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ABSTRACT Chagas disease, caused by the protozoan Trypanosoma cruzi, is one of
the main causes of death due to cardiomyopathy and heart failure in Latin American
countries. The treatment of Chagas disease is directed at eliminating the parasite,
decreasing the probability of cardiomyopathy and disrupting the disease transmis-
sion cycle. Benznidazole (BZ) and nifurtimox (Nfx) are recognized as effective drugs
for the treatment of Chagas disease by the World Health Organization, but both
have high toxicity and limited efficacy, especially in the chronic disease phase. At
low doses, aspirin (ASA) has been reported to protect against T. cruzi infection. We
evaluated the effectiveness of BZ in combination with ASA at low doses during the
acute disease phase and evaluated cardiovascular aspects and cardiac lesions in the
chronic phase. ASA treatment prevented the cardiovascular dysfunction (hyperten-
sion and tachycardia) and typical cardiac lesions. Moreover, BZ+ASA-treated mice
had a smaller cardiac fibrotic area than BZ-treated mice. These results were associ-
ated with an increase in numbers of eosinophils and reticulocytes and levels of nitric
oxide in the plasma and cardiac tissue of ASA-treated mice relative to respective
controls. These effects of ASA and BZ+ASA in chronically infected mice were inhib-
ited by pretreatment with the lipoxin A, (LXA,) receptor antagonist Boc-2, indicating
that the protective effects of ASA are mediated by ASA-triggered lipoxin. These re-
sults emphasize the importance of exploring new drug combinations for treatments
of the acute phase of Chagas disease that are beneficial for patients with chronic
disease.

KEYWORDS Chagas disease, benznidazole, aspirin, therapy, cardioprotective effects,
lipoxin

hagas disease, caused by the protozoan Trypanosoma cruzi, is the main cause of
death due to cardiomyopathy and heart failure in Latin American countries (1).
Currently, the treatment for Chagas disease involves the administration of benznidazole
(BZ) or nifurtimox (Nfx) (2). Both are very toxic and have limited efficacy, especially in
the chronic phase of the disease (3). Benznidazole therapy during the acute phase of

July 2020 Volume 64 Issue 7 e00069-20 Antimicrobial Agents and Chemotherapy

Citation Pereira RS, Malvezi AD, Lovo-Martins
MI, Lucchetti BFC, Santos JP, Tavares ER, Verri
WA, Jr, de Almeida Aratjo EJ, Yamauchi LM,
Yamada-Ogatta SF, Martins-Pinge MC, Pinge-
Filho P. 2020. Combination therapy using
benznidazole and aspirin during the acute
phase of experimental Chagas disease
prevents cardiovascular dysfunction and
decreases typical cardiac lesions in the chronic
phase. Antimicrob Agents Chemother
64:200069-20. https://doi.org/10.1128/AAC
.00069-20.

Copyright © 2020 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Phileno Pinge-
Filho, pingefilho@uel.br.

Received 10 January 2020

Returned for modification 8 March 2020
Accepted 29 April 2020

Accepted manuscript posted online 4 May
2020

Published 23 June 2020

aac.asm.org


https://orcid.org/0000-0002-1500-3998
https://doi.org/10.1128/AAC.00069-20
https://doi.org/10.1128/AAC.00069-20
https://doi.org/10.1128/ASMCopyrightv2
mailto:pingefilho@uel.br
https://crossmark.crossref.org/dialog/?doi=10.1128/AAC.00069-20&domain=pdf&date_stamp=2020-5-4
https://aac.asm.org

Pereira et al.

T. cruzi Ny, /
Acute phase

infection Chronic phase
Boc-2
“____1_______§yr_vi_ve'_ ________________
Days 0 12 357 30 168-171 180

"""""""""" Cardiovascular
Treatments parameters
BZ,ASA,BZ+ASA | = @ l-------————-

Nitric oxide, histopathological
and hematological analysis,
RT-gPCR

FIG 1 Experimental design. BALB/c mice were treated daily with 25 mg/kg benznidazole (BZ), aspirin
(ASA), or a combination of BZ and ASA by oral gavage at 2 days postinfection for 30 days. The antagonist
Boc-2 (10 uM/kg) was intraperitoneally injected from 1 day postinfection every 48 h for 7 days before
ASA treatment. Parasitemia during the acute phase was monitored by counting blood-borne trypomas-
tigotes. Survival was observed daily, until the end of the experiment. Cardiovascular parameters (heart
rate [HR] and mean arterial pressures [MAP]) were measured using CODA (a mouse tail cuff blood
pressure system) between 171 and 180 days postinfection. At 180 days postinfection, nitrite levels in the
plasma and cardiac tissue were quantified. All blood analyses and cell counts were performed using
standard methods. Parasite loads in the hearts of treated and untreated mice were quantified by
RT-gPCR.

Chagas disease reduces the parasite load but does not prevent chronic cardiac lesions
(4). Recently, a new strategy of combination drug therapy has emerged to improve
BZ-based treatment (5-7). This approach could improve BZ treatment efficacy and
decrease drug resistance and toxicity (8, 9).

Studies have shown that eicosanoids produced during acute infection may act as
immunomodulators that aid in the transition to and maintenance of the chronic phase
of Chagas disease (10). Treatment with aspirin (ASA), which is a nonselective and
irreversible inhibitor of cyclooxygenases COX-1 and COX-2, before T. cruzi infection (11)
or during the chronic phase of Chagas disease (12, 13) alters the natural course of the
disease, which suggests that ASA administration could serve as a new therapeutic
approach for Chagas disease (14-18).

However, to the best of our knowledge, there are no experimental studies on the
combination of ASA and BZ in vivo. Therefore, in this study, we evaluated the efficacy
of the combination of BZ and ASA in mice chronically infected with a partially
BZ-resistant (Y) T. cruzi strain to further support the clinical evaluation of combination
therapies in the early stage of T. cruzi infection.

RESULTS

Infection course and therapy response in T. cruzi-infected mice. The experimen-
tal design is presented in Fig. 1. Infected untreated (I-NT) mice presented high parasitemia,
which peaked at 9 days postinfection (dpi) (Fig. 2A). As expected, BZ treatment reduced
parasitemia, whereas ASA reduced the load of parasites in the blood after 9 days, and
parasitemia levels among the ASA, BZ-alone, and BZ+ASA treatment groups and the NT
group were not significantly different at 13 to 31dpi (Fig. 2A). Interestingly, the peak
parasitemia level in mice treated with BZ or BZ+ASA (compared with that in the I-NT mice)
was consistently lower than that in mice treated with ASA alone, confirming the efficiency
of BZ therapy in the acute phase of infection. All mice treated with BZ alone or in
combination with ASA survived for 31 days after infection and chronification. Mice that
were untreated and those treated with ASA alone exhibited 76% and 84% survival rates
during the acute phase, respectively (Fig. 2C). Parasites were not detected in the blood of
untreated or treated chronically infected mice (data not shown).

The levels of parasite DNA (parasite equivalents per 100 ng of total DNA) in hearts of T.
cruzi-infected mice are shown in Fig. 2E. By day 180 postinfection (p.i.), the group of
infected mice treated with BZ presented a reduction in the parasite load in the cardiac
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FIG 2 Infection course and response to treatment in BALB/c mice infected with 500 trypomastigotes of T. cruzi. The mice were treated
daily with 25 mg/kg benznidazole (BZ), aspirin (ASA), or a combination of BZ and ASA by oral gavage at 2 days postinfection for 30
days. The antagonist Boc-2 (10 wM/kg) was intraperitoneally injected from 1 day postinfection every 48 h for 7 days before ASA
treatment. At 180 days postinfection, T. cruzi parasite loads in the hearts of treated and untreated mice were quantified by RT-gPCR.
(A and B) Parasitemia levels in the acute phase of infection; (C and D) mouse survival rates; (E) cardiac parasite loads measured by
RT-qPCR. *, P < 0.05 compared to the untreated infected group (PBS). Means with different letters are significantly different (P < 0.05,
two-way ANOVA with Dunnett’s multiple-comparison posttest).

tissue compared to the untreated group (38.94 = 9.57 versus 355.8 = 17.4; Dunnett's
multiple-comparison test, P < 0.05). The I-BZ+ASA group showed a significant reduction in
cardiac parasite burden shown by real-time quantitative PCR (RT-qPCR) compared with
both the I-NT and I-BZ groups (1.28 = 0.1 versus 355.8 = 17.4 and 38.94 = 9.57, respec-
tively; Dunnett’s multiple-comparison test, P < 0.05). Surprisingly, infected mice treated
with ASA showed the lowest parasite load in cardiac tissue compared to the untreated
group (0.004 =+ 0.008 versus 355.8 * 17.4, respectively) and the BZ treatment group but
were not statistically distinguishable from the BZ+ASA group (Fig. 2E).

We treated the mice with a lipoxin A, (LXA,) receptor antagonist (Boc-2) from 1 day
postinfection every 48 h for 7 days before initiating the ASA treatment (Fig. 1). Then, the
effects of ASA+Boc-2 and BZ+ASA+Boc-2 treatments were assessed by comparing
these mice with those without Boc-2 pretreatment. We found that the protective effects
of ASA and BZ+ASA (Fig. 2A and B) in infected mice were inhibited by Boc-2 pretreat-
ment, which was confirmed by an increase in parasitemia (Fig. 2C), a decrease in mouse
survival rate (Fig. 2D), and an increase in cardiac parasitism (Fig. 2E) (0.004 = 0.008 and
1.28 = 0.1 versus 24.58 = 1.66 and 73.2 = 6.73, respectively; Dunnett's multiple-
comparison test, P < 0.05).

Cardiovascular and hematological parameters in mice chronically infected with
T. cruzi in response to combination therapy using benznidazole and aspirin
during the acute phase of experimental Chagas disease. The I-NT mice (n = 6
mice/group) exhibited tachycardia (Table 1) compared with uninfected (NI) mice
(I-NT [539 = 1 beats per min {bpm}] versus NI [503 = 1 bpm], P < 0.0001). Benznidazole
treatment increased the heart rate (HR) in NI mice (Table 1) compared with that in the
NI mice not treated with BZ (NI-BZ [538 = 3 bpm] versus NI [503 = 1 bpm], P < 0.001).
However, neither ASA alone nor BZ+ASA changed the HR in these mice (Table 1).
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TABLE 1 HR and MAP in mice chronically infected with T. cruzi in response to treatment
with BZ or combination treatment with ASA in the acute phase of infection or left
untreated?

Exptl group HR (bpm) MAP (mm Hg)
NI 500 £ 14 A 103 = 06 A
NI-BZ 538 £ 328B 103 = 06 A
NI-ASA 505 £ 1.1 A 94 = 05B
NI-BZ+ASA 504 + 24 A 96 + 0.2 B,C
I-NT 539 + 14 B 117 £ 05D
I-BZ 602 £ 58D 115 £ 04D
I-ASA 490 = 25 A 103 £ 0.2 A
I-BZ+ASA 537 £ 418B 100 = 0.9 AC
I-ASA+Boc-2 544 £ 52 B 123 £ 08 E
I-BZ+ASA+Boc-2 538 + 3.1 B 119 = 0.8 D,E

aMice were treated daily with 25 mg/kg benznidazole (BZ), aspirin (ASA), or a combination of BZ and ASA by
oral gavage at 2 days postinfection for 30 days. The antagonist Boc-2 (10 uM/kg) was intraperitoneally
injected from 1 day postinfection every 48 h for 7 days before ASA treatment. Heart rate (HR) and mean
arterial pressure (MAP) were measured using CODA (a mouse tail cuff blood pressure system) at 180 days
postinfection. Values are means =+ standard errors of the means. Values followed by the same letter are not
significantly different (P < 0.05; two-way ANOVA with Tukey posttest). NI, uninfected group; |, infected group.

Treatment of infected mice with BZ increased the HR compared with that in NT and
infected mice (I-BZ [602 = 6 bpm] versus I-NT [539 = 1 bpm], P < 0.0001). Aspirin treat-
ment reduced the HR in infected mice compared with that in the I-NT (I-ASA [490 = 3
bpm] versus I-NT [539 = 1 bpm], P < 0.0001) and |-BZ (I-ASA [490 = 3 bpm] versus
I-BZ [602 * 6 bpm], P < 0.0001) groups. The BZ+ASA treatment exerted an intermedi-
ate effect with respect to increasing the HR in infected mice, which was similar to that
in the I-NT group (Table 1).

The mean arterial pressure (MAP) in the I-NT mice was increased compared with that
in the NI mice (117 =1 mm Hg versus 103 = 1T mm Hg, P <0.0001) (Table 1), and
treatment with BZ did not significantly change the MAP (103 =1 mm Hg versus
103 = 1 mm Hg, P>0.9999). In contrast, treatment of NI mice with ASA alone or
BZ+ASA decreased the MAP compared with that in the NI and NI-BZ mice (NI-ASA
[95 = 0.375 mm Hg] versus NI [103 =1 mm Hg], P<0.0001; NI-ASA versus NI-BZ
[103 =1 mm Hg], P<0.001; NI-BZ+ASA [96 = 2 mm Hg] versus NI, P <0.0001; NI-
BZ+ASA versus NI-BZ, P < 0.01) (Table 1). Treatment of infected mice with BZ did not
alter the MAP compared with that in the I-NT mice (116 = 0.213 mm Hg versus
117 =1 mm Hg, P> 0.05); however, ASA or BZ+ASA treatment of infected mice
decreased the MAP compared with that in the I-NT or I-BZ mice (P < 0.0001 for
I-ASA [104 = 0.222 mm Hg] versus I-NT [117 = 1 mm Hg], I-ASA versus I-BZ[116 = 0.213
mm Hg], [-BZ+ASA [100 = 1 mm Hg] versus I-NT, and I-BZ+ASA versus I-BZ) (Table 1).

Infection and treatment significantly affected eosinophils and neutrophils, as indi-
cated by a significant increase in these cell populations (P < 0.05) at 180 dpi in BZ- and
BZ+ASA-treated mice compared with that in the NI mice (Table 2). Surprisingly, we
observed a significant increase in reticulocytes (P < 0.001) and eosinophils (P < 0.001)
but a reduction in neutrophils in the I-ASA mice (Table 2). No significant differences
were observed in the hematocrit level, platelet count, or leukocyte count at 180 dpi
(data not shown).

Next, we evaluated the cardiovascular and hematological parameters in infected
mice treated with Boc-2 before monotherapy or combination therapy. As shown in
Table 1, the HR in the I-ASA mice decreased relative to that of the I-NT mice (I-
ASA [490 = 3 bpm] versus I-NT [539 = 1 bpm], P < 0.0001).

This effect was inhibited by Boc-2 pretreatment of mice (I-ASA [490 = 3 bpm] versus
I-ASA+Boc-2 [544 =5 bpm], P <0.0001) (Table 1). The ASA+BZ, ASA+Boc-2, and
ASA+BZ+Boc-2 combination treatments did not change the HR compared with that of
I-NT mice (Table 1). The MAP was elevated in I-NT mice and decreased by treatment
with ASA alone (117 =1 mm Hg versus 104 =0.2mm Hg, P<0.01) or BZ+ASA
(117 =1 mm Hg versus100 = 1 mm Hg, P < 0.05) (Table 1). Notably, Boc-2 pretreat-
ment reversed the hypotensive effect of ASA alone and BZ+ASA (Table 1).
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TABLE 2 Hematological parameters in mice chronically infected with T. cruzi and treated
with BZ or BZ+ASA in the acute phase of infection or left untreated?

Exptl group Reticulocytes (%) Eosinophils (pul) Neutrophils (mm3)
NI 7*02A 68 = 6.1 A 1,673 £ 876 A
I-NT 9*+04A 138 = 458B 2,715 £ 146.2 B
I-BZ 9+ 04A 134 = 09B 2,684 += 309.7 B
I-ASA 13 £098B 200 = 54 C 1,497 = 1354 A
I-BZ+ASA 10 = 09A 149 = 226 B 1,760 = 248 AC
I-ASA+Boc-2 8+ 05A 95 = 315 AB 2,530 £ 170.2 B,C
1-BZ+ASA+Boc-2 9*+04A 130 = 163 B 2,763 = 2446 B

9Mice were treated daily with 25 mg/kg benznidazole (BZ), aspirin (ASA), or a combination of BZ and ASA by
oral gavage at 2 days postinfection for 30 days. The antagonist Boc-2 (10 uM/kg) was intraperitoneally
injected from 1 day postinfection every 48 h for 7 days before ASA treatment. Heart rate (HR) and mean
arterial pressure (MAP) were measured using CODA (a mouse tail cuff blood pressure system) at 180 days
postinfection. Values are means = standard errors of the means. Means followed by the same letter are not
significantly different (P < 0.05; two-way ANOVA with Tukey posttest). NI, uninfected group; |, infected group.

Hematological evaluation revealed that pretreatment with Boc-2 did not alter the
platelet and leukocyte counts or the hematocrit level (data not shown), but it reversed
the increase in reticulocytes (Table 2) and eosinophils provoked by ASA (Table 2).
Furthermore, it reduced the effect of ASA on neutrophil count (Table 2).

Cardioprotective effects and nitrite level in the chronic phase in response to
therapy. The effects of the combination treatment in infected mice were evaluated and
compared with those in infected mice treated with BZ or ASA alone and NI mice. The
fibrotic areas in the hearts of chronically infected mice were larger than those in NI mice
(Fig. 3). Benznidazole treatment during the acute phase reduced the fibrotic area in
chronically infected mice, whereas ASA treatment decreased typical cardiac tissue
injuries (extensive destruction of muscle fibers followed by fibrosis and adipose re-
placement) that are associated with chronic T. cruzi infection, which were similar to
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FIG 3 Effect of combination treatment with benznidazole plus aspirin (BZ+ASA) on chronic cardiac lesions. BALB/c
mice were inoculated with 500 trypomastigotes of T. cruzi by intraperitoneal injection, treated with daily doses of
25 mg/kg BZ or ASA alone or in combination for 30 consecutive days, and euthanized at 180 days postinfection.
The antagonist Boc-2 (10 wM/kg) was administered via intraperitoneal injection from 1 day postinfection every 48
h for 7 days before ASA treatment. After 180 days postinjection, the mice were euthanized. Uninfected control (NI)
mice were also evaluated. Fibrotic areas in the heart muscles of treated and uninfected mice can be observed in
histological sections of the hearts imaged at a magnification of X40 that are representative of picrosirius red
staining patterns. I-NT, infected and untreated; I-BZ, infected and treated with BZ; I-ASA, infected and treated with
ASA; I-BZ+ASA, infected and treated with BZ+ASA. Polarized-light images show the fibrotic areas (arrows) in
yellow-orange (type | collagen) and green (type Il collagen). In the graph, means with different letters are

significantly different (P < 0.05; two-way ANOVA with Tukey posttest).
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FIG 4 Nitrite level in response to treatment with benznidazole (BZ) or combined treatment with aspirin
(ASA) in mice infected with T. cruzi. The antagonist Boc-2 (10 wM/kg) was administered via intraperitoneal
injection from 1 day postinfection every 48 h for 7 days before ASA treatment. After 180 days
postinjection, the mice were euthanized. Uninfected control (NI) mice were also evaluated. NO was
determined by measuring nitrite levels in plasma (A) and cardiac tissue (B) using the cadmium-copper
system followed by the Griess reaction. The results are expressed as means * standard errors of the
means from 5 animals per group and are representative of 2 independent experiments. Means not
sharing a letter are significantly different (P < 0.05; 2-way ANOVA with Tukey posttest).

those in the heart muscle of NI mice. Moreover, the BZ+ASA-treated mice had smaller
fibrotic areas than the BZ-treated mice.

At 180 dpi, hearts of infected mice treated previously with Boc-2 showed more
fibrotic areas than those of mice treated only with ASA (Fig. 3). Thus, we determined
that the intensity of heart damage was consistent with increased levels of neutrophils
(Table 2).

As expected, T. cruzi infection triggered an elevation in circulating nitric oxide (NO)
(Fig. 4A) and NO in heart tissue (Fig. 4B). Notably, compared to the untreated infected
mice, BZ-treated mice were not statistically distinguishable in terms of both plasma and
cardiac tissue (Fig. 4A and B) (P > 0.05).

On the other hand, a significant increase in circulating NO in cardiac tissue was
observed in ASA-treated mice compared to the untreated infected and BZ-treated
infected mice (Fig. 4A and B) (P < 0.05). Similarly, a significant increase of NO was
observed in plasma and hearts of BZ+ASA treated mice compared to untreated
infected and BZ-treated infected mice. Moreover, Boc-2 diminished NO levels in plasma
and cardiac tissue when it was combined with ASA or BZ (Fig. 4A and B, respectively).

DISCUSSION

Treatment of chronic T. cruzi infection is challenging because of several limitations
of the available drugs, such as BZ and Nfx, including low efficacy and toxicity. Recent
studies have shown that new treatment strategies, including combinations of drugs
with different mechanisms of action, may improve therapeutic efficacy and reduce
adverse effects (6-8, 19-22). Moreover, T. cruzi infection is restricted to selected tissues,
where very low levels of intracellular parasitic forms hinder the direct action of BZ on
the parasite (23, 24).

The results of the present study showed that the administration of 25 mg BZ/kg of body
weight/day during the acute disease phase was effective in alleviating the symptoms of T.
cruzi infection in susceptible mice (7, 25). This was reflected in the rate of survival, decrease
in parasitemia during the acute phase, and reduction of cardiac parasitism and heart
damage in chronically infected mice compared to the untreated group after monotherapy
with BZ. Cardiovascular parameters such as HR and MAP in Swiss mice were described
previously, when we investigated the effect of treadmill training on the acute phase of T.
cruzi infection (26). In the present study, our data show that in the chronic phase, the
animals presented hypertension and tachycardia compared to the uninfected animals and
that treatment during the acute phase, specifically with BZ, elevated the heart rate and did
not change the high blood pressure found in the animals.

Treatment with BZ did not alter reticulocyte, eosinophil, and neutrophil counts and
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plasma and cardiac nitrite levels compared with those in the NI mice. However, we
observed a decrease in parasite load in the cardiac tissue in mice treated with BZ. To
the best of our knowledge, this is the first study to evaluate hematological and
cardiovascular parameters such as HR and MAP in chronically infected BALB/c mice
treated with BZ, and the results reinforce the toxicity and efficacy of BZ (24).

The acute phase of Chagas disease is characterized by immunosuppression induced
by T. cruzi parasites to evade the host immune response. This immunosuppressive state
is mediated in part by prostaglandins (27, 28), NO, and cytokines (27, 29). In fact,
increased circulating levels of prostaglandin E, (PGE,), thromboxane A, (TXA,), and
prostaglandin F2a (PGF2a) have been observed in mice infected with T. cruzi (30), and
during the acute phase, macrophages and spleen cells from T. cruzi-infected mice
produce high levels of PGE, and NO (27, 31). Thus, the inhibition of the host cycloox-
ygenase (COX) emerged naturally as a possible therapeutic in Chagas disease (10,
14-16). It has been previously reported that COX-2 acetylation by ASA modifies its
activity, promoting the synthesis of 15-epi-LXA,, a lipid involved in the resolution of
inflammation acting as an anti-inflammatory molecule in the acute phase of T. cruzi
infection (25). Therefore, we determined whether the effects observed in our experi-
mental model were mediated by LXA,.

In the present study, the administration of ASA at a low dose (25 mg/kg) in the acute
phase of infection decreased cardiac parasitism and heart damage in chronically
infected mice compared with |-NT or BZ-treated mice. However, the ASA group could
not be distinguished from the BZ+ASA group. In addition, ASA treatment decreased
the HR and hypertension in infected animals. These findings help clarify the relationship
between the chagasic heart and cardiovascular functions.

In the present study, in mice treated with ASA, there was an increase in the
percentage of reticulocytes. This can be partially explained by the upregulation of nitric
oxide production and the consequent increase in oxidative stress during bone marrow
activity (32). The increase in eosinophil count with ASA treatment further explains the
decrease in parasites in the hearts of chronically infected mice (33-35).

We also found that ASA exhibited a therapeutic effect at 25 mg/kg/day and that this
effect was inhibited by pretreatment with Boc-2. Moreover, the number of neutrophils
increased with Boc-2 pretreatment, which was associated with higher fibrosis in the
cardiac tissue. In fact, neutrophils may regulate T. cruzi experimental infection and
determine susceptibility and resistance to infection (36). Furthermore, neutrophils and
monocytes contribute to inflammation and fibrosis associated with Chagas cardiomy-
opathy via the production of metalloproteinases and cytokines, respectively (37). This
phenomenon possibly correlates with the increased level of 15-epi-LXA,—known as
“aspirin-triggered lipoxin”— upon treatment with low-dose ASA, which is consistent
with the results of Molina-Berrios et al. (25). In addition, studies about BZ treatment
using lower doses in prevention of heart lesions have shown contradictory results
(38-40). BZ therapy with optimal doses (100 mg/kg) during the acute phase of Chagas
disease reduced parasite load but did not prevent chronic cardiac lesions (4). Combi-
nations of benznidazole and other drugs at suboptimal doses have efficacy equivalent
or superior to that of the drugs given at their optimal doses (6, 21). Our data agree with
these reports in that treatment of infected animals with BZ using lower doses (25 mg/
kg) than those indicated above are unable to induce complete parasitological cures or
provide full cardiac protection. In fact, BZ chemotherapy does not always ensure a
better long-term prognosis in patients with Chagas cardiomyopathy, and heart mor-
phofunctional deterioration may progress as it does in untreated patients (41).

In summary, our results demonstrate that it is possible to achieve the same or better
therapeutic effect using lower dosages of benznidazole and aspirin in the acute phase
of Chagas disease and could be crucial for defining the course of pathological process
in T. cruzi infection, which might help predict future damage to the heart in chronically
infected animals. Since both drugs are commercially available, their use in combination
should be considered for evaluation in the treatment of Chagas disease patients,
aiming to reduce the potential toxicity of benznidazole.
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MATERIALS AND METHODS

Ethics statement. Animal handling and experimental procedures were carried out in strict accor-
dance with the Guide for the Care and Use of Laboratory Animals proposed by the Brazilian National
Council of Animal Experimentation (COBEA) (52). The study protocol was approved by the Internal
Scientific Commission and the Ethics in Animal Experimentation Committee of Londrina State University
(CEUA approval number 4628.2016.40). Every effort was made to minimize pain and suffering to the
animals used in these experiments.

Animals. Six- to 8-week-old, 20- to 25-g male BALB/c mice were purchased from the Multidisciplinary
Center for Biological Research, University of Campinas (Campinas, Brazil). Swiss male mice were obtained
from breeding colonies in the animal facility of the Center for Biological Sciences, Londrina State
University (Parana, Brazil). The mice were maintained in an animal house in the Department of
Pathological Sciences, Center for Biological Sciences, State University of Londrina, with a controlled
environment temperature (21 to 23°C) and a 12-h day-night cycle. The mice were fed a commercial
rodent diet (Nuvilab-CR1; Quimtia-Nuvital, Colombo, Parang, Brazil) and sterilized water ad libitum. All the
animals were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg) and euthanized by
cervical dislocation.

Compounds. Benznidazole (N-benzyl-2-nitro-1H-imidazole-1-acetamide) tablets were purchased
from Laboratério Farmacéutico do Estado de Pernambuco (LAFEPE, Brazil). ASA and Direct Red 80 were
purchased from Sigma (St. Louis, MO, USA). Boc-2 was purchased from MP Biomedicals (Solon, OH, USA).
Benznidazole tablets were crushed and suspended in distilled water, whereas ASA was directly dissolved
in dimethyl sulfoxide (DMSO; Labsynth, Diadema, Sao Paulo, Brazil) at a final DMSO concentration of less
than 0.5% (vol/vol). Boc-2 was suspended in sterile saline.

Parasites and infection protocol. Trypanosoma cruzi strain Y of the T. cruzi | lineage (42) was
maintained by weekly intraperitoneal (i.p.) inoculation of blood trypomastigotes into Swiss mice. When
required for analysis, parasite-rich blood was collected from these inoculated Swiss mice and appropri-
ately diluted with phosphate-buffered saline (PBS; pH 7.2). BALB/c mice were infected via an i.p. injection
of 500 blood-derived trypomastigotes. The control group was injected with the same volume of sterile
PBS (pH 7.2). Parasitemia was monitored by counting blood-borne trypomastigotes in 5 ul of fresh blood
collected from the tail vein (43). At 3 days postinfection (dpi), direct microscopic visualization of
circulating trypomastigotes in the peripheral blood of mice confirmed T. cruzi infection. Survival was
observed daily until the end of the experiment (Fig. 1).

Treatment schemes. The mice were divided into the following 10 groups: uninfected (NI), unin-
fected and treated with BZ (NI-BZ), uninfected and treated with ASA (NI-ASA), uninfected and treated
with BZ+ASA (NI-BZ+ASA), infected and untreated (I-NT), infected and treated with BZ (I-BZ), infected
and treated with ASA (I-ASA), infected and treated with BZ and ASA (I-BZ+ASA), infected and treated
with ASA and Boc-2 (I-ASA+Boc-2), and infected and treated with BZ, ASA, and Boc-2 (I-BZ+ASA+Boc-2).
In all assays, only mice with positive parasitemia were used in the infected groups.

The treatments with BZ, ASA, and the combination were initiated at 2 dpi (25); six mice per treatment
group were administered 25 mg/kg BZ, ASA, or a combination of BZ and ASA by oral gavage once per
day for 30 days. The LXA, receptor antagonist Boc-2 (10 uM/kg/mouse) (16, 44) was injected i.p. at 1 dpi
every 48 h for 7 days before aspirin-containing therapies (Fig. 1). The drugs were prepared as described
above, and each mouse was administered 0.1 ml of each drug. Control groups received PBS following the
same regimen as animals receiving other treatments.

Noninvasive cardiovascular measurements. Heart rate (HR) and mean arterial blood pressure
(MAP) of conscious mice in all treatment groups were measured using the CODA mouse and rat tail cuff
blood pressure system (Kent Scientific Co., CT, USA). The measurements were taken at 171, 173,175, 177,
and 180 dpi (Fig. 1), and the mean value was calculated for each mouse (26).

Hematological analysis. Whole blood was collected from mice under ketamine (100 mg/kg) and
xylazine (10 mg/kg) anesthesia using intracardiac puncture and aliquoted into tubes containing 1 mg/ml
sodium EDTA as the anticoagulant. Platelets, leukocytes, reticulocytes, eosinophils, and neutrophils were
counted using standard methods (45-47). Hematocrits were determined by spinning down capillary
tubes filled with blood using a microcentrifuge (Novatecnica, Piracicaba, Sao Paulo, Brazil). The total
number of nucleated cells collected was determined by manual hemocytometer count. All blood
analyses and cell counts were performed at 180 dpi.

Quantification of nitrite levels in plasma and cardiac tissue. At 180 dpi, the anesthetized mice
were euthanized, and the heart tissue was sampled for immune and histopathological assays. The heart
was halved; one half was fixed in 10% formaldehyde prepared in 0.1 M PBS (pH 7.3) for histopathological
analysis, and the other half was used for determination of nitrite levels and quantification of T. cruzi
parasite load by gPCR. Nitrite levels in the plasma and cardiac tissue were determined using the
cadmium-copper system followed by the Griess reaction, as described previously (48) with some
modifications proposed by Panis et al. (49).

RT-qPCR. Real-time quantitative PCR (RT-qPCR) was performed to determine the tissue parasite
burden in the control and T. cruzi-infected and treated mice. The heart tissue was weighed and washed
with PBS. Genomic DNA was isolated using a lysis buffer (50 mM Tris-HCl [pH 7.6], 10 mM EDTA, 0.5%
sodium dodecyl sulfate [SDS], 0.2 mg/ml proteinase K [Invitrogen, Carlsbad, CA]), followed by phenol-
chloroform extraction. The samples were mechanically homogenized (Ultra Stirrer; Scientific SDN BHD,
Seri Kembangan, Malaysia), heated at 55°C for 12 h, and extracted twice with phenol-chloroform-isoamyl
alcohol solution (25:24:1). Cold absolute ethanol (Merck; twice the volume of the aqueous phase) was
added to the extracted sample, which was stored at —20°C for 12 h. Thereafter, the sample was
centrifuged for 10 min at 10,000 X g, washed with 70% ethanol, dried at room temperature, and
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resuspended in ultrapure water. Total DNA concentration was determined using a spectrophotometer
(Synergy HT; Biotek, USA). The RT-qPCR assay was performed on a Rotor-Gene Q 5-Plex apparatus
(Qiagen, Germany) using a 20-ul reaction mixture containing 100 ng total DNA, 1 uM concentrations of
the oligonucleotides TFZ-F (5'-GCTCTTGCCCACAMGGGTGC-3') and TFZ-R (5'-CCAAGCGGATAGTTCAGG-
3’) (50), and Platinum SYBR green qPCR Super Mix UDG with ROX reagent (Invitrogen Corporation, New
York, USA), according to the manufacturer’'s recommendations. The amplification conditions were as
follows: an initial step at 50°C for 2 min, 95°C for 10 min, and 40 cycles of 95°C for 30 s, 57°C for 30 s, and
72°C for 30 s, followed by dissociation curve construction at 60 to 95°C (0.5°C/s). The cardiac tissue
parasite burden was calculated using a standard curve constructed with DNA obtained from culture
samples of T. cruzi epimastigotes (51). The parasite load was expressed as parasite equivalents/100 ng of
total DNA obtained from cardiac tissue.
Polarized microscopy of picrosirius red-stained collagen. To examine cardiac fibrosis, the heart
tissue samples were fixed with 10% buffered formalin solution, dehydrated, cleared, and embedded in
Paraplast (Sigma, St. Louis, MO, USA). The embedded tissue blocks were cut into 3-um-thick sections and
stained with Direct Red 80 (Sigma) to visualize collagen fibers, and sections were chosen at random and
evaluated at a magnification of X40, resulting in the analysis of a total area of 74,931 um?2 of myocardium
(19). Polarized light images were obtained using an Axio Zeiss photon microscope (Oberkochen,
Germany). The fibrotic area was defined in the polarized light images considering the sum of areas
occupied by types | (yellow-orange) and lIl (green) collagen using Image-Pro Plus 6.0 (Media Cybernetics,
Silver Spring, USA).

Statistical analysis. Data were assessed using analysis of variance (ANOVA), and differences between

mean values were determined using Tukey or Dunnett’'s multiple-comparison posttests. A log-rank
(Mantel-Cox) test was used to compare the survival curves. Differences were considered significant at a
Pvalue of <0.05. Statistical analyses were performed using GraphPad Prism software (GraphPad Soft-
ware, La Jolla, CA, USA).
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