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Chagas Disease, also known as American Trypanosomiasis, is a life-long and life-

threatening illness caused by tropical infection with the insect-transmitted protozoan 

parasite Trypanosoma cruzi. According to the World Health Organization, Chagas 

Disease is classified as a neglected tropical disease, it is the most important parasitic 

disease in Latin America and, after acquired immune deficiency syndrome and 

tuberculosis, it is the third most spread infectious disease in this region. 

Chagas Disease is an important public health problem in Latin America, it is the leading 

cause of morbimortality in many endemic regions and it generates a global expenditure 

of USD$627.5 million per year in health care costs. Moreover, Chagas Disease is the 

most prevalent of the poverty-caused and poverty-promoting neglected tropical disease 

in Latin America countries, where fewer than 10 % people are diagnosed and only a few 

number receive treatment. Recently, Chagas Disease has become more widespread due 

to the increase mobility and migration, with large numbers of infected individuals, 

particularly in North America and Europe (mainly Spain). Hence, Chagas Disease has 

converted into a global health problem, with 6–8 million infected people, 14–50 

thousand deaths annually, and 70–100 million people at risk of infection worldwide. 

The parasite T. cruzi is naturally transmitted by blood-sucking triatomine vectors, 

although congenital transmission, blood transfusion and organ transplantation from 

infected donors, parasite-contaminated food and drink, and laboratory accidents are 

other important means of transmission. 

Despite many efforts over the past decades, the long-term nature of Chagas Disease and 

its complex pathology have resulted in a lack of effective vaccines, and currently 

approved treatments are still limited to two obsolete nitroheterocyclic drugs, 

benznidazole and nifurtimox. Hence, new safe and effective treatments for Chagas 

Disease are urgently needed. 
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For several years our group has colalborated with various chemical groups, which were 

responsible for the synthesis of the compounds. Subsequently, our group carried out the 

biological tests with the aim of determining the trypanocidal activity both in vitro and in 

vivo of the synthesized compounds. Our group also performed a preliminary analysis of 

the mechanism of action of the trypanocidal drug candidates at the energy metabolism 

level and the inhibition of the superoxide dismutase protein. 

A complete screening strategy has been designed according to different authors. The 

reference drug benznidazole was also tested to compare the results obtained and to 

select only the compounds with enhanced efficacy. Assays were performed against 

extra- and intracellular forms of three different T. cruzi strains. For in vivo assays, the 

selected compounds were evaluated in infected BALB/c mice in both the acute and 

chronic phases of Chagas Disease. The methodology has been also improved according 

to the available instrumentation both in vitro and in vivo. 

In addition, a novel, sensible, precise and simple fluorescence based-method has been 

developing for monitoring infected cultures over time to identify static/cidal and 

slow/fast-acting compounds. This is an important fact since fast-acting, long-lasting and 

cidal drugs are urgently needed. 

The project developed during this pre-doctoral period, in collaboration with the 

chemical groups, has allowed us to evaluate a total of 519 compounds belonging to 

different chemical families. We have identified seven trypanocidal drug candidates for 

the treatment of Chagas Disease, some of which have already been published. These 

trypanocidal candidates show improved in vitro activity against the relevant forms from 

a clinical viewpoint and enhanced in vivo efficacy compared to the reference drug 

benznidazole. In addition, they fulfill the most stringent in vitro requirements stablished 

for ideal drugs against Chagas Disease, and most of the in vivo criteria of the target 
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product profile for Chagas Disease. Hence, these compounds provide a step forward in 

the development of new cost-effective anti-Chagas drugs for clinical trials. Three of 

them are included in this doctoral thesis. 

The results obtained are summarized in several conclusions on the potential use and 

putative mechanism of action of candidates for the development of new treatments for 

Chagas Disease, and on the novel fluorescence-based method developed for the drug 

screening. Also, future guidelines are established to take a step further in this research in 

order to achieve better outcomes. 

/ 

La Enfermedad de Chagas, también conocida como Tripanosomiasis americana, es una 

enfermedad crónica y potencialmente mortal. Se trata de una infección tropical causada 

por el protozoo parásito Trypanosoma cruzi, el cual es transmitido por insectos. De 

acuerdo con la Organización Mundial de la Salud, la Enfermedad de Chagas se clasifica 

como una enfermedad tropical desatendida, es la enfermedad parasitaria más importante 

de América Latina y, después del síndrome de inmunodeficiencia adquirida y la 

tuberculosis, es la tercera enfermedad infecciosa más extendida de esta región. 

La Enfermedad de Chagas es un importante problema de salud pública en América 

Latina, es la principal causa de morbimortalidad en muchas regiones endémicas y 

genera un gasto global de 627.5 millones de dólares estadounidenses en atención 

médica al año. Además, la Enfermedad de Chagas es la mayor causa y consecuencia de 

pobreza de todas las enfermedades tropicales desatendidas en los países de América 

Latina, donde se diagnostican menos del 10 % de las personas y sólo unas pocas reciben 

tratamiento. Recientemente, la Enfermedad de Chagas se ha generalizado debido al 

aumento de la movilidad y la migración, con un gran número de personas infectadas, 

particularmente en América del Norte y Europa (principalmente España). Por lo tanto, 
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la Enfermedad de Chagas se ha convertido en un problema de salud global, con 6–8 

millones de personas infectadas, 14–50 mil muertes anuales, y 70–100 millones de 

personas en riesgo de infección en todo el mundo.  

El parásito T. cruzi se transmite de manera natural a través de vectores triatominos 

hematófagos, aunque la transmisión congénita, la transfusión de sangre y el trasplante 

de órganos de donantes infectados, los alimentos y bebidas contaminadas con el 

parásito, y los accidentes de laboratorio son otros medios de transmisión importantes. 

A pesar de los muchos esfuerzos de las últimas décadas, la naturaleza a largo plazo de la 

Enfermedad de Chagas y su compleja patología han dado lugar a una falta de vacunas 

eficaces, y actualmente los tratamientos se limitan a dos fármacos nitroheterocíclicos 

obsoletos, el benznidazol y el nifurtimox. Por lo tanto, se necesitan urgentemente 

nuevos tratamientos seguros y eficaces para la Enfermedad de Chagas. 

Durante varios años nuestro grupo ha colaborado con distintos grupos químicos, los 

cuáles fueron responsables de la síntesis de los compuestos. Posteriormente, nuestro 

grupo ha realizado los ensayos biológicos con el fin de determinar la actividad 

tripanocida tanto in vitro como in vivo de los compuestos sintetizados. Nuestro grupo 

también ha realizado un análisis preliminar del mecanismo de acción de los potenciales 

compuestos a nivel del metabolismo energético y la inhibición de la proteína superóxido 

dismutasa. 

Se ha diseñado una estrategia completa de cribado de acuerdo con diferentes autores. El 

fármaco de referencia benznidazol también se ha ensayado para comparar los resultados 

obtenidos y seleccionar sólo los compuestos con mayor eficacia. Se realizaron ensayos 

frente a las formas extra e intracelulares de tres cepas diferentes de T. cruzi. Para los 

ensayos in vivo, los compuestos seleccionados se evaluaron en ratones BALB/c 

infectados tanto en la fase aguda como en la fase crónica de la Enfermedad de Chagas. 
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La metodología también se ha mejorado de acuerdo a la instrumentación disponible 

tanto in vitro como in vivo. 

Además, se ha desarrollado un método novedoso, sensible, preciso y sencillo basado en 

fluorescencia para el seguimiento de cultivos infectados a lo largo del tiempo con el 

objetivo de identificar compuestos tripanostáticos/tripanocidas y de acción lenta/rápida. 

Este es un hecho importante ya que se necesitan urgentemente fármacos tripanocidas, de 

acción rápida y de larga duración. 

El proyecto desarrollado en esta tesis doctoral, en colaboración con los grupos 

quimicos, ha permitido evaluar un total de 519 compuestos pertenecientes a diferentes 

familias químicas. Hemos identificado siete posibles candidatos para el tratamiento de 

la Enfermedad de Chagas, algunos de los cuáles ya han sido publicados. Estos 

potenciales compuestos muestran mejor actividad in vitro frente a las formas relevantes 

desde un punto de vista clínicos y mayor eficacia in vivo en comparación con el fármaco 

de referencia benznidazol. Además, estos compuestos cumplen con los requisitos in 

vitro más estrictos establecidos para los fármacos ideales, y la mayoría de los criterios 

in vivo establecidos para la Enfermedad de Chagas. Por lo tanto, estos compuestos 

suponen un paso adelante en el desarrollo de nuevos fármacos anti-Chagas rentables 

para ensayos clínicos. Tres de ellos se incluyen en esta tesis doctoral. 

Los resultados obtenidos se resumen en varias conclusiones sobre el uso potencial y 

sobre el posible mecanismo de acción de los potenciales candidatos para el desarrollo de 

nuevos tratamientos para la Enfermedad de Chagas, y sobre el novedoso método basado 

en fluorescencia para el cribado de fármacos. Además, se establecen las pautas futuras 

para dar un paso más en esta investigación con el fin de lograr mejores resultados. 
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2.1. Chagas Disease & Trypanosoma cruzi 

2.1.1. Background 

Chagas Disease (CD), also known as Chagas-Mazza or American Trypanosomiasis, is 

named after Carlos Ribeiro Justiniano Chagas, a Brazilian doctor who discovered the 

disease in 1909
1,2

. The discoveries of C. Chagas are unique in at least two senses. First, 

C. Chagas found the pathogen Trypanosoma cruzi in the triatomine vector 

Panstrongylus megitus before he described the clinical disease and isolated the 

organism from patients. Second, many aspects of the disease have been rapidly 

understood, largely by the efforts of a single individual. He described the clinical 

aspects of CD, its epidemiology, as well as the hosts, the insect vector, and different 

developmental stages of the parasite in the medical institute at the Manguinhos farm, 

under the directorship of Oswaldo Gonçalves Cruz
1,3

. This period is considered the 

founding stage
4
. 

In the 1930s, Dr Salvador Mazza opened the studies up to a large number of cases for 

the first time, confirming the endemic nature of CD and defining the anatomical-clinical 

stages of the disease
4
. 

On February, 1909, C. Chagas consulted a 2-year-old patient in Brazil that would be the 

first CD case described in the literature: the child had a high fever, face edema, presence 

of the parasite in the bloodstream, and hepatosplenomegaly
1
. Following this, there were 

first reports in: El Salvador (1913)
5
, Peru (1919)

6
, Venezuela (1919)

7
, Costa Rica 

(1922)
8
, Paraguay (1924)

9
, and Chile (1937)

10
, among others. Nevertheless, there is 

evidence that CD was present in Latin America from the beginning of the XIII century 

through Peruvian ceramics that show possible representations of CD
3,11

. In 1997, 

deoxyribonucleic acid (DNA) analysis have found the oldest evidence T, cruzi infection 

in mummies from the Atacama Desert, dating from 7,050 years B.C.
12
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After its discovery, CD was limited for many decades only in Latin America as a silent, 

rural and poorly visible disease
13,14

. The classical endemic region of CD ranges from the 

north Argentina and Chile to the southern USA, comprising 21 countries, in which 

vector borne transmission to man occurs
2,14

. In the 1980s, 17.4 million people were the 

estimated number of infected individuals in Latin America, and 100 million people were 

at risk of infection
13,15

. Since the 1990s, national and international health policies (e.g. 

compulsory blood-bank screening) and multinational initiatives (e.g. “Southern Cone 

Initiative”, “Initiative of the Andean Countries”, “Initiative of Central America and 

Mexico”, and “Initiative of the Amazon Countries”) have led to significant reductions in 

the number of cases of CD and the presence of triatomine vectors in many endemic 

regions of Latin America
16,17

. As a consequence of these initiatives, 7.7 million people 

were infected in 2005 and 5.7 million people in 2010 in Latin America, also reducing 

the percentage of population at risk of infection
13,15

 (Table 1). In addition, the vectorial 

transmission, and indirectly blood-transfusion and congenital transmissions, were 

decreased
18

, even declared interrupted in Uruguay (1997), Chile (1999) and Brazil 

(2006)
19

. 

In recent decades, CD has spread to other regions due mainly to the constant mobility 

and migration
16,20

, with recorded outbreaks in Canada, USA, several European 

countries, Australia, New Zealand, and Japan
21,22

 (Figure 1). While the prevalence of 

the disease has been reduced in Latin America, a dramatic increase in non-endemic 

countries have been observed in recent decades
23,24

. Hence, CD is currently a global 

health problem that affects 6–8 million people
13,16,25

, causes about 28 thousand new 

cases and 14–50 thousand deaths annually, and it is hypothesized that 70–100 million 

people are living at risk of infection
2,13,26

, most of them in Latin America. The current 

estimated number of infected people in non-endemic countries is large, particularly in
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Table 1. Estimated number of infected individuals with T. cruzi and people at risk of infection in Latin America in 1980-1985, and in 2005 

and 2010 after the health policies and initiatives. Taken from Lidani KCF et al., 2019
13

. 
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USA (>300,000)
13,27

 and Spain (>70,000)
13,27,28

. Moreover, CD generates a global 

expenditure of USD$627.5 million per year in health care costs
29

. In this context, the 

Drugs for Neglected Diseases Initiative (DNDi) launched the Chagas Clinical Research 

Platform (CCRP) in 2009 to develop new treatments of CD. This platform brings 

together experts and stakeholders to provide support for the evaluation and development 

of new drugs for CD, the standardization of methodology to assess drug efficacy, and 

the revision of alternatives for using current approved drugs (guidelines, doses, 

combination)
2
. 

 

Figure 1. Estimated number of immigrants with T. cruzi infection in non-endemic countries. 

Taken from Lidani KCF et al., 2019
13

. 

According to the World Health Organization (WHO), CD is classified as the most 

prevalent of the poverty-caused and poverty-promoting neglected tropical disease 

(NTD), the most important parasitic disease, and after acquired immune deficiency 

syndrome (AIDS) and tuberculosis, the third most spread infectious disease in Latin 

America
13,30,31

. However, fewer than 10 % people are diagnosed and only a few number 

receive treatment
2,31,32

. 
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2.1.2. T. cruzi: trypanosome cell 

T. cruzi is an eukaryotic parasite belonging to the order Kinetoplastida (family 

Trypanosomatidae, genus Trypanosoma), a monophyletic group of unicellular parasitic 

protozoa
33

. Hence, T. cruzi has the classical features of eukaryotes (plasma membrane, 

membrane bound nucleus, endoplasmic reticulum, and Golgi apparatus) and several 

particular features in common with other kinetoplastids (a single mitochondrion, 

glycosomes, and DNA found within a single suborganellar structure – the kinetoplast)
34

. 

A schematic representation of epimastigote form of T. cruzi is shown in Figure 2A. 

 

Figure 2. Schematic representations of (A) T. cruzi epimastigote organelles, (B) specialized 

invaginations: flagellar pocket and cytostome, and (C) cytostome containing macromolecules 

and cruzipain. Taken from Teixeira DE et al., 2012
35

. 

The kinetoplast is located in a well-defined region of the mitochondrion, forming a 

rounded or rod-like structure below the basis of the flagellum
36

. It is a linked network of 

hundreds of molecules that are catenated and compressed into a disc-like structure: the 



INTRODUCTION 

 

 
22 

minicircles and maxicircles. Minicircles carry the specific information for ribonucleic 

acid (RNA) editing in the form of guide RNAs (gRNAs). Maxicircles are the functional 

equivalent of the mitochondrial DNA of other eukaryotes, containing genes for 

mitochondrial ribosomal RNAs (rRNAs) and mitochondrial proteins involved in the 

membrane-bound oxidative phosphorylation pathway. This kinetoplast DNA (kDNA) 

comprises approximately 20–25 % of the total cellular DNA in T. cruzi
34

. 

The glycosome is a membrane-enclosed organelle that compartmentalizes glycolysis. 

This organelle concentrates and compartmentalizes the glycolitic enzymes, increasing 

the efficiency of this process
36

. It also store minerals in electrondense structures so-

called acidocalcisomes, and sequesters membranes and macromolecules in vesicles 

known as reservosomes
34

. 

It is interesting to note that the cytoskeleton of T. cruzi is unusual: it is predominantly 

microtubular with no evidence of microfilament, intermediate filament systems or 

centrioles. The different T. cruzi stages are imposed by a sub-pellicular corset of 

microtubules which closely adheres to the plasma membrane, and the replicative forms 

undergo mitosis with a microtubule spindle which emerges from poorly defined 

structures in the nuclear membrane
34

. However, molecular analyses showed the 

presence of actin, myosin, and other related proteins located in rounded and punctuated 

structures in the cytoplasm and flagellum
37,38

. 

T. cruzi possesses a single flagellum subtended by the single defined microtubule 

organizing centre, the basal body, which lies within the cell. The flagellar motor is the 

typical ciliary axonemal complex (9 + 2 configuration of parallel microtubules), and it 

is appended by filaments to an unusual semi-crystalline structure so-called paraflagellar 

rod (PFR) (Figure 3). This PFR provides support to the flagellar axoneme, playing an 
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essential role in motility. The exterior flagellum is surrounded by a specialized sterol- 

and sphingolipid-rich membrane which contains domain-specific proteins
34

. 

 

Figure 3. Paraflagellar rod (PFR). (A) Schematic 3D representation and (B) deep-etching 

replica images. Axoneme (light pink), filaments that link the PFR proteins to the axoneme 

(purple), PFR (red), and the intermediate domain (salmon). Taken from Teixeira DE et al., 

2012
35

. 

The cell surface of T. cruzi can be considered as composed of three structures: the 

glycocalix, the lipid bilayer, and the sub-pellicular microtubules. Although the 

intramembranous particles are uniformly distributed throughout most of the plasma 

membrane, there are a few areas of membrane specialization
36

. These areas are two 

specialized invaginations: the flagellar pocket and the cytostome (Figure 2B). The 

flagellar pocket is the invagination that forms at the junction site between the sub-

pellicular plasma membrane and flagellar membrane. The majority of vesicular 

trafficking and nutrient uptake is believed to occur in this area and many receptors are 

specifically located to this region. The cytostome is a smaller invagination proximal to 

the flagellar pocket which has also been implicated in nutrient uptake
34

. The cytostome 



INTRODUCTION 

 

 
24 

is found only in epimastigote and amastigote forms
36

. The nutrients ingested through 

these specialized sites are delivered to reservosomes, which are the last compartment of 

the endocytic pathway, provide storage for macromolecules and also concentrate 

cruzipain (Figure 2C)
39

.  

2.1.3. Genetic diversity of T. cruzi 

T. cruzi belongs to a heterogeneous species consisting of a pool of strains and isolates 

that circulate among vectors and mammalian hosts
31

. This heterogeneity could explain 

the geographical differences in disease pathology, morbidity, and mortality, and it has 

been extensively studied by biological, biochemical, and molecular methods
40,41

. 

However, no definitive correlation between disease severity and parasite lineage has 

been established
31

. 

In 1982, the high genetic intraspecific diversity of T. cruzi was reported, showing a 

difference of up to 40 % in both nuclear and kinetoplast DNA content between strains
42

. 

Such difference would be equivalent to 73 Mb of DNA, an amazing finding for 

populations of the same species
43

. In 1999, phlylogenetic reconstructions by 

comparative analysis based on ribosomal DNA (rDNA) sequences suggest that T. cruzi 

strains diverged about 100 milllion years ago
44

. Since 2001, several articles reported the 

natural and habitual recombination in T. cruzi
43,45–48

, as well as evidence that 

hybridization and genetic exchange are frequent between the dividing amastigote 

intracellular forms
49

. Moreover, similarly to that observed in other trypanosomatids, in 

which genetic exchange takes place in the vectors
50,51

, it would be expected that this 

exchange also occurs in the digestive tract of triatomine vectors among the 

perimicrovilar membranes-adherent epimastigotes
52

. 

Taken as a whole, the traditional paradigm of the clonal evolution model is challenged: 

T. cruzi has been considered a clonal organism that replicates by binary fission and in 
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which new clones evolve with the accumulation of discrete mutations. Currently, the 

evidence indicates that recombination and genetic exchange have contributed to the 

present parasite population structures and to the evolution of distinct T. cruzi 

subgroups
53

. 

In 1999, two major lineages were described
54

: T. cruzi I, which is associated with 

human disease in all endemic countries north of the Amazon basin; and T. cruzi II, 

which predominates in the Southern Cone countries, and is subdivided into five discrete 

typing units (DTUs) – IIa, IIb, IIc, IId, and IIe
55–57

. In 2005, the whole-genome 

sequencing of the T. cruzi CL Brener strain was performed, which opens prospects for 

the development of novel therapeutic and diagnostic techniques
58

. In 2006, the existence 

of a T. cruzi III lineage was reported
59

. In 2009, an expert committee considered 

previous studies based on the pattern of genetic, biochemical and biological markers, 

and proposed a minimum of six genetic lineages or DTUs, named TcI to TcVI
60

. 

Finally, analyses from genealogies of mitochondrial sequences identified in 2016 three 

clades that hold a correlation with the DTUs: clade A corresponds to TcI; clade B, to 

TcIII, TcIV, TcV and TcVI strains; and clade C, exclusive to TcII strains
61

. 

TcI and TcV infections are the most commonly identified, although other DTUs 

predominate in some specific areas
62

. TcI is implicated with CD in Amazonia, the 

Andean countries, Central America, and Mexico, and clinical presentations mainly 

include chagasic cardiomyopathy; TcII, TcV and TcVI are the main causes of CD in the 

Southern Cone region, and clinical presentations include chagasic cardiomyopathy, and 

a proportion of cases megaoesophagus and megacolon
63,64

. Figure 4 shows the 

approximate geographical distribution of all T. cruzi DTUs in the American continent. 
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Figure 4. Approximate geographical distribution of T. cruzi 

discrete typing units (DTUs) in the American continent. (a) 

DTUI, (b) DTUII, (c) DTUIII, (d) DTUV, (e) DTUIV, (f) 

DTUVI. Taken from Izeta-Alberdi A et al., 2016
65

.  
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The genetic diversity of T. cruzi is an important point since there have been several 

reports of wide divergence in the susceptibility of the current treatments – benznidazole 

(BZN) and nifurtimox (NFX) – to different T. cruzi strains, and independent of the 

mitochondrial nitroreductase (TcNTR) sequence – BZN and NFX are prodrugs that 

require NTR-catalyzed activation within the parasite to have trypanocidal effects
66,67

. 

This fact implies that this susceptibility must be associated with additional factors, 

which are not a consequence of the treatment. These factors must be studied to avoid 

drug resistance and treatment failures
66–68

. The division of T. cruzi strains into DTUs led 

to investigate whether certain DTUs were associated with natural drug resistance: some 

reports showed that TcI isolates were more resistant to BZN than others
69

, while other 

authors concluded that this correlation does not exist
67,68

. 

2.1.4. Glucose metabolism of T. cruzi 

It has been known for many years that epimastigotes of T. cruzi are able to uptake and 

consume both carbohydrates and amino acids, and glucose is preferred over amino acids 

when both are present
70

. Trypanosomatids are among the cells that have a higher rate of 

glucose consumption. This is associated with the peculiar metabolism that was called 

“aerobic fermentation of glucose”
71

: trypanosomatids produce and excrete into the 

medium still-reduced compounds from glucose catabolism (succinate and l-alanine), 

even under aerobic conditions, instead of oxidizing glucose completely to carbon 

dioxide (CO2) and water
72

. A second peculiar feature of glucose catabolism in 

tripanosomatids is the lack of the Pasteur effect, that is, the transition from anaerobiosis 

to aerobiosis is not accompanied by a considerable decrease in glucose consumption. 

They even show a “reverse Pasteur effect”, meaning that glucose utilization may be 

lower under anaerobic conditions. This is a result of the lack of effect of the normal 

inhibitors of hexokinase and phosphofructokinase
72

. The lack of normal inhibitors of 
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these enzymes, together with the fact that hexokinase is one of the enzymes with higher 

control on the pathway fluxes and is a key enzyme encoded by all morphological forms 

of T. cruzi
73–75

, makes this enzyme a promising target for chemotherapy. 

The glucose catabolism (glycolytic pathway) in tripanosomatids is partially 

compartmentalized in a peroxisome-like organelle, called glycosome, since the first six 

enzymes are found in this organelle
76

. The lack of the classical regulation of the above-

mentioned enzymes has been proposed to be compensated by the compartmentation of 

these first six enzymes
77

. A schematic representation of glycolysis in T. cruzi, together 

with the tricarboxylic acid cycle, is shown in Figure 5. The balance between succinate 

and l-alanine (still-reduced end-products) shifts depending on the CO2 concentration: if 

the CO2 concentration is high, the production of succinate by the phosphoenolpyruvate 

carboxykinase (PEPCK) is favoured
78

; if the latter enzyme is inhibited, the production 

of l-alanine is favoured
79

. 

All glycolytic systems must have, in order to remain functional, an efficient system for 

the reoxidation of the nicotinamide adenine dinucleotide (NADH). T. cruzi has several 

possible ways for NADH reoxidation. These are, in addition to reoxidation in the 

respiratory chain, production of succinate and probably also of L-alanine
80

. 

T. cruzi metabolizes glucose through a second pathway, the so-called pentose phosphate 

pathway (PPP) or pentose phosphate cycle
74

 (Figure 6). The PPP is involved in the 

production of the ribose 5-phosphate required for nucleotide synthesis and of reducing 

power in the form of NADPH – an essential coenzyme for biosynthetic pathways and 

also for protection against oxidative stress, due to reactive oxygen species (ROS)
81

. All 

seven enzymes of the PPP are present in the four major stages of the parasite life-cycle, 

and deletion
82

 or inhibition
83

 of some of them has been shown to be lethal for T. cruzi. 

All this makes these enzymes promising targets for the chemotherapy of CD. 
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Figure 5. Schematic representation of glycolysis and the tricarboxylic acid cycle in T. cruzi. 1, 

Hexokinase K; 2, phosphoglucose isomerase; 3, phosphofructokinase; 4, aldolase; 5, triose 
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phosphate isomerase; 6, glyceraldehyde‑3‑phosphate dehydrogenase; 7, phosphoglycerate 

kinase (glycosomal); 8, phosphoglycerate kinase (cytosolic) 9, phosphoglycerate mutase; 10, 

enolase; 11, pyruvate kinase; 12, pyruvate dehydrogenase complex; 13, citrate synthase; 14, 

aconitase; 15, NADP‑linked isocitrate dehydrogenase; 16, α‑ketoglutarate dehydrogenase 

complex; 17, succinate thiokinase; 18, succinate dehydrogenase; 19, fumarate hydratase 

(mitochondrial); 20, malate dehydrogenase (mitochondrial); 21, phosphoenolpyruvate 

carboxykinase; 22, malate dehydrogenase (glycosomal); 23; fumarate hydratase (glycosomal); 

24, NAD‑linked fumarate reductase; 25, pyruvate, phosphate dikinase; 26, alcohol 

dehydrogenase; 27, fumarate hydratase (cytosolic); 28, NADP‑linked malic enzyme 

(mitochondrial); 29, NADP‑linked malic enzyme (cytosolic); 30, alanine aminotransferase; 31, 

fructose-1,6‑bisphosphatase. Taken from Maugeri DA et al., 2011
74

.  

Glucose transport – via a facilitated transporter – has also been thoroughly studied in 

trypanosomatids. Bloodstream trypomastigotes (BTs), which obviously live in glucose-

rich medium, express the only gene encoding a glucose transporter
84,85

. However, 

intracellular amastigotes live in the cytosol of mammalian cells, where free glucose 

cannot be abundant; in this sense, amastigote forms do not uptake glucose from the 

medium and the expression of the transporter has not been found. Amastigote forms 

obtain their energy mostly from amino acids. Epimastigote foms, although living in a 

medium in which glucose is supposed to be scarce, express the glucose transporter and 

prefer glucose to amino acids
85

. 

Finally, it is interesting to note that the two essential enzymes for gluconeogenesis are 

present in T. cruzi, but there is no reserve polysaccharide
74

. 
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Figure 6. Schematic representation of the pentose phosphate 

pathway in T. cruzi. Taken from Maugeri DA et al., 2011
74

. 

2.1.5. Life-cycle of T. cruzi 

T. cruzi is a heteroxenic protozoan, which means that it presents different stages of its 

life-cycle in distinct hosts. Hence, this parasite uses several strategies to survive in these 

diverse environmental conditions: T. cruzi undergoes changes in morphology, gene 

expression and metabolism as it passes from the replicative epimastigote stage in the 

insect to the non-replicative and infective metacyclic trypomastigote form for 

humans
86,87

. The replicative epimastigotes and the non-replicative metacyclic 
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trypomastigotes are the forms found in the insect vector. Meanwhile, the intracellular 

and replicative amastigotes and the extracellular and non-replicative BTs are the forms 

present in the vertebrate host
86

 (Figure 7). In addition, intermediate forms are also 

observed during the T. cruzi life-cycle
88,89

. Cell differentiation in this parasite involves 

nuclear shape alterations, chromatin remodelling, mitochondrial DNA rearrangement, 

and relative volume alterations of the kinetoplast, reservosome and lipid bodies, among 

others
86,90

. 

 

Figure 7. Schematic representations of (A) T. cruzi epimastigotes, (B) T. cruzi amastigotes, and 

(C) T. cruzi trypomastigotes. Taken from Teixeira DE et al., 2012
35

. 

T. cruzi fully embodies the characteristics of a successful parasite since it is maintained 

in nature by numerous vector species and mammal host species distributed almost all 

biomes and habitats in the Americas, such as marsupials, rodents, bats, armadillos, 

ranging carnivores, birds, domestic animals (dogs, cats, pigs or goats, among others), 

and primates
91

. 

In general, the classical description of T. cruzi life-cycle was reported more than 100 

years ago
1
, although it is still under study

31,35,62,89,92
. In the classical version, the 

infection of a mammalian host begins with the non-dividing metacyclic trypomastigotes 

present in the excreta (stercorarian trypanosomes) of the blood-feeding triatomine 

vector. These are introduced into the host by contamination of the vector bite wound or 
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a variety of mucosal membranes, and are able to invade a wide range of phagocytic and 

non-phagocytic nucleates cells. Initially, the parasites binds to receptors on the host cell 

surface and enter a membrane bound vacuole so-called parasitophorus vacuole (PV). 

Upon entry, the parasites begin to differentiate into small round-shaped amastigote 

forms and escape the PV into the cell cytoplasm where the morphologic transformation 

is completed, including flagellar involution. The amastigote forms re-enter the cell cycle 

and proliferate by binary fission until the cell fills with these replicative forms. At this 

point the amastigote forms elongate, reacquire their long flagella, and differentiate into 

non-replicative trypomastigote forms. These trypomastigote forms escape the cell and 

can invade adjacent cells; alternatively, they can enter the blood and lymph and 

disseminate. These BTs can be taken up by blood-feeding triatomine vectors. In the 

vector midgut, parasites become to the epimastigote forms and proliferate. Finally, after 

migration to the vector's hindgut, the late-log epimastigote forms attach to the waxy gut 

cuticle by their flagella and differentiate into trypomastigote forms, completing the life-

cycle
31,34,62

 (Figure 8). 

Further research has revealed that this established view is rather superficial and that the 

process in mammalian host cells is certainly more complex (Figure 9): (A) the initial 

differentiation from the metacyclic trypomastigote forms involves an asymmetric cell 

division which results in one amastigote and one “zoid”. The zoid is a cell with 

kinetoplast, but no nucleus, and quickly dies and is degraded by the host cell
93

 (steps 3 

and 5 in Figure 9); (B) some amastigote forms may become metabolically quiescent – 

called quiescent or dormant amastigotes – and could reside long term in chronically 

infected tissues, although this is yet to be proven
62

 (step 6 in Figure 9); (C) evidence for 

an intracellular epimastigote-like form has been reported, although it is unclear whether 

this form represents an obligate intracellular stage of the life-cycle, or is simply an 
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intermediate in the amastigote to trypomastigote transition
34,62

 (steps 8 and 9 in Figure 

9); (D) BTs are a pleomorphic population made up of a mixture of two basic 

morphologies: slender and broad
89

; (E) extracellular differentiation of trypomastigote 

forms to amastigote forms has also been observed, and a mixture of these forms may be 

present in the blood of infected individuals
89

. 

 

Figure 8. T. cruzi life-cycle. Taken from Bern C., 2015
32

. 

The process in the blood-feeding triatomine vector is also more complex. For example, 

bloodstream amastigote forms – produced after extracellular differentiation of 

trypomastigote forms – differentiate into forms with short flagella. These forms are 

called sphaeromastigotes, although probably represent intermediate in the transition to 

epimastigote forms
89

. Finally, trypomastigote forms have been shown to have the 

capacity to differentiate into epimastigote-like forms. These epimastigote forms display 
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a distinct proteomic fingerprint, are able to invade phagocytic and cardiac cells, and can 

initiate an infection in mice
94

. 

 

Figure 9. Intracellular life-cycle of T. cruzi in mammalian host cells. Taken 

from Francisco AF et al., 2017
62

. 

2.1.6. Immune evasion strategies of T. cruzi 

The survival of the protozoan parasites owes much to their efficient reproductive 

mechanism, with its short generation times and rapid developmental sequence 

producing large numbers of progeny
91

. However, the acute-phase involves complex 

molecular and cellular interactions between the pathogen and its host that can be 

exploited to the parasite benefit
95,96

. 

In vertebrate hosts, T. cruzi confronts a sophisticated immune system involving 

circulating cells, molecules, and specialized tissues and organs
97–99

. T. cruzi has an 

arsenal of evasion strategies linked to alternation between intracellular proliferative 

amastigote forms and non-proliferative and extracellular BTs. The different 

morphological forms are associated with adaptive changes in gene expression
34

 that are 
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responsible for the wide range of host cells targeted by the parasite, mainly non-

phagocytic cells
100

. 

Immune evasion by T. cruzi relies primarily on subverting the complement system and 

inhibitory effects on the mononuclear phagocyte system
101,102

. Downregulation of 

phagocytic activity is also seen in other trypanosomatids
76,103

. However, these parasites 

inhibit the maturation of phagolysosomes, and T. cruzi evades macrophage microbicidal 

activity by escaping from the phagolysosome to the cell cytoplasm
104

. Moreover, T. 

cruzi also interferes with the transcription of cytokines secreted by infected 

macrophages
105

 and a major parasite cysteine-protease prevents macrophage activation 

by blocking the NF-𝜅B P65 pathway
106

. In this scenario, the macrophage infection 

favours the secretion of anti-inflammatory cytokines such as interleukin 10 (IL-10) and 

transforming growth factor β (TGF-𝛽) that favour the spread of infection by impairing 

the development of protective immune responses
107,108

. 

The acute CD is characterized by strong inhibition of the host immune response by the 

T. cruzi virulence factors, which are crucial for creating a persistent infection and 

establishing the chronic CD
95,96

. This immunosuppression (IS) involves the induction of 

anergy and clonal deletion in the T cell compartment, together with strong polyclonal B 

cell stimulation which ultimately restricts the development of antigen-specific 

lymphocytes
109,110

. In addition, there are a variety of natural T. cruzi strains that coexist 

dynamically in natural reservoirs, and it appears that their immune modulatory effects 

are strain-dependent
91,111

. Hence, immune evasion may occur at the population level 

rather than at the level of a single strain. 

Alternatively, T. cruzi membrane glycoproteins are critical for damping host protective 

immunity. The parasite surface is covered by mucin-like molecules with sialic acid 

residues which are transferred from host glycoconjugates by the parasite 
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transsialidase
112,113

. These hijacked sialylated forms are able to protect parasite 

antigenic determinants from host attack mediated by anti-galactosyl antibodies and 

complement factor B
114,115

, and inhibit early events in T cell activation
116

. 

Besides, host cell invasion and parasite internalization are also important steps in the 

protection against the host immune response, in addition to access to microenvironment 

rich in metabolic products. Host cell intracellular signalling can combat the infection, 

but it can also favour parasite entry. Parasites hijack the host immune response and 

phagocytosis for their own survival and replication. The mechanisms that lead to the 

internalization of trypomastigote forms appear to be different when one considers the 

cell type where the internalization will occur. In cells considered as non-professional 

phagocytic there appears to be an internalization process where T. cruzi is the active 

agent of penetration
117,118

. In general, T. cruzi invades the host cell by an endocytic 

process where the firing of several signalling cascades culminates in the formation of a 

PV. This endocytic process can be performed by three different strategies: one 

lysosomal-dependent, one actin-dependent, and one phosphatidylinositol-3,4,5-

triphosphate (PIP3)-dependent
92,118,119

 (Figure 10). Subsequently, PV maturates with 

the acquisition of lysosome markers, and the trypomastigote form transform into an 

amastigote form with simultaneous lysis of the PV membrane
92

. Lysis of the PV 

membrane takes place most probably due to the increased concentration of the Tc-Tox 

perforin-like protein produced by the parasite and the generation of an acidic 

environment within the PV
120

. Finally, amastigote form in direct contact with the 

cytoplasm starts to divide
92

. 

Finally, since T. cruzi is exposed to oxidative stress imposed by ROS derived from its 

own aerobic metabolism and from the host immune response. To detoxify ROS, T. cruzi 

possesses several pathways making intricate network converging to reduced 
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trypanothione, which is maintained in its reduced form by trypanothione reductase, with 

the utilization of nicotinamide adenine dinucleotide phosphate (NADPH)
81

. 

 

Figure 10. Strategies of T. cruzi invasion into host cell. Taken from de Souza W 

et al., 2010
92

. 

2.2. Clinical phases & Pathogenesis 

CD has two clinical phases, an acute and a chronic-phase. It is interesting to note that 

the outcome of the infection in a particular individual is the result of a set of complex 

interactions among the host genetic background and the genetic composition of the 

parasite, and modulated by environmental and social factors; all of which can be 

complicated by mixed infections and re-infections
121

.  

The acute-phase occurs immediately after infection, and lasts for 4–8 weeks (Figure 

11). Acute-phase is usually asymptomatic or mild – as a self-limiting febrile illness – 

and unrecognized, which is probably because the parasite load is fairly small
2,25,31

. 

When symptoms occur, there may be: prolonged fever; malaise; enlargement of the 

liver, spleen and lymph nodes; and, in the particular case of vector-borne transmission, 
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swelling around the site of inoculation (chagoma and Romaña sign)
31

. Rarely, acute-

phase may result in severe myocarditis, meningoencephalitis and pneumonitis, but have 

a high risk of death
31,122

. Manifestations of this phase resolve spontaneously in about 90 

% of infected people
31

, although is fatal for 2–8 % of children
2,25

. During this phase, 

BTs may be found, and infected people can transmit the parasite to others
2,25

. 

 

Figure 11. Natural history of Chagas Disease. Taken from De Bona E et al., 2018
123

.  

The chronic-phase can be divided into two stages, an asymptomatic (or indeterminate) 

and a symptomatic stage (Figure 11). The asymptomatic (or indeterminate) stage may 

last decades after infection, and most people are unaware of their disease. Many people 

may remain asymptomatic for life. During this time, few or no parasites are found in the 

blood. This stage is characterised by positivity for anti-T. cruzi antibodies, a normal 

electrocardiogram, and normal radiological examination of the oesophagus, chest and 

colon. The symptomatic stage, developing 10–30 years later in up to 30 % of infected 

people, causes severe and sometimes life-threatening medical problems: 

megaoesophagus and megacolon (leading to difficulties with eating or passing stool), 

and heart disease (cardiomyopathy and heart rhythm abnormalities) that may cause 

sudden death
2,25,31

. 
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Typical clinical manifestations of the symptomatic stage are grouped into three major 

forms (Figure 12): digestive, cardiac and cardiodigestive
124,125

. The digestive form is 

seen almost exclusively south of the Amazon basin, probably due to differences in 

parasite strains
121

, and develops in about 10–15% of chronically infected people. This 

clinical form mainly involves megaoesophagus and/or megacolon, causing dysphagia, 

epigastric pain, regurgitation, abdominal distension, and large bowel obstruction and 

malnutrition in severe cases. In addition, people with megaoesophagus have an 

increased prevalence of oesophagus cancer
31

. The cardiac form is the most frequent 

manifestation, developed in about 20–30 % of chronically infected people. It is the most 

serious manifestation of CD, and typically leads to bradyarrhythmias, tachyarrhythmias, 

aneurysms, cardiac failure, tromboembolism, and sudden death
124,125

. Heart failure ir 

often a late manifestation of CD, usually biventricular with a predominance of right-

sided failure (peripheral oedema, hepatomegaly, and ascites)
31

. The association of heart 

disease with megaoesophagus and/or megacolon defines the cardiodigestive form of 

CD. In most countries, the development of megaoesophagus usually precedes heart and 

colon disease, but the prevalence of this form is not known because of the scarcity of 

appropriate studies
124,125

. 

A direct progression from the acute-phase to a chronic symptomatic stage has been 

recorded in 5–10 % of infected people. Reactivation of CD can also occur in chronically 

patients who have suppressed immune systems, e.g. due to AIDS or immunosuppressive 

treatment, causing severe neurological symptoms
25,31,126,127

. 

Tissue and organ damage during the acute-phase is caused by the parasite itself and by 

the host immunoinflammatory response
128

. Several studies have suggested that a strong 

T-helper-1 adaptive immuno reponse with both CD4 and C8 cells, characterised by the 

production of specific cytokines (such as tumour necrosis factor α (TNFα), interferon γ 
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and IL-12), is important in the control of parasitism
129–131

. The synthesis of the nitric 

oxide, a potent trypanocidal molecule produced by the T-helper-1 immuno reponse, has 

a protective role
132

. By contrast, production of TGF-𝛽 and IL-10 is related to parasite 

replication by inhibition of macrophage trypanocidal activity
133

. 

 

Figure 12. Typical clinical manifestations of Chagas Disease: (A) megaoesophagus, (B) 

megacolon, and (C) heart disease. Taken from Rassi Jr A et al., 2010
31

.  

Balance between immune-mediated parasite containment and damaging inflammation 

during chronic-phase probably determines the course of CD. If the immunological 

response is inefficient, or paradoxically leads to tissue damage, both parasite load and 

immunemediated inflammation increase. In contrast, a well-executed immune response 

reduces tissue damage and parasitism
134

. 

