
noxy derivatives presented them as selective as
and extremely stronger than Nx. It was interesting
that phenoxyindole-4, 9-dione 9d displayed excel-
lent nM inhibitory activity and high selectivity.
In silico studies using MOE program were ad-
dressed to generate a preliminary pharmacophore
model [614].

k. N, N’-Squaramides. When combined with
amine and carboxylic groups, squaramide com-
pounds have increased solubility and therefore
make suitable therapeutic agents. A group of Lip-
inski's rules of five compliant squaramides as can-
didates for treating Chagas disease was introduced.
The in vivo studies confirmed the positive expecta-
tions arising from the preliminary in vitro studies,
revealing compound 17 (Table 9) to be the most
effective for both acute and chronic phases. Activ-
ity, stability, low cost of starting materials, and
straightforward synthesis turn amino squaramides
in appropriate molecules for the development of an
affordable anti-Chagas disease agent [615]. Re-
searchers from the Universities of Granada and
Illes Balears, Spain have patented antiparasitic ac-
tivity of squaramide. The synthesis and use of
squaramide for the treatment of diseases of para-
sitic origin, such as Chagas disease, have been re-
lated [616].

l. Pradimicin derivatives. Pradimicins are a
single type of non-peptidic carbohydrate-binding
compounds capable of blocking HIV infection due
to an efficient binding to glycans of the HIV-1 en-
velope gpl120 in the presence of Ca*". The pra-
dimicin-cation complexes are inept to further co-
ordinate with the gp120 glycans. Accordingly, in
order to acquire antiviral activity, a few cations are
able to bind to pradimicin to form a dimeric com-
plex and consequently coordinate the interaction
between pradimicin/cation and the glycans of
gp120 [617]. The mechanism of action of the anti-
HIV antibiotic, pradimicin A, has been early stud-
ied using cell-free and cell to cell HIV infection
systems. Researchers from the University of Leu-
ven Kath, Belgium and the Consejo Superior de
Investigacion, Japan, Toyama Prefecture have pat-
ented new pradimicin derivatives for the diseases
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caused by kinetoplastids treatment. The patent de-
scribed new pradimicin derivatives for the treat-
ment of deseases caused by Kinetoplastids, includ-
ing Chagas disease [618].

m. Arjunolic acid and derivatives. The triter-
pene arjunolic acid reduced the in vitro T. cruzi
epimastigote proliferation. Electron microscopy
analysis revealed remarkable effects on the para-
site surface and architecture, mainly restricted or
originated at the parasite peripheral cytoplasm,
including the cytoskeleton membrane linkage, in-
ferring that the compound targeted primarily the
lipid bilayer. Therefore, a synthetic modification
was performed to increase the molecule lipophilic-
ity and thus the membrane permeability. The
methyl ester of arjulonic acid and the tri-acetylated
derivatives had potentiated trypanocidal activity.
Both derivatives were able to produce remarkable
parasite ultrastructural alterations in Golgi appara-
tus and the endocytic/autophagic pathway [619].

n. Abietic acid derivatives. The effectiveness
of a group of chemically stable and well character-
ised abietic acid derivatives was assayed in vitro
and in vivo. In vitro results showed that some
compounds showed low toxicity against Vero cells
combined with high efficacy against 7. cruzi. Fur-
ther in vivo studies on mice models confirmed the
expectations of improvements in infected mice.
The morphological alterations found in treated
parasites confirmed broad damage and energetic
metabolism  disturbances. The demonstrated
in vivo activity and low toxicity, the lack of syn-
thetic complexity, placed these abietic acid deriva-
tives as candidates for the treatment of Chagas
disease [620].

0. Quinoxaline derivatives. Forty novel qui-
noxaline 1, 4-di-N-oxide derivatives assayed and
two carboxylic acid quinoxaline 4-di-N-oxides
(CAQDOs), compounds 12 and 22 (Table 9) ex-
hibited IC50 values for epimastigotes in the same
order as Nx [621]. Aza-thiaheterocycles, ana-
logues of naftifine, were investigated as trypano-
cidal agents, evidencing that these pharmacopho-
res act through oxidative stress. Novel quinoxaline
1,4-dioxides were evaluated as possible SBIs
[622]. Two compounds (22 and 23) (Table 9) re-
vealed outstanding parasite/mammal selectivity
indexes. The analysis of the free sterols from para-
sites incubated with these compounds showed that
they were capable to accumulate squalene, sug-
gesting that the inhibition of sterol biosynthesis is
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not involved in the anti-7. cruzi mechanism of ac-
tion. In another work, 3-Chloro-7-methoxy-2-
(methylsulfonyl) quinoxaline showed auspicious
in vitro effect against epimastigotes and trypomas-
tigotes, alone or combined with Bz. The ultra-
strucutural alterations observed suggest an
autophagic-like cell death [623]. The synthesis and
antitrypanosomal properties of 46 novel 2,3-
disubstituted quinoxaline derivatives were assayed
in with the three evolutive forms of 7. cruzi. Sev-
eral compounds led to IC50 values at low micro-
molar range, and their activity was directly associ-
ated to the methylsulfoxyl, methylsulfonyl, and
amine groups as well as to the presence of chlorine
or bromine in these quinoxaline derivatives (Table
9) [624].

Quinoxaline derivatives which are selective
against 7. cruzi and do not cause mutagenic effects
were patented. Particularly, derivatives of 3-
trifluoromethylquinoxaline 1,4-dioxide with ester
or amide functionality in the 2 position, presenting
a selective mechanism of action showed to be dif-
ferent to the drugs used in therapy. Their lipophil-
icity is suitable for use in any pharmaceutical for-
mulation. The methods for preparing alleged com-
pounds by reacting a benzofuroxan and a
trifluoromethyl were recorded. The invention also
related to pharmaceutical formulations for treating
patients with Chagas disease [625, 626].

p- Clofazimine, benidipine and saquinavir.
The approved drugs clofazimine, benidipine and
saquinavir (Table 9) were identified by computer-
aided protocol as potential trypanocidal com-
pounds and their effects at biochemical and cellu-
lar levels on the different parasite forms were
tested. The potential of computer-guided drug re-
locating to connect and improve drug discovery
and preclinical development was used; rational
rules to choice which among repositioned proto-
types should progress to be an investigational drug
and provide a new vision on clofazimine and be-
nidipine as candidate for the treatment of Chagas
disease was evaluated. The repositioning of these
permitted drugs as potential novel agents for Cha-
gas disease treatment, integrated computer-aided
drug screening and biochemical, cellular and pre-
clinical tests. Finding other therapeutic indications
for known drugs, and reports on drug repositioning
oriented to Chagas disease, with a focus on com-
puter-guided drug repositioning campaigns were
reviewed [627, 628].
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q. N'-[(5-nitrofuran-2-yl) methylene] substi-
tuted hydrazides. Focused on the nitroheterocyc-
lic drug nifuroxazide (NF), a set of twenty one
compounds were designed in order to improve ac-
tivity against 7. cruzi. Aimed to support drug-
likeness, the designing Lipinski's rules were taken
into account. The group of N'-[(5-nitrofuran-2-yl)
methylene] substituted hydrazides were tested
against the three lineages 7cl, Tcll and, TcV,
which are prevalent in human patients. Most of the
derivatives, exhibited improved trypanocidal activ-
ity against the three strains in comparison with Bz.
In the Y strain (Tcl), the compounds showed to be
62% more active than Nx. N'-((5-nitrofuran-2-yl)
methylene) biphenyl-4-carbohydrazide (C20), was
the most active compound for the three strains
tested (Table 9). Several compounds showed high
selectivity indices in cytotoxicity assays. Mainly,
studies on the topological, steric and electronic
properties of the set of investigated compounds,
helped to the authors in the designing and synthe-
sis of hopeful drugs against Chagas disease [629].

