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Novel Therapeutic Strategies 
for Chagas` Disease 

Carlos Alberto Manssour Fraga et al.* 
LASSBio – Laboratório de Avaliação e Síntese de Substâncias Bioativas, 

Faculdade de Farmácia, Universidade Federal do Rio de Janeiro, Rio de Janeiro, RJ, 
Brazil 

1. Introduction 

Chagas’ disease, also called American trypanosomiasis, is one of the most neglected 
parasitic diseases in the world. An estimated 10 million people are infected worldwide, 
mostly in Latin America where Chagas disease is endemic. More than 25 million people 
are at risk of the disease. It is estimated that in 2008 Chagas disease killed more than 
10,000 people. Its infectious agent is the protozoan parasite Trypanosoma cruzi with 
symptoms progressing from mild swelling to intestinal disease and ultimately heart failure.  
Currently, 2 antiparasitic drugs are recommended for the treatment of chagasic patients: 
nifurtimox and benznidazole. However, the effectiveness of both varies according to (i) the 
phase of the disease (acute and early latent infection), (ii) different parasite isolates, (iii) 
period of treatment and dosage and (iv) age of patient. Also, their well-known toxicity and 
limited effect make the search for new drugs imperative. Many trypanocidal compounds 
have been screened in the past few decades and some promising targets have been reported 
since the introduction of nifurtimox and benznidazole (1960-1970).  

2. Nitro-heterocyclic derivatives as trypanocidal agents in the treatment 
against Chagas` disease  

The history of chemotherapy for Chagas’ disease can be divided into three phases: The 
first phase begins with the discovery of the disease in 1909 by the researcher Carlos 
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Chagas and ends with the publication of "Manual of Tropical and Infectious Diseases” in 
1935, at which point no major advances in the discovery of trypanocidal drugs had been 
made. In the second phase, between 1936 and 1960, numerous substances were 
empirically tested for the treatment of the disease, generating controversial results. The 
third phase, which started in 1961, was characterized by studies that clearly demonstrated 
the effectiveness of some compounds, e.g. nitrofurazone (1) (Figure 1), in experimental 
models of infection with T. cruzi in mice. The clinical trials showed that nitrofurazone (1) 
might be effective in the therapy for the disease but most patients were unable to tolerate 
the side effects at the doses and the time required for healing. However, the discovery of 
nitrofurazone (1) began a new era in the therapy of Chagas’ disease (Coura & de Castro, 
2002). 

2.1 Nifurtimox and benznidazole 

In the beginning of the 1970s, the discovery of the nitroheterocyclic derivatives nifurtimox 
(Lampit®, Bayer) (2) and benznidazole (Rochagan®, Roche) (3) brought new perspectives for 
the treatment of Chagas disease, due to their efficacy in the acute phase and tolerance (Bock 
et al., 1969; Richle, 1973). 
Recently, the patent of benznidazole (3) was transferred to LAFEPE (the Pharmaceutical 
Laboratory of Pernambuco State, Brazil). Since the1980s, nifurtimox (2) sales were 
discontinued in Brazil and then in other Latin American countries. 
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Fig. 1. Representation of chemical structures of nitrofurazone (1), nifurtimox (2) and 
benznidazole (3). 

The adverse reactions associated with nifurtimox include digestive tract disturbances, such 
as lack of appetite, nausea, vomiting and weight loss and those induced by treatment with 
benznidazole (3) are dermo- and polyneuropathies. The main limitations of these drugs are 
the long-term administration and the severe side effects (Coura, 1996; Cansado, 1997). 
Additionally, another limitation lies in the fact that most cases of Chagas Disease are 
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diagnosed in the chronic phase (de Castro, 1993), where these compounds have a reduced 
efficacy profile. 
The mode of action of nifurtimox (2) is not yet fully elucidated despite being studied by 
many research groups,. The hypothesis that nifurtimox (2) acts through an oxidative stress 
has been based on the differences between the detoxification mechanisms of 
trypanosomatids and humans. The trypanosomatids have low activity of superoxide 
dismutase, absence of catalase and glutathione peroxidase (except for Crithidia fasciculata) 
(Turrens, 2004, Wilkinson & Kelly, 2003), and further explore a detoxification system based 
on the redox cycle of trypanothione (Fairlamb et al. 1985; Krauth-Siegel et al., 2007), a system 
similar to that of glutathione. For these reasons the defence system of the parasite against 
reactive oxygen species (ROS) has been deficient, when compared to the host (Krauth-Siegel 
et al., 2003; Turrens, 2004). 
Scheme 1 shows the two possible routes proposed for the reductive process and 
bioactivation of nitro-heterocyclic derivatives with a general structure (i). Currently the 
most likely mode of action is one in which nifurtimox (2) exerts its biological activity 
through bioreduction of the nitro group (Maya et al., 2007; Docampo, 1990). This process 
begins with the reduction of the nitro group to the nitro-anion radical (ii) in a reaction 
catalyzed by NADPH / NADH-nitroredutase (Maya et al., 2007). Under aerobic conditions, 
the nitro-anion radical (ii) reacts with oxygen regenerating (i) and forming the superoxide 
anion, which is transformed into hydrogen peroxide by reacting with superoxide dismutase 
(SOD). The accumulation of H2O2 in the presence of iron can generate the hydroxyl radical 
via the Haber-Weiss reaction (Haber & Weiss, 1932; Koppenol, 2002). The accumulation of 
these ROS would lead to a possible oxidative stress in the parasite, which an impaired 
detoxification mechanism (Docampo & Moreno 1984; Cadenas, 1989). The hypothesis that 
the trypanocidal activity of nifurtimox (2) depends on the aerobic reductive cycle is based 
on various evidences, such as: (a) treatment of T. cruzi Tulahuen strains with 2 resulted in 
increased consumption of O2, H2O2 production and the release of a superoxide ion (Nuñez-
Vergara et al., 1997; Maya et al., 2007; Giulivi et al., 1998). Additionally, after the use of 
different concentrations of 2, it was also detected the presence of nitro-anion radical (ii) able 
to promote the anti-proliferative effect against the parasite, in the same range of serum 
concentrations achieved in adults after a single dose of 15 mg/kg (Docampo & Stoppani, 
1979). The presence of nitro-anion radical (ii) was also observed by electron-spin resonance 
spectroscopy (ESR) (Nuñez-Vergara et al., 1997) and (b), there was a reduction of essential 
thiols (mainly glutathione and trypanothione) in the parasite after treatment with 
nifurtimox (2) (Maya et al., 1997). 
Although the formation of ROS by nifurtimox (2) could be involved in its anti-T. cruzi 
activity, this does not seem to be the main mode of action. A study carried out by Wilkinson 
et al. (2000) provided evidence that a cell line over-expressing peroxidases was also likely to 
be vulnerable to oxygen metabolites generated by nifurtimox (2) that the typical lineage, 
suggesting that the trypanocidal activity of nifurtimox (2) is not predominantly mediated by 
ROS damage. One study with C. fasciculate, showed that organisms with low levels of the 
enzyme trypanosomatid catalase maintain their sensitivity to nifurtimox (2). These results 
contradict the hypothesis that the action of nifurtimox (2) involves the accumulation of 
hydrogen peroxide due to the absence of catalase (Gutteridge et al., 1982). Moreover, 
recently, five peroxidases were identified in T. cruzi: two tryparedoxin peroxidases 
(Wilkinson et al., 2000; Piacenza et al., 2008; Trujillo et al., 2004), two glutathione-dependent 
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peroxidases (Wilkinson et al. 2002a; Wilkinson et al., 2002b), and one ascorbate-dependent 
heme peroxidase (Wilkinson et al., 2002c) showing, in contrast to previous studies that the 
parasite has a complex and effective system to deal with oxidative stress. 
 

 
Scheme 1. Two possible routes for the metabolic reduction of the nitro group in nitro-
heteroaromatic derivatives (i). The aerobic route (a) and the anaerobic route (b). NTR = 
nitroreductase; SOD = superoxide dismutase; TSH = trypanothione; TR = trypanothione 
reductase. Adapted from Chauviere et al., 2003. 

Another likely possibility for the mode of action of nifurtimox (2) considers that the 
metabolic reduction of the nitro group is a process mediated by two electrons that result in 
the formation of the nitroso intermediate (iii) and then the hydroxylamine derivative (iv) 
(Kedderis & Miwa, 1988; Morello, 1988; Viodé et al., 1999) (Scheme 1). Recently, Wilkinson et 
al. (2008) identified a nitroreductase (NTR) responsible for activation of nifurtimox (2) and 
benznidazole (3) in T. cruzi and T. brucei strains. This NTR of subtype I works through a 
sequence of two-electron reductions of species (i) by using NADH as a cofactor. Decreased 
activity of this NTR confers resistance to nitro heteroaromatic drugs, demonstrating its role 
in the metabolic activation of these compounds in trypanosomatids through the formation 
of nitroso species (iii) and hydroxylamine (iv), rather than the nitro-anion (ii). Additionally, 
it is known that nitroso compounds are electrophilic and promote the reduction of thiol 
levels, which can also be related to the mechanism of action of some anti-T. cruzi agents 
(Kedderis & Miwa, 1988; Viodé et al., 1999). 
The oxidative stress was discarded as the main mode of anti-T. cruzi action of benznidazole 
(3), since at the concentrations where the drug has trypanocidal activity there was no 
production of superoxide ion and H2O2. Only at concentrations much higher than those 
needed to affect the parasite, i.e. 10 mM, was the formation of the corresponding nitro-anion 
radical detected (Moreno et al., 1982). Some authors believe that benznidazole (3) is reduced 
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by the anaerobic route (b) and that its mode of action on T. cruzi may involve a direct effect 
on the biosynthesis of macromolecules by covalent or other interactions between its 
nitroreduction intermediates (Polak & Richle, 1978; Goijman et al., 1985; Docampo & 
Moreno, 1986, Diaz de Toranzo et al., 1988). Diaz de Toranzo and colleagues (1988) 
described the binding of benznidazole (3) to DNA, lipids and proteins from the epimastigote 
forms of T. cruzi. Also nifurtimox (2) and benznidazole (3) inhibited the synthesis of T. cruzi 
nucleic acids and proteins (Goijman & Stoppani, 1985; Goijman et al., 1985; Gonzalez & 
Cazzulo, 1989). 
Nifurtimox (2) and benznidazole (3) also act on the replication, transcription and translation 
processes in T. cruzi strains, inhibiting the biosynthesis of DNA, RNA and proteins 
respectively (Goijman & Stoppani, 1985; Goijman et al., 1985). 

2.2 Megazol 

Few synthetic compounds have the same remarkable curative effects for the treatment of 
Chagas disease as megazol [2-amine-5-(1-methyl-5-nitro-2-imidazol-2-yl) 1,3,4 thiadiazole] 
(4) (Berkelhammer & Asato, 1968), a 1,3,4-thiadiazole nitroimidazole derivative that in 
experiments with mice infected with Colombian and  T. cruzi strains showed higher rates 
of cure compared to the standard treatment using nitrofurazone (1), nifurtimox (2) and 
benznidazole (3) (Table 1) (Filardi & Brener, 1982). 

 

 
T. cruzi 
strain 

 
Compounds 

 
Dose  
(mg.kg-1) 

 
Number 
of  
Doses 

No. cured/ 
No. treated 

 
% 
cured 

Y Megazol (4) 25 20 9/18 50.0 

  50 20 19/19 100.0 

  100 20 17/17 100.0 

  50 20 17/20 85.0 

  500 1 8/9 88.8 

 Nitrofurazone (1) 100 20 5/18 27.7 

 Benznidazole (3) 100 20 5/17 29.4 

 Nifurtimox (2) 25 20 1/17 5.8 

  500 1 0/10 0.0 

Colombiana Megazol (4) 50 20 13/15 85.6 

  100 20 14/14 100.0 

 Nifurtimox (2) 50 20 0/15 0.0 

Treatment began 5 days after inoculation, when the parasitemia was apparent. / Tsingle dose given in 
the day after inoculation. 

Table 1. Percentage of cured mice inoculated with T. cruzi strains treated with nitrofurazone 
(1), nifurtimox (2), benznidazole (3) and megazol (4) after oral administration. 
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Chauvière and co-workers (2003), who synthesized a series of megazol analogs with several 
structural modifications, studied the structure-activity related to their antiprotozoal profile. 
These new derivatives were tested against T. cruzi, Trypanosoma brucei (T. brucei) and 
Leishmania infantum (L. infantum), and their activities were compared with those exhibited by 
specific standard drugs, e.g. sodium stibogluconate (5) for Leishmania, suramin (6) for T. 
brucei and nifurtimox (1) for T. cruzi (Figure 2). 
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Fig. 2. Chemical structures of sodium stibogluconate (5) and suramin (6). 

All derivatives tested by Chauvière and colleagues (2003) produced a decrease in 
trypanocidal activity; however the molecular architecture of the prototype megazol (4) is the 
one that presents the best bioactivity profile against T. brucei, T. cruzi, L. infantum and L. 

donovani, without cytotoxicity to macrophage cells. 
Little is known about the metabolism of megazol, and despite its nitro-heterocyclic nature, 
some authors disagree on the metabolic reduction of the nitro group by nitroreductases as 
being critical for its trypanocidal activity. The biochemical studies performed by Tsuhako et 

al. (1989), with megazol (6) in the presence of NAD(P)H/cellular fractions of T. cruzi (Y 
strain) or in the presence of NAD(P)H/rat liver microsomes (Figure 3) were not able to 
show the presence of it corresponding nitro-anion radical (Figure 3, B). 
The ineffectiveness of the rat liver microsomes in reducing megazol (4) was confirmed by 
experiments showing the slow disappearance of the band corresponding to the nitro 
chromophore measured by absorption spectroscopy of visible light (Figure 4). Although T. 
cruzi nitro-reductases are not well characterized (Marr and Docampo, 1986, Kuwahara et al., 
1984, Henderson et al., 1988), the results (Figure 3) show that NADPH: cytochrome P450 
reductase (Em = -0.328 mV) (McLane et al., 1983) is also inefficient in promoting the reduction 
of the nitro group present in megazol (4) to the corresponding nitro-anion radical (Figure 3, B). 
Under these experimental conditions, the nitro-anion radical of megazol (4) was not 
detected, while the corresponding radicals of nifurtimox (2) and benznidazole (3) (Figure 3) 
were clearly detected. However, in the presence of NADPH and ferredoxin: NADP+ 
oxirredutase (Em = -0.442 mV) (Batie  Kamin, 1981), the megazol nitro-anion radical was 
easily detected by electron-spin resonance spectroscopy (ESR) directly under anaerobic 
conditions (Figure 5A), and was well marked by computer simulation (Figure 5C) (Rao et al., 

1987). Corroborating these data, Tsuhako et al., (1989) demonstrated that the metabolic 
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reduction of megazol (4) generates the nitro-anion radical (B), but requires enzymes with 
low reductive potential, suggesting that the trypanocidal activity of megazol (4) is not 
related to the metabolic bio-reductive process, differing from the mode of action of 
nifurtimox (2) and benznidazole (3). 
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Fig. 3. ESR spectrum obtained during anaerobic incubation of rat liver microsomes with 
different nitro-heterocyclic compounds. The reaction mixtures in phosphate buffer (20 mM), 
pH 7.4, containing rat liver microsomes (2 mg protein /mL), NADPH (5 mM), DTPA (1 
mM), KCl (150), DMSO (10% v/v) and: (A) nifurtimox (5 mM) (B) megazol (10 mM), and (C) 
benznidazole (10 mM). Adapted from Tsuhako et al., 1989. 