Currently, a growing consensus indicates that parasite persistence is needed for 

development of CD
135,136

. However, it is not yet known if tissue damage is caused by 

direct parasite factors, by a host immunoinflammatory response, or by both 

reasons
137,138

. Autoimmunity is the third possible cause of tissue damage, which could 

arise from polyclonal activation
139

, molecular self-mimicry by immune cross-reactivity 

with parasite antigens
140

, or cryptic epitopes shared by the host and parasites
141

. 
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2.3. Diagnosis 

The diagnosis can be performed both in the acute and chronic phases of CD and 

involves the analysis of clinical, epidemiological, and laboratory data. Currently, most 

cases are diagnosed during the chronic-phase of CD
16

. 

During the acute-phase of illness, diagnosis is based on the detection of BTs in 

peripheral blood or cerebral spinal fluid (CSF) by parasitological tests. This detection 

can be direct by microscopic examination as thick and thin blood smear, by 

multiplication as hemoculture, and xenodiagnosis
25,142

. In specialised centres, diagnosis 

is based on amplification of T. cruzi DNA by polymerase chain reaction (PCR) since the 

sensitivity of PCR is greater than other methods
143

. 

During the chronic-phase of illness, diagnosis is generally made by testing for T. cruzi 

specific antibodies since parasitaemia is low
25,142,144

. Diagnosis of chronic CD is based 

on serology at least two different serological tests, such as indirect immunofluorescence 

assay (IFA), enzyme-linked immunosorbent assay (ELISA), and 

haemagglutination
142,144

. Two serological tests based on different principles are needed 

to confirm diagnosis. However, a single ELISA test is sufficient for the exclusion of 

blood in blood banks
13

. PCR is not used for chronic diagnostic tests since this method is 

less sensitive than serological tests during this phase of CD
145

. 

In addition, electrocardiogram, chest radiography and hepatogram are requested at any 

stage of CD for clinical evaluation
146,147

. Alternatively, molecular diagnosis by PCR 

could be useful for cases of inconclusive serology in chronic CD, reactivation 

associated with IS, congenital CD, infection by transfusion or transplant transmission, 

and for monitoring of suspected laboratory exposures
25,31

. At Centers for Disease 

Control and Prevention (CDC) molecular detection of parasite DNA is performed using 

a combination of two real-time PCR assays using ethylenediaminetetraacetic acid 
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(EDTA) blood (minimum of 2.2 mL), saline or paraffin-embedded heart biopsy tissue, 

and CSF in cases of suspected central nervous system (CNS) involvement. 

PCR is also used as an auxiliary method to identify treatment failure; PCR is not useful 

to identify treatment success sine even repeated negative PCR results do not necessarily 

indicate sterile cure
145

. Currently, assessment of cure is based on the seroconversion, 

that is, the disappearance of anti-T. cruzi antibodies, using serological tests. However, 

antibodies may take up to 5 years to disappear. Accordingly, positive serology does not 

mean active infection, whereas negative serology indicates cure (except for 

immunocompromised individuals)
127

. 

Over the past 35 years, the worldwide spread of human immunodeficiency virus (HIV), 

in combination with the changing epidemiology of T. cruzi, has led to the emergence of 

T. cruzi/HIV co-infections. Diagnosis of CD in these co-infections is particularly 

difficult. When CD reactivates, it behaves like a separate disease with acute features 

such as severe neurological symptoms. Moreover, traditional serological diagnostic tests 

are found to be weaker and less sensitive, as HIV-infected patients are less likely to 

build a strong antibody response
127

. 

2.4. Current treatments 

Despite CD affects approximately 6–8 million people, causes 14–50 thousand deaths 

annually
2,13,16,25

, represents a high economic burden, and becomes widespread, currently 

approved treatments are still limited to two obsolete nitroheterocyclic drugs, NFX and 

BZN
32,148,149

 (Figure 13). These drugs were developed more than 50 years and present 

serious drawbacks, such as frequently treatment failures, toxic side-effects (dermatitis, 

pruritus, fever, and gastrointestinal intolerance, among others), and long treatment 

periods. For these reasons, treatment is often discontinued
150–152

. 
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Figure 13. Benznidazole and nifurtimox, the first-line treatments for Chagas 

Disease. Taken from Menezes JC et al., 2014
153

.  

Adults should be daily treated with 5 mg/kg BZN or 8–10 mg/kg NFX for 60–90 days. 

For children, daily treatment with 5–10 mg/kg BZN or 15 mg/kg NFX in three divided 

doses is recommended for the same duration as for adults
154

. It is important to 

emphasize that the cure rate and its confirmation depend on factor such as phase of 

disease, age and immune response of the patient, associated comorbidities, and even the 

susceptibility of the parasite genotype to the drugs used
15

. 

Both drugs are almost 100 % effective in curing the disease if given soon after infection 

at the onset of the acute-phase, including congenital CD; however, the efficacy 

diminishes the longer a patient has been infected. According to recommendations in 

2005
154

 and 2007
144

, treatment is strongly recommended for all cases of acute (including 

children) and congenital CD, and for patients up to 18 years old with chronic CD
16,144

. 

Treatment is also recommended for patients during the early chronic-phase and for 

patients suffering from reactivation. Asymptomatic infected adults aged 19–50 years 

should also be treated to prevent or delay disease progression or congenital infection in 

the cases of childbearing-aged women, although there is no consensus for the use of the 

treatment in the chronic-phase
16,155

. It is optional for those older than 50 years old 

because benefit has not been proven in this population
144

. In other cases the potential 

benefits of treatment should be weighed against possible adverse reactions, occurring in 

up to 40 % of patients. 
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These drugs are contraindicated during pregnancy, in people with kidney or liver 

insufficiency, and in people with advanced Chagas heart disease
31

. Moreover, NFX 

should not be taken by people with neurological and/or psychiatric disorders
16

. BZN has 

the best safety and efficacy profile, and therefore is usually used for first-line 

treatment
156

. 

Additionally, treatment also involves supportive symptomatic treatments in chronic CD: 

specific treatment for cardiac, digestive or neurological manifestations may be 

required
16

. Patients with chronic chagasic cardiomyopathy are recommended to follow 

the treatment protocol for heart failure according to cardiac commitment grade such as 

amiodarone
157,158

, being heart transplantation the only course of action in case of 

advanced heart failure
159

. Patients with digestive manifestations are indicated to follow 

a conservative o even surgical treatment depending on the stage of the disease
160

. 

Digestive dysfunction treatments range from palliation using sublingual nitrates and 

nifedipine – which induce lower oesophageal-sphincter to help the transit of food and 

liquids through it
31

 – to laparoscopic Heller’s myotomy, fundoplication and oesophageal 

resection
161

. Colonic dysfunction treatments range from a fibre-rich diet, laxatives and 

occasional enema to surgical organ resection
162

. 

The aim is to find a specific treatment that allows the eradication of the parasite and, 

hence, the elimination of the signs and symptoms of CD. The development of new 

drugs, safer, more effective, that provide a shorter treatment course, and to devise 

paediatric formulations, preferably oral, is an important need
163

. In this way, the 

urgency to continue researching, in order to discover novel therapeutic alternatives, is 

justified. Other strategy that has emerged is the drug repositioning, a fructiferous 

strategy for improving the drug development process, but it has not obtained good 
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results either
164,165

. Even combination therapies of existing and new drugs with different 

mechanism of action (MoA) are recommemded to avoid drug resistance. 

In recent years, target-based approaches have been used for screening, concentrating on 

putative targets and pathways of potential importance for T. cruzi. Among the most 

promising approaches are: 

I) Inhibitors of trypanothione metabolism such as buthionine sulfoximine
166

. 

Trypanothione reductase is one of the main proteins involved in the antioxidant 

protective mechanisms of T. cruzi
30,167

.  

II) Inhibitors of the NADH reoxidation system. NADH is an essential coenzyme for 

biosynthetic pathways and also for protection against oxidative stress, due to 

ROS
81

. 

III) Inhibitors of cruzipain, such as the vinyl sulphone k777. Cruzipain is the main 

cysteine protease of the parasite able to cleave immunoglobulins (Igs) – 

immunoescape mechanism – and it plays an important role in the process of 

parasite internalization within mammalian cells
30,167

. 

IV) Polyamine transport inhibitors. In contrast with other protozoa, T. cruzi is 

auxotrophic for polyamines and its intracellular availability depends exclusively 

on polyamine transport. These polyamines are needed for the parasite viability 

parasite (cell growth and differentiation)
168

. 

V) Purine synthesis inhibitors, such as allopurinol
166

. 

VI) Phospholipid synthesis inhibitors, such as miltefosine
166

. 

VII) Ergosterol synthesis inhibitors, such as posaconazole and ravuconzole. 

Ergosterol is a critical sterol in the cell membranes of T. cruzi
30,167

. 

VIII) Bisphosphonates that inhibit the parasite's farnesyl-pyrophosphate synthase. 

Farnesyl-pyrophosphate synthase is a key enzyme that supplies precursors for 



INTRODUCTION 

 
47 

the biosynthesis of essential isoprenoids like carotenoids, sterols, and 

ubiquinones, among others
30,167

. 

IX) Inhibitors of pyrophosphate metabolism. Inorganic pyrophosphate is responsible 

for energy supply in T. cruzi and there are numerous pyrophosphate-dependent 

enzymes in this parasite. Pyrophosphate analogues such as alendronate or 

pamidronate are examples of these inhibitors
166

. 

Notwithstanding all the challenges described above, there is no doubt that the Chagas 

R&D environment has been very active in the last 10 years: 

-  From 2010 to 2013 (CHAGASAZOL, NCT01162967), a proof-of-concept phase 

II clinical study with posaconazole for the treatment of CD was under way in 

Spain. In 2011, patients began to be recruited into a second trial in Argentina and 

sponsored by Merck & Co. The results showed that posazonazole exhibited 

antitrypanosomal activity in patients with chronic CD; however, significantly 

more patients in the posaconazole group than in the BZN group had treatment 

failure during follow-up
151,167,169

. 

-  From 2011 to 2017 (NCT0148228), the DNDi and Eisai Co. were partnering in a 

phase II trial of a pro-drug of ravuconazole (E1224) in Bolivia. The results 

showed that ravuconazole displayed a transient, suppressive effect on parasite 

clearance, whereas BZN exhibited early and sustained efficacy until 12 months of 

follow-up
167,169,170

. 

-  From 2011 to 2018 (STOPCHAGAS, NCT01377480), an international phase II 

clinical trial of oral posaconazole in the treatment of asymptomatic chronic CD 

was performed. The results showed that posaconazole demonstrated trypanostatic 

activity during the treatment, but it is ineffective long-term in asymptomatic CD. 

Again, BZN monotherapy resulted superior to posaconazole
150,169

. 
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-  From 2012 to 2018 (NCT01549236), the DNDi performed a phase IV clinical trial 

in Argentina to study the population pharmacokinetics parameters of BZN in 

children with CD
169,171

. 

-  From 2012 to 2018 (NCT01678599), the DNDi performed a phase IV clinical trial 

in Bolivia to estimate the gain in sensitivity of several multiple-sample strategies 

of PCR samples with respect to the current standard to detect chronic CD
169,171

. 

-  In 2015 (BENEFIT, NCT02444312), a multi-centre study evaluated the effects of 

BZN for interrupting cardiac CD. The results showed no delay in the clinical 

progression for the most severe forms of cardiomyopathy
169,171,172

. 

-  In 2015 (NCT02498782), the DNDi initiated a phase II clinical trial in Bolivia to 

evaluate if the treatment with fexinidazole lead to a better sustained clearance in 

adults patients with chronic CD
169,171

. 

-  In 2017 (BENDITA, NCT03378661), the DNDi initiated a phase II clinical trial in 

Bolivia to evaluate different oral BZN monotherapy and BZN/ravuconazole 

combination regimens for the treatment of adults patients with chronic CD
169,171

. 

- In 2018 (NCT03587766), the DNDi initiated a phase II clinical trial in Spain to 

evaluate low doses and short treatment duration of fexinidazole to determine the 

minimal efficacious and safe dose for the treatment of adults patients with chronic 

CD
169,171

. 

To stablish a consensus on the desirable product profiles for CD, the Pan American 

Health Organization (PAHO), in collaboration with DNDi, Médecins sans Frontières 

(MSF) and the Special Programme for Research and Training in Tropical Diseases 

(TDR, Tropical Diseases Research), convened a multidisciplinary group of experts in 

Brazil (2010) to establish the basis for the development of target product profile (TPP)
2
 

(Table 2). 
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Table 2. Target Product Profile for Chagas Disease. Taken from The Drugs for Neglected Diseases initiative
2
. 
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2.5. Vaccines 

The development of an effective human vaccine against CD has encountered many 

difficulties, and progress has been slow mainly because there is controversy about its 

autoimmune aetiology. The genetic complexity of T. cruzi and the limited set of 

efficient engineering techniques for genome manipulating contribute to the relative lack 

of progress in the understanding of this organism
173

. 

The immunological protection against T. cruzi has been studied since the second decade 

of the last century. In 1912, Blanchard showed that the animals that survived the acute-

phase were resistant to reinfections. Since then, many types of immunogens vaccines 

have been evaluated: live attenuated parasites, non-pathogenic trypanosomes, non-

infectious stages (epimastigotes), dead parasites, subcellular fractions, purified native 

proteins, recombinant proteins and DNA vaccines. These vaccines rarely resulted in 

sterile immunity that fully protects animals from becoming infected when challenged 

with virulent parasites
173,174

. Some examples are: 

- Live or fixed Ttypanosoma rangeli epimastigotes
175,176

 and live Phytomonas 

serpens parasites
177

, which shares antigens with T. cruzi and are non-pathogenic 

trypanosomes, were used to immunize mice. These mice showed a significant 

reduction in parasitaemia and increased survival after T. cruzi infection
175,177

. 

-  A variety of T. cruzi cell fractionation studies have been performed to identify the 

more immunogenic portion of the parasite that induces a protective immune 

response. Immunization with some fractions induced lesions similar to those in 

the control animals, suggesting that the fractions alone can produce damage, 

possibly by inducing an autoimmune response
178

. 

-  Purified proteins from T. cruzi have also been used to identify those that provide a 

protective immune response. Studies that used surface glycoproteins as vaccines 
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indicated that selection of the immunogenic protein is important and must be 

present in the parasite stages that circulate in the mammal host
179

. Studies using 

45 and 68 kDa antigens purified from the cell membrane of T. cruzi
180

, purified 

antigenic preparations called TcY 72
181

, and excretory-secretory antigens from 

trypomastigotes
181

, among others, ranged from 100 % protection to a significant 

reduction in parasitaemia and increased survival when mice challenged with T. 

cruzi. These data suggested that despite the antigenic complexity, it is possible to 

generate similar protection using a macromolecule or a set of macromolecules
173

. 

-  Mutant T. cruzi strains with reduced virulence have also been used to immunize 

mice. Mice challenged with virulent parasites one year after the original infection 

showed significant control over the secondary infection
182

. 

-  In the recent years, recombinant proteins have begun to be used for immunization, 

which allow the amounts necessary to perform the studies. Some examples are the 

recombinant T. cruzi cytoplasmic repetitive antigen (CRA) and flagellar repetitive 

antigen (FRA)
183

, the recombinant PFR proteins
184

, the recombinant C-terminal 

domain of cruzipain
185

, and the glycosylated mutant inactive trans-sialidase
186

, 

among others. Mice immunized with these proteins showed significant protection 

after infection, with reduced parasite load and increased survival. 

-  Newest DNA vaccines provide an alternative for both prevention and treatment of 

a variety of infectious diseases
187–189

, including CD. Several studies demonstrate 

that DNA immunization using plasmid or virus vectors induce a protective 

response in the experimental infection with T. cruzi. Some examples are the T. 

cruzi transsialidase superfamily (TcSP) gene
190,191

 or the T. cruzi amastigote 

surface protein-2 (ASP-2) gen
192

. Furthermore, genes encoding molecules that 
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stimulate the immune system have been coadministered with some T. cruzi genes 

to enhance the immune response
173

. 

DNA vaccines could control T. cruzi infection and significantly reduce the progression 

in patients with chronic CD. However, the exploration of human vaccines has been 

widely avoided due to the fear that this prophylactic measure could exacerbate the 

disease that many consider to have an autoimmune aetiology, although later it became 

clear that autoimmune reaction is a consequence of parasite persistence in tissues
193

. 

Since 2012, a therapeutic Chagas vaccine is under development by a consortium of 

Mexican and Texan scientific institutions based on the evidence of therapeutic efficacy 

of Tc24 and trypomastigotes surface antigen 1 (TSA-1) vaccines in mice and dogs
194

. 

An ideal vaccine candidate should: I) be highly immunogenic; II) be expressed in all the 

parasite forms, mainly in those present in humans; and III) be conserved and expressed 

in different T. cruzi strains. During the last 20 years, it has been demonstrated that 

Cruzipain, Tc52 and Tc80 are excellent vaccine candidates since exhibits these 

attractive properties
195–197

. In the genomic and proteomic era, new tools for the 

discovery of vaccines have emerged. Omics data together with bioinformatics tools can 

be used to find new immunogens. This approach is currently known as Reverse 

Vaccinology
198

, and has identified 8 putative new membrane anchored or secreted 

proteins (TcG1-TcG8). Some of them were able to confer protection in different 

vaccination strategies
199

. However, there is no vaccine currently available. 
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1. Develop more effective, safer and affordable compounds since the current 

therapeutic arsenal to combat Chagas Disease is inadequate and insufficient. 

2. Elucidate the mechanism of action of trypanocidal drug candidates for the 

following preclinical phase. 

3. Establish a precise and accurate, reproducible and as complete as possible 

methodology for the in vitro screening of compounds with activity against 

Trypanosoma cruzi. 

/ 

1. Desarrollar compuestos más efectivos, seguros y asequibles ya que el arsenal 

terapéutico actual para combatir la Enfermedad de Chagas es inadecuado e 

insuficiente. 

2. Dilucidar el mecanismo de acción de los potenciales compuestos tripanocidas para 

la siguiente fase preclínica. 

3. Establecer una metodología precisa y exacta, reproducible y lo más completa 

posible para el cribado in vitro de compuestos con actividad frente a Trypanosoma 

cruzi. 
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4.1. Development of a novel in vitro screening method based on the 

fluorescence of T. cruzi CL-Luc:Neon/Cas9 parasites 

4.1.1. Fluorescence quantification using extra- and intracellular parasite forms: 

fluorescence vs. parasites 

Genetically manipulated and fluorescent T. cruzi CL-Luciferase:NeonGreen 

(Luc:Neon)/CRISPR associated protein 9 (Cas9) epimastigotes
200

 in Dr J. Kelly 

laboratory (LSHTM, UK) were cultured at 28º C in liquid Roswell Park Memorial 

Institute (RPMI)-1640 (Gibco®) medium with 10 % (v/v) heat-inactivated foetal bovine 

serum (FBS), 0.5 % (w/v) trypticase (BBL), 0.03 M hemin
201

, and maintained on their 

selective agent (0.15 mg∙mL
-1

 hygromycin)
200

. Epimastigote forms were collected by 

centrifugation at 400 g for 10 min and plated into dark 96-well microtiter flat-bottom 

plates in serial two-fold dilutions from 2.0 × 10
6
 to 2.0 × 10

3
 well

-1
 in 200 μL volumes. 

Blanks were also included, and each parasite concentration was tested in octuplicate. 

Plates were immediately centrifuged and fixed using 100 μL∙well
-1

 of 4 % cold-

paraformaldehyde (PFA) for 20 min. Thereafter, plates were washed twice with cold-

phosphate-buffered saline (PBS) and resuspended in 200 μL PBS well
-1

. Finally, 

fluorescence units were measured at 497/520 nm (ex/em) using a fluorescence 

microplate reader. Mean and standard deviations were calculated for each concentration. 

For intracellular amastigote forms, BSR cells (mouse fibroblast cells, the mammalian 

cells used to perform this assay) were cultured in liquid Dulbecco's Modified Eagle 

Medium (DMEM) (Gibco®) with 10 % (v/v) heat-inactivated FBS at 37 ºC in 

humidified 95 % air and 5 % CO2 atmosphere. First, BSR cells were collected by 

trypsinization and centrifugation at 400 g for 10 min, and then seeded into dark 96-well 

microtiter flat-bottom plates in serial two-fold dilutions from 1.0 × 10
4
 to 6.3 × 10

2
 well

-

1
. Plates were cultured in 100 μL∙well

-1
 volumes in DMEM (Gibco®) medium with 1 % 
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(v/v) heat-inactivated FBS at 37 ºC in humidified 95 % air and 5 % CO2 atmosphere for 

16 h. After incubation, supernatants were removed, and each cell concentration was 

infected in serial two-dilutions from 5.0 × 10
4
 to 3.1 × 10

3
 culture-derived fluorescent 

trypomastigotes∙well
-1

 in 200 μL DMEM (Gibco®) medium with 0.2 % (v/v) heat-

inactivated FBS. Non-infected BSR cells were also included. After an infecting time of 

16 h, non-phagocyted trypomastigotes were removed by washing with pre-warmed 

PBS, and plates were incubated for further 72 h. Then, plates were washed twice with 

cold-PBS, fixed using 4 % cold-PFA for 20 min, and washed again twice with cold-

PBS. Finally, 200 μL PBS well
-1

 were added, and fluorescence units were measured at 

497/520 nm (ex/em) using a fluorescence microplate reader. 

4.1.2. Monitoring infection profile of intracellular amastigote forms 

BSR cells were seeded into dark 96-well microtiter flat-bottom plates in serial two-fold 

dilutions from 1.0 × 10
4
 to 1.3 × 10

3
 well

-1
. Plates were cultured in 100 μL∙well

-1
 

volumes in DMEM (Gibco®) medium with 1 % (v/v) heat-inactivated FBS at 37 ºC in 

humidified 95 % air and 5 % CO2 atmosphere for 16 h. After incubation, supernatants 

were removed, and each cell concentration was infected in serial two-dilutions from 5.0 

× 10
4
 to 1.3 × 10

4
 culture-derived fluorescent trypomastigotes∙well

-1
 in 200 μL DMEM 

(Gibco®) medium with 0.2 % (v/v) heat-inactivated FBS. Non-infected cells were also 

included, and each condition was tested in triplicate. After an infecting time of 16 h, 

non-phagocyted trypomastigotes were washed out with pre-warmed PBS, and plates 

were again incubated in DMEM (Gibco®) medium with 0.2 % (v/v) heat-inactivated 

FBS. After that, fluorescence units were measured at each timepoint (every day from 

the 2
nd

 to the 8
th

 day post-infection (dpi)) after washing and fixing one plate at each 

time, as described above (see section 4.1.1). Mean and standard deviations were 

calculated for each condition. Scheme 1 shows the timeline for this assay. 
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Scheme 1. Timeline to monitor the infection profile of intracellular amastigote forms by 

fluorescence. 

The same methodology was followed using 24-well microtiter flat-bottom plates with 

rounded coverslips on the bottom. Then, images were obtained at each timepoint as 

follow: cultures on coverslips were fixed in 2 % cold-PFA in PBS and air-dried onto 

glass slides; cultures were washed once in cold-PBS, permeabilised in 0.1 % TritonX-

100/PBS for 5 minutes and washed 3 times with cold-PBS; finally, slides were 

mounted with 4′,6-diamidino-2-phenylindole (DAPI, a fluorescent stain for labelling 

DNA) and imaged on a Zeiss LSM 510 confocal microscope. 

4.1.3. Drug screening assay against extracellular epimastigote forms 

Fluorescent epimastigotes were collected as described above (see section 4.1.1), and 

then plated into dark 96-well microtiter flat-bottom plates in in liquid RPMI-1640 

(Gibco®) medium with 10 % (v/v) heat-inactivated FBS, 0.5 % (w/v) trypticase (BBL), 

0.03 M hemin
201

. Parasites were seeded at 1.0 × 10
5
 mL

-1
, and after addition of BZN 

and NFX at dosages from 100 to 1.6 μM in 200 μL∙well
-1

 volumes. Growth controls 
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were also included, and each concentration was tested in triplicate. After 72 h 

incubation at 28 ºC, plates were centrifuged, fixed, and washed as described above (see 

section 4.1.1). Finally, fluorescence units were measured at 497/520 nm (ex/em). Mean 

and standard deviations were calculated for each concentration. The trypanocidal effect 

was determined using GraphPad Prism 6 Software, and it is expressed as the inhibitoy 

concentration 50 (IC50), i.e., the concentration required to result in 50% inhibition. 

Scheme 2 shows the timeline for this assay. 

 

Scheme 2. Screening timeline against extracellular epimastigote forms by fluorescence. 

BZN, benznidazole; NFX, nifurtimox 

4.1.4. Drug screening assay against intracellular amastigote forms 

BSR cells were seeded into dark 96-well microtiter flat-bottom plates at 5.0 × 10
3
 well

-1
 

in liquid DMEM (Gibco®) medium with 1 % (v/v) heat-inactivated FBS, and incubated 

at 37 ºC in humidified 95 % air and 5 % CO2 atmosphere for 16 h. Cells were then 

infected with culture-derived fluorescent trypomastigotes at a multiplicity of infection 

(MOI) ratio of 10, that is, 5.0 × 10
4
 trypomastigotes∙well

-1
 for 16 h. Non-phagocyted 

parasites were removed by washing, and after addition of the compound BZN and NFX 

at dosages from 100 to 1.6 μM in DMEM (Gibco®) medium with 0.2 % (v/v) heat-

inactivated FBS in 200 μL∙well
-1

 volumes. Non-infected BSR cells were also included, 

and each concentration was tested in triplicate. Plates were incubated for 72 h at 37 ºC 
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in humidified 95 % air and 5 % CO2 atmosphere. Finally, plates were washed and fixed 

as described above (see section 4.1.1), 200 μL PBS well
-1

 were added, and fluorescence 

units were measured at 497/520 nm (ex/em). Mean and standard deviations were 

calculated for each concentration. The trypanocidal effect was determined using 

GraphPad Prism 6 Software, and it is expressed as the IC50, i.e., the concentration 

required to result in 50% inhibition. Scheme 3 shows the timeline for this assay. 

 

Scheme 3. Screening timeline against intracellular amastigote forms by fluorescence. BZN, 

benznidazole; NFX, nifurtimox 

4.1.5. Drug screening assay against extracellular trypomastigote forms 

Culture-derived fluorescent trypomastigotes were treated into 1.5-mL centrifuge tubes 

by adding BZN and NFX at dosages of 40. 20 and 1 μM for 3 h, 6 h, and 9 h. Non-

treated trypomastigotes were also included. Trypomastigotes were then centrifuged at 

400 g for 10 min, washed twice with pre-warned PBS, and used to infect BSR cells 

previously seeded into dark 96-well microtiter flat-bottom plates, as described above 

(see section 4.1.4). BSR cells were infected at a MOI ratio of 10, that is, 5.0 × 10
4
 

trypomastigotes∙well
-1

. Non-infected BSR cells were also included, and each 

concentration was tested in triplicate. After an infecting time of 16 h, non-phagocyted 
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trypomastigotes were washed out with pre-warned PBS, and plates were again 

incubated for 72 h. Finally, plates were washed and fixed as described above (see 

section 4.1.1), 200 μL PBS well
-1

 were added, and fluorescence units were measured at 

497/520 nm (ex/em). Mean and standard deviations were calculated for each 

concentration. The trypanocidal effect was determined using GraphPad Prism 6 

Software, and it is expressed as the IC50, i.e., the concentration required to result in 50% 

inhibition. Scheme 4 shows the timeline for this assay. 

 

Scheme 4. Screening timeline against extracellular trypomastigote forms by fluorescence. BZN, 

benznidazole; NFX, nifurtimox 

4.2. Setting up a new in vivo approach for Chagas Disease chemotherapy 

Female BALB/c mice were infected by intraperitoneal inoculation of 5.0×10
5
 BTs of T. 

cruzi Arequipa strain (MHOM/Pe/2011/Arequipa), belonging to the DTU V according 

to the literature
63

. These parasites were obtained from previously infected mice, and 

injected in 0.2 mL PBS. 
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On the one hand, 10 infected mice were used to determine the acute-phase parasitaemia 

load of this strain, obtaining peripheral blood from the mandibular vein. 5 µL blood was 

obtained each 2-3 days from the 3
rd

 dpi until the day parasitaemia was not detected for 7 

consecutive days. Blood was diluted 1:100 in PBS, and the number of BTs per mL was 

quantified using a Neubauer chamber
202

 (Scheme 5A). 

On the other hand, 15 infected mice were used to evaluate the chronic-phase tropism in 

a time-dependent manner, sacrificing 5 mice by cervical dislocation for each 

experimental time: 20
th

, 40
th

, and 60
th

 dpi. 14 organs/tissues were harvested to reveal the 

tropism of this strain: adipose tissue, bone marrow, brain, oesophagus, heart, kidney, 

large intestine, liver, lung, mesenteric tissue, muscle, small intestine, spleen and 

stomach (Scheme 5B). These organs/tissues were immediately flushed free of blood by 

infusion of pre-warmed PBS to avoid contamination with BTs
203

, and they were then 

thawed and ground up using a Potter-Elvehjem. Organs/tissues DNA was extracted 

using Wizard
®
 Genomic DNA Purification Kit (Promega)

202
. The detection of T. cruzi 

DNA was achieved by PCR based on the sequence of the T. cruzi (CL Brener) 

superoxide dismutase (SOD) gene (GenBank accession No. XM_808937) using two 

primers designed in our laboratory (GenBank accession number DQ441589) and a 

Thermal Cycler
TM

 MyCycler thermal cycler (Bio-Rad). The reaction mixture was as 

follows (total volume: 20 µL): 1 µL DMSO, 200 nM iSODd, 200 nM iSODr, 10 mM 

Tris·HCl (pH 9.0), 1.5 mM MgCl2, 50 mM KCl, 0.01 % gelatin, 0.1 % Triton X-100, 

100 mM of each dNTP, 0.5 U of Taq DNA polymerase, 1 µg of DNA, and HPLC water; 

and the following routine: 95 ºC/3 min, 30 cycles of 95 ºC/30 s, 55.5 ºC/45 s, 72 ºC/30 

s, and 72 ºC/7 min
202

. Finally, the PCR products were visualised using UV illumination 

after a 2 % agarose gel electrophoresis for 90 min at 90 V, containing 1:10000 GelRed 

nucleic acid gel stain. 
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Scheme 5. Timeline for in vivo assays on BALB/c mice infected with 5.0×10
5
 

bloodstream trypomastigotes of T. cruzi Arequipa strain. dpi, days post-infection. 

4.3. Synthesis of compounds 

The compounds tested in this doctoral thesis were synthesized and provided by different 

groups of chemistry within collaborative projects. Table 3 shows the groups, the 

families of the new synthesized compounds and the publication where the synthesis is 

detailed. 

4.4. Published methods 

All methodology performed in this doctoral thesis is detailed in the publications 

included: [1] (section 5.3.1), [2] (section 5.3.2), and [3] (section 5.3.3). This 

methodology is summarized in Table 4. 
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Table 3. Groups of chemistry, chemical families and publications of the synthesized 

compounds. 

Group Principal Investigator Chemical family Publication 

Department of Chemistry, Universitat 

de les Illes Balears, Palma, Spain 

Dr Antonio Costa 

Torres 

Squaramides 

[1] 

(section 5.3.1) 

Departamento de Química Inorgánica, 

Universidad de Valencia, Spain* 

Dr Enrique García-

España Monsonis 

Polyamines 

[2] 

(section 5.3.2) 

Instituto de Química Médica (IQM), 

Consejo Superior de Investigaciones 

Científicas (CSIC), Madrid, Spain 

Dr Vicente J. Arán 

Redo 

Nitroindazoles 

[3] 

(section 5.3.3) 

* Acid-base equilibrium studies were also performed by this group (Publication [2], section 

5.3.2). 

Table 4. Methods performed and publications where they are written in more detail. 

Method Publication 

 Chemistry  

o Synthesis of compounds Section 4.3 

o Acid-base equilibrium studies Section 4.3 

 Cellular cultures  

o Parasite strain culture [2] 

o Mammalian VERO cell culture [2] 

 In vitro assays  

o Obtaining parasite metacyclic forms [3] 

o Screening tests against extracellular epimastigote forms [2] 

o Screening tests against extracellular trypomastigote forms [2] 

o Screening tests against intracellular amastigote forms [2] 
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o Cytotoxicity tests [2] 

 In vivo assays  

o Mice infection and treatment [3] 

o Parasitaemia counting [1] 

o Cyclophosphamide-induced IS [3] 

o Tissues harvesting [3] 

o DNA extraction, PCR and electrophoresis [3] 

o ELISA tests [3] 

o Biochemical analyses [3] 

 Mechanism of action assays  

o Metabolic excretion studies [3] 

o Mitochondrial membrane potential tests [2] 

o Nucleic acids levels tests [2] 

o SOD enzyme inhibition tests [3] 

[1]: Publication 1 (section 5.3.1); [2]: Publication 2 (section 5.3.2); [3]: Publication 3 (section 

5.3.3). IS, immunosuppression; PCR, polymerase chain reaction; SOD, superoxide dismutase. 
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5.1. Novel fluorescence-based in vitro screening method 

The genetically manipulated and fluorescent T. cruzi CL-Luc:Neon/Cas9 strain
200

, 

which express a fusion protein comprising red-shifted luciferase and green fluorescent 

protein domains, was used for the development of this novel method. Fluorescence 

allows us to follow the kinetics of infection within a single culture, to visualise 

individual parasites to study host-parasite interactions at a cellular level, and to perform 

improved screening assays against the three morphological forms of the parasite. 

5.1.1. Fluorescence quantification 

The main objective was to develop a single methodology capable of performing drug 

screening assays against intra- and extracellular parasite forms. Therefore, the first step 

was to quantify the fluorescence associated to genetically manipulated epimastigote and 

amastigote forms, and to determine whether different parasite concentrations and 

infection levels, respectively, were detectable. Fluorescence quantifications are shown 

in Figure 14. Figure 14A shows that the two quantitative variables, that is, fluorescence 

and concentration of epimastigote forms, have a strong positive linear correlation 

(Pearson correlation coefficient (r) = 0.9994; p<0.05, 95% confidence level). For 

fluorescence and concentration of intracellular amastigote forms (Figure 14B), this 

coefficient indicates a strong positive linear correlation for most of the analysed cases (r 

> 0.9000; p<0.05, 95% confidence level), except for tests using the two lowest number 

of trypomastigote forms for infection. Since this test requires a cellular support, the 

initial number of host cells and the MOI ratio, that is, the ratio between the number of 

infectious trypomastigote forms and mammalian cells available for infection, are really 

important. MOI ratios below 5 are not usually used for short in vitro infections using T. 

cruzi
204–207

. In summary, we can state that this method is able to detect different levels 
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of extracellular forms and intracellular infections, and it serves us to carry out screening 

of trypanocidal compounds against all three morphological forms of T. cruzi. 

 

Figure 14. Fluorescence quantifications using extra- and intracellular fluorescent 

parasites in 96-well microtiter plates. (A) Fluorescence and lineal correlation of 

epimastigote forms, and (B) fluorescence and lineal correlation of amastigote 

forms after infection using trypomastigote forms. a.u., arbitrary units; r, Pearson 

correlation coefficient. 
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5.1.2. Infection profile monitoring 

The kinetics of infection produced within an in vitro cell culture over time is an 

important aspect in the search of trypanocidal drugs: the intracellular life-cycle can be 

reproduced in cell cultures and it can be used as a model for the evaluation of 

trypanocidal drugs and to study host-parasite interactions. Hence, next step was to 

monitor the infection profile of intracellular amastigote forms by fluorescence in a quick 

and simple way. 

Different MOI ratios were tested to determine the infection profiles resulting from each 

and to determine which generated a balanced kinetics for short and long times of 

infection. Figure 15 shows the infection profile produced for 8 days at each MOI ratio. 

Firstly, it has to be highlighted that kinetics of infection not only depends on the MOI 

ratio, but also the number of host cells that form the culture is quite important. 

Secondly, it is interesting to consider two characteristics related to the kinetic of 

infection observed: 

- The period of the infection profile, that is, the time elapsed between two infection 

peaks, is 3 days regardless of the MOI ratio. 

- The reproducibility of this period depends to a large extent on the number of host 

cells available after the first infection period. This number should allow 

reproducibility, and not depletion caused by lack of cellular support, after the first 

infection peak. 

In summary, the MOI ratio and the initial host cell culture must be those that allow the 

reproducibility, a quite interesting characteristic for long times of infection. Therefore, 

the best conditions for the in vitro evaluation of fast- and slow-acting trypanocidal drugs 

were as follow: MOI ratio of 10 and 5.0 × 10
3
 BSR cells∙well

-1
 as initial host cell 

culture. 
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Figure 15. Infection profiles obtained by fluorescence measurement for 8 days at different multiplicities of infection using 

culture-derived fluorescent trypomastigotes. a.u., arbitrary units. 
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In order to obtain representative images from different dpi (Figure 16), the same 

methodology was followed using 24-well microtiter flat-bottom plates with rounded 

coverslips on the bottom and a Zeiss LSM 510 confocal microscope. 

 

Figure 16. Infection profile obtained by fluorescence measurement for 8 days and 

representative images at a MOI ratio of 10 and 5.0 × 10
3
 BSR cells∙well

-1
 as initial host cell 

culture. Cultures were fixed in 2 % paraformaldehyde and imaged on a Zeiss LSM 510 

confocal microscope. DNA is stained with DAPI (coloured blue on images); Fluorescent 

intracellular amastigotes expressing the fluorescent NeonGreen protein (coloured green on 

images); a.u., arbitrary units: dpi, days post-infection. 

5.1.3. Drug screening assays 

Once the detection of different extracellular parasite concentrations and different 

intracellular infection levels were confirmed, in vitro drug screening assays were 

performed using BZN and NFX to check this new methodology. These screening assays 
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were performed, as stated before, against the three morphological forms of T. cruzi 

(Figures 17-19). It should be noted that the development of innovative methodologies 

for drug evaluation against extra- and intracellular forms is an interesting point for the 

search of new trypanocidal agents. 

Figures 17-19 show the fluorescence measurements, the dose-response inhibition 

curves, and the IC50 values against epimastigote, amastigote and trypomastigote forms 

of T. cruzi, respectively, treated with BZN and NFX. Assays were performed by treating 

parasites for 72 h for epimastigote and amastigote forms, since both drugs are 

considered fast-acting drugs
208

. Trypomastigotes were treated for 3 h, 6 h and 9 h before 

infection because of the half-life of these forms is about 48 h (data not shown). 

 

Figure 17. Fluorescence measurements, dose-response inhibition curves, and inhibitory 

concentrations 50 (IC50) values (µM) obtained using GraphPad Prism 6 Software against 

epimastigote forms treated with (A) benznidazole and (B) nifurtimox for 72 h. a.u., arbitrary 

units; C, drug concentration. 
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Figure 18. Fluorescence measurements, dose-response inhibition curves, and inhibitory 

concentrations 50 (IC50) values (µM) obtained using GraphPad Prism 6 Software against 

amastigote forms treated with (A) benznidazole and (B) nifurtimox for 72 h. a.u., arbitrary 

units; C, drug concentration. 

Finally, in order to compare the results obtained and to validate this novel fluorescence-

based method, screening assays against epimastigote forms were performed using the 

resazurin-based method
209,210

. This method obtained IC50 values of 5.3 µM and 2.9 µM 

for BZN and NFX, respectively. These results were very similar to those obtained using 

this novel method (4.9 µM and 3.1 µM). 
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Figure 19. Fluorescence measurements, dose-response inhibition curves, and inhibitory 

concentrations 50 (IC50) values (µM) obtained using GraphPad Prism 6 Software against 

trypomastigote forms treated with (A) benznidazole and (B) nifurtimox for 3 h, 6 h and 9 h 

before infection for 72 h. a.u., arbitrary units; C, drug concentration. 

5.2. In vivo approach for Chagas Disease chemotherapy 

It is widely known that the T. cruzi infection is dependent on the genetic composition of 

the infecting T. cruzi strain
211–213

 and the genetic background of the animal model used 

as a host
214

, that is, the host-parasite interactions
121

. On the one hand, T. cruzi Arequipa 

was the strain used for in vivo chemotherapy because it present moderate resistance to 

BZN and does not cause mortality
210,215

, which is ultimately useful for comparing the in 

vivo trypanocidal efficacy of the tested compounds and the reference drug BZN. On the 

other hand, female BALB/c mice were the animals chosen as model since they are 

widely used for the study of human CD
216–218

.  
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It is really important to know the infective capacity of the strain used, that is, virulence 

(quantitative) and tropism (qualitative) in BALB/c mice, before in vivo assays
211

. It is 

well known that T. cruzi is able to parasitize a large variety of cells
92,211,219,220

 and its 

tissue homing ability has been reported to be strain-specific
221

. Hence, the acute-phase 

parasitaemia and the chronic-phase tropism of T. cruzi Arequipa strain were evaluated 

in BALB/c mice to screening the trypanocidal activity of new synthetic compounds 

with the aim of developing new drugs to treat CD. 

First, the course of infection was monitored during the acute-phase (Figure 20). 

Parasitaemia was detected from the 9
th

 dpi, it showed the highest levels between the 

22
nd

 and 24
th

 dpi, reaching more than 5 million per mL of blood, and it was undetectable 

from the 45
th 

dpi in all infected mice. Therefore, it can be established that the acute-

phase ends on this day
14,31

. 

 

Figure 20. Acute-phase parasitaemia in murine model of T. cruzi 

Arequipa strain (MHOM/Pe/2011/Arequipa) after intraperitoneal 

inoculation of 5×10
5
 bloodstream trypomastigotes (BTs). Values 

constitute means of 10 mice ± standard deviation. 
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However, parasites were detected at 20
st
 dpi in 6 out of the 14 analysed organs/tissues, 

and 9 out of them were infected at the end of the acute-phase (40
th

 dpi). The same 

organs/tissues were infected at 60
th

 dpi. Table 5 shows the PCR analysis of 14 

organs/tissues for each experimental time. Therefore, this assay reveals the tropism of 

this strain for 9 target organs/tissues: adipose tissue, bone marrow, brain, oesophagus, 

heart, lung, muscle, spleen and stomach. Analysis of murine model has identified the 

gastrointestinal tract as a primary reservoir using different T. cruzi strains
220,222,223

; 

hence, the intestine may also be parasitized in some areas along its length using T. cruzi 

Arequipa strain, but we did not observe parasitization in the selected fragments for 

PCR. Other reason would be that the parasite load to be below the PCR limit detection 

(~1 parasite per 10 mg)
216

, although three rounds of PCR were performed for all 

tissues/organs. 