r. Quaternary n-(halomethyl) ammonium
salts. The use of quaternary halogenated ammo-
nium salts for treating parasitic diseases was de-
scribed in patents from researcher of the Univer-
sity of Caldas (US), Trustees of Illinois State Uni-
versity Board of Colombia and University of An-
tioquia. These compounds, in particular those with
a terminal arylalkenyl or diarylalkenyl moiety, are
shown to inhibit the growth of L. pamensis para-
sites, a known causative agent of leishmaniasis
disease. In addition, this series of compounds are
also applied against Chagas disease and other
parasitic diseases [630].

s. Small molecules naphthoquinone- and
phthalimide-based lipocations. The synthesis and
evaluation of cations of hydroxy-substituted 1,4-
naphthoquinones were first tested as antiplasmo-
dial agents. The atovaquone analogues resulted
inactive as antagonists of parasite growth, due to
the ionization of the acidic hydroxyl moiety. In
further studies, the synthesis and evaluation of
phosphonium lipocations for inhibiting 7. cruzi
development were performed. In in vitro studies,
phthalimides and 1, 4-naphthoquinone-based
lipocations were active at low pM concentrations
against 7. cruzi [631]. A patent related with small
molecules naphthoquinone- and phthalimide-based
lipocations, claiming that these compounds were
useful for the treatment or prevention of anti-
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parasitic diseases including Chagas disease was
presented by a researcher from the Universty of
Georgia, USA [632].

t. Macrocycles derivatives. A library focused
on C2-substituted-1,4,7,10-tetraazacyclododecanes
was synthesized and the compounds were assayed
for their trypanocidal activity. Numerous C2-
substituted  polyazamacrocycles  compounds
showed important in vitro activity and were selec-
tively active against the parasites as compared to
human cells [633]. Three pyrazole-containing
macrobicyclic polyamines 1, 2 (N-methyl-
substituted) and 3 (N-benzyl-substituted) (Table 9)
were active in vitro and less toxic to mammalian
cells than Bz. In vivo compound 1 was effective in
the chronic phase. In addition, compound 2 was a
strong inhibitor of Fe-SOD in trypanosomatids,
while its effect on human CuZn-SOD was re-
duced. Molecular modelling suggested that com-
pound 2 could inactivate Fe-SOD due to a steri-
cally favoured improved capacity to interact with
the H-bonding net that supports the enzyme's anti-
oxidant characteristics [634]. Ten derivatives of a
family of aza-scorpiand-like macrocycles were
active in vitro and less toxic to mammalian cells
than Bz. /n vivo compound 4 (Table 9) was the
most active, mainly in the chronic phase. All these
compounds showed a remarkable inhibition of
TcFe-SOD while a negligible effect on of human
CuZn-SOD was observed [635]. Researchers from
the University of Granada and Valencia, Spain,
contributed with a patent regarding to scorpion-
tail-like macrocyclic compounds and to the use as
antiparasitic drugs. This invention describes to
these compounds that are so named owing to the
particular form of the chemical structure formed
by a macrocyclic body and a hanging arm where
various radicals can be substituted. The present
invention considers their use as drugs, particularly
in the treatment of parasitic diseases, preferably
Chagas disease [636]. Many macrocycles exhibit-
ing biological activities as antitrypanosomal and/or
antileishmanial were isolated, synthetized, bio-
logically evaluated and detailed in the last decade
[637].

u. 3-Phenylthio-nor-p-lapachone derivatives.
A one-step reaction, simple and efficient, synthe-
sized novel nor-B-lapachone derivatives tethered
with phenylthio groups at position 3 of the furan
ring. Searching for a novel prototype with high
trypanocidal activity, the compounds were
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screened on Dbloodstream trypomastigotes of
T. cruzi. A broad range of activity was displayed
by the novel compounds showing IC50 values in
the microM order, being four of them superior
than Bz. Compound 13b (Table 9) was the the
most active, being 11 times more active than Bz
and the less toxic derivative to heart muscle cells
[638].

v. Bis and mono spiro-indole derivatives. The
synthesis of a series of new spiro[indole thia-
zolidine]spiro[indole-pyran] derivatives was de-
veloped from N-(bromoalkyl)indol-2,3-diones
through monospiro-bisindole intermediates, being
the two indole nuclei connected via a N-
(CH(2))(n)-N linker [639]. The spiro-indole-
pyrrolidine ring system is a structural moiety fre-
quently found in a lot of biologically and pharma-
cologically key alkaloids. The derivatives of spi-
rooxindole ring systems are used as antimicrobial
and antitumour agents. The recently discovered
small-molecule MDM2 inhibitor MI-219 and its
analogues are in advanced preclinical development
as cancer therapeutics [640]. It is worth noting that
the discovery, presented by Novartis AG, relates
spiro-indole derivatives for the prevention and
treatment of infections caused trypanosomatids,
including 7. cruzi. The patent also relates to phar-
maceutical compound compositions, as well as
processes for their preparation [641].

w. Thiazolidine and imidazolidine com-
pounds. A series of compounds was modified at
the thiazolidinic ring and the 2-iminothiazolidin-4-
one derivative (18) (Table 9) was identified as a
potent inhibitor of Cz, of epimastigotes and try-
pomastigotes, without toxicity to mammalian cells.
In sequence the thiazolidinic ring was substituted
by a thiazolic one, and it was observed that the
news compound did not inhibit the enzyme, but
they exhibited trypanocidal effects [642]. Another
study showed that thiazolidine LPSF SF29 was
capable to inhibit epimastigotes and amastigotes
growth, produce 7. cruzi trypomastigote lysis,
conducing to protozoan death, inducing the ap-
pearance of autophagosomes among the ultrastruc-
tural abnormalities [643]. Regarding these com-
pounds, a patent related with thiazolidine and the
proline analogue imidazolidine derivatives com-
pounds has been presented by researchers from
Federal University from Pernambuco (Brazil). The
synthesis and structural identification of new thia-
zolidine and imidazolidine molecules with try-
panocidal activity and the therapeutic use as drugs
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against Chagas disease is revealed in the present
invention [644].

X. S5-Ephenylethenylbenzofuroxan deriva-
tives. Among 5- ephenylethenylbenzofuroxan de-
rivatives, although its oral bioavailability was af-
fected by the crystallization process, SPhEBfx was
described as an excellent anti-Chagas drug candi-
date. Both solid forms, a thin yellow powder
(5PhEBfx-Y) and orange needles (SPhEBfx-O)
showed variable in vivo activity. In order to corre-
late the solid-state properties with the variable
bioavailability of SPhEBfx, vibrational spectros-
copy, X-ray powder diffraction, differential scan-
ning calorimetry, optical and electron scanning
microscopies showed that SPhEBfx-Y presented
and consequently higher bioavailability when
compared with SPhEBfx-O [645].

z. Benzo|a]phenoxanthin compound. A me-
dicinal composition which contains benzo[a]
phenoxanthin compounds as the active component
for prevention or treatment of protozoal diseases
may be considered as agent for treating and/or
preventing protozoan infections including Chagas'
disease among others. A patent was presented by
researchers from Hoshi University; Synstar Japan
Co Ltd. [646].

aa. Amide-contaning compounds

aa.l. Amide containing thiazoles. Novel amide-
containing thiazoles were evaluated against 7.
cruzi. The lead amide-containing thiazol derivative
(Table 9) showed strong in vitro activity on the
three parasite forms, absence of both in vitro
mutagenic and in vivo clastogenic effects, as well
as in vivo tolerance. This compound exhibited low
mortality and blocked mice parasitemia similarly
to Bz [647].

aa.2. Arylimidamides. The activity of new
AlAs against 7. cruzi infection was in vitro and in
vivo evaluated. By using up to 32 microM, none of
the compounds induced a loss in cellular viability.
Two of them, 18SAB075 (Table 9) and
16DAPO002A, displayed respectable in vitro activ-
ity against different parasite strains against amas-
tigotes and  trypomastigotes.  Particularly,
18SABO075 decreased parasitemia levels up to 50
% and showed 40% protection against mortality,
being however less effective than Bz [648].

ab. Thiosemicarbazones derivatives

ab.1.5-[(Trifluoromethyl)  phenylthio]-2-fural-
dehyde derivatives. Thiosemicarbazones deriva-
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tives of  S5-[(trifluoromethyl) phenylthio]-2-
furaldehyde compounds showed a strong effect on
epimastigotes, similar to Nx and Bz, and com-
pound 4 (Table 9) showed the highest activity. The
presence of the nitro group in the molecule seemed
to be responsible for the improved activity [649].
In order to facilitate a better understanding of the
likenesses and dissimilarities concerning apicom-
plexa and trypanosomatids organisms, the Malaria
Box screening and triaging of the identified hits
against some kinetoplastids was performed. The
characteristics and in vitro and in vivo drug assays
of the most promising active compounds were de-
scribed [650].

ab.2. Metal complexes with thiosemicarbazone
derivatives. The complexes: (1) [Sb (2Ac40CIPh)
CI2], (2) [Sb(2Ac40FPh)CI2], (3) [Sb(2Ac40NO-
2Ph)CI2], (4) [Sb(2Bz40CIPh)CI2], (5) [Sb(2Bz-
40FP)CI2] and (6) [Sb(2Bz40NO2Ph)CI2] were
obtained with 2-acetylpyridine-N(4)-orthochloro-
phenyl thiosemicarbazone (H2Ac40CIPh) and its
analogues: N(4)-ortho-fluor (H2Ac40FPh), N(4)-
ortho-nitro (H2Ac40NO2Ph), and with the resultant
2-benzoylpyridine-derived  thiosemicarbazones
Sb(H2Bz40CIPh, H2Bz40oFPh, H2Bz40NO2Ph).
The obtained compounds were described as out-
standing 7. cruzi growth inhibitors. H2Bz40CIPh
and the complexes 1 and 4 showed the best try-
panocidal activity. Although after coordination of
H2Ac40CIPh to antimony (III) in compound 1, the
best values of therapeutic index were found for
H2Bz40CIPh and H2Ac40NO2Ph. The cytotox-
icities and physico-chemical properties were corre-
lated. However, no association between the anti-7.
cruzi activity and the physico-chemical parameters
was got by SAR studies [651, 652].

a.c. Terpenoid derivatives. The activity
against 7. cruzi of four terpenoid derivatives was
evaluated on trypomastigotes and intracellular
amastigotes. Two of them were very active, even-
more effective than Bz with low toxicity for the
host cells. The ultrastructural analysis of terpe-
noid-treated-epimastigotes displayed ultrastruc-
tural abnormalities and some metabolic changes
occurred probably in succinate and acetate produc-
tion, feasibly produced by the alteration of the en-
zymes from mitochondrial sugar metabolism. The
use of these compounds showed a significant low
parasitic load with respect to Bz and the diminish-
ing of the antibodies specific for 7. cruzi levels
during the chronic stage [653].
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a.d. Allopurinol derivatives. C6-alkyl (2a-c)
and N-acyl (3a-c) derivatives of allopurinol were
synthesized in good yields and their structures
were characterized. Only 2a, 2b and 3c showed
inhibitory activity against epimastigotes, with 3¢
(Table 9) exhibiting an IC50 value similar to that
of allopurinol and no toxicity for mammalian cells.
Pharmaceutical physicochemical properties were
determined by using Lipinski's rules, polar surface
area and molecular rigidity. The results demon-
strated that the studied derivatives had optimal
properties for bioavailability and oral absorption.
Micellar Liquid Chromatography was used as the
analytical method, resulting fully validated accord-
ing to the FDA guidelines and shown to be a suit-
able, sensitive and simple method for routine
analysis of derivatives stability [654].

4. NOVEL ANTI 7. CRUZI ACTIVITIES
WITH KNOWN SINGLE OR MULTI TAR-
GET

In relation to the chemical strucutres of the
compounds mentioned in this item please refer to
Table (10).

a. Indazoles

a.l. Nitroindazoles. The indazoles resulted to
be strong 7. cruzi growth inhibitors, capable to
lead ROS formation and TR inhibition. The try-
panocidal properties of indazoles, their involve-
ment in the biological properties and the mode of
action were reported [655]. Among a series of 5-
nitroindazoles many of them were active against
epimastigotes and trypomastigotes with low toxic-
ity on macrophages. Three derivatives, 1, 10 and
12, displayed an oxidative stress-mediated mecha-
nism of action on the proliferative form of 7. cruzi.
Two compounds (1 and 2) were submitted to in
vivo assays in an acute model of Chagas' disease,
with survival of all the treated animals [656]. 3-
Alkoxy-1-alkyl- and 3-alkoxy-1-(®m-aminoalkyl)-
5-nitroindazoles exhibited in vitro activities
against the three parasite forms comparable or
higher than those of Bz, with low cytotoxicity to
host cells. In vivo two derivatives (1 and 2) were
assayed in models of acute and chronic phase, re-
ducing parasitemia and levels of anti-7. cruzi anti-
bodies, respectively [657].

a.2. Fused tri- and tetracyclic indazoles and
analogues. A series of fused tri- and tetracyclic
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Table9. Anti-Chagas disease compounds without assigned specific target.
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indazoles and analogues compounds presenting
potential parasiticidal effects were studied by
voltamperometric and spectroscopic techniques. In
addition, the interaction between radical species
generated from nitroindazole derivatives and glu-
tathione was examined. Finally, spin trapping and
molecular modeling studies were performed in or-
der to elucidate the potentials action mechanisms
involved in the trypanocidal activity and the tar-
get/s involved [658].

b. Synthetic thiosemicarbazones and semi-
carbazones. Among these compounds, the 4-N-
(2'-methoxy styryl)-thiosemicarbazone showed a
strong anti-7. cruzi against amastigotes internal-
ized in human macrophages. A signifcant reduc-
tion of nitric oxide synthase activity was detected
[659]. A series of 12 aryl thiosemicarbazones were
tested on cruzain and TR. Among them, three p-
nitroaromatic thiosemicarbazones showed high
in vitro activity against 7. cruzi without a
mutagenic profile. However, no correlation was
found between cruzain inhibition and trypanocidal
activity [125].

¢. Quinoxaline 1,4-di-N-oxide derivatives.
Eighteen novel quinoxaline 1,4-di-N-oxide deriva-
tives exhibited admirable in vitro activity against
T. cruzi. The most active and selective was com-
pound 17 (Table 10) containing fluoro groups at
the 6- and 7-positions of the quinoxaline ring. The
most active were those substituted by electron-
withdrawing groups, showing the best easiness of
reduction of the N-oxide groups by an electro-
chemical study [660]. Sb (III) complexes of 3-
aminoquinoxaline-2-carbonitrile 1,4-dioxides were
synthesized aiming to improve the trypanocidal
activity of aminoquinoxaline ligands, it was ob-
served a 2- to 12-fold activity increase of these
ligands by metal coordination to antimony [661].
A novel series of 33 methyl and ethyl quinoxaline-
7-carboxylate 1,4-di-N-oxide derivatives were
evaluated 7. cruzi and three compounds showed
high activity against trypomastigotes than Nx and
Bz. In silico molecular docking simulations of TR
suggested that compound M2 (Table 10) is a po-
tential TRI [662].

d. Aziridinyl nitrobenzamides and nitroben-
zylphosphoramide mustards. Trypanosomes ex-
pressing the luciferase reporter gene were gener-
ated for the development of a 7. cruzi drug screen-
ing. Against amastigotes of 7. cruzi and trypomas-
tigotes of 7. brucei, the the most potent trypano-
cidal compounds corresponded to the structures
previously shown to be substrates for a type I ni-
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troreductase (NTR1) described in trypanosomes
and absent in mammalian cells [663]. The activa-
tion of nitroheterocyclic prodrugs by NTRI1 has
permitted the screening of compounds that spe-
cially target the parasite, identificating to nitroben-
zylphosphoramide mustards and aziridinylnitro-
benzamides as two novel types of trypanocidal
agents [664].

e. Heteroleptic oxidovanadium (IV) com-
pounds with phenanthroline-derived co-ligands.
A series of 10 mixed-ligand oxidovanadium (IV)
complexes, [VIVO (L-2H)(NN)], wherever L is a
tridentate salicylaldehyde semicarbazone deriva-
tive (L1-L5) and NN is either 5-amine-1,10-
phenanthroline (aminophen) or 5,6-epoxy-5,6-
dihydro-1,10-phenanthroline (epoxyphen), devel-
oped in the solid state and in solution, were tested
as potential metal-based drugs for the Chagas dis-
ease treatment. The activity against 7. cruzi of all
the complexes was higher than Nx and than the
earlier described [VIVO (L-2H)(NN)] complexes.
The formation of complexes has increased selec-
tivities headed for the parasite. The variations in
the biochemical pathways produced by two of the
most active and most selective complexes were
investigated by determination of some excreted
metabolites by "H NMR spectroscopy, suggestlng
to mitochondrion as target. In addition, it is worth
noting that DNA had been earlier evaluated as a
potential target for these compounds [665].

f. 2-Oxidovanadium (IV) and dioxidovana-
dium (V) complexes of tridentate salicylalde-
hyde semicarbazones. In order to study SAR of
[VIVO (L-2H)(NN)] tripanocidal complexes
(where NN is a bidentate polypyridyl DNA inter-
calato and L is a tridentate salicylaldehyde semi-
carbazone derivative) and identify the relevant
species for biological activity, new [VVO2 (L-
2H)] and [VIVO (L-2H)(NN)] complexes com-
prising b1py or dppz (dipyrido[3,2-a:2',3'"-

c]phenazine) co-ligands were synthesized and
characterized both in the solid state and in solu-
tion. The novel [VIVO (L- 2H) (dppz)] complexes
showed a toxicity for 7. cruzi near 10 to 15 times
higher than the bipy analogues. The interaction
with DNA was shown, supporting that this bio-
molecule might be the parasite target. Globally
these data suggested that [VIVO (L-2H) (NN)]
compounds were relevant species for biological
activity depending on the NN moiety, but not on
the substitution on the salicylaldehyde semicarba-
zone motif. An optimal relationship between lipo-
philicity and biological response was determined
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proposing them for future development of try-
panocidal compounds [666].

MCI; (thiosemicarbazone)] complexes
(Pt/Pd). In order to confirm data reported about
anti-7. cruzi activity of S-nitrofurylthiose-
micarbazones-containing complexes, a compara-
tive characterization of physicochemical properties
and pharmacological activities of sixteen
Pt(II)/Pd(II) compounds and the corresponding 5-
nitrofurylthiosemicarbazone ligands (L) was per-
formed. The authors proposed that the activity of
these complexes might occur depending on the
nature of the metal and the ligand via double or
multiple modes of action. Likewise, data obtained
excluded the possibility of DNA binding in vivo,
suggesting an earlier biotransformation, previous
reaching to cellular nuclear DNA. The inhibitory
strength and the mode of binding of selected metal
complexes and ligands with two 7. cruzi enzymes,
Cz and TR, were analyzed by modeling through
molecular docking too [667].

h. 4-Substituted and 1,4-disubstituted 7-
nitroquinoxalin-2-ones. The reduction mecha-
nisms of 4-substituted and 1,4-disubstituted 7-
nitroquinoxalin-2-ones were characterized by cy-
clic voltammetry, electrochemical and ESR stud-
ies. The first reduction mechanism found for com-
pounds bearing labile hydrogen involved a self-
protonation mechanism, while the second, for
compounds lacking labile hydrogen, was based on
the nitroheterocycles-typical electrochemical re-
duction mechanism. Four novel compounds were
selected based on the high activity against trypo-
mastigotes and epimastigotes, 7. cruzi TR inhibi-
tion might be one of the potential mechanisms in-
volved in the trypanocidal action as suggested by
molecular modeling [668].

i. Coumarin and coumarin-chalcones deriva-
tives. Coumarin goes to a group as benzopyrones,
which consists of a benzene ring connected to a
pyrone moiety, compounds that cover immense
interest due to their diverse pharmacological prop-
erties. A series of six, isosters of quercetin, the 4-
hydroxycoumarin derivatives was evaluated. Al-
though the compounds have been demonstrated to
be good antioxidants, they have exposed moderate
trypanocidal activity. Particularly, compound 7
(Table 10) was shown to be the best antioxidant
and was considered a possible candidate to be used
by its free radicals overproduction [669]. Another
series of coumarin derivatives was prepared and
all the compounds confirmed a moderate activity
in epimastigotes and trypomastigotes. One of them
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presented the higher activity than Nx, an antioxi-
dant profile and lack of cytotoxicity. Based on
these results, the researchers proposed the optimi-
zation of this scaffold [670]. Five hybrid com-
pounds, created on coumarin and chalcone scaf-
folds were synthesized, and the second one was
more active against trypomastigotes and epimas-
tigotes than Nx, but presented cytotoxic effects in
the mammalian cells tested. A SAR study sug-
gested that methoxy substitution at positions 2’
and 5°, present in compound 5 (Table 10) in the
designed scaffold seemed to be a key feature for
the trypanocidal activity [671].

j- Imidazo-azine scaffold. A chemical database
of 30 representative imidazo-azines was built and
screened against important tropical disease targets
by computational docking. After three rounds of
screening, an interaction profile was generated and
analyzed. Based on binding energy and ligand ef-
ficiency, it was considered that imidazo-azine
scaffold has a potential of being selective and si-
multaneous inhibitor against the five receptors Pf-
DHFR, Pf-enoyl acyl carrier protein reductase
(EACPR), Pf-PK7 and Mt-pantothenate synthetase
(PS). Interestingly, two compounds 2-(4-
chlorophenyl)-N-cyclohexyl-6-methylH-imidazo
[1,2-a]pyridine-3-amine (MCLO11) and N-cyclo-
hexyl-2-(4-methoxyphenyl)-6-methylH-imidazo
[1,2-a]pyridine-3-amine (MCLO17) showed the
highest binding energy against four targets namely
Pf-DHFR, Pf-EACPR, Pf-PK7 and Mt-PS [672].

k. Xanthine analogs. A scaffold derived from
xanthine was identified as trypanocidal and devel-
oped as lead series to identify a clinical candidate
for Chagas disease [673].

. 2-Alkylaminoethyl-1-hydroxy-1,1-bisphos-
phonic acids. A series of 2-alkylaminoethyl-1-
hydroxy-1,1- bisphosphonic acids were studied.
Surprisingly, while a hydroxyl group at the C-1
position is present in most pharmacologically ac-
tive bisphosphonates, the additional presence of an
amino group at C-3 resulted in decreased activity
towards the parasite and the enzyme. Although
these compounds were devoid of activity against
T. cruzi cells and TcFPPS at different with those
mentioned in sub item 2.3.1., they were efficient
growth inhibitors of tachyzoites of 7. gondii [674].

m. Lanthanide complexes. The synthesis and
physical properties of seven new lanthanide com-
plexes [Ln(mtpO)3(H20)6]-9H20 (Ln=La (III),
Nd (I1I), Eu (IIT), Gd (IIT), Tb (I1I), Dy (III) and Er
(III)) with the anionic form of the bioactive ligand
5-methyl-1,2,4-triazolo[ 1,5-a]pyrimidin-7(4H)-one
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(HmtpO) were reported. The in vitro high activity
against 7. cruzi and their low cytotoxicity to host
cells suggest their potential as drug candidates
[675].

n. Triazolopyrimidine compounds containing
first-row transition metals. Six complexes in-
cluding 5,7-dimethyl-1,2,4-triazolo[1,5-a]pyrimidine
(dmtp) as bioactive molecule were reported. The
characterization was performed by X-ray, spectro-
scopic and thermal methods. The in vitro and
in vivo activity on 7. cruzi revealed a strong poten-
tial of three compounds (Table 10) as novel drug
candidates [676].

0. Benzyl ester of N-propyl oxamate. When
inhibitors of a-hydroxy acid dehydrogenase
(HADH)-II were analyzed, they exhibited try-
panocidal activity. Thus, it was reported that N-
propyl oxamate (NPOx) inhibited specifically the
HADH-II, and its non-polar ethyl ester (Et-NPOx)
was cytotoxic to 7. cruzi. A new NPOx derivative
with higher trypanocidal activity has been devel-
oped. In contrast to NPOx, the hydrophobic ester
B-NPOx exhibited in vitro and in vivo trypano-
cidal activity higher than the polar compound Et-
NPOx, Bz and Nx towards five T. cruzi strains.
The increased activity of B-NPOx was attributed
to its hydrolysis inside the parasites to give NPOx
and benzyl alcohol, with trypanocidal effects. The
high lipophilicity from B-NPOx compared to Et-
NPOx, facilitates a better penetration into 7. cruzi,
resulting in the enzymatic cleavage of B-NPOx
and the releasing of NPOx and benzyl alcohol as
potential trypanocidal agents. These results in con-
junction with its low toxicity, suggest that B-
NPOx could be used as a potent prodrug for the
treatment of Chagas disease [677].

p. Hydroxyphthalazine derivatives. These
compounds were chemically modified including a
hydroxyl group in the main ring, increasing the
solubility of the molecule. Those with in vitro ac-
tivity were tested in vivo. Ultrastructural analaysis
and enzymatic study of inhibition over the iron
superoxide dismutase (Fe-SOD) were performed.
Compound 2 (Table 10) showed to be a great in-
hibitor of Fe-SOD. The high T. cruzi activity and
low toxicity together with the production eco-
nomic costs make this compound a proper mole-
cule for further investigation as a trypanocidal
agent [678].
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q. Enzymes of ascorbate biosynthesis. As de-
scribed in section 2.14.4, T. cruzi is not capable to
salvage l-ascorbate (vitamin C) from its environ-
ment and depends on the de novo synthesis for its
survival. The capacity to synthesize ascorbate in
humans is missing, therefore 7. cruzi ascorbate
biosynthesis enzymes have transformed in remark-
able targets for drug chemotherapy. Flavin-
dependent aldonolactone oxidoreductases, belong-
ing to the vanillyl-alcohol oxidase (VAQO) protein
family, catalyze the last step of the ascorbate bio-
synthesis. Recombinant 7. cruzi galactonolactone
oxidoreductase (7cGAL) was purified and charac-
terized showing activity with l-galactono-1,4-
lactone and d-arabinono-1,4-lactone [679].

r. A-type methionine sulfoxide reductase
(MSR). The amino acid methionine is susceptible
to being oxidized to methionine sulfoxide
(MetSO). The enzyme MSR, present in almost all
organisms catalyses the reduction of MetSO to
methionine. In trypanosomatids, studies of the an-
tioxidant systems have been essentially based on
the participation of trypanothione. Nevertheless,
there is no information concerning the parasites
mechanisms for repairing oxidized proteins, rele-
vant for the survival of the differential stages of
these pathogens life cycle. Three genes codifying
for a putative A-type MSR in trypanosomatids
were cloned. The corresponding recombinant pro-
teins were expressed, purified and functionally
characterized. Then, using 7¢TXN I as the reduc-
ing substrate, the enzymes were specific for the
reduction of L-Met(S)SO. The in vivo immu-
nological detection of these enzymes in the repli-
cative T. cruzi stages supports the existence of a
metabolic pathway responsible of repairing oxi-
dized macromolecules. This pathway and/or MSR
could be considered a potential novel trypanocidal
target [680].

s. Symmetrical diarylideneketones deriva-
tives. A novel TIM enzymatic inhibitor showed
trypanocidal activity without inhibition on the
mammalian enzyme. Also, these compounds af-
fected Cz. This dual activity is vital to evade resis-
tance problems. In addition to non-specific toxicity
to mammalian cells, the compounds were tested
in vitro against epimastigotes (Table 10). Three of
the best derivatives were also assayed in vivo. Some
of these derivatives showed higher in vitro anti-T.
cruzi activity than Nx or Bz and were effective in
protecting infected mice [681].
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Table 10. Novel anti-T.cruzi activities with or without known single or multi-target.
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5. IDENTIFICATION OF NOVEL BIOTAR-
GETS IN THE LAST YEARS

5.1. Biochemical Metabolism of 7. Cruzi.
5.1.1. Catabolism Aromatic Amino Acids

Unlike in the mammalian host, the metabolism
of aromatic amino acids is a very simple pathway in
these parasites. Trypanosoma cruzi is able to

transaminate the three aromatic amino acids, the
resulting 2-oxo acids being reduced to the corre-
sponding lactate derivatives and excreted. In T.
cruzi, two enzymes are involved in this process:
TAT, a tyrosine aminotransferase that although
shows great sequence homology with the mam-
mal’s enzyme, presents differental substrate speci-
ficity; and AHADH, an aromatic L-2-HADH, that
despite belongs to the subfamily of the cytosolic



Targets and Patented Drugs for Chemotherapy of Chagas Disease

malate dehydrogenases (MDHs), do not exhibit
MDH activity. In 7. cruzi AHADH, the substitution
of Alal02 for Arg enables AHADH to reduce ox-
aloacetate. Trypanosoma cruzi does not possess a
cytosolic MDH but contains a mitochondrial and a
glycosomal MDH [682].

5.1.2. Proteins Involved in the T. cruzi Metabo-
lism

FPPS, TS, Cz, TR, G6PDH, glyceraldehyde-3-
phosphate-dehydrogenase and the aromatic
AHADH are among the enzymes evaluated as
probable targets for further designing of novel
drugs for Chagas disease [683].

5.2. RNA Editing

Mitochondrial RNA editing, catalyzed by
multi-protein complexes known as editosomes, has
provided a chance for development of efficient and
specific chemotherapeutic targets against trypano-
somatid pathogens including 7. cruzi. Methods for
discovery of RNA editing inhibitors through crea-
tive virtual and high throughput screening in addi-
tion to their use as agents that can block or perturb
one or more steps of this process have been re-
ported. The inhibitors mentioned in the revision
can potentially be used to study the dynamic proc-
essing and assembly of the editosome proteins.
However, the possibility of drug development
against trypanosomatids in a near future still re-
quires further studies [684].

5.3. Sirtuins (SIRs)

SIRs displayed antiparasitic activity against in-
fections caused by trypanosomatids. Thus, might
be considered as drug targets. Based on the C
pocket of 7. cruzi SIR 2, a virtual screening was
performed. The top ligand found was nicotina-
mide. In 7. cruzi, the trypanocidal activity of
nicotinamide was confirmed by in vitro tests de-
veloped on epimastigotes and trypomastigotes and
the treatment of 7. cruzi-infected macrophages
with nicotinamide produced a substantial decrease
in amastigotes number. The fine analysis of the
complex between SIR 2 and nicotinamide indi-
cated a potential use of 7cSIR 2 as a target for try-
panocidal chemotherapeutic agent’s discovery
[685]. On the other hand, homology modelling,
docking and molecular dynamics simulations have
generated 3D models of SIR2rp3, the NAD'-
dependent deacetylases from trypanosomatids.
Molecular docking of known inhibitors revealed
strong analogies with the mitochondrial human
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SIR 5 in terms of binding mode and interaction
strength. In addition, a detailed analysis showed
differential regions between host and parasitic tar-
gets, resulting useful for future selective drug de-
sign [686].

5.4. Sumoylation

In eukaryotes proteins, this PTM is very impor-
tant. The C-terminal of proteolytically activated
SUMO, small ubiquitin-like modifier, is cova-
lently linked to a Lys residue of the target protein
by an isopeptide bond. It occurs by a mechanism
comprising an El-activating enzyme, an E2-
conjugating enzyme, and transference to the target,
occasionally assisted by a ligase. A protease is re-
sponsible for the reversion of this modification as
well as for SUMO maturation. Numerous proteins
have been recognized as SUMO targets, involved
in the modulation of different nuclear cellular
functions. In 7. cruzi, the presence of orthologous
genes from the SUMOylation pathway has been
reported. Transfectant 7. cruzi epimastigotes ex-
pressing a double-tagged 7. cruzi SUMO were
generated in order to identify SUMOylation tar-
gets and learn about their physiological roles. 236
proteins with varied biological functions were
identified as potential 7. cruzi SUMO targets.
Among them, metacaspase-3 was validated as a
genuine SUMOylation substrate. However, pro-
teomic analysis of probable orthologs of 7. cruzi
SUMOylated proteins have demonstrated con-
served functions for protein SUMOylation in 7.
cruzi. Further studies will allow investigating this
pathway and/or the enzymes involved as potential
trypanocidal target [687].

5.5. CAZ" Homeostasis

In all eukaryotes from mammals to parasites,
the Ca®" ions have been mostly 1dent1fyed as an
indispensable messenger. Disruption of Ca®" ho-
meostasis frequently pushes to lethal effects caus-
ing cell death by apoptosis or necros1s Regarding
to regulation of intracellular Ca>*, trypanosomatids
possess a single mltochondrlon capable to accu-
mulate big quantities of Ca*" Also the endoplas-
mic reticulum participates in Ca®" regulation. In
addition, these organisms accumulate vast extents
of polyphosphates with Ca®" ions in the acidocal-
cisomes (described in section 2.14.2), and contain
large amounts of calmodulin. The mentioned pro-
tein is conserved in vertebrates and there is 89%
amino acid sequence homology between
calmodulin from 7. cruzi and mammals.
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Amiodarone, an antiarrhytmic compound,
commonly used in chronic Chagas' patients with
heart problems, is capable to cause trypanocidal
effect. The single large mitochondrion and the aci-
docalcisomes are the intracellular compartments
responsible for the rise in the intracellular Ca*"
concentration after the adding of amiodarone. This
drug is also able to block OSC, a key enzyme in
the biosynthesis of ergosterol. Amiodarone dis-
played an effect highly synergistic with a known
strong inhibitor of the synthesis of ergosterol,
posaconazole. In humans, amiodarone in combina-
tion with itraconazole was reported to induce the
cure of a Chagas' disease patient. It was reported
that pozaconazole is capable to determine the in-
crease of the intracellular Ca’" concentration and
that miltefosine produce the disruption of the para-
site's intracellular Ca®" homeostasis. Altogether
the findings suggested that the modification of the
intracellular Ca”" homeostasis of these parasites
seemed to be a talented target of novel and repur-
posed old-known drugs [688, 689].

5.6. Vitamin B(6) Dependent Enzymatic Reac-
tions

Vitamin B(6) or pyridoxal 5'-phosphate contains
chemical properties exclusively suitable to be ex-
tensively used as cofactors in decarboxylations and
transaminations reactions. Enzymatic reactions that
depends from vitamin B(6) were also explored as
drug targets. Among these enzymes a number of
prospective targets based on diseases originated by
parasitic protozoan might be of interest in the de-
velopment of parasiticidal drugs [690].

5.7. Peptide Deformylase (PDF)

The N-terminal methionine excision in bacterial
and eukaryotic organelles requires the sequential
action of two main activities, first a peptide de-
formylase (PDF), that is responsible for methodi-
cally remove the N-formyl group existing in all
nascent polypeptides and second the methionine
aminopeptidase (MAP), capable to specifically
exscind methionine depending on the preceding
elimination of the N-formyl group. Two genes
codifying for bacterial PDF homologues have been
identified in 7. cruzi (TcPDF-1 and TcPDF-2). A
soluble version of 7cPDF-1 without the hydropho-
bic N-terminal domain, by truncation, with activity
on the bacterial PDF substrate formyl-methionyl-
alanyl-serine was not inhibited by actinonin, at
difference with other PDFs. TcPDF displays ex-
clusive features, then, constituting a novel target
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for the design of possible inhibitors for the treat-
ment of diseases caused by trypanosomatids [691].

5.8. Specific Receptors for Platelet-Activating
Factor (PAF)

The understanding of the biological processes
occurring in the interface between the pathogenic
trypanosomatid and host cell during interaction is
essential for the characterization of virulence fac-
tors which may be considered as targets for the
progress of selected inhibitors for effective chemo-
therapy. Accordingly, evidences suggesting the
existence of specific receptors for PAF in 7. cruzi
were reported. Therefore, the role of PAF on the
control of parasite differentiation and the potential
of exploring these presumed receptors were pro-
posed as new targets for Chagas disease chemo-
therapy [692].

5.9. Alpha-Class Carbonic Anhydrase

Trypanosoma cruzi encodes an alpha-class car-
bonic anhydrase, TcCA, enzyme reported as essen-
tial for parasite life cycle. Thiols constitute a type
of potent inhibitors of 7cCA, which were also ex-
posed to block the in vitro pathogen growth. In
addition, the 7cCA inhibition by complex and in-
organic anions and other molecules such as sul-
famide, sulfamic acid, phenylboronic/arsonic ac-
ids, capable to interact with zinc proteins, were
reported. Sulfamic acid was considerable less ef-
fective than sulfamide. lodide, cyanate, thiocy-
anate, hydrogensulfide and trithiocarbonate inhib-
ited TcCA in the low uM range but diethyldithio-
carbamate resulted to be the top inhibitor, and
might be helpful to identify leads for evolving try-
panocidal agents with varied modes of action in
comparison with Bz and Nx [693].

5.10. PEPX, X-Prolyl Dipeptidyl Aminopepti-
dase of S15 Family

This serine exopeptidase, counterpart of the
mammalian DDP-4 cleaves dipeptides from the N-
terminus of polypeptides having a proline or alanine
residue at the second position that has been sug-
gested to be an auspicious target against trypano-
somes. Searching for specific inhibitors, docking
simulations on the whole surface of PepX from a
protein type of the S15 family revealed a new puta-
tive binding site in connection with the active site
and involving the C-terminal domain. Accordingly
to computational results the two peptidomimetics
valinephenylpiperazine and valine-isopropylpipera-
zine that can accommodate to this putative binding
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site were synthesized. The experiments exposed
that the valine-phenylpiperazine was an uncompeti-
tive inhibitor, while the valine-isopropylpiperazine
showed to be an enzyme activator. The results
pointed out that C-terminal domain should control
the access to the enzymes active site of the S15
family, like PepX, and could have applications in
human health giving new perspectives to struggle
against trypanosomes by designing inhibitors spe-
cific to the S15 enzymes family [694].

5.11. CYTOCHROME B (CYT b)

The T. cruzi inhibitor GNF7686, discovered in
a parasite growth inhibition high throughput
screen, targets CYT b. A GNF7686-resistant cul-
ture of 7. cruzi epimastigotes was evolved. The
L197F mutation, coding for a substitution of
leucine by phenylalanine, confers resistance to
GNF7686 in both parasite cell growth and bio-
chemical CYT b assays, as well as resistance to
antimycin A. GNF7686 represents a promising
starting point for drug development as it inhibited
growth of intracellular 7. cruzi amastigotes, and is
highly specific for 7cCYT-b. The use of an ap-
proach combining 7. cruzi chemical genetics with
biochemical target validation was suggested to be
mostly used for the development of novel drug for
Chagas disease treatment [695].

5.12. Spermidine Synthase (Spdsyn)

The transfer of an aminopropyl group from the
decarboxylated S-adenosylmethionine (dcSAM) to
putrescine contains SpdSyn as a key pathway en-
zyme. Searching for potent inhibitors of 7cSpdSyn
was conducted by fragment-based drug discovery.
The analysis of the crystal structure of dcSAM
complexed with 7c¢SpdSyn showed that dcSAM
stabilizes the conformation of the ‘gatekeeping'
loop forming the putrescine-binding pocket and
revealed the presence of two fragment-binding
sites. Probably, the dynamic structural changes
occurring in 7¢SpdSyn by inhibitor binding might
facilitate the development of more selective and
potent inhibitors [696].

5.13. Kinetoplastid Targets

Recently, a pharma compound collection against
kinetoplastids was published including the first high
throughput screening. The Glaxo Smith Kline high-
throughput screening variety set of 1.8 million com-
pounds was screened against the most relevant
kinetoplastids for human disease, including 7. cruzi
among them. The hypothetical biological target
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space covered by these diversity sets was investi-
gated through bioinformatical methodologies. Thus,
three anti-kinetoplastid chemical boxes of ~200
compounds each were assembled. Functional
analyses of these compounds suggest a wide array
of potential modes of action against kinetoplastid
kinases, proteases and cytochromes as well as po-
tential host-pathogen interactive molecules [697].

6. TRYPANOCIDAL AGENTS IN/OR EN-
TERING IN CLINICAL TRIALS

Despite the numerous types of natural and syn-
thetic compounds tested for anti-7. cruzi activity,
since Bz and Nf were introduced, merely a small
number of drugs, such as allopurinol and a few
EBIs or CPIs have moved or are ready to enter in
clinical trials, respectively. Ravuconazole prodrug
E1224 (NCTO01489228) [698] and posaconazole
(NCTO01162967; Chagaszol) [699], have been
evaluated in phase II clinical trials for the treat-
ment of chronic patients. Both drugs were capable
to clear parasites from the blood at the culmination
of the treatment, however afterwards parasitemia
rebounded. In this sense, the experts explained that
among EBIs, posaconazole and ravuconazole are
better tolerated but their efficacy at the doses and
treatment duration used in the initial studies was
significantly low; attributing such results to subop-
timal exposure and/or treatment duration. Al-
though it is currently considered that combination
therapies are a promising perspective, the lack of
certified biomarkers of response to etiological
treatment and eventual parasitological cures in
chronic patients remains a serious challenge [700].
Unfortunately, recent reports of treatment failure
in the clinic for both posaconazole and ravucona-
zole indicate the urgence for drug treatments hav-
ing a different mode of action to CYP51. There-
fore, a high throughput fluorescence based func-
tional inhibition assay using recombinant
TcCYP51 is considered valuable on 7. cruzi active
series arising from a phenotypic screening where
the principal mode of action is expected not to act
via inhibition of CYP51 [701].

Recently, infected mice were treated with posa-
conazole or Bz in order to identify a dose up regi-
men capable to led to parasitological, defined by
absence of parasitemia recrudescence after immu-
nosuppression. Bz occasioned a dose-dependent
antiparasitic activity rise, with 100% cure at 100
mg/kg of body weight/day. By contrast, posacona-
zole treatment (10 to 100 mg/kg/day) led to cure of
only 25%. Differences between both drugs were
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also observed parasite burden in the heart [702].
These findings agree with the conclusions of re-
cent phase 2 trials with posaconazole.

In the last lustrum, two methodologies heading
for addressing the challenge of developing novel
drugs for Chagas disease treatment have been re-
ported. One of them, a target-based drug discovery
includes cytochrome P450 CYP51 and Cz, consid-
ering the vinyl sulfone inhibitor K777 as clinical
applicant. The second tactic is related to parasite
phenotypic screens in culture leaning towards the
identification of novel drugs [79, 703]. Regarding
the first approach, K777 originally identified by in
vitro screening of CPls against 7. cruzi was also
effective in both mice and dogs models of acute
and chronic Chagas disease. K777 is non-
mutagenic and well tolerated in animal safety stud-
ies. In 2009, FDA formally reviewed the proposed
Investigational new drug (IND) package for K777
in order to allow the initiation of human clinical
trials [704]. Regarding the second approach, a pub-
lic-private partnership has been established by Mc
Kerrow and co-workers between the University of
California, San Francisco and the Genomics Insti-
tute of the Novartis Research Foundation (GNF)
with the aim of delivering clinical prototypes for
Chagas disease treatment. Two screening methods
were used, one of them included a colorimetric-
based assay by using a 7. cruzi expressing [-
galactosidase enzyme and the other one, an image-
based, high-content screening (HCS) assay using a
T. cruzi strain. In both cases, the assays were used
to notify SARs for pharmacokinetics and mainly
antiparasitic efficacy. A novel trypanocidal xan-
thine scaffold derivative was interestingly evi-
denced and developed as lead series to identify a
clinical candidate for Chagas disease [673].

7. CURRENT & FUTURE DEVELOPMENTS

Currently, the number of infected people glob-
ally estimated by the WHO amounts to 7 to 8 mil-
lion and more than 10,000 deaths are thought to
occur annually [8]. On top of this, Chagas disease,
the first cause of cardiac morbidity and mortality
in poor rustic and suburban zones of Latin Amer-
ica and the prevalent parasitic disease load in the
continent, has also emerged as a public health
problematic in non-endemic countries due to
transmission of 7. cruzi by people migration
around the world [9, 10]. Despite Chagas disease
cannot be eliminated due to the proved presence of
infected wild triatomines in perpetual contact with
domestic cycles contributing to the incidence of
novel cases, it could be likely to interject 7. cruzi
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transmission in a huge region and to eradicate this
disease as a public health problem with a intense
decrease in the burden of Chagas disease [705]. In
this environment, search for novel chemotherapeu-
tic anti-7. cruzi targets is of vital urgency, regard-
ing that there is no effective vaccine currently in
practice to combat this neglected disease. Fur-
thermore, the existing drugs for the disease treat-
ment are not suitable, are expensive and produce
toxic side effects. In addition, currently, once the
disease has progressed to the chronic stage there is
no effective drug. Moroever, in the last years,
children treatment was difficult due to the absence
of these drugs in pediatric version. However, solid
dispersions have been recently presented as alter-
native drug delivery system to improve the chemo-
therapy of Chagas disease and paediatric oral lig-
uid suspension containing Bz (1%) was easily pre-
pared starting from commercial tablets, being an
interesting alternative for optimising the paediatric
treatment of the disease [706, 707].

During the last 15 years-period, parasite biol-
ogy and biochemistry has been extensively stud-
ied. Aditionally, since 2005 as a consequence of
the accessibility to parasite genome sequences
[40], the probability of detecting novel new drug
targets has augmented. A detailed description of
auspicious newly validated biochemical targets, its
dissimilarities respect to the host, the understand-
ing of their mechanism of action and inhibitors of
biosynthetic pathways and/or enzymes exclusively
found in trypanosomatids have been compiled for
the development of anti-7. cruzi drugs. Herein,
novel targets have been included in section 6 of
this manuscript [682-697]. In addition, in section 3
anti-Chagas disease compounds without assigned
specific target have been extensively described
[595-654] and in section 4, those anti-7. cruzi ac-
tivities with known single or multi-target were re-
ported [655-681]. To this aim, the experimental
evaluations together with bioinformatic tools can
be included for the selection of prototype trypano-
somatid drug targets [708], and give examples of
signaling and metabolic pathways in the protozoan
parasites that can be exploited for rational drug
design [709]. Currently, despite some progress in
preclinical studies, there is no yet an ideal drug or
formulation for human treatment. A major prob-
lem in the evaluation of potential Chagas disease
therapeutics is the lack of tools availability. In-
deed, there is still an urgent need to discover a bet-
ter biomarker capabe to determine the efficacy of
potential chemotherapeutics in treated patients
[710]. The Drugs for Neglected Diseases initiative



Targets and Patented Drugs for Chemotherapy of Chagas Disease

(DND:i) has defined and implemented an early dis-
covery strategy over the last few years. This strat-
egy consists in a medium- to high- throughput
phenotypic assay to accelerate the screening of
compound libraries against kinetoplastids in col-
laboration with partners from the pharmaceutical
industry, in order to identify a new class series for
further development into preclinical candidates
[711].

Unfortunalely, trypanocidal therapy with Bz in
patients with established Chagas’ cardiomyopathy
significantly reduced serum parasite detection but
did not significantly reduce cardiac clinical dete-
rioration through 5 years of follow-up [37]. Addi-
tionaly, controversial findings were detected be-
tween these clinical studies and data from a group
of patients treated with amiodarone, showing some
evidences that the antiarrhythmic drug produced
anti-7. cruzi activity, causing ultrastructural dam-
age [712]. Prevention of chronic chagasic cardio-
myopathy by treating infected populations with
trypanocidal therapy remains a challenge and dis-
crepancy of the information for patient-important
outcomes must be treated with caution. More geo-
graphically varied randomised controlled trials
testing newer forms of trypanocidal therapy shoud
be merited in order to evaluate efficacy more accu-
rately, to investigate factors possibly responsible
for the heterogeneity of results and to intensificate
evidences on the efficacy/tolerance equilibrium of
traditional trypanocidal therapy [36]. Although the
identification of new anti-Chagas disease agents is
not only focused on target-based drug design and
its derivatives and on synthetic or natural products
screening [713] but also in old ones rediscovered
as new drugs against Chagas disease [148, 149,
458, 290], despite all the new data available, an
appropriate drug has not been still identified. In
addition, the synergism of drugs such as Nx and
buthionine sulfoximine has been demonstrated by
in vitro and in vivo experimentations [290]. How-
ever, human investigations are required to ratify
these results. Likewise, potential use of amiodar-
one and dronedarone was proposed [222]. Similar
results could be predictable with the combination
of itraconazole and allopurinol [34], Bz and posa-
conazole [714], Bz and itraconazole [715], and Bz
and allopurinol. The results obtained emphasized
the importance of exploring the potential of the
combination of treatments with currently available
compounds to specifically treat Chagas disease.
Regarding the combined drug treatment of Bz and
allopurinol, studies have been performed in the
last years in murine model and in chronically in-
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fected patients. The effect of combined chemo-
therapy in murine experimental models of 7. cruzi
infection, showed the highest beneficial effect, not
only by reducing parasitaemia but also by lower-
ing the degree of inflammation and fibrosis In T.
cruzi chronically infeted subjects, the association
of Bz and allopurinol was capable to induce sub-
stantial changes in T and B cell responses indicat-
ing a decrease in parasite burden [716, 717].

During 2000-2015 period, a search over the
patent literature related with specific target-based
trypanocidal drugs was done. However, some of
them claim compounds valued for the treatment of
human diseases such as various cancers, bone dis-
eases or antiviral activity and also report potential
trypanocidal activity. Among them, those related
with CPIs, organometalic complexes and purine
analogues can be mentioned. Compounds with
specific protozoan, parasitic or trypanocidal activ-
ity as a central claim, including Chagas disease
have been also revealed [328, 499, 522]. Noticea-
bly, an abrupt upsurge about the knowledge on the
parasite biochemistry has not been reflected in the
number of disclosed patents, likewise a small
number among the analyzed patents displayed
specific data related with anti-7. cruzi activity.
Additionally, only a few significant in vivo results
were reported, while most patents set up are asso-
ciated with parasitic targets revealing in vitro anti-
T. cruzi activity. Particularly, patents include those
inhibitors based on the drug induced blockage of
specific enzymes participating in sterol biosynthe-
sis specially, CYP51 [229-243] and OSC [244-
248]. Patents related with CPIs showed to be the
most represented among those claiming for poten-
tial therapeutic agents against 7. cruzi, comprising
peptidyl allyl sulfone compounds for inhibiting
proteases [77], azapanone based inhibitors [101-
105], thiosemicarbazone and semicarbazone in-
hibitors [121], hydrazideNacylhydrazone com-
pounds [134] or synthetic derivatives or approved
drugs with probed activity on Cz [151-153]; tro-
pomyosin-related TK receptors [444]; polyamine
transport inhibitors [450] and dihidrofolate reduc-
tase [477, 479, 481], among others. In addition,
different anti-Chagas disease series of synthetic
compounds and its derivatives were patented and
detailed in this review (Table 2). Unfortunately,
recent clinical trials investigating treatment of
chronic indeterminate Chagas disease with the two
re-purposed azole anti-fungal drugs, revealed their
inferiority to the current standard drug Bz, show-
ing the failure of the existing pre-clinical testing
model for this disease [700]. Regarding all the data
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achieved in the last years, a rational approach for
the fast advance of novel trypanocidal chemother-
apy would be focused on drugs ready to enter to
clinical trials [704], on new scaffolds [673] and on
the clinical evaluation of drug association with ex-
isting trypanocidal agents to get extra effective-
ness and fewer secondary effects.
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