Viodé and colleagues (1999) studied the interaction of megazol (4) with three different 
enzymes with distinct redox potential, and compared the results with those of nifurtimox (2) 
and metronidazole (7) (Figure 6). The results indicated that the reduction of megazol (4) and 
nifurtimox (2) by the enzyme cytochrome b2 (Em = -0.01 V) occurred at similar rates, 
however with the enzyme cytochrome P-450 reductase (Em = -0.328 mV), the reaction of the 
nitrofuran derivative was faster by one order of magnitude (Table 2). The reduction of 
nifurtimox (2) with the ADR enzyme (adrenodoxin reductase) was also faster when 
compared to megazol (4). The Km values for these enzymes (Tshako et al., 1989) as well as 
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other reductases (Table 2) indicate that the catalytic efficiency is correlated with the 
reduction potential of the corresponding nitro-heterocyclic derivatives. 

 
Fig. 4. Reduction of the nitro-heterocyclic compounds under anaerobic conditions by rat 
liver chromosomes. (�) nifurtimox (0.2 mM), and (o) megazol (0.2 mM). The graph shows 
the spectrum of visible light absorption of megazol (0.2 mM) in buffer (___) before and after (- 
- -) the addition of sodium dithionate (control). 

The activities of ADR and cytochrome P-450 reductase represent the rate of NADPH 
oxidation at 25°C. The activity of L-lactate cytochrome c reductase was determined by 
measuring O2 consumption. The kcat values of the other enzymes were obtained from the 
coupled cytochrome c assays. ND = not determined. 
The ESR experiments showed expressive enzymatic production of the nitro-anion radical of 
megazol (4), under anaerobic conditions, in comparison with nifurtimox (2), used as control 
(Figure 7).  
The corresponding spectra are consistent with those published for the nitrofurane derivative 
(2) and those obtained for megazol (4) after reduction by ferredoxin: NADP+ oxidoreductase 
(Tsuhako et al., 1989). The signal of ESR spectra obtained from the reduction of megazol (4), 
even at a lower intensity, under the same conditions, lasted longer than that of nifurtimox 

www.intechopen.com



 
Novel Therapeutic Strategies for Chagas` Disease 

 

407 

(2). The half-lives determined under the same conditions were 10 and 3 minutes, 
respectively. 

 
Fig. 5. ESR data obtained during the reduction of megazol. Megazol (1 mM) was incubated 
with ferredoxin: NADP+ oxidoreductase and NADPH in phosphate buffer containing DTPA 
and DMSO under: (A) anaerobic conditions and (B) air  (C) computer simulation of (A). 
 

N

N
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7  
Fig. 6. Chemical structure of the antiprotozoal agent metronidazole (7). 
 

Nitro compound 
E71 (mV) (Tshako et al., 
1989) 

Nifurtimox 
- 260 

Megazol 
- 438 

Metronidazole 
- 485 

Enzyme 
Kcat/Km  
[M-1 . sec-1] 

  

L-lactase cit. c reductase 2.8X103 4,7X103 ND 
ADR 5.0X104 3,0X103 3,0X102 
Cit. P-450 redutase 2.0X104 2,0X103 ND 
T. cruzi LipDH 7.6X102 2,3X103 ND 
Pig heart LipDH 3.0X102 4,3X103 ND 
T. cruzi TR 1.5X103 1,8X103 ND 
Human GR  ≤14 ≤5 ND 

Table 2. Enzymatic reduction of nitro-heterocyclic compounds by different reductases. 
Adapted from Viodé et al., 1999. 
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Fig. 7. The ESR spectrum of the nitro-anion radical obtained during the reduction of 
megazol (B) and nifurtimox (A) under anaerobic incubation at 37°C with microsomes, 
NADPH in phosphate buffer. 

The generation of the nitro-anion radical by cytochrome P-450 reductase and rat liver 
microsomes also confirms that megazol (4) is significantly reduced, since the corresponding 
nitro-anion radical can be accumulated under anaerobic conditions. 
The values of kcat/Km indicate that megazol (4) has a slower enzymatic reduction than the 
other two nitro-heterocyclic compounds (Table 2), whose high trypanocidal activities are not 
related to the first step of the reductive process. 
Viodé and co-workers (1999) conclude that there is no doubt that megazol (4) can interfere 
with the oxygen metabolism of the parasite by inducing oxidative stress, but its greater 
potency compared to nifurtimox could be related to factors not yet known at this time. 
De Castro and Meirelles (1990) studied the megazol mode of action by incorporating 
macromolecular precursors, e.g. leucine, uridine, and thymidine. Megazol (4) showed a 
potent effect on selective inhibition of protein biosynthesis, where benznidazole (3) and 
nifurtimox (2), even at high concentrations, caused no change in the incorporation pattern. 
Maya et al. (2003) tested the hypothesis that nitroreduction metabolites of 4, e.g. nitroso 
species (iii) (Scheme 1), act as electrophilic scavenging bionucleophilic species from the 
parasite. Consequently the effect of 4 on the amount of free thiols, i.e. T(SH)2 and GSH, was 
investigated. 
Megazol (4) caused a progressive decrease in the amount of thiol in the parasite in two 
hours, with a half life of 88 minutes for T(SH)2 and greater than 200 minutes for GSH (Figure 
8). It is an efficient scavenger of thiols, in contrast to the profile shown by nifurtimox (2). 
However, the mechanism involved in the trypanocidal activity of 4 is strictly dependent on 
the bioformation of reactive oxygen species (Declerck et al., 1986; Declerck et al., 1987), 
produced by the reduction of its nitro group, which interacts with DNA producing 
mutagenicity (Ferreira & Ferreira, 1986; Nesslany et al., 2004; Poli et al., 2002). This 
undesirable profile limits the use of megazol (4) as a drug for Chagas’ disease. 
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Fig. 8. Effect of megazol (4) on the amount of thiols in epimastigote forms of T. cruzi. The 
half-life of trypanothione is 88 min. Control -T (SH)2 (■), T (SH)2-megazol (�), GSH-control 
(▲), GSH-megazol (). 

2.3 Discovery of brazilizones A and N 

Considering this background, Carvalho et al. (2004, 2008a) synthesized novel 1,3,4-
thiadiazole derivatives structurally designed by exploiting the molecular hybridization of 
megazol (4) with the guanylhydrazone derivative (8), which proved to be active against 
trypomastigotes forms of T. cruzi with IC50/24h = 17 M (Messeder et al., 1995). The 
molecular design explored the introduction of the pharmacophoric N-arylhydrazone 
subunit (A) from 8 (Figure 9) to the nitroimidazole derivative (4), in order to act as a radical 
scavenger (Mahy et al., 1993; Prusis et al., 2004) that would abolish the oxidative stress that 
induces the formation of toxic species resulting from the formation of reactive nitro-
derivatives. 
Among a series of substituted arylhydrazone derivatives tested as trypanocidal agents, the 
catechol derivative called brazilizona A (9) (Figure 9) showed remarkable activity (IC50 = 5.3 
M), being two fold more active than megazol (4) (IC50 = 9.9 M) against blood 
trypomastigote forms of T. cruzi (Carvalho et al., 2004). Parasites treated with 9 displayed an 
expansion of the flagellar membrane structure, dilation of the nuclear envelope, the 
formation of autophagosome-like structures, and cellular disorganization (Salomão et al., 
2010). The profile confirmed that the hydrazine framework introduced into this novel 
molecular pattern was successful to optimize the trypanocidal action of megazol (4), since 
the nitro imidazole group is kept. The corresponding phenyl analogue (10) (Figure 9) is 
twelve fold less active than 9 as a trypanocide agent, confirming the pharmacophoric 
behaviour of the nitro heterocyclic ring (Carvalho et al., 2004). 
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Fig. 9. Structural planning of the novel 1,3,4-thiadiazole-N-arylhydrazone derivatives 
Brazilizone A (9), (10) and Brazilizone N (11). 

The construction of QSAR-3D models for these derivatives exploiting the CoMFA program 
allowed as to identify the brazilizone N (11), nitro vanillin analogue of 9 that also presented 
good trypanocide activity, i.e. IC50 = 19.0 M) (Carvalho et al., 2008). 
Theoretical calculations have shown that brazilizone A (9) and brazilizone N (11) have good 
potential for absorption in vivo (Carvalho et al., 2008). For an in vivo screening, compound 9 
was administered to infected mice in a single dose of 200 mg/kg at the onset of parasitemia, 
and the body weights, levels of parasitemia, and mortality rates of the mice were monitored 
up to 40 days post-infection. There was no significant decrease in parasitemia or mortality in 
the two different regimens of treatment in vivo (Salomão et al., 2010). The treatment of 
infected mice with 9 (200 mg/kg) did not interfere with the course of infection, with the 
values of body weight, parasitemia, and mortality being similar to those of the infected 
control group and 50% cumulative mortality occurring at 16 days post-infection (Salomão et 

al., 2010). This behaviour is indicative of the necessity to optimize the pharmacokinetic 
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properties of brazilizone A (9) so that the use of this potent trypanocide agent as an anti-
Chagasic drug can become viable. 

3. Essential oils: State-of-the-art and Chagas’ disease 

Essential oils are very complex mixtures composed of natural volatile organic compounds 
characterized by a strong aroma. They are produced as secondary metabolites in plants, 
where the biosynthesis can be carried out in a constitutive way, independently of the action 
of pathogens (phytoanticipins) or induced as a defensive response of the plant against 
infection by bacteria, fungi and nematodes (phytoalexins). Indeed, they can be synthesized 
by different organs, i.e. buds, flowers, leaves, stems, twigs, seeds, fruits, roots, wood or bark, 
and are stored in secretory cells, cavities, canals, epidermic cells or glandular trichomes 
(Bakkali et al., 2008; Jalali-Heravi & Parastar, 2011). In general, we can classify the effective 
components of essential oils into two main groups, volatile and nonvolatile fractions. The 
former group contains monoterpenes, sesquiterpenes and their oxygenated derivatives, 
aliphatic aldehydes, alcohols and esters. The volatile compounds are the main fraction of the 
oil. The non-volatile fraction is mainly composed of hydrocarbons, fatty acids, sterols, 
carotenoids, waxes, coumarins, psoralens and flavonoids (Jalali-Heravi and Parastar, 2011). 
In fact, the chemical composition of essential oils may vary according to many factors such 
as (i) the difference between plant species and varieties, (ii) different climates, (iii) seasonal 
and geographical conditions and (iv) harvest periods. In addition, different parts of the 
same plant can provide varying compositions of essential oils. So, in order to obtain 
essential oils of constant composition, they have to be extracted under the same conditions 
from the same organ of the plant which has been growing on the same soil, under the same 
climate and has been picked in the same season. 
Plant essential oils are extracted from various aromatic plants generally localized in 
temperate to warm countries like Mediterranean and tropical countries. They are usually 
obtained by steam or hydro-distillation and analyzed by gas-chromatography mass 
spectrometry. In fact, there are other methods for extracting essential oils. These may 
include use of liquid carbon dioxide or microwaves, as well as low or high pressure 
distillation with boiling water or hot steam. Depending on the type of extraction the 
chemical profile of the essential oils could also differ not only in the number of molecules 
but also in the stereochemical type of molecules extracted (Masotti et al. 2003; Angioni et al., 
2006).  
In nature, essential oils play an important role in protecting plants against numerous 
organisms of bacterial, fungal and viral origin. Sometimes these oils can have a double 
function; on one hand they can attract some insects to ensure pollination and seed dispersal, 
and on the other hand they can repel predators. These valuable natural products can be 
used in many fields based on their properties already observed in nature, i.e. for their 
antimicrobial and repellent activities. The ethnopharmacological approach, which is used as 
a strategy to investigate essential oils, combines information acquired from users of 
medicinal plants (traditional communities and experts), with chemical and pharmacological 
studies. Brazil has a rich cultural and biological diversity and is also home to 55,000 species 
of higher plants as well as almost 7% of the global animal diversity (Garcia et al., 2010). 
Despite the large Brazilian biodiversity and the extensive work of researchers in the search 
for new chemotherapeutic agents against Chagas’ disease, only one study is related to the 
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essential oil of a native species, Croton cajucara. Other studies are being carried out with 
exotic species, commonly used as spices and medicinal plants. 
Today there are approximately 3,000 known essential oils, 10% of which  are commercially 
used for the perfume, cosmetic, food and pharmaceutical industries. From a pharmaceutical 
point of view, many herbs and related essential oils have revealed medicinal properties 
including anticancer, antibacterial, antiviral, antitoxigenic and antiparasitic activities 
(Bakkali et al., 2008; Alviano & Alviano, 2009). Indeed, the complex composition of essential 
oils makes them both a promising and challenging source of drug candidates. Essential oils 
may contain up to 100 individual components at completely different concentrations, many 
of them with one or more biological activitie. Structures of natural products feature wide 
chemical diversity, biochemistry specificity and other molecular properties that make them 
favourable as lead structures in drug discovery. Therefore, besides the rational drug design 
and novel synthetic efforts, natural products, such as essential oils, are still undergoing 
investigation for novel chemical structures that may interact with known and unknown 
microbial targets.  
With the discovery of Chagas’ disease by Carlos Chagas in 1909, a large number of drugs 
with trypanocidal activity have been evaluated by several research groups, but all without 
therapeutic success. So since the late 1960s nifurtimox (4 [(5-nitrofurfurilideno) amino]-3-
metiltiomorfolino-1,1-dioxide), a nitrofuran derivative, and benznidazole (Nbenzil-2-
nitroimidazole-1-acetamide), a nitroimidazole derivative have been used to treat Chagas’ 
disease. The healing potential of nifurtimox and benznidazole varies depending on the stage 
of the disease, treatment period and dosage, and patient age. Generally, satisfactory results 
are achieved when the patient is treated in the acute phase, in recent chronic infection, in 
congenital infection and in laboratory accidents. The main limitation of these compounds is 
the low efficacy in the treatment of patients in the chronic phase (Coura & Castro, 2002; 
Urbina, 2002). The reasons for the difference in the effectiveness of treatment between the 
acute and chronic stages of the disease are not known. The major disadvantage in the 
treatment of Chagas’ disease is the development of resistance to the chemotherapeutic drugs 
currently being used. Due to their high toxicity, these drugs are administered at low doses, 
and thus resistance may appear (Coura & Castro, 2002). In addition, the high cost of 
treatment and the consequent abandonment of it, along with the permanence of infected 
people in endemic areas have contributed to parasite resistance which causes a major impact 
on controlling this disease.  
The treatment with nifurtimox can lead to side effects such as psychological disorders, 
anorexia, somnolence and gastrointestinal symptoms (nausea, vomiting and diarrhea). The 
recommended doses for benznidazole in the treatment of Chagas’ disease may cause 
hypersensitivity and dermatitis with skin rashes and generate neuropathologies such as 
paresthesia and peripheral nerve polyneuritis (Maya et al., 2007). However, more serious 
reactions to benznidazole include bone marrow depression, which can lead to 
thrombocytopenia purpurea, and agranulocytosis. While thrombocytopenia purpurea can 
cause hemorrhagic manifestations, agranulocytosis may lead the patient to septicaemia. 
Because of these characteristic side effects, nifurtimox and benznidazole should not be 
prescribed to pregnant women and elderly patients or patients with any disease associated 
with severe Chagas' disease such as heart and respiratory diseases, and in cases of renal or 
hepatic impairment, systemic infection or malignancies (Coura & Castro, 2002). Since the 
inefficacy of current chemotherapies has grown, mainstream medicine is increasingly 
receptive to the use of antimicrobials and other drugs derived from plants (Cowan, 1999). 
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However, the full acceptance of phytopharmaceuticals and the integration of phytotherapy 
into the concept of classical medicine will arise only if they meet the same criteria of quality 
as synthetic pharmaceuticals and if they are submitted to the major pharmacological and 
toxicological assays for standardization. 
The long association between the coexistence of parasites, humans and herbal remedies, has 
made plants an undeniable source for drug candidates particularly for infectious diseases. 
Most research efforts into the effects of plants on parasite infections has been undertaken 
using aqueous or alcoholic extractions; however purified plant essential oils could also be 
efficacious in treating or preventing parasitic diseases (Anthony et al., 2005). So far, 
however, most of the studies concerning the biological effects of essential oils have been 
focused on the bactericidal effects. Only a few studies have addressed the effect of essential 
oils and their components against trypanosomes including Trypanosoma cruzi.  

3.1 Essential oils: Characteristics as active agents 

Properties such as low density and rapid diffusion across cell membranes (owing to their 
lipid solubility) can enhance the targeting of active components within an oil to intracellular 
parasites (Alviano & Alviano, 2009). Table 3 lists some of the essential oils of plant species 
commonly used in food and folk medicine and whose functional group of their main 
component presents activity against T. cruzi. 
 

Botanical name 
Common 

name 
Part used 

Main or active component / 
Main functional group 

Reference 

Allium sativa garlic 
garlic 
cloves 

ajoene / disulfide bond 
Urbina et al., 

1993 
Chenopodium 
ambrosioides 

mexican tea leaves 
(−)-(1S,4S)-p-mentha- 2,8-dien-

1-hydroperoxide / peroxide 
Kiuchi et al., 

2002 

Laurus nobilis bay leaves 
(1R,4S)-1-hydroperoxy-p-

menth-2-en-8-ol / peroxide 
Uchiyama et 

al., 2002 

Cymbopogon 
citratus 

lemongrass leaves citral / aldehyde 

Santoro et al., 
2007a 

Cardoso & 
Soares, 2010 

Achillea 
millefolium 

yarrow 
leaves and 

flowers 
chamazulene / C-C double 

bonds 
Santoro et al., 

2007b 
Syzygium 
aromaticum 

clove flowers eugenol / phenol 

Ocimum 
basilicum 

basil leaves linalool / alcohol 

Origanum vulgare oregano leaves 3-cyclohe n-1-ol / alcohol Santoro et al., 
2007c Thymus vulgaris thyme leaves thymol / phenol 

Croton cajucara white sacaca leaves linalool / alcohol 
Rodrigues, 

2010 

Table 3. Plant essential oils and main constituents with trypanocidal activity against 
Trypanosoma cruzi. 
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3.2 Essential oils: Mode of action against Trypanosoma cruzi 

Most studies of new agents with anti-protozoal activity are based on the direct action of 
these drugs on parasites and their immunomodulatory effects, particularly on macrophage 
responses. In fact, promising results have been obtained by some groups in the search of 
essential oils and related compounds with activity against pathogenic microorganisms, 
including T. cruzi. 
Some plant essential oils have immunomodulatory effects that are useful for treating 
infectious diseases, particularly in cases where the oil has no direct adverse effect on the 
host. Linalool-rich essential oils extracted from many plants are reported as antimicrobials 
for bacteria, fungi and protozoal species (Rosa et al., 2003; Alviano et al., 2005; de Almeida et 
al., 2007). In fact, the effects of linalool-rich essential oil from Croton cajucara (white sacaca) 
on Leishmania amazonensis have been successfully investigated. The median lethal doses and 
absolute lethal doses of the essential oil and purified linalool (Figure 10) from C. cajucara for 
promastigotes and amastigotes are very low (Rosa et al., 2003). The same essential oil is 
active against T. cruzi infection, promoting parasite damages such as mitochondrial swelling 
and important alterations in the organization of the nuclear and kinetoplast chromatin. 
Along these lines, the essential oil from C. cajucara could be a useful source of novel drugs. 
T. cruzi is also susceptible to the action of the Cymbopogom citratus essential oil (Santoro et 
al., 2007a; Cardoso & Soares, 2010). The essential oil is effective in killing T. cruzi with a low 
50% inhibitory concentration (IC50) at 15 µg/mL for bloodstream trypomastigotes. 
Furthermore, this essential oil also inhibits epimastigote growth at low concentrations, 
inducing ultrastructural alterations on parasite morphology. The alterations caused by C. 
citratus can be observed in Figure 11. In addition, the treatment of T. cruzi with citral (Figure 
10), the main constituent of C. citratus essential oil, results in epimastigote growth inhibition 
and decrease of viable trypomastigotes at 42 and 14.2 μg/mL, respectively, showing its high 
microbicidal activity (Santoro et al., 2007a). This monoterpene also exerts inhibitory effects 
on T. cruzi metacyclogenesis (Cardoso & Soares, 2010). Although no effect is observed at 
concentrations lower than 20 μg/mL, metacyclogenesis is almost totally abolished at 40 
μg/mL after 24, 48 or 72 h of incubation in TAU3AAG (differentiation) medium. Higher 
concentrations (60, 80 or 100 μg/mL) induce 100% cell lysis. 
 

OH
CHO

CHO

CitralLinalool

 
Fig. 10. Linalool and citral structures. 

The essential oils of C. cajucara and C. citratus have no toxicity for macrophages, the main cells 
involved in the early steps of infection. In fact, the number of internalized parasites 
(amastigote forms of T. cruzi) drastically decreases when infected macrophages are treated 
with the essential oil of C. citratus. Interestingly, the C. cajucara can not only reduce the number 
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of internalized parasites such as L. amazonensis and T. cruzi amastigotes in infected 
macrophages, but it can also promote macrophage activation with a consequent production of 
nitric oxide. However, how these oils cause macrophage activation is still poorly understood.  
 

 
Fig. 11. Effect of lemongrass essential oil on epimastigotes and bloodstream trypomastigotes, 
as observed by scanning (SEM) or transmission (TEM) electron microscopy, after treatment 
with IC50/24 h. (A) Untreated, control parasite observed by SEM. (B) SEM of lemongrass-
treated epimastigote after incubation with 126.5 μg/mL essential oil. Note the rounding of the 
parasite body and a small vesicle (arrowhead) that appears to have been detached from the 
parasite plasma membrane. (C) Untreated epimastigote showing normal organelles by TEM. 
(D) Treated epimastigote, showing cytoplasmic extraction. The plasma membrane and the 
subpellicular microtubules remain unaltered (arrowhead). (E) Bloodstream trypomastigotes 
treated with IC50 (15.5 μg/mL) of lemongrass essential oil as observed by TEM, showing 
intense cytoplasmic extraction (asterisk) and formation of a membrane bleb (arrowhead). (F) 
Control, untreated bloodstream trypomastigote showing typical organelles. K, kinetoplast; N, 
nucleus (Santoro et al., 2007). Image reproduced with permission from Memórias do Instituto 
Oswaldo Cruz editor in chief. 

The trypanocidal activity of the essential oils of Origanum vulgare (oregano) and Thymus 

vulgaris (thyme) demonstrated that epimastigotes treated with different concentrations of 
these essential oils resulted in growth inhibition and dose-dependent inhibitory 
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concentration. Trypomastigotes proved to be more susceptible to the action of the essential 
oils and especially to the action of thymol (Figure 12), the active phenolic component of the 
thymus essential oil with 50% inhibitory concentration, approximately 60 µg/mL. Different 
pathways may account for these variations in sensitivity to the oils evaluated, given that 
epimastigotes and trypomastigotes are adapted to survive in different environmental 
conditions (Santoro et al., 2007c). 
Trypomastigotes treated with Syzygium aromaticum (clove) essential oil demonstrated 
swelling of the parasite body, cytoplasmic extraction and nuclear alterations, whereas the 
plasma membrane remained unchanged. Similar observations were made in parasites 
treated with essential oils Ocimum basilicum (basil) and Achillea millefolium (yarrow) (Santoro 
et al., 2007b). The phenolic compound eugenol (Figure 12) is the major component of S. 

aromaticum essential oil, but it is also an important chemical constituent of essential oils from 
many aromatic plants, such as Dicipelium cariophyllatum, Pimenta dioica, Croton zehntneri var. 
eugenoliferum, and C. zehntneri (De Vincenzi et al., 2000). However, incubation of T. cruzi 
with eugenol alone results in a less potent activity with 50% inhibitory concentration values 
equal to 246 µg/mL for epimastigotes and 76µg/mL for trypomastigotes (Santoro et al., 
2007b). The contrast of results obtained with essential oils of S. aromaticum and eugenol in 
the experiments carried out with T. cruzi could be explained by synergistic effects of 
different compounds of the plant essential oil used in this work. The synergistic 
phenomenon is well known in several other systems (Zee-Cheng, 1992; Alviano & Alviano, 
2009). Additionally, comparing the effectiveness of the phenolic compounds, eugenol and 
thymol, the increased availability of the phenolic group in the latter may be the reason for its 
higher activity, reinforcing the importance of this group for its mode of action (Ultee et al., 
2002). 
 

OH

Thymol

OH

O

Eugenol

 
Fig. 12. Thymol and eugenol structures 

Many essential oils are known to exert antimicrobial activity but the mode of action is often 
not entirely understood. The large number of constituents in essential oils makes it possible 
to have more than one cellular target. Perhaps this could explain why some essential oils 
present higher activity than their isolated compounds. However, some characteristics of 
essential oils can help us to understand their efficacy. First, the lipophilic constituents from 
essential oils may be involved in antimicrobial mechanisms by permeating cell membranes 
and disrupting the structure of the different layers of membrane polysaccharides, fatty acids 
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and phospholipids, which permeabilize the membranes (Bakkali et al., 2008). The membrane 
permeabilization leads to the leakage of macromolecules and lysis. Second, essential oil 
metabolic targets could lead to serious cellular damages. Alterations such as mitochondrial 
damage, with membranous arrangements within this organelle and in the flagellar pocket, 
and the formation of autophagic structures observed in some parasites are associated with 
depletion of ergosterol and the alteration of the physical properties of the membranes 
(Santa-Rita et al., 2004). Also, the alcohol sesquiterpene nerolidol possessess inhibitory 
activity under biosynthesis of isoprenoids (dolichol, ergosterol and ubiquinone) from 
Leishmania species (Arruda et al., 2005). In this context, the alcohol sesquiterpene linalool 
could exert the same activity based on ultrastructure alterations cited previously and the 
same functional groups. Parasites of the genera Leishmania and Trypanosoma have a strict 
requirement for specific endogenous sterols (ergosterol and analogs) for survival and 
growth and can not use the cholesterol supply present in their vertebrate hosts. Another 
example of metabolism inhibition is the growth inhibition of T. cruzi epimastigote caused by 
ajoene (Figure 13), a derivative of garlic that can be attributed to changes in the 
phospholipid composition of the parasite membrane. One of the evidences for these 
alterations is the low levels of phosphatidylcholine detected, followed by high levels of its 
immediate precursor, phosphatidylethanolamine, suggesting that ajoene inhibits the final 
stage of phosphatidylcholine biosynthesis, altering the phospholipid composition of the cell 
membrane (Urbina et al., 1993). 
 

S S
S

O

HOO

O

O

(1R, 4S)-1-hydroperoxy-p-menth-2-en-8-ol acetate

HOO

(-)-(1S, 4S)-p-mentha-2,8-dien-1-hydroperoxide

Ajoene

 
Fig. 13. Ajoene, (1R,4S)-1-hydroperoxy-p-menth-2-en-8-ol acetate and (−)-(1S,4S)-p-mentha- 
2,8-dien-1-hydroperoxide structures. 

The peroxide group present in some monoterpenes is important for the activity of these 
compounds. The transformation of peroxide into the hydroxyl group ends the activity of the 
substances. For example (1R,4S)-1-hydroperoxy-p-menth-2-en-8-ol acetate isolated from 
leaves of Laurus nobilis showed minimum lethal concentrations at 1.4 μM against 
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epimastigotes of T. cruzi (Uchiyama et al., 2002). Other similar substances isolated from 
Chenopodium ambrosioides, ascaridole and related monoterpenes (−)-(2S,4S)- and (−)-(2R,4S)-
p-mentha-1(7),8-dien-2-hydroperoxide, (−)-(1R,4S)- and (−)-(1S,4S)-p-mentha- 2,8-dien-1-
hydroperoxide and (−)-(1R,4S)-hydroperoxy-p-menth-2-en-8-ol acetate (Figure 13) were 
active against epimastigotes at concentrations of 23, 1.2, 1.6, 3.1, 0.8 and 1.4 μM, respectively 
(Kiuchi et al., 2002). The mode of action of these monoterpene peroxides is associated to 
reactive oxygen species derived from the hydroperoxy group. 
Only a few studies evaluating the activity of essential oils on T. cruzi have been presented so 
far, however many of them with promising results. Besides the features described here, it 
should be noted that up to the present no resistance or adaptation by parasites has been 
reported in the literature. This may be due to multiple targets that essential oils can achieve, 
disabling many of the parasite modes of resistance. Much more can be done along these 
lines to discover new and effective therapies for the control and treatment of Chagas’ 
disease. 

4. Cysteine peptidase: A target for drug development 

4.1 Peptidases 

Peptidases, also known as proteases or proteinases, are hydrolases able to hydrolyze 
peptide bonds in proteins or peptides. They act as processing enzymes taking part in 
regulatory or catabolic processes in the cell as extracellular enzymes and play an important 
role in the degradation of proteic substrates serving as carbon or energy sources. Peptidases 
are important in several pathological conditions and one of them, well documented in the 
literature, is their role in parasitic invasions that occur in parasitic diseases such as Chagas 
disease. Some Trypanosoma cruzi peptidases are thought to play central roles in diverse 
processes such as, differentiation, cell cycle progression, proteins degradation and evasion 
of the host immune response (Klemba, 2002; Kosec, 2006; McKerrow, 2008; Vermelho, 2010; 
Alvarez, 2011).  
The MEROPS database is an Internet resource containing information on peptidases, their 
substrates and inhibitors including details of cleavage positions in substrates, both 
physiological and non-physiological, natural and synthetic and their mechanism of catalysis. 
The enzymes are classified using three different approaches including the chemical 
mechanism of catalysis, the catalytic reaction and the molecular structure and homology. 
Based on these criteria peptidases are grouped into protein species, which in turn are 
grouped into families, and then grouped into clans (Rawlings, 2010). 
Peptidases are druggable targets and peptidases inhibitors have proven to be effective drugs 
for hypertension (Hoover, 2010), HIV infection (Moyle, 1998), human cancers (Hoekstra, 
2006) and infectious diseases (Renslo, 2006). Especially in infectious diseases peptidases play 
an important role in the life cycle of protozoan parasites and in the pathogenesis of these 
diseases, such as in the inactivation of host immune defence mediators, the processing of 
host or parasite surface proteins for invasion of host cells, as well as in the digestion of host 
proteins for nutrition (Franke de Cazzulo, 1994; McKerrow, 2008). 
Peptidases, such as, serine, threonine, aspartyl, metallo and cysteine peptidases have been 
detected in Trypanosoma cruzi and they have been shown to be involved in numerous roles 
in the physiology of the parasite. The inhibition of some of these enzymes has shown high 
anti-T. cruzi activity in vitro and in vivo (Capaci-Rodrigues, 2010). The serine peptidases 
described in Trypanosoma cruzi include oligopeptidase B, a member of the prolyl 
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oligopeptidase family involved in Ca2+ signaling during mammalian cell invasion; a 80-kDa 
prolyl serine oligopeptidase (POP Tc80), belonging to the prolyl oligopeptidase family (EC 
3.4.21.26) against which inhibitors are being developed, and a lysosomal serine 
carboxypeptidase that probably hydrolyzes human collagen (Types I and IV) and 
fibronectin that has been implicated in the parasite adhesion to host cells and cell entry 
(Burleigh, 1995; Burleigh, 1997; Caler, 1998; Grellier, 2001; Bastos, 2005; da Silva-Lopez, 
2008). The threonine (proteasome) peptidase in the parasite has properties similar to those of 
other eukaryotes, and its inhibition by lactacystin blocks some differentiation steps in the 
life cycle of the parasite (Nkemgu-Njinkeng, 2002; Cardoso, 2008; Gutiérrez, 2009).  
Recently, in T. cruzi, two aspartic peptidases were isolated from the epimastigote forms, 
named cruzipain-I and cruzipain-II. One from the water soluble fraction and the second 
from the 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS) fraction. 
Both peptidase activities were inhibited by the classic pepstatin-A inhibitor and the aspartic 
active site labelling agent, 1,2- epoxy-3-(phenyl-nitrophenoxy) propane (EPNP). However, 
no coding genes for aspartic peptidases have yet been observed in the T. cruzi genome. The 
authors explained that they could not rule out the possibility that aspartic peptidase 
homologues are present in T. cruzi, because this genome has not been completely mapped 
(Pinho, 2009).  
Metallopeptidases homologous to the gp63 of Leishmania spp. are present in T. cruzi, as well 
as two metallocarboxypeptidases belonging to the M32 family, before found only in 
prokaryotes (Bonaldo, 1991; Lowndes, 1996; Burleigh, 2002; Cuevas, 2003; Nogueira de 
Melo, 2004; Gutierrez, 2008; Niemirowicz, 2007; Niemirowicz, 2008; Kulkarni, 2009). 
The most abundant among these enzymes is cruzipain (Cz), also known as GP57/51 or 
cruzain (the recombinant catalytic domain of cruzipain) a cysteine peptidase (CP) expressed 
as a mixture of isoforms. This CP is located in clan CA, being a member of the papain C1 
family of CP with an intermediate specificity between cathepsin L and cathepsin B (Cazzulo, 
1989). 
Although Cz is found in different compartments, it is expressed in all stages of the T. cruzi 
lifecycle. In the epimastigote stage, cruzipain is probably involved in the degradation of 
proteins. It may also play an important role in nutrition of the parasite, at least in the gut of 
the hematophagous insect vector. Cruzipain is stored in the pre lysosomal organelle called 
reservosome, in the posterior portion of the cell. In the intracellular amastigote stage, this 
peptidase can still be detected in the lysosome-related compartment, but most cruzipain is 
found fixed on the surface of the parasite, presumably through a GPI anchor, directly in 
contact with host cell cytoplasm. Trypomastigotes are able to secret some isoforms into the 
medium. This is extremely significant for the role of cruzipain as a virulence factor in 
Chagas disease (Souto-Padron, 1990; Engel, 2000; Vieira, 2005; McKerrow, 2009; Alvarez, 
2011). 
Cruzipain is involved in a number of cellular processes and in important virulence factors in 
the pathogenesis of parasitic diseases, such as: in the cell invasion phenomenon, facilitating 
the proteolytic degradation of host tissues and triggering the evasion mechanism (Franke de 
Cazzulo, 1994; Costales, 2007; Capaci-Rodrigues, 2010; Nogueira de Melo, 2010).  
In addition, this CP has demonstrated an ability to induce the production of the 
proinflammatory peptide Lys-bradykinin by the proteolysis of kininogen or by activation of 
plasmatic pre-kallikrein (Del Nery, 1997; Scharfstein, 2000; Benítez-Hernández, 2010; 
Capaci-Rodrigues, 2010).  
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Although some other minor CPs have been described in T. cruzi, such as 30 kDa cathepsin B-
like CPs and more recently TcCPmet (secreted by metacyclic trypomastigotes), it is not yet 
known how many different enzymes of this type are present and their possible functions 
(Garcia, 1998; Yong, 2000; Duschak, 2006; Capaci-Rodrigues, 2010).  
The structure of the active site, of the cruzipain , has been reported through X-ray crystal 
structures of the enzyme in complex with reversible and irreversible inhibitors. The enzyme 
is composed of one polypeptide chain of 215 amino acid residues and the catalytic triad of 
Cys25, His159, and Asn175 , as well as the highly conserved Trp177 of cruzipain, which is 
contained within a cleft between the two structural domains of the enzyme (McGrath, 1995). 
This domain is formed by seven substrate binding sites, four (S4, S3, S2, and S1) on the acyl 
side and three (S1’, S2’, and S3’) on the amino side of the scissile bond. The interaction of the 
S2 site of the enzyme with the corresponding P2 inhibitor residue is the key specificity 
determining factor (Chen, 2010).  
Although Cz has a catalytic domain that is highly homologous to human cysteine peptidases 
(HCP) (Brinen, 2000), studies have indicated that there is a preferential inhibition with 
cruzipain compared to HCP. The preferential inhibition is possibly due to the fact that human 
cathepsins are located in the lysosomes, a less accessible sub-compartment. The parasite, Cz is 
found in the host cell cytoplasm and therefore, more exposed to the action of inhibitors 
(McKerrow, 1995; McKerrow, 1999; Brak, 2008). Moreover, the parasite has a specific 
mechanism for the uptake of small molecules such as peptidase inhibitors that could facilitate 
the entry of these inhibitors into the parasite (McKerrow, 1999; Mallari, 2008; McKerrow,2008).  
Recently there has been great interest in developing new cruzipain inhibitors as 
chemotherapeutic targets. As proof of this more than 50% of the 51 patents in the 2000-2006 
period aiming at different targets for the treatment of Chagas disease, were cruzipain 
inhibitors (targets included: ergosterol biosynthesis inhibitors, inhibitors of polyamine and 
trypanothione formation) (Duschak, 2007). 
In an attempt to obtain a new lead, scaffolds for cruzipain inhibition with good efficacy and 
minimal toxicity for several classes of cruzipain inhibitors have been developed. Knowledge 
of the Cz crystal structure has promoted the design of a variety of cysteine peptidase 
inhibitors including peptidyl and non-peptidyl inhibitors. Among peptidyl inhibitors, the 
irreversible inhibitor, N-acylhydrazone has been studied (Ifa, 2000; Lima, 2009; dos Santos 
Filho, 2009), as well as the halomethyl ketone based (Ashall, 1990; Harth, 1993), 
diazomethane ketones (Shaw, 1994; Lalmanach, 1996), vinyl sulfones (Roush, 2001; Engel, 
1998; Barr, 2005; Kerr, 2009; Jacobsen, 2000), and reversible inhibitors such as oxadiazoles 
(Ferreira,2009), and aryl ureas (Du, 2000). In the non-peptidyl group thiosemicarbazones 
(Du, 2002), triazole, triazine nitriles (Brak, 2010; Mott, 2010) and non-peptidic vinylsulfones 
(Bryant, 2009) can be found some of which are presented in Table 4. 
Among all chemical classes of inhibitors of cruzipain (Cz) researched until now, vinyl 
sulfone can be highlighted as it is in an advanced stage clinical trial. 
Peptidyl vinyl sulfone inhibitor compounds are irreversible inhibitors of cruzipain via a 
Michael addition by active site Cys25. According to Palmer’s (Palmer, 1995) hypothesis, the 
Michael addition is facilitated through hydrogen bonding between the protonated His159 
residue and one of the vinyl sulfone oxygens. Thus, the vinyl group would be polarized, 
and consequently the β-vinyl carbon would become positively charged. This would then 
facilitate a nucleophilic attack by the active site thiolate. The other sulfone oxygen could 
participate in hydrogen bonding with the active site glutamine (Figure 14) (Powers, 2002). 
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Chemical class of cruzipain inhibitor Chemical Structure Reference 

Peptidyl 
inhibitor 

 

N-acylhydrazones 

 

Lima, 
2009 

Irreversible 

 

 

Vinyl sulfones 

 

Kerr, 2009 

Reversible 

  

Oxadiazoles 

 

Ferreira, 
2009 

Non-
peptidyl 

inhibitors 

   

Thiosemicarbazones 

 

Du, 2002 

Triazole, triazine 
nitriles 

Brak, 2010 

Non-peptidic vinyl 
sulfones 

 

Bryant, 
2009 

 

Table 4. Some cruzipain inhibitors 
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Fig. 14. Mechanism of irreversible inhibition of cysteine peptidase by vinyl sulfones (Palmer, 
1995; Powers, 2002; Capaci-Rodrigues, 2010) 

The most important peptidyl vinyl sulfone derivative is K11777 (N-methyl-piperazine-Phe-
homoPhe-vinylsulfone-phenyl), also known as K777 (compound 6, Figure 15) that is 
currently in late-stage preclinical trials. K11777 is a second generation vinyl sulfone (Roush, 
2001). The compound was developed by Jim McKerrow’s team at the Sandler Center for 
Drug Discovery in San Francisco in the United States(McKerrow, 2009). K777 is non-
mutagenic, has an acceptable PK profile, anis the most extensively characterized in efficacy 
and safety studies in rodents, dogs and primates (Clayton , 2010) . Studies with K11777 have 
proven that blocking cruzipain is enough to cure Chagas disease in all of its stages and 
disrupts amastigote intracellular development. (McKerrow, 2009, Doyle 2011). This 
compound has a wide spectrum of activity against different T. cruzi strains (e.g., Y, 
Tulahuén, CL, CA-I/72), even against nifurtimox and benznidazole-resistant T. cruzi strains 
(McKerrow, 2009). In addition, studies have indicated that concomitant use of a cruzipain 
inhibitor with benznidazole might be beneficial for the treatment of Chagas disease, as well 
as, the possibility of reducing the benznidazole dosage and thus decrease the side effects of 
this drug (McKerrow, 2009).K777 has now progressed into IND (Investigation New Drug) -
enabling studies in collaboration with the DNDi (Drugs for Neglected Diseases Initiative) 
(Clayton , 2010). 
This vinyl sulfone was developed by a rational design aimed to enhance specificity and in 
vivo stability and minimizing toxicity (Engel, 1998) from the predecessor K11002 (compound 
7, Figure 15) by the replacement of a morpholine-urea ring by a N-methylpiperazine ring (P3 
subsite). This change was intended to increase the oral bioavailability, and increase the 
solubility in intestinal fluids. The in vitro assay showed an improvement of 3 to 19.9% 
(Jacobsen, 2000) and in murine models of acute and chronic Chagas disease, showed 
prolonged survival and eradicated the parasite infection with minimal toxicity (Engel, 1998; 
Barr, 2005; Urbina, 2003; Kerr, 2009; McKerrow, 2009).  
Therefore, the P3 substituent of the vinyl sulfones has been of great interest, and the 
modification of this position has influenced several properties, such as lysosomotropism, 
hepatotoxicity, and pharmacokinetics (Kerr, 2009; Jacobsen, 2000; Zhang, 1998). Similar to 
most other papain-like cysteine peptidase, the interaction of the S2 subsite of the enzyme 
with the corresponding P2 residue is the key specificity determining factor. Cruzipain is a 
dual-specific peptidase that is able to accommodate phenylalanine or arginine in the P2 
residue of the ligand due to the presence of Glu208 found at the base of the S2 subsite, 
however with a preference for phenylalanine over arginine (Chen, 2010). In this way, a new 
analogue of K11777 was synthesized, e.g.: WRR-483 (compound 8, Figure 15), replacing 
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phenylalanine (K11777) with arginine (WRR-483) in the P2 substituent. This compound 
showed sensitivity to pH conditions, being more potent at higher pH levels, but it was still 
relatively weak when compared to K11777 in the inhibition of cruzipain. Probably the 
Glu208 in the S2 pocket of the cruzain-WRR-483 is not fully anchored to the arginine 
residue. However, in the in vitro cell assay, this compound showed trypanocidal activity 
comparable to the lead compound, K11777, and surprisingly was effective in curing acute T. 
cruzi infection in an in vivo assay. This difference could be explained by the possibility that 
WRR-483 is targeting an as yet unknown cathepsin L-like cysteine peptidase in T. cruzi. 
Another possibility is that the WRR-483 inhibits cruzipain either located on the cell 
membrane or released by the parasite, and not in the lysosome. The inhibitor is hydrophilic 
in nature, primarily due to the guanidine group, and is more active at physiological pH, 
making it very favourable in the extracellular environment. In the light of these results, 
studies have shown that WRR-483 has potential to be developed as a treatment for Chagas’ 
disease (Chen, 2010). 
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Fig. 15. Chemical structure of K11777 (6), K11002 (7) and WRR-483(8) vinyl sulfone 
derivatives inhibitors of cruzipain. The P1 –P3 subsites of K11777 are labelled (McKerrow, 
1999; Chen, 2010). 

www.intechopen.com



 
Drug Development – A Case Study Based Insight into Modern Strategies 

 

424 

5. Conclusion 

This chapter focused in the action mechanism and limitations of the drugs currently used 
for Chagas disease and described the importance of the study of Megazol and natural 
products development for Chagas disease chemotherapy that it is active against different 
strains of the parasite and has great effectiveness in monkeys even in the chronic stage. For 
this reason, megazol was considered as an alternative lead-compound for the treatment of 
the Chagas’ diseas. Megazol is a highly active compound against Trypanosoma cruzi, and has 
become a core structure for the design of new trypanocidal agents. Another point presented 
is about the use o natural products in Chagas disease. The knowledge of using natural 
products is of great value, especially the use of medicinal plants, as the countless number of 
species reflects an inestimable number of biologically active molecules against different 
illnesses, including infectious diseases. In the last decades the interest in natural compounds 
extracted from plants with anti-Trypanosoma cruzi activity has been renewed, and 
laboratories across the world have shown promising results.  Moreover the use of 
peptidases, mainly cysteine peptidases as a target for drug development  was discussed 
showing the importance of these enzymes development of new drugs for Chagas disease. A 
special focus was given for K777 currently in late-stage preclinical trials  

6. Acknowledgment 

This study was supported by grants from Coordenação de Aperfeiçoamento Pessoal de 
Nível Superior (CAPES), Conselho Nacional  de  Desenvolvimento Científico  e  Tecnológico  
(MCT/CNPq), Conselho de Ensino para Graduados e Pesquisas (CEPG/UFRJ),  Fundação 
Oswaldo  Cruz  (FIOCRUZ),  Fundação Carlos Chagas Filho de Amparo a Pesquisa do 
Estado do Rio de Janeiro (FAPERJ). 

7. References 

Alvarez, V.E.; Niemirowicz, G.T. & Cazzulo, J.J. (2011). The peptidases of Trypanosoma cruzi: 
Digestive enzymes, virulence factors, and mediators of autophagy and 
programmed cell death. Biochimica et Biophysica Acta, Vol.19. [Epub ahead of print]. 

Alviano, D.S. & Alviano, C.S. (2009). Plant extracts: search for new alternatives to treat 
microbial diseases. Current Pharmaceutical Biotechnology, Vol.10, No.1, 106-121.  

Alviano, W.S.; Mendonça-Filho, R.R.; Alviano, D.S.; Bizzo, H.R.; Souto-Padrón, T.; 
Rodrigues, M.L.; Bolognese, A.M.; Alviano, C.S. & Souza, M.M. (2005). 
Antimicrobial activity of Croton cajucara Benth linalool-rich essential oil on artificial 
biofilms and planktonic microorganisms. Oral Microbiology and Immunology, Vol.20, 
No.2, pp.101-105. 

Angioni, A.; Barra, A.; Coroneo, V.; Dessi, S. & Cabras, P. (2006). Chemical composition, 
seasonal variability, and antifungal activity of Lavandula stoechas L. ssp. stoechas 
essential oils from stem/leaves and flowers. Journal of Agricultural Food and 

Chemistry, Vol.54, pp.4364–4370. 
Anthony, J.P.; Fyfe, L. & Smith, H. (2005). Plant active components – a resource for 

antiparasitic agents? TRENDS in Parasitology, Vol.21, No.10, pp.462-468.  
Ashall, F.; Angliker, H. & Shaw, E. (1990). Lysis of trypanosomes by peptidyl fluoromethyl 

ketones. Biochemical and Biophysical Research Communications, Vol.170, pp.923-929.  

www.intechopen.com



 
Novel Therapeutic Strategies for Chagas` Disease 

 

425 

Bakkali, F.; Averbeck, S.; Averbeck, D. & Idaomar, M. (2008). Biological effects of essential 
oils – A review. Food and Chemical Toxicology, Vol.46, pp.446–475. 

Barr, S.C.; Warner, K.L.; Kornreic, B.G.; Piscitelli, J.; Wolfe, A.; Benet, L. & McKerrow, J.H. 
(2005). A cysteine protease inhibitor protects dogs from cardiac damage during 
infection by Trypanosoma cruzi. Antimicrobial Agents Chemotherapy, Vol.49, pp.5160-
5161. 

Bastos, I.M.; Grellier, P.; Martins, N.F.; Cadavid-Restrepo, G.; de Souza-Ault, M.R.; 
Augustyns, K.; Teixeira, A.R.; Schrével, J.; Maigret, B.; da Silveira, J.F. & Santana, 
J.M. (2005). Molecular, functional and structural properties of the prolyl 
oligopeptidase ofTrypanosoma cruzi (POP Tc80), which is required for parasite entry 
into mammalian cells. The Biochemical Journal, Vol.15, pp.29-38. 

Batie, C. J. & Kamin, H. (1991). The relation of pH and oxidation-reduction potential to be 
association state of the ferredoxin-ferredoxin: NADP+ reductase complex. The 

Journal of biological chemistry, Vol.256, pp.7756-7763. 
Benítez-Hernández, I.; Méndez-Enríquez, E.; Ostoa, P.; Fortoul, T.; Ramírez, J.A.; Stempin, 

C.; Cerbán, F.; Soldevila, G. & García-Zepeda, E.A. (2010). Proteolytic cleavage 
ofchemokines by Trypanosoma cruzi's cruzipain inhibits chemokine functions by 
promoting the generation of antagonists. Immunobiology, Vol.215, pp.413-426. 

Berkelhammer, G. & Asato, G. (1968). 2-Amino-5-(1-methyl-5-nitro-2-imidazolyl)-1,3,4-
thiadiazole; a new antimicrobial agent. Science, Vol.162, pp.1146. 

Bock, M.; Gonert, R. & Haberkorn, A. (1969). Studies with Bay 2502 on animals. Boletín 

Chileno de Parasitología, Vol.24, pp.13-19. 
Bonaldo, M.C.; d'Escoffier, L.N.; Salles, J.M. & Goldenberg, S. (1991). Characterization and 

expression of proteases during Trypanosoma cruzi metacyclogenesis. Experimental 

Parasitology, Vol.73, pp.44-51. 
Brak, K.; Doyle, P.S.; McKerrow, J.H. & Ellman, J.A. (2008). Identification of a new class of 

nonpeptidic inhibitors of cruzain. Journal of the American Chemical Society, Vol.130, 
pp.6404-6410. 

Brak, K.; Doyle, P.S.; McKerrow, J.H. & Ellman, J.A. (2008). Identification of a new class of 
nonpeptidic inhibitors of cruzain. Journal of the American Chemical Society, Vol.130, 
pp.6404-10. 

Brak, K.; Kerr, I.D.; Barrett, K.T.; Fuchi, N.; Debnath, M.; Ang, K.; Engel, J.C.; McKerrow, 
J.H.; Doyle, P.S.; Brinen, L.S. & Ellman, J.A. (2010). Nonpeptidic 
tetrafluorophenoxymethyl ketone cruzain inhibitors as promising new leads for 
Chagas disease chemotherapy. Journal of Medicinal Chemistry, Vol.53, pp.1763-1773. 

Brinen, L.S.; Hansell, E.; Cheng, J.; Roush, W.R.; McKerrow, J.H. & Fletterick, R.J. (2000). A 
target within the target: probing cruzain’s P1’ site to define structural determinants 
for the Chagas’ disease protease. Structure, Vol.8, pp.831–840. 

Bryant, C.; Kerr, I.D.; Debnath, M.; Ang, K.K.; Ratnam, J.; Ferreira, R.S.; Jaishankar, P.; Zhao, 
D.; Arkin, M.R.; McKerrow, J.H.; Brinen, L.S.; Renslo, A.R. (2009). Novel non-
peptidic vinylsulfones targeting the S2 and S3 subsites of parasite cysteine 
proteases. Bioorganic & Medicinal Chemistry Letters, Vol.19, pp.6218-6221. 

Burleigh, B.A. & Andrews, N.W. (1995). A 120-kDa alkaline peptidase from Trypanosoma 

cruzi is involved in the generation of a novel Ca2+-signaling factor for mammalian 
cells. Journal of Biological Chemistry, Vol.270, pp.5172-5180. 

www.intechopen.com



 
Drug Development – A Case Study Based Insight into Modern Strategies 

 

426 

Burleigh, B.A. & Woolsey, A.M. (2002). Cell signaling and Trypanosoma 

cruzi invasion. Cellular Microbiology, Vol.4, pp.701-711. 
Burleigh, B.A.; Caler, E.V.C.; Webster, P. & Andrews, N.W. (1997). A cytosolic serine 

endopeptidase from Trypanosoma cruzi is required for the generation of 
Ca2+signaling in mammalian cells. The Journal of Cell Biology, Vol.136, pp.609-620. 

Cadenas, E. (1989). Biochemistry of oxygen toxicity. Annual review of biochemistry, Vol.58, 
pp.79-110. 

Caler, E.V.; Avalos, V.; Haynes, P.A.; Andrews, N.W.; Burleigh, B.A. (1998). Oligopeptidase 
B-dependent signaling mediates host cell invasion by Trypanosoma cruzi. The 

EMBOJournal, Vol.17, pp.4975-4986. 
Cansado, J. R. (1997). Terapêutica específica. In: Clínica e terapêutica da Doença de Chagas. Uma 

abordagem Prática para o Clínico Geral, J. C. P. DIAS, J. R. COURA, pp. 323-351, 
Fiocruz, Rio de Janeiro. 

Capaci-Rodrigues, G.; Aguiar, A.P.; Vianez-Junior, J. L. S. G.; Macrae, A.; Nogueira de Melo, 
A. C. & Vermelho, A. B. (2010). Peptidase Inhibitors as a Possible Therapeutic 
Strategy for Chagas Disease. Current Enzyme Inhibition, Vol.6, No.4, pp.183-194. 

Cardoso, J. & Soares, M.J. (2010). In vitro effects of citral on Trypanosoma cruzi 
metacyclogenesis. Memorias do Instituto Oswaldo Cruz, Vol.105, No.8, pp.1026-32. 

Cardoso, J.; Soares, M.J.; Menna-Barreto, R.F.S.; Le Bloas, R.; Sotomaior, V.; Goldenberg, S. & 
Krieger, M.A. (2008). Inhibition of proteasome activity blocksTrypanosoma 

cruzi growth and metacyclogenesis. Parasitology Research, Vol.103, pp.941-951. 
Carvalho, S. A.; Da Silva, E. F.; Santa-Rita, R. M.; De Castro, S. L. & Fraga, C. A. M. (2004). 

Synthesis and antitrypanosomal profile of new functionalized 1,3,4-thiadiazole-2-
arylhydrazone derivatives, designed as non-mutagenic megazol analogues. 
Bioorganic & Medicinal Chemistry Letters, Vol.14, pp.5967–5970. 

Carvalho, S. A.; Lopes, F. A.; Salomão, K.; Romeiro, N. C.; Wardell, S. M. S. V.; De Castro, S. 
L.; Da Silva, E. F. & Fraga, C. A. M. (2008). Studies toward the structural 
optimization of new brazilizone related trypanocidal 1,3,4-thiadiazole-2-
arylhydrazone derivatives. Bioorganic & Medicinal Chemistry Letters, Vol.16, pp.413-
421. 

Cazzulo, J.J.; Couso, R.; Raimondi, A.; Wernstedt, C. & Hellman, U. (1989). Further 
characterization and partial amino acid sequence of a cysteine proteinase 
fromTrypanosoma cruzi. Molecular and Biochemical Parasitology, Vol.33, pp.33-41. 

Chauvière, G.; Bouteille, B.; Enanga, B.; Albuquerque, C.; Croft, S.; Dumas, M. & Perie, J. 
(2003). Synthesis and Biological Activity of Nitro heterocycles Analogous of 
Megazol, a Trypanocidal Lead. Journal of Medicinal Chemistry, Vol.46, pp.427-440. 

Chen, Y.T.; Brinen, L.S.; Kerr, I.D.; Hansell, E.; Doyle, P.S.; McKerrow, J.H. & Roush, 
W.R. (2010). In vitro and in vivo studies of the trypanocidal properties of WRR-483 
against Trypanosoma cruzi. PLoS Neglected Tropical Diseases, Vol.4, No.9, pii: e825. 

Clayton,J.(2010). Chagas disease: pushing through the peline.Nature.Vol.465,Pages:S12–S15. 
Costales, J. & Rowland, E.C. (2007). A role for protease activity and host-cell permeability 

during the process of Trypanosoma cruzi egress from infected cells. The Journal of 

Parasitology, Vol.93, pp.1350-1359. 
Coura, J. R. & De Castro, S. L. (2002). A critical review on Chagas disease chemotherapy. 

Memórias do Instituto Oswaldo Cruz, Vol.97, pp.3-24. 

www.intechopen.com



 
Novel Therapeutic Strategies for Chagas` Disease 

 

427 

Coura, J. R. (1996). Perspectivas actuales del tratamiento específico de la enfermedad de 
Chagas. Boletín Chileno de Parasitología, Vol.51, pp.69-75. 

Cowan, M.M. (1999). Plant products as antimicrobial agents. Clinical Microbiology Reviews, 
Vol.12, pp.564-82. 

Cuevas, I.C.; Cazzulo, J.J. & Sanchez, D.O. (2003). gp63 homologues in Trypanosoma cruzi: 
surface antigens with metalloprotease activity and a possible role in the host cell 
infection. Infection and Immunity, Vol.71, pp.5739–5749. 

da Silva-Lopez, R.E.; Morgado-Díaz, J.A.; dos Santos, P.T. & Giovanni-De-Simone, S. (2008). 
Purification and subcellular localization of a secreted 75 kDa Trypanosoma 

cruziserine oligopeptidase. Acta Tropica, Vol.107, pp.159-167. 
de Almeida, I.; Alviano, D.A.; Vieira, D.P.; Alves, P.B.; Blank, A.F.; Lopes, A.H.C.S.; Alviano, 

C.S. & Rosa, M.S.S. (2007). Antigiardial activity of Ocimum basilicum essential oil. 
Parasitology Research, Vol.101, No.2, pp.443-52. 

de Araújo, D.A.M.; Freitas, C. & Cruz, J.S. (2011). Essential oils components as a new path to 
understand ion channel molecular pharmacology. Life Sciences, [Epub ahead of 
print]. 

De Castro, S. L. & Meirelles, M. N. L. (1990). Mechanism of action of a nitroimidazole-
thiadiazole derivative upon Trypanosoma cruzi tissue culture amastigotes. Memórias 

do Instituto Oswaldo Cruz, Vol.85, pp.95-99. 
De Castro, S. L. (1993). The challenge of Chagas’ disease chemotherapy: an update of drugs 

assayed against Trypanosoma cruzi. Acta Tropica, Vol.53, pp.83-98. 
De Vincenzi, M.; Silano, M.; Stacchini, P. & Scazzocchio, B. (2000). Constituents of aromatic 

plants: I. Methyleugenol. Fitoterapia, Vol.71, pp.216–221. 
Declerck, P. J. & De Ranter, C. J. (1986). In vitro reductive activation of nitroimidazoles. 

Biochemical Pharmacology, Vol.35, pp.59–61. 
Declerck, P. J. & De Ranter, C. J. (1987). Polarographic evidence for the interaction of 

reduced nitroimidazole derivatives with DNA bases. Journal of the Chemical Society, 

Faraday Transactions 1, Vol.83, pp.257–265. 
Del Nery, E.; Juliano, M.A.; Lima, A.P.C.A.; Scharfstein, J. & Juliano, L. (1997). Kininogenase 

activity by major cysteinyl proteinase (Cruzipain) from Trypanosoma cruzi. Journal of 

Chemical Biology, Vol.272, pp.25713-25718. 
Díaz de Toranzo, E. G.; Castro, J. A.; Franke de Cazzulo, B. M. & Cazzulo, J. J. (1988). 

Interaction of benznidazole reactive metabolites with nuclear and kinetoplastic 
DNA, proteins and lipids from Trypanosoma cruzi. Experientia, Vol.44, pp.880–881.  

Do Campo R. (1990). Sensitivity of parasites to free radical damage by antiparasitic drugs. 
Chemico-Biological Interactions, Vol.73, No.1, pp.1–27. 

Do Campo, R. & Moreno, S. N. J. (1984). Free radical metabolites in the mode of action of 
chemotherapeutic agents and phagocytic cells on T. cruzi. Reviews of Infectious 

Diseases, Vol.6, pp.223-238. 
Do Campo, R. & Moreno, S. N. J. (1986). Free radical metabolism of antiparasitic agents. 

Federation Proceedings, Vol.45, pp.2471-2476. 
Do Campo, R. & Stoppani, A. O. M. (1979). Generation of superoxide anion and hydrogen 

peroxide induced by nifurtimox in Trypanosoma cruzi. Archives of biochemistry and 

biophysics, Vol.197, pp.317-321. 

www.intechopen.com



 
Drug Development – A Case Study Based Insight into Modern Strategies 

 

428 

dos Santos Filho, J.M.; Lima Leite, A.C.; de Oliveira, B.G.; Magalhães Moreira, D.G.; Lima, 
M.S.; Botelho Pereira Soares, M. & Leite, L.F.C.C. (2009). Design, synthesis and 
cruzain docking of 3-(4-substituted-aryl)-1,2,4-oxadiazole-N-acylhydrazones as 
anti-Trypanosoma cruzi agents. Bioorganic & Medicinal Chemistry, Vol.17, pp.6682-
6691. 

Doyle P.S., Zhou Y.M., Hsieh I., Greenbaum D.C,. McKerrow J.H., Engel J.C.(2011). The 
Trypanosoma cruzi Protease Cruzain Mediates Immune Evasion., PLoS Pathogens , 
Vol7(9) e1002139 

Du, X.; Guo, C.; Hansell, E.; Doyle, P.S.; Caffrey, C.R.; Holler, T.P.; McKerrow, J.H.; Cohen, 
F.E. (2002). Synthesis and structure-activity relationship study of potent 
trypanocidal thio semicarbazone inhibitors of the trypanosomal cysteine protease 
cruzain. Journal of Medicinal Chemistry, Vol.45, pp.2695-2707. 

Du, X.; Hansell, E.; Engel, J.C.; Caffrey, C.R.; Cohen, F.E. & McKerrow, J.H. (2000). Aryl 
ureas represent a new class of anti-trypanosomal agents. Chemistry & 

Biology, Vol.7,pp.733-742. 
Duschak, V.G. & Couto, A.S. (2007). An insight on targets and patented drugs for 

chemotherapy of Chagas disease. Recent Patents on Anti-Infective Drug 

Discovery, Vol.2, pp.19-51. 
Duschak, V.G.; Barboza, M.; García, G.A.; Lammel, E.M.; Couto, A.S. & Isola, E.L.D. (2006). 

Novel cysteine proteinase in Trypanosoma cruzi metacyclogenesis. Parasitology, 
Vol.132, pp.345-355. 

Engel, J.C.; Doyle, P.S.; Hsieh, I. & Mckerrow, J.H. (1998). Cysteine protease inhibitors cure 
an experimental Trypanosoma cruzi infection. The Journal of Experimental 

Medicine, Vol.188, pp.725-34. 
Engel, J.C.; Garcia, C.T.; Hsieh, I.; Doyle, P.S. & McKerrow, J.H. (2000). Upregulation of the 

secretory pathway in cysteine protease inhibitor resistant Trypanosoma cruzi. Journal 

of Cell Science, Vol.113, pp.1345-1354. 
Fairlamb, A. H.; Blackburn, P.; Ulrich, P.; Chait, B. T. & Cerami, A. (1985). Trypanothione: a 

novel bis(glutathionyl)spermidine cofactor for glutathione reductase in 
trypanosomatids. Science, Vol.227, pp.1485–1487. 

Ferreira, R. C. C. & Ferreira, L. C. S. (1986). Mutagenicity of CL 64855, a potent anti-
trypanosoma cruzi drug. Mutation Research, Vol.171, pp.11-15. 

Ferreira, R.S.; Bryant, C.; Ang, K.K.; McKerrow, J.H.; Shoichet, B.K. & Renslo, A.R. (2009). 
Divergent modes of enzyme inhibition in a homologous structure-activity 
series. Journal of Medicinal Chemistry, Vol.52, pp.5005-5008. 

Filardi, L. S. & Brener, Z. (1982). Nitroimidazole-thiadiazole derivative with curative action 
in experimental Trypanosoma cruzi infection. Annals of Tropical Medicine and 

Parasitology, Vol.76, pp.293-297. 
Franke de Cazzulo, B.M.; Martínez, J.; North, M.J.; Coombs, G.H. & Cazzulo, J.J. (1994). 

Effects of proteinase inhibitors on the growth and differentiation of Trypanosoma 

cruzi. FEMS Microbiology Letters, Vol.124, pp.81-86. 
Garcia, D.; Domingues, M.V. & Rodrigues E. (2010). Ethnopharmacological survey among 

migrants living in the Southeast Atlantic Forest of Diadema, São Paulo, Brazil. 
Journal of Ethnobiology and Ethnomedicine, Vo.6, No29, pp.1-19. 

www.intechopen.com



 
Novel Therapeutic Strategies for Chagas` Disease 

 

429 

Garcia, M.P.; Nóbrega, O.T.; Teixeira, A.R.; Sousa, M.V. & Santana, J.M. (1998). 
Characterisation of a Trypanosoma cruzi acidic 30 kDa cysteine protease. Molecular 

and Biochemical Parasitology, Vol.91, pp.263-272. 
Giulivi, C.; Turrens, J. F. & Boveris, A. (1988). Chemiluminescence enhancement by 

trypanocidal drugs and by inhibitors of antioxidants enzymes in Trypanosoma cruzi. 
Molecular and Biochemical Parasitology, Vol.30, pp.243–52,. 

Goijman, S. G. & Stoppani, A. O. (1985). Effects of nitroheterocyclic drugs on macromolecule 
synthesis and degradation in Trypanosoma cruzi. Biochemical Pharmacology, Vol.34, 
pp.1331-1336. 

Goijman, S. G.; Frasch, A. C. & Stoppani, A. O. (1985). Damage of Trypanosoma cruzi 
deoxyribonucleic acid by nitroheterocyclic drugs. Biochemical Pharmacology, Vol.34, 
pp.1457-1461. 

Gonzalez, N. S. & Cazzulo, J. J. (1989). Effects of trypanocidal drugs on protein biosynthesis 
invitro and invivo by Trypanosoma cruzi. Biochemical Pharmacology, Vol.38, pp.2873-
2877. 

Grellier, P.; Vendeville, S.; Joyeau, R.; Bastos, I.M.; Drobecq, H.; Frappier, F.; Teixeira, A.R.; 
Schrével, J.; Davioud-Charvet, E.; Sergheraert, C. & Santana, J.M. (2001). 
Trypanosoma cruzi prolyl oligopeptidase Tc80 is involved in nonphagocytic 
mammalian cell invasion by trypomastigotes. The Journal of Biological 

Chemistry, Vol.276, pp.47078-47086. 
Gutiérrez, B.; Osorio, L.; Motta, M.C.; Huima-Byron, T.; Erdjument-Bromage, H.; Muñoz, C.; 

Sagua, H.; Mortara, R.A.; Echeverría, A.; Araya, J.E. & González, J. (2009). 
Molecular characterization and intracellular distribution of the alpha 5 subunit 
ofTrypanosoma cruzi 20S proteasome. Parasitology International, Vol.58, pp.367-374. 

Gutierrez, F.R.; Lalu, M.M.; Mariano, F.S.; Milanezi, C.M.; Cena, J.; Gerlach, R.F.; Santos, J.E.; 
Torres-Dueñas, D.; Cunha, F.Q.; Schulz, R. & Silva, J.S. (2008). Increased activities 
of cardiac matrix metalloproteinases matrix metalloproteinase (MMP)-2 and MMP-
9 are associated with mortality during the acute phase of experimentalTrypanosoma 

cruzi infection. The Journal of Infectious Diseases, Vol.197, pp.1468-1476. 
Gutteridge, W. E.; Ross, J.; Hargadon, M. R. & Hudson, J. E. (1982). Crithidia fasciculata: a 

catalase-containing trypanosomatid sensitive to nitroheterocyclic drugs. 
Transactions of the Royal Society of Tropical Medicine and Hygiene, Vol.76, pp.493–496. 

Haber, F. & Weiss, J. On the catalysis of hydroperoxide. (1932). Naturwissenschaften, Vol.20, 
pp.948–950. 

Harth, G.; Andrews, N.; Mills, A.A.; Engel, J.C.; Smith, R. & McKerrow, J.H. (1993). Peptide-
fluoromethyl ketones arrest intracellular replication and intercellular transmission 
ofTrypanosoma cruzi. Molecular Biochemistry and Parasitology, Vol.58, pp.17-24. 

Henderson, G. B.; Ulrich, P.; Fairlamb, A. H.; Rosemberg, I.; Pereira, M.; Sela, M. & Cerami, 
A. (1988). "Subversive" substrates for the enzyme trypanothione reductase 
dissulphide reductase, alternative approach to chemoterapy of Chagas disease. 
Proceedings of the National Academy of Sciences of the United States of America, Vol.85, 
pp.5374-5378. 

Hoekstra, R.; Eskens, F.A.; Verweij, J. (2001). Matrix Metalloproteinase Inhibitors: Current 
Developments and Future Perspectives. Oncologist, 6, 415-27. 

www.intechopen.com



 
Drug Development – A Case Study Based Insight into Modern Strategies 

 

430 

Ifa, D.R.; Rodrigues, C.R.; de Alencastro, R.B.; Fraga, C.A.M. & Barreiro, E.J. (2000). A 
possible molecular mechanism for the inhibition of cysteine proteases by 
salicylaldehyde N-acylhydrazones and related compounds. Journal of Molecular 

Structure (Theochem), Vol.505, pp.11-17. 
Jacobsen, W.; Christians, U.; Benet, L.Z. In vitro evaluation of the disposition of A novel 

cysteine protease inhibitor. Drug Metab Dispos., 2000, 28(11): 1343-51. 
Jalali-Heravi, M. & Parastar, H. (2011). Recent trends in application of multivariate curve 

resolution approaches for improving gas chromatography–mass spectrometry 
analysis of essential oils. Talanta, Vol.85, pp.835–849, ISSN 0039-9140. 

Kedderis, G. L. & Miwa, G. L. (1988). The metabolic activation of nitroheterocyclic 
therapeutic agents. Drug Metabolism Reviews, Vol.19, pp.33–62. 

Klemba, M., Goldberg D.E.(2002). Biological roles of proteases in parasitic protozoa. Annu 

Rev Biochem. Vol.71:275-305. 
Kerr, I.D.; Lee, J.H.; Farady, C.J.; Marion, R.; Rickert, M.; Sajid, M.; Pandey, K.C.; Caffrey, 

C.R.; Legac, J.; Hansell, E.; McKerrow, J.H.; Craik, C.S.; Rosenthal, P.J. & Brinen, 
L.S. (2009). Vinyl sulfones as antiparasitic agents and a structural basis for drug 
design. The Journal of Biological Chemistry, Vol.284, pp.25697-25703. 

Kiuchi F., Itano Y., Uchiyama N., Honda G., Tsubouchi A., Nakajima-Shimada J., Aoki T. 
(2002) Monoterpene Hydroperoxides with Trypanocidal Activity from 
Chenopodium ambrosioides. Journal of Natural Products, Vol.65, pp.509-512. 

Koppenol, W. H. (2002). "The Haber-Weiss cycle – 71 years later". Redox report, Vol.7, pp.59–
60 

Kosec G, Alvarez V, Cazzulo JJ. (2006) Cysteine proteinases of Trypanosoma cruzi: from 
digestive enzymes to programmed cell death mediators. Biocell; 30: 479-90. 

Krauth-Siegel, L. R.; Comini, M. A. & Schlecker, T. (2007). The trypanothione system. Sub-

Cellular Biochemistry, Vol.44, pp.231–251. 
Kulkarni, M.M.; Olson, C.L.; Engman, D.M. & McGwire, B.S. (2009). Trypanosoma cruziGP63 

proteins undergo stage-specific differential posttranslational modification and are 
important for host cell infection. Infection and Immunity, Vol.77, pp.2193-2200. 

Kuwahara, T.; White, R. A. Jr. & Agosin, M. (1984). NADPH-cytocrome c reductase of 
Trypanosoma cruzi. Biochemical and Biophysical Research Communications, Vol.124, 
pp.121-124. 

Lalmanach, G.; Mayer, R.; Serveau, C.; Scharfstein, J. & Gauthier, F. (1996). Biotin-labelled 
peptidyl diazomethane inhibitors derived from the substrate like sequence of 
cystatin: targeting of the active site of cruzipain, the major cysteine proteinase 
ofTrypanosoma cruzi. Biochemical Journal, Vol.318, pp.395-399. 

Lima, L.M.; Romeiro, N.C.; Aguirre, G.; Hernández, P.; González, M.; Cerecetto, H.; Aldana, 
I.; Pérez-Silanes, S.; Monge, A.; Barreiro, E.J. (2009). Synthesis, trypanocidal activity 
and docking studies of novel quinoxaline-N-acylhydrazones, designed as cruzain 
inhibitors candidates. Bioorganic & Medicinal Chemistry, Vol.17, 641-652. 

Lowndes, C.M.; Bonaldo, M.C.; Thomaz, N. & Goldenberg, S. (1996). Heterogeneity of 
metalloprotease expression in Trypanosoma cruzi. Parasitology, Vol.112, pp.393-399. 

Mahy, J. P.; Gaspard, S. & Mansuy, D. (1993). Phenylhydrazones as new good substrates for 
the dioxygenase and peroxidase reactions of prostaglandin synthase: formation of 
iron(III)-sigma-phenyl complexes. Biochemistry, Vol.32, pp.4014-4021. 

www.intechopen.com



 
Novel Therapeutic Strategies for Chagas` Disease 

 

431 

Mallari, J.P.; Shelat, A.A.; Obrien, T. Caffrey, C.R.; Kosinski, A.; Connelly, M.; Harbut, M.; 
Greenbaum, D.; McKerrow, J.H. & Guy, R.K. (2008). Development of potent purine-
derived nitrile inhibitors of the trypanosomal protease TbcatB. Journal of Medicinal 

Chemistry, Vol.51, pp.545–552. 
Marr, J. J. & Docampo, R. (1986). Chemotherapy for Chagas’ Disease: a perspective of 

current therapy and considerations for future research. Reviews of Infectious Diseases, 
Vol.8, pp.884-903. 

Masotti, V.; Juteau, F.; Bessie `re, J.M. & Viano, J. (2003). Seasonal and phenological 
variations of the essential oil from the narrow endemic species Artemisia molinieri 
and its biological activities. Journal of Agricultural Food and Chemistry, Vol.51, 
pp.7115–7121. 

Maya, J. D.; Bollo, S.; Nuñez-Vergara, L. J.; Squella, J. A.; Repetto, Y.; Morello, A.; Périé, J. & 
Chauvière, G. (2003). Trypanosoma cruzi: effect and mode of action of nitroimidazole 
and nitrofuran derivatives. Biochemical Pharmacology, Vol.65, pp.999-1006. 

Maya, J. D.; Cassels, B. K.; Iturriaga-Vásquez, P.; Ferreira, J.; Faúndez, M.; Galanti, N.; 
Ferreira, A. & Morello, A. (2007). Mode of action of natural and synthetic drugs 
against Trypanosome cruzi and their interaction with the mammalian host. 
Comparative Biochemistry and Physiology. Part A, Molecular & Integrative Physiology, 
Vol.146, pp.601-620. 

Maya, J.D.; Cassels, B.K.; Iturriaga-Vásquez, P.; Ferreira, J.; Faúndez, M.; Galanti, N.; 
Ferreira, A. & Morello, A. (2007). Mode of action of natural and synthetic drugs 
against Trypanosoma cruzi and their interaction with the mammalian host. 
Comparative biochemistry and physiology. Part A, Molecular & integrative physiology, 
Vol.146, No.4, pp.601-620. 

McKerrow, J.H.; Doyle, P.S.; Engel, J.C.; Podust, L.M.; Robertson, S.A.; Ferreira, R.; Saxton, 
T.; Arkin, M.; Kerr, I.D.; Brinen, L.S. & Craik, C.S. (2009). Two approaches to 
discovering and developing new drugs for Chagas disease. Memorias do Instituto 

Oswaldo Cruz, Vol.104, Suppl. I, pp.263-269. 
McKerrow, J.H.; Engel, J.C. & Caffrey, C.R. (1999). Cysteine protease inhibitors as 

chemotherapy for parasitic infections. Bioorganic & Medicinal Chemistry, Vol.7, 
pp.639-644. 

McKerrow, J.H.; McGrath, M.E. & Engel, J.C. (1995). The cysteine protease of Trypanosoma 

cruzi as a model for antiparasite drug design. Parasitology Today, Vol.11, pp.279-282. 
McKerrow, J.M.; Rosenthal, P.J.; Swenerton, R. & Doyle, P. (2008). Development of protease 

inhibitors for protozoan infections. Current Opinion in Infectious Diseases, Vol.21, 
pp.668-672. 

Mclane, K. E.; Fisher, J. & Ramkrishnan, K. Reductive drug metabolism. (1983). Drug 

Metabolism Review, Vol.14, pp.741-799. 
Messeder, J. C.; Tinoco, L. W.; Figueroa-Villar, J. D.; Souza, E. M.; Santa Rita, R. & De Castro, 

S. L. (1995). Aromatic guanyl hydrazones: synthesis, structural studies and in vitro 
activity against Trypanosoma cruzi. Bioorganic & medicinal chemistry letters, Vol.5, 
pp.3079–3084. 

Morello, A. (1988). The biochemistry of the mode of actions of drugs and the detoxication 
mechanisms in Trypanosoma cruzi. Comparative biochemistry and physiology, Vol.90C, 
pp.1–12. 

www.intechopen.com



 
Drug Development – A Case Study Based Insight into Modern Strategies 

 

432 

Moreno, S. N. J.; Docampo, R.; Mason, R. P.; Leon, W. & Stoppani, A. O. (1982). Different 
behaviors as free radical generator with mammalian and Trypanosoma cruzi 

microsomal preparations. Archives of biochemistry and biophysics, Vol.218, pp.585-
591. 

Mott, B.T.; Ferreira, R.S.; Simeonov, A.; Jadhav, A.; Ang, K.K.; Leister, W.; Shen, M.; Silveira, 
J.T.; Doyle, P.S.; Arkin, M.R.; McKerrow, J.H.; Inglese, J.; Austin, C.P.; Thomas, C.J.; 
Shoichet, B.K. & Maloney, D.J. (2010). Identification and optimization of inhibitors 
of Trypanosomal cysteine proteases: cruzain, rhodesain, and TbCatB. Journal of 

Medicinal Chemistry, Vol.53, pp.52-60. 
Moyle, G.J.; Youle, M. Higgs, C.; Monaghan, J.; Prince, W.; Chapman, S.; Clendeninn, N. & 

Nelson, M.R. (1998). Safety, pharmacokinetics, and antiretroviral activity of the 
potent, specific human immunodeficiency virus protease inhibitor nelfinavir: 
results of a phase I/II trial and extended follow-up in patients infected with human 
immunodeficiency virus. The Journal of Clinical Pharmacology, Vol.38, pp.736-43. 

Nesslany, F.; Brugier, S.; Mouriès, M.-A.; Le Curieux, F. L. & Marzin, D. (2004). In vitro and 
in vivo chromosomal aberrations induced by megazol. Mutation Research, Vol.560, 
pp.147–158. 

Niemirowicz, G.; Fernández, D.; Solà, M.; Cazzulo, J.J.; Avilés, F.X. & Gomis-Rüth, F.X. 
(2008). The molecular analysis of Trypanosoma cruzi metallocarboxypeptidase 1 
provides insight into fold and substrate specificity. Molecular Microbiology, Vol.70, 
pp.853-866. 

Niemirowicz, G.; Parusini, F.; Aguero, F. & Cazulo, J.J. (2007). Two 
metallocarboxipeptidases from the protozoan Trypanosoma cruzi belong to the M32 
family, found so far only in prokaryotes. Biochemical Journal, Vol.401, pp.399-410. 

Nkemgu-Njinkeng, J.; Rosenkranz, V.; Wink, M. & Steverding, D. (2002). Antitrypanosomal 
activities of proteasome inhibitors. Antimicrobial Agents and Chemotherapy, Vol.46, 
pp.2038-2040. 

Nogueira de Melo, A.C.; de Souza, E.P.; Elias, C.G.; dos Santos, A.L.; Branquinha, M.H.; 
d'Ávila-Levy, C.M.; dos Reis, F.C.; Costa, T.F.; de Araujo Lima, A.P.; de Souza 
Pereira, M.C.; Meirelles, M.N. & Vermelho, A.B. (2010). Detection of matrix 
metallopeptidase-9-like proteins in Trypanosoma cruzi. Experimental Parasitology, 
Vol.125, pp.256-263. 

Nogueira de Melo, A.C.; Meirelles, M.N.L.; Porrozzi, R.; Costa, J.D.; Branquinha, M.H. & 
Vermelho, A.B. (2004). Reduced activity of matrix metalloproteinase-9 
inTrypanosoma cruzi infected mouse embryo hepatocyte cell. Hepatology 

Research, Vol.28, pp.49-56. 
Nuñez-Vergara L. J.; Squella, J. A.; Aldunate, J.; Letelier, M. E.; Bollo, M. E.; Repetto, Y.; 

Morello, A. & Spencer, P. L. (1997). Nitro radical anion formation from nifurtimox. 
Part 1: Biological evidences in Trypanosoma cruzi. Bioelectrochemistry and 

Bioenergetics, Vol.43, pp.151–155. 
Palmer, J.T.; Rasnick, D.; Klaus, J.L. & Bromme, D. (1995). Vinyl sulfones as mechanism-

based cysteine protease inhibitors. Journal of Medicinal Chemistry, Vol.38, pp.3193-
3196. 

www.intechopen.com



 
Novel Therapeutic Strategies for Chagas` Disease 

 

433 

Piacenza, L.; Alvarez, M. N.; Kelly, J. M.; Wilkinson, S. R. & Radi, R. (2008). Peroxiredoxins 
play a major role in protecting Trypanosoma cruzi against macrophage- and 
endogenously-derived peroxynitrite. Biochemical Journal, Vol.410, pp.359–368. 

Pinho, R.T.; Beltramini, L.M.; Alves, C.R. & De-Simone, S.G. (2009). Trypanosoma cruzi: 
isolation and characterization of aspartyl proteases. Experimental 

Parasitology, Vol.122, pp.128-133. 
Polak, A. & Richle, R. (1978). Mode of action of 2-nitroimidazole derivative benznidazole. 

Annals of tropical medicine and parasitology, Vol.72, pp.228-232. 
Poli, P.; De Mello, M. A.; Buschini, A.; Mortara, R. A.; De Albuquerque, C. N.; Da Silva, S.; 

Rossi, C. & Zucchi, T. M. A. D. (2002). Cytotoxic and genotoxic effects of megazol, 
an anti-Chagas' disease drug, assessed by different short-term tests. Biochemical 

Pharmacology, Vol.64, pp.1617–1627. 
Powers, J.C.; Asgian, J.L.; Ekici, O.D. & James, K.E. (2002). Irreversible inhibitors of serine, 

cysteine, and threonine proteases. Chemical Reviews, Vol.102, pp.4639-4750. 
Prusis, P.; Dambrova, M.; Andrianov, V.; Rozhkov, E.; Semenikhina, V.; Piskunova, I.; 

Ongwae, E.; Lundstedt, T.; Kalvinsh, I. & Wikberg, J. E. S. (2004). Synthesis and 
Quantitative Structure−Activity Relationship of Hydrazones of N-Amino-N‘-
hydroxyguanidine as Electron Acceptors for Xanthine Oxidase. Journal of Medical 

Chemistry, Vol.47, pp.3105–3110. 
Rao, V. R. & Srinivasan, V. R. (1970). 1, 3, 4- Oxa(thia)diazoles: Part V – 2-amino-5-aryl-1, 3, 

4-thiadiazoles. Indian Journal of Chemistry, Vol.8, pp.509-513,  
Rawlings, N.D.; Barrett, A.J. & Bateman, A. (2010). MEROPS: the peptidase database. Nucleic 

Acids Research, Vol.38, pp.227-233. 
Renslo, A.R. & McKerrow, J.H. (2006). Drug discovery and development for neglected 

parasitic diseases. Nature Chemical Biology, Vol.2, pp.701-710. 
Richle, R. (1973). Chemotherapy of experimental acute Chagas disease in mice: beneficial 

effect of Ro-71051 on parasitemia and tissue parasitism. Le Progrés Médical, Vol.101, 
pp.282. 

Rodrigues, I.A. (2010) Efeitos do extrato aquoso dos frutos de Syagrus coronata (licuri) e do 
óleo essencial das folhas de Croton cajucara (sacaca) em tripanossomatídeos e na 
modulação da interação parasita-célula hospedeira. Supervisor: Celuta Sales 
Alviano. Rio de Janeiro: UFRJ/IQ, 2010, tese (Doutorado). 

Rosa, M.S.; Mendonça-Filho, R.R.; Bizzo, H.R.; Rodrigues, I.A.; Soares, R.M.; Souto-Padrón, 
T.; Alviano, C.S. & Lopes, A.H. (2003). Antileishmanial activity of a linalool-rich 
essential oil from Croton cajucara. Antimicrobial Agents and Chemotherapy, Vol.47, 
pp.1895-901. 

Roush, W.R.; Cheng, J.; Knapp-Reed, B.; Alvarez-Hernandez, A.; McKerrow, J.H.; Hansell, E. 
& Engel, J.C. (2001). Potent second generation vinyl sulfonamide inhibitors of the 
trypanosomal cysteine protease cruzain. Bioorganic & Medicinal Chemistry Letters, 
Vol.11, 2759-2762. 

Salomão, K.; De Souza, E. M.; Carvalho, S. A.; Da Silva, E. F.; Fraga, C. A. M.; Barbosa, H. S. 
& De Castro, S. L. (2010). In Vitro and In Vivo Activities of 1,3,4-Thiadiazole-2-
Arylhydrazone Derivatives of Megazol against Trypanosoma cruzi. Antimicrobial 

Agents and Chemotherapy, Vol.54, pp.2023-2031. 

www.intechopen.com



 
Drug Development – A Case Study Based Insight into Modern Strategies 

 

434 

Santa-Rita, R.M.; Henriques-Pons, A.; Barbosa, H.S. & Castro, S.L. (2004). Effect of the 
lysophospholipid analogues edelfosine, ilmofosine and miltefosine against 
Leishmania amazonensis. The Journal of antimicrobial chemotherapy, Vol.54, pp.704–710. 

Santoro, G.F.; Cardoso, M.G.; Guimarães, L.G.; Freire, J.M. & Soares, M.J. (2007a). Anti-
proliferative effect of the essential oil of Cymbopogon citratus (DC) Stapf 
(lemongrass) on intracellular amastigotes, bloodstream trypomastigotes and 
culture epimastigotes of Trypanosoma cruzi (Protozoa: Kinetoplastida). Parasitology, 
Vol.134, No.11, pp.1649-56. 

Santoro, G.F.; Cardoso, M.G.; Guimarães, L.G.; Mendonça, L.Z. & Soares, M.J. (2007b). 
Trypanosoma cruzi: activity of essential oils from Achillea millefolium L., Syzygium 

aromaticum L. and Ocimum basilicum L. on epimastigotes and trypomastigotes. 
Experimental Parasitology, Vol.116, No.3, pp.283-90. 

Santoro, G.F.; Cardoso, M.G.; Guimarães, L.G.; Salgado, A.P.; Menna-Barreto, R.F. & Soares, 
M.J. (2007c). Effect of oregano (Origanum vulgare L.) and thyme (Thymus vulgaris L.) 
essential oils on Trypanosoma cruzi (protozoa: kinetoplastida) growth and 
ultrastructure. Parasitology Research, Vol.100, pp.783–790. 

Scharfstein, J.; Schmitz, V.; Morandi, V.; Capella, M.M.; Lima, A.P.; Morrot, A.; Juliano, L. & 
Muller-Esterl, W. (2000). Host cell invasion by Trypanosoma cruzi is potentiated by 
activation of bradykinin B(2) receptors. The Journal of Experimental Medicine, Vol.192, 
pp.1289-1300. 

Shaw, E. (1994). Peptidyl diazomethanes as inhibitors of cysteine and serine proteinases. 
Methods Enzymology, Vol.244, pp.649-656. 

Souto-Padron, T.; Campetella, O.E.; Cazzulo, J.J. & de Souza, W. (1990). Cysteine proteinase 
in Trypanosoma cruzi: immunocytochemical localization and involvement in 
parasite-host cell interaction. Journal of Cell Science, Vol.96, pp.485-490. 

Trujillo, M.; Budde, H.; Pineyro, M. D.; Stehr, M.; Robello, C.; Floheet, L. & Radi, R. (2004). 
Trypanosoma brucei and Trypanosoma cruzi tryparedoxin peroxidases catalytically 
detoxify peroxynitrite via oxidation of fast reacting thiols. The Journal of Biological 

Chemistry, Vol.279, pp.34175–43482. 
Tsuhako, M. H.; Alves, M. J. M.; Colli, W.; Brener, Z. & Augusto, O. (1989). Restricted 

bioreductive metabolism of a nitroimidazole-thiadiazol derivative with curative 
action in experimental Trypanosoma cruzi infections. Biochemical Pharmacology, 
Vol.38, pp.4491-4496. 

Turrens, J. F. (2004). Oxidative stress and antioxidant defenses: a target for the treatment of 
diseases caused by parasitic protozoa. Molecular Aspects of Medicine., Vol.25, 
pp.211–220. 

Uchiyama N. (2009) Antichagasic Activities of Natural Products against Trypanosoma cruzi, 
Journal of Health Science, Vol.55, pp.31-39. 

Ueda-Nakamura, T.; Mendonça-Filho, R.R.; Morgado-Díaz, J.A.; Maza, P.K.; Filho, B.P.D.; 
Cortez, D.A.G.; Alviano, D.S.; Rosa, M.S.S.; Lopes, A.H.C.S.; Alviano, C.S. & 
Nakamura, C.V. (2006). Antileishmanial activity of Eugenol-rich essential oil from 
Ocimum gratissimum. Parasitology International, Vol.55, No.2, pp.99-105. 

Ultee, A.; Bennik, M.H.J. & Moezelaar, R. (2002). The phenolic hydroxyl group of carvacrol 
is essential for action against the food-borne pathogen Bacillus cereus. Applied and 
Environmental Microbiology, Vol.68, No.4, pp.1561-1568. 

www.intechopen.com



 
Novel Therapeutic Strategies for Chagas` Disease 

 

435 

Urbina, J.A. & Docampo, R. (2003). Specific chemotherapy of Chagas disease: controversies 
and advances. Trends in Parasitology, Vol.19, pp.495-501. 

Urbina, J.A. (2002). Chemotherapy of Chagas Disease. Current Pharmaceutical Design, Vol.8, 
pp.287-295. 

Urbina, J.A.; Marchan, E.; Lazardi ,K.; Visbal, G.; Apitz-Castro, R.; Gil, F.; Aguirre, T.; Piras, 
M.M. & Piras, R. (1993) Inhibition of phosphatidylcholine biosyn-thesis and cell 
proliferation in Trypanosoma cruzi by ajoene, an antiplatelet compound isolated 
from garlic. Biochemical Pharmacology, Vol.45, pp.2381–2387. 

Vieira, M.; Rohloff, P.; Luo, S.; Cunha-e-Silva, N.L.; de Souza, W. & Do campo, R. (2005). 
Role for a P-type H+-ATPase in the acidifica- Role for a P-type H+-ATPase in the 
acidification of the endocytic pathway of Trypanosoma cruzi. Biochemical Journal, 
Vol.392, pp.467-474. 

Vermelho, A.B.; Nogueira de Melo, A.C.; Soares, R.A.; Alviano, D.S.; Souza, E.P.; Souto-
Padrón, T.; Lopes, A.H.; Rodrigues, G.C.; Aguiar, A.P.; Pereira, M.C.; Ferreira-
Pereira, A.; Rosa, M.S.; Meirelles, M.N.L. & Alviano, C.S. (2010). Trypanosoma cruzi 
Peptidases: An Overview. The Open Parasitology Journal, Vol.4, pp.120-131. 

Viodé, C.; Bettache, N.; Cenas, N.; Krauth-Siegel, L.; Chauvière, G.; Bakalara, N. & Périé, J. 
(1999). Enzimatic reduction studies of nitroheterocycles. Biochemical Pharmacology, 
Vol.57, pp.549-557. 

Wilkinson, S. R. & Kelly, J. M. (2003). The role of glutathione peroxidases in 
trypanosomatids. Biological Chemistry, Vol.384, pp.517–525. 

Wilkinson, S. R.; Meyer, D. J.; Taylor, M. C.; Bromley, E. V.; Miles, M. A. & Kelly, J. M. 
(2002b). The Trypanosoma cruzi enzyme TcGPXI is a glycosomal peroxidase and can 
be linked to trypanothione reduction by glutathione or tryparedoxin. Journal of 
Biological Chemistry, Vol.277, pp.17062–17071. 

Wilkinson, S. R.; Obado, S. O.; Mauricio, I. L. & Kelly, J. M. Trypanosoma cruzi expresses a 
plant-like ascorbate-dependent hemoperoxidase localized to the endoplasmic 
reticulum. Proceedings of the National Academy of Sciences, Vol.99, pp.13453–13458, 
2002c. 

Wilkinson, S. R.; Taylor, M. C.; Horn, D.; Kelly, J. M. & Cheeseman, I. (2008). A mechanism 
for cross-resistance to nifurtimox and benznidazole in trypanosomes. Proceedings of 

the National Academy of Sciences, Vol.105, pp.5022–5027. 
Wilkinson, S. R.; Taylor, M. C.; Touitha, S.; Mauricio, I. L.; Meyer, D. J. & Kelly, J. M. (2002a). 

TcGPXII, a glutathione-dependent Trypanosoma cruzi peroxidase with substrate 
specificity restricted to fatty acid and phospholipid hydroperoxides, is localized to 
the endoplasmic reticulum. Biochemical Journal, Vol.364, pp.787–794. 

Wilkinson, S. R.; Temperton, N. J.; Mondragon, A. & Kelly, J. M. (2000). Distinct 
mitochondrial and cytosolic enzymes mediate trypanothione-dependent peroxide 
metabolism in T. cruzi. Journal of Biological Chemistry, Vol.275, pp.8220–8225,. 

Yong, V.; Schmitz, V.; Vannier-Santos, M.A.; de Lima, A.P.; Lalmanach, G.; Juliano, L.; 
Gauthier, F. & Scharfstein, J. (2000). Altered expression of cruzipain and a cathepsin 
B-like target in a Trypanosoma cruzi cell line displaying resistance to synthetic 
inhibitors of cysteine-proteinases. Molecular and Biochemical Parasitology, Vol.109, 
pp.47-59. 

www.intechopen.com



 
Drug Development – A Case Study Based Insight into Modern Strategies 

 

436 

Zee-Cheng, K.E. (1992). Shi-quan-da-bu-tang (ten significant tonic decoctions), SQT. A 
potent Chinese biological response modifier in cancer immunotherapy, 
potentiation and detoxification of anticancer drugs. Methods and Findings in 

Experimental and Clinical Pharmacology, Vol.14, pp.725-36. 
Zhang, Y.; Guo, X.; Lin, E.T. & Benet, L.Z. (1998). Overlapping substrate specificities of 

cytochrome P450 3A and P-glycoprotein for a novel cysteine protease inhibitor. 
Drug Metabolism and Disposition, Vol.26, No.4, pp.360-366. 

www.intechopen.com



Drug Development - A Case Study Based Insight into Modern

Strategies

Edited by Dr. Chris Rundfeldt

ISBN 978-953-307-257-9

Hard cover, 654 pages

Publisher InTech

Published online 07, December, 2011

Published in print edition December, 2011

InTech Europe

University Campus STeP Ri 

Slavka Krautzeka 83/A 

51000 Rijeka, Croatia 

Phone: +385 (51) 770 447 

Fax: +385 (51) 686 166

www.intechopen.com

InTech China

Unit 405, Office Block, Hotel Equatorial Shanghai 

No.65, Yan An Road (West), Shanghai, 200040, China 

Phone: +86-21-62489820 

Fax: +86-21-62489821

This book represents a case study based overview of many different aspects of drug development, ranging

from target identification and characterization to chemical optimization for efficacy and safety, as well as

bioproduction of natural products utilizing for example lichen. In the last section, special aspects of the formal

drug development process are discussed. Since drug development is a highly complex multidisciplinary

process, case studies are an excellent tool to obtain insight in this field. While each chapter gives specific

insight and may be read as an independent source of information, the whole book represents a unique

collection of different facets giving insight in the complexity of drug development.

How to reference

In order to correctly reference this scholarly work, feel free to copy and paste the following:

Alane Beatriz Vermelho, Carlos Alberto Manssour Fraga, Samir Aquino Carvalho, Edson Ferreira da Silva,

Solange Lisboa de Castro, Igor de Almeida Rodrigues, Maria do Socorro dos Santos Rosa, Ana Claudia

Fernandes Amaral and Giseli Capaci Rodrigues (2011). Novel Therapeutic Strategies for Chagas` Disease,

Drug Development - A Case Study Based Insight into Modern Strategies, Dr. Chris Rundfeldt (Ed.), ISBN: 978-

953-307-257-9, InTech, Available from: http://www.intechopen.com/books/drug-development-a-case-study-

based-insight-into-modern-strategies/novel-therapeutic-strategies-for-chagas-disease



© 2011 The Author(s). Licensee IntechOpen. This is an open access article

distributed under the terms of the Creative Commons Attribution 3.0

License, which permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.


