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Chagas disease is an important public health problem in Latin America, and its treatment by chemotherapy with benznidazole
(BZ) or nifurtimox remains unsatisfactory. In order to design new alternative strategies to improve the current etiological treat-
ments, in the present work, we comprehensively evaluated the in vitro and in vivo anti-Trypanosoma cruzi effects of clomip-
ramine (CMP) (a parasite-trypanothione reductase-specific inhibitor) combined with BZ. In vitro studies, carried out using a
checkerboard technique on trypomastigotes (T. cruzi strain Tulahuen), revealed a combination index (CI) of 0.375, indicative of
a synergistic effect of the drug combination. This result was correlated with the data obtained in infected BALB/c mice. We ob-
served that during the acute phase (15 days postinfection [dpi]), BZ at 25 mg/kg of body weight/day alone decreased the levels of
parasitemia compared with those of the control group, but when BZ was administered with CMP, the drug combination com-
pletely suppressed the parasitemia due to the observed synergistic effect. Furthermore, in the chronic phase (90 dpi), mice
treated with both drugs showed less heart damage as assessed by the histopathological analysis, index of myocardial inflamma-
tion, and levels of heart injury biochemical markers than mice treated with BZ alone at the reference dose (100 mg/kg/day). Col-
lectively, these data support the notion that CMP combined with low doses of BZ diminishes cardiac damage and inflammation
during the chronic phase of cardiomyopathy. The synergistic activity of BZ-CMP clearly suggests a potential drug combination
for Chagas disease treatment, which would allow a reduction of the effective dose of BZ and an increase in therapeutic safety.

Chagas disease is a neglected disease caused by the protozoan
parasite Trypanosoma cruzi, and it represents a significant

public health burden in Latin America. It is estimated that �8
million people are infected worldwide and �300,000 new cases
are diagnosed every year (1–4). This tropical disease has become a
serious global public health problem due to migrations to coun-
tries of nonendemicity and the resurgence of the disease in areas of
endemicity (5, 6). To date, an efficient and safe chemotherapy
regimen for the treatment of Chagas disease is not available, and
an effective prophylactic vaccine has yet to be developed.

The disease is a complex condition resulting from the success-
ful establishment of T. cruzi in key host tissues. It develops from an
initial acute phase that lasts 2 to 3 months and is characterized by
circulating parasites that are detectable in the bloodstream (6–8).
The infection then enters the chronic phase and, without success-
ful treatment, becomes permanent. Several years or even decades
after the initial infection, approximately 30% to 40% of all in-
fected individuals develop a chronic inflammatory disease that
primarily affects the heart tissue (6, 8, 9). Chagasic myocarditis is
the most common form of nonischemic cardiomyopathy world-
wide and the most expressive manifestation of the disease because
of its frequency and severity (8).

The available drugs with proven in vitro and in vivo efficacy
against T. cruzi are nifurtimox (NFX) (Lampit; Bayer) and ben-
znidazole (BZ) (Rochagan and Radanil; Hoffman-La Roche), de-
veloped �50 years ago. BZ distribution was discontinued in 2011,
and it is currently manufactured and distributed by Maprimed
and ELEA Laboratories (Abarax) in Argentina (10–13). Both
drugs have significant activity in the acute phase, with a 60% to
80% parasitological cure rate (13, 14). Despite their long history in

the treatment of Chagas disease, both NFX and BZ have frequent
side effects, especially in adults.

The main side effect of BZ is hepatic intolerance or hepatotox-
icity, usually concomitant with hypersensitivity reactions at the
beginning of treatment, and medullar toxicity and peripheral neu-
ropathies at the end of treatment (15–19).

Since the 1980s, the WHO has included both BZ and NFX
on the Model Lists of Essential Medicines (http://www.who.int
/medicines/publications/essentialmedicines/en/). However, it is
important to point out that neither drug has not been fully vali-
dated by evidence-based medicine. These drugs are used but not
completely recommended by the U.S. Food and Drug Adminis-
tration or the European Medicines Agency (6). Reports about the
differential toxicities of the two drugs are controversial; neverthe-
less, it has been proposed that BZ is usually better tolerated than
NFX (6, 18).

As a consequence, chemotherapy with trypanocidal agents re-
mains unsatisfactory, due to the significant limitations of the cur-
rently available drugs and the multiple side effects associated with
therapy, which frequently result in noncompliance with long-
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term treatment, particularly in the treatment of chronic patients
(8, 9).

Considering the limitations of currently available etiological
treatments, the development of novel strategies employing new
formulations and/or combinations of existing drugs is an alterna-
tive to be considered (20).

In the last 2 decades, new attempts to improve chemotherapy
treatments for Chagas disease have been made, specifically di-
rected to different parasite targets, such as triazole derivatives,
squalene synthase inhibitors, and cysteine protease inhibitors,
among other compounds (12, 21). In particular, clomipramine
(CMP), a tricyclic antidepressant, inhibits trypanothione reduc-
tase activity and has evidenced antitrypanocidal activity when
used alone (22, 49) or in combination with BZ (23). Furthermore,
considering the possible existence of resistant parasite strains and
more than one strain in the same patient, combined treatment
with two drugs bearing different mechanisms of action might be a
strategy to improve the pharmacotherapy of Chagas disease (14,
23, 24).

Given the need for a new safe and effective pharmacotherapeu-
tic treatment for Chagas disease, the aim of this work was to eval-
uate the in vitro trypanocidal activity of the combination of CMP
and BZ by means of assessment in the form of a checkerboard
study. We found that CMP exerted a parasiticidal synergistic effect
with BZ. The in vitro studies allowed us to propose approximate
doses for in vivo treatment of infected BALB/c mice. The results
reveal that CMP in combination with lower doses of BZ dimin-
ishes cardiac damage and inflammation during chronic cardio-
myopathy.

MATERIALS AND METHODS
Materials. (i) Drugs. The drugs used were CMP (hydrochloride) (Para-
farm; USP grade, Buenos Aires, Argentina) and BZ (Radanil; Hoffman-La
Roche, Argentina). This 2-nitroimidazole was extracted and purified from
commercial available tablets, according to the following details. One hun-
dred tablets were crushed in a mortar. The powder obtained was trans-
ferred into a glass beaker and dispersed with 2 ml of ethanol per tablet
(Anedra) under soft controlled heating conditions (40 to 45°C) and con-
stant stirring for 30 min. After that, it was filtered, the remaining solid was
discarded, and BZ was obtained from the leaked liquid by recrystallization
upon addition of 200 ml of cold distilled water and under an ice bath. The
solid obtained by filtration under a vacuum was dried in an oven at 45°C
until it reached constant weight. The solid BZ was stored at room temper-
ature in well-closed light-resistant glass containers, and samples were sub-
jected to identification and purity analysis. The crystalline solid obtained
had a purity of 99.2% � 0.5% and yield of 87% � 2%, as determined
spectrophotometrically, and it showed a melting temperature of 190.2 to
191.2°C, which was evaluated by thermal analysis.

(ii) Animals. Three-month-old male BALB/c mice weighing 24 � 3 g
were purchased from the Universidad Nacional de La Plata (Argentina)
and housed in the animal facility of the Centro de Investigaciones en
Bioquímica Clínica e Inmunología (CIBICI)-National Scientific and
Technical Research Council (CONICET) (Office of Laboratory Animal
Welfare [OLAW] assurance no. A5802-01). The animals had ad libitum
access to water and feed in all experiments. All animal experiments and
procedures were carried out according to the guidelines of the Committee
for Animal Care and Use of the Facultad de Ciencias Químicas, Univer-
sidad Nacional de Córdoba, Argentina (ethics committee approval no.
HCD 753/14), in strict accordance with the recommendations of the
Guide to the Care and Use of Experimental Animals published by the
Canadian Council on Animal Care (http://www.ccac.ca/en_/standards
/guidelines#application).

In vitro assays. (i) Mammalian cell cultures and parasites. Vero cell
monolayers were infected with trypomastigote forms of T. cruzi strain
Tulahuen and maintained in RPMI medium (Gibco Invitrogen Corpora-
tion) at 37°C in a 5% CO2 atmosphere.

The parasites were collected from the supernatant of infected cells and
harvested by centrifugation at 4,400 rpm for 5 min.

The pellet of parasites was resuspended in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco Invitrogen Corporation) and counted by direct
microscopic observation using a Neubauer chamber.

(ii) Checkerboard test. Trypomastigotes (1 � 106 parasites/ml) were
placed in DMEM supplemented with 10% fetal bovine serum (FBS; Gibco
Invitrogen Corporation) (pH 7.4), 2 mM L-glutamine (Gibco; Life Tech-
nologies), and 50 mg/liter gentamicin in 96-well plates. Then, 20 �l of
peripheral blood was added to each well in the presence or absence of
increasing concentrations of BZ and CMP (range of concentrations, 0 to
64 �g/ml). The assay was screened in triplicate. The drugs were dissolved
in dimethyl sulfoxide (DMSO) and DMEM. The final concentration of
DMSO did not exceed 1%.

After 24 h at 37°C in humidified 5% CO2 atmosphere (25), the para-
sites were counted by direct microscopic observation using a Neubauer
hemocytometer previously incubated with lysis buffer. Parasite viability
was examined by observation of their mobility under an inverted micro-
scope (Zeiss Axio Vert 25, D-07740; Jena, Germany).

The effect of combining BZ and CMP was analyzed by isobologram
and the combination index (CI) proposed by Chou and Taladay (26) and
reviewed by Zhao et al. (27). According to these authors, a synergistic
effect is defined as an effect produced by a combination of drugs that is
greater than the sum of the effects produced by each drug alone, repre-
sented by a CI of �1 (26). The graphical interpretation by isobolographic
analysis was also used to evaluate the pharmacological interaction be-
tween BZ and CMP. A synergistic effect is evidenced when lower concen-
trations of two drugs in combination provide the same effect as higher
concentrations of the drugs alone, and when they are plotted in an isobo-
logram, the resulting curve is located below the line of additivity (27).

(iii) Antiamastigote activity. To obtain bone marrow-derived mac-
rophages (BMDM), intact femurs and tibias were aseptically dislocated
from the hind legs of the mice. The marrow was flushed with 5 ml of
phosphate-buffered saline (PBS) using a 25-gauge sterile needle. After
filtration, bone marrow cells were centrifuged for 5 min at 2,300 rpm.
Briefly, the cells were cultured in growth medium supplemented with 13%
supernatant of the mouse L929 cell line (conditioned medium) for 7 days.
For cell culture, 150,000 BMDM were infected with T. cruzi at a 1:5 host-
to-parasite cell ratio for 24 h and then washed and subjected to treatment
designated BZ 8 (8 �g/ml), BZ 2 (2 �g/ml), or BZ 2 plus CMP 2 (2 �g/ml
each) or maintained in medium for 48 h. The number of amastigotes/100
BMDM was calculated by use of immunofluorescence assays (28).

In vivo assays in the acute phase of T. cruzi infection. BALB/c mice
were infected intraperitoneally with 103 bloodstream trypomastigotes of
T. cruzi (Tulahuen strain). For this experimental model, the survival rate
was 100%.

For all treatment schedules, the drugs were administered by oral ga-
vage for 14 days, with the first dose 24 h after infection. To administer the
solid drug, doses were dispersed into 30 �l of sterilized water just before
oral administration. For acute-phase studies, the animals were analyzed at
15 days postinfection (dpi). The animals were divided into groups of 6,
according to the different experimental designs. Noninfected animals
(NI) and infected/nontreated mice (INT) were used as a control.

(i) First experimental design. To carry out the first experimental de-
sign assay, the animals were divided in 10 groups: NI, INT, those infected
and treated with BZ alone at 100, 50, 25, and 12.5 mg/kg of body weight
per day (BZ, BZ 50, BZ 25, and BZ 12.5, respectively), and those infected
and treated with BZ at 100, 50, 25, and 12.5 mg/kg of body weight per day
in combination with CMP at a fixed dose of 7.5 mg/kg of body weight per
day (BZ 100 � CMP 7.5, BZ 50 � CMP 7.5, BZ 25 � CMP 7.5, and BZ
12.5 � CMP 7.5, respectively).
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(ii) Second experimental design. The animals were divided into seven
groups: NI, INT, and those infected and treated with CMP at 12.5, 10, 7.5,
5, and 2.5 mg/kg of body weight per day in combination with BZ at a fixed
dose of 25 mg/kg of body weight per day (BZ 25 � CMP 12.5, BZ 25 �
CMP 10, BZ 25 � CMP 7.5, BZ 25 � CMP 5, and BZ 25 � CMP 2.5,
respectively).

In both designs, the animals were sacrificed at 15 dpi.
In vivo assay in T. cruzi chronic infection. The animals were divided

into the following groups: NI, those infected and nontreated (INT-CCD),
those infected and treated with BZ alone at 100 mg/kg of body weight per
day (BZ-CCD), and those treated with BZ at 25 mg/kg of body weight per
day in combination with CMP at 7.5 mg/kg of body weight per day (BZ-
CMP-CCD). The animals were infected, and the administration was made
in the same way as detailed in “In vivo assays in the acute phase of T. cruzi
infection,” above.

After 14 days of drug administration, the animals were kept and su-
pervised in-house in the animal facility until 90 dpi.

Hepatotoxicity in vivo assay. The animals were divided into the fol-
lowing groups: untreated/healthy animals (control), those treated with
BZ alone at 100 mg/kg of body weight per day (BZ-H), and those treated
with BZ at 25 mg/kg of body weight per day in combination with CMP at
7.5 mg/kg of body weight per day (BZ-CMP-H).

The animals were treated by 14 days of oral gavage administration of
the drugs, which were dispersed into 30 �l of sterilized water just before
oral administration.

Parasitemia and survival rate analysis. The animals were anesthe-
tized with isoflurane (Forane; Abbott, fractioned in Argentina), and pe-
ripheral blood was extracted by intracardiac puncture. After 10 min
with lysis buffer, the parasites were counted by direct microscopic
observation in a Neubauer chamber. The survival of the mice was
monitored every day.

Recording of weight of relevant organs. At the indicated time points,
infected mice were perfused with cold PBS (Gibco, Invitrogen) and livers,
hearts, and spleens were weighed.

Tissue injury biochemical markers. Samples of blood were centri-
fuged at 2,500 rpm for 5 min, and the plasma was analyzed in order to
determine the activities of glutamate oxaloacetate transaminase (GOT)
and glutamate pyruvate transaminase (GPT) as liver injury biomarkers
(16). On the other hand, creatine phosphokinase (total CK) and creatine
phosphokinase myocardial band isoform MB (CK-MB) as a cardiac injury
marker were tested (29). These trials were outsourced to Biocon Labora-
tory (Córdoba, Argentina).

Heart histology and inflammatory index. Hearts were obtained from
T. cruzi-infected, treated and nontreated, and noninfected mice, fixed in
10% buffered formalin, and embedded in paraffin. Five-micrometer-
thick sections were stained with hematoxylin and eosin. Photographs
were taken using a Nikon Eclipse TE2000-U inverted microscope using a
40� objective. Inflammation was evaluated semiquantitatively on low-
power microscopic examination, according to the distribution and extent
of inflammatory cells (focal, confluent, or diffuse) in epicardium and
myocardium (1� for a single inflammatory foci, 2� multiple nonconflu-
ent foci of inflammatory infiltrate, 3� for confluent inflammation, and
4� for diffuse inflammation extended throughout the section) (30, 31).
Furthermore, it also assessed enlarged endothelial cells, perivascular
edema, and disrupted and necrotic myocardial fibers. The numerical sum
for each heart (n � 4) section represented an estimate of the inflammation
index.

Parasite load. For determination of tissue parasitism, genomic DNA
was purified from hearts of infected mice at 90 dpi using TRIzol reagent,
according to the manufacturer’s instructions. Satellite DNA from T. cruzi
(GenBank accession no. AY520036) was quantified by real-time PCR us-
ing specific custom TaqMan gene expression assay (Applied Biosystems)
using the primer and probe sequences described by Piron et al. (50). A
sample containing 2 �g of genomic DNA was amplified. An abundance of
satellite DNA from T. cruzi was normalized to glyceraldehyde-3-phos-

phate dehydrogenase (GAPDH) abundance (TaqMan rodent GAPDH
control reagent; Applied Biosystems) and expressed in arbitrary units.

Statistical analysis. The statistical significance of the comparisons of
mean values was assessed by a two-tailed Student t test and two-way anal-
ysis of variance (ANOVA), followed by Bonferroni’s posttest using the
GraphPad software. A P value of �0.05 was considered significant.

RESULTS
In vitro assay by checkerboard test. In order to determine
whether the combination of CMP and BZ had a synergistic effect
on the survival of the infective parasite form in vitro, we developed
a checkerboard test according to the scheme described in Fig. 1A.
The parasite survival rate was evaluated by counting the live try-
pomastigotes after 24 h of culture in a medium containing murine
peripheral blood. The combinations of drug concentrations that
achieved 100% parasite death were further plotted on an isobolo-
gram and were used to calculate the CI. The isobolographic anal-
ysis and the CI of 0.375 revealed that combination of BZ and CMP
had a synergistic effect (Fig. 1B). Antiamastigote activity was eval-
uated in infected murine BMDM exposed to BZ 8, BZ 2, or BZ 2 �
CMP 2 or maintained in medium alone. A significant inhibition of
parasite growth was observed in BZ 2 � CMP 2 compared to that
with BZ 2 (Fig. 1C and D).

These results indicate that CMP might improve the effective-
ness of BZ, and thus, the therapeutic combination of the two drugs
might potentiate lower doses of BZ with a concomitant diminu-
tion of its collateral effects.

In vivo studies in the acute phase of T. cruzi infection. Con-
sidering the effective-trypanocidal concentration range obtained
from in vitro studies, we took into account the relative/oral bio-
availability reported for BZ (�90%) (32) and CMP (24.8 to
29.7%) (33) in animal models, as well as the mouse total volume of
circulating blood (55 to 80 ml/kg of body weight; average, 1.5 ml)
to estimate the dose ranges of each drug to be orally administered
in the in vivo experiments.

First experimental design. To determine the in vivo effect of
the BZ-CMP combination, different groups of mice received var-
ious doses of BZ, alone or in combination with fixed doses of CMP
(7.5 mg/kg/day), daily by oral gavage for 14 days starting 24 h after
infection. Infected and nontreated (INT) mice receiving drinking
water by oral gavage were used as controls. At 15 days postinfec-
tion (dpi), we evaluated the parasitemia, spleen and heart weights,
and the proportional activity of the creatine kinase MB isoenzyme
(CK-MB)/total creatine kinase (total CK) in plasma, which is a
highly sensitive and specific biochemical marker for acute heart
injury (29). All groups showed 100% survival under the evaluated
conditions. It was observed that the therapeutic dose of BZ cur-
rently used in the Chagas mouse model (100 mg/kg/day) (5, 23)
and BZ at 50 mg/kg/day were able to override the parasitemia. As
was expected, BZ at 25 mg/kg/day and 12.5 mg/kg/day only de-
creased the parasitemia levels (P � 0.001) relative to those of the
INT group. Interestingly, it was observed that BZ at 25 mg/kg/day
in combination with CMP at 7.5 mg/kg/day was able to override
the parasitemia. In addition, BZ at 12.5 mg/kg/day in combination
with CMP at 7.5 mg/kg/day was able to significantly decrease par-
asitemia levels (P � 0.001) in comparison with the same dose of
BZ alone (Fig. 2).

As expected, the relative spleen weight was higher in the INT
mouse group than in the NI group (P � 0.001). Furthermore,
treatment with BZ at 100 mg/kg/day, 50 mg/kg/day, and 25 mg/
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kg/day, alone and in combination with CMP (7.5 mg/kg/day),
induced a decrease in relative spleen weight compared to that with
the INT group (P � 0.001) (Fig. 3A).

There were no significant between-group differences in the
ratio of plasma CK-MB to total CK enzyme activity (Fig. 3B). In
the same way, the De Ritis indices (relationship between GOT and
GPT) (34) were similar in all groups of animals (Fig. 3C).

Second experimental design. In the second experimental de-
sign, we evaluated the same parameters in different groups of an-
imals that received fixed doses of BZ (25 mg/kg/day) and various
doses of CMP, according to the protocols described in the first
experimental design.

All groups of animals exhibited 100% survival. After 15 dpi,
CMP at 12.5 mg/kg/day, 10 mg/kg/day, 7.5 mg/kg/day, or 5 mg/
kg/day combined with BZ at 25 mg/kg/day was able to override the
parasitemia. Furthermore, CMP at 2.5 mg/kg/day combined with
the same doses of BZ was able to significantly decrease parasitemia
levels (P � 0.001) relative to those of the INT group (Fig. 4A).

The INT group experienced a significant increase in relative
spleen weight compared with that of the other groups, including
the NI animals (P � 0.001) (Fig. 4B).

It is important to stress that the CK-MB-to-total CK ratios
were similar in most groups, except in the BZ 25 mg/kg/day �
CMP 5 mg/kg/day group, which showed a higher CKMB-to-
total CK ratio than the INT group (P � 0.05) (Fig. 4C). On
the other hand, the De Ritis indices were similar in all groups
(Fig. 4D).

In vivo assay in the chronic phase of T. cruzi infection. Con-
sidering the results obtained with the first and second experimen-
tal designs in the early stages of infection, we chose the combina-
tion of BZ at 25 mg/kg/day and CMP at 7.5 mg/kg/day
(BZ-CMP-CCD) and compared it with BZ alone (100 mg/kg/day)

FIG 1 (A) Scheme of the checkerboard test employed. White wells show the combinations of drug concentrations that suppress parasitemia. Light gray wells
show the combinations of drugs that reduced parasitemia levels, and dark gray wells show the minimal concentration of each drug that suppresses parasitemia
by itself. (B) Isobologram of the combinations of CMP and BZ. The points below the dotted line indicate a synergistic effect. The calculated CI is also displayed.
(C) Representative immunofluorescence images of infected BMDM treated with BZ at 8 �g/ml (BZ 8), BZ at 2 �g/ml (BZ 2), or BZ and CMP at 2 �g/ml each
(BZ 2 � CMP 2). (D) Quantitative analysis of antiamastigote activity. The error bars show the standard error of the mean. ***, P � 0.001.

FIG 2 Effects of BZ alone and in combination with CMP, at a fixed dose, on
parasitemia in infected mice. The values were obtained at 15 dpi. Asterisks
indicate a significant difference between the indicated groups (***, P � 0.001).
ND, parasites not detected.
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(BZ-CCD) to determine the impact of the combination treatment
in the chronic phase of the infection, according to the protocol
described above. To this end, we analyzed the parasite load by
real-time PCR, relative heart weight, heart histology and inflam-
matory index, and biochemical markers of heart injury at 90 dpi.

The relative heart weights in the BZ-CCD and BZ-CMP-CCD
groups were not significantly different from those of the INT-
CCD group. However, the relative heart weights of mice treated
with BZ-CCD were significantly higher than those of BZ-CMP-
CCD group of mice (P � 0.05) (Fig. 5A). In addition, it was ob-
served that animals treated with BZ-CCD presented higher rela-
tive heart weights (P � 0.01) than either mice treated with the
combination of drugs or NI mice (Fig. 5A). In accordance with
these results, the relative percentage of CK-MB enzymatic activity
was significantly higher in mice treated with BZ-CCD than that in
the BZ-CMP-CCD, NI, and INT-CCD groups (P � 0.001, �0.01,
and �0.05, respectively) (Fig. 5B).

Histopathological analysis of the heart sections showed that
the severity of the inflammatory lesions observed (inflammatory
foci in myocardium and epicardium, edema of blood vessels, and
myocardial fiber disruption) was higher in INT sections than that
observed in the treated groups (Fig. 5C). Hearts from mice treated
with BZ alone or combined with CMP presented a small number
of cardiac alterations, including isolated inflammatory infiltrates
and edemas. There was no statistically significant difference be-
tween the INT-CCD group and the group of mice treated with
BZ-CCD, and the INT-CCD group presented a higher inflamma-
tory index than the NI group (P � 0.01). However, mice treated
with BZ-CMP-CCD showed minor edema and less inflammatory

infiltration than INT-CCD animals (P � 0.05), and there was no
statistically significant difference between the BZ-CMP-CCD and
NI groups (P � 0.05). In addition, there were no significant treat-
ment-related changes in the inflammatory index (Fig. 5D).

The cardiac parasite burden was significantly higher in the
INT-CCD group than in mice treated with the combination of
BZ-CMP-CCD at 90 dpi (P � 0.05). In addition, mice treated with
BZ-CCD showed no detectable levels of parasite DNA in heart
tissue (Fig. 5E).

To summarize, the results show that a significant reduction in
BZ concentration in combination with a low quantity of CMP
might be a valid option for decreasing the parasite load, with fewer
adverse effects.

In vivo hepatotoxicity assay. In view of the results obtained
with the first and second experimental designs in the acute phase,
we evaluated the in vivo effect on the liver of BZ alone at 100
mg/kg/day (BZ-H) and at 25 mg/kg/day in combination with
CMP at 7.5 mg/kg/day (BZ-CMP-H).

Drug treatments were administered by oral gavage to NI
groups of mice for 14 days. The control group received water by
oral gavage in place of drug treatment. We evaluated liver weight
and plasma GPT levels, a specific liver injury biomarker (16).

There were no significant differences in relative liver weights
between the BZ-H or BZ-CMP-H group and the control group
(Fig. 6A).

The mice in both treated groups presented higher GPT levels in
plasma than the control group mice (P � 0.01 for BZ-H and P �
0.05 for BZ-CMP-H). Furthermore, BZ-H mice presented slightly

FIG 3 Effects of BZ alone and in combination with CMP at a fixed dose in infected mice at 15 dpi. (A) Relative spleen weight. ***, P � 0.001; **, P � 0.01; ns,
no significant difference. (B) Relative percentage of CK-MB enzyme with respect to total CK in plasma. The differences between groups were not statistically
significant. (C) De Ritis index. The differences between groups were not statistically significant. The error bars show the standard error of the mean.
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higher levels of GPT than mice receiving BZ at a lower dose when
combined with CMP (Fig. 6B).

DISCUSSION

In this study, we demonstrate that CMP synergizes BZ trypano-
cidal activity in vitro, and the combination of the two drugs at low
doses ameliorates heart inflammation in experimental Chagas
cardiomyopathy. In fact, treatment with BZ at 25 mg/kg/day in
combination with CMP at 7.5 mg/kg/day for 14 days reduced the
severity of infection and tissue lesions compared with those using
the reference drug treatment (BZ at 100 mg/kg/day).

Chagas disease pharmacotherapy is based on two agents,
NFX and BZ, which are recommended for all acute-stage, early
chronic-stage, and reactivated cases (11–14). However, �1% of T.
cruzi-infected persons have received any treatment, despite the
current recommendations (35). Even when treatment with BZ is
clinically recommended, the evidence-based medicine has not
been fully validated, and its use in the chronic phase of the disease
is still controversial (6). The effect of BZ treatment on patients
with well-established Chagas cardiomyopathy was recently re-
ported in a well-conducted BENEFIT trial (36). After 5 years of
follow up, the results evidence that treatment with BZ is unlikely
to have a major preventive effect on the progression of heart dis-
ease in patients with advanced Chagas infection. On the other
hand, a high dropout rate has been shown for BZ treatment, es-
pecially during the chronic phase, due to the high incidence of side

effects, which are usually more severe in adults than in children
(14, 37). The development of new specific chemotherapeutic ap-
proaches to this disease has also been stalled for decades due to the
controversy surrounding its pathogenesis. Although the role of T.
cruzi in the pathology of the acute phase and the importance of
etiological treatment at that stage have widely been accepted, sev-
eral investigations have implicated autoimmune phenomena as a
primary reason for persistent inflammation. As a consequence,
the use of antiparasitic treatment in the chronic stage of Chagas
disease was considered irrelevant (35, 38). Nowadays, there is a
general consensus that parasite eradication must be a prerequisite
for arresting the evolution of Chagas disease, and consequently, it
should be treated primarily as an infectious, not an autoimmune,
condition (8, 12, 39). For this reason, in the last 2 decades, new
approaches focusing on parasite-specific targets to address this
illness have been studied, and different strategies with the overall
aim of finding a cure for Chagas disease are under investigation. In
particular, we focused on trypanothione reductase, a specific en-
zyme of T. cruzi that performs vital functions in the parasite, and
on CMP, which presents inhibitory effects on trypanothione re-
ductase activity (40).

In our study, we employed the checkerboard technique to ver-
ify the potential synergistic effects of combination therapy using
BZ and CMP on trypomastigote viability. The isobologram of this
combination showed a synergic antitrypomastigote effect, evi-

FIG 4 Effects of BZ at a fixed dose in combination with CMP at different doses in infected mice at 15 dpi. (A) Parasitemia levels. Asterisks indicate a significant
difference between the indicated group and the control (***, P � 0.001). ND, parasites not detected. (B) Relative spleen weight. Asterisks indicate the significant
differences between the analyzed group and the control of infected/nontreated animals (INT) (***, P � 0.001). (C) Relative percentage of CK-MB enzyme in
plasma. The asterisk indicates the significant differences between the tested group and INT (*, P � 0.05). (D) De Ritis index. The differences between groups were
not statistically significant. The error bars show the standard error of the mean.
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denced by a CI of �1 (CI, 0.375). These data, together with the
pharmacokinetic parameters of the drugs (32, 33) and mouse total
volume of circulating blood, allow us to anticipate that BZ doses
could be reduced to 25% of the clinically recommended concen-
tration (100 mg/kg/day) when combined with 7.5 mg/kg/day of
CMP. The checkerboard strategy was employed to test the capac-

ities of other compounds to interact with BZ and whether these
interactions could increase its trypanocidal activity (41, 42). The
synergistic effect of combining BZ and CMP could be explained by
considering the mechanism of action of each drug. Particularly,
BZ produces free radicals and/or electrophilic metabolites and
induces oxidative stress in the parasite (17). On the other hand,
CMP inhibits trypanothione reductase (22, 40, 43), an essential
component of the antioxidant defenses of T. cruzi. As a conse-
quence, it is plausible to think that these mechanisms would work
together against the parasite.

For the in vivo studies, we first selected different doses of BZ,
alone or in combination with CMP at a fixed dose, to study effi-
cacy and safety in the acute and chronic phases of experimental
Chagas disease. The results obtained with the first experimental
design allowed us to choose 25 mg/kg/day as an effective dose of
BZ when combined with CMP at 7.5 mg/kg/day. This drug com-
bination overrides parasitemia and induces a significant diminu-
tion of relative spleen weights in comparison with infected control
mice (P � 0.001). Our results are in agreement with a previous
work in which BZ at 50 mg/kg/day administered by the oral route
was combined with the intraperitoneal administration of CMP at
5 mg/kg/day (23). It is important to highlight that the intraperi-
toneal route is rarely used for systemic drug administration in
human medicine (44, 45).

In order to determine the minimal dose of CMP that can sup-
press parasitemia in combination with BZ at 25 mg/kg/day, we
carried out the second experimental design, in which we assayed
BZ at a fixed dose (25 mg/kg/day) in combination with different
doses of CMP. The results obtained from this assay showed us that
CMP at 5 mg/kg/day combined with BZ was able to completely
suppress parasitemia. However, since this combination exhibited
a higher CK-MB-to-total CK ratio, even higher than the corre-
sponding ratio in the INT group, we selected the doses of 7.5
mg/kg/day of CMP and 25 mg/kg/day of BZ for subsequent assays
(29).

Considering the side effects of BZ, in particular its hepatic in-
tolerance and hepatotoxicity due to the inhibition of DNA and
protein synthesis in hepatocytes (16, 42), we evaluated the toxic-
ities of the two drugs at the selected doses. Even though the differ-
ences in the indicators measured (liver weight and plasma GPT
levels) were not statistically significant, it is important to stress
that both treatments showed a moderate increase in GPT levels
compared with those in the control group receiving drinking wa-
ter by gavage (INT). As expected, BZ alone produced liver altera-

FIG 5 Effects of BZ alone or in combination with CMP in the experimental
model of chronic Chagas disease (90 dpi). (A) Relative heart weight. (B) Rel-
ative percentage of CK-MB enzyme in plasma. (C) Representative histological
sections of noninfected and infected heart tissue stained with hematoxylin and
eosin (H&E) from mice treated with BZ alone or BZ-CMP (400� magnifica-
tion). (D) Inflammatory index of myocardial tissue. The inflammatory index
was calculated according to the details outlined in Materials and Methods. (E)
Parasite DNA detected by real-time PCR in cardiac tissues. Asterisks indicate
the significant differences between the indicated groups. ND, not detected. *,
P � 0.05; **, P � 0.01; ***, P � 0.001; ns, no significant difference.

FIG 6 Effects of BZ alone and in combination with CMP in noninfected mice.
(A) Relative liver weight. (B) Levels of GPT activity in plasma. *, P � 0.05; **,
P � 0.01.
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tions (16), while the presence of CMP seemed not to induce addi-
tional apparent injuries (23).

In order to determine the impact of the combined treatment in
the chronic phase of infection (90 dpi), we administered the com-
bination of drugs at the selected doses and compared the results
with those of BZ alone (100 mg/kg/day), employing the same ex-
perimental model used for the acute-infection studies. Although
the administration of combined drugs was effective at completely
suppressing parasitemia, the results obtained by real-time PCR
evidenced parasite DNA in the heart tissue of infected mice after
CMP-BZ treatment. These results suggest that a longer treatment
might be necessary to achieve the complete absence of parasites, as
was observed in BZ-treated mice. Several therapeutic studies show
PCR to be a useful tool to evaluate the early detection of treatment
failure in either the acute or chronic phase of Chagas disease (46,
47). In this sense, our results emphasize the importance of evalu-
ating the parasite load by real-time PCR as an accurate method to
measure the impact of trypanocidal drugs throughout the treat-
ment of Chagas disease.

Several studies have demonstrated that BZ chemotherapy pro-
duces a decrease in cardiac lesions and dysfunction during the
chronic phase of T. cruzi infection (48). In this work, we demon-
strate that treatment with CMP combined with lower doses of BZ
diminishes cardiac inflammation and heart tissue damage in com-
parison with clinical doses of BZ.

In conclusion, the synergistic activity of BZ combined with
CMP clearly evidences potential usefulness in the treatment of
Chagas disease, which would allow the use of lower effective doses
of BZ with increased safety. The therapeutic combination of ex-
isting drugs takes advantage of independent mechanisms of action
that act in synergy in order to improve treatment.
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