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RESUMO

Ao desacoplar a fosforilacdo oxidativa, o 2,4-dinitrofenol (DNP) atenua a biossintese de
espécies reativas de oxigénio (EROs), que sdo conhecidas por agravar a miocardite
Chagasica. Assim, o impacto da quimioterapia baseada em DNP na miocardite aguda
induzida por Trypanosoma cruzi foi investigado. Camundongos C56BL/6 nao infectados e
infectados nao tratados e tratados por gavagem com 100 mg/kg de benznidazol (Bz —
tripanocida de referéncia), 5 e 10 mg/kg de DNP durante 20 dias foram investigados. 24 horas
apos o ultimo tratamento, os animais foram eutanasiados e o sangue e coracdo foram
coletados e analisados. A infec¢do por 7. cruzi induziu acentuada parasitemia, inflamacao
sistémica, carga parasitaria cardiaca (DNA de T cruzi), estresse oxidativo, infiltrado
inflamatorio e dano miocardico microestrutural em camundongos ndo tratados. O tratamento
com DNP agravou a parasitemia, o parasitismo cardiaco e os danos microestruturais, os quais
foram atenuados por Bz. Assim como Bz, 10 mg/kg de DNP foi eficaz em atenuar a producao
de EROs (totais, H,O, e O,), 6xido nitrico (NO), lipidios (malondialdeido) e proteinas
(proteinas carboniladas) oxidadas, TNF, IFN -y, IL-10 e MCP-1/CCL2, anti-1. cruzi 1gG,
niveis de troponina I cardiaca, bem como infiltrado inflamatério e dano cardiaco em
camundongos infectados. Em conjunto, nossos achados indicam que o DNP atua como fator
de risco farmacoldgico, agravando a parasitemia, o parasitismo cardiaco e os danos
microestruturais aos cardiomidcitos em camundongos infectados por 7. cruzi. Estas respostas
foram potencialmente relacionadas as propriedades antioxidantes e anti-inflamatérias do DNP
na auséncia de efeito tripanocida, o que favorece o parasitismo por enfraquecer os
mecanismos antiparasitarios pro-oxidantes e pro-inflamatérios do hospedeiro. Por outro lado,
os efeitos cardioprotetores induzidos pelo Bz foram associados as respostas anti-inflamatdrias
e antiparasitarias eficazes, as quais protegem contra o parasitismo, o estresse oxidativo e os

danos microestruturais cardiacos na doenca de Chagas.

Palavras-chave: Doenga de Chagas, estresse oxidativo, patologia cardiovascular, miocardite.



ABSTRACT

By uncoupling oxidative phosphorylation, 2,4-Dinitrophenol (DNP) attenuates reactive
oxygen species (ROS) biosynthesis, which are known to aggravate infectious myocarditis in
Chagas disease. Thus, the impact of DNP-based chemotherapy on Trypanosoma
cruzi-induced acute myocarditis was investigated. C56BL/6 mice uninfected and infected
untreated and treated with 100 mg/kg benznidazole (Bz, reference antiparasitic drug), 5 and
10 mg/kg DNP by gavagem during 20 days were investigated. Twenty-four hours after the last
treatment, the animals were euthanized and the heart was collected for microstructural,
immunological, biochemical and molecular analyses. 7. cruzi infection induced marked
parasitemia, systemic inflammation (e.g., cytokines and anti-7. cruzi 1gG upregulation),
cardiac parasite load (7. cruzi DNA), oxidative stress, inflammatory infiltrate and
microstructural myocardial damage in untreated mice. DNP treatment aggravated parasitemia,
heart parasitism and microstructural damage, which were markedly attenuated by Bz. Like
thus drug, 10 mg/kg DNP was also effective in attenuating ROS (total ROS, H,0, and O;),
nitric oxide (NO), lipid (malondialdehyde - MDA) and protein oxidation (protein carbonyl -
PCn), TNF, IFN-y, IL-10, and MCP-1/CCL2, anti-T. cruzi IgG, cardiac troponin I levels, as
well as inflammatory infiltrate and cardiac damage in 7. cruzi-infected mice. Taken together,
our findings indicate that DNP acts as a pharmacological risk factor, aggravating parasitemia,
heart parasitism and microstructural cardiomyocytes damage in 7. cruzi-infected mice. These
responses were potentially related to the antioxidant and anti-inflammatory properties of DNP
in the absence of trypanocidal effect, which favors parasitism by weakening the host's
pro-oxidant and pro-inflammatory antiparasitic mechanisms. Conversely, Bz-induced
cardioprotective effects were associated with effective anti-inflammatory and antiparasitic
responses, which protect against heart parasitism, oxidative stress and microstructural damage

in Chagas disease.

Keywords: Chagas disease, cardiovascular pathology, myocarditis, oxidative stress.
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INTRODUCTION

Chagas disease (ChD) is a neglected parasitic affection recognized as the second most
important cause of infectious cardiomyopathy worldwide according to Novaes et al. (2017),
Nogueira et al. (2023), only behind COVID-19 (Omidi et al., 2021). This disease is endemic
in Latin America and is on the rise mainly in North America and Europe due to non-vector
forms of Trypanosoma cruzi (etiological agent) contamination (e.g., vertical transmission,
donation of infected tissues and organs, and laboratory accidents) (Echeverria et al., 2020;
Who, 2023). Chagas disease is closely related to poverty and limited access to health services
(Guhl, Ramirez, 2021; Who, 2023). Accordingly, most cases of infection are diagnosed late,
and are almost invariably associated with serious electromechanical cardiovascular
complications (Echeverria et al., 2020; Suarez et al., 2022).

Chagas heart disease is the most disabling and deadly manifestation of 7. cruzi
infection according to Novaes et al. (2017), Nogueira et al. (2023). This is a complex
condition that courses with cardiomyocytolysis, autonomic denervation, persistent
inflammation, autoimmune damage, and oxidative stress determined by free radicals
upregulation (e.g., OH", O,", and ONOO™) and antioxidants insufficiency (e.g., enzymatic
and non-enzymatic effectors) (Gupta et al, 2009; Santos et al., 2019). Although Chagas
cardiomyopathy (CC) is multifactorial, redox imbalance plays a prominent role in its
pathogenesis, being mediated by disturbances in mitochondrial complexes I and III in T
cruzi-infected cardiomyocytes, nitric oxide synthase (iNOS) and NADPH oxidase II
upregulation in activated leukocytes (e.g., respiratory burst) (Wen; Garg, 2004, 2008; Gupta
et al., 2009). Despite the antiparasitic purpose, the nonspecific nature of these pro-oxidant
reactions determines extensive microstructural and molecular cardiac damage, worsening
myocarditis (Paiva et al., 2018; Santos et al., 2019). As the host cannot naturally eliminate
the parasite, inflammation and oxidative stress persist and feed on each other, determining
progressive morphofunctional cardiac degeneration, heart failure and eventually death (Paiva
et al., 2018; Sanchez-Villamil et al., 2020; Torrico et al., 2021).

Classically, it has been proposed that 7. cruzi is highly sensitive to oxidative stress
(Igoillo-Esteve et al., 2007). Accordingly, some studies suggest that pro-oxidant effectors
(e.g., NO, HCIO and H,0,) participate in 7. cruzi elimination and replicative control by the
host's cellular-based immune defenses (Machado et al., 2012; Paiva; Bozza, 2014). However,
divergent evidence indicate that the oxidative environment favors infection, becoming a

stimulus for parasite growth in the acute phase, as well as for cardiomyopathy onset and



progression in the chronic phase of ChD (Goes et al., 2016). Despite this controversy,
previous studies indicate that modulation of redox metabolism may be relevant to attenuating
pathological outcomes associated with 7. cruzi infection, including CC (Novaes et al., 2016,
2017; Sanchez-Villamil et al., 2020). In this sense, antioxidant therapy with vitamins (egg., C
and E) according to Tieghi ef al. (2017), resveratrol as described by Vilar-Pereira et al. (2016)
and curcumin second study by Novaes et al. (2016) exerted marked myoprotective and/or
cardioprotective effects, attenuating parasitism, molecular oxidation (e.g., lipid and protein),
and myocarditis in 7. cruzi-infected mice (Vilar-Pereira et al., 2016; Sanchez-Villamil et al,,
2020).

Currently, antioxidant therapy applied to Chagas disease is mainly focused on free
radical scavengers (Novaes et al., 2017; Sanchez-Villamil et al., 2020; Maldonado et al.,
2021). However, the neutralization of these molecules only occurs after their production,
enabling the prior activation of signaling pathways linked to cell parasitism. This
characteristic could partially explain the limited therapeutic effectiveness of some
antioxidants, including vitamins C and E (Gusmao et al., 2012; Marim et al., 2012; Novaes
et al., 2017). Although 7. cruzi-induced mitochondrial dysfunction is the main source of
pro-oxidant effectors in cardiomyocytes, direct mitochondrial inhibition of free radical
biosynthesis has been overlooked. Thus, the availability of mitochondrial uncouplers
represent a valuable opportunity in the search for more effective cytoprotective and
cardioprotective redox modulators according to Geisler, (2019) in ChD as described by
Sanchez-Villamil et al. (2020), Maldonado et al. (2021).

2,4-dinitrophenol (DNP) is a classic mitochondrial uncoupler, which acts through the
dissociation of electron transport in the respiratory chain (Geisler, 2019). In this process,
DNP attenuates reactive oxygen-derived species (ROS) biosynthesis and prevents oxidative
stress (Geisler, 2019). Accordingly, DNP may be more efficient in preventing oxidative stress
compared to antioxidants that act in the cytosol, avoiding excessive ROS production and the
exhaustion of endogenous antioxidant effectors (Nasab et al, 2004; Geisler, 2019).
Considering the mechanism of action of DNP, this drug may be relevant in modulating the
oxidative stress invariably triggered by 7. cruzi infection, having a potential impact on ChD
severity and progression. Thus, the impact of DNP-based chemotherapy on Trypanosoma
cruzi-induced acute myocarditis was investigated. In addition to reactive oxygen species
(ROS) production, protein and lipid oxidation, immunological, parasitological and
microstructural cardiac outcomes associated to DNP treatment were evaluated and compared

to Bz-based reference chemotherapy.



2 METHODOLOGY

2.1 Experimental conditions and groups

Female C57BL/6 mice with 8 weeks-old and 33.954+3.77g were kept in facilities with
temperature (20 £ 2°C), air humidity (60-70%) and photoperiod (12h/12h light/dark)
controlled (Sequetto et al., 2014). Water and rodent chow were provided ad libitum. The
sample size in each experimental group was determined as previously reported (Nogueira et
al., 2023). Briefly, a 50% probability (P=1/2) to increase or decrease the variables of interest
was admitted. Considering 95% confidence and 5% significance level (0=0.05), the minimal
significant number of animals used was P=(1/2)**"; so, if n=5, P=(1/2)’ or P=0.03; thus,
P<0.05. From this result, we admitted an equivalent probability of sample loss due to 7. cruzi
infection. Thus, the final sample size was established in 10 animals per group. The animals
were numerically codified and randomized into 5 groups using the random function of the
Excel software, as follows: UU= Uninfected untrecated, INF= Infected untreated, Bz=
Infected treated with 100 mg/kg benznidazole (reference trypanocidal drug), DNP1= Infected
treated with 5 mg/kg DNP, DNP2= Infected treated with 10 mg/kg DNP.

2.2 Trypanosoma cruzi infection and treatments

Mice were intraperitoneally inoculated with 2000 trypomastigotes of 7. cruzi isolated
from the peripheral blood of infected animals (Mendonga et al., 2020). The inoculum size
was obtained by serial dilution of infected blood in 0.9% NaCl solution as previously
reported (Felizardo et al., 2018). The parasite Y strain (DTU II) was used due to its high
infectivity, pathogenicity and partial resistance to Bz (Diniz ef al., 2018). T. cruzi infection
was microscopically confirmed 5 days after 7. cruzi inoculation by trypomastigotes
identification in 5Sul blood samples, as previously reported (Novaes et al., 2017). The
infection was allowed to develop for 15 days to avoid excessive and unnecessary animal
debility, according to ethical recommendations (Felizardo et al., 2018). DNP and Bz were
suspended in distilled water and administered by gavagem after confirm the infection (5 days
post-7. cruzi inoculation). The animals were treated with 100 pL DNP at 5 and 10 mg/kg
considering the high intestinal absorption, hepatic and muscular biodistribution (Geisler,
2019). This concentrations correspond to a human equivalent dose (HED) of 22.5-45.0

mg/day (Geisler, 2019). These doses were effective in modulating cardiac energy metabolism
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(Vercesi; Focesi, 1973), in addition to increasing thermogenesis in mice in response to
respiratory chain uncoupling (Bhattacharjee et al., 2018).

Benznidazole was administered at 100 mg/kg, which corresponds to 7 mg/kg/day for
human adults based on body surface area as described by Mazzeti ef al. (2018), and is the
reference trypanocidal dose in mice (Diniz et al., 2018; Gongalves-Santos et al., 2019).
Uninfected and infected untreated (receiving water by gavage) mice were used as controls
(Novaes et al., 2017). Treatments preparation and administration were conducted by two
independent researchers, which were blinded to the intervention groups. The experimental
outcomes were also blindly evaluated in relation to the intervention groups. The Institutional

Ethics Committee for Animals Research approved this study (protocol number 013/2016).

2.3 Blood and heart parasitism assay

Blood parasitism was microscopically analyzed daily from a classical parasitological
protocol (Brener, 1962). Briefly, peripheral blood aliquots (5ul) were collected from the
animals' tail, distributed in histological slides and spread under 22mmx22 mm glass
coverslips. The blood was microscopically observed using x40 objective lens and x10 ocular
lens (x400 magnification). Parasites were randomly quantified in 50 non-coincident
microscopic fields, and the average parasitemia was quantified (FELIZARDO et al., 2018).
Twenty-four hours after the last treatment and/or parasitemia analysis, the animals were
anesthetized (300 mg/kg ketamine and 30 mg/kg xylazine) and euthanized by exsanguination.
Heart and blood were collected and used for biochemical, immunological, molecular, and
microstructural analyses.

Heart parasitism was determined in heart samples by real time quantitative PCR
(qPCR) as previously described (Santos er al, 2015). Briefly, heart samples were
homogenized and genomic DNA was extracted using a commercial kit following the
manufacturer’s instructions (Promega, Sdo Paulo SP, Brazil). DNA samples were adjusted to
25 ng/pL and PCR reactions were standardized at 10 pL volume containing 50 ng DNA, 5 pL
SYBR Green (Applied Biosystems, CA, USA), 0.50 uM TNF primers or 0.35 uM 195-bp T.
cruzi DNA primers (Table 1). From 96-wells plate, standard curve based on negative controls
with mice-specific and 7. cruzi-specific primers without DNA and with DNA from
uninfected mice was obtained (Santos ef al., 2015). Parasite load (PL) based on 7. cruzi DNA
levels was normalized considering the results obtained for TNF as follows: PL = (mean T.

cruzi DNA/mean TNF DNA) x 1000; where the constant 1000 is the expected TNF



11

concentration in 30 mg heart samples. Amplification efficiency (£) was calculated as (EF) =

107", (StepOne Software, ThermoFisher, MA, USA) (Stordeur et al., 2002).

2.4 Reactive oxygen species and nitric oxide assay

Heart samples were frozen in liquid nitrogen (-196°C), pulverized in a crucible and
treated with lysis buffer (2% Triton X-100, 50 mM Tris [pH 7.5], 40 mM HEPES, and 1 mM
EDTA supplemented with 1 mM phenylmethanesulfonyl fluoride). The homogenate was
sonicated for 1 min on ice and centrifuged at 8000 xg for 10 min and 4°C, the supernatant was
collected (150 pl) and used in total ROS assay. General pro-oxidants were quantified using
the CM-H2DCFDA probe (Waltham, Massachusetts, USA), a broad-spectrum ROS indicator
that emit fluorescence upon oxidation. ROS were quantified from fluorescence spectroscopy
using a 96-wells microplate reader (Varioskan, ThermoFisher Scientific, Waltham,
Massachusetts, USA). Briefly, 80 pL heart supernatant and lysis buffer (control) were
distributed in each well and were treated with 10 uM CM-H2DCFDA prepared in PBS. The
plates were immediately read at 37°C for monitoring CM-H2DCFDA oxidization rate, with
respective excitation/emission at 485nm/520 nm, as previously reported (Dias ef al., 2017).
ROS levels were expressed as relative fluorescence units (RFU)/min.

Nitric oxide was estimated from nitrite/nitrate (NO,/NOs’) quantification in heart
homogenate as previously reported (Mendonga et al., 2020). For this, a 96-well biochemical
kit was used according to the manufacturer’s instructions (Nitric Oxide Assay [EMNSO],
ThermoFisