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study, we used a canine model infected with the benznidazole-sensitive Berenice-78 Trypanosoma cruzi
strain to verify the efficacy of an etiologic treatment in reducing the parasite load and ameliorating cardiac
muscle tissue damage and left ventricular diastolic dysfunction in the chronic phase of the infection. The
effect of the treatment on reducing the parasite load was monitored by blood PCR and blood culture
assays, and the effect of the treatment on the outcome of heart tissue damage and on diastolic function was
Benznidazole evaluated by histopathology and echo Doppler cardiogram. The benefit of the benznidazole-treatment
Kinetoplast DNA follow-up in reducing the parasite burden was demonstrated by a marked decrease in positive blood culture and
Diastolic dysfunction PCR assay results until 30 days post-treatment. At this time, the PCR and blood culture assays yielded
negative results for 82% of the treated animals, compared with only 36% of the untreated dogs. However,
a progressive increase in the parasite load could be detected in the peripheral blood for one year post-
treatment, as evidenced by a progressive increase in positive results for both the PCR and the blood
culture assays at follow-up. The parasite load reduction induced by treatment was compatible with the
lower degree of tissue damage among animals euthanized in the first month after treatment and with
the increased cardiac damage after this period, reaching levels similar to those in untreated animals at
the one-year follow-up. The two infected groups also presented similar, significantly smaller values for
early tissue septal velocity (E’ SIV) than the non-infected dogs did at this later time. Moreover, in the
treated animals, an increase in the E/E’ septal tissue filling pressure ratio was observed when compared
with basal values as well as with values in non-infected dogs. These findings strongly suggest that the
temporary reduction in the parasite load that was induced by benznidazole treatment was not able to
prevent myocardial lesions and diastolic dysfunction for long after treatment.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction cause of end-stage cardiomyopathy and loss of disability-adjusted
life years (DALYs) among young, economically active adults in
Chagas disease is a vector-borne parasitic infection caused by endemic countries (Coura, 2007; Martins-Melo et al.,2012). An esti-
the kinetoplastid protozoan Trypanosoma cruzi and is an important mated 14,000 people die from Chagas disease each year, mainly
due to a chronic cardiac condition that may be associated with
other chronic diseases, further increasing mortality (Schmunis and

Yadon, 2010; Guariento et al., 2011).
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cruzi in the heart, along with a low-grade but relentless inflamma-
tory process and myocardial autoimmune injury (Gutierrez et al.,
2009; Marin-Neto et al., 2009; Caldas et al., 2013). However, the
immunopathological mechanisms involved in the pathogenesis of
chagasic cardiomyopathy and the effect of trypanocidal therapy on
the clinical course of patients with chronic Chagas heart disease
have not been completely elucidated.

The myocardial abnormalities observed in the chronic phase
of the T. cruzi infection are extremely variable, ranging from mild
forms, such as digitiform apical aneurysms and abnormalities of the
left ventricular diastolic function only, to significant cardiac cham-
ber dilatation coupled with severe systolic dysfunction (Ianni et al.,
2001; Migliore et al., 2004). Echocardiography is a well-established
test in clinical practice that provides parameters by which chaga-
sic patients can be analyzed and stratified (Rassi et al., 2014). Early
diagnosis of diastolic dysfunction is a good tool for the manage-
ment of patients with Chagas cardiomyopathy and can improve
prognosis (Cianciulli et al., 2006; Garcia-Alvarez et al., 2010).

A number of clinical trials have demonstrated the beneficial
effect of etiologic treatment with benznidazole in the acute and
recent chronic phases of Chagas disease (Andrade et al., 1996;
Andrade et al., 2004; Sosa Estani et al., 1998). However, no defini-
tive consensus has been reached concerning whether benznidazole
treatment significantly reduces the parasite burden or symp-
toms in the established chronic phase of the disease (Marin-Neto
et al., 2009). The recently published results of the BENEFIT clin-
ical trial showed that benznidazole treatment of patients with
established Chagas cardiomyopathy was able to reduce (although
only transiently) blood parasite levels but did not significantly
reduce cardiac clinical deterioration through 5 years of follow-up
(Morillo et al., 2015). Pre-clinical studies have demonstrated the
beneficial effect of etiologic treatment on reducing tissue dam-
age (Garcia et al., 2005; Bahia et al., 2012; Caldas et al., 2014)
and on electrocardiographic alterations (Caldas et al., 2013). Oth-
ers have demonstrated that benznidazole treatment was able to
induce a mild improvement in systolic dysfunction in dogs chron-
ically infected with T. cruzi (Santos et al., 2012). However, the
authors showed that this improvement in systolic heart function
in benznidazole-treated dogs was not accompanied by prevention
of growth of the cardiac chambers, including the left atrial volume,
a parameter that may also be evaluated to assess left ventricu-
lar diastolic cardiac function. Considering these antecedents, the
present investigation was undertaken to better elucidate whether
trypanocidal therapy with benznidazole in the chronic phase of
Chagas disease would be effective in preventing or reducing the
left ventricular diastolic dysfunction and tissue damage as well
as in reducing the parasite burden immediately and for one year
post-treatment.

2. Methods
2.1. Parasite

The Berenice-78 T. cruzi strain (T. cruzi II), isolated by xenodiag-
nosis in 1978 (Lana and Chiari, 1986) from the first reported human
case of Chagas disease, was used in this study

2.2. Experimental animals

Thirty 4-month-old mongrel dogs from the Kennel of the Ouro
Preto Federal University (UFOP), Minas Gerais State, Brazil, were
used in this study. The animals were fed with commercial chow
and water ad libitum. Before the study, the animals were dewormed
and vaccinated against several infectious diseases. All procedures
and experimental protocols were conducted in accordance with the

guidelines of the COBEA (Brazilian College of Animal Experimenta-
tion) and with the approval of the Ethics Committee for Animal
Experimentation of UFOP (Protocol number 2008/08). The infected
animals were inoculated intraperitoneally with 4000 blood trypo-
mastigotes per kg of body weight and then were divided into two
experimental groups: (i) 11 dogs that were treated with benznida-
zole at 7.0 mg/kg bid (Q12) for 60 days and (ii) 11 dogs that were
maintained as untreated controls. An additional 8 animals were
maintained as a non-infected/healthy control group.

2.3. Drug and treatment scheme

The drug benznidazole (Bz; N-benzyl-2-nitro-1-
imidazolacetamide) was synthesized at LAFEPE, Pernambuco,
Brazil. The treatment scheme was previously described by Guedes
et al. (2002). In all chronic-stage therapeutic schemes, oral
treatment was initiated 120 days post-infection.

2.4. Assessment of parasite clearance

The parasite load was monitored by blood PCR and blood culture
assays performed before treatment and in the 1st, 6th and 12th
months post-treatment. Additionally, quantitative real-time PCR
(gqPCR) was performed on heart tissue samples from the animals
euthanized in the 1st and 12th months post-treatment.

2.4.1. Blood PCR

For the PCR assays of the blood, 10mL of blood was col-
lected from each animal during follow-up evaluations in the 4th
month of infection (before treatment) and at the 1st, 6th and
12th months post-treatment. The blood samples were mixed with
an equal volume of a 6 M guanidine hydrochloride-0.2M EDTA
solution and were stored for two weeks at room temperature,
followed by boiling for 15 min before DNA was extracted from
200 p.L aliquots taken from each sample (Guedes et al., 2002). PCR
amplification was performed in a total volume of 20 L contain-
ing 0.1% Triton X-100; 10 mM Tris-HCl (pH 9.0); 75 mM KCl; 5 mM
MgCly. 0.2mM (each) dATP, dTTP, dGTP and dCTP (Sigma Chem-
ical Co.); 1 L of Taq DNA polymerase (Invitrogen, USA); 20 pmol
of S35 (5'-AAATAATGTACGGG(T/A)GAGATGCATGA-3’) and S36 (5'-
GGGTTCGATTGGGGTTGGTGT-3') primers; and 2 L of DNA for each
sample (Avila et al., 1991). The reaction mixture was subjected
to 35 cycles of amplification in an automatic thermocycler (Bio-
cycler). The temperature profile was as follows: denaturation at
95°C for 1 min (with a longer initial time of 5min at 95°C), 65°C
for 1min for primer annealing and 72 °C for 1 min for extension,
with a final incubation at 72 °C for 10 min to extend the annealed
primers. The PCR products were visualized by 6% polyacrylamide
gel electrophoresis, followed by silver staining. All DNA extraction
steps and reaction mixtures used for PCR were monitored and com-
pared with positive and negative controls. The PCR analysis was
considered negative after three failed DNA extractions for a given
sample.

2.4.2. Blood culture

Parasite detection was performed by culturing 10 mL blood
samples collected in parallel with the blood used for the DNA
extraction and PCR amplification. Blood culture assays were per-
formed for treated and control/untreated dogs, as described by
Guedesetal.(2002). The cultures were maintained at 28 °C, homog-
enized weekly, and examined monthly for up to 120days for
parasite detection.

2.4.3. Quantitative real-time PCR
DNA extraction from the left atrium was performed at 1 and 12
months after treatment using a Wizard® Genomic DNA Purification
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Kit (Promega) with certain modifications (Caldas etal.,2012). Using
the pGEM-T Easy Vector System (Promega, Madison, WI, USA), a
plasmid was constructed by cloning the 182 bp amplicon of T. cruzi
satellite DNA. The amplicon was generated using the primers TCZ-
F 5’-GCTCTTGCCCACAMGGGTGC-3’, where M=A or C, and TCZ-R
5'-CCAAGCAGCGGATAGTTCAGG-3’, as described by Cummings and
Tarleton (2003). The recombinant plasmid was linearized by diges-
tion with Ndel, and the target sequence was purified and quantified
using a Qubit® 2.0 Fluorometer (Life Technologies). The DNA copy
number was calculated, and 100 pL of 1 x 102 cloned copies of T.
cruzi DNA was mixed with 100 pL of DNA (5-fold concentrated)
from a non-infected dog. The canine housekeeping [(3-actin gene
was used as the endogenous control for qPCR normalization. Stan-
dard curves were generated from five serial dilutions of the mixed
DNA in water (1:10), ranging from 5 x 10° to 5 x 10° copies/p.L for
T. cruzi and 1 x 107 to 1 x 103 arbitrary units/pL for B-actin.

Assays of qPCR were performed using SYBR Green Master Mix
(Applied Biosystems) according to the manufacturer’s instructions
and the specific primers TCZsat-F 5'-YCTCTGACTCCCACCATTCA-
3, where Y=C+T, and TCZsat-R 5-GCACTCGGCTGATCGTTT-3'
(Invitrogen™), designed by us for T. cruzi DNA (89 bp) amplifica-
tion. The canine 3-actin endogenous control (54 bp) was amplified
using the sense primer 5-CCACTTTCCTGTCTTACCCAA-3’ and the
antisense primer 5'-AATTAACCACCCACGGTGTT-3’ (Guedes et al.,
2010) (Invitrogen™). DNA samples were 10-fold diluted in water
before use. Cycles of amplification were carried out in a 7500 Fast
Real-Time PCR System (Applied Biosystems). The cycles consisted
of an initial denaturation for 10 min at 95 °C, followed by 40 cycles
of 95°C for 15s and 62 °C for 1 min, with fluorescence acquisition.
Amplification was immediately followed by a melting curve pro-
gram with an initial denaturation at 95 °C for 15, cooling to 60°C
for 1 min and then a stepwise temperature increase of 0.3 °C/s from
60 to 95°C. Each 96-well reaction plate contained a standard for
the curves and two negative controls, consisting of reactions with
T. cruzi and -actin-specific primers without DNA and reactions
with DNA from a non-infected dog. Each DNA sample was quan-
tified in duplicate for the T. cruzi and 3-actin targets. The mean
values for T. cruzi DNA were normalized by the data obtained for
[3-actin, as follows: normalized value =(meanT. cruzi DNA/mean
B-actin DNA) x 4 x 106 (expected mean value for 3-actin).

2.5. Histopathology and morphometric analysis

A fragment of approximately 1.0cm x 1.0cm x 0.2 cm from the
middle of the right atrial wall was collected for histopathological
analysis at 1 and 12 months post-treatment after euthanasia of
the dogs. The tissue fragments were fixed in a 10% buffered for-
malin solution, dehydrated, cleared and embedded in paraffin. The
blocks were cut into 4 um-thick sections and stained with hema-
toxylin and eosin (H&E) for assessment of the inflammation or with
Masson'’s trichrome for quantitative evaluation of fibrosis. Twenty
fields from each H&E or Masson’s trichrome-stained section were
randomly chosen at a 40x magnification, giving a total area of
1.49 x 10% wm? of analyzed myocardium. Images were obtained
using a Leica DM 5000 microcamera and the Leica Applications
Suite software built into the Leica Q-Win plus VS image analyzer.
The inflammatory process was evaluated based on the number of
cell nuclei quantified in the myocardial muscle from non-infected
and infected animals. The area of fibrosis was quantified using the
image segmentation function. All pixels with blue hues in Mas-
son’s trichrome-stained sections were selected to build a binary
image, and the total area occupied by connective tissue in non-
infected and T. cruzi-infected dogs was subsequently calculated.
The infected animals were considered to have a relevant inflam-
matory process or an area of fibrosis when the cell nucleus number
or the fibrosis area indicated by blue pixels was greater than the
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Fig. 1. Influence of benznidazole treatment on the parasite load. Percentage of pos-
itive blood culture and blood PCR assays obtained before treatment as well as at 1, 6
and 12 months post-treatment with 7 mg/kg benznidazole twice daily for 60 days in
dogs infected with the Berenice-78 Trypanosoma cruzi strain. IF: untreated infected
animals. [F-T: benznidazole-treated infected animals.

median value plus one standard deviation (SD) quantified in the
non-infected group.

2.6. Echocardiography

All animals were submitted to Doppler echocardiographic
exams before infection and in the 1st and 12th months post-
treatment (i.e., 6 and 18 months post-infection). The animals were
injected intraperitoneally with the anesthetic thiopental sodium
(0.03 g/mL 0.8% saline solution) and placed on an insulated elec-
tric surface, where the anesthetized dogs were positioned with
their limbs perpendicularly orientated to the body (Santos et al.,
2012). The left ventricular diastolic function was measured based
on the mitral inflow pattern, pulmonary venous flow and pulsed
Doppler tissue imaging. The parameters were monitored using
a moving Cypress echocardiographic instrument and are well
described in early diastolic dysfunction in Chagas heart disease
(Garcia-Alvarez et al., 2010). M-mode, two-dimensional and pulsed
Doppler echocardiographic studies were performed on each ani-
mal according to the method described by the American Society of
Echocardiography (Schiller et al., 1989; Keren et al., 1985).

2.7. Statistical analysis

The means of the histological inflammatory process quantifica-
tion and echocardiographic parameters were analyzed via analysis
of variance, followed by Tukey’s multiple comparison tests. In all
cases, differences were considered as significant when p<0.05.
The correlations of tissue Doppler diastolic dysfunction parame-
ters with the intensity of the fibrosis and inflammation in the right
atrium were verified by the Pearson linear correlation test. Statisti-
cal calculations were performed using Graph-Pad Prism software.

3. Results
3.1. Blood parasite clearance

To evaluate the efficacy of benznidazole in clearing the para-
sitism, detection of T. cruzi in the blood samples was performed by
PCR and blood culture before treatment and in the 1st, 6th and 12th
months post-treatment. The dogs were treated for 60 consecutive
days in the early chronic phase (4th to 6th months after infection).
Before the 4th month of infection, when the treatment began, the
summations of the positive results verified by PCR and blood cul-
ture were similar and greater than 70% in the infected groups (8 of
the 11 treated animals and 9 of the 11 untreated animals) (Fig. 1).
The infected animals with a negative blood culture and PCR test in
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Fig. 2. Effect of treatment on the development of cardiac damage in experimental Chagas disease. Quantitative analysis of the parasite load (A), right atrial inflammation
(B) and fibrotic area (C) observed in samples of the left atria from mongrel dogs infected with 4 x 10? blood trypomastigotes of the Berenice-78 Trypanosoma cruzi strain per
kg of body weight. The dogs were euthanized at the 1st and 12th months post-treatment (i.e., 6th and 18th months post-infection). The graph represents the mean =+ SD of
results obtained from animals included in the control non-infected (NI), untreated infected (IF) and treated infected (IF-T) groups (magnification 40x, and is 10 wm). (D, F, H,
J, Land N) Hematoxylin and eosin staining for inflammation assessment; (E, G, I, K, M and O) Masson’s trichrome staining for fibrosis assessment; (D, E, ] and K) myocardial
sections from a non-infected dog; (F, G, L and M) sections from an untreated infected dog; (H, I, N, O) sections from a treated infected dog.

this evaluation had been confirmed as having T. cruzi infection at blood culture tests, confirming the immediate reduction of the par-
the acute stage of the disease by a peripheral blood exam. asite load induced by benznidazole treatment. In contrast, at this

Immediately after the trypanocidal chemotherapy, 82% (9 of 11) time, the parasite or its kinetoplast DNA (kDNA) could be detected
of the animals originally infected with T. cruzi had negative results in 82% (9 of 11) of the animals that were infected and untreated
in the blood PCR assay. The negative results were verified in all (Fig. 1). Interestingly, the parasite was more easily detected in
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Fig. 3. Influence of benznidazole treatment on ventricular diastolic function: mitral inflow. Evaluation of mitral inflow in mongrel dogs, performed before infection with
Trypanosoma cruzi (white circles) as well as 1 and 12 months post-treatment with benznidazole (black circles). The results (mean + SD) represent those obtained from animals
from the control non-infected, untreated infected and benznidazole-treated infected groups. *Statistical significance (p <0.05, as assessed using Tukey'’s test).

cardiac tissue than in peripheral blood, but at significantly lower
levels in the tissue samples obtained from the treated animals
relative to the levels observed in the untreated infected animals.
Considering the results of the real-time PCR, the mean parasitism
detected 30 days after treatment was 45.83 x 103 copies of T. cruzi
DNA/30 mg of cardiac tissue in treated dogs and 58,032.51 x 103
copies of T. cruzi DNA in those without treatment (Fig. 2A).

The follow-up evaluation at one year post-treatment revealed
an increase in blood parasitism because the parasite or its kDNA
could be detected in 40% (2 of 5) of the blood samples collected in
the 6th month after treatment and in 60% (3 of 5) of those collected
in the 12th month post-treatment. The same result was detected in
80% (4 of 5) and in 100% (5 of 5) of the blood samples collected from
the untreated animals in the 6th and 12th months post-treatment,
respectively (Fig. 1). T. cruzi DNA could be detected at the same
levels in all samples of cardiac muscle tissue from the animals in

both infected groups, namely, treated or not treated. At this time,
could be detected 202.52 x 103 copies of T. cruzi DNA/30 mg of car-
diac tissue in treated dogs and 88.86 x 103 copies of T. cruzi DNA in
those without treatment (Fig. 2A).

3.2. Myocardial inflammatory process

To assess the effectiveness of benznidazole treatment in ame-
liorating heart muscle tissue damage, a quantitative analysis of
inflammation and fibrosis was performed in the 1st and 12th
months post-treatment. No statistically significant variation was
observed in the right atrial inflammatory process between the
infected groups at 1 month post-treatment. However, in the
benznidazole-treated animals, approximately 20% fewer mononu-
clear inflammatory cells and 64% less intrafascicular collagen
deposition were detected. Additionally, only the untreated infected
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Table 1
Evaluation of left ventricle diastolic function by mitral inflow analysis with Doppler echocardiography performed on mongrel dogs at 6 and 18 months post-infection with
Trypanosoma cruzi, respectively at 1 and 12 months post-treatment with benznidazole, as well as on noninfected animals.

Variable Experimental groups
1 month post-treatment 12 months post-treatment
NI IF-NT IF-T NI IF-NT IF-T
E (cm/s) 0.70+0.1 0.93+0.1%¢ 0.71+0.05° 0.78+£0.25 0.66+0.1 0.84+0.1
A (cm/s) 0.43+0.1 0.51+0.06 0.46+0.11 0.54+0.14 0.48+0.10 0.53+0.08
E/A ratio 1.64+0.14 1.85+0.30 1.63+0.39 1.45+0.15 1.44+0.47 1.62+0.30
DT (ms) 126.0+35.33 106.0+39.56 104.0+28.06 135.0+15.87 139.2+34.83 110.4+16.82

NI: noninfected control group; IF-NT: infected nontreated group; IF-T: infected benznidazole-treated group.
2 Indicates significant difference relative to the noninfected control group in the corresponding time.
b Indicates significant difference relative to the infected nontreated group.
¢ Indicates significant difference relative to the infected benznidazole-treated group.

Table 2
Evaluation of left ventricle diastolic function by pulmonary venous flow analysis with Doppler echocardiography performed on mongrel dogs at 6 and 18 months post-infection
with Trypanosoma cruzi, respectively at 1 and 12 months post-treatment with benznidazole, as well as on noninfected animals.

Variable Experimental groups

1 month post-treatment 12 months post-treatment

NI IF-NT IF-T NI IF-NT IF-T
S (cm/s) 0.49+0.1 0.71+0.22 0.64+0.16 0.53+0.07 0.47 +£0.06 0.46+0.13
D (cm/s) 04+0.14 0.43+0.11 0.51+0.21 0.42+0.08 0.3+0.03 0.35+0.09
S/D ratio 1.26+0.2 1.65+0.20 1.33+0.27 1.3+0.27 1.59+0.21 1.37+£0.46
Ar velocity (cm/s) 0.26 +£0.01 0.29+0.06 0.31+0.04 0.31+0.00 0.29+0.07 0.31+0.05
Ar duration (ms) 66.0 +0.00 68.0 +3.46 62.67 £15.32 67.5+9.0 74.0+8.25 77.6 +6.54

NI: noninfected control group; IF-NT: infected nontreated group; IF-T: infected benznidazole-treated group.

Table 3

Evaluation of left ventricle diastolic function by tissue Doppler at basal segments performed with Doppler echocardiography on mongrel dogs at 6 and 18 months post-infection
with Trypanosoma cruzi, respectively at 1 and 12 months post-treatment with benznidazole, as well as on noninfected animals.

Variable Experimental groups

1 month post-treatment 12 months post-treatment

NI [F-NT IF-T NI [F-NT IF-T
E’ SIV (cm/s) 0.20-+0.06 0.19+0.06 0.18+0.04 0.23+0.11 0.08 +0.03% 0.09+0.04%
A’ SIV (cm/s) 0.10+£0.02 0.13+0.06 0.10+0.03 0.16+0.14 0.07 £0.02 0.10+0.03
E’/A’ SIV ratio 2.09+0.53 1.64+0.67 2.07+0.74 1.7+0.51 1.43+1.06 0.94+0.61
E/E’ SIV ratio 3.85+1.61 5.73+3.01 4.244+1.26 4.15+1.94 8.76 +£2.70 11.26 +£4.91°
E’ LAT (cm/s) 0.25+0.05 0.33+0.06° 0.22+£0.06" 0.25+0.05 0.16 +£0.03* 0.18+0.06
A’ LAT (cm/s) 0.14+0.03 0.16+0.03¢ 0.10+0.03" 0.14+0.05 0.07 +£0.01 0.11+0.04
E’/A’ LAT ratio 1.90+0.36 2.08+£0.57 231+0.52 1.95+0.53 2.33+0.75 1.71+0.51
E/E’ LAT ratio 2.84+0.76 2.92+0.56 3.54+1.0 3.19+0.73 422+1.12 4.86+1.03

NI: noninfected control group; IF-NT: infected nontreated group; IF-T: infected benznidazole-treated group.
2 Indicates significant difference in relation to the noninfected control group in the corresponding time.

b Indicates a significant difference relative to the infected nontreated group.

¢ Indicates a significant difference relative to the infected benznidazole-treated group.

animals had significantly higher fibrosis levels than the non-
infected dogs did (Fig. 2B and C). In a later evaluation, at 12 months
post-treatment, similar levels of right atrial lesions were detected
in treated and untreated infected animals, and the levels in both
groups were significantly higher than those present in non-infected
dogs (Fig. 2B and C).

3.3. Left ventricular diastolic dysfunction

The evaluation of the left ventricular diastolic function was car-
ried out by assessing the mitral inflow and pulmonary venous
flow and by tissue Doppler imaging, which were accomplished by
performing Doppler echocardiographic exams before the infection
and at the 1st and 12th months post-treatment. Before infection,
all parameters evaluated were similar among the non-infected,
untreated infected and treated infected animals (Figs. 3-5).

The mitral inflow analysis, which involvement measurement of
the early diastolic mitral flow velocity (E), late diastolic mitral flow

velocity (A), E/A ratio and deceleration time of the E wave (DT),
showed that the only differences among the groups occurred at the
1st month post-treatment, with greater median values of E in the
untreated infected animals (0.93 cm/s) compared with the treated
infected (0.71 cm/s) and non-infected (0.70 cm/s) animals (p < 0.05).
There was no variation in the parameters of the mitral inflow anal-
ysis among the groups at the 12th month post-treatment, and the
values did not vary with respect to the baseline data at either 1 or
12 months post-treatment (Table 1 and Fig. 3).

The evaluation of pulmonary venous flow at the 1st and 12th
months post-treatment revealed similar values among the groups
for all of the following parameters: peak S wave inflow pulmonary
velocity during ventricular systole (S), peak D wave inflow pul-
monary velocity during the early phase of ventricular diastole (D),
the corresponding S/D ratio, peak retrograde pulmonary vein veloc-
ity or atrial reverse velocity (Ar velocity) and duration of retrograde
pulmonary vein or atrial reverse duration (Ar duration) (Table 2).
An analysis with respect to the baseline data at the 1st and 12th
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Fig. 4. Influence of benznidazole treatment on left ventricular diastolic function: tissue Doppler at the interventricular septum. Analysis of left ventricular diastolic function
by tissue Doppler at the interventricular septum (SIV), performed on mongrel dogs before infection with Trypanosoma cruzi (white circles) as well as 1 and 12 months
post-treatment with benznidazole (black circles). The results (mean + SD) represent those obtained from animals from the control non-infected, untreated infected and
benznidazole-treated infected groups. *Statistical significance (p < 0.05, as assessed using Tukey’s test).

months post-treatment was not performed due to the absence of
differences among the groups.

The study of tissue Doppler at the basal segments showed
average values for the peak early (E’) and late (A’) diastolic myocar-
dial velocities obtained at the septal (SIV) and lateral (LAT) wall
positions, the ratios of E’/A’ SIV and E’/A’ LAT, and the E/E’ SIV
and LAT ratios to estimate the left ventricular filling pressure.
Early and late tissue lateral velocities (E’ LAT and A’ LAT) at the
1st month post-infection were similar between non-infected and
infected animals, although the treated infected and untreated
infected groups showed similar differences as for their baseline
data (p >0.05). Afterward, the evaluation at the 12th month post-
treatment revealed a worse reduction in the E’ SIV (p <0.05) and E’
LAT (p<0.01) in both the treated and the untreated infected ani-
mals compared with their baseline data. The non-infected animals
showed similar values for these parameters compared with their
baseline data and still exhibited a higher E’ SIV than either of the

infected groups did (p <0.05) and a higher E’ LAT than the untreated
infected group did (p <0.05). The estimate of the left ventricular
filling pressure based on the E/E’ septal ratio (E/E’ SIV) showed an
increase in the treated infected animals compared with their base-
line data (p <0.05), higher values than observed in the non-infected
dogs (p <0.05), and data that were intermediate relative to the data
for the untreated infected group at the 12th month post-treatment
(Table 3, Figs. 4 and 5).

To study the influence of the tissue inflammatory process on the
development of left ventricular diastolic dysfunction, intrafascicu-
lar collagen deposition and the levels of mononuclear inflammatory
cells were assessed based on the tissue Doppler parameters using
the Pearson linear correlation test. Fibrosis and mononuclear
inflammatory cells were correlated with the E’ SIV velocity, E’'/A’
SIV ratio and E/E’ SIV ratio (p <0.01). The E/E’ LAT ratio was still cor-
related with the inflammatory cells (p <0.01). The values of the E/E’
SIV and E/E’ LAT ratios demonstrated direct correlations, whereas
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those of the E’ SIV and E’/A’ SIV were proportionally lower as the
levels of tissue inflammation increased (Fig. 6).

4. Discussion

Benznidazole treatment has recently been specifically recom-
mended for all patients with Chagas disease, even though the
experimental and clinical evidence that is currently available is
insufficient to support the routine use of etiologic treatment in
chronic patients (Viotti et al., 2006; Marin-Neto et al., 2009).

We used a canine model infected with the benznidazole-
sensitive Berenice-78 strain to verify the drug’s efficacy in reducing
the parasite load and ameliorating cardiac muscle tissue dam-
age and left ventricular diastolic dysfunction. Here, the benefit
of benznidazole treatment in reducing the parasite burden was
demonstrated by the marked decrease in positive results for blood
culture and PCR assays until 30 days post-treatment. At that time,

the PCR and blood culture assays had negative results for 82% of
the treated animals, compared with only 36% of the untreated dogs.
Nevertheless, a progressive increase in positive results for both the
PCR and the blood culture assays was detected throughout the eval-
uation period. Overall, our results show that the negative blood
PCR or blood culture results obtained immediately after the eti-
ologic treatment may be predictive not of a cure, but rather of
only a transitory reduction in the parasite burden; this finding
suggests that the parasites remain, but at levels below the lim-
its of detection of the methods used. The qPCR data for the tissue
samples from benznidazole-treated dogs at one month after treat-
ment and at 12 months post-treatment support this hypothesis by
showing the persistence of the parasite in the tissues of treated
animals, and even those in which the parasite was not detected
in the peripheral blood by PCR or by blood culture. The results of
the quantitative estimates of the parasite loads in cardiac tissue 12



1
10000

52 F.M. Santos et al. / Acta Tropica 161 (2016) 44-54
0.4 3= 201
0.3 3
Q S o
5 G, >
z = 7 W
% & o
i
r=05758 h r=-05728 r=06460
P=0.0009 P =0.0009 P =0.0001
0.0 T T T 1 T T T ) T T T
0 2500 5000 7500 10000 0 2500 5000 7500 10000 0 2500 5000 7500
Collagen/2.24x10 Sum? Collagen/2.24x10 ‘um* Collagen/2.24x10 ®um?
0.4 . 20
03] - 15
z
£ > 5
L - > =
> 0.2 2 2 : 104
@ i o
w
0.1
& ip= 1 .
r=-05152 05213 5 -
P=0.0036 "
. P=0.0031 PS0,0005
: 0

T T )
0 100 200 300 : e

Cells/2.24 x 10 ®um?

754

5.0+

E/E' LAT

25+

Cells/2.24 x 10 um?

T T
100 200
Cells/2.24 x 10 ®um?

T 1
200 300 0 300

r=05811
P =0.0008

T
0 100

T 1
200 300

Cellg2.24 x 10 °um?

Fig. 6. Influence of muscle cardiac tissue damage on left ventricular diastolic dysfunction. Pearson correlation among the fibrotic areas (collagen) and inflammation (cells)
in the right atrium according to E’ SIV, E'/A’ SIV, and E/E’ SIV and between inflammatory cells and E/E’ LAT.

months after treatment confirm the persistence of parasitism in the
benznidazole-treated dogs.

Our previous studies in dogs infected with the Berenice-78
strain showed that benznidazole treatment in the acute phase
(20-30days after infection) was able to cure 75-100% of animals,
reducing tissue damage and preventing electrocardiographic alter-
ations (Guedes et al., 2002; Caldas et al., 2013). These observations
suggest that the treatment failure detected in the present study
was not due to the genetic resistance of the Berenice-78 strain to
the drug, but rather to a phenotypic characteristic. This hypothe-
sis is in line with the observations of others, showing that in vivo
resistance to multiple compounds can vary with the host species
and becomes more evident with an increasing length of infection
(Dos Santos et al.,2008; Caldas et al., 2008; Bustamante et al., 2013).
According to Bustamante et al. (2013), failure in etiologic treatment
could also be related to the tissue distribution of parasites and the
inaccessibility of certain cells or tissues to the drug.

However, the results of experimental studies should be analyzed
with caution, as it is unclear which experimental model is the most
appropriate for translation into humans. A number of experimen-
tal studies have already demonstrated the effects of the route of
infection; the size of the inocula; and the animal’s weight, sex, and
age on the outcomes of animal infection. According to Chatelain
and Konar (2015), a chronic Chagas disease model would ideally
offer IgG negativity, negative parasitemia, positive serology, sur-
vival, and measures of inflammation markers in the heart and other
organs. Along these lines, the dog model shows progression to a
chronic phase that closely reflects human disease, so it may be con-
cluded that this is one of the best available in vivo models for Chagas
disease (Andrade, 1984; Lana et al., 1992; Bahia et al., 2002; Guedes
et al., 2010; Santos et al., 2012; Caldas et al., 2013).

In the present study, the parasite load reduction induced
by treatment in the early chronic phase was compatible with
the lesser tissue damage among animals euthanized in the first
month after treatment. At this time, a higher level of fibrosis
was detected in the cardiac muscle tissue among the untreated
infected animals (2750.442 4+ 2369.27 collagen/74,931.3 pwm?) rel-
ative to the fibrosis detected in the treated dogs (1017.57 +£368.95
collagen/74,931.3 um?). However, the large SDs in cardiac dam-
age detected among the untreated infected animals prevented the
detection of significant differences between untreated infected
and treated infected animals, but only the untreated infected
animals had fibrosis levels significantly higher than those in non-
infected animals. Consistent with the parasite loads very similar
levels of fibrosis could be detected between untreated infected
(3369.48 +£1098.12 collagen/74,931.3 wm?) and treated infected
(3966.65 £ 995.70 collagen/74,931.3 pm?) animals at 12 months
after treatment. These findings allow to formulate the hypothesis
that in the absence of cure, the treatment response may be ben-
eficial in the early stages after treatment; however, the later lack
of control of the parasite would allow tissue damage to occur. Our
findings are in agreement with the results of the recently concluded
BENEFIT clinical trial, in which it was found that benznidazole
therapy in patients with established Chagas cardiomyopathy sig-
nificantly (but transiently) reduced serum parasite levels through 5
years of follow-up, although cardiac clinical deterioration was not
significantly reduced (Morillo et al., 2015). Based on the results of
the BENEFIT study and those of the present work, the high levels
(94%) of blood parasite DNA clearance observed in the Molina et al.
(2014) study may simply reflect a transient reduction of the para-
site load of the patients, not sustained suppression of the parasite
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load or parasitological cure, and as such do not guarantee a positive
clinical outcome in the medium to long term.

To assess whether the transient reduction in the parasite bur-
den by benznidazole treatment would affect the outcome of cardiac
diastolic function, the left ventricular diastolic function was veri-
fied based on the mitral flow, pulmonary venous flow and tissue
Doppler. In the clinical setting, evaluation of diastolic ventricular
function is complicated by the coexistence of more than one of the
factors that affect diastolic filling, and for this reason, an integrated
approach involving various Doppler echocardiographic parame-
ters for evaluation and quantification of the filling pressures is the
best way to assess diastolic function. A change in diastolic func-
tion may contribute significantly to the production of symptoms
in various cardiac diseases, even in the presence of normal systolic
function (Dougherty et al., 1984; Sonnenblick, 1988; Aguirre et al.,
1990). It has also been shown that diastolic dysfunction can have
an early onset, preceding the occurrence of systolic dysfunction
(Hirota, 1980; Brutsaert, 1983; Nishimura et al., 1989). Accord-
ing to Cianciulli et al. (2006), a lower E/A ratio and a lengthening
of the deceleration time of early diastolic filling (DT) revealed an
early disorder of the left ventricular diastolic function in patients
with Chagas disease, and these early diastolic disorders can also
be detected in a great number of patients with other heart dis-
eases. However, the assessment of diastolic function by mitral
Doppler suffers significant limitations, as the curve changes accord-
ing to age, heart rate and hemodynamic conditions, whereas tissue
Doppler is less sensitive to load changes (Nishimura et al., 1990;
Ayuela and Vilchez, 2004).

The present study showed that tissue Doppler was the best tool
to demonstrate the worsening in the left ventricular diastolic func-
tion in the infected animals. The absence of significant differences
in the tissue Doppler parameters in the infected groups between
their baseline and six months post-infection reveals that the higher
E’ LAT and A’ LAT velocities presented by the untreated infected
animals compared with the treated infected dogs at 30 days post-
treatment may have occurred due to an elevation of preload
(end-diastolic stress), and not to the infection by T. cruzi. This
concept was also demonstrated, but to a greater degree, by the
highest E mitral velocity in these same animals because mitral
inflow parameters are more preload dependent than tissue Doppler
variables are (Oliveira et al., 2009). These early alterations did not
remain at the time of the later evaluation, at 12 months post-
treatment, whereas an interesting reduction of the E’ SIV and
E’ LAT velocities occurred in both infected groups, beyond the
E/E’ ratio elevation that occurred in the treated infected animals.
These later findings are in agreement with the definition of dias-
tolic dysfunction, which is the inability to accept blood flow at all
or an inability to do so without a compensatory increase in left
atrial pressure (Stauffer and Gaasch, 1990). The reduction of E’
(SIV and LAT) reflects impaired myocardial relaxation, whereas the
growth of the E/E’ ratio reflects the elevation of the left ventric-
ular filling pressure (Dokainish, 2007). The lower E’ velocity and
the lengthening of the E/E’ ratio according to the worsening of car-
diomyopathy dysfunction were in agreement with the increase in
fibrosis and the progression of heart inflammation in the experi-
mental dogs evaluated in this work, as well as with the stratification
of heart dysfunction in chagasic patients demonstrated in other
work (Nascimento et al., 2013; Garcia-Alvarez et al., 2010).

Interestingly, our previous study (Santos et al., 2012) showed
that benznidazole treatment in early chronic Chagas disease
slightly ameliorated, but was unable to efficiently prevent, long-
term left ventricular systolic cardiac dysfunction. In fact, only
untreated infected animals exhibited significantly worse values for
classical parameters for assessing systolic dysfunction relative to
non-infected dogs. However, both T. cruzi-infected groups (treated
or not) experienced a significant decrease in these cardiac systolic

function parameters at 18 months post-infection (12 months after
treatment) compared with baseline values. In addition, the same
previous work still revealed that benznidazole treatment of chronic
T. cruzi infection was unable to prevent the long-term develop-
ment of cardiomegaly, including an increase in the left atrial volume
(Santos et al., 2012). In the present study, the absence of significant
benefits of benznidazole treatment at a chronic stage of T. cruzi
infection in terms of ameliorating cardiomyopathy evolution was
further clarified, and the results were in agreement with our previ-
ous findings for the left atrial volume, a parameter whose increase
may be related to left ventricular diastolic dysfunction. Despite
the limited number of animals used in each experimental group
(11 benznidazole-treated infected animals, 11 untreated infected
animals and 8 non-infected controls), these findings permit the
conclusion that the cardiac structural and functional alterations in
the infected animals were associated with the parasite load in the
heart.

An overall analysis of our results indicates that the tempo-
rary suppressive activity of treatment with benznidazole during
the chronic stage of Chagas disease in Berenice-78 T. cruzi strain-
infected mongrel dogs was not able to affect the outcome of the
myocardial pathophysiological degenerative process. The post-
treatment parasite rebound in the long term and the development
of diastolic dysfunction correlated with heart lesions showed that
benznidazole treatment in the early chronic phase was not effi-
cient at preventing the progression of cardiomyopathy disease in
dogs infected with the Berenice-78 T. cruzi strain, even though a
slight improvement in systolic dysfunction had previously been
shown. Based our present findings such therapeutic interventions
must aim at a profound and sustained, not short term, suppression
of the parasite load of infected patients.
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