It should be noted that the chronic-phase begins when the amastigote forms are nested 

inside target organs/tissues
14,31,224

. Here, amastigote forms were already found nesting 

in 6 out of the 9 target organs/tissues at 20
th

 dpi; hence, chronic-phase begins, at least, 

on this day (Figure 21). 

It should be highlighted that the chronic-phase is characterized by a low and intermittent 

parasitaemia
14,31,225

, but not detectable by counting BTs. In addition, sophisticated 

parasite-detection bioluminescence technologies are leading to a better appreciation of 

the spatiotemporal and quantitative dynamics of chronic infections
219,220,222,223

, limited 

using the PCR method. 

In summary, acute-phase treatment should be performed once the parasitaemia is 

confirmed, that is, ~9
th 

dpi; and parasitaemia should be monitored until ~55
th

 dpi, when 

parasitaemia is not detected. For chronic-phase treatment, it should be performed from 

70
th

 dpi, when this phase is established. Thereafter, assessment of cure should be 
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confirmed by PCR of the 9 target organs/tissues in late chronic-phase. It should be noted 

that most in vivo chemotherapy has focused on acute-phase infections, partially because 

it is simpler to monitor the course of parasitaemia
226–229

. However, the ability to cure 

chronic-phase infections is the main need from a clinical point of view
2
, and it should 

be the main research focus in animal models. 

Table 5. PCR analysis of 14 organs/tissues based on the sequence 

of the T. cruzi SOD gene for each experimental time (20
th

, 40
th

, 

and 60
th

 day post-infection). 

Organs/tissues 

Days post-infection* 

20 40 60 

Adipose tissue 2/5 3/5 3/5 

Bone marrow 3/5 4/5 5/5 

Brain 2/5 4/5 4/5 

Oesophagus 0/5 3/5 4/5 

Heart 4/5 5/5 5/5 

Kidney 0/5 0/5 0/5 

Large intestine 0/5 0/5 0/5 

Liver 0/5 0/5 0/5 

Lung 3/5 4/5 4/5 

Mesenteric tissue 0/5 0/5 0/5 

Muscle 3/5 5/5 5/5 

Small intestine 0/5 0/5 0/5 

Spleen 0/5 4/5 5/5 

Stomach 0/5 3/5 4/5 

*n = 5; mice used for each experimental time. 
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Figure 21. Acute-phase parasitaemia (blue) and chronic-phase tropism (red) in 

murine model of T. cruzi Arequipa strain (MHOM/Pe/2011/Arequipa) after 

intraperitoneal inoculation of 5×10
5
 bloodstream trypomastigotes (BTs). Values 

constitute means of 10 mice ± standard deviation for parasitaemia curve. Tropism 

bars represent the percentage of organs/tissues with nested amastigote forms with 

respect to the target organs/tissues (9, dark red) and all the organs/tissues 

analysed (14, light red). 
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A B S T R A C T

Chagas Disease is caused by infection with the insect-transmitted protozoan Trypanosoma cruzi and affects more
than 10 million people. It is a paradigmatic example of a chronic disease without an effective treatment in Latin
America where the current therapies, based on Benznidazole and Nifurtimox, are characterised by limited ef-
ficacy, toxic side-effects and frequent failures in the treatment. We present a series of new long-chain squar-
amides, identified based on their 1H and 13C NMR spectra, and their trypanocidal activity and cytotoxicity were
tested in vitro through the determination of IC50 values. Compounds 4 and 7 were more active and less toxic than
the reference drug Benznidazole, and these results were the basis of promoting in vivo assays, where parasitaemia
levels, assignment of cure, reactivation of parasitaemia and others parameters were determined in mice treated
in both the acute and chronic phases. Finally, the mechanisms of action were elucidated at metabolic and
mitochondrial levels and superoxide dismutase inhibition. The experiments allowed us to select compound 7 as a
promising candidate for treating Chagas Disease, where the activity, stability and low cost make long-chain
squaramides appropriate molecules for the development of an affordable anti-chagasic agent versus current
treatments.

1. Introduction

Chagas Disease (CD), whose causative agent is the protozoan
parasite Trypanosoma cruzi (T. cruzi), is the most important parasitic
disease in Latin America, with 20–50 thousand deaths per year, more
than 10 million infected people and more than 25 million people at
risk of infection.1–4 CD is the most prevalent of the poverty-caused
and poverty-promoting neglected parasitic disease in 21 endemic
Latin America countries.5–7 Recently, the disease has become more
widespread due to the increase mobility and migration, with large
numbers of infected individuals, particularly in Europe (80,000) and
North America (300,000).8,9 Because of the complex pathology and

the long-term nature of CD, there are no available vaccines for the
prevention.10,11 Currently, the only way to combat the infection is
chemotherapy based on two nitroheterocyclic drugs developed more
than 40 years ago. These drugs are Benznidazole (BZN) and Ni-
furtimox (NFX). However, long-term therapeutic schedules are re-
quired, the treatment have inconsistent efficacy, specially in the
chronic phase, and serious side effects are frequently observed.12–17

In addition, the efficacy of BZN and NFX change according to the
geographical area because of a different susceptibility by the different
strains of T. cruzi.18 Moreover, both drugs are prodrugs activated by
the same nitroreductase and this result in cross-resistance in several
cases.10,19
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Therefore, this background, coupled with frequent reports of
treatment failure, makes the development of new drugs, safer and more
widely effective, an important need. In this way, the urgency to con-
tinue researching, in order to discover novel therapeutic alternatives, is
justified. These new drugs should present an efficacy at least equal to
the reference drug BZN and with better safety profile, active against
most T. cruzi strains and administered orally.20 Other strategy that has
emerged is the drug repositioning, a fruitful strategy for improving the
drug development process, but it has not obtained good results ei-
ther.21–23 Among the targets, those based on squaramides has attracted
attention because of its activity against parasites such us, Trypanosoma
brucei,24 and as antimalarials.25,26 In particular, simple model squaryl
diamides (a.k.a. squaramides) bearing N3-3-(dimethylamino)propyl and
N4-n-butyl substituents 3 has proven effective against T. cruzi.27 How-
ever, the origin of the antiparasitic activity of these squaramides re-
mains unknown. Based on our previous results, and continuing with our
efforts in this line, herein we describe the antiparasitic activity of a
series of related squaramides (Chart 1). Thus, compounds 1 to 7 con-
stitute a series with increasing length of the linear aliphatic chain from
C0 to C16. The aim of this series was to study the effect of the increasing
lipophilicity on the antiparasitic activity. Compound 8 (C12), allows us
to compare its activity with that of 6, to inform regarding the effect of
the squaramide nitrogen. Compound 9 and 10, can be considered as
squaryl analogues of Miltefosine (MILT). Given the antileishmanial
activity of MILT we considered the bioisosteric substitution of the
phosphate group of MILT by the squaryl moiety.28,29 Compounds 11
and 12 containing two and three basic nitrogens, respectively, were
included to check the effect of the increasing basicity of these com-
pounds on the antiparasitic activity.

Herein, we report the synthesis, in vitro and in vivo trypanocidal
activity of a new series of squaramides. Furthermore, we analyse the
possible mechanisms of action of these compounds in terms of the
variation in the excreted metabolites, the alteration on the mitochon-
drial membrane potential and the inhibition over the iron superoxide
dismutase (Fe-SOD), which represent one of the many mechanisms of
antioxidant defence in trypanosomatids.

2. Materials and methods

2.1. Chemistry

The various chemicals were of commercial origin (Aldrich or Across)
and used as received. Melting points were obtained in open capillary
tubes with a Büchi melting point apparatus (Dr. Tottoli) and are un-
corrected. 1H, 13C spectra (at 300 and 600MHz) and 13C (at 75 and
150MHz) spectra were recorded on a 300MHz (Bruker Avance) and
600MHz (Bruker Avance III) spectrometers in CDCl3 or d6-dimethyl
sulfoxide (DMSO) solutions at room temperature. The residual proton
signal was used as reference at 7.26/77.16 parts per million (ppm) for
chloroform or 2.50/39.52 for DMSO. Chemical shifts (δ) are given in
ppm and coupling constants (J) in Hz. ESI-HRMS mass spectra were re-
corded on a magnetic sector (Micromass Autospec) or on a Thermo
Scientific (Orbitrap Q Exactive) mass spectrometers. Elemental analyses
(C, H, N) were conducted by the “Centro de Microanálisis Elemental” of
the “Universidad Complutense de Madrid” (Spain). Squaramides 3 and
11, were prepared according to reported procedures.27,30

2.2. Preparation of squaramides.

A conventional method for the synthesis of unsymmetrical squar-
amides involves the sequential two-step condensation of dialkyl esters
of squaric acid, usually diethyl squarate, with the appropriates amines
dissolved in ethanol or methanol.31,32 In this work, we report a one-step
procedure for the synthesis of the unsymmetrical squaramides 1–7, 9,
10 and 12. In our method, the amines were introduced as neat liquids
or in dissolution, for NH3 and solid amines (C12 and C16), using a
minimum volume of solvent. In parallel, we took advantage of the in-
herent increase of the reaction rate of solventless methods to avoid the
use of triethylamine or any added catalyst, thus facilitating the isolation
and purification of the final products.

2.2.1. Procedure for the preparation of the squaramides 1–7, 9, 10, 12.
Part (A)

Common to squaramides 1–7, 9, 10 and 12. A mixture of neat
diethyl squarate (1.0 g, 5.88mmol) and neat N1,N1,N3-trimethyl-1,3-
propanediamine (890 µL, 5.89mmol) was magnetically stirred at room
temperature for 90min. The appropriate amine was then added to the
above mixture as described in part (B).

2.2.2. 3-amino-4-{[3-(dimethylamino)propyl](methyl)amino}cyclobut-3-
ene-1,2-dione (1). Part (B)

After addition of a 7 N NH3 solution in MeOH (1mL, 7mmol), the
mixture was stirred at 40 °C for 5 h. The crude was purified by CC (SiO2,
CH2Cl2-MeOH 3%; CH2Cl2-NH3 7 N in MeOH 5%, Rf: 0.20). The
squaramide 1 was obtained as a yellow solid, 1.02 g, yield 82%. Mp:
154–156 °C. 1H NMR (CDCl3) δ: 7.34 (br, 2H), 3.40 (t, J=5.7 Hz, 2H),
3.35 (s, 3H), 2.36 (t, J=5.7 Hz, 2H), 2.21 (s, 6H), 1.76 (m, 2H). 13C
NMR (CDCl3, 75MHz) δ: 183.9, 183.4, 170.5, 169.3, 54.3, 49.0, 44.8,
36.1, 23.8. ESI(+)-HRMS: m/z calcd for C20H34N6O4Na [2M+Na]+

445.2539, found 445.2536.

2.2.3. 3-{[(3-(dimethylamino)propyl](methyl)amino}-4-(ethylamino)
cyclobut-3-ene-1,2-dione (2). Part (B)

After addition of a 2 N ethylamine solution in MeOH (3mL,
6mmol), the mixture was stirred a room temperature for 15 h. The
crude mixture was purified by CC (SiO2, CH2Cl2-MeOH 3%; CH2Cl2-
NH3 7 N in MeOH 5%, Rf: 0.38). The squaramide 2 was obtained as a
white solid, 1.32 g, yield 94%. Mp: 64–66 °C. 1H NMR (CDCl3) δ: 8.41
(br, 1H), 3.67 (m, 2H), 3.34–3.30 (br, 5H), 2.36 (m, 2H), 2.22 (s, 6H),
1.73 (m, 2H), 1.22 (t, J=7.2 Hz, 3H). 13C NMR (CDCl3, 75MHz) δ:
183.4, 183.3, 169.2, 168.4, 54.2, 48.4, 44.9, 39.7, 36.2, 23.8, 22.7,
17.0 ESI(+)-HRMS: m/z calcd for C12H22N3O2 [M+H]+ 240.1712,
found 240.1716.

Chart 1. Chemical structures of the squaramides investigated in this work.
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2.2.4. 3-{[3-(dimethylamino)propyl)](methyl)amino}-4-(butylamino)
cyclobut-3-ene-1,2-dione (3). Part (B)

After addition of neat n-butylamine (590 µL, 5.94mmol) the mix-
ture was stirred at 100 °C for 2 h. The crude was purified by CC (neutral
Al2O3, act. I, CH2Cl2; CH2Cl2-EtOH 5%, Rf: 0.69). The squaramide 3
was obtained as a thick oil which solidifies on standing, 1.54 g, yield
98%. Mp: 56–58 °C.27,30

2.2.5. 3-{[3-(dimethylamino)propyl](methyl)amino}-4-(hexylamino)
cyclobut-3-ene-1,2-dione (4). Part (B)

After addition of neat n-hexylamine (942 µL, 7.06mmol) the mix-
ture was stirred at 100 °C for 2 h. The crude was purified by CC (neutral
Al2O3, act. I, CH2Cl2; CH2Cl2-EtOH 5%, Rf: 0.69). The squaramide 4
was obtained as a white solid, 1.60 g, yield 92%. Mp: 44–46 °C. 1H NMR
(CDCl3) δ: 8.39 (br, 1H), 3.63 (q, J=7.2 Hz, 2H), 3.33–3.30 (br, 5H),
2.35 (t, J=5.7 Hz, 2H), 2.21 (s, 6H), 1.73 (m, 2H), 1.54 (m, 2H),
1.49–1.27 (br, 6H), 0.86 (t, J=7.2 Hz, 3H). 13C NMR (CDCl3, 75MHz)
δ: 183.4, 183.3, 169.1, 168.5, 54.3, 48.4, 44.9, 36.2, 31.6, 26.5, 23.8,
22.7, 14.2. ESI(+)-HRMS m/z calcd for C16H29N3O2Na [M+Na]+

318.2157, found 318.2169.

2.2.6. 3-{[3-(dimethylamino)propyl](methyl)amino}-4-(octylamino)
cyclobut-3-ene-1,2-dione (5). Part (B)

After addition of neat n-octylamine (1.47mL, 8.8 mmol), the mix-
ture was stirred at 100 °C for 2 h. The crude was purified by CC (SiO2,
CH2Cl2-MeOH 3%; CH2Cl2-NH3 7 N in MeOH 5%, Rf: 0.39). The
squaramide 5 was obtained as a white solid, 1.62 g, yield 85%. Mp:
40–44 °C. 1H NMR (CDCl3) δ: 8.39 (br, 1H), 3.62 (q, J=6.9 Hz, 2H),
3.31 (br, 5H), 2.35 (t, J=2.4 Hz, 2H), 2.21 (s, 6H), 1.73 (m, 2H), 1.54
(m, 2H), 1.24 (br, 10H), 0.85 (t, J=6.9 Hz, 3H). 13C NMR (CDCl3,
75MHz) δ: 183.5, 183.4, 169.1, 168.6, 54.3, 48.4, 45.0, 36.3, 32.0,
31.7, 29.5, 29.4, 26.8, 23.8, 22.8, 14.3. ESI(+)-HRMS m/z calcd. for
C18H34N3O2 m/z [M+H]+ 324.2646, found 324.2644.

2.2.7. 3-{[3-(dimethylamino)propyl](methyl)amino}-4-(dodecylamino)
cyclobut-3-ene-1,2-dione (6). Part (B)

After addition of a solution of n-dodecylamine (1.2 g, 6.47mmol) in
20mL of EtOH, the mixture was stirred at room temperature for 24 h.
Once concentrated at reduced pressure, the residue was purified by CC
(SiO2, CH2Cl2-MeOH 3%; CH2Cl2-NH3 7 N in MeOH 5%, Rf: 0.44). The
squaramide 6 was isolated as a white solid, 1.78 g, yield 80%. Mp:
36–38 °C. 1H NMR (CDCl3) δ: 8.40 (br, 1H), 3.62 (q, J=6.9 Hz, 2H),
3.30 (br, 5H), 2.33 (t, J=5.7 Hz, 2H), 2.20 (s, 6H), 1.72 (m, 2H), 1.53
(m, 2H), 1.22 (br, 18H), 0.84 (t, J=6.3 Hz, 3H). 13C NMR (CDCl3,
75MHz) δ: 183.29, 183.18, 169.0, 168.4, 54.3, 48.4, 44.9, 36.2, 32.0,
31.6, 29.7, 29.4, 26.7, 23.8, 22.8, 14.2. ESI(+)-HRMS m/z calcd for
C22H42N3O2 [M+H]+ 380.3272, found 380.3271.

2.2.8. 3-{[3-(dimethylamino)propyl](methyl)amino}-4-(hexadecylamino)
cyclobut-3-ene-1,2-dione (7). Part (B)

After addition of a hot solution of n-hexadecylamine (2.4 g,
8.94mmol) in 15mL of EtOH, the mixture was stirred at room tem-
perature for 15 h. Once concentrated at reduced pressure, the residue
was purified by CC (neutral Al2O3, act. I, CH2Cl2-EtOH 2%, Rf: 0.43).
The squaramide 7 was obtained as a white solid, 2.25 g, yield 88%. Mp:
55–57 °C. 1H NMR (CDCl3) δ: 8.33 (br, 1H), 3.65 (q, J=6.3, 2H), 3.37
(br, 2H), 3.31 (br, 3H), 2.42 (br, 2H), 2.28 (s, 6H), 1.78 (br, 2H), 1.54
(m, 2H), 1.29–1.23 (br, 26H), 0.57 (t, J=6.3, 3H). 13C NMR (CDCl3,
75MHz) δ: 183.5, 183.4, 169.1, 168.5, 54.3, 48.4, 44.9, 36.2, 32.1,
31.7, 26.8, 29.5, 26.8, 23.8, 22.8, 14.3. ESI(+)-HRMS m/z calcd for
C26H50N3O2 [M+H]+ 436.3898, found 436.3897.

2.2.9. N-{3-[(2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)(methyl)amino]
propyl}-N,N-dimethyldodecan-1-aminium Bromide (9). Part (B)

The mixture was diluted with 5mL of dry acetonitrile and n-bro-
mododecane (2.92mL, 11.8mmol) was added under stirring at room

temperature. The mixture was then stirred at 80 °C for 20 h. After al-
lowing to cool to room temperature, the reaction flask was treated with
20mL of diethyl ether to induce the separation of the crude product as a
thick oil. The solvent was discharged, and the oily residue was redis-
solved in CH2Cl2 (5mL) and reprecipitated with diethyl ether (20mL)
for three times. The synthesis was outlined in Scheme 1. The squar-
amide was obtained as a thick oil, 2.53 g, yield 88%. 1H NMR
(DMSO‑d6) δ: 4.67 (q, J=6.9 Hz, 2H), 3.66 (t, J=6.3 Hz, 1H), 3.42 (t,
J=6Hz, 1H), 3.26 (m, 5.5H), 3.12 (s, 1.5H), 3.01 (s, 6H), 2.02 (m,
2H), 1.63 (m, 2H), 1.38 (t, J=6.9 Hz, 3H), 1.24 (m, 18H), 0.85 (t,
J=5.7 Hz, 3H). 13C NMR (DMSO‑d6, 75MHz) δ: 188.7, 181.4, 176.3,
175.9, 171.7, 69.2, 63.0, 60.0, 50.0, 48.5, 47.6, 36.3, 35.8, 31.3, 29.0,
28.8, 28.7, 28.5, 25.8, 22.1, 21.7, 20.4, 20.1, 15.6, 13.9. ESI(+)-HRMS
m/z calcd for C24H45N2O3 [M−Br]+ 409.34247, found 409.3425.

2.2.10. N-{3-[(2-hydroxy-3,4-dioxocyclobut-1-en-1-yl)(methyl)amino]
propyl}-N,N-dimethyldodecan-1-aminium bromide (10)

The squaramide 9 (0.5 g, 1.02mmol) was dissolved in water
(30mL) and refluxed for 17 h. The solution was concentrated at re-
duced pressure and the resulting residue dried at reduced pressure
(Scheme 1). The squaramic acid 10 was obtained as an hygroscopic
amber-like solid, 0.47 g, yield 99%. Mp: 83–85 °C. 1H NMR (DMSO‑d6)
δ: 3.58 (t, J=6.3 Hz, 2H), 3.25 (m, 4H), 3.18 (s, 3H), 3.00 (s, 6H), 2.
(m, 2H), 1.63 (m, 2H), 1.25 (m, 18H), 0.85 (t, J=6.3 Hz, 3H). 13C
NMR (DMSO‑d6, 75MHz) δ: 189.4, 185.2, 175.9, 63.0, 60.3, 50, 47.3,
35.3, 31.3, 29.0, 28.9, 28.8, 28.7, 28.5, 25.82. ESI(+)-HRMS m/z calcd
for C22H40N2O3 [M−Br]+ 403.2931, found 403.2931.

2.2.11. 4,4′-{[(methylazanediyl)bis(propane-3,1-diyl)]bis(azanediyl)}bis
{3-[(3-(dimethylamino)propyl](methyl)amino}cyclobut-3-ene-1,2-dione
(12). Part (B)

After addition of 3,3′-diamino-N-methyldipropylamine, the mixture
was stirred at room temperature for 15 h. The crude reaction mixture
was purified by CC (Al2O3, neutral act. I, EtOH-TEA 10%, Rf: 0.72). The
squaramide 12 was obtained as a white solid, 1.40 g, 89%. Mp:
97–99 °C. 1H NMR (CDCl3) δ: 8.51 (br, 2H), 3.66 (q, J=6.3, 4H), 3.35
(br, 4H), 3.29 (s, 6H), 2.39 (t, 4H), 2.32 (t, 4H), 2.21 (s, 12H), 2.18 (s,
3H), 1.72 (m, 8H). 13C NMR (CDCl3, 75MHz) δ: 183.3, 183.2, 169.2,
168.4, 55.0, 54.5, 48.7, 45.1, 43.2, 42.7, 36.3, 29.4, 24.1. ESI-HRMS m/
z calcd for C27H47N7O4Na m/z [M+Na]+ 556.3582, found 556.3584.

2.2.12. 3-{[(3-(dimethylamino)propyl](methyl)amino}-4-(dodecyloxy)
cyclobut-3-ene-1,2-dione (8)

A mixture of squaric acid (0.5 g, 4.38mmol), anhydrous KF (1.02 g,
17.5 mmol), and 1-bromododecane (4.34mL, 17.5mmol) was heated at
200 °C under stirring for 20 h. After cooling at room temperature, the
residue was diluted with hexane (20mL), filtered and purified by CC

Scheme 1. Procedure for the synthesis of squaramides 9 and 10. (a) 1. neat
Me2N(CH2)3NHMe, rt. 2. C12H25Br, Δ. (b) H2O, Δ.
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(SiO2; eluting with CCl4, hexane and finally with hexane-ether 30%, Rf:
0.6). The dodecyl squarate was obtained as a white solid, 1.34 g, 68%.
Mp: 40–41 °C. 1H NMR (CDCl3) δ: 4.64 (t, J=6.6, 4H), 1.78 (m, 4H),
1.41–1.24 (br, 36H), 0.86 (t, J=6.3, 6H). 13C NMR (CDCl3, 75MHz) δ:
189.6, 184.5, 74.8, 32.1, 30.0, 29.8, 29.7, 29.6, 29.5, 29.3, 25.4, 22.9,
14.3. ESI(+)-HRMS calcd. for C28H50O4Na m/z [M+Na]+ 473.3601,
found 473.3603; C28H50O4K m/z [M+K]+ 489.3341, found 489.3342.
Anal. Calcd. for C28H50O4: C, 74.62; H, 11.18, Found: C, 74.58; H,
10.42.

A solution of dodecyl squarate (1.2 g, 6.47mmol) in MeCN (10mL)
and N1,N1,N3-trimethyl-1,3-propanediamine was stirred at room tem-
perature for 12 h. The synthesis was outlined in Scheme 2. The mixture
was concentrated and the residue purified by CC (SiO2, CH2Cl2-EtOH
10% Rf: 0.1). The squaramide 8 was obtained as an oil, 2.29 g, 93%. 1H
NMR (CDCl3) δ: 4.68 (br, 2H), 3.70 (t, J=7.2 Hz, 1H), 3.42 (t,
J=7.8 Hz, 1H), 3.32 (s, 1.5H), 3.13 (s, 1.5H), 2.26 (m, 2H), 2.22 (s,
3H), 2.19 (s, 3H), 1.76 (br, 4H), 1.4–1.2 (br, 18H), 0.85 (br, 3H). 13C
NMR (CDCl3, 75MHz) δ: 189.2, 188.8, 182.64, 182.57, 176.6, 172.4,
172.0, 73.8, 56.4, 56.3, 50.6, 49.8, 45.5, 45.4, 36.7, 36.5, 32.0, 30.15,
30.1, 29.7, 29.7, 29.4, 29.3, 26.1, 25.9, 25.5, 22.8, 14.2. ESI(+)-HRMS
m/z calcd for C22H41N3O2 [M+H]+ 381.3112, found 381.3111. Anal.
Calcd for C22H40N2O3: C, 69.43; H, 10.59; N, 7.36; O, found: C, 69.38;
H, 10.29; N, 7.14.

The synthesised compounds had their structures confirmed through
the usual analytical techniques [1H NMR and 13C NMR spectra] are
available in Supplementary Data.

2.3. In vitro trypanocidal activity assays.

2.3.1. Extracellular epimastigotes culture and in vitro trypanocidal activity
assays.

Three different T. cruzi strains were evaluated: T. cruzi SN3
(IRHOD/CO/2008/SN3) isolated from Rhodnius prolixus from
Colombia33; T. cruzi Arequipa (MHOM/Pe/2011/Arequipa) isolated
from human from Peru; T. cruzi Tulahuen (TINF/CH/1956/Tulahuen)
isolated from Triatoma infestans from Chile. These strains belong to
discrete typing units (DTUs) I, V and VI, respectively. Epimastigote
forms were grown at 28 °C in RPMI (Gibco®) with 10% (v/v) FBS heat-
inactivated, 0.03M hemin and 0.5% (w/v) trypticase (BBL).34

Epimastigote forms were centrifuged in the exponential growth
phase at 400 g for 10min. The compounds to be tested were dissolved
in 0.01% (v/v) DMSO (Panreac, Barcelona, Spain), and assayed as
nontoxic DMSO concentrations on parasite growth. Trypanocidal ac-
tivity was determined by centrifugation and seeding the parasites at
5× 105 mL−1 in 96-well microtiter plates, and after addition of the
compounds at dosages of 100 to 0.2 μM, using Resazurin sodium salt
(Sigma-Aldrich) following the method described by Martín-Escolano
et al.35 Growth controls, BZN and MILT were also included. The

trypanocidal effect, using GraphPad Prism 6, was expressed as the half-
maximal inhibitory concentrations (IC50/72 h), i.e., the concentration
required to result in 50% inhibition. Each drug concentration was
tested in triplicate in three separate determinations.

2.3.2. Vero cells and cytotoxicity tests.
Vero cells (EACC number 84113001) were cultured in RPMI

(Gibco®) with 10% (v/v) FBS heat-inactivated at 37 °C in humidified
95% air, 5% CO2 atmosphere.36 Cytotoxicity tests were performed by
trypsinization, centrifugation and seeding the Vero cells at 1.25× 104

mL−1 in 96-well microtiter plates, and after addition of the compounds
at dosages of 2000 to 1 μM, using Resazurin sodium salt (Sigma-Al-
drich) following the method described by Martín-Escolano et al.35.
Growth controls, BZN and MILT were also included. The same proce-
dure as detailed in 2.3.1. section was carried out.

2.3.3. In vitro assays against intracellular amastigote forms.
Trypanocidal activity against amastigote forms and the infectivity

index were determined according to the method described Martín-
Escolano et al.35 at dosages of 50 to 0.02 μM. Briefly, tests were per-
formed in 24-well microtiter plates with rounded coverslips by seeding
the Vero cells at 1× 104 well−1 in RPMI (Gibco®) with 10% (v/v) FBS
heat-inactivated, at 37 °C in humidified 95% air and 5% CO2 atmo-
sphere. After 24 h of incubation, the cells were infected with Vero cell-
derived trypomastigotes at a multiplicity of infection (MOI) ratio of
1:10. After 24 h, non-phagocyted parasites were washed away, and
after adding the compounds and BZN in 500 μL volumes in RPMI
(Gibco®) with 1% (v/v) FBS heat-inactivated. After 72 h of incubation,
the trypanocidal activity was assessed by analysing 500 host cells in
methanol-fixed and Giemsa-stained preparations. The trypanocidal ef-
fect was determined using GraphPad Prism 6, as mentioned in 2.3.1.
section.

2.3.4. In vitro assays against extracellular trypomastigote forms
Metacyclic trypomastigotes were induced by culturing according to

the method described by Martín-Escolano et al.35 Subsequently, the
metacyclic trypomastigotes were used to infect Vero cells for 5 to
7 days.37 Finally, the culture-derived trypomastigotes were used to in-
fect BALB/c mice, and T. cruzi bloodstream trypomastigotes (BTs) were
obtain by cardiac puncture during the parasitaemia peak after infection
and dissolved in RPMI (Gibco®) with 10% (v/v) FBS heat-inactivated.

Trypanocidal activity was determined by seeding the parasites at
2×106 mL−1 in 96-well microtiter plates, and after addition of the
compounds at dosages of 100 to 0.2 μM, using Resazurin sodium salt
(Sigma-Aldrich) following the method described by Martín-Escolano
et al.,35. Growth controls, BZN and MILT were also included. The same
procedure as detailed in 2.3.1. section was carried out.

2.4. In vivo trypanocidal activity assays.

2.4.1. Mice infection and treatment.
BALB/c mice (female, 8–10weeks old, 20–25 g) maintained under

standard conditions and standard chow ad libitum were used for in vivo
assays, conformed to relevant ethical standars. The experiments were
performed under the rules and principles of the international guide for
biochemical research in experimental animals, involving the use of the
minimum number of animals necessary to produce statistically re-
producible results.

The mice were intraperitoneally infected with 5×105 BTs of T.
cruzi Arequipa strain in 0.2mL PBS, and gruoped in the acute and
chronic phases as follows: 0, uninfected and untreated mice (negative
control group); I, infected and untreated mice (positive control group);
II, BZN-treated mice; III, Compound 4-treated mice; IV, Compound 7-
treated mice.

BZN and compounds 4 and 7 were prepared at 2mg/mL in an
aqueous suspension vehicle containing 5% (v/v) DMSO and 0.5% (w/v)

Scheme 2. Procedure for the synthesis of squaramide 8. (a) anhydrous KF,
C12H25Br, 200 °C, 20 h. (b) Me2N(CH2)3NHMe, rt 12 h.
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hydroxypropyl methylcellulose.38 Drugs were orally administered at a
dose of 20mg/kg per day (∼200 μL) for five consecutive days, and
vehicle only was administered in the negative and positive control
groups. The treatment was initiated once the infection was confirmed
(10th day post-infection (pi)) in mice treated in the acute phase, and
once the chronic phase was established (75th day pi) in the mice treated
in the chronic phase.

2.4.2. Parasitaemia levels in the acute phase treatment.
Peripheral bloods from mice treated in the acute phase were ob-

tained from the mandibular vein and diluted 1:100 in PBS. The para-
sitaemia levels (number of BTs) were quantified every two or three days
from the 7th day pi until the day parasitaemia was not detected. This
counting was performed using a Neubauer chamber, and the number of
BTs was expressed as parasites/mL.27

2.4.3. Cyclophosphamide-induced Immunosuppression.
After 100th dpi, established mice in the chronic phase, regardless of

the treatment, were immunosuppressed with cyclophosphamide
monohydrate (CP) (ISOPAC®) using the method previously described by
Francisco et al.38 Within 1 week after the last CP injection, parasitaemia
reactivation rate was evaluated according the procedure described in
2.4.2. section.

2.4.4. Organs/tissues DNA extraction, polymerase chain reaction (PCR)
and electrophoresis.

Our previous in vivo studies using the T. cruzi Arequipa strain re-
vealed its tropism for the following organs/tissues: adipose tissue, bone
marrow, brain, oesophagus, heart, lung, muscle, spleen and stomach.
Therefore, after CP-induced IS, mice were bled out under gaseous an-
aesthesia (CO2) via heart puncture, blood was collected, and these 9
organs/tissues were harvested and flushed free of blood by infusion of
pre-warmed PBS to avoid contamination with BTs.39 In addition,
spleens were weighed to evaluate its inflammation in the different
groups of mice. Finally, the target organs/tissues were thawed and
ground up as described by Martín-Escolano et al.35

PCR was performed based on the published sequence of the enzyme
SOD T. cruzi CL Brenner (GenBank accession No. XM_808937) using
two primers designed in our laboratory (GenBank accession number
DQ441589) that allow the detection of T. cruzi DNA in different bio-
logical samples. These primers amplify a fragment belonging to SOD
gene b of T. cruzi consisting of approximately 300 base pairs (bp). The
amplifications were performed using a Thermal Cycler TM MyCycler
thermal cycler (Bio-Rad) as described by Olmo et al.40 Finally, the
amplification products were subjected to electrophoresis on a 2%
agarose gel for 90min at 90 V, containing 1:10000 GelRed nucleic acid
gel stain.

2.4.5. Enzyme-linked immunosorbent assay (ELISA).
Serum samples were obtained two days after treatment, one day

before IS and on the day of necropsy for the mice treated in the acute
phase, and two days after treatment and on the day of necropsy (sera
post-IS) for the mice treated in the chronic phase.

SODe from T. cruzi Arequipa strain (extracted and purified as de-
scribed in 2.5.3. section) was used as the antigen fraction. Circulating
antibodies in serum against T. cruzi Arequipa strain were qualitatively
and quantitatively evaluated in triplicate by ELISA as described by
Olmo et al.27

2.4.6. Biochemical analysis.
Serum samples were obtained at two days after treatment and on

the day of necropsy (sera post-IS) for mice treated in both phases. These
sera were sent to the Scientific Instrumentation service at University of
Granada to measure a series of parameters using commercial kits from
Cromakit® with the BS-200 Chemistry Analyzer Shenzhen Mindray
(Bio-medical Electronics Co., LTD). Means and standard deviations

were calculated for different populations of sera (n=6, n=3), and the
confidence interval for the mean normal populations were also calcu-
lated based on a confidence level of 95% (100 × (1-α)= 100 ×
(1–0.05)).

The timeline for all in vivo experiments is shown in Figure 1.

2.5. Studies of the action mechanism.

2.5.1. Metabolite excretion.
T. cruzi Arequipa epimastigotes (5× 105 mL−1) in cell culture flasks

were added of compounds 4 and 7 at IC25 concentrations and then
maintained at 28 °C for 72 h.41 Non-treated parasites (controls) were
also included. The supernatants were then collected by centrifugation at
800 g for 10min to determine the excreted metabolites by 1H NMR
using a VARIAN DIRECT DRIVE 400MHz Bruker spectrometer with an
AutoX probe using D2O as described by Fernández-Becerra et al.42 The
binning, normalisations and analyses were obtained using Mestrenova
9.0 software.

2.5.2. Rhodamine 123 (Rho) and acridine orange (AO) assays.
The treated T. cruzi Arequipa epimastigotes described in 2.5.1.

section were centrifuged, washed 3 times with PBS, and then re-
suspended in 0.5 mL PBS at 10 µg/mL Rho or AO (Sigma-Aldrich) for
20min.43 Thereafter, the samples were prepared and the data were
captured and analysed as previously described by Martín-Escolano
et al.35 The fluorescence intensity for Rho (mitochondrial membrane
potential) and AO (nucleic acids) were measured as described Sandes
et al.43

2.5.3. SOD inhibition studies.
Epimastigotes of T. cruzi Arequipa strain were grown as detailed in

2.3.1. section, collected by centrifugation and resuspended at 5× 109

mL−1 in medium without FBS in cell culture flasks (surface area,
75 cm2). After 28 h of incubation at 28 °C, the culture was centrifuged,
the supernatant was treated following the procedure described by
Martín-Escolano et al.,35 the protein was precipitated using the method
described by López-Céspedes et al.,44 and the protein concentration was
determined using the Bradford method (Sigma Immunochemical, St.
Louis) with bovine serum albumin as a standard.45 Finally, Fe-SODe
and commercial CuZn-SOD from erythrocytes (Sigma-Aldrich) activities
were determined using the method described by Beyer and Fridovich.46

2.6. Statistical analyses.

Data were recorded on an Excel spreadsheet (Microsoft), and

Figure 1. Timeline for all in vivo experiments in the acute and chronic phases.
dpi= day pi.
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statistical analyses were performed by using SPSS software (v. 21, IBM).
The t-test for paired samples was used to verify whether there were
differences between the assays used, with p-0.05 considered statistically
significant and with a 95% confidence level. Also statistical studies
based on contingency tables (prevalence) were conducted, together
with the×2 test of the relationship between variables.

3. Results

3.1. In vitro biological activity.

The extracellular epimastigote form is the most frequently used
owing to its simple culture in the laboratory. However, assays against
the forms developed in mammalian hosts, BTs and intracellular amas-
tigotes are more appropriate.47 Therefore, the trypanocidal activities of
compounds 1–12 and BZN were evaluated after 72 h of exposure with
the aim of obtaining the IC50 values. Moreover, given that the squaryl
group mimics the phosphate group in a number of bioisosteres of oli-
godeoxynucleotides 48 and amphiphilic lipids,28 it is worth comparing
their activities with that of MILT, a known antileishmanial agent. We
have also compared the results with those obtained for squaramide 3, a
compound that belong to the series of lipophilic squaramides and
whose anti-chagasic activity was previously reported by Olmo et al.27

The data are shown in Table 1.
Simultaneously, the cytotoxicities of compounds 1–12, BZN and

MILT were tested using Vero cells with the objectives of determining
their toxicities in mammalian cells (Table 1) and selectivity indexes
(SI= IC50 Vero cells/IC50 extra- and intracellular forms), and com-
paring with BZN (Table 2). Interestingly, all the compounds were
substantially less toxic than the reference drug BZN. The cytotoxicity
IC50/72 h values ranged from 159.8 to 2169.7 μM in contrast to BZN
(23.2 μM), with SI values ten-fold higher than for most of them.

As summarised, compounds 4 and 7 showed low toxicity and a
promising trypanocidal activity, independent of the parasite forms, and
were chosen for further in vivo (murine model) and in vitro assays.

Finally, to obtain accurate information regarding the trypanocidal
activity of the most active compounds, the in vitro infection in host Vero
cells were measured by counting infected cells after 72 h of exposure at
different concentrations. The data are shown in Figure 2, together with
the data of amastigotes and trypomastigotes. It was found that the rates
of infected cells gradually decreased in all cases. In particular, the effect
of compound 7 should be highlighted, since it practically reduces the
number of infected cells to 0 at a concentration of 50 µM and with an
IC50/72 h value of 5.6 µM.

Likewise, the average number of amastigotes per cell, shown in
Figure 3, decreased for all tested compounds.

In summary, compound 7 showed a higher efficiency than BZN,
acting like a fast acting drug: compound 7 not only inhibits the parasite
multiplication (static), but also produces its death (cidal).49 For com-
pound 4, it is observed that there was no reduction in the number of
infected cells at a concentration equal to or less than 12 µM, which did
occur for the total number of amastigotes. In view of the results, we can
suggest that it is a slow killing drug, like the ergosterol biosynthesis
inhibitors, such as posoconazole,50 inhibiting the replication of the
amastigote form but not killing the parasite. A decrease in the number
of amastigotes and trypomastigotes was also observed for all com-
pounds.

3.2. In vivo trypanocidal evaluation.

Compounds 4 and 7 were evaluated on BALB/c mice since these
squarmides exhibited remarkable in vitro results against trypomasti-
gotes and amastigotes, with IC50 and SI values close to the criteria es-
tablished by Nwaka et al.51

As mentioned above, and because of the different effectiveness of
current drugs in the treatment against CD, especially during the chronic
phase (it is not as effective as it should be),52 the effect of these
squaramides was tested by treating mice in each phase. Drugs were
administered orally since oral therapy leads to better patient com-
pliance, it has a low cost (critical aspects of human treatment in de-
veloping countries)53 and it is the preferred route for the treatment of
parasitic diseases.

First, Figure 4 shows the parasitaemia in the different groups of
mice untreated and treated in the acute phase. Little differences were
observed in the mice treated with compound 4. A significant reduction
of parasitaemia in compound 7-treated mice was observed, even ex-
hibiting higher in vivo trypanocidal activity than BZN.

The activity of compound 7 was manifest from the beginning of the
treatment, and it was extended until the end of the acute phase. The
parasitaemia was undetected 10 and 7 days before (40th day pi) with
respect to the control mice and mice treated with BZN, respectively.
The same activity at the beginning of treatment was observed for
compound 4, but an increase in the parasitaemia was observed after
treatment, perhaps due to rapid metabolism, which would require long-
term treatment that can be achieved as a result of its low toxicity (as
mentioned below). Alternatively, the peak of parasitaemia (23rd day
pi) in mice treated with compound 7 caused a reduction of∼ 80%, with
this reduction also being higher than BZN (70%).

Table 1
In vitro activity and toxicity for compounds on extra- and intracellular forms of T. cruzi strains.

Compound Activity IC50 (µM)a Activity IC50 (µM)a Activity IC50 (µM)a Toxicity IC50/72 h (µM) Vero
cellT. cruzi Arequipa strain T. cruzi SN3 strain T. cruzi Tulahuen strain

E/72 h A/72 h T/24 h E/72 h A/72 h T/24 h E/72 h A/72 h T/24 h

BZN 16.9 ± 1.8 8.3 ± 0.7 12.4 ± 1.1 36.2 ± 2.4 16.6 ± 1.4 36.1 ± 3.1 19.7 ± 1.7 10.0 ± 0.8 15.1 ± 1.3 23.2 ± 2.1
MILT 20.8 ± 1.8 29.6 ± 2.1 18.8 ± 1.4 55.9 ± 4.5 39.7 ± 2.9 34.8 ± 2.7 22.9 ± 1.8 31.8 ± 3.0 20.1 ± 2.3 21.6 ± 1.8
1 42.3 ± 3.8 39.6 ± 3.0 33.2 ± 2.7 33.7 ± 2.1 62.6 ± 5.8 30.2 ± 2.7 42.6 ± 3.4 51.3 ± 4.6 33.6 ± 3.8 1069.6 ± 84.3
2 41.3 ± 4.0 27.8 ± 2.5 29.1 ± 2.1 41.0 ± 3.8 54.5 ± 4.8 28.0 ± 2.1 27.8 ± 2.1 31.6 ± 2.9 26.6 ± 1.9 899.5 ± 59.4
3 12.4 ± 1.1 14.7 ± 1.2 10.4 ± 0.8 15.2 ± 1.1 13.1 ± 1.5 7.5 ± 0.7 9.1 ± 0.7 11.7 ± 1.4 8.9 ± 1.0 439.2 ± 31.0
4 20.3 ± 1.6 17.3 ± 1.2 6.5 ± 0.6 14.3 ± 1.0 50.0 ± 4.5 15.8 ± 1.3 14.7 ± 1.1 38.3 ± 3.1 17.2 ± 1.3 899.6 ± 74.6
5 101.6 ± 15.3 nd nd 87.8 ± 7.8 nd nd 82.0 ± 9.0 nd nd 1148.9 ± 121.3
6 64.6 ± 4.8 nd nd 37.5 ± 2.9 nd nd 49.5 ± 5.2 nd nd 127.9 ± 15.8
7 7.3 ± 0.9 0.2 ± 0.0 4.4 ± 0.3 16.0 ± 1.2 18.9 ± 1.4 5.4 ± 0.4 9.5 ± 0.8 6.4 ± 0.5 4.7 ± 0.3 678.7 ± 49.7
8 36.2 ± 2.4 nd nd 19.4 ± 1.5 28.4 ± 2.1 24.1 ± 1.9 14.6 ± 1.0 25.5 ± 1.6 19.1 ± 1.4 291.0 ± 31.5
9 63.3 ± 8.4 nd nd 74.5 ± 6.8 nd nd 89.1 ± 7.1 nd nd 352.7 ± 45.9
10 22.1 ± 1.5 nd nd 33.1 ± 2.4 nd nd 66.1 ± 5.9 nd nd 159.8 ± 12.5
11 107.0 ± 11.5 nd nd 403.5 ± 31.8 nd nd 359.7 ± 38.5 nd nd 1137.3 ± 109.7
12 177.2 ± 12.8 nd nd 310.8 ± 34.2 nd nd 241.2 ± 21.2 nd nd 2169.7 ± 174.8

a IC50= the concentration required to give 50% inhibition, calculated using GraphPad Prism 6. Results are averages of three separate determinations ± standard
deviation. nd, not determined. E, epimastigote forms. A, amastigote forms. T, trypomastigote forms.
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Second, mice were immunosuppressed using CP with the objective
of reactivating the parasitaemia under the control of the immunological
system and evaluating the effectiveness of the treatment, the survival
rate of the parasites and the disease extent in the chronic phase. To do

this, the parasitaemia reactivation was ascertained after IS until the
120th day pi (late chronic phase, when the amastigotes are nested in-
side target organs). This is an important matter because apparently

Table 2
Selectivity indexes for compounds on extra- and intracellular forms of T. cruzi strains.

Comp. Selectivity indexa

T. cruzi Arequipa strain
Selectivity indexa

T. cruzi SN3 strain
Selectivity indexa

T. cruzi Tulahuen strain

Epim. forms Amast. forms Trypom. forms Epim. forms Amast. forms Trypom. forms Epim. Forms Amast. Forms Trypom. forms

BZN 1.4 2.8 1.9 0.6 1.4 0.6 1.2 2.3 1.5
MILT 1.0 0.7 1.2 0.4 0.5 0.6 0.9 0.7 1.1
1 25.3 (18) 27.0 (10) 32.2 (17) 31.8 (53) 17.1 (12) 35.4 (59) 25.1 (21) 20.8 (9) 31.8 (21)
2 21.8 (16) 32.3 (11) 30.9 (16) 22.0 (37) 16.5 (12) 32.1 (54) 32.4 (27) 28.5 (12) 33.8 (23)
3 35.4 (25) 29.9 (11) 42.2 (22) 28.9 (48) 33.5 (24) 58.6 (98) 48.3 (40) 37.5 (16) 49.3 (33)
4 44.3 (32) 52.1 (19) 138.6 (73) 63.0 (1 0 5) 18.0 (13) 57.0 (95) 61.3 (51) 23.5 (10) 52.2 (35)
5 11.4 (8) nd nd 13.2 (22) nd nd 14.2 (12) nd nd
6 2.0 (1) nd nd 3.4 (6) nd nd 2.6 (2) nd nd
7 93.1 (67) 3085.1 (1102) 153.9 (81) 42.5 (71) 35.9 (26) 126.4 (2 1 1) 71.1 (59) 106.5 (46) 143.8 (96)
8 8.0 (6) nd nd 15.0 (25) 10.3 (7) 12.1 (20) 19.9 (8) 11.4 (5) 15.3 (10)
9 5.6 (4) nd nd 4.7 (8) nd nd 4.0 (3) nd nd
10 7.2 (5) nd nd 4.8 (8) nd nd 2.4 (2) nd nd
11 10.6 (8) nd nd 2.8 (5) nd nd 3.2 (3) nd nd
12 12.2 (9) nd nd 7.0 (12) nd nd 9.0 (8) nd nd

a Selectivity index (SI)= IC50 Vero cells//IC50 extracellular and intracellular form of parasite. In brackets: number of times that compound excedes the reference
drug SI (on extracellular and intracellular forms of T. cruzi). nd, not determined.

Figure 2. Infection of T. cruzi Arequipa strain regarding the decrease of
amastigote and trypomastigote forms and infected cells treated with (a) BZN,
(b) 4 and (c) 7. Values are the means of three separate experiments ± standard
deviation. In brackets: IC50 value, calculated using GraphPad Prism 6.

Figure 3. Number of amastigote forms of Trypanosoma cruzi Arequipa strain per
Vero cell treated with BZN, 4 and 7. Values are the means of the three separate
determinations ± standard deviation. Significant differences between the
parasites treated with BZN, 4 and 7 for α=0.05.

Figure 4. Parasitaemia of acute CD for mice untreated (control) and treated
with BZN, 4 and 7. Compounds were orally administered using 100mg/kg of
body mass. Treatment days are represented in grey. Values constitute means of
three mice ± standard deviation. Significant differences between the control
group and groups treated with BZN, 4 and 7.
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cured immunocompromised individuals and cured patients submitted
to transplantation (diagnosed with AIDS or treated with anticancer
chemotherapy) present clinically aggressive parasitaemia reactivation.
Therefore, IS is carried out as a first cure confirmation technique, with
the second being PCR of the organs/tissues, as mentioned below. The
mice infected and treated with parasitaemia that does not reappear and
negative PCR results for organs/tissues after IS are considered cured.54

The percentages of parasitaemia reactivation compared to untreated
(control) mice are shown in Figure 5. A reduction in the parasitaemia
reactivation was observed in both phases for all treated mice. The re-
activation was lower for the compound 7-treated mice (26% and 21%
for those treated in the acute and chronic phases, respectively) than for
mice treated with BZN (75% and 51%, respectively). A significant de-
crease in parasitaemia was presumed in compound 7-treated mice
during the acute phase because of the observed parasitaemia levels (as
mentioned above), but even a lower reactivation was observed for
compound 7-treated mice in the chronic phase (as discussed below, the
presence of parasites was negative for most of the analysed organs/
tissues). In contrast, higher percentages were obtained for compound 4-
treated mice.

Finally, the presence of parasites in the target organs/tissues was
determined by PCR (127th day pi) to assess the curative effect of these
squaramides as a second technique of confirmation of cure. Figure 6
shows the PCR results for the target organs/tissues in the different
groups of mice, including mice treated in the acute and chronic phases.
The PCR of the untreated (control) groups was positive for these nine
organs and tissues (defined as target organs/tissues): adipose, bone
marrow, brain, oesophagus, heart, lung, muscle, spleen and stomach.
Percentages of 33% and 55% of parasite-free organs/tissues were ob-
served for BZN-treated mice in the acute and chronic phases, respec-
tively. A lower percentage was observed for compound 4-treated mice,
but the in vivo trypanocidal activity for compound 7 is noteworthy, with
67% and 78% of parasite-free organs/tissues for the acute and chronic
phases, respectively.

For the purpose of assessing the immune status of the mice during
infection, IgG levels were measured by ELISA using the isolated Fe-SOD
enzyme such as antigen.55 The detection of total IgG verifies the level of
protection (effectiveness) ascribed to the tested squaramides since the
titre of immunoglobulins is linked with the parasite load and reflects
the infection rates.56 Figure 7 shows the titre of anti-T. cruzi IgG. The
IgG levels decreased for all treated mice and all analysed samples ex-
cept for those of day 81 pi in the chronic phase, which is logical since its
samples from mice have previously suffered an untreated acute phase.
Non-significant differences were observed in compound 4-treated mice
with respect to the untreated mice. A significant reduction in the IgG

levels occurred for mice treated with compound 7, principally due to
the high in vivo trypanocidal activity that this squaramide presents, as
demonstrated with parasitaemia and organ PCR assays. Despite the
parasitaemia reactivation, no increase in the IgG levels after IS was
observed, which is logical due to the IS itself suffered by these mice.
Therefore, these are not data that indicate levels of infection, but that
help us to verify that immunosuppression has been suffered by the
mice.

Another aspect linked with the parasite load is splenomegaly, since
the spleen is an organ involved in the fight against infections.
Therefore, Figure 8 shows the weight percentage of spleens from dif-
ferent groups of mice. Splenomegaly occurs in experimentally infected
mice, whose spleens are approximately twice the mass of those from
uninfected mice 57 (as the figure shows). Moreover, treatment with BZN
significantly reduces infection-induced splenomegaly, even in treat-
ment with subcurative doses, since it is linked with a reduction in
parasite load 57 (as the figure also shows). Regarding the tested com-
pounds, the mice treated with compounds 4 and 7 exhibited a lower
weight percentage in both phases with respect to the untreated mice.
This means that both squaramides reduced splenomegaly and, there-
fore, infection rates (as noted above). Compound 7-treated mice
showed lower splenomegaly, with reductions of splenomegaly of 66%
and 55% in the acute and chronic phases, respectively, compared with
untreated mice. The higherst splenomegalies observed in the mice
treated in the chronic phase are not due to lower activities in this phase;
it is just that an acute phase without treatment was suffered by these
mice.

The splenomegaly studies are in agreement with the studies shown
above in terms of the parasitaemia in the acute phase, the reactivation
of parasitaemia after IS, the presence or absence of parasites in target
organs/tissues and the ELISA test. All these studies showed that the
compound 7-treated mice exhibited the greatest reduction in para-
sitaemia, indicating that compound 7 exhibits a high in vivo trypano-
cidal activity. As stated above, in order to reach a total cure and thanks
to the low toxicity at the dose tested (shown in Table 3), the in vivo
activity of compound 7 can be studied at higher doses. Furthermore, a
modification in the structure of the compound and in the schedule of
treatment for a better exposure of the compound in the bloodstream
and adipose tissue can be carried out.

In order to prove the metabolic disturbances associated with the
treatment, biochemical measurements were performed, as discussed in
2.4.6. section. Table 3 shows the biochemical clinical parameters ob-
tained in untreated and treated mice in both phases, including values
for uninfected and untreated mice. For the mice treated with the
squaramides, almost all the biochemical parameters were not altered
after compound administration, and those alterations returned to
normal levels in the samples obtained on the day of necropsy of the
mice. Therefore, the tested compounds showed less toxicity than BZN.
This lack of toxicity added to the high activity of compound 7 led us to
consider this compound as a promising candidate to treat CD.

3.3. Studies of the mechanism of action.

3.3.1. Metabolite excretion.
The 1H NMR spectra of the medium of treated T. cruzi Arequipa

epimastigotes were qualitatively and quantitatively registered in order
to obtain information regarding the effects of compounds 4 and 7, at
IC25 concentrations, on the glucose metabolism. The final excretions
were analysed and compared with those found for the untreated (con-
trol) T. cruzi epimastigotes. Figure 9 shows the results obtained in
comparison with respect to this control. The excretion of all metabolites
was disturbed in both treatments. An increase in the excretion of gly-
cerol and succinate metabolites and a decrease in the rest of the me-
tabolites were observed for compound 4-treated parasites. Alter-
natively, all metabolites increased for the parasites treated with
compound 7.

Figure 5. Reactivation of parasitaemia after the immunosuppression cycles by
fresh blood for mice untreated (control) and treated with BZN, 4 and 7. Values
constitute means of three mice ± standard deviation. Significant differences
between the control group and groups treated with BZN, 4 and 7 for α=0.05.
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3.3.2. Mitochondrial membrane potential and on DNA and RNA levels.
In order to evaluate and relate the effect of compounds 4 and 7 with

the previous in vitro trypanocidal activity on the mitochondrial mem-
brane potential and on the DNA and RNA levels, the fluorescence in-
tensity of Rho 123 and AO, respectively, was quantified by cytometry
flow. Figure 10 shows the flow cytometry analysis of the mitochondrial
membrane potential. It is well-known that BZN kills through its trans-
formation to highly reactive metabolites after reduction by type I ni-
troreductase activity,58 causing, among others, respiratory chain in-
hibition. Thus, we observed a decrease in the mitochondrial membrane
potential when treating T. cruzi with BZN. The compound 4-treated
parasites showed no depolarisation in the mitochondrial membrane,
suggesting that the trypanocidal activity is due to its glycosomal effect,
as discussed in 4.2. section. The parasites treated with compound 7, in
contrast, showed a depolarisation of 80.6% in the mitochondrial
membrane potential.

The fluorescence intensities of AO, shown in Figure 11, were re-
gistered in order to determine whether the compounds also produced a

reduction in DNA and RNA levels. BZN-treated parasites showed a de-
crease of AO fluorescence, with a value of 22.4%. Higher reductions
were observed for the parasites treated with compounds 4 and 7 (31.1%
and 49.1%, respectively).

3.3.3. Inhibition of the T. Cruzi Fe-SOD enzyme.
Fe-SODe and CuZn-SOD inhibitions were determined using the

method described by Beyer and Fridovich.46 Figure 12 shows the in-
hibition data by compounds 4 and 7, with the corresponding calculated
IC50, for Fe-SOD from T. cruzi and Cu/Zn-SOD from human ery-
throcytes. Higher inhibitions were observed on the Fe-SOD of the
parasite for both compounds: the IC50 values were 25 µM for compound
4 and 70 µM for compound 7.

4. Discussion

4.1. Trypanocidal activity

The genetic diversity of T. cruzi is extensively known and divided
into seven DTUs, with different evolutionary relationships, epidemio-
logical and ecological associations, tropism, pathogenesis, genotype,

Figure 6. PCR analysis of nine organs/tissues with
the T. cruzi SOD gene primers at the final day of ex-
periment in mice treated with 100mg/kg body mass.
(a) Untreated (control) mice group, (b) Group of mice
treated with BZN, (c) Group of mice treated with 4,
(d) Group of mice treated with 7. Lanes: M, base pair
marker; -, PCR negative control; +, PCR positive
control; 1–9, organs/tissues PCR: 1, adipose; 2, bone
marrow; 3, brain; 4, oesophagus; 5, heart; 6, lung; 7,
muscle; 8, spleen; 9, stomach. *, 1/3 of the corre-
sponding organ/tissue PCR products showed 300 bp
band on electrophoresis; ■, 2/3 of the corresponding
organ/tissue PCR products showed 300 bp band on
electrophoresis; no *■, 3/3 or 0/3 of the corre-
sponding organ/tissue PCR products showed 300 bp
band on electrophoresis.

Figure 7. IgG levels of anti-T. cruzi antibodies, expressed in absorbance units
(optical densities (OD) at 490 nm), for mice untreated (control) and treated at
different days post-infection (pi). Values constitute means of three mice ±
standard deviation. IS, immunosuppression. Significant differences between
the control group and groups treated with BZN and 7 for α= 0.05. Non-sig-
nificat differences between the control group and group treated with 4. IS,
immunosuppression.

Figure 8. Weight percentage of spleens for different groups of mice at the final
day of experiment. Values constitute means of three mice ± standard devia-
tion. Significant differences between the uninfected group, control group and
groups treated with BZN, 4 and 7 for α= 0.05.
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phenotype, and drug resistance.59 Accordingly, three different DTUs (I,
V and VI), from different location, host and tropism, were used in order
to determine and select those compounds with a good performance.

According to some authors, potential anti-chagasic agents have to
meet certain criteria: IC50≤ 10 μM, and SI greater than 10,60

IC50≤ 1 µg/ml, and SI greater than 50.51 Therefore, the trypanocidal
activities were evaluated in the epimastigote forms, and the potential
compounds were then tested against the forms developed in vertebrate
hosts (amastigotes and trypomastigotes) (Table 1). Compounds 1, 2, 3,
4 and 7 were selected to test against these forms in vertebrate hosts due
to their high SI values in epimastigote forms, with SI values at least 18
times higher than BZN (Table 2). Compounds 4 and 7 were selected for
the subsequent in vivo tests because of the IC50 values obtained against
the amastigote and trypomastigote forms, which met IC50 and SI re-
quirements in parasite forms in the vertebrate host. In general, it was
found that these compounds were more active against the trypomasti-
gote forms of T. cruzi, reaching an effectiveness between 35 and 211
times higher than the one corresponding to BZN. The in vitro activity of
compound 7 should be highlighted, with IC50 values lower than 6.5 μM
for all parasite forms and strains of T. cruzi.

Moreover, Figure 3 shows us that compound 7 acts like a fast acting
drug since it not only inhibits the parasite multiplication (static), but
also produces its death (cidal). For compound 4, it is observed that
there was no reduction in the number of infected cells at a concentra-
tion equal to or less than 12 µM, which did occur for the total number of
amastigotes. In view of the results, we can suggest that it is a slow
killing drug, like the ergosterol biosynthesis inhibitors, such as poso-
conazole, inhibiting the replication of the amastigote form but not
killing the parasite.

Regarding the in vivo tests, these were performed for the evaluation
of: I) Parasitaemia as an indicator of the effectiveness of treatment
during the acute phase; II) Parasitaemia reactivation in the chronic
phase after IS as an indicator of the effectiveness of treatment in both
phases; III) Parasites in organs in the chronic phase after IS as an in-
dicator of the effectiveness of treatment in both phases; IV) Levels of
immunoglobulin G (IgG) and the splenomegaly as indicators of immune
response in both phases; V) Serum biochemical parameters as an in-
dicator of metabolic disturbances associated with the treatment.

The treatment for compounds 4 and 7 and the reference drug BZN
was performed at subcurative doses for BZN (20mg/kg per day for five
days) in order to evaluate whether the compounds under study showed
higher in vivo effectiveness than the previous one. It should be noted
that none of the mice treated died, lose more than 10% their body mass
or presented altered biochemical parameters (Table 3). Therefore, these
compounds can be tested at higher doses, establishing a new treatment
guideline based on pharmacokinetic studies, with the aim of achieving

a total cure. It is noteworthy that compound 7meets the majority of the
in vivo criteria of the target product profile (TPP).49 It is proposed that
the different effectiveness in both phases is associated to inadequate
pharmacokinetics between the compounds and the location of the
amastigotes in the tissues during the chronic phase.61 Moreover, the
reason of the presence of parasites observed in adipose tissue in both
treatments for compound 7 (Figure 6) could be the differential drug
accessibility, due to the peculiarity of this tissue, or the higher parasite
load (reservoir sites).62

Figure 9. Variation (%) among catabolites excreted by epimastigotes of T. cruzi
Arequipa strain treated with 4 and 7 at IC25 concentrations in comparison to
untreated (control) parasites incubated 72 h. Each drug was tested in three
separate determinations ± standard deviation. Significant differences between
the control, 4 and 7 for α=0.05.

Figure 10. Mitochondrial membrane potential from epimastigotes of T. cruzi
Arequipa strain treated with BZN and 4 and 7 at IC25 concentrations incubated
72 h: (a) blank, (b) untreated (control), (c) BZN, (d) 4 and (e) 7. In brackets:
variation ± standard deviation, in percentage, on mitochondrial membrane
potential with respect to untreated parasites. Significant differences between
the control, BZN and 7 for α=0.05. Non-significant differences between the
control and compound 4. Each drug was tested in three separate determina-
tions.

R. Martín-Escolano et al. Bioorganic & Medicinal Chemistry 27 (2019) 865–879

875



It should be noted that the assessment of clinical cure in T. cruzi
infections is questionable due to the lack of a reliable test to assure the
complete parasite elimination.63 The main utility of the PCR technique

is to verify the failure of clinical cure because even consistently nega-
tive results in blood (where the PCR is able to detect a single parasite in
5mL) are not enough to secure the whole removal of tissue para-
sites.7,64 Regarding experimental cure in animal models, IS is the for-
mula employed to demonstrate cure.38 We evaluate the establishment
of cure, as mentioned in 3.2. section, using a double confirmation based
on the IS and the PCR of the target organs. Therefore, we assess the
presence (or not) of parasites in both blood and tissue. Currently, bio-
luminescence imaging model techniques are used to demonstrate cure,
producing data with superior accuracy to other methods, including
PCR.57 However, we can state evidence of curation (or, at least, a
considerable reduction in the parasitic load) found on the results of
three independent samples using the double confirmation of cure.

4.2. Action mechanism.

It is well-known that T. cruzi catabolizes glucose at a high rate,
acidifying the medium owing to incomplete oxidation to acids.65,66 The
final products in this catabolism are mainly pyruvate, acetate, succi-
nate, L-alanine, D-lactate and ethanol.67 Consistently, the 1H NMR
spectra were registered in order to obtain information regarding the
effects of the compounds on the glucose metabolism. Regarding the
data obtained for compound 4, we suggest an inhibition in some of the
glycolytic pathway enzymes involved in the catabolism of phosphoe-
nolpyruvate (PEP) to pyruvate, such as cytosolic pyruvate kinase (PK)
or pyruvate phosphate dikinase (PPDK) of the glycosome. This would
cause an accumulation of PEP, both at the cytosolic and glycosomal
levels, and a reduction of pyruvate, which would reduce its excretion,
as observed in Figure 9, with a reduction in excretion of 30%. This
deficit of pyruvate would obviously cause a deficit of catabolites in
catabolic pathways that require pyruvate (such as ethanol), and meta-
bolites that require pyruvate for synthesis (such as lactate and ala-
nine).68 These disturbances were also observed, with reductions close to
that observed for pyruvate. In addition, this would involve an energy
deficit, so the parasite would accelerate other ways to compensate for
this deficit. One of them could be the glycolytic pathway with glycerol
as a final product, generating high levels of glycerol in the cell and

Figure 11. DNA and RNA levels of epimastigotes of T. cruzi Arequipa strain treated with BZN and 4 and 7 at IC25 concentrations incubated 72 h: (a) blank, (b)
untreated (control), (c) BZN, (d) 4 and (e) 7. Significant differences between the control, BZN, 4 and 7 for α= 0.05. Each drug was tested in three separate
determinations ± standard deviation.

Figure 12. Inhibition in vitro (%) of Fe-SOD from epimastigotes of T. cruzi
Arequipa strain (activity 42.0 ± 3.8 U/mg) and of CuZn-SOD from human
erythrocytes (activity 47.3 ± 4.1 U/mg) for (a) 4 and (b) 7. In brackets: IC50
value, calculated by linear regression analysis. Activity differences in the con-
trol vs. the sample incubated using compounds were identified by the Newman-
Keuls test. Values are the average of three separate rate determinations ±
standard deviation.
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excreting it to the outside; a disturbance that was also observed. The
fact that there was a blockade in the pyruvate pathway would also
make it easier for the entire carbon skeleton of glucose to go to this
pathway. Another route that the parasite could use to obtain energy is
the anaplerotic route that supplies malate to the tricarboxylic acid
(TCA) cycle, whose final product is succinate, and an increase in the
excretion of this metabolite was also observed.

For compound 7, it is interesting to note that an increase in succi-
nate metabolite indicates catabolic changes that could be related to a
mitochondrial dysfunction.69 Moreover, the highest alterations were
shown by the metabolites glycerol and ethanol (with increases of 43%
and 51%, respectively), which are the final products of catabolic routes
(glycosomal for glycerol and citoplasmatic for ethanol) that the parasite
can use in energy deficient conditions.66 These results suggest that an
alteration at the mitochondrial level may be the ultimate reason for the
alterations observed in the excreted products of T. cruzi. Therefore,
mitochondrial studies were conducted.

It is well-known that mitochondria play an imperative role in cell
death decisions, and disturbances in the electrochemical gradients lead
to a decrease in ATP production and a reduction in DNA and RNA le-
vels, causing apoptosis and/or necrosis.70,71 Therefore, the alteration in
the metabolite excretion could be the result of this membrane depo-
larisation, which produces an accumulation of succinate, pyruvate and
malate, causing a blockade of the glycolytic pathway. Thus, energy is
obtained through other catabolic routes, with glycerol and ethanol as
the final products that are excreted. In addition, the mitochondrial
membrane potential reduction produces an imbalance in the NADH/
NAD+ and ATP/ADP ratios,66 which may compromise the DNA and
RNA levels. The ATP deficit produced by the mitochondrial depolar-
isation in compound 7-treated parasites could involve a considerable
reduction in the cellular levels of DNA and RNA. It must be noted that
the decrease in nucleic acids levels is also due to random nucleic acids
degradation as commonly attributed feature to cell necrosis, and not
only because of ATP deficit.72

In summary, we suggest that compound 7 induces T. cruzi cell death
via necrosis in a mitochondrion-dependent manner. Lastly, enzyme
inhibition studies of the mitochondrion-resident Fe-SOD, as a key en-
zyme in the defence of these parasites, were performed with the aim of
evaluating whether death in a mitochondrion-dependent manner is
ultimately due to the redox stress produced by inhibition of this en-
zyme.69

Enzymes are one of the most interesting therapeutic targets, and the
trypanosomatid exclusive Fe-SOD presents structural and biochemical
differences with respect to other homologue eukaryote enzimes, in-
cluding the human Cu/Zn-SOD.73,74 This enzyme has been given special
importance because it plays the crucial role of eliminating reactive
oxygen species (ROS), allowing trypanosomatids to protect themselves
from the damage produced by oxidative stress.75,76 Trypanosomatids
have other alternative mechanism to avoid oxidative damage, such as
trypanothione and glutathione. The IC50 values obtained (Figure 12)
are too high to ascribe the trypanocidal effect on the inhibition of Fe-
SOD of the parasite, even the inhibition produced by compound 4 does
not cause a mitochondrial dysfunction. For compound 7, the mi-
tochondrial dysfunction cannot be attributed to the enzymatic inhibi-
tion of Fe-SOD and, in order to know the final cause of the mitochon-
drial dysfunction caused by this compound, inhibition studies will be
carried out on tripanotione reductase and at the level of the electron
transport chain, since these are possible targets.

Lastly, it should be noted that compound 7 is a long-chain squar-
amide and bioisostere of MILT, so the mechanism of action could be
similar as an inhibitor of lipid biosynthesis of the parasite. MILT acts as
an inhibitor at the level of phosphatidylethanolamine N-methyl-
transferase, inhibiting the biosynthesis of phosphatidylcholine in T.
cruzi 77 with 10 to 20 times more potency compared to that of mam-
malian cells.78 Others reports demonstrate that MILT inhibits the mi-
tochondrial cytochrome c oxidase of L. donovani causing decreases in

the oxygen consumption rate and ATP levels,79 in addition to producing
an apoptosis-like death,80 which may be related to the mitochondrial
dysfunction observed in T. cruzi for compound 7.

5. Conclusions

In summary, we identified that compounds 4 and 7 showed better
trypanocidal properties in vitro than BZN, with higher activity, a larger
spectrum of action and lower toxicity. With respect to in vivo activity,
the treatment with compound 7 obtained promising results to fight CD,
both in the acute and chronic phases, as indicated by the different as-
says, such as PCR or IS. Studies conducted in parallel to try to determine
the mechanism of action suggest that compound 4 can carry out its
effect by inhibiting the enzymes PK or PPDK of the glycosome. As for
compound 7, we suggest that its trypanocidal effect is due to the sig-
nificant depolarisation of the mitochondrial membrane, which causes
an energetic deficit and induces T. cruzi cell death by necrosis in a
mitochondrion-dependent manner, without forgetting its possible effect
as an inhibitor of lipid biosynthesis of the parasite. It is worth con-
sidering higher doses and combined therapies (due to their different
mechanisms of action) to obtain better efficacy, even improving the
pharmacokinetics of both compounds. Therefore, we present candidate
molecules for the development of an easy-to-synthesise anti-Chagas
agent to be implemented in a further step within the preclinical phase.
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a b s t r a c t

Despite the continuous research effort that has been made in recent years to find ways to treat the
potentially life threatening Chagas disease (CD), this remains the third most important infectious disease
in Latin America. CD is an important public health problem affecting 6e7 million people. Since the need
to search for new drugs for the treatment of DC persists, in this article we present a panel of new
polyamines based on the tripodal structure of tris(2-aminomethyl)amine (tren) that can be prepared at
low cost with high yields. Moreover, these polyamines present the characteristic of being water-soluble
and resistant to the acidic pH values of stomach, which would allow their potential oral administration.
In vitro and in vivo assays permitted to identify the compound with the tren moiety functionalized with
one fluorene unit (7) as a potential antichagas agent. Compound 7 has broader spectrum of action,
improved efficacy in acute and chronic phases of the disease and lower toxicity than the reference drug
benznidazole. Finally, the action mechanisms studied at metabolic and mitochondrial levels shows that
the trypanocidal activity of compound 7 could be related to its effect at the glycosomal level. Therefore,
this work allowed us to select compound 7 as a promising candidate to perform preclinical evaluation
studies.

© 2018 Elsevier Masson SAS. All rights reserved.

1. Introduction

Chagas Disease (CD), classified as a neglected tropical disease
according to World Health Organization (WHO), is the most
important parasitic disease in Latin America and, after AIDS and
tuberculosis, the third most spread infectious disease in the region

where about 6e7 million people are infected. Moreover, CD is the
most prevalent of the poverty-caused/poverty-promoting neglected
parasitic diseases in the America continent [1e6]. CD is a life-long
and potentially life-threatening parasitic disease [2], which de-
velops debilitating and chronic stages in around 40% of the infected
people and produces about 7500 deaths per year [3]. CD is not only
endemic in 21 Latin America countries but, due to the high mobility
and migration produced in the last years, it has also spread to other
continents including North America and Europe that present
300,000 and 80,000 infected individuals, respectively [7,8]. The
protozoan parasite Trypanosoma cruzi (etiological agent of CD) is
naturally transmitted by blood-sucking triatomine bugs, although
the congenital route, blood transfusi�on, organ transplantation and
contamined food are other ways of transmission [7,8].

CD can be divided into distinct phases. The initial acute phase
(4e6 weeks post-infection) is relatively mild (transient low-level
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febrile condition) and often undiagnosed. However, the acute phase
can be more severe in children, causing myocarditis or meningo-
encephalitis and even death in some cases [9,10]. This phase is
generally well controlled by a robust adaptive immune response,
and the disease proceeds to a long-lasting and low parasitaemia
asymptomatic chronic phase [11]. However, about a third of
infected individuals go through an asymptomatic chronic phase
whose manifestation may take several decades to occur. Most of
these individuals will develop cardiomyopathy due to the persis-
tence of the inflammatory response elicited by the infected host
cells [12,13], and more rarely damage in the digestive tract (meg-
aoesophagus and megacolon) as well as lesions in the peripheral
nervous system. It has be remarked that for this symptomatic
chronic phase there exist very few therapeutic options [10].

Currently, there are no vaccines for the prevention of CD because
of its complex pathology [14]. The only way to fight against this
disease is the chemotherapy treatment based on two nitro-
heterocyclic compounds developedmore than 40 years ago [4,15,16]:
benznidazole (BZN, N-benzyl-2-nitroimidazolylacetamide) and
nifurtimox (NFX, (R,S)-3-methyl-N-[(1E)-(5-nitro-2-furyl)methy-
lene]thiomorpholin-4-amine-1,1-dioxide) [14,17,18]. In general, BZN
is the first option inmost endemic countries for its better tolerability
[19]. However, both treatments are not optimal because they show
toxic side effects, require long-term therapeutic schedules, and have
inconsistent efficacy. These drugs reduce parasitism during the acute
phase, but their efficacy during the chronic phase is limited [4,15,16].
Moreover, NFX and BZN are both prodrugs activated by the same
mitochondrial nitroreductase [20,21], which can result in cross-
resistance. Finally, the treatment efficacy could change according
to the geographical area as a consequence of a different drug sus-
ceptibility by the different T. cruzi strains [22].

Thus, the development of safer and more effective anti-
trypanosomal agents is needed, especially for the treatment of
the chronic phase. Recently there has been a significant increase in
development towards this goal with several clinical trials to test
candidate compounds. Sadly, the new candidates have not
demonstrated enough efficacies [4,23]. Therefore, the search for
new chemotherapeutic targets is an important goal. In this respect,
the parasite antioxidant system is an appealing target due to its
uniqueness in the trypanosomatids. The new anti-trypanosomal
drugs should present an efficacy at least equal to those drugs
currently in use, a better safety profile, possibility of oral admin-
istration, and activity against most T. cruzi strains [24]. In this sce-
nario, here we present a study of the in vivo and in vitro efficacy of a
panel of novel compounds based on the well-known tripodal
polyamine tris(2-amimoethyl)amine (tren) which can be readily
prepared in procedures involving two or three synthetic steps in
high yields. Moreover, the compounds are water-soluble and resist
the acid pH of the stomach allowing for a potential oral adminis-
tration. Improved in vitro trypanocidal activity and lower toxicity
than the reference drug BZN were the reasons for further in vivo
assays. The possible action mechanisms of these new compounds
have been studied at the glycosomal and mitochondrial levels,
including Fe-SOD inhibition studies. The results obtained led us to
consider these compounds as potential candidate for the devel-
opment of new anti-Chagas treatment with in vitro and in vivo
trypanocidal activity and lower toxicity than BZN in both the acute
and chronic phases of CD.

2. Materials and methods

2.1. Chemistry

2.1.1. Synthesis
Compound 1 was prepared following a multi-step synthetic

procedure already described by Albelda et al. [25].

2.1.1.1. N,N0-{2-bis[2-(3-aminopropylamino)ethyl]aminoethyl}-1,3-
propanediamine hexahydrobromide (1). 1H NMR (300MHz, D2O):
d (ppm), 3.20e3.31 (m, 4H), 3.12 (t, J¼ 8Hz, 2H), 2.95 (t, J¼ 7 Hz,
2H), 2.10e2.20 (m, 2H).13C NMR (75MHz, D2O): 49.1, 45.3, 44.9,
36.9, 24.1. Yield: 52%; C15H39N7$6HBr, MW: 796 g/mol. Elemental
analysis: Calculated: C, 22.44; H, 5.65; N, 12.21; Experimental: C,
22.5; H, 5.4; N, 12.4. ESI-MS (m/z): Calculated for C15H39N7, 317.53.;
Found: 318.35 [L þ H]þ.

Monofunctionalized derivatives were synthesised by the reac-
tion of the appropriate carboxaldehyde with a 4-fold excess of
tris(2-aminoethyl)amine (tren) in dry EtOH [26,27]. The resulting
mixture was stirred for 2 h at room temperature under argon, and
then, a 4-fold excess of sodium borohydride was added portion
wise. For 6, the reaction was carried out in THF, after 12 h, the
solvent was removed and the crude was solved in ethanol before
adding the sodium borohydride. After 2 h, the solvent was evapo-
rated to dryness. The residue was treated with water and repeat-
edly extracted with CH2Cl2 (3� 40mL). The organic phase was
collected and was dried with anhydrous MgSO4 and the solvent
evaporated to dryness to give the amines as oils. The oil was then
taken in a minimum amount of EtOH and precipitated with HCl in
dioxane to obtain the compounds as their hydrochloride salt.

2.1.1.2. N1,N1-bis-(2-aminoethyl)-N’-(9-anthracenylmethyl)-ethane-
1,2-diamine trihydrochloride salt (2) [27]. 1H NMR (300MHz, D2O):
d (ppm), 7.79 (d, J¼ 6.61 Hz, 2H), 7.76 (s, 1H), 7.55 (d, J¼ 8.35 Hz,
2H), 7.44 (t, J¼ 7.45 Hz, 2H), 7.31 (t, J¼ 7.06 Hz, 2H), 4.55 (s, 2H),
3.06 (t, J¼ 6.95 Hz, 2H), 2.89 (t, J¼ 6.27 Hz, 4H), 2.66e2.59 (m, 6H).
13C NMR (75MHz, D2O): Yield: 67%; C21H28N4$3HCl$(C2H5OH)$
2H2O: MW: 526.20 g/mol; Elemental analysis: Calculated: C, 49.37;
H, 7.49; N, 13.54; Experimental: C, 49.41; H, 7.04; N, 13.98. ESI-MS
(m/z): Calculated for C21H28N4, 336.23; Found: 337.42 [L þ H]þ.

2.1.1.3. N1,N1-bis-(2-aminoethyl)-N’-(2-nafthilmethyl)-ethane-1,2-
diamine trihydrochloride salt (3) [26]. 1H NMR (300MHz, D2O):
d (ppm), 8.06e8.16 (m, 3H), 7.59e7.76 (m, 4H), 4.82 (s, 2H), 3.32 (t,
J¼ 7 Hz, 2H), 3.09 (t, J¼ 6 Hz, 4H), 2.93 (t, J¼ 7 Hz, 2H), 2.85 (t,
J¼ 6 Hz, 4H). 13C NMR (75MHz, D2O): 131.05,130.14, 129.54, 127.89,
127.10, 125.99, 122.85, 50.12, 48.83, 48.52, 44.24, 36.70. Yield: 93%;
C17H26N4$3HCl, MW: 395.56 g/mol; Elemental analysis: Calculated:
C, 49.37; H, 7.49; N, 13.54; Experimental: C, 49.41; H, 7.04; N, 13.98.
ESI-MS (m/z): Calculated for C17H26N4, 286.22; Found: 287.22
[L þ H]þ.

2.1.1.4. N1,N1-bis-(2-aminoethyl)-N’-(pyren-1-ylmethyl)ethane-1,2-
diamine trihydrochloride salt (4) [28]. 1H NMR (300MHz, D2O):
d (ppm), 8.26 (d, J¼ 7.39 Hz, 1H), 8.20 (d, J¼ 6.95 Hz, 1H), 8.09 (t,
J¼ 7.67Hz, 1H), 8.06 (d, J¼ 9.06 Hz, 1H), 8.02 (d, J¼ 7.83 Hz, 1H),
7.99 (d, J¼ 7.88 Hz, 1H), 7.95 (d, J¼ 9.10 Hz, 1H), 7.91 (d, J¼ 9.36 Hz,
1H), 7.82 (d, J¼ 7.97 Hz, 1H), 4.74 (s, 2H), 3.25 (t, J¼ 6.77 Hz, 2H),
3.05 (t, J¼ 6.62, 4H), 2.86 (t, J¼ 6.92 Hz, 2H), 2.81 (t, J¼ 6.59 Hz,
4H). 13C NMR (75MHz, D2O): d (ppm),132.10, 130.95,130.21,129.23,
129.05,128.90,128.63,127.43,126.95,126.36,126.20,125.13,123.88,
123.57, 123.02, 121.66, 50.08, 48.82, 48.53, 44.03, 36.68. Yield: 78%;
C23H28N4$3HCl, MW: 468.16 g/mol; Elemental analysis: Calculated:
C, 58.79; H, 6.64; N, 11.92; Experimental: C, 58.60; H, 6.80; N, 11.50
ESI-MS (m/z): Calculated for C23H28N4, 360.23; Found: 361.32
[L þ H]þ.

2.1.1.5. N1,N1-bis-(2-aminoethyl)-N’-(5-(Dimethylamino)naphtha-
lene-1-sulfonyl)ethane-1,2-diamine tetrahydrochloride sal. (5) [29].
1H NMR (300MHz, D2O): d (ppm), 8.82 (d, J¼ 8.8 Hz, 1H), 8.50 (d,
J¼ 8.7 Hz, 1H), 8.44 (d, J¼ 7.6 Hz, 1H), 8.15 (d, J¼ 7.8 Hz, 1H), 7.96
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(dd, 2H), 3.20 (t, J¼ 6.5 Hz, 4H), 3.12 (t, J¼ 6.1 Hz, 2H), 3.00 (t,
J¼ 6.5 Hz, 4H), 2.85 (t, J¼ 6.1 Hz, 2H). 13C-DEPT NMR (75MHz,
D2O): d (ppm), 131.14, 128.61, 127.30, 126.67, 126.37, 119.98, 53.00,
50.44, 47.13, 38.86, 35.35. Yield: 72%; C18H29N5O2S 3HCl$2H2O,
MW: 523,16 g/mol; Elemental analysis: Calculated: C, 41.33; H,
6.94; N, 13.39; Experimental: C, 41.53; H, 7,20; N, 13.16, ESI-MS (m/
z): Calculated for C18H29N5O2S, 377.75; Found: 378.77 [L þ H]þ.

2.1.1.6. N1,N1-bis-(2-aminoethyl)-N’-(Ferrocenylmethyl)ethane-1,2-
diamine trihydrochloride salt (6). 1H NMR (300MHz, D2O): d (ppm),
4.47 (s, 2H), 4.38 (s, 2H), 4.30 (s, 5H), 4.13 (s, 2H), 3.14e3.04 (m, 6H),
2.85e2.79 (m, 6H). 13C NMR (75MHz, D2O): d (ppm), 75.83, 70.99,
70.46, 69.63, 50.16, 49.15, 47.77, 43.24, 36.75. Yield: 70%;
C17H28FeN4$3HCl$1.5H2O MW: 479.11 g/mol; Elemental analysis:
Calculated: C, 42.57; H, 7.15; N, 11.69; Experimental: C, 42.20; H,
6.73; N, 11.37. ESI-MS (m/z): Calculated for C17H28FeN4 344.17;
Found: 344.98 [L þ H]þ.

2.1.1.7. N1,N1-bis-(2-aminoethyl)-N’-(2-fluorenilmethyl) ethane-1,2-
diamine trihydrochloride salt (7). 1H NMR (300MHz, D2O):
d (ppm), 7.95e7.99 (m, 2H), 7.72 (s, 1H), 7.69 (d, J¼ 7.5 Hz, 1H),
7.41e7.53 (m, 3H), 4.35 (s, 2H), 4.01 (s, 2H), 3.23 (t, J¼ 7Hz, 2H),
3.10 (t, J¼ 6.4 Hz, 4H), 2.91 (t, J¼ 7 Hz, 2H), 2.85 (t, J¼ 6.4 Hz, 4H).
13C NMR (75MHz, D2O): d (ppm), 36.96, 44.20, 50.62, 51.50, 120.38,
120.66, 125.57, 127.17, 127.47, 127.57, 129.58, 130.78, 140.87, 141,94,
143.50, 143,60. Yield: 66%; C20H28N4Cl3$NaCl$C2H5OH, MW:
538.36 g/mol; Melting point: 254.6 �C; Elemental analysis:
C20H28N4$3HCl$NaCl$C2H5OH Calculated: C, 49.08; H, 6.93; N,
10.14; Experimental: C, 49.04; H, 6.39; N, 10.39. ESI-MS (m/z):
Calculated for C20H28N4; 324.50 Found: 325.63 [L þ H]þ.

Tri-functionalized ligands were synthesised by the reaction of a
3-fold excess of the appropriated carboxaldehyde with tris(2-
aminoethyl)amine (tren) in dry EtOH [30]. The resulting mixture
was stirred for 2 h at room temperature under argon, and then, a 3-
fold excess of sodium borohydride was added portion wise (except
for 10, where the reaction was carried out in THF. After 12 h, the
solvent was removed and ethanol was added to the crude obtained.
Finally, the sodium borohydride was added). After 2 h, the solvent
was evaporated to dryness. The residue was treated with water and
repeatedly extracted with CH2Cl2 (3� 40mL). The organic phase
was collected and dried with anhydrous MgSO4 and the solvent
evaporated to dryness to give an oil. The oil was then taken in a
minimum amount of EtOH and precipitated with HCl in dioxane to
obtain its hydrochloride salt.

2 .1.1.8 . {B i s -2- [ (5- indazo lu lmethyl )amino]e thyl -2- [ (2-
naphthylmethyl)amino]ethyl}amine trihydrochloride salt (8).
1H NMR (300MHz, D2O): d (ppm), 8.21 (d, 1H), 8.05 (m, 2H), 8.04
(m, 1H), 7.94 (t, 2H), 7.80 (d, H), 7.57 (m, 8H), 4.74 (s, 2H), 4.35 (s,
4H), 3.30 (m, 2H), 3.19 (m, 4H), 2.82 (m, 6H). 13C NMR (75MHz,
D2O): d (ppm), 141.94, 135.61, 135.43, 133.04, 131.86, 131.35, 130.30,
130.04, 128.68, 128.18, 127.75, 126.63, 125.14, 124.63, 124.53, 124.30,
112.17, 52.87, 51.71, 46.39, 45.76. Yield: 51%;
C33H38N8$2CH3OH$3H2O$3HCl MW: 774.22 g/mol; Elemental
analysis: Calculated: C, 54.29; H, 6.77; N, 14.47; Experimental: C,
54.43; H, 6.51; N, 14.32 ESI-MS (m/z): Calculated for C33H38N8

546.7; Found: 547.3 [L þ H]þ.

2.1.1.9. Tris{2-[(3-phenyl-1H-4-Pyrazolylmethyl)amino]ethyl}amine
hexahydrochloride salt (9). 1H NMR (300MHz, D2O): d (ppm), 8.67
(s, 3H), 7.74e7.70 (m, 6H), 7.62e7.57 (m, 12H), 4.41 (s, 6H),
3.20e3.15 (m, 6H), 2.93e2.77 (m, 12H).13C NMR (75MHz, D2O):
d (ppm), 1.7.56, 130.15, 130.69, 42.12, 38.25, 52.53, 51.66. Yield: 54%;
C36H42N10$6HCl, MW: 830,219 g/mol; Elemental analysis: Calcu-
lated: C, 52,03; H, 5,82; N, 16,86; Experimental: C, 51.50; H, 6.39; N,

16.59 ESI-MS (m/z): Calculated for C36H42N10 614.80; Found: 615.99
[L þ H]þ.

2.1.1.10. Tris{2-[(Ferrocenylmethyl)amino]ethyl}amine hexahydro-
chloride salt (10). 1H NMR (300MHz, D2O): d (ppm), 4.72e4.22 (m,
33H), 3.23e2.98 (m, 6H), 2.93e2.71 (m, 6H). 13C NMR (75MHz,
D2O): d (ppm), 86.42, 68.62, 68.2, 66.01, 52.10, 45.86, 47. Yield: 62%;
C39H48Fe3N4$3HCl$3H2O $ MW¼ 903.79 g/mol; Elemental anal-
ysis: Calculated: C, 51.82; H, 6.35; N, 6.20; Experimental: C, 51.71; H,
6.39; N, 6.28. ESI-MS (m/z): Calculated for C39H48Fe3N4 740.36;
Found: 741.09 [L þ H]þ.

2.1.1.11. Tris{2-[(4-quinolylmethyl)amino]ethyl}amine hexahydro-
chloride salt (11). 1H NMR (300MHz, D2O): d (ppm), 8.50 (d,
J¼ 6.94 Hz, 3H), 7.88 (d, J¼ 8.09 Hz, 3H), 7.72e7.70, (m, 6H),
7.63e7.58 (m, 6H), 4.60 (s, 6H), 3.39 (t, J¼ 6.06 Hz, 6H), 3.02 (t,
J¼ 5.82 Hz, 6H).13C-DEPT NMR (75MHz, D2O): d (ppm), 144.87,
135.35, 132.11, 124.55, 122.55, 122.91, 49.15, 45.73. Yield: 79%;
C36H39N7$6HCl$3H2O, MW¼ 842.55; Elemental analysis: Calcu-
lated: C, 51.31; H, 6.10; N,11.64; Experimental: C, 51.615; H, 5805; N,
11.685. ESI-MS (m/z): Calculated for C36H39N7 569.76; Found:
570.28 [L þ H]þ.

2.1.1.12. Tris{2-[(2-quinolylmethyl)amino]ethyl}amine hexahydro-
chloride salt (12). 1H NMR (300MHz, D2O): d (ppm), 8.54 (d,
J¼ 8.48 Hz, 3H), 7.98 (d, J¼ 8.14 Hz, 3H), 7.81e7.80, (m, 6H),
7.73e7.71 (m, 3H), 7.64 (d, J¼ 8.50 Hz, 3H), 4.70 (s, 6H), 3.51 (t,
J¼ 6.25 Hz, 6H), 3.15 (t, J¼ 6.32 Hz, 6H). 13C-DEPT NMR (75MHz,
D2O): d (ppm), 143.09, 133.39, 129.27, 129.01, 124.54, 121.24, 49.94,
49.67, 45.56. Yield: 68%; C36H39N7$6HCl$4H2O, MW: 860.57
Elemental analysis: Calculated: C, 50.24; H, 6.21; N, 11.39; Experi-
mental: C, 50.55; H, 5.46; N, 10.89. ESI-MS (m/z): Calculated for
C36H39N7 569.33; Found: 570.31 [L þ H]þ.

2.1.2. Proton nuclear magnetic resonance (1H NMR) measurements
The 1H NMR spectra were recorded on a Bruker DPX-300 or a

Bruker 400 AV spectrometers operating at 299.95MHz or 399.91
for 1H NMR, the solvent signal was used as reference. Adjustments
to the desired pH were made using drops of DCl or NaOD solutions.
The pD was calculated from the measured pH values using the
correlation, pH¼ pD - 0.4 [31].

2.1.3. Equilibrium studies
The potentiometric titrations were carried out at 298.1± 0.1 K

using 0.15M NaCl as supporting electrolyte. The experimental
procedure (burette, potentiometer, cell, stirrer, microcomputer,
etc.) has been fully described elsewhere [32]. The reference elec-
trode was an Ag/AgCl electrode in saturated KCl solution. The glass
electrode was calibrated as a hydrogen-ion concentration probe by
titration of previously standardized amounts of HCl with CO2-free
NaOH solutions and the equivalent point determined by Gran's
method [33,34], which gives the standard potential, E�‘, and the
ionic product of water (pKw¼ 13.73 (1)). The acquisition of the emf
data was performed with the computer program PASAT [35]. The
computer program HYPERQUAD was used to calculate the pro-
tonation and stability constants and the logician HYSS was
employed ton derive the distribution diagrams [36,37].

The pH range investigated was 2.5e11.0. The different titration
curves (at least two) were treated either as a single set or as
separated curves without significant variations in the values of the
stability constants. Finally, the sets of data were merged together
and treated simultaneously to give the final stability constants.
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2.2. Biology

2.2.1. In vitro activity assays
2.2.1.1. Parasite culture. Three different Trypanosoma cruzi strains
were evaluated in this work: Trypanosoma cruzi SN3 strain (IRHOD/
CO/2008/SN3, discrete typing unit (DTU) I) isolated from domestic
Rhodnius prolixus from Guajira, Colombia [38]; Trypanosoma cruzi
Arequipa strain (MHOM/Pe/2011/Arequipa, DTU V) isolated from a
human from Arequipa, Peru [39]; Trypanosoma cruzi Tulahuen
strain (TINF/CH/1956/Tulahuen, DTU VI) isolated from Tulahuen,
Chile [39]. Epimastigote culture forms were grown at 28 �C in RPMI
(Gibco®) with 10% (v/v) foetal bovine serum (FBS) (heat-inacti-
vated), 0.5% (w/v) trypticase (BBL) and 0.03M hemin [40].

2.2.1.2. In vitro activity screening assays against extracellular epi-
mastigote forms. T. cruzi epimastigotes (strains SN3, Arequipa and
Tulahuen) were collected in the exponential growth phase by
centrifugation at 400g for 10min. The compounds to be tested and
BZNwere dissolved in DMSO, and assayed as nontoxic or inhibitory
DMSO concentrations on parasite growth. Trypanocidal activity
was determined using the method described by Rol�on et al. [41]
with some modifications. Assays were performed in microtiter
plates (96-well plates) by seeding the parasites at 5� 105mL�1, and
after addition of the compounds at dosages of 100 to 0.2 mM and
cultured in 200 mL/well volumes at 28 �C. Growth controls and BZN
were also included. After a 48-h incubation, 20 mL (0.125mg/mL) of
resazurin sodium salt (Sigma-Aldrich) was added, and the plates
were incubated for a further 24 h. Finally, 5 mL (10% w/v) of sodium
dodecyl sulphate (SDS) was added, and after 10min, the trypano-
cidal activity of the compounds on the plates was assessed by
absorbance measurements (Sunrise, TECAN) at 570 and 600 nm
[42]. The trypanocidal effect was determined using GraphPad Prism
6 and is expressed as the IC50, i.e., the concentration required to
result in 50% inhibition. Each drug concentration was tested in
triplicate in four separate determinations.

2.2.1.3. Vero cells culture and cytotoxicity tests. Vero cells (EACC
number 84113001) frommonkey kidney were grown in humidified
95% air, 5% CO2 atmosphere at 37 �C in RPMI (Gibco®) with 10% (v/v)
FBS (heat-inactivated) [43]. Vero cells were collected first by tryp-
sinization and then by centrifugation at 400g for 10min. Cytotox-
icity against Vero cells was assessed using microtiter plates (96-
well plates) by seeding the cells at 1.25� 104mL�1, and after
addition of the compounds at dosages of 2000 to 1 mMand cultured
in 200 mL/well volumes in RPMI (Gibco®) with 1% (v/v) foetal
bovine serum (heat-inactivated). Growth controls and BZN were
also included. After a 48-h incubation, 20 mL (0.125mg/mL) of
resazurin sodium salt (Sigma-Aldrich) was added, and the plates
were incubated for a further 24 h. Finally, 5 mL (10% w/v) of SDS was
added, and after 10min, the cytotoxicity of the compounds on the
plates was assessed by absorbance measurement (Sunrise, TECAN)
at 570 and 600 nm [42]. Cytotoxicity was determined using
GraphPad Prism 6 and it is expressed as the IC50, i.e., the concen-
tration required to result in 50% inhibition. Each drug concentration
was tested in triplicate in four separate determinations.

2.2.1.4. In vitro activity screening assays against intracellular amas-
tigote forms and infected cells. Assays were performed in microtiter
plates (24-well plates) by seeding the Vero cells at 1� 104 well�1

with rounded coverslips on the bottom. 24 h later the cells were
infected with culture-derived trypomastigotes of T. cruzi (strains
SN3, Arequipa and Tulahuen) at a multiplicity of infection (MOI)
ratio of 1:10 during 24 h. Non-phagocyted parasites were removed
by washing, and after addition of the compounds at dosages of 100
to 0.2 mM, cultured in 500 mL/well volumes in RPMI (Gibco®) with

1% (v/v) foetal bovine serum (heat-inactivated) in a humidified 95%
air, 5% CO2 atmosphere at 37 �C. Growth controls and BZNwere also
included. After a 72-h incubation, the trypanocidal effect was
assessed based on the number of amastigotes and infected cells in
treated and untreated cultures in methanol-fixed and Giemsa-
stained preparations by analysing 500 host cells distributed in
randomly chosen microscopic fields. The infectivity index was
defined as the average number of amastigote forms in infected cells
multiplied by the percentage of infected cells. The trypanocidal
effect was determined using GraphPad Prism 6 and it is expressed
as the IC50, i.e., the concentration required to result in 50% inhibi-
tion. Each drug concentration was tested in triplicate in four
separate determinations.

2.2.1.5. Obtaining metacyclic forms. Metacyclic trypomastigotes
(aged epimastigote cultures) were induced with the method
described by Martín-Escolano et al. [39]. Subsequently, the meta-
cyclic trypomastigotes were used to infect Vero cells in humidified
95% air, 5% CO2 atmosphere at 37 �C in RPMI (Gibco®) with 10% (v/v)
FBS (heat-inactivated) for 5e7 days [44]. Finally, the culture-
derived trypomastigotes were collected by centrifugation at
3000g for 5min and used to infect BALB/c albino mice.

2.2.1.6. In vitro activity screening assays against extracellular try-
pomastigote forms. T. cruzi blood trypomastigotes (strain SN3,
Arequipa and Tulahuen) were obtain by cardiac puncture from
BALB/c mice during the parasitaemia peak after infection and
diluted in RPMI (Gibco®) with 10% (v/v) FBS (heat-inactivated).
Trypanocidal activity was determined according to the method
described by Faundez et al. [45] with certain modifications. Assays
were performed in microtiter plates (96-well plates) by seeding the
parasites at 2� 106mL�1, and after addition of the compounds at
dosages of 50 to 0.2 mM, cultured in 200 mL/well volumes in hu-
midified 95% air, 5% CO2 atmosphere at 37 �C. Growth controls and
BZN were also included. After a 24-h incubation, 20 mL (0.125mg/
mL) of resazurin sodium salt (Sigma-Aldrich) was added, and the
plates were incubated for 4 h. Finally, the same procedure as
described to assess the trypanocidal activity in the epimastigote
forms was carried out.

2.2.2. In vivo activity assays
2.2.2.1. Mice. Female BALB/c mice (8e10 weeks old and 20e25 g)
were used to perform the experiments, provided with water and
standard chow ad libitum and maintained under standard
conditions.

These experiments were approved by the Ethics Committee on
Animal Experimentation of the University of Granada (RD53/2013)
and performed under the rules and principles of the international
guide for biomedical research in experimental animals.

2.2.2.2. Infection and treatment. Groups of three mice were infec-
ted via intraperitoneal inoculation with 5� 105 bloodstream try-
pomastigotes (BTs) of T. cruzi Arequipa strain in 0.2mL PBS.

The mice were divided as follows: 0, negative control group
(uninfected and untreated); I, positive control group (infected and
untreated); II, BZN group (infected and treated with BZN); III, study
group (infected and treated with the compounds under study). BZN
and the compounds under study were prepared at 2mg/mL in an
aqueous suspension vehicle containing 5% (v/v) DMSO and 0.5% (w/
v) hydroxypropyl methylcellulose [46]. Drugs were administered
by the oral route (~200 mL) once daily for 5 consecutive days, and
vehicle only was administered in the negative and positive control
groups. Therefore, doses of 20mg/kg per daywere administered for
5 consecutive days. Administration of the tested compounds was
initiated on the 10th day post-infection (dpi) (once the infection
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was confirmed) in mice treated in the acute phase and on the 75th
dpi (it is established that the animals had entered the chronic phase
of the experiment) in the mice treated in the chronic phase.

2.2.2.3. Parasitaemia levels during the acute phase treatment.
Peripheral blood from each mouse treated in the acute phase was
obtained from the mandibular vein, and the number of BTs was
quantified using the method described by Olmo et al. [47] until the
day parasitaemia was not detected. The number of BTs was
expressed as parasites/mL.

2.2.2.4. Immunosuppression. After 100th dpi, the mice were
immunosuppressed with cyclophosphamide monohydrate (CP)
(ISOPAC®) as follow: 1 intraperitoneal injection every 4 days with a
dose of 200mg/kg, for a maximum of three doses [46]. The efficacy
of such an immunosuppression (IS) procedure for assessing cryptic
infection was verified by the high parasitaemia in chronically un-
treated mice. Within 1 week after the last CP injection, the reac-
tivation rate was evaluated according the procedure described for
parasitaemia levels in the acute phase.

2.2.2.5. Tissues DNA extraction, PCR and electrophoresis. After CP-
induced IS, mice were bled out under gaseous anaesthesia (CO2)
via heart puncture, and blood was collected.

Our previous in vivo studies using the T. cruzi Arequipa strain
revealed its tropism for the following tissues: adipose tissue, bone
marrow, brain, oesophagus, heart, lung, muscle, spleen and stom-
ach. Therefore, these 9 tissues were harvested and immediately
perfused with pre-warmed PBS to avoid contamination of the tis-
sue with BTs [48]. In addition, spleen was weighed to evaluate
inflammation of this organ in the different groups of mice. Finally,
the target tissues were thawed and ground up using the method
described by Olmo et al. [47], and DNA extraction was performed
using Wizard® Genomic DNA Purification Kit (Promega).

PCR was performed out based on the published sequence of the
enzyme superoxide dismutase (SOD) T. cruzi CL Brenner (GenBank
accession No. XM_808937) using two primers designed in our
laboratory (GenBank accession number DQ441589), as described by
Olmo et al. [49], that allow the detection of T. cruzi DNA in different
biological samples. Finally, the amplification products were sub-
jected to electrophoresis on a 2% agarose gel for 90min at 90 V,
containing 1:10,000 GelRed nucleic acid gel stain.

2.2.2.6. ELISA tests. Serum samples were obtained 2 days after
treatment, 1 day before IS and on the day of necropsy for the mice
treated in the acute phase, and 2 days after treatment and on the
day of necropsy (sera post-IS) for the mice treated in the chronic
phase. To obtain serum, the method described by Moreno-Viguri
[50] was followed.

Circulating antibodies in serum against T. cruzi Arequipa strain
were qualitatively and quantitatively evaluated by ELISA. The
serum from whole blood was diluted 1:80 in PBS, and all serum
samples were analysed in triplicate in polystyrene 96-well micro-
titer plates. The absorbance was read at 492 nm using a microplate
reader (Sunrise, TECAN). Mean and standard deviations of the op-
tical densities of the negative control sera were used to calculate
the cut-off value (mean plus three times the standard deviation)
[47].

2.2.2.7. Toxicity tests. Serum samples were obtained at 2 days after
treatment and on the day of necropsy (sera post-IS) both for mice
treated in the acute and chronic phases.

A series of parameters of these sera were measured in the
Biochemical Service (University of Granada) using the commercial
Cromakit® with the BS-200 Chemistry Analyzer Shenzhen Mindray

(Bio-medical Electronics Co., LTD). Mean values and standard de-
viations were calculated using the levels obtained for different
populations of sera (n¼ 15, n¼ 6), and the confidence interval for
the mean normal populations were also calculated based on a
confidence level of 95% (100� (1-a)¼ 100� (1e0.05)).

2.2.3. Studies of the action mechanism
2.2.3.1. Metabolite excretion. The assays were performed in cell
culture flasks (surface area, 25 cm2) by seeding epimastigote forms
from T. cruzi Arequipa strain at 5� 105mL�1 and after the addition
of the compounds at IC25 concentrations at 28 �C. Non-treated
parasites were also included. After a 72-h incubation, treated and
non-treated parasites were centrifugated at 800 g for 10min to
collect the supernatants to determine the excreted metabolites by
1H NMR using a VARIAN DIRECT DRIVE 400MHz Bruker spec-
trometer with an AutoX probe using D2O as described by Fern�an-
dez-Becerra et al. [51]. The binning and normalisations were
achieved using Mestrenova 9.0 software. The matrix obtained in
Mestrenova was imported into Microsoft Excel for further data
analyses.

2.2.3.2. Mitochondrial membrane potential and DNA and RNA levels.
The treated epimastigote forms from T. cruzi Arequipa strain
described above and collected by centrifugation were washed 3
times with PBS. Subsequently, the parasites were resuspended in
0.5mL PBS with 10 mg/mL Rho (Sigma-Aldrich) or 10 mg/mL AO
(Sigma-Aldrich) for 20min [52]. Finally, the samples were washed
twice with ice-cold PBS, dispersed in 1mL of PBS and immediately
analysed by flow cytometry (BECTON DICKINSON FACSAria III). The
datawere captured and analysed using BD FACSDiva v8.01 software
(Becton Dickinson Biosciences, 2350 Qume Drive, San Jose, Palo-
Alto, California). The fluorescence intensities for Rho (mitochon-
drial membrane potential) and AO (nucleic acids) were quantified
based on the forward (FSC) and side (SSC) scatter, for which a total
of 10,000 events were acquired in the previously established region
corresponding to epimastigote forms [53]. Alterations in the fluo-
rescence intensities of AO (APC-A) or Rho (FITC-A) were quantified
as described elsewhere [52].

2.2.3.3. SOD inhibition studies. Epimastigote forms from T. cruzi
Arequipa strain were grown and collected in the exponential
growth phase by centrifugation at 400g for 10min. The pellet was
resuspended at 5� 109mL�1 in the growth mediumwithout FBS in
cell culture flasks (surface area, 75 cm2). After a 28-h incubation at
28 �C, the culture was centrifugated at 800 g for 10min at 4 �C, and
the supernatant was processed using the method previously
described by L�opez-C�espedes et al. [54]. The protein concentration
was determined using the Bradford method (Sigma Immuno-
chemical, St. Louis) with bovine serum albumin as a standard [55].

Iron and commercial copperezinc (Sigma-Aldrich) superoxide
dismutases (Fe-SODe and CuZn-SOD) activities were determined
using the method described by Beyer and Fridovich [56].

3. Results and discussion

3.1. Chemistry

3.1.1. Synthesis
Compounds 2e12 were obtained in high yield by easy synthetic

routes involving the reaction of tris(2-aminoethyl)amine (tren)
with the corresponding commercially available aldehydes either in
mole ratio amine:aldehyde mole ratio 4:1 for 2e7 or 1:3 for com-
pounds 8e12 (Scheme 1). Then, sodium borohydride was added
and the corresponding amines separated by extraction in CH2Cl2.
The compounds are finally isolated as their hydrochloride salts. A
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few examples of this procedure can be found in Refs. [25e30].
Compound 1 requires however the extension of the tren moiety

with aminopropyl chains as previously reported [25]:
Both procedures permit the ready preparation of the com-

pounds with high yields at relatively low costs.

3.1.2. Acid-base behaviour
Polyamines bear protonation equilibria and at the physiological

pH of 7.4 they are present in solution as charged species. Therefore,
the protonation constants have to be calculated previously to

perform any other study. Tables 1 and 2 show the protonation
constants of the compounds determined inwater at 298.1 K. Due to
its low solubility at the milimolar concentrations required for the
potentiometric studies, the protonation constants of compounds 7,
8 and 9 were measured in hydroalcoholic water:ethanol 70:30
mixtures. The solubility of 10 was very low even in this solvent
mixture preventing the calculation of the stability constans.

All the monosubstituted compounds have three protonation
constants involving the primary and secondary ammine groups.
This makes the protonation degree (mean number of charged

Scheme 1. Compound 1 and experimental procedure for the preparation of a) compounds 2e7 and b) compounds 8e12.
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ammonium groups) at the physiological pH of 7.4 to be rather
constant for all the compounds varying from 2 for 5 to 2.8 for 3.
Even if dansyl has an additional step, such a protonation occurs at a
much lower pH since it affects the tertiary amine groups of the
dansyl moiety.

All the three-substituted compounds show three relatively high
constants that can be ascribed to the protonation of the secondary
amine groups, while 11 and 12 show additional protonation steps
attributable to the nitrogen atoms of the quinoline moieties.
However, in spite of having additional protonable heterocycles, all
the tri-substituted compounds show, analogously to the mono-
substituted derivatives, protonation degrees at physiological pH
around 2.0.

In a first approach and taking into account the behaviour of
related ligands, all these compounds should be able to interiorize
within the parasite cells [59,60]. The only difference in this respect
is compound 1, derivative functionalized with aminopropyl moi-
eties, which presents a protonation degree of 5.2 which might be
too high for permitting an effective capture within the cells.

3.2. Biology

3.2.1. In vitro biological activity
The genetic diversity of T. cruzi is widely recognized. Currently,

T. cruzi is divided into seven DTUs, with different genotype,
phenotype, evolutionary relationships, ecological and epidemio-
logical associations, tropism, pathogenesis and drug resistance [57].
Accordingly, three different T. cruzi strains (TcI, TcV and TcVI), with
different locations, hosts and tropisms, were used to determine the
compounds with good performance.

The extracellular epimastigote form is the most frequently used
owing to its simple culture in the laboratory. However, tests against
the developed forms in vertebrate hosts, BT and intracellular
amastigote form (responsible for the chronic phase of CD), aremore
interesting [58]. Moreover, according to some authors, potential
antichagas agents must meet certain criteria: a) IC50�10 mM, and
SI> 10 [61]; b) IC50 < 5 mM, SI > 10 [62]; c) SI> 50 [63]. Therefore,
the in vitro trypanocidal activities of polyamines 1e12 and the
reference drug BZN were evaluated, after a 72-h exposure, in epi-
mastigote forms as a primary screening. The potential polyamines
were then tested against the amastigote and trypomastigote forms
as relevant forms from the clinic with the aim of obtaining the
inhibition concentrations 50 (IC50 values) (Table 3).

Alternatively, the cytotoxicity of polyamines 1e12 was tested
using mammalian Vero cells to determine the toxicity and the
selectivity index (SI) (Table 4). Interestingly, almost all these poly-
amines, after a 72-h exposure, were substantially less toxic than
BZN. The cytotoxicity IC50 values ranged from 20.5 to 1765.4 mM
(most of themwith a value higher than 200 mM) in contrast to BZN
(23.2 mM). In brackets it has been added the number of times that
the compound SI exceeded the reference drug BZN SI.

Four polyamines (3, 7, 11 and 12) showed SI values that were
between 12 and 186-fold higher than BZN at least for one of the
strains. Subsequently, these 4 polyamines were tested against
amastigote and trypomastigote forms. Thereafter, polyamines 7
and 12 met the most stringent requirements mentioned above
about the IC50 values at least for one of the parasite forms in
vertebrate hosts for the three T. cruzi strains. Regarding the SI, it
should be noted that both compounds fullfiled the requirement of
having values over 50 for the 3 parasite forms and the 3 T. cruzi

Table 1
Protonation constants for the monofunctionalized tren derivatives 2e7 determined at 25 �C.

Reaction 2 (a) 3 (b) 4 (a) 5 (b) 6 (a) 7 (c)

H þ L $ HLd 9.81 (1)e 9.72 (2) 9.90 (1) 10.19 (2) 10.03 (2) 9.58 (1)
H þ HL $ H2L 8.88 (1) 9.10 (1) 8.66 (1) 9.44 (1) 9.35 (1) 8.85 (1)
H þ H2L $ H3L 7.15 (2) 7.45 (1) 6.62 (2) 4.16 (3) 8.1 (1) 7.46 (1)
H þ H3L $ H4L 2.21 (2)
log bf 25.84 26.27 25.18 26 27.48 25.89
Mean No. Prot. pH¼ 7.4 2.3 2.8 2.1 2.0 2.8 2.5

a 0.15M NaCl, logK of 2 ref. 27, 4 ref. 28, and 6 this work.
b 0.15M NaClO4, logK of 3 ref. 26, 5. ref. 29,
c 0. 15 M NaCl in EtOH:H2O (30:70), logK of 7, this work.
d Charges omitted.
e Values in parentheses are standard deviations in the last significant figure.
f log b¼S Log K.

Table 2
Protonation constants for the tri-functionalized tren derivatives 1, 8e12 determined at 25 �C.

Reaction 1 (a) 8 (c) 9 (c) 10 11 (b) 12 (b)

H þ L $ HLd 10.34 (7)e 9.27 (1) 8.70 (2) nd 10.76 (2) 10.60 (2)
H þ HL $ H2L 10.26 (2) 8.07 (1) 7.59 (1) nd 8.13 (4) 9.61 (1)
H þ H2L $ H3L 9.52 (4) 6.77 (1) 6.38 (1) nd 5.67 (3) 6.79 (2)
H þ H3L $ H4L 8.68 (4) 3.95 (2) 2.99 (3)
H þ H4L $ H5L 7.91 (5)
H þ H5L $ H6L 7.37 (4)
H þ H6L $ H7L 2.2 (1)
2H þ H4L $ H6L 6.89 (2)
log bf 56.3 24.1 22.68 nd 35.4 29.99
Mean No. Prot. pH¼ 7.4 5.3 2.0 1.7 e 1.9 2.2

a 0.15 M NaCl, log K of 1 ref. 25.
b 0.15 M NaClO4.
c 0. 15 M NaCl in EtOH:H2O (30:70).
d Charges omitted.
e Values in parentheses are standard deviations in the last significant figure.
f log b¼S Log K.
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strains. Moreover, they met the majority of the in vitro criteria of
the target product profile (TPP) [62]. It was found that these poly-
amines were more active against the amastigote and trypomasti-
gote forms of T. cruzi, reaching effectiveness between 51 and 2601-
fold higher than BZN.

As summarised, these 2 polyamines showed a low toxicity and
an excellent trypanocidal activity independent of the parasite
forms. These compounds were chosen for further in vivo (see Fig. 1)
and in vitro assays that were performed only with the T. cruzi
Arequipa strain to reduce the number of animal testing, as there
were no significant differences between the performances of the
selected compounds for the other evaluated strains.

Ultimately, to obtain more accurate information regarding the
most active polyamines, including BZN, the rates of infection in host
Vero cells were measured by counting the number of infected cells
after a 72-h exposure (Fig. 2), together with the amastigote and
trypomastigote forms data. The rates of infected cells gradually
decreased in all cases. Compound 12 should be highlighted,
showing 0% of infected cells at 25 mM. In summary, polyamines 7
and 12 showed a higher efficiency than BZN. A decrease in the total
number of amastigote and trypomastigote forms was also
observed.

Likewise, to give an idea of the kill rate for the compounds, the
average number of amastigote forms per cell was also determined
(Fig. 3). The number of amastigotes per cell (and the rate of infected
cells) decreased for all tested compounds, showing that compounds
7 and 12 are trypanocidal drugs because they cause the parasite
death, and not only inhibit the multiplication (trypanostatic drug
action), an important feature to avoid any relapse after chemo-
therapeutic treatment [62].

3.2.2. In vivo trypanocidal evaluation in BALB/c mice
Since polyamines 7 and 12 showed striking in vitro activities

against the developed forms in vertebrate hosts, those compounds
were evaluated in BALB/c mice. The experimental tests during the
in vivo evaluationwere carried out to determine the effectiveness of
treatment in the acute and chronic phases because of the different
effectiveness levels of current drugs in both phases; the perfor-
mance of drugs during the chronic phase has not the desired effect
[64]. Therefore, the compounds were evaluated by treating mice
during 5 consecutive days from the 10th dpi for the mice treated in
the acute phase, and from 75th dpi (there are no parasites in the
bloodstream and it is established that the mice entered the chronic
phase) for the mice treated in the chronic phase. Drugs were
administered orally because the oral therapeutic route leads to
better patient compliance, has a low cost (critical aspects in
developing countries), and it is the preferred route for the treat-
ment of parasitic diseases [65].

The treatment for both polyamines and the reference drug BZN
was performed at subcurative doses for BZN (20mg/kg per day for 5
days) to evaluate whether the polyamines showed higher in vivo
activity than the reference drug. Signally, none of the mice died nor
did they lose more than 10% body mass during or after treatment.
Thereafter, the in vivo assays were performed to evaluate the
following: a) Parasitaemia levels by counting BTs; b) Parasitaemia
reactivation by counting BTs after IS; c) Parasites in tissues by PCR;
d) Levels of immunoglobulin G (Ig G) by ELISA and splenomegaly as
indicators of the immune response. Moreover, serum biochemical
parameters by clinical chemistry measurements were performed as
an indicator of metabolic abnormalities associated with the
treatment.

Table 3
In vitro activity and toxicity for compounds on extra- and intracellular forms of Trypanosoma cruzi strains.

Comp. Activity IC50 (mM)a Activity IC50 (mM)a Activity IC50 (mM)a Toxicity IC50 Vero cell (mM)b

T. cruzi Arequipa strain T. cruzi SN3 strain T. cruzi Tulahuen strain

Epim. forms Amast. forms Trypom. forms Epim. forms Amast. forms Trypom. forms Epim. Forms Amast. Forms Trypom. forms

BZN 16.9± 1.8 8.3± 0.7 12.4± 1.1 36.2± 2.4 16.6± 1.4 36.1± 3.1 19.7± 1.7 10.0± 0.8 15.1± 1.3 23.2± 2.1
1 127.6± 11.7 nd nd 123.6± 11.8 nd nd 202.0± 19.2 nd nd 1176.0± 110.4
2 29.6± 2.7 nd nd 16.2± 1.4 nd nd 54.7± 5.1 nd nd 20.5± 1.9
3 42.5± 4.0 nd nd 8.0± 0.7 21.1± 2.2 18.4± 2.0 13.6± 1.1 26.4± 2.8 19.0± 2.1 202.1± 25.7
4 22.7± 2.2 nd nd 71.0± 6.9 nd nd 21.9± 2.3 nd nd 33.4± 3.1
5 65.9± 6.6 nd nd 101.2± 11.4 nd nd 87.4± 8.9 nd nd 136.7± 15.1
6 132.4± 15.4 nd nd 90.4± 8.8 nd nd 84.9± 9.0 nd nd 842.5± 75.1
7 26.6± 2.4 4.8± 0.4 14.7± 1.2 19.3± 1.4 19.7± 2.7 12.4± 1.1 30.7± 2.8 15.1± 1.3 17.6± 1.4 1765.4± 158.4
8 24.0± 2.0 nd nd 15.8± 1.7 nd nd 14.7± 0.5 nd nd 22.3± 2.4
9 72.4± 7.0 nd nd 185.5± 19.9 nd nd 88.2± 9.1 nd nd 678.1± 74.2
10 15.3± 1.4 nd nd 9.4± 0.8 nd nd 7.2± 0.8 nd nd 36.6± 4.1
11 11.9± 12.4 20.1± 1.8 14.3± 1.2 25.1± 2.1 nd nd 23.5± 2.5 nd nd 198.7± 21.0
12 15.1± 1.4 2.4± 2.3 1.2± 0.1 14.0± 2.2 1.6± 0.2 1.1± 0.1 19.5± 1.7 2.3± 0.2 1.9± 0.2 1564.6± 180.1

a IC50¼ the concentration required to give 50% inhibition, calculated using GraphPad Prism 6. Results are averages of three separate determinations± standard deviation.
b Towards Vero cells after a 72-h culture. nd, not determined.

Table 4
Selectivity index for compounds on extra- and intracellular forms of T. cruzi strains.

Comp. Selectivity index Selectivity index Selectivity index

T. cruzi Arequipa straina T. cruzi SN3 straina T. cruzi Tulahuen straina

Epim. forms Amast. forms Trypom. forms Epim. forms Amast. forms Trypom. forms Epim. Forms Amast. Forms Trypom. forms

BZN 1.4 2.8 1.9 0.6 1.4 0.6 1.2 2.3 1.5
3 4.8 (3) nd nd 25.4 (42) 9.6 (7) 11.0 (18) 14.8 (12) 7.7 (3) 10.6 (7)
7 66.3 (48) 364.8 (130) 120.0 (63) 91.3 (152) 89.6 (64) 142.3 (236) 57.5 (48) 117.1 (51) 100.4 (67)
11 16.7 (12) 9.9 (4) 13.9 (7) 7.9 (12) nd nd 8.5 (7) nd nd
12 109.7 (78) 692.3 (247) 1356.3 (713) 111.8 (186) 1015.1 (725) 1561.0 (2601) 84.8 (70) 707.1 (307) 889.6 (593)

a Selectivity index¼ IC50 Vero cells/IC50 extracellular and intracellular form of parasite. In brackets: number of times that compound exceeds the reference drug SI (on
extracellular and intracellular forms of Ttypanosoma cruzi). nd, not determined.
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First, parasitaemia levels in the different groups of untreated
and treated mice in the acute phase were determined (Fig. 4). No
significant differences were observed for mice treated with com-
pound 12 compared with untreated (control) mice. However, a
reduction of parasitaemia in compound 7-treated mice with
respect to the untreated mice was observed. This activity was
evident since the beginning of the treatment (10th dpi) and it was
maintained until the end of the acute phase. The peak of para-
sitaemia (23rd dpi) caused a reduction of 72% for compound 7
compared with the control group, being similar to BZN. Further-
more, parasitaemiawas undetected on the 40th dpi for compound 7,
while it was observed until 50th and 47th dpi in the group of un-
treated- and BZN-treatedmice, respectively. This finding appears to
indicate that parasites were eliminated or depleted to non-
detectable levels for counting, no longer detected in blood.

Second, to evaluate the effectiveness of the treatment and the
disease extent in the chronic phase, the parasitaemia reactivation
was determined after IS until 120th dpi (late chronic phase), when
the amastigote forms are nested inside target tissues under the
control of the immunological system of the mice. This matter is
important since apparently cured immunocompromised in-
dividuals and patients submitted to liver or kidney transplantation
(diagnosed with AIDS or treated with anticancer chemotherapy)
present clinically aggressive parasitaemia reactivation. Therefore, IS
is carried out as a first cure confirmation technique, with the sec-
ond being PCR of the tissues: the infected and treated animals
whose parasitaemia does not reappear and show negative PCR
results for tissues are considered cured [66]. The percentage of
parasitaemia reactivation after IS in comparison with the control
groups, proportional to the survival rate of the parasites, is shown
in Fig. 5. A reduction in the parasitaemia reactivation was observed
for all mice treated in both the acute and chronic phases. In addi-
tion, both polyamines and BZN showed greater activity in the
chronic phase treatment, since a lower parasitaemia reactivations

were observed with respect to the control. As expected, the same
subcurative dose of BZN was more active in the chronic than in the
acute phase treatment (51.2% and 75.0%, respectively). The highest
activity was observed for compound 7 since compound 7-treated
mice showed a parasitaemia reactivation with a value of 16.3% and
5.9% in the acute and chronic phases, respectively.

Finally, PCR was performed on the necropsy day (127th dpi) as a
second technique of confirmation of cure to determine the pres-
ence of parasites in the target tissues and the curative effect of the
compounds. Fig. 6 shows the PCR results for the target tissues in the
different groups of mice. The PCR of the control groups in both the
acute and chronic phases was positive for these 9 tissues (defined
as target tissues): adipose, bone marrow, brain, oesophagus, heart,
lung, muscle, spleen and stomach. As expected, the same subcu-
rative dose of BZN was more active in the chronic (4 out of 9 target
tissues were infected) than in the acute phase treatment (6 out of 9
target tissues were infected). Same results were observed for the
mice treated with the tested compounds, according to the previous
IS results. Compound 7-treated mice only showed 2 out of 9 tissues
infected after treatment in the acute phase, and 1 out of 9 tissues
infected after treatment in the chronic phase. The adipose tissue
was the only tissue infected after the chronic phase treatment with
compound 7. Many of the current candidates to be antichagas
agents show parasites located in adipose tissue after treatment in
the chronic phase [67]. There are several reasons why these com-
pounds could be less effective at eliminating parasites from this
tissue, for instance, lesser drug accessibility or susceptibility to the
parasite in a lipid/sterol rich environment [68,69]. It is proposed
that the different effectiveness in the different phases is related to
inadequate pharmacokinetics between the compounds and the
tissue localization of parasites during the chronic phase [70].
Compound 7 can be studied at higher doses (since it do not present
toxicity) establishing a new treatment guideline (based on phar-
macokinetic studies) to achieve total cure.

Fig. 1. Shows the timeline for all in vivo experiments in the acute and chronic phases.
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Clinical cure in T. cruzi infections is a questionable assessment
due to the lack of a reliable test to assure parasite elimination [71].
The main utility of the PCR technique is to verify the failure of
clinical cure since even consistently negative results (using blood)
are not enough to confirm the complete removal of tissue parasites
[72,73]. For animal testing models, IS is the formula employed to
demonstrate cure [46], and we assess the establishment of cure
using a double confirmation based on the presence (or not) of
parasites in blood (by IS) and in tissues (by PCR). Currently, highly
sensitive techniques based on bioluminescence imaging are used to
demonstrate cure, generating data with superior accuracy to PCR
[74]. However, we can state evidence of curation (or, at least, a
considerable reduction in the parasitic load) substantiated on the
results of three independent samples by a double checking of cure
(PCR and IS).

Since the titre of immunoglobulins is linked to the parasite load
[75], the levels of total Ig G reflect the infection rate and verify the
effectiveness ascribed to the tested compounds. Therefore, the
immune status of the different groups of mice during infection

were measured using the enzyme-linked immunosorbent assay
(ELISA) [76], and the titre of anti-T. cruzi Ig G are shown in Fig. 7. All
analysed samples from treated mice showed Ig G levels that
decreased with respect to samples from untreated (control) mice,
excluding the samples obtained 2 days after the treatment in the
chronic phase. This is logical since those samples were retrieved
frommice that suffered an acute phasewithout treatment, with the
characteristic Ig G levels caused by the hypergammaglobulinemia
of the infection by T. cruzi. Compound 12-treated mice almost
maintained the same levels as the untreated (control) mice, ac-
cording to the PCR and IS assays. It should be noted that the Ig G
levels of both groups of compound 7-treated mice did not increase
after IS due to the very low parasitaemia reactivation mentioned
above. It has to bementioned that, although the level of Ig G after IS
do not provide relevant information about the treatment efficacy
due to the depletion of T and B cells, these data verify the blockade
of the immunological system of the mice.

Since the spleen is an involved organ in defence against infec-
tion, splenomegaly is another characteristic linked to the parasite
load. Splenomegaly happens in experimentally infected mice dur-
ing which the chronic mice spleen is often approximately twice the
mass of uninfected mice spleen [74]. Therefore, the spleens from
different groups of mice were weighed, and the data are shown in
Fig. 8. Significantly, treatment even at subcurative doses of BZN
decreases infection-induced splenomegaly since it is linked to a
reduction of the parasite load [74]. Results obtained fom the ELISA
assay were confirmed by splenomegaly tests since all polyamines
and BZN reduced splenomegaly, and likewise infection rates.
Compound 7-treated mice showed lesser splenomegaly than BZN-
treated mice, exhibiting values very close to those of uninfected
mice.

Kidney, heart and liver marker profiles were performed in un-
treated and treated mice in both phases of the disease to confirm
the metabolic abnormalities associated with the treatment. The
values for uninfected and untreated mice were also included. The
data are shown in Table 5. All tested biochemical parameters for the
evaluated compounds were no more altered than those obtained
with BZN. Moreover, almost all those alterations were nonexistent
or insignificant (less than 10%) the necropsy day of mice. Therefore,
higher doses (since they do not present toxicity) and a new treat-
ment guideline (to achieve better exposure in the bloodstream)
could be studied to improve the effectiveness of compound 7 after
studies based on pharmacokinetic (absorption, distribution,
bioavailability and/or excretion). Likewise, these studies could be
performed for compound 12 in order to know if its low in vivo
activity, in contrast to the in vitro results, is due to poor treatment
guideline.

3.2.3. Action mechanism studies
3.2.3.1. Metabolite excretion study. It is well-known that trypano-
somatids, T. cruzi among them, are unable to completely degrade
glucose to CO2 in the presence of oxygen (so-called aerobic
fermentation). Consistently, the parasites excrete into the medium
a considerable portion of their hexose skeleton as partially oxidized
end products in the form of fermented metabolites [77]. Focusing
on T. cruzi, this parasite catabolizes glucose at a high rate, acidifying
the medium owing to incomplete oxidation to acids [78]. The final
products in this catabolism are mainly pyruvate, acetate, succinate,
L-alanine, D-lactate and ethanol [79].

1H NMR spectra of untreated and treated T. cruzi Arequipa epi-
mastigotes were registered, qualitatively and quantitatively ana-
lysed and compared with those found for the control (untreated
parasites) to know the effects of polyamines 7 and 12, at IC25
concentrations, on glucose metabolism (spectra not shown). The
data are shown in Fig. 9. The excretion of all metabolites (except

Fig. 2. Evaluation of the antitrypanosomal activity against amastigote and trypomas-
tigote forms and infected cells treated with a) benznidazole, b) 7 and c) 12. Values are
the means of three separate experiments± standard deviation. In brackets: IC50 value,
calculated using GraphPad Prism 6.
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glycerol) decreased after treatment with polyamines 7 and 12, and
the most remarkable decreases were for succinate and ethanol
metabolites: 34% and 31% for compound 7, and 49% and 38% for
compound 12, respectively. These alterations indicated a reduction
on the catabolic glucose metabolism, and they can be a conse-
quence of an inhibition in the first enzymes involved in this
pathway (glycosomal level) or a consequence of a mitochondrial
dysfunction: T. cruzi catabolizes glucose at a high rate through the
pentose phosphate pathway (PPP), acidifying the glycosome me-
dium owing to incomplete oxidation of the acid end products, such
as pyruvate or succinate [78,79]. Subsequently, these metabolites
are directed to the tricarboxylic acid (TCA) cycle in the

mitochondria (succinate via malate) for ATP synthesis, along with
the electron-transport chain [80]. In order to evaluate whether the
alterations were a consequence of a mitochondrial dysfunction,
studies were performed using Rho.

3.2.3.2. Effects on mitochondrial membrane potential and on DNA
and RNA levels. To know wheter the glucose metabolism effects of
polyamines 7 and 12 were a consequence of a dysfunction on the
mitochondrial membrane potential, the fluorescence intensity of
Rho was quantified by cytometry flow. The data are shown in
Fig. 10. Currently, it is accepted that the BZN trypanocidal activity is
produced through its reduction by type I nitroreductases, leading

Fig. 3. Number of amastigote forms of Trypanosoma cruzi Arequipa strain per Vero cell treated with BZN, 7 and 9. Values are the means of the three separate de-
terminations± standard deviation.

Fig. 4. Parasitaemia in murine model of acute Chagas Disease: (-A-) untreated (control), (---) benznidazole, (-:-) compound 7 and (-£ -) compound 12. In all cases, compounds
were orally administered using 100mg/kg of body mass. Treatment days are represented in grey. Values constitute means of three mice± standard deviation.
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its metabolization into glyoxal and other highly reactive metabo-
lites [81]. This causes respiratory chain inhibition and the decrease
observed in the mitochondrial membrane potential. On the one
hand, compound 7-treated cells labelled with Rho showed no
depolarisation in the mitochondrial membrane, suggesting that the
alteration observed on the catabolic glucose metabolism could be a
consequence of an inhibition of the first enzymes involved in this
pathway. On the other hand, analysis of compound 12-treated cells
indicated a considerable loss of the mitochondrial membrane

potential (73.6%). This membrane depolarisation produces an
imbalance in the ATP/ADP and NADH/NADþ ratios, in addition to a
cellular accumulation of pyruvate, malate and succinate, causing a
blockage of the glycolytic pathway [78]. Therefore, the alteration
observed by compound 12 in catabolic glucose metabolism could
be a consequence of its action at the mitochondrial level, and not by
a direct effect on the glycosomal or cytoplasmic level.

In normal cells, active pumping of Hþ is produced in the mito-
chondrial membrane to maintain the electrochemical gradient, the
integrity and the function of mitochondria. Sincemitochondria play
an imperative role in cell death decisions [82], alterations produced
in this potential cause a decrease in ATP production that could
affect DNA and RNA levels, causing necrosis and/or apoptosis.
Therefore, the fluorescence intensities of AO of untreated and
treated parasites were registered, and the data are shown in Fig. 11.
Compound 7-treated cells labelled with AO showed a decrease in
AO fluoresence intensity, with an inhibition value of 18.3% with
respect to the untreated cells, probably due to the ATP deficit
produced by the alteration observed on the catabolic glucose
metabolism. As expected, a higher decrease in the AO fluorescence
intensity was observed for compound 12-treated cells (56.7%). This
considerable decrease in DNA and RNA levels could be due to the
high ATP deficit caused by mitochondrial membrane depolarisa-
tion. It is interesting to note that the decrease in nucleic acids is not
only due to an ATP deficit, but also random nucleic acid degradation
as a feature commonly attributed to cell necrosis [83].

In conclusion, our findings suggest that compound 12 induces
alterations in the mitochondrial membrane potential, which pre-
cedes T. cruzi cell death. Finally, to evaluate whether death of a
mitochondrion-dependent manner is ultimately due to the redox

Fig. 5. Parasitaemia reactivation after the immunosuppression cycles for mice un-
treated (control) and treated with benznidazole, 7 and 12. Values constitute means of
three mice ± standard deviation.

Fig. 6. PCR analysis of nine tissues at the final day of experiment in untreated (control) and treated mice. a) Shows untreated mice group, b) Shows the group of mice treated with
Benznidazole, c) Shows the group of mice treated with 7, d) Shows the group of mice treated with 12. Lanes: M, base pair marker; -, PCR negative control; þ, PCR positive control; 1,
PCR adipose tissue; 2, PCR bone marrow tissue; 3, PCR brain tissue; 4, PCR opesophagus tissue; 5, PCR heart tissue; 6, PCR lung tissue; 7, PCR muscle tissue; 8, PCR spleen tissue; 9,
PCR stomach tissue. *, It means that 2/6 of the corresponding tissue PCR products showed 300 bp band on electrophoresis; -, It means that 1/3 of the corresponding tissue PCR
products showed 300 bp band on electrophoresis; no *-, it means that 3/3 or 0/3 of the corresponding tissue PCR products showed 300 bp band on electrophoresis.
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stress produced by inhibition of the mitochondrion-resident Fe-
SOD enzyme [84], enzyme inhibition studies were performed using
the method described by Beyer and Fridovich [56].

3.2.3.3. Inhibitory effect on the SOD enzyme. The trypanosomatid
Fe-SOD enzyme has been given special importance for several
reasons, including: it is absent in other eukaryotic cells [85,86],
presents structural and biochemical differences with respect to its
human homologue Cu/Zn-SOD, and its crucial role performed is the
elimination of reactive oxygen species (ROS), allowing trypanoso-
matids to protect themselves from the damage produced by
oxidative stress [87,88]. The design of an effective drug that is able
to inhibit parasite Fe-SOD without inhibiting CuZn-SOD is an

interesting goal. Therefore, iron and copperezinc superoxide dis-
mutases (Fe-SODe and CuZn-SOD) activities were determined us-
ing the method described by Beyer and Fridovich [56]. The data are
shown in Fig. 12, together with the corresponding calculated IC50
for both enzymes. For CuZn-SOD, IC50 values were over 100 mM for
both polyamines 7 and 12. For Fe-SOD, compound 7 was the least
efficient, with an IC50 value (56.86 mM) too high to attribute the
trypanocidal effect on the inhibition of this enzyme. Significant
inhibitory values were found for compound 12, with 82 and 100%
inhibition at 50 and 100 mM, respectively, and an IC50 value of
29.01 mM. We suggest that this Fe-SOD enzyme be considered one
of the targets of this compound, and modelling studies will be
performed to further investigate this point. Because SOD enzyme is

Fig. 7. Differences in the Ig G levels of anti-T. cruzi antibodies, expressed in absorbance units (optical density (OD) at 490 nm), between untreated (control) and treated groups of
mice at different days post-infection (dpi). Values constitute means of three mice ± standard deviation. IS, immunosuppression.

Fig. 8. Weight percentage of spleens of different groups of mice at the final day of experiment. Values constitute means of three mice ± standard deviation.
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Table 5
Biochemical clinical parameters measured at different experimental situations and days post-infection (dpi) in groups of mice infected with Trypanosoma cruzi.

Kidney marker profile Heart marker profile Liver marker profile

Urea (mg/
DL)

Uric acid
(mg/DL)

CK-MBa

(U/L)
LDHb (U/L) AST/GOTc

(U/L)
ALT/GPTd

(U/L)
Total bilirubin
(mg/DL)

Alkaline
phosphatase (U/L)

Uninfected mice (n¼ 6) 36 [32
e40]

4.7 [4.0e5.1] 420 [150
e630]

3218 [2505
e3851]

161 [132
e177]

58 [46e62] 0.29 [0.22e0.31] 173 [141e192]

Treatment in the acute
phase

16th dpi and untreated 31 4.3 535 3275 167 60 0.23 180
16th dpi and BZN* e e ¼ ¼ þþþþ þþþþ þþ þþ
16th dpi and 7* e e e e þþþþ e þþþ þþ
16th dpi and 12* e e ¼ ¼ e þþþþ þþþ þ
Necropsy day of mice and
untreated

34 4.0 496 2761 179 49 0.21 161

Necropsy day of mice and
BZN

e ¼ ¼ ¼ þþþþ ¼ þ ¼

Necropsy day of mice and 7 ¼ ¼ ¼ ¼ þþþ ¼ þ e

Necropsy day of mice and
12

¼ ¼ ¼ ¼ þ þþþ þ ¼

Treatment in the
chronic phase

81st dpi and untreated 45 5.7 751 5951 260 57 0.25 167
81st dpi and BZN* e e e e þþ þþ þþþ þþþþ
81st dpi and 7* e e e e e e ¼ ¼
81st dpi and 12* e e ¼ ¼ e e þþþ þþ
Necropsy day of mice and
untreated

37 4.8 538 6679 286 64 0.20 149

Necropsy day of mice and
BZN

e e ¼ e þ ¼ þþ þþ

Necropsy day of mice and 7 e e ¼ e e ¼ ¼ ¼
Necropsy day of mice and
12

e þ ¼ ¼ þ þ e ¼

Key: ¼ , variation no larger than 10%; þ, up to 10% increase over the range; þþ, up to 20% increase over the range; þþþ, up to 30% increase over the range; þþþþ, more than
40% increase over the range; �, up to 10% decrease over the range; ��, up to 20% decrease over the range; ���, up to 30% decrease over the range; ����, more than 40%
decrease over the range.

a CK-MB, creatine kinase-muscle/brain.
b LDH, lactate dehydrogenase.
c AST/GOT, aspartate aminotransferase.
d ALT/GPT, alanine aminotransferase.
* 2 days after treatment.

Fig. 9. Percentages of variation among peaks of catabolites excreted by epimastigotes of Trypanosoma cruzi Arequipa strain exposed to compounds 7 and 12 at their IC25 in
comparison to a control (untreated) incubated 72 h. Values are the means of three separate determinations± standard deviation.
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Fig. 10. Cytometry analysis of the mitochondrial membrane potential from epimastigotes of Trypanosoma cruzi Arequipa strain exposed to benznidazole and compounds 7 and 12 at
their IC25 in comparison to a control (untreated) incubated 72 h: a) blank, b) control (untreated), c) benznidazole, d) 7 and e) 12. In brackets: variation, in percentage, on mito-
chondrial membrane potential with respect to untreated parasites. Values are the means of three separate determinations.
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Fig. 11. Cytometry analysis of the inhibition in DNA and RNA levels of epimastigotes of Trypanosoma cruzi Arequipa strain exposed to benznidazole and compounds 7 and 12 at their
IC25 in comparison to a control (untreated) incubated 72 h: a) blank, b) control (untreated), c) benznidazole, d) 7 and e) 12. Values are the means of three separate determinations.
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an essential component of the mitochondrial redox stress response
[89], this inhibition could be the final cause of both mitochondrial
dysfunction and blockage in the glycolytic pathway. The possibility
of a multitarget compounds should not be discarded.

4. Conclusions

In conclusion, the trypanocidal properties of these compounds
have been examined both in vitro and in vivo. These assays allowed
us to identify 2 polyamines (7 and 12) which exhibited improved
in vitro trypanocidal properties: higher activity, larger spectrum of
action and less toxicity than the reference drug BZN. In regard to
in vivo activity, compound 7 showed greater activity than BZN for
treating CD in both the acute and chronic phases, as indicated by
the tissues PCR. Parallel studies have been performed to establish
the mechanisms of action at the glycosomal and mitochondrial
levels, showing that the trypanocidal activity of compound 7 could
be related to a glycosomal effect. Owing to their promising activity,
others high-level studies should be considered to obtain an
improved efficiency. Moreover, it deserves mention that higher
doses and combined therapies should be considered due to their
different mechanisms of action (after improving the

pharmacokinetics of both compounds). Therefore, we present
candidate molecules that are easy to synthesise as a promising
therapeutic alternative for the development of a new antichagas
agent.
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Synthesis and Biological in vitro and in vivo Evaluation of
2-(5-Nitroindazol-1-yl)ethylamines and Related
Compounds as Potential Therapeutic Alternatives for
Chagas Disease
Rub8n Mart&n-Escolano+,[a] Benjam&n Aguilera-Venegas+,[b] Clotilde Mar&n,*[a] ]lvaro Mart&n-
Montes,[a] Javier Mart&n-Escolano,[a] Encarnacijn Medina-Carmona,[c] Vicente J. Ar#n,*[d] and
Manuel S#nchez-Moreno*[a]

Introduction

American trypanosomiasis, commonly known as Chagas dis-

ease (CD), is one of the most prevalent parasitic neglected
tropical diseases (NTD)[1] and a major cause of morbidity and

mortality in many areas of Latin America[2] according to the
World Health Organization (WHO). Although the disease has its

greatest impact on Latin America, its spread to the eastern
hemisphere and first-world countries[3–5] has converted CD into
a global problem,[6] infecting more than 10 million people

worldwide and more than 25 million are at risk of contracting

CD.[7]

The protozoan parasite Trypanosoma cruzi is the causative

agent of CD, the most important parasite in Latin America[8]

and the leading cause of premature heart disease.[9] T. cruzi is

naturally transmitted by hematophagus insects, is strongly
linked to low socioeconomic factors, although other means of
transmission include the congenital route, contaminated food

and drink, organ transplantation, and blood transfusion.[9–11]

CD can be divided into distinct stages. The acute stage is

usually relatively mild and often undiagnosed; 20–30 % of in-
fected individuals proceed to the “chronic” stage, sometimes

decades later.[12] This phase is characterized by clinical manifes-
tations, including cardiomyopathy and, more rarely, damage to

the digestive tract (mainly megacolon and megaesophagus)
and/or lesions in the peripheral nervous system.[9]

The lack of public policies, the missing interest of the phar-

maceutical industry, the long-term nature of CD and its com-
plex pathology have resulted in a lack of drugs suited for effec-

tive treatments, and no vaccine has been developed.[13] A
major example of this is that over a century after discovery of

the disease by Carlos Chagas in 1909, only two old nitrohetero-

cyclic drugs—nifurtimox (NFX) and benznidazole (BZN)
(Figure 1)—are currently available.[14] Unfortunately, the efficacy

of these two antiprotozoal agents is not higher than 70 %,
being worst during the chronic phase of the disease,[15] not to

mention the wide range of adverse side effects which may
lead, in several cases, to stop therapy abruptly.[16, 17] This, cou-

Chagas disease, a neglected tropical disease caused by infec-
tion with the protozoan parasite Trypanosoma cruzi, is a poten-

tially life-threatening illness that affects 5–8 million people in

Latin America, and more than 10 million people worldwide. It
is characterized by an acute phase, which is partly resolved by

the immune system, but then develops as a chronic disease
without an effective treatment. There is an urgent need for

new antiprotozoal agents, as the current standard therapeutic
options based on benznidazole and nifurtimox are character-

ized by limited efficacy, toxicity, and frequent failures in treat-

ment. In vitro and in vivo assays were used to identify some
new low-cost 5-nitroindazoles as a potential antichagasic ther-

apeutic alternative. Compound 16 (3-benzyloxy-5-nitro-1-vinyl-
1H-indazole) showed improved efficiency and lower toxicity
than benznidazole in both in vitro and in vivo experiments,

and its trypanocidal activity seems to be related to its effect at
the mitochondrial level. Therefore, compound 16 is a promis-

ing candidate for the development of a new anti-Chagas
agent, and further preclinical evaluation should be considered.
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pled with that both drugs are prodrugs that require to be acti-

vated by the same mitochondrial nitroreductase[18, 19]—a phe-
nomenon with potential to result in cross-resistance—makes

the development of safer and more widely effective antiproto-
zoal agents a major priority. Briefly, the ideal drug defined by

the Target Product Profile (TPP) should present better safety

profile and an efficacy at least equal to BZN.[20] Moreover, the
search for new targets for chemotherapy is a major challenge.

Among them, the parasite antioxidant system has attracted at-
tention due to its uniqueness in the trypanosomatids.

With the aim of obtaining novel compounds as potential
agents against CD, we have studied in the last years the anti-

protozoal properties of many 5-nitroindazole derivatives, pre-

pared by simple and inexpensive synthetic routes. In relation
to the present work, we can mention the antichagasic activity

reported for some 3-alkoxy-1-alkyl-5-nitro-1H-indazoles. The in-
itially studied compounds were tertiary amines containing w-

(dialkylamino)alkyl or -oxaalkyl chains at position 1 of the het-
erocyclic ring (Figure 1, compounds 1) ;[21–24] recently, we have

also reported the trypanosomicidal properties of some primary
and secondary 5-(indazol-1-yl)-3-oxapentylamines (Figure 1,
compounds 2) and related bis[5-(indazol-1-yl)-3-oxapentyl]a-

mines.[25]

To explore the tolerance to structural changes of the men-

tioned 1,3-disubstituted 5-nitroindazole system, we describe
here the synthesis, cytotoxicity, in vitro and in vivo trypanoci-

dal activity and the possible mechanisms of action—the ex-

creted metabolites, the mitochondrial membrane potential and
the inhibition of iron superoxide dismutase (Fe-SOD)—of some

new 5-nitroindazole-derived primary (4, 6), secondary (3, 5, 8,
10) and tertiary (7, 9) amines supporting a substituted ethyl

chain at position 1 of the heterocyclic ring (Figure 2). The re-
quired synthetic intermediates (13, 14) as well as some reac-

tion byproducts (15, 16) (Scheme 1) were also studied. The

compounds were tested in epimastigote, amastigote and try-
pomastigote forms in three different T. cruzi strains (Arequipa,

SN3 and Tulahuen), the cytotoxicity was determined in Vero

cells, and the in vivo trypanocidal activity was evaluated in
both acute and chronic phases.

Results

Chemistry

The desired 3-alkoxy-1-(2-aminoethyl)indazoles 3–10 (Figure 2)
were obtained from 2-bromoethyl derivatives 13, 14 which

were, in turn, prepared (Scheme 1) by N-1 alkylation of 3-alkox-
yindazoles 11, 12 with 1,2-dibromoethane; although an excess

of the latter was used in order to minimize the formation of bi-
sindazole derivatives,[26] 1,1’-ethylenebis(3-alkoxyindazoles) 17,

Scheme 1. Preparation of synthetic intermediates 13, 14 and byproducts
15–18 : a) BrCH2CH2Br, K2CO3, acetone, reflux overnight; yields: 75 % (13),
67 % (14), 5 % (15), 4 % (16), 9 % (17), 17 % (18) ; b) K2CO3, 1-propanol, reflux,
3 h, 100 % yield.

Figure 1. Chemical structure of the antichagasic nitroheterocyclic reference
drugs and the previously studied 3-alkoxy-1-alkyl-5-nitro-1H-indazole deriva-
tives 1 and 2.

Figure 2. Chemical structure of 3-alkoxy-5-nitroindazole-derived amines 3–
10 designed, prepared, and studied in the present work.
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18 were obtained as byproducts in these reactions. 3-Alkoxy-1-
vinylindazoles 15, 16, arising from 2-bromoethyl derivatives

13, 14 through hydrogen bromide elimination, could also be
isolated in low yield from these processes. From a preparative

point of view, 1-vinylindazoles 15, 16 could also be obtained
in quantitative yield from 13, 14 by dehydrobromination with

K2CO3/1-propanol at reflux.
Treatment of 2-bromoethyl derivatives 13, 14 with methyla-

mine or ammonia afforded N-methyl-2-(indazol-1-yl)ethyla-

mines 3, 5 or the corresponding primary amines 4, 6. Finally,
alkylation of amines 3–6 with the required bromides 13, 14
yielded the desired tertiary (7, 9) and secondary (8, 10) inda-
zole-derived amines (Scheme 2).

Biology

In vitro trypanocidal evaluation

The extracellular epimastigote-like form is the most commonly

used because of its simple culture and maintenance in vitro.
However, tests against the developed forms in vertebrate

hosts, bloodstream trypomastigotes (BTs) and intracellular
amastigote-like forms (responsible for the chronic phase of CD)

are more appropriate.[27]

On the one hand, the in vitro trypanocidal activity of com-
pounds 3–10, 13–16 and the reference drug BZN was evaluat-

ed on epimastigote forms with the objective of obtaining the
half-maximal inhibitory concentrations (IC50 values; Table 1). On

the other hand, the cytotoxicity was tested using Vero cells to
determine the toxicity in mammalian cells (Table 1) and the se-

lectivity index (SI = IC50 Vero cells/IC50 extra- and intracellular
forms; Table 2). Interestingly, BZN was substantially more toxic
than the tested compounds: 23.2 mm in contrast to values

ranged from 34.9 to 493.9 mm, respectively. The compounds
with IC50 values lower than 50 mm and SI higher than 10 were
then evaluated in amastigote and trypomastigote forms
(Tables 1 and 2). Compounds 3 and 16 showed the best trypa-

nocidal activities, which were even better than those of BZN in
epimastigote, amastigote and trypomastigote forms in the

three T. cruzi strains.

In vivo trypanocidal evaluation in BALB/c mice

In vivo tests were performed for the evaluation of: a) Parasite-

mia levels by counting BTs as an indicator of the effectiveness

of acute phase treatment; b) Parasitemia reactivation in the
chronic phase by counting BTs after immunosuppression (IS) as

an indicator of the effectiveness in both the acute and chronic
phase treatments; c) Infected target organs in the chronic

phase by PCR after IS as an indicator of the effectiveness in
both the acute and chronic phase treatments; d) Levels of im-

munoglobulin G (IgG) by enzyme-linked immunosorbent assay
(ELISA); e) Splenomegaly as indicators of immune response in

both the acute and chronic phases; f) Serum parameters by

biochemical measurements as an indicator of metabolic distur-
bances associated with the treatment.

The treatment was performed from the 10th to the 14th day
post-infection (dpi) for the acute phase and from the 75th to

the 79th dpi (it is established that the animals entered the
chronic phase, in which there are no parasites remaining in the
bloodstream) for the chronic phase. Oral therapy leads to

Table 1. In vitro activity of compounds 3–10 and 13–16 on extra- and intracellular forms of T. cruzi strains and toxicity toward Vero cells.

Compd IC50 [mm][a]

Arequipa SN3 Tulahuen Toxicity
Epi[b] Ama[c] Try[d] Epi[b] Ama[c] Try[d] Epi[b] Ama[c] Try[d] Vero

BZN 16.9:1.8 8.3:0.7 12.4:1.1 36.2:2.4 16.6:1.4 36.1:3.1 19.7:1.7 10.0:0.8 15.1:1.3 23.2:2.1
3 0.1:0.0 1.2:0.2 1.1:0.2 2.9:0.2 1.9:0.2 1.8:0.2 1.9:0.1 2.2:0.2 1.6:0.2 456.9:28.9
4 24.4:1.7 22.5:1.0 19.0:1.4 45.5:4.8 46.5:3.5 29.2:2.0 46.6:5.0 49.8:3.3 31.1:2.1 493.9:41.7
5 17.7:0.6 nd nd 44.2:6.1 nd nd 14.5:1.2 nd nd 87.9:2.7
6 34.1:1.9 nd nd 76.7:5.8 nd nd 25.0:2.5 nd nd 34.9:1.6
7 29.3:2.0 nd nd 45.6:5.2 nd nd 73.2:5.3 nd nd 134.8:5.3
8 11.7:1.1 nd nd 40.0:3.4 nd nd 14.5:2.0 nd nd 100.8:3.2
9 53.2:3.2 nd nd 60.1:5.1 nd nd 78.5:5.6 nd nd 178.9:10.6

10 4.2:0.2 9.7:0.4 8.2:0.9 13.5:2.0 nd nd 27.1:2.1 nd nd 72.3:2.7
13 10.2:0.9 31.9:1.2 25.1:2.1 26.2:2.1 36.9:2.5 31.8:2.9 16.5:2.0 78.4:8.1 31.0:3.8 355.2:6.1
14 57.5:1.8 nd nd 156.7:12.4 nd nd 215.4:16.8 nd nd 382.9:7.9
15 82.2:2.1 nd nd 107.6:9.8 nd nd 78.2:8.1 nd nd 240.0:8.4
16 4.7:0.3 7.4:0.4 5.4:0.6 2.3:0.3 5.8:0.6 4.6:0.5 1.5:0.1 12.4:1.3 6.1:0.6 266.5:10.7

[a] Compound concentration required to give 50 % growth inhibition, calculated using GraphPad Prism; each compound was tested in triplicate in four
separate determinations; nd: not determined. [b] Epimastigote forms. [c] Amastigote forms. [d] Trypomastigote forms.

Scheme 2. Preparation of 3-alkoxy-5-nitroindazole-derived amines 3–6 and
7–10 designed in the present work: a) for 3, 5 : 33 % MeNH2/EtOH, RT, 24 h,
90 % yield; for 4, 6 : sat. NH3/MeOH, 70 8C (autoclave), 3 days, 79 and 81 %
yields, respectively; b) 13 or 14, K2CO3, CH3CN, reflux, 3 days (for 7, 9) or
7 days (for 8, 10), 75–91 % yield.
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better patient compliance and has a low cost (critical aspects
of human treatment in developing countries).[28] Moreover, oral

administration is the preferred route for the treatment of para-
sitic diseases.

First, parasitemia levels were determined in the different
groups of mice in the acute phase (Figure 3). Nonsignificant

differences were observed in mice treated with compound 3
with respect to the untreated mice, but a decrease in parasite-
mia was observed in mice treated with compound 16, which
exhibited even better in vivo trypanocidal activity than BZN.
The trypanocidal activity of compound 16 was evident from

the beginning of the treatment, and the parasitemia was unde-
tected 11 and 9 days before (38th dpi) with respect to the con-

trol and BZN-treated mice, respectively. Alternatively, the peak
of parasitemia (23rd dpi) in mice treated with compound 16
caused a decrease of &70 % with respect to the control mice.

Second, to evaluate the effectiveness of the treatment and
the disease extent in the chronic phase, the parasitemia reacti-

vation was determined after IS until the 120th dpi (late chronic
phase, when the amastigote form is nested inside target

organs/tissues) with the objective of reactivating the parasite-

mia under the control of the immunological system of the
mice. The percentages of reactivation of parasitemia after IS

(Figure 4) were proportional to the survival rate of the para-
sites in the acute phase treatment, and the effectiveness of

treatments in the chronic phase were shown (as confirmed
below with the results of infected organs). A significant de-

crease in the reactivation of parasitemia was observed in both
phases for mice treated with compound 16 (30 % for acute

phase and 35 % for chronic phase), which were higher than

Table 2. Selectivity index for compounds 3–10 and 13–16 on extra- and intracellular forms of T. cruzi strains.

Compd Selectivity index[a]

Arequipa SN3 Tulahuen
Epi[b] Ama[c] Try[d] Epi[b] Ama[c] Try[d] Epi[b] Ama[c] Try[d]

BZN 1.4 2.8 1.9 0.6 1.4 0.6 1.2 2.3 1.5
3 4569.0

(3263)
380.7
(136)

415.4
(219)

157.6
(263)

240.5
(172)

253.8
(393)

240.5
(200)

207.7
(90)

285.6
(190)

4 20.2
(14)

22.0
(8)

26.0
(14)

10.9
(18)

10.3
(7)

16.9
(28)

10.6
(9)

9.9
(4)

15.9
(11)

5 5.0
(4)

nd nd 2.0
(3)

nd nd 6.0
(5)

nd nd

6 1.0
(1)

nd nd 0.5
(1)

nd nd 1.4
(1)

nd nd

7 4.6
(3)

nd nd 3.0
(5)

nd nd 1.8
(2)

nd nd

8 8.6
(6)

nd nd 2.5
(4)

nd nd 7.0
(6)

nd nd

9 3.4
(24)

nd nd 3.0
(5)

nd nd 2.3
(2)

nd nd

10 17.2
(12)

7.5
(3)

8.8
(5)

5.4
(9)

nd nd 2.7
(2)

nd nd

13 34.8
(25)

11.1
(4)

14.2
(7)

13.6
(23)

9.6
(7)

11.2
(18)

21.5
(18)

4.5
(2)

11.5
(8)

14 6.7
(5)

nd nd 2.4
(4)

nd nd 1.8
(2)

nd nd

15 2.9
(2)

nd nd 2.2
(4)

nd nd 3.1
(3)

nd nd

16 56.7
(41)

36.0
(13)

49.4
(26)

115.9
(193)

45.9
(33)

57.9
(97)

177.7
(148)

21.5
(9)

43.7
(29)

[a] Selectivity index (SI) = IC50 Vero cells/IC50 extracellular and intracellular forms of the parasite. In brackets: number of times that the compound SI exceeds
the reference drug SI on extracellular and intracellular forms of T. cruzi ; nd: not determined. [b] Epimastigote forms. [c] Amastigote forms. [d] Trypomasti-
gote forms.

Figure 3. Parasitemia in murine model of acute CD: control (untreated), BZN,
compound 3, and compound 16. In all cases, compounds were orally admin-
istered using, for each compound, 100 mg kg@1 of body mass. Treatment
days are represented in grey. Values constitute means of three mice : stan-
dard deviation.
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those of the reference drug BZN (75 and 51 %, respectively). In
contrast, these results showed that the effectiveness of com-

pound 3 was better in chronic than in acute phase (as men-

tioned below).
Finally, the presence of parasites in the defined as target

organs/tissues (positive for control groups: adipose, bone
marrow, brain, esophagus, heart, lung, muscle, spleen and

stomach) was determined by PCR after necropsy (127th dpi) to
evaluate the curative effect of these nitroindazoles as a second

technique of confirmation of cure (Figure 5).

BZN-treated mice were shown to have 33 and 55 % parasite-
free organs/tissues in the acute and chronic phases, respective-

ly. Interestingly, a notable in vivo trypanocidal activity was ob-
served for mice treated with compound 16, with 67 % of para-

site-free organs/tissues for mice treated in the acute and
chronic phases.

It is well known that IgG levels (anti-T. cruzi IgG) are linked
with the parasite load[29] such that the detection of total IgG
reflects the infection rates, and verifies the effectiveness as-
cribed to the tested nitroindazoles together with the innate
protection of mice. Because of that, aiming at evaluating the

immune status of the mice during infection, the titer of anti-
T. cruzi IgG was determined by ELISA (Figure 6), and the isolat-

ed Fe-SOD enzyme such as antigen.[30] The titer of anti-T. cruzi
IgG decreased for mice treated with BZN and compound 16 in

all analyzed samples except for those of 81st dpi in the chronic

Figure 4. Immunosuppression in vivo assay for mice untreated (control) and
treated with BZN, 3 and 16. The figure shows the reactivation of parasitemia
after the immunosuppression cycles by fresh blood in comparison with un-
treated mice (control). Values constitute means of three mice : standard de-
viation.

Figure 5. PCR analysis of nine organs/tissues with the T. cruzi SOD gene primers at the final day of experiment in mice treated with 100 mg kg@1 body mass.
a) Untreated mice, b) mice treated with BZN, c) mice treated with 3, d) mice treated with 16. Lanes: M, base pair marker; -, PCR negative control ; + , PCR pos-
itive control ; 1, PCR adipose tissue; 2, PCR bone marrow tissue; 3, PCR brain tissue; 4, PCR esophagus tissue; 5, PCR heart tissue; 6, PCR lung tissue; 7, PCR
muscle tissue; 8, PCR spleen tissue; 9, PCR stomach tissue. *: 1/3 of the corresponding organ PCR products showed 300 bp band on electrophoresis ; &: 2/3 of
the corresponding organ PCR products showed 300 bp band on electrophoresis ; no *&: 3/3 or 0/3 of the corresponding organ PCR products showed 300 bp
band on electrophoresis.

Figure 6. Differences in the IgG levels of anti-T. cruzi antibodies, expressed in
absorbance units [optical densities (OD) at 490 nm], between control (un-
treated) and treated groups of mice at different days post-infection (pi).
Values constitute means of three mice : standard deviation.
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phase, which is logical, as its samples from mice are only from
2 days after treatment and have previously suffered an untreat-

ed acute phase.
Nonsignificant differences were observed for mice treated

with compound 3. In contrast, a notable decrease in the IgG

levels occurred in mice treated with compound 16, suggesting
a formidable in vivo trypanocidal activity consistent with the

previous studies.
Splenomegaly is another feature linked to the parasite load

because the spleen is an organ that is implicated in immune

defense against infection. Splenomegaly occurs in experimen-
tally infected mice in which the spleen of chronic mice is ap-

proximately twice the mass of those from uninfected mice.[31]

Accordingly, weight percentage of spleens was determined

from different groups of mice (Figure 7). According to that
mentioned above, uninfected mice showed a weight percent-

age of spleen of 0.28 %, and untreated (control) mice exhibited
values that were twice the value corresponding to uninfected

mice: 0.56 and 0.59 % in the acute and chronic phase experi-

ments, respectively.
Because infection-induced splenomegaly is linked to the par-

asite load,[31] BZN-treated mice showed a decrease in spleno-
megaly, even at subcurative doses and in the absence of para-

sitological cure. Interestingly, mice treated with compound 16
showed a weight percentage of 0.30 % for mice treated in the

acute phase and 0.42 % for mice treated in chronic phase,

which means a decrease in splenomegaly of 93 and 55 % com-
pared with untreated mice, respectively. It should be remarked

that the higher splenomegaly observed in the mice treated in
the chronic phase should not be related to a lower activity,

but rather to the fact that these mice suffered an acute phase
without treatment, i.e. , high levels of parasitemia.

Finally, biochemical clinical parameters were measured to

confirm the possible metabolic abnormalities associated with
treatment (Table 3). Most of the biochemical parameters for

the mice treated with the two nitroindazoles were not altered
more than for mice treated with BZN after administration, and

&50 % returned to normal levels on the day of mice necropsy.

Figure 7. Weight percent of spleens of different groups of mice at the final
day of experiment. Values constitute means of three mice : standard devia-
tion.

Table 3. Biochemical clinical parameters measured at different experimental situations and daya post-infection (dpi) in groups of Balb/c mice infected with
T. cruzi.

Kidney marker profile Heart marker profile Liver marker profile
Urea

[mg dL@1]
Uric acid
[mg dL@1]

CK-MB
[U L@1][a]

LDH
[U L@1][b]

AST/GOT
[U L@1][c]

ALT/GPT
[U L@1][d]

Total bilirubin
[mg dL@1]

Alkaline phosphatase
[U L@1]

Uninfected mice (n = 6): 35
[32-40]

4.5
[4.0–5.1]

372
[150–630]

3180
[2505–3851]

153
[132–177]

55
[46–62]

0.28
[0.22–0.31]

169
[141–192]

Treatment in acute phase
16th dpi (control) (n = 3) 31 4.3 535 3275 167 60 0.23 180
16th dpi and BZN (2 days after treatment) (n = 3) @@@ @@@@ = = + + + + + + + + + + + +

16th dpi and 3 (2 days after treatment) (n = 3) @@ @@ @ = + + + + + + + =

16th dpi and 16 (2 days after treatment) (n = 3) @@ @@@ @ = + + + + = =

Necropsy day of mice (control) (n = 3) 34 4.0 496 2761 179 49 0.21 161
Necropsy day of mice and BZN (n = 3) @@@ = = = + + + + = + =

Necropsy day of mice and 3 (n = 3) @ = @ = + + + = =

Necropsy day of mice and 16 (n = 3) @ = @ = + + + = =

Treatment in chronic phase
81st dpi (control) (n = 3) 45 5.7 751 5951 260 57 0.25 167
81st dpi and BZN (2 days after treatment) (n = 3) @@@ @@@@ @@ @@@ + + + + + + + + + + +

81st dpi and 3 (2 days after treatment) (n = 3) @@@ @@@ @@ @ + + = + +

81st dpi and 16 (2 days after treatment) (n = 3) @@ @@@ @@ = + + = +

Necropsy day of mice (control) (n = 3) 37 4.8 538 6679 286 64 0.20 149
Necropsy day of mice and BZN (n = 3) @@@ @@ = @@ + = + + + +

Necropsy day of mice and 3 (n = 3) @ = = @ + = = +

Necropsy day of mice and 16 (n = 3) @ @ @ = + = = +

[a] CK-MB, creatine kinase-muscle/brain. [b] LDH, lactate dehydrogenase. [c] AST/GOT, aspartate aminotransferase. [d] ALT/GPT, alanine aminotransferase.
dpi = day post-infection. Key: = , variation no larger than 10 %; + , up to 10 % increase over the range; + + , up to 20 % increase over the range; + + + ,
up to 30 % increase over the range; + + + + , more than 40 % increase over the range; @, up to 10 % decrease over the range; @@, up to 20 % decrease
over the range; @@@, up to 30 % decrease over the range; @@@@, more than 40 % decrease over the range.
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Studies of the action mechanism

Metabolite excretion study

It is well known that T. cruzi is unable to totally degrade glu-

cose to CO2 in the presence of oxygen, and excretes into the
medium a considerable portion of the hexose skeleton as in-

completely oxidized final products in the form of fermented
metabolites (so-called aerobic fermentation): pyruvate, acetate,
succinate, l-alanine, d-lactate, and ethanol.[32–34]

The 1H NMR spectra of culture media were registered in
order to obtain information regarding the effects of com-
pounds 3 and 16 on the glucose metabolism of T. cruzi (spec-
tra not shown). The final excretions were qualitatively and

quantitatively analyzed and compared with those found for
untreated (control) T. cruzi epimastigotes (Figure 8). Compound

3 showed no significant disturbances on glucose me-
tabolism; however, the excretion of all metabolites

was increased in epimastigotes treated with com-
pound 16, especially succinate (113 %). It is interest-

ing to mention that an increase in succinate excre-
tion indicates catabolic alterations that could be re-
lated to a mitochondrial dysfunction.[35]

Effects on mitochondrial membrane potential and
on DNA and RNA levels in T. cruzi

In normal cells, to sustain the electrochemical poten-
tial and function of mitochondria, an active pumping

of H+ is produced during the electron transport

chain. It is well-known that mitochondria play an im-
perative role in cell death,[36] and disturbances in the

mitochondrial membrane potential lead to a de-
crease in ATP production and a reduction in DNA

and RNA levels, causing necrosis and/or apoptosis.[37]

Therefore, the fluorescence intensity of rhoda-

mine 123 (Rho 123) and acridine orange (AO) was quantified
by cytometry flow to evaluate and relate the effect of com-
pounds 3 and 16 on the membrane potential and on the DNA
and RNA levels, respectively.

We suggest that the trypanocidal activities of compound 3
and 16 could be partially associated with its mitochondrial

effect (Figure 9), although the parasites treated with com-

pounds 3 and 16 showed lower depolarizations in the mito-

chondrial membrane than BZN (35.6 and 23.5 %, respectively).
Nonspecific nucleic acid degradation is a feature intimately

connected to cell necrosis,[38] accordingly, DNA and RNA levels

were determined (Figure 10). The parasites treated with BZN
exhibited a decrease of nucleic acid levels, with a value of

22.4 % with respect to the untreated parasites. Higher reduc-
tions showed the parasites treated with compounds 3 and 16,

with values of 58.1 and 58.2 %, respectively.

Figure 8. Percentages of variation among peaks of catabolites excreted by
epimastigotes of T. cruzi Arequipa strain exposed to compounds 3 and 16 at
their IC25 in comparison with a control (untreated) incubated 72 h. Each
drug was tested in three separate determinations.

Figure 9. Cytometry analysis of the mitochondrial membrane potential from
epimastigotes of T. cruzi Arequipa strain exposed to BZN and compounds 3
and 16 at their IC25 in comparison with a control (untreated) incubated 72 h.
Each drug was tested in three separate determinations.

Figure 10. Cytometry analysis on DNA and RNA levels of epimastigotes of T. cruzi Arequi-
pa strain exposed to BZN and compounds 3 and 16 at their IC25 in comparison with a
control (untreated) incubated 72 h: a) blank, b) control (untreated), c) BZN, d) 3, and
e) 16. Each drug was tested in three separate determinations.
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Inhibitory effect on T. cruzi Fe-SOD enzyme

Enzymes are one of the most studied therapeutic targets, and
the Fe-SOD is a trypanosomatid exclusive enzyme and absent

in other eukaryotic cells.[39, 40] It presents biochemical and struc-
tural differences with respect to its human homologue Cu/Zn-

SOD enzyme. The crucial role performed by this enzyme is the
elimination of reactive oxygen species (ROS), allowing trypano-
somatids to protect themselves from the damage produced by

oxidative stress.[41, 42] Therefore, the inhibitory effects of com-
pounds 3 and 16 on these enzymes were determined using
the method described by Beyer and Fridovich[43] (Figure 11).

Higher inhibitions were observed on the parasite enzyme than
on the human SOD for both compounds. Significant inhibition

values were found for the Fe-SOD enzyme for compound 3,

with an IC50 value of 5.3 mm. Therefore, we suggest that this in-
hibitory effect on the Fe-SOD enzyme be considered one of

the causes of the in vitro trypanocidal activity of compound 3.
For compound 16, the IC50 value (23.4 mm) is too high to attri-

bute the trypanocidal effect on the inhibition of the parasite
enzyme.

Discussion

At present, the genetic diversity of T. cruzi is widely recognized,
and the parasite is classified into seven discrete typing units

(DTUs), with different evolutionary relationships, ecological and
epidemiological associations, tropism, pathogenesis, geno-

types, phenotypes and drug resistance.[43] Accordingly, three
different T. cruzi strains (TcI, TcV, and TcVI), with different trop-

isms, hosts and locations, were used to evaluate the synthe-
sized compounds, to determine the compounds with a good

performance, and to select those compounds that avoid the
natural resistance of the three strains. Moreover, according to

some authors, it must be kept in mind that potential anticha-
gasic agents have to meet certain in vitro criteria : the IC50

value must not exceed 10 mm, and the SI must be 10-fold

higher.[44] We tested initially against epimastigotes of the three
strains of T. cruzi all new 5-nitroindazole derivatives (3–10, 13–
16), and only the few compounds with IC50 <50 mm and SI
>10 were evaluated against the corresponding amastigotes

and trypomastigotes. Considering only the complete results
obtained against epimastigotes, we have not been able to find

a clear structure–activity relationship for these compounds.

Among amines, 3-methoxy-N-methyl derivative 3 was much
more active and selective than the remaining compounds

against epimastigotes of the different studied strains (IC50

<2.9 mm ; SI >158), and this high activity was also displayed

against the corresponding amastigotes (IC50 <2.2 mm ; SI>208)
and trypomastigotes (IC50 <1.8 mm ; SI >254). Compound 3
was also more efficient than the related indazole-derived

amines 1, 2 (Figure 1), previously studied against SN3[25] and
CL Brener[21, 23, 24] strains of the parasite. On the other hand, 3-

benzyloxy-1-vinylindazole 16, a reaction byproduct which was
not included in our initial design (Figure 2), showed also good

trypanocidal properties and selectivities (IC50 = 1.5–12.4 mm ;
SI = 21–178). Thus, the commented 5-nitroindazoles 3 and 16,

showing better trypanocidal activities than the reference drug

BZN and good selectivities in the three forms of the three
T. cruzi strains, were selected for further in vivo evaluation.

The in vivo assays on BALB/c mice were only performed
with T. cruzi Arequipa strain with the object to limit as much as

possible animal testing, and as there were no significant differ-
ences between the performances of the selected compounds

for the other evaluated strains. Moreover, and because of the

performance of drugs during the acute and chronic phases is
not as effective as it should be,[45] the impact of these 5-nitro-

indazole derivatives was evaluated by treating mice in each
phase.

The treatment was 20 mg kg@1 per day for five consecutive
days, that is, subcurative doses for the BZN, to evaluate wheth-

er the compounds 3 and 16 demonstrated higher in vivo effec-
tiveness than the reference drug. Noticeably, none of the treat-
ed mice died during the treatment or lost more than 10 %
body mass. The fact that mice treated with compound 16 lack
of toxicity, together with this treatment guideline significantly

decreased parasitemia (especially during the days of treat-
ment), higher doses and/or a new treatment guideline based

on pharmacokinetic studies could be administered to achieve
a total cure. We must highlight that inadequate pharmacoki-
netics between the compounds and the locations of the para-

sites in the tissues during the chronic phase of infection are re-
lated to different effectiveness levels in the acute and chronic

phases.[46]

Figure 11. Percent inhibition in vitro of Fe-SOD from epimastigotes of
T. cruzi Arequipa strain (activity 42.0:3.8 U mg@1) and of CuZn-SOD from
human erythrocytes (activity 47.3:4.1 U mg@1) for compounds a) 3 and
b) 16. Activity differences in the control versus the sample incubated using
compounds were identified by the Newman–Keuls test. Values are the aver-
age of three separate rate determinations. In brackets: IC50 value, calculated
by linear regression analysis.
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Furthermore, the formidable in vivo trypanocidal activity of
compound 16 was confirmed with two techniques of cure con-

firmation[47] in both acute and chronic phase treatments. First,
IS was performed because of the fact that apparently cured

immunocompromised individuals present clinically aggressive
reactivation of the parasitemia. Second, the PCR technique was

carried out to determine the presence or absence of parasites
in the target organs. The mice with no parasitemia after IS and

negative PCR results are considered cured.[48] As expected,

mice treated with compound 16 in the acute phase exhibited
the lowest reactivation after IS, and the presence of parasites
by PCR was negative for most of the analyzed organs. Interest-
ingly, mice treated with compound 16 in the chronic phase
showed similar results, also being the compound that obtained
the best results.

It should be noted that assessment of clinical cure is debata-

ble because of the lack of a reliable test to ensure parasite
elimination.[49] The PCR technique to identify cure is an intri-

cate question, and its main utility is to verify the failure of clini-
cal cure because even consistently negative results (for which

PCR is able to detect a single parasite in 5 mL of blood) are in-
sufficient to ratify the absence of parasites in tissues.[50, 51] In

this regard, TaqMan technology has improved the detection by

specific PCR (using sequences of constant regions and varia-
bles of minicircles of kinetoplast DNA, fluorogenic probes and

real-time amplification reaction), and it is quite useful to assess
the parasitic load in earlier and later-treated chronic patients

and for the coming establishment of a suitable criterion for
the curing of patients submitted to therapy.[52] Concerning

animal testing, IS is the formula employed to prove cure,[53]

and we assess the establishment of cure using a double confir-
mation based on IS and PCR. At present, sensitive biolumines-

cence imaging model techniques are used to demonstrate
cure.[31] However, we can provide evidence of curation (or a

considerable decrease in the parasite load) found on the re-
sults of three independent samples by IS and PCR.

According to the mechanism of action, it is well-known that

the observed accumulation of succinate, pyruvate and malate
could be the result of a mitochondrial dysfunction[35] by caus-

ing a blockade of the glycolytic pathway. Moreover, the ob-
served increase in the excretions of glycerol and ethanol are

the result of that the parasite used glycosomal and cytoplas-
mic alternative catabolic routes, respectively, in energy defi-

cient conditions, such as mitochondrial dysfunction that was
subsequently analyzed.[33] In addition, a decrease in the mito-
chondrial membrane potential could produce an imbalance in

the NADH/NAD+ and ATP/ADP ratios,[33] which could be the
cause of the observed decrease in DNA and RNA levels of the

parasite. Thus, we suggest that the trypanocidal activity of
compound 16 could be related to its mitochondrial effect.

Conclusions

The trypanocidal properties of new 5-nitroindazole derivatives
were evaluated both in vitro and in vivo. Compound 16 exhib-

ited higher efficiency and lower toxicity than the reference
drug BZN, in both the acute and chronic phase treatments, as

showed PCR and IS assays. To achieve a total cure and due to
the lack of toxicity at the dose tested, compound 16 will be

evaluated at higher doses and/or modifying the treatment
schedule for a better exposure. Action mechanism studies
were performed in parallel, which showed that its antiproto-
zoal activity could be related to a mitochondrial effect. Inhibi-
tion studies will be performed at the level of both trypano-
thione reductase and respiratory chain, as these are possible

targets. Consequently, we present compound 16 as a promis-
ing, simple and low-cost therapeutic alternative for the devel-
opment of a new antiprotozoal agent against CD to be imple-
mented in a further step within the preclinical phase.

Experimental Section

Chemistry

General methods: Melting points (mp) were determined in a
Stuart Scientific melting point apparatus SMP3. 1H (300 MHz) and
13C (75 MHz) NMR spectra were recorded on a Bruker Avance 300
spectrometer. The chemical shifts are reported in parts per million
(ppm) from TMS (d scale) but were measured against the solvent
signal ([D6]DMSO: dH = 2.49, dC = 39.50 ppm). The assignments
were performed by means of different standard homonuclear and
heteronuclear correlation experiments (NOE, gHSQC and gHMBC).
To simplify the description of the NMR spectra, bis(indazolylethyl)-
amines have been numbered as simple compounds. Electron
impact (EI) and electrospray (ES+) mass spectra were obtained on
a Hewlett Packard 5973 MSD (70 eV) and on a Hewlett–Packard
1100 MSD spectrometer, respectively. DC-Alufolien silica gel 60
PF254 (Merck, layer thickness 0.2 mm) was used for TLC, and silica
gel 60 (Merck, particle size 0.040–0.063 mm) for flash column chro-
matography. Solvents and reagents were obtained from different
commercial sources and used without further purification. Micro-
analyses were performed on a Heraeus CHN-O-RAPID analyzer and
were within :0.3 % of the theoretical values.

Preparation of 3-alkoxy-1-(2-bromoethyl)-5-nitro-1H-indazoles
(13, 14) and related compounds (15–18): A mixture of the corre-
sponding 3-alkoxyindazole (11, 12)[26] (24.0 mmol), 1,2-dibromo-
ethane (22.54 g, 120.0 mmol) and potassium carbonate (3.73 g,
27.0 mmol) in acetone (300 mL) was held at reflux overnight. The
solvent was then evaporated and the residue extracted with
chloroform (4 V 100 mL). The organic phase was concentrated and
applied to the top of a flash chromatography column; elution with
chloroform afforded the corresponding 1-vinyl derivatives (15, 16)
and then the required 1-(2-bromoethyl)indazoles (13, 14) ; further
elution with chloroform/acetone mixtures (50:1 to 30:1) afforded
the corresponding 1,1’-ethylenebis(3-alkoxyindazoles) (17, 18).

3-Alkoxy-1-vinylindazoles 15, 16 could also be prepared alterna-
tively as follows: a mixture of the corresponding 1-(2-bromoethy-
l)indazole (13, 14) (4.0 mmol) and potassium carbonate (1.00 g,
7.2 mmol) in 1-propanol (50 mL) was held at reflux for 3 h. The sol-
vent was then evaporated to dryness and the solid residue extract-
ed with chloroform (4 V 25 mL). Evaporation of the extraction sol-
vent afforded pure (TLC, 1H NMR) 1-vinylindazoles 15, 16.

2-(3-Methoxy-5-nitro-1H-indazol-1-yl)ethyl bromide (13): Yield:
5.40 g (75 %); mp: 135–137 8C (2-propanol) ; 1H NMR ([D6]DMSO):
d= 8.46 (d, J = 2.1 Hz, 1 H, 4’-H), 8.19 (dd, J = 9.2, 2.1 Hz, 1 H, 6’-H),
7.76 (d, J = 9.2 Hz, 1 H, 7’-H), 4.72 (t, J = 6.1 Hz, 2 H, 2-CH2), 4.05 (s,
3 H, OCH3), 3.89 ppm (t, J = 6.1 Hz, 2 H, 1-CH2) ; 13C NMR ([D6]DMSO):
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d= 157.83 (C3’), 143.36 (C7’a), 140.49 (C5’), 122.24 (C6’), 117.39
(C4’), 110.65 (C3’a), 110.55 (C7’), 56.57 (OCH3), 49.55 (C2),
31.94 ppm (C1); MS (EI) m/z (%): 301 (17) [M + 2]+ , 299 (17) [M]+ ,
277 (1), 220 (2), 207 (11), 206 (100), 190 (1), 174 (2), 160 (38), 149
(3), 103 (7); Elemental analysis calcd (%) for C10H10BrN3O3 (300.11):
C 40.02, H 3.36, N 14.00, found: C 39.87, H 3.23, N 14.23.

2-(3-Benzyloxy-5-nitro-1H-indazol-1-yl)ethyl bromide (14): Yield:
6.05 g (67 %); mp: 145–147 8C (2-propanol) ; 1H NMR ([D6]DMSO):
d= 8.52 (d, J = 2.2 Hz, 1 H, 4’-H), 8.21 (dd, J = 9.3, 2.2 Hz, 1 H, 6’-H),
7.79 (d, J = 9.3 Hz, 1 H, 7’-H), 7.55 (m, 2 H, Ph 2-, 6-H), 7.38 (m, 3 H,
Ph 3-, 4-, 5-H), 5.44 (s, 2 H, OCH2), 4.74 (t, J = 5.9 Hz, 2 H, 2-CH2),
3.90 ppm (t, J = 5.9 Hz, 2 H, 1-CH2) ; 13C NMR ([D6]DMSO): d= 157.08
(C3’), 143.31 (C7’a), 140. 59 (C5’), 136.13 (Ph C1), 128.41 (Ph C3, C5),
128.20 (2 overlapped signals; Ph C2, C4, C6), 122.28 (C6’), 117.48
(C4’), 110.88 (C3’a), 110.61 (C7’), 70.65 (OCH2), 49.60 (C2),
31.95 ppm (C1); MS (EI) m/z (%): 377 (100) [M + 2]+ , 375 (100) [M]+ ,
277 (22), 149 (37), 109 (51), 107 (38); Elemental analysis calcd (%)
for C16H14BrN3O3 (376.20): C 51.08, H 3.75, N 11.17, found: C 51.28,
H 3.60, N 11.12.

3-Methoxy-5-nitro-1-vinyl-1H-indazole (15): Yield: 263 mg (5 %)
(from alkylation of compound 11 with 1,2-dibromoethane; 0.87 g
(99 %) from compound 13 ; mp: 127–128 8C (ethanol) (lit. , mp:
127–129 8C).[26]

3-Benzyloxy-5-nitro-1-vinyl-1H-indazole (16): Yield: 283 mg (4 %)
(from alkylation of compound 12 with 1,2-dibromoethane; 1.16 g
(98 %) from compound 14 ; mp: 116–118 8C (acetonitrile) ; 1H NMR
([D6]DMSO): d= 8.50 (d, J = 2.2 Hz, 1 H, 4-H), 8.26 (dd, J = 9.3, 2.2 Hz,
1 H, 6-H), 7.93 (d, J = 9.3 Hz, 1 H, 7-H), 7.63 (dd, J = 15.1, 8.7 Hz, 1 H,
1’-H), 7.58 (m, 2 H, Ph 2-, 6-H), 7.39 (m, 3 H, Ph 3-, 4-, 5-H), 5.51 (d,
J = 15.1 Hz, 1 H, 2’-Htrans), 5.49 (s, 2 H, OCH2), 4.85 ppm (d, J = 8.7 Hz,
1 H, 2’-Hcis) ; 13C NMR ([D6]DMSO): d= 158.17 (C3), 141.51, 141.18
(C5, C7a), 135.88 (Ph C1), 129.46 (C1’), 128.43 (Ph C3, C5), 128.33
(Ph C2, C6), 128.30 (Ph C4), 123.31 (C6), 117.38 (C4), 112.56 (C3a),
110.45 (C7), 97.71 (C2’), 70.84 ppm (OCH2) ; MS (EI) m/z (%): 295
(100) [M]+ , 280 (1), 204 (7), 158 (7), 150 (4), 117 (4), 104 (8); Ele-
mental analysis calcd (%) for C16H13N3O3 (295.29): C 65.08, H 4.44, N
14.23, found: C 65.35, H 4.23, N 14.51.

1,1’-Ethylenebis(3-methoxy-5-nitro-1H-indazole) (17): Yield:
445 mg (9 %); mp: 249–252 8C (nitromethane) (lit. , mp: 247–
250 8C).[26]

1,1’-Ethylenebis(3-benzyloxy-5-nitro-1H-indazole) (18): Yield:
1.15 g (17 %); mp: 188–191 8C (butanone); 1H NMR ([D6]DMSO): d=
8.24 (d, J = 2.3 Hz, 2 H, 4-, 4’-H), 7.85 (dd, J = 9.3, 2.3 Hz, 2 H, 6-, 6’-
H), 7.47 (m, 4 H, Ph 2-, 6-, 2’-, 6’-H), 7.38 (m, 6 H, Ph 3-, 4-, 5-, 3’-, 4’-,
5’-H), 7.02 (d, J = 9.3 Hz, 2 H, 7-, 7’-H), 5.25 (s, 4 H, OCH2), 4.65 ppm
(s, 4 H, NCH2) ; 13C NMR ([D6]DMSO): d= 157.13 (C3, C3’), 143.00
(C7a, C7’a), 140.22 (C5, C5’), 136.17 (Ph C1, C1’), 128.47 (Ph C3, C5,
C3’, C5’), 128.30 (Ph C4, C4’), 128.21 (Ph C2, C6, C2’, C6’), 121.75
(C6, C6’), 117.06 (C4, C4’), 111.05 (C3a, C3’a), 109.51 (C7, C7’), 70.54
(OCH2), 47.78 ppm (NCH2) ; MS (EI) m/z (%): 295 (100) [M]+ , 280 (1),
204 (7), 158 (7), 150 (4), 117 (4), 104 (8); Elemental analysis calcd
(%) for C30H24N6O6 (564.55): C 63.82, H 4.28, N 14.89, found: C
64.07, H 4.20, N 14.60.

Preparation of N-methyl-2-(3-alkoxy-5-nitro-1H-indazol-1-yl)-
ethylamines 3 and 5 : A suspension of the corresponding 2-bro-
moethyl derivative (13, 14) (4.0 mmol) in a methylamine solution
(33 % w/w in ethanol) (50 mL) was stirred at RT for 24 h. The mix-
ture was evaporated to dryness and, after addition of 0.2 m aque-
ous hydrochloric acid (100 mL), the corresponding vinyl derivatives
(15, 16) were extracted with diethyl ether (3 V 100 mL). The acid so-

lution was then basified with an excess of solid potassium carbon-
ate and evaporated to dryness; extraction of the solid residue with
a 20:1 chloroform/methanol mixture (4 V 50 mL) followed by evap-
oration of the solvent afforded free amines 3 and 5, which were
converted into the corresponding hydrochlorides by treatment
with 36 % aqueous hydrochloric acid (1 mL) in ethanol (20 mL) fol-
lowed by evaporation to dryness.

N-Methyl-2-(3-methoxy-5-nitro-1H-indazol-1-yl)ethylamine hy-
drochloride hemihydrate (3·HCl·1=2 H2O): Yield: 1.07 g (90 %)
[53 mg (6 %) of 1-vinylindazole 15 was also obtained]; mp: 199–
202 8C (ethanol) ; 1H NMR ([D6]DMSO): d= 9.32 (br s, 2 H, +NH2), 8.48
(d, J = 2.1 Hz, 1 H, 4’-H), 8.22 (dd, J = 9.3, 2.1 Hz, 1 H, 6’-H), 7.83 (d,
J = 9.3 Hz, 1 H, 7’-H), 4.68 (t, J = 6.1 Hz, 2 H, 2-CH2), 4.06 (s, 3 H,
OCH3), 3.35 (t, J = 6.1 Hz, 2 H, 1-CH2), 2.55 ppm (s, 3 H, NCH3) ;
13C NMR ([D6]DMSO): d= 157.95 (C3’), 143.05 (C7’a), 140.58 (C5’),
122.30 (C6’), 117.33 (C4’), 111.24 (C3’a), 110.39 (C7’), 56.64 (OCH3),
47.03 (C1), 44.42 (C2), 32.46 ppm (NCH3) ; MS (ES+) m/z (%): 251
(100) [M@Cl]+ ; Elemental analysis calcd (%) for
C11H14N4O3·HCl·1=2 H2O (295.72): C 44.68, H 5.45, N 18.95, found: C
44.73, H 5.26, N 19.11.

N-Methyl-2-(3-benzyloxy-5-nitro-1H-indazol-1-yl)ethylamine hy-
drochloride (5·HCl): Yield: 1.31 g (90 %) [83 mg (7 %) of 1-vinylinda-
zole 16 was also obtained]; mp: 202–205 8C (ethanol) ; 1H NMR
([D6]DMSO): d= 9.34 (br s, 2 H, +NH2), 8.53 (d, J = 2.1 Hz, 1 H, 4’-H),
8.23 (dd, J = 9.3, 2.1 Hz, 1 H, 6’-H), 7.85 (d, J = 9.3 Hz, 1 H, 7’-H), 7.55
(m, 2 H, Ph 2-, 6-H), 7.40 (m, 3 H, Ph 3-, 4-, 5-H), 5.46 (s, 2 H, OCH2),
4.70 (t, J = 6.1 Hz, 2 H, 2-CH2), 3.37 (t, J = 6.1 Hz, 2 H, 1-CH2),
2.55 ppm (s, 3 H, CH3) ; 13C NMR ([D6]DMSO): d= 157.23 (C3’), 142.97
(C7’a), 140.67 (C5’), 136.14 (Ph C1), 128.45 (Ph C3, C5), 128.20 (Ph
C4), 128.13 (Ph C2, C6), 122.34 (C6’), 117.42 (C4’), 111.43 (C3’a),
110.45 (C7’), 70.72 (OCH2), 47.07 (C1), 44.45 (C2), 32.47 ppm (CH3) ;
MS (ES+) m/z (%): 327 (100) [M@Cl]+ ; Elemental analysis calcd (%)
for C17H18N4O3·HCl (362.81): C 56.28, H 5.28, N 15.44, found: C
56.37, H 5.18, N 15.38.

Preparation of 2-(3-alkoxy-5-nitro-1H-indazol-1-yl)ethylamines 4
and 6 : A stirred suspension of the corresponding 2-bromoethyl de-
rivative (13, 14) (4.0 mmol) in a saturated solution of ammonia in
methanol (50 mL) was heated in an autoclave at 70 8C for 3 days.
The mixture was evaporate to dryness and the obtained solid tritu-
rated with chloroform (20 mL); the insoluble material was recov-
ered by filtration and washed with chloroform (3 V 5 mL) and etha-
nol (2 V 5 mL) to afford the corresponding primary amine hydrobro-
mide (4 or 6·HBr). If desired, additional amount of primary amines
(4, 6), together with the corresponding 1-vinylindazoles (15, 16)
and secondary amines (8, 10) also produced in the reaction, could
be obtained as follows: after separation and washing of the corre-
sponding primary amine hydrobromide, the combined organic fil-
trate was mixed with 10 % aqueous potassium carbonate and
evaporated to dryness. The resulting solid was extracted with
chloroform/methanol (10:1) mixture (ca. 100 mL) and the solution
evaporated to dryness and applied to the top of a flash chroma-
tography column; elution with chloroform afforded the corre-
sponding 1-vinylindazoles (15, 16), and further elution with chloro-
form/ethanol mixtures (30:1 to 5:1) afforded secondary amines (8,
10) followed by primary amines (4, 6) ; the latter were converted
into the corresponding hydrobromides by treatment with hydro-
bromic acid in ethanol.

2-(3-Methoxy-5-nitro-1H-indazol-1-yl)ethylamine hydrobromide
(4·HBr): Yield: 0.91 g (72 %) [1.00 g (79 %) after column chromatog-
raphy] [53 mg (6 %) of 1-vinylindazole 15 and 45 mg (5 %) of secon-
dary amine 8 could also be obtained]; mp: 205–207 8C (1-propa-
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nol); 1H NMR ([D6]DMSO): d= 8.50 (d, J = 2.1 Hz, 1 H, 4’-H), 8.24 (dd,
J = 9.3, 2.1 Hz, 1 H, 6’-H), 7.98 (br s, 3 H, +NH3), 7.73 (d, J = 9.3 Hz,
1 H, 7’-H), 4.55 (t, J = 5.9 Hz, 2 H, 2-CH2), 4.07 (s, 3 H, OCH3),
3.29 ppm (t, J = 5.9 Hz, 2 H, 1-CH2) ; 13C NMR ([D6]DMSO): d= 157.97
(C3’), 143.10 (C7’a), 140.57 (C5’), 122.35 (C6’), 117.38 (C4’), 111.30
(C3’a), 110.33 (C7’), 56.67 (OCH3), 45.63 (C2), 38.32 ppm (C1); MS
(ES+) m/z (%): 237 (100) [M@Br]+ ; Elemental analysis calcd (%) for
C10H12N4O3·HBr (317.14): C 37.87, H 4.13, N 17.67, found: C 37.88, H
4.10, N 17.79.

2-(3-Benzyloxy-5-nitro-1H-indazol-1-yl)ethylamine hydrobromide
(6·HBr): Yield: 1.09 g (69 %) [1.28 g (81 %) after column chromatog-
raphy] [35 mg (3 %) of 1-vinylindazole 16 and 146 mg (12 %) of sec-
ondary amine 10 could also be obtained]; mp: 189–191 8C (water) ;
1H NMR ([D6]DMSO): d= 8.55 (d, J = 2.1 Hz, 1 H, 4’-H), 8.26 (dd, J =
9.3, 2.1 Hz, 1 H, 6’-H), 7.99 (br s, 3 H, +NH3), 7.75 (d, J = 9.3 Hz, 1 H,
7’-H), 7.55 (m, 2 H, Ph 2-, 6-H), 7.40 (m, 3 H, Ph 3-, 4-, 5-H), 5.46 (s,
2 H, OCH2), 4.57 (t, J = 5.8 Hz, 2 H, 2-CH2), 3.31 ppm (t, J = 5. Hz, 2 H,
1-CH2) ; 13C NMR ([D6]DMSO): d= 157.28 (C3’), 143.04 (C7’a), 140.68
(C5’), 136.15 (Ph C1), 128.49 (Ph C3, C5), 128.25 (Ph C4), 128.16 (Ph
C2, C6), 122.40 (C6’), 117.48 (C4’), 111.48 (C3’a), 110.39 (C7’), 70.73
(OCH2), 45.66 (C2), 38.39 ppm (C1); MS (ES+) m/z (%): 313 (100)
[M@Br]+ ; Elemental analysis calcd (%) for C16H16N4O3·HBr (393.24): C
48.87, H 4.36, N 14.25, found: C 48.60, H 4.18, N 14.24.

Preparation of N-methylbis[2-(3-alkoxy-5-nitro-1H-indazol-1-yl)-
ethyl]amines 7 and 9 and bis[2-(3-alkoxy-5-nitro-1H-indazol-1-
yl)ethyl]amines 8 and 10: A mixture of the corresponding amine
salt (3–6·HCl or ·HBr) (2.0 mmol), 2-bromoethyl derivative (13, 14)
(2.2 mmol) and potassium carbonate (0.69 g, 5.0 mmol) in acetoni-
trile (100 mL) was held at reflux for 3 days (for 7, 9) or for 7 days
(for 8, 10). The solvent was then evaporated and the residue ex-
tracted with chloroform (4 V 50 mL). The organic phase was con-
centrated and applied to the top of a flash chromatography
column which was eluted first with chloroform to afford the corre-
sponding 1-vinyl derivatives (15, 16) and the excess of 2-bro-
moethyl derivative (13, 14), and then with chloroform/ethanol
(50:1 to 20:1) (for 8, 10) or chloroform/acetone mixtures (50:1 to
5:1) (for 7, 9) to yield the desired amines. The latter were convert-
ed into the corresponding hydrochlorides by treatment with 36 %
aqueous hydrochloric acid (1 mL) in ethanol (20 mL) followed by
evaporation to dryness. Hydrochlorides of amines 7, 8, and 10
were recrystallized from an appropriate solvent; crude 9·HCl was
triturated with acetone to afford pure salt as an amorphous solid.

N-Methylbis[2-(3-methoxy-5-nitro-1H-indazol-1-yl)ethyl]amine
hydrochloride (7·HCl): Yield: 0.92 g (91 %) [38 mg (8 %) of 1-vinyl-
indazole 15 was also obtained]; mp: 224–227 8C (methanol);
1H NMR ([D6]DMSO): d= 11.80 (br s, 1 H, +NH), 8.43 (d, J = 2.1 Hz,
2 H, 4’-H), 8.18 (dd, J = 9.3, 2.1 Hz, 2 H, 6’-H), 7.79 (d, J = 9.3 Hz, 2 H,
7’-H), 4.79 (br s, 4 H, 2-CH2), 4.04 (s, 6 H, OCH3), 3.61 (br s, 4 H, 1-
CH2), 2.88 ppm (s, 3 H, NCH3) ; 13C NMR ([D6]DMSO): d= 157.85 (C3’),
142.81 (C7’a), 140.70 (C5’), 122.40 (C6’), 117.36 (C4’), 111.14 (C3’a),
110.40 (C7’), 56.59 (OCH3), 53.38 (C1), 42.96 (C2), 39.96 ppm (NCH3) ;
MS (ES+) m/z (%): 470 (100) [M@Cl]+ ; Elemental analysis calcd (%)
for C21H23N7O6·HCl (505.91): C 49.86, H 4.78, N 19.38, found: C
49.81, H 4.70, N 19.19.

Bis[2-(3-methoxy-5-nitro-1H-indazol-1-yl)ethyl]amine hydrochlo-
ride monohydrate (8·HCl·H2O): Yield: 0.81 g (79 %) [82 mg (17 %)
of 1-vinylindazole 15 were also obtained]; mp: 231–234 8C (water)
(previous loss of water at 135–140 8C); 1H NMR ([D6]DMSO): d=
9.59 (br s, 2 H, +NH2), 8.46 (d, J = 2.1 Hz, 2 H, 4’-H), 8.20 (dd, J = 9.3,
2.1 Hz, 2 H, 6’-H), 7.78 (d, J = 9.3 Hz, 2 H, 7’-H), 4.68 (t, J = 6.0 Hz, 4 H,
2-CH2), 4.02 (s, 6 H, OCH3), 3.44 ppm (br s, 4 H, 1-CH2) ; 13C NMR

([D6]DMSO): d= 157.90 (C3’), 142.94 (C7’a), 140.61 (C5’), 122.34
(C6’), 117.33 (C4’), 111.21 (C3’a), 110.33 (C7’), 56.58 (OCH3), 45.87
(C1), 44.43 ppm (C2); MS (ES+) m/z (%): 456 (100) [M@Cl]+ ; Elemen-
tal analysis calcd (%) for C20H21N7O6·HCl·H2O (509.90): C 47.11, H
4.74, N 19.23, found: C 47.17, H 4.62, N 19.36.

N-Methylbis[2-(3-benzyloxy-5-nitro-1H-indazol-1-yl)ethyl]amine
hydrochloride (9·HCl): Yield: 1.00 g (76 %) [80 mg (12 %) of 1-vinyl-
indazole 16 was also obtained]; amorphous solid; 1H NMR
([D6]DMSO): d= 11.46 (br s, 1 H, +NH), 8.47 (d, J = 2.2 Hz, 2 H, 4’-H),
8.20 (dd, J = 9.0, 2.2 Hz, 2 H, 6’-H), 7.82 (d, J = 9.0 Hz, 2 H, 7’-H), 7.49
(m, 4 H, Ph 2-, 6-H), 7.36 (m, 6 H, Ph 3-, 4-, 5-H), 5.37 (s, 4 H, OCH2),
4.81 (br s, 4 H, 2-CH2), 3.65 (br s, 4 H, 1-CH2), 2.89 ppm (s, 3 H, CH3) ;
13C NMR ([D6]DMSO): d= 157.10 (C3’), 142.75 (C7’a), 140.79 (C5’),
135.98 (Ph C1), 128.42 (Ph C3, C5), 128.22 (Ph C4), 128.08 (Ph C2,
C6), 122.46 (C6’), 117.45 (C4’), 111.34 (C3’a), 110.47 (C7’), 70.68
(OCH2), 53.38 (C1), 43.02 (C2), 39.77 ppm (CH3) ; MS (ES+) m/z (%):
622 (100) [M@Cl]+ ; Elemental analysis calcd (%) for C33H31N7O6·HCl
(658.10): C 60.23, H 4.90, N 14.90, found: C 60.53, H 5.02, N 14.98.

Bis[2-(3-benzyloxy-5-nitro-1H-indazol-1-yl)ethyl]amine hydro-
chloride (10·HCl): Yield: 0.97 g (75 %) [84 mg (13 %) of 1-vinylinda-
zole 16 were also obtained]; mp: 205–207 8C (nitromethane);
1H NMR ([D6]DMSO): d= 9.63 (br s, 2 H, +NH2), 8.48 (d, J = 2.1 Hz,
2 H, 4’-H), 8.20 (dd, J = 9.3, 2.1 Hz, 2 H, 6’-H), 7.80 (d, J = 9.3 Hz, 2 H,
7’-H), 7.50 (m, 4 H, Ph 2-, 6-H), 7.37 (m, 6 H, Ph 3-, 4-, 5-H), 5.37 (s,
4 H, OCH2), 4.70 (t, J = 5.7 Hz, 4 H, 2-CH2), 3.47 ppm (br s, 4 H, 1-
CH2) ; 13C NMR ([D6]DMSO): d= 157.20 (C3’), 142.87 (C7’a), 140.69
(C5’), 135.99 (Ph C1), 128.42 (Ph C3, C5), 128.22 (Ph C4), 128.12 (Ph
C2, C6), 122.37 (C6’), 117.42 (C4’), 111.38 (C3’a), 110.39 (C7’), 70.69
(OCH2), 45.88 (C1), 44.47 ppm (C2); MS (ES+) m/z (%): 608 (100)
[M@Cl]+ ; Elemental analysis calcd (%) for C32H29N7O6·HCl (644.08): C
59.67, H 4.69, N 15.22, found: C 59.95, H 4.72, N 15.28.

Biology

Parasite strain culture : Three different T. cruzi strains were evaluat-
ed in this work: T. cruzi SN3 strain (IRHOD/CO/2008/SN3, DTU I) iso-
lated from domestic Rhodnius prolixus from Guajira, Colombia;[54]

T. cruzi Arequipa strain (MHOM/Pe/2011/Arequipa, DTU V) isolated
from a human from Arequipa, Peru; and T. cruzi Tulahuen strain
(TINF/CH/1956/Tulahuen, DTU VI) isolated from Tulahuen, Chile. Ep-
imastigote culture forms were grown at 28 8C in RPMI (GibcoS)
with 10 % (v/v) fetal bovine serum (heat-inactivated), 0.5 % (w/v)
trypticase (BBL) and 0.03 m hemin.[55]

In vitro activity assays; epimastigote forms : T. cruzi epimastigotes
(strains SN3, Arequipa and Tulahuen) were collected in the expo-
nential growth phase by centrifugation at 400 g for 10 min. The
compounds to be tested were dissolved in DMSO at a concentra-
tion of 0.01 % (v/v) and assayed as nontoxic or without inhibitory
effects on parasite growth. Trypanocidal activity was determined in
our laboratory using a previously described method[56] with some
modifications. Assays were performed in microtiter plates (96-well
plates) at 5 V 105 parasites per mL, and after addition of the com-
pounds at dosages of 100 to 0.1 mm and cultured in 200 mL per
well volumes at 28 8C. Growth controls and BZN were also includ-
ed. After a 48 h incubation, 20 mL (0.125 mg mL@1) of resazurin
sodium salt (Sigma–Aldrich) was added, and the plates were incu-
bated for a further 24 h. Finally, 5 mL (10 % w/v) of sodium dodecyl
sulfate (SDS) was added, and after 10 min, the trypanocidal activity
of the compounds on the plates was assessed by absorbance
measurements (Sunrise, TECAN) at 570 and 600 nm.[57] The trypa-
nocidal effect was determined using GraphPad Prism and is ex-
pressed as the IC50, i.e. , the concentration required to result in
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50 % inhibition. Each drug concentration was tested in triplicate in
three separate determinations.

Vero cells culture and cytotoxicity tests : Vero cells (EACC number
84113001) from monkey kidney were grown in humidified 95 % air,
5 % CO2 atmosphere at 37 8C in RPMI (GibcoS) with 10 % (v/v) fetal
bovine serum (heat-inactivated).[58] Vero cells were collected first by
trypsinization and then by centrifugation at 400 g for 10 min. The
compounds to be tested were dissolved as mentioned above. Cy-
totoxicity against Vero cells was assessed using microtiter plates
(96-well plates) at 1.25 V 104 cells per mL, and after addition of the
compounds at dosages of 2000 to 1 mm and cultured in 200 mL per
well volumes in RPMI with 1% (v/v) fetal bovine serum (heat-inacti-
vated). Growth controls and BZN were also included. After a 48 h
incubation, the same procedure as described to determine the try-
panocidal activity was followed.

Transformation of epimastigotes to metacyclic forms : T. cruzi
strains SN3, Arequipa and Tulahuen were grown as epimastigote
forms at 28 8C.[59] Metacyclic trypomastigotes (aged epimastigote
cultures) were induced by culturing a seven-day-old culture of epi-
mastigote forms in Grace’s Insect Medium (GibcoS) with 10 % (v/v)
fetal bovine serum (heat-inactivated) at 28 8C for 7 days.[60] The par-
asites were then harvested by centrifugation at 400 g for 10 min
and incubated at 5 V 108 parasites per mL in TAU medium (190 mm
NaCl, 17 mm KCl, 2 mm MgCl2, 2 mm CaCl2, 8 mm phosphate
buffer, pH 6.0) for 2 h at 28 8C. Thereafter, the parasites were incu-
bated at 5 V 106 parasites per mL in TAU3AAG medium (TAU sup-
plemented with 10 mm l-proline, 50 mm l-sodium glutamate,
2 mm l-sodium aspartate and 10 mm d-glucose) for 4 days at
28 8C.[61] Subsequently, this metacyclic trypomastigotes were used
to infect Vero cells in humidified 95 % air, 5 % CO2 atmosphere at
37 8C in RPMI (GibcoS) with 10 % (v/v) fetal bovine serum (heat-in-
activated) for 5 to 7 days.[62] Finally, the culture-derived trypomasti-
gotes were collected by centrifugation at 3000 g for 5 min and
used to infect BALB/c albino mice.

In vitro activity assays; amastigote forms : Vero cells (EACC
number 84113001) from monkey kidney were grown in humidified
95 % air, 5 % CO2 atmosphere at 37 8C in RPMI (GibcoS) with 10 %
(v/v) fetal bovine serum (heat-inactivated)[58] and were collected
first by trypsinization and then by centrifugation at 400 g for
10 min. Assays were performed in microtiter plates (24-well plates)
at 1 V 104 Vero cells per well with rounded coverslips on the
bottom; 24 h later the cells were infected with culture-derived try-
pomastigotes of T. cruzi (strains SN3, Arequipa and Tulahuen) at a
multiplicity of infection (MOI) ratio of 1:10 during 24 h. Non-phago-
cyted parasites were removed by washing, and after addition of
the compounds at dosages of 50 to 0.1 mm, cultured in 500 mL per
well volumes in RPMI with 1% (v/v) fetal bovine serum (heat-inacti-
vated) in a humidified 95 % air, 5 % CO2 atmosphere at 37 8C.
Growth controls and BZN were also included. After a 72 h incuba-
tion, the trypanocidal effect was assessed based on the number of
amastigotes in treated and untreated cultures in methanol-fixed
and Giemsa-stained preparations. The number of amastigotes was
established by analyzing 500 host cells distributed in randomly
chosen microscopic fields. The trypanocidal effect was determined
using GraphPad Prism and it is expressed as the IC50, i.e. , the con-
centration required to result in 50 % inhibition. Each drug concen-
tration was tested in triplicate in three separate determinations.

In vitro activity assays; trypomastigote forms : T. cruzi blood try-
pomastigotes (strains SN3, Arequipa and Tulahuen) were obtained
by cardiac puncture from BALB/c albino mice during the parasite-
mia peak after infection and diluted in RPMI (GibcoS) with 10 % (v/

v) fetal bovine serum (heat-inactivated). Trypanocidal activity was
determined in our laboratory according to a described method[63]

with certain modifications. Assays were performed in microtiter
plates (96-well plates) at 2 V 106 parasites per mL, and after addi-
tion of the compounds at dosages of 50 to 0.1 mm, cultured in
200 mL per well volumes in humidified 95 % air, 5 % CO2 atmos-
phere at 37 8C. Growth controls and BZN were also included. After
a 24 h incubation, 20 mL (0.125 mg mL@1) of resazurin sodium salt
(Sigma–Aldrich) was added, and the plates were incubated for 4 h.
Finally, the same procedure as described to determine the trypano-
cidal activity was followed.

In vivo trypanocidal activity assays

Mice : These experiments were approved by the University of Gran-
ada Ethics Committee on Animal Experimentation (RD53/2013) and
performed under the rules and principles of the international
guide for biomedical research in experimental animals. Female
BALB/c mice (8–10 weeks old and 20–25 g) were used to perform
these experiments, maintained under standard conditions (12 h
dark/light cycle and 22:3 8C temperature) and provided with
water and standard chow ad libitum.

Mice infection and treatment : Groups of three mice were infected
via intraperitoneal inoculation with 5 V 105 BTs of T. cruzi Arequipa
strain (obtained from previously infected mice with metacyclic try-
pomastigotes) in 0.2 mL phosphate-buffered saline (PBS). The mice
were divided, in acute and chronic phases, as follows: 0, negative
control group (uninfected and untreated); I, positive control group
(infected and untreated); II, BZN group (infected and treated with
BZN); III, study group (infected and treated with the compounds
under study). BZN and the compounds under study were prepared
at 2 mg mL@1 in an aqueous suspension vehicle containing 5 % (v/
v) DMSO and 0.5 % (w/v) hydroxypropyl methylcellulose.[53] Drugs
were administered by the oral route (&200 mL) once daily for five
consecutive days, and vehicle only was administered in the nega-
tive and positive control groups. Therefore, doses of 20 mg kg@1

per day were administered for five consecutive days. Administra-
tion of the tested compounds was initiated on the 10th day post-
infection (once the infection was confirmed) in mice treated in
acute phase and on the 75th day post-infection (it is established
that the animals had entered the chronic phase of the experiment)
in the mice treated in the chronic phase.

Parasitemia levels in the acute phase treatment : Peripheral
blood from each mouse treated in acute phase was obtained from
the mandibular vein (5 mL samples) and diluted 1:100 in PBS. The
number of BTs (parasitemia levels) was quantified every two or
three days from 7th day post-infection until the day parasitemia
was not detected. This counting was performed using a Neubauer
chamber, and the number of BTs was expressed as parasites per
mL.[47]

Cyclophosphamide-induced IS : After 100th day post-infection, the
groups of mice treated in the acute and chronic phases with signif-
icantly decreased parasitemia levels and established to be in the
chronic phase of the experiment, regardless of the treatment and
undetectable by fresh blood microscopy examination, were immu-
nosuppressed with cyclophosphamide monohydrate (ISOPACS) as
follows: one intraperitoneal injection every four days with a dose
of 200 mg kg@1, for a maximum of three doses.[53] The efficacy of
such an IS procedure for assessing cryptic infection was verified by
the high parasitemia in chronically untreated mice. Within one
week after the last cyclophosphamide monohydrate injection, par-
asitemia was evaluated according the procedure described for par-
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asitemia levels in acute phase to quantify the presence or absence
of BTs as the reactivation rate.

Organs DNA extraction, PCR and electrophoresis : After cyclo-
phosphamide-induced IS, mice were bled out under gaseous anes-
thesia (CO2) via heart puncture, and blood was collected. Our pre-
vious in vivo studies using the T. cruzi Arequipa strain revealed its
tropism for the following organs: adipose tissue, bone marrow,
brain, esophagus, heart, lung, muscle, spleen and stomach. There-
fore, these nine organs were harvested and immediately perfused
with pre-warmed PBS to avoid contamination of the tissue with
BTs.[64] In addition, spleen was weighed to evaluate inflammation
of this organ in the different groups of mice. Finally, the target
organs were thawed and ground up using a Potter-Elvehjem, and
DNA extraction was performed using WizardS Genomic DNA Purifi-
cation Kit (Promega).[47]

PCR was performed based on the published sequence of the
enzyme SOD T. cruzi CL Brenner (GenBank accession No. XM_
808937) using two primers designed in our laboratory that allow
the detection of T. cruzi DNA in different biological samples. These
primers amplify a fragment belonging to SOD gene b of T. cruzi
consisting of approximately 300 base pairs (bp). The amplifications
were performed using a Thermal CyclerTM MyCycler thermal cycler
(Bio-Rad) with the following reaction mixture: 1 mL of DMSO,
200 nm iSODd, 200 nm iSODr, 10 mm Tris·HCl (pH 9.0), 1.5 mm
MgCl2, 50 mm KCl, 0.01 % gelatin, 0.1 % Triton X-100, 100 mm of
each dNTP, 0.5 U of Taq DNA polymerase, 1 mg of DNA, and HPLC
water, in a final volume of 20 mL; and with the following routine:
95 8C/3 min, 30 cycles of 95 8C/30 s, 55.5 8C/45 s, 72 8C/30 s, and
72 8C/7 min. Finally, the amplification products were subjected to
electrophoresis on a 2 % agarose gel for 90 min at 90 V, containing
1:10 000 GelRed nucleic acid gel stain.

ELISA : Serum samples were obtained 2 days after treatment, 1 day
before IS and on the day of necropsy for the mice treated in acute
phase, and 2 days after treatment and on the day of necropsy
(sera post-IS) for the mice treated in the chronic phase. To obtain
serum, blood was incubated in a glass tube for 2 h at 37 8C to
allow clotting and then 16 h at 4 8C for retraction of the clot. The
serum was collected and centrifuged at 2700 g for 20 min at 4 8C.
The serum was used for ELISA and biochemical analysis as ex-
plained later in this paper. SOD excreted (SODe) from the parasites,
extracted and purified as subsequently described, was used as the
antigen fraction. Circulating antibodies in serum against T. cruzi
Arequipa strain were qualitatively and quantitatively evaluated by
ELISA. The serum from whole blood was diluted 1:80 in PBS, and
all serum samples were analyzed in triplicate in polystyrene 96-well
microtiter plates. The absorbance was read at 492 nm using a mi-
croplate reader (Sunrise, TECAN). Mean and standard deviations of
the optical densities of the negative control sera were used to cal-
culate the cut-off value (mean plus three times the standard devia-
tion).[47]

Toxicity tests by biochemical analysis : Serum samples were ob-
tained at 2 days after treatment and on the day of necropsy (sera
post-IS) both for mice treated in the acute and chronic phases.
These sera were sent to the Biochemical Service of the University
of Granada, where a series of parameters were measured using
commercial kits from CromakitS with the BS-200 Chemistry Ana-
lyzer Shenzhen Mindray (Bio-medical Electronics Co., LTD). Mean
values and standard deviations were calculated using the levels
obtained for different populations of sera (n = 6, n = 3), and the
confidence interval for the mean normal populations were also c
calculated using the levels obtained for different populations of

sera (n = 6, n = 3), and the confidence interval for the mean normal
populations were also calculated based on a confidence level of
95 % [100 V (1@a) = 100 V (1@0.05)] . Figure 12 shows the timeline
for all in vivo experiments in acute and chronic phases.

Studies of the mechanism of action

Metabolite excretion : T. cruzi Arequipa strain was grown and col-
lected in the epimastigote form at 28 8C[59] in the exponential
growth phase by centrifugation at 400 g for 10 min. The com-
pounds to be tested were dissolved as mentioned above. The
assays were performed in cell culture flasks (surface area, 25 cm2)
at 5 V 105 parasites per mL and after the addition of the com-
pounds at IC25 concentrations at 28 8C. Non-treated parasites were
also included. After a 72 h incubation, treated and non-treated par-
asites were centrifuged at 800 g for 10 min to collect the superna-
tants to determine the excreted metabolites by 1H NMR.

Chemical shifts were expressed in ppm using sodium 2,2-dimethyl-
2-silapentane-5-sulfonate as the reference signal. The 1H NMR spec-
tra were acquired with a VARIAN DIRECT DRIVE 400 MHz Bruker
spectrometer with an AutoX probe using D2O. The assignments of
metabolites were based on their 1H NMR spectra. The chemical
shifts used to identify the respective metabolites were consistent
with those described previously by our group[65] and with the
human metabolome database. The spectral region of 1.0–5.5 ppm
was bucketed into a frequency window of 0.1 ppm. The peak
(2.6 ppm) corresponding to DMSO was removed before binning,
and the regions corresponding to water (4.5–5.5 ppm) and glucose
(3.4–3.8 ppm) were excluded during binning to avoid artefacts due
to pre-saturation. The aromatic region was excluded because the
signal-to-noise ratio in this region was poorer than in the aliphatic
region. The resulting integrals were normalized to the working
region (1.0–3.4) ppm of the spectrum to correct for inter-sample
differences in dilution. The binning and normalizations were ach-
ieved using Mestrenova 9.0 software. The matrix obtained in Mes-

Figure 12. Timeline for all in vivo experiments in acute and chronic phases.
dpi = day post-infection.
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trenova was imported into Microsoft Excel for further data analy-
ses.

Rho 123 and AO assays : T. cruzi Arequipa strain was grown and
collected as epimastigote forms at 28 8C[59] in the exponential
growth phase by centrifugation at 400 g for 10 min. The com-
pounds to be tested were dissolved as mentioned above. The
assays were performed in cell culture flasks (surface area, 25 cm2)
at 5 V 105 parasites per mL, and after the addition of the com-
pounds at IC25 concentration at 28 8C. Untreated parasites were
also included. After a 72 h incubation, treated and untreated para-
sites were collected by centrifugation at 400 g for 10 min, and the
pellets of parasites were washed three times with PBS. Subse-
quently, the parasites were resuspended in 0.5 mL PBS with
10 mg mL@1 Rho 123 (Sigma–Aldrich) or 10 mg mL@1 AO (Sigma–Al-
drich) for 20 min.[66] Finally, the samples were washed twice with
ice-cold PBS, dispersed in 1 mL of PBS and immediately analyzed
by flow cytometry (Becton Dickinson FACSAria III). The data were
captured and analyzed using BD FACSDiva v8.01 software (Becton
Dickinson Biosciences, 2350 Qume Drive, San Jose, CA, USA). The
fluorescence intensities for Rho 123 (mitochondrial membrane po-
tential) and AO (DNA and RNA) were quantified based on the for-
ward (FSC) and side (SSC) scatter, for which a total of 10 000 events
were acquired in the previously established region corresponding
to T. cruzi epimastigotes.[67] Alterations in the fluorescence intensi-
ties of AO (APC-A) or Rho 123 (FITC-A) were quantified by the
index of variation (IV) obtained using the equation (TM-CM)/CM,
where TM is the median fluorescence for treated parasites and CM
is the median fluorescence for non-treated parasites (control).[66]

Extraction/purification of the SODe and SOD inhibition studies :
T. cruzi Arequipa strain was grown as the epimastigote form at
28 8C in RPMI (GibcoS) with 10 % (v/v) fetal bovine serum (heat-in-
activated), 0.5 % (w/v) trypticase (BBL) and 0.03 m hemin[55] in the
exponential growth phase. The parasites were collected by centri-
fugation at 400 g for 10 min, and the pellet was resuspended at
5 V 109 parasites per mL in the same medium without fetal bovine
serum in cell culture flasks (surface area, 75 cm2). After a 28 h incu-
bation at 28 8C, the culture was centrifuged at 800 g for 10 min at
4 8C, and the supernatant was collected and filtered with 0.45 mm
pore size filters. Protein was precipitated by addition of ammonium
sulfate and centrifugation at 10 000 g for 20 min at 4 8C to maintain
the 35–85 % protein fraction, which was re-dissolved in 2.5 mL of
20 mm potassium phosphate buffer (pH 7.8) containing 1 mm
EDTA. Finally, this fraction was desalted by gel filtration using a Se-
phadex G-25 column,[68] and the protein concentration was deter-
mined using the Bradford method (Sigma Immunochemical,
St. Louis, MO, USA) with bovine serum albumin as a standard.[69]

Fe-SODe and commercial CuZn-SOD (Sigma–Aldrich) activities
were determined using the method described by Beyer and Frido-
vich.[43]
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6.1. Novel fluorescent parasites-based method 

Currently, screening assays based on counting using Neubauer Chambers
215,230

 or 

fluorescence/absorbance measurements based on colorimetric reagents
209,231

 are the 

methods used for the evaluation of trypanocidal drugs against extracellular forms. For 

intracellular forms, assays are based on counting of stained samples using nucleic acids 

dyes
232,233

 and/or image analysis algorithms
234–237

. This novel fluorescence-based 

method allows the evaluation of trypanocidal drugs against any of the parasite forms, 

either extra- or intracellular, in a shorter time (faster) and with fewer steps in the 

procedure (simpler) as no additional indicator reagents, enzymatic post-processes or 

laborious counting are required), and with faster data collection and processing. 

Moreover, this method has more precision and accuracy than any of the techniques 

mentioned above, especially those based on counting. In addition, the stability of the 

fluorescence is maintained for weeks. 

Regarding High-throughput Screening (HTS) based on the automated fluorescence 

image analysis system for amastigote forms after nuclei acids dye stain
234–236

, this 

allows differentiate intracellular amastigote forms and host cells based on significant 

differences of sizes between kinetoplasts and host nuclei, respectively, but the 

fluorescence discrimination has to be performed using algorithm in non-conventional 

microplate readers. In this regard, the novel fluorescent parasites-based method do not 

use any dye for the parasite detection and all fluorescence is only due to parasites, so 

conventional microplate readers can be used. Moreover, the possible problem in the 

false spot detection, that could result in an over estimation of infection, does not happen 

using fluorescence. Alternatively, the imagen analysis system is a highly sensitive 

method but detection of amastigotes is done by acquiring a certain number of images, 

and is not based on the entire well. The novel fluorescence-based method allows the 
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detection in the whole well, so the sensitivity is even higher, especially to determine 

very low infection following drug treatment. This is a really important point for the 

potential pharmacological consideration of drugs. 

Finally, this novel fluorescence-based method provided by the NeonGreen protein has 

higher sensitivity than the previous ones, whose fluorescence come from other 

fluorescent proteins, such as tomato fluorescent protein or green fluorescent 

protein
228,238,239

. In addition, this dual-expresser parasite (fluorescence and 

bioluminescence) can be used in both in vitro and in vivo assays. 

In summary, it is a highly reproducible, sensible, precise, simple and fast method that 

allows the evaluation of trypanocidal drugs against all three morphological forms of T. 

cruzi, either extra- or intracellular. Moreover, this method allows continuous monitoring 

of treated cultures over time, and this is able to predict/distinguish between slow- or 

fast-acting, short- or long-lasting, and static or cidal drugs after performing the so-called 

time to kill, length for action, and washout/reversibility assays, respectively. This is an 

important fact since fast-acting, long-lasting and cidal drugs are urgently needed
208

. 

These assays have been well defined for other parasitic diseases
240,241

, but not for CD. 

6.2. Trypanocidal drug candidates 

6.2.1. Screening strategy 

Drug discovery is a time-consuming and high-investment process used to identify new 

drugs for different disciplines, including biology, chemistry and pharmacology
242

. 

According to the Eastern Research Group (ERG)
243

, it usually takes 10-15 years to 

develop a new drug, and its success rate is only 2.01 %
244

. As demonstrated the Food 

and Drug Administration (FDA), the number of drugs approved has been declining 

since 1995
245

, but the investment in drug development has been increasing
246

. 

Therefore, it is urgent to find a new strategy for the development of new drugs. 
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The strategy of screening and identification of trypanocidal drug candidates, in both in 

vitro and in vivo, has been improved in this doctoral thesis. The methodology has been 

also improved according the instrumentation available
247–249

. Regarding in vitro 

strategy: 

- Considering the widely genetic diversity of this parasite, the variable drug 

resistance to current treatments
52,250,251

, and the TPP established by the DNDi
2
, 

three different strains, belonging to three different DTUs – I, V, and VI –, with 

different genotype, phenotype, tropism, and drug resistance, and from different 

host and location
210

 were used for the in vitro screening. The primary reason for 

the high variability in the efficacy of BZN has been attributed to the broad genetic 

diversity of T. cruzi strains
251

. 

- Compounds were evaluated against the three morphological forms of the parasite, 

using the replicative extracellular epimastigote forms as a primary screening 

owing to its easy-to-handle cell culture. Active compounds were then tested 

against the relevant forms from a clinical viewpoint – trypomastigote and 

amastigote forms –, since they are the responsible for the acute and chronic phases 

of CD
250

. 

- The in vitro screening was performed in two steps following the criteria shown in 

Scheme 6A.These criteria were agreed according to criteria established by other 

authors: I) IC50 < 5 µM, selectivity index (SI) > 10
208

; II) IC50 ≤ 10 µM, SI > 

10
252

; III) IC50 < 1 µg∙ml
-1

, SI > 50
253

; IV) IC50 ≤ BZN, SI ≥ 50
229

. In addition, 

another criterion was that compounds had to be active against the three T. cruzi 

strains to avoid drug resistance. 
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Scheme 6. Screening of trypanocidal compounds. (A) Strategy followed to 

select drug candidates for the treatment of CD. (B) Distribution of 

compounds after the first and second rounds of screening. IC50, inhibitory 

concentration 50; SI, selectivity index; BZN, benznidazole; *At least for 

one of the parasite forms in vertebrate hosts for the three T. cruzi strains; #
3 

of them are included in this doctoral thesis. 

The in vivo strategy, thanks to the in vivo approach for CD chemotherapy using BALB/c 

mice
247–249

 (see section 5.2), was as follows (Scheme 7): 

- Owing to the different effectiveness of current drugs, especially limited during the 

chronic-phase of CD
208,254,255

, compounds were evaluated in both the acute and 

chronic phases of CD. Most in vivo testing has focused on acute-phase of CD 

because it is simpler to monitor parasite infection, but chronic-phase infections 

should be the main research focus in animal models
2
. 
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- Drugs were administered orally because it is the preferred route for the treatment 

of parasitic diseases in developing countries, it leads to better patient compliance, 

and it has a low cost
2,256

. 

- Given that a compound that achieves parasitaemia reduction in infected mice 

following 5 days of treatment can be defined as a lead compound
208

, the treatment 

guideline was for 5 consecutive days. Moreover, to evaluate if tested compounds 

showed higher trypanocidal activity than BZN in the first in vivo screening 

phase
229

, the treatment was at subcurative doses of BZN (20 mg·kg
-1

 per day). 

- The treatment efficacy or experimental cure in infected mice was evaluated using 

a double test-of-cure widely used in animal models: parasitaemia reactivation 

after cyclophosphamide-induced IS, and PCR of nested parasites in the target 

organs/tissues
210,213,215,257,258

. 

- Finally, the in vivo screening was carried out according to the following criteria: 

compound activity ≥ BZN activity
229

 (Scheme 6). 

 

Scheme 7. Timeline for all in vivo assays in the acute and chronic phases of 

Chagas Disease. dpi, days post-infections.  
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6.2.2. Evaluation of trypanocidal compounds 

A total of 519 compounds belonging to different chemical families have been evaluated 

during the pre-doctoral period, identifying 21 compounds (4.0 %) with high in vitro 

activity. The in vivo activity of these 21 compounds was then tested in a second round 

of screening, and 7 of them (1.3 %) were identified as trypanocidal drug candidates for 

the treatment of CD (Scheme 6B). 

3 drug candidates are included in this doctoral thesis. Table 6 summarizes the in vitro 

activity, the in vivo efficacy, and the suggested MoA of the 3 drug candidates. Data of 

the reference drug BZN are also included. In general, trypanocidal drug candidates 

show improved in vitro activities against the relevant forms from a clinical viewpoint, 

and enhanced in vivo efficacy compared to BZN. Other authors have reported 

trypanocidal activity of nitroindazole
259–261

 and polyamine
168,262

 compounds, but as far 

as we know no squaramide
202

 compounds with trypanocidal activity have been reported 

by other authors. 

These trypanocidal drug candidates fulfilled the most stringent in vitro requirements 

stablished for ideal drugs against CD: efficacy against a panel of different strains, fast 

time to kill behaviour (mentioned below), and higher trypanocidal activity and lower 

citotoxicity than BZN
208,229,252,253

. Moreover, these compounds met the majority of the 

in vivo criteria of the TPP
2
: activity after oral administration, activity in both the acute 

and chronic phases of CD, and higher in vivo efficacy and lower toxicity than BZN. In 

addition, the results suggested a hopeful in vivo ADMET profile (abbreviation in 

pharmacokinetics and pharmacology for "absorption, distribution, metabolism, 

excretion and toxicity”). 
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Table 6. In vitro activity, in vivo efficacy, and suggested mechanism of action of the 3 trypanocidal drug candidates and the reference drug benznidazole. 

Compound 

and 

Publication 

Chemical structure 

In vitro IC50 (µM) values In vivo treatment efficacy 

Suggested MoA Amastigote 

forms (DTU) 

Trypomastigote 

forms (DTU) 

Parasitaemia peak 

in the acute-phase 

(parasites·mL
-1

) 

Parasitaemia 

reactivation 

(%) after IS 

Infected target 

organs/tissues* 

Benznidazole 

 

16.6 ± 1.4 (I) 

8.3 ± 0.7 (V) 

10.0 ± 0.8 (VI)  

36.1 ± 3.1 (I) 

12.4 ± 1.1 (V) 

15.1 ± 1.3 (VI) 

1.3 ×10
6
 

75.0 (A) 

51.2 (C) 

6/9 (A) 

4/9 (C) 

Damage to macromolecules 

(proteins, lipids and nucleic 

acids)
263,264

 

Squaramide 7. 

[1] (section 5.3.1) 

 

 

18.9 ± 1.4 (I) 

0.2 ± 0.0 (V) 

6.4 ± 0.5 (VI) 

5.4 ± 0.4 (I) 

4.4 ± 0.3 (V) 

4.7 ± 0.3 (VI) 

1.0 ×10
6
 

26.1 (A) 

21.0 (C) 

3/9 (A) 

2/9 (C) 

Mitochondrial-dependent 

manner 

Polyamine 7. 

[2] (section 5.3.2) 

 19.7 ± 2.7 (I) 

4.8 ± 0.4 (V) 

15.1 ± 1.3 (VI) 

12.4 ± 1.1 (I) 

14.7 ± 1.2 (V) 

17.6 ± 1.4 (VI) 

1.4 ×10
6
 

16.3 (A) 

5.9 (C) 

2/9 (A) 

1/9 (C) 

Glycosomal-dependent 

manner 

Nitroindazole 16. 

[3] (section 5.3.3) 

 

5.8 ± 0.6 (I) 

7.4 ± 0.4 (V) 

12.4 ± 1.3 (VI) 

4.6 ± 0.5 (I) 

5.4 ± 0.6 (V) 

6.1 ± 0.6 (VI) 

1.4 ×10
6
 

30.1 (A) 

35.1 (C) 

3/9 (A) 

3/9 (C) 

Mitochondrial-dependent 

manner 

*By PCR of nested parasites in the 9 target organs/tissues. I, T. cruzi SN3 strain (Discrete Typing Unit (DTU) I); V, T. cruzi Arequipa strain (DTU V); VI, T. cruzi Tulahuen 

strain (DTU VI); IS, immunosuppression; A, after acute-phase treatment; C, after chronic-phase treatment; MoA, mechanism of action; Bn, benzyl group.
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It should be noted that the 3 trypanocidal drug candidates did not obtain a sterile cure 

after treatment at subcurative doses of BZN, and different organs/tissues maintained the 

infection after treatment in the acute and chronic phases of CD. It is proposed that the 

different effectiveness in the different phases is related to inadequate 

pharmacokinetics/pharmacodynamics between the compounds and the tissue 

localization of nested parasites during the chronic-phase
265

. Alternatively, compounds 

and BZN showed higher efficacy in the chronic-phase than in the acute-phase, probably 

because the parasite burden is significantly low and limited to far few locations
257

. 

However, a massive reduction in the parasitic load in these first in vivo screening phase 

is considered an important advance towards the identification of new tripanocidal 

drugs
229

. In overall, the absence of toxicity allows these compounds to be tested at 

higher doses, establishing improved treatment guidelines based on 

pharmacokinetic/pharmacodynamics studies, even combined therapies using 

compounds with different MoA, in order to achieve sterile cure. 

Regarding infected target organs/tissues, it has to be highlighted that the adipose tissue 

and the heart are the organs/tissues that most maintained the infection after treatment 

using the drug candidates, including BZN. Concerning adipose tissue, many of the 

current potential candidates for the treatment of CD show nested parasites in this tissue 

after treatment
266,267267

, and lesser drug accessibility or parasite susceptibility in a lipid 

rich environment could be the reasons for the lower efficacy
96,266

. For the heart, it could 

be because of the tissue contamination with BTs due to the difficulty of removing all 

blood by perfusion. 

Assessment of cure in CD is controversial due to the absence of irrefutable tests to 

ensure parasite elimination, and PCR techniques are mainly used to ascertain the failure 

of clinical treatments – even consistently negative results using blood are not sufficient 
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to confirm parasite elimination
268,269

. For animal models, the double test-of-

cure
210,213,215,257,258

 is widely used to evaluate the treatment efficacy or experimental 

cure in infected animals: mice whose parasitaemia remains negative after IS and with 

negative PCR results for target organs/tissues are considered cured
213,257

. It has to be 

highlighted that the PCR determination of the presence of nested parasites in 

organs/tissues shows better sensitivity than any other blood methodology
268

. Recently, 

new bioluminescence in vivo imaging models using transgenic parasites facilitate 

research in terms of monitoring the course and the dynamic of the infection – even the 

spatiotemporal dynamic distribution of the parasite during the chronic-phase, with foci 

that appear/disappear over the course of even a single day
222

 –, reducing the number of 

animal and generating data with superior accuracy
222,270,271

. Nevertheless, results of six 

independent samples can provide evidence of cure, or a considerable reduction in the 

parasitic load, substantiated on the double test-of-cure (and supported by the immune 

response determination and the splenomegaly observation, which are linked with the 

parasitic load, reflect the infection rates and verify the efficacy attributed to the 

treatment
210,216,272

). 

Finally, the MoA analyses were initiated at the energy metabolism level owing to the 

fast-acting activity showed by the tested compounds: in vitro screening were carried out 

for 72 and 24 h (endpoints for amastigote and trypomastigote forms, respectively) in 

order to select only the compounds that were able to show activity in short time 

treatments, as BZN
204

. The time of action is an important feature to predict the exposure 

needed to avoid any relapse after chemotherapy, and it is questionable whether slow-

acting drugs are desirables
208

: slow-acting drugs as posaconazole often act by inhibiting 

parasite replication, so the sensitivity of quiescent or dormant amastigote forms is null. 

It seems that it is necessary to target each of these forms to eradicate an infection
62

. 
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Therefore, glycosomal and mitochondrial were the levels analysed since these are the 

main organelles/routes of T. cruzi for obtaining energy
74,273–275

. As stated before (Table 

7), MoA analyses suggested that the fast-acting activities could be explained by a 

bioenergetic collapse caused by a mitochondrial membrane depolarisation (for 

squaramide 7 and nitroindazole 16)
248,249

 and a reduction on the catabolic glucose 

metabolism (for polyamine 7)
247

, inducing T. cruzi death by necrosis: 

- On the one hand, it is well-known that the mitochondrion plays an imperative role 

in cell death decisions, and an active pumping of H
+
 is produced in the 

mitochondrial membrane to maintain its electrochemical gradient, integrity and 

function
276

. Disturbances produced in this potential (as caused by squaramide 7
248

 

and nitroindazole 16
249

) may cause imbalances in NADH/NAD
+
 and adenosine 

triphosphate (ATP)/ adenosine diphosphate (ADP) ratios, compromising nucleic 

acid levels and causing apoptosis and/or necrosis
273,277,278

. 

- On the other hand, alterations on the catabolic glucose metabolism can slowdown 

the NADH reoxidation system, especially if there is a reduction in the production 

of L-alanine and succinate
80

 (as caused by polyamine 7
247

). NADH is an essential 

coenzyme for biosynthetic pathways and also for protection against oxidative 

stress, due to ROS
81

. 

However, the therapeutic targets were not elucidated since the only target evaluated was 

the Fe-SOD of T. cruzi, and the activity of the drug candidates could not be ascribed to 

the inhibition of this enzyme. This enzyme was tested since the trypanosomatid 

exclusive Fe-SOD presents structural and biochemical differences with respect to the 

human SOD
279,280

, it is a key enzyme in the elimination of ROS and in the protection 

from the damage produced by oxidative stress
281,282

, and its inhibition could explain the 

suggested MoA
283

. Other alternative homologue/parasite-specific enzymes, such as 
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trypanothione reductase
73,284

, can be studied to determine the molecular targets for these 

compounds. 

Enzymes involved in the glucose metabolism are also candidate enzymes to be a target 

for polyamine 7 – especially those with the lowest maximum velocity (Vmax) since 

they are enzymes with high control on the pathway fluxes and are not highly regulated, 

as hexokinase in T. cruzi
73,75

. In addition, hexokinase is a key enzyme since it is 

encoded by all morphological forms of T. cruzi
74

. Alternatively, it has been determined 

that glucose transporter has the highest control of glycolysis in different cells, doing this 

transporter another target protein for polyamine 7
73

. 

Synthesis of ergosterol and polyamine transporter are also candidates to be inhibited for 

nitroindazole 16 (as a nitrogen heterocycle)
30,167

 and for polyamine 7 (as an analogue of 

other polyamines such as putrescine or spermine)
168

, respectively. Therefore, these 

possible MoA should not be discarded. 

Finally, it should be noted that these compounds could act against enzymes involved in 

the synthesis of these key enzymes, causing the same effect as being inhibitors
285–288

. 

In short, a more focused view is required in order to know the molecular targets, and if 

the disturbances observed are the cause of the parasite death or a consequence of its 

action at another levels. In addition, the possibility of multitarget activity should not be 

rejected. 

Simultaneously, the bioenergetic collapse could be the cause of the cidal, and not static, 

activity observed by these drug candidates: they did not only inhibit the infection 

growth by prolonging the growth rate of the parasite (static activity), but reduced both 

the number of infected cells and the number of amastigote forms per cell compared to 

the primary infection by eradicating T. cruzi infection (cidal activity)
234,289 in 72 h (data 

not shown). Wash-out/recovery assays are required as the ultimate tests to confirm if 
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there is any regrowth of the parasites once one stops drug pressure
208

. However, it 

should be mentioned that the assay performed against amastigote forms can already give 

this information if no parasites can be identified after drug treatment. For 

trypomastigote forms, the design of the assay and the non-replicative nature of these 

forms mean that the differences observed with respect to the controls are solely due to 

the cidal activity of these compounds. 

The importance of assessing cidality of compounds is a main feature, along with the 

time to kill, in order to avoid any recovery after treatment
290

. Moreover, both features 

can help to predict the exposure needed to achieve sterile cure in vivo
208

, a critical 

prerequisite for new drug candidates for CD. In 2014, the prerequisite of cidality was 

notably supported by clinical studies where most patients eventually relapsed after 

apparent total clearance of infection at the end of treatment using two triazoles, 

posaconazole and fosravuconazole (a prodrug of ravuconazole)
151,291

, in contrast to the 

relatively low treatment failure observed with BZN
292

. This fact demonstrates that these 

drugs are unable to achieve a sterile cure, even being active at significantly lower 

concentrations than BZN in vitro (nanomolar range)
292–294

. In 2016, it has been 

demonstrated by wash-out assays that these drugs maintain residual infected cells after 

treatment, but viable and infective
292

. In addition, dormant forms of T. cruzi that allows 

the infection to persist after treatment were identified in 2018: these dormant amastigote 

forms appear spontaneously (arresting the replication), they are often observed soon 

after host cell infection, and they resume replication days to weeks after entering 

dormancy
251

. This objection could be related to the MoA of these triazoles: they are 

ergosterol biosynthesis inhibitors, a crucial component for the proliferation of the 

replicative stages of T. cruzi
295,296

, which means that these drugs inhibit cell division 

and growth of T. cruzi (static, and not cidal, activity) and are time-dependent drugs 
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(slow-acting)
297,298

. Therefore, parasites with reduced metabolism activity (dormant 

amastigote forms) and non-replicative stages (trypomastigote forms) have reduced 

susceptibility to such drugs
208,251,299

. Shortly, new fast-acting and cidal candidates, 

capable of killing dormant amastigotes, are needed to avoid treatment failures. 

In summary, new fast-acting and trypanocidal drug candidates against different T. cruzi 

strains and with higher efficacy and lower toxicity than BZN in both the acute and 

chronic CD are presented. These drug candidates meet the majority of the in vitro and in 

vivo requirements stablished for ideal drugs against CD, and the results suggest a 

hopeful ADMET profile. Therefore, these compounds provide a step forward in the 

development of new cost-effective anti-Chagas drugs. It is worth considering higher 

doses and/or prolonged treatment duration, and improved treatment guidelines based on 

pharmacokinetic/pharmacodynamics studies, even improved formulations and 

combined therapies, with the aim of reaching sterile cure. Among them, polyamine 7 is 

the best candidate for combined therapy with the reference drug BZN as it is the most 

effective compound in vivo, at the doses tested. In addition, polyamine 7 seems to have 

a different MoA than BZN, which may enhance the combined activity. 
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1. The screening strategy during the pre-doctoral period identified 21 compounds 

with in vitro activity out a total of 519 compounds, and 7 of them were selected 

after in vivo screening. 

2. The 3 drug candidates included in this doctoral thesis have been identified for the 

development of new trypanocidal agents against Chagas Disease: they showed 

enhanced in vitro activities and in vivo efficacies in both the acute and chronic 

phases of Chagas Disease compared to the reference drug benznidazole, at the 

tested doses. 

3. The drug candidates met the majority of the in vitro and in vivo requirements 

stablished for ideal drugs against Chagas Disease, such as trypanocidal activity 

against different Trypanosoma cruzi strains, efficacy after oral administration, and 

higher efficacy and lower toxicity than benznidazole in both the acute and chronic 

phases of Chagas Disease. 

4. The drug candidates showed fast-acting and cidal activities that could be 

explained by a bioenrgetic collapse caused by a mitochondrial membrane 

depolarisation (for squaramide 7 and nitroindazole 16) and a reduction on the 

catabolic glucose metabolism (for polyamine 8). 

5. A highly reproducible, sensible, precise, simple, and improved fluorescence-based 

method has been developed for the in vitro drug screening against all 

morphological forms of Trypanosoma cruzi. 

6. This research provides a step forward in the development of new cost-effective 

anti-Chagas drugs. 

/ 

1. La estrategia de cribado identificó 21 compuestos con actividad in vitro de un 

total de 519 compuestos, y 7 de ellos se seleccionaron después del cribado in vivo. 
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2. Los 3 potenciales compuestos incluidos en esta tesis doctoral se presentan para el 

desarrollo de nuevos agentes tripanocidas frente a la Enfermedad de Chagas: 

mostraron mejores actividades in vitro y eficacias in vivo tanto en la fase aguda 

como en la fase crónica de la enfermedad en comparación con el fármaco de 

referencia Benznidazol. 

3. Los potenciales compuestos cumplieron la mayoría de los requerimientos in vitro 

e in vivo establecidos para fármacos ideales frente a la Enfermedad de Chagas, 

como actividad tripanocida frente a diferentes cepas de Trypanosoma. cruzi, 

eficacia tras una administración oral, y mayor eficacia y menor toxicidad que el 

benznidazol tanto en la fase aguda como en la fase crónica de la enfermedad. 

4. Los potenciales compuestos mostraron actividades cidal y de acción rápida que 

podrían explicarse por un colapso bioenergético causado por una despolarización 

de la membrana mitocondrial (para la escuaramida 7 y el nitroimidazol 16) y una 

reducción en el metabolismo catabólico de la glucosa (para la poliamina 8). 

5. Se ha desarrollado un método basado en fluorescencia altamente reproducible, 

sensible, preciso, simple y mejorado para el cribado in vitro de compuestos contra 

todas las formas morfológicas de Trypanosoma cruzi. 

6. Esta investigación supone un paso adelante en el desarrollo de nuevos fármacos 

rentables frente a la Enfermedad de Chagas. 
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1. Apply the novel methodology based on the fluorescence produced by the T. cruzi 

CL-Luc:Neon/Cas9 strain for all parasite forms to improve in vitro screening of 

trypanocidal compounds (time to kill, time of action, and washout/recovery 

assays).  

2. Implement the highly sensitive in vivo imaging system based on bioluminescent T. 

cruzi strains to monitor the infection caused by this parasite. 

3. Conduct new in vivo trials by increasing treatment doses, prolonging treatment 

duration, and/or combining drug candidates in order to achieve a sterile cure.  

4. Design new formulations to improve their pharmacokinetics/pharmacodynamics 

and ADMET profiles with the aim of administering the shortest and lowest 

effective treatment guideline to achieve a sterile cure. 

5. Perform PCR of the target organs based on the T. cruzi splice leader (SL) region, 

a tandem repeated intergenic region, in order to increase the technique sensitivity 

(not applicable if point 2). 

6. Perform new assays to deepen the mechanism of action of the potential 

compounds. 

6.1. To determine apoptosis: measure nucleosome formation, DNA 

fragmentation (laddering), caspase activation, mitochondrial respiration 

and/or mitochondrial cytochrome c release. 

6.2. To determine the molecular target: cloning candidate targets (Fe-SOD, 

trypanothione reductase, cruzipain, pyruvate kinase and hexokinase genes, 

among others) from T. cruzi into plasmids for the overexpression and 

purification of high-yield proteins. Once produced, characterise the 

compound-protein binding/inhibition kinetics by isothermal titration 

calorimemtry (ITC) techniques in order to determine the catalytic constants.
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9.1. Appendix 1: personal contribution 

 Cellular cultures 

o Parasite culture 

o Mammalian cell culture 

 In vitro assays 

o Obtaining parasite metacyclic forms 

o Screening tests against extra- and intracellular parasite forms 

o Cytotoxicity tests 

o Development of the novel fluorescence-based in vitro screening method*  

 In vivo assays 

o Establishment of a new in vivo murine model for CD 

o Mice Care and Maintenance 

o Mice infection and treatment 

o Parasitaemia counting 

o Cyclophosphamide-induced IS 

o Tissues harvesting 

o DNA extraction, PCR and electrophoresis 

o ELISA tests 

o Samples preparation for the determination of toxicity by biochemical 

analyses using the BS-200 Chemistry Analyzer Shenzhen Mindray 

 MoA assays 

o Samples preparation for the determination of metabolites by nuclear 

magnetic resonance (NMR) 

o Samples preparation for the determination of mitochondrial membrane 

potential and nucleic acid levels by flow cytometry 
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o SOD inhibition tests 

 Processing of data and analysis 

 Writing of published works 

*Performed at the London School of Hygiene and Tropical Medicine (LSHTM) under the 

supervision of Dr J. Kelly. 
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ADMET, absorption, distribution, metabolism, excretion and toxicity; ADP, adenosine 

diphosphate; AIDS, acquired immune deficiency syndrome; AO, acridine orange; ASP-

2, amastigote surface protein-2; ATP, adenosine triphosphate; BZN, benznidazole; 

BTs, bloodstream trypomastigotes; Cas9, CRISPR associated protein 9; CCRP, Chagas 

Clinical Research Platform; CD, Chagas Disease; CDC, Centers for Disease Control and 

Prevention; CNS, central nervous system; CO2, carbon dioxide; CP, cyclophosphamide 

monohydrate; CRA, cytoplasmic repetitive antigen; CSF, cerebral spinal fluid; DAPI, 

4′,6-diamidino-2-phenylindole; DMEM, Dulbecco's Modified Eagle Medium; DMSO, 

dimethyl sulfoxide; DNA, deoxyribonucleic acid; DNDi; Drugs for Neglected Diseases 

Initiative; dpi, day post-infection; DTU, discrete typing unit; DSC, differential 

scanning calorimetry; EDTA, ethylenediaminetetraacetic acid; ELISA, enzyme-linked 

immunosorbent assay; ERG, Eastern Research Group; FBS, foetal bovine serum; FDA, 

Food and Drug Administration; FRA, flagellar repetitive antigen; FSC, forward scatter; 

gRNA, guide RNA; HIV, human immunodeficiency virus; HTS, High-throughput 

Screening; IC50, inhibitoy concentration 50; IFA, indirect immunofluorescence assay; 

Ig, immunoglobulin; IL, interleukin; IS, immunosuppression; JCR, Journal Citation 

Reports; kDNA, kinetoplast DNA; Luc:Neon, Luciferase:NeonGreen; LSHTM, 

London School of Hygiene Tropical Medicine; MoA, mechanism of action; MILT, 

miltefosine; MOI, multiplicity of infection; MSF, Médecins sans Frontières; NADH, 

nicotinamide adenine dinucleotide; NADPH, nicotinamide adenine dinucleotide 

phosphate; NFX, nifurtimox; NMR, nuclear magnetic resonance; NTD, neglected 

tropical disease; NTR, nitroreductase; rDNA, ribosomal DNA; RNA, ribonucleic acid; 

ROS, reactive oxygen species; rRNA, ribosomal RNA; RPMI, Roswell Park Memorial 

Institute; SOD, superoxide dismutase; TcSP, T. cruzi transsialidase superfamily; TDR, 

Tropical Diseases Research; TGF-𝛽, transforming growth factor β; TNFα, tumour 
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necrosis factor α; TPP, target product profile; TSA-1, trypomastigotes surface antigen 

1; PAHO, Pan American Health Organization; PBS, phosphate-buffered saline; PCR, 

polymerase chain reaction; PEP, phosphoenolpyruvate; PEPCK, phosphoenolpyruvate 

carboxykinase; PFA, paraformaldehyde; PFR, paraflagellar rod protein; PIP3, 

phosphatidylinositol-3,4,5-triphosphate; PK, pyruvate kinase; PPDK, pyruvate 

phosphate dikinase; ppm, parts per million; PPP, pentose phosphate pathway; PV, 

parasitophorus vacuole; R, Pearson correlation coefficient; Rho, Rhodamine 123; SDS, 

sodium dodecyl sulphate; SI, selectivity index; SL, splice leader; SSC, side scatter; 

TCA, tricarboxylic acid; Vmax, maximum velocity; WHO, World Health Organization. 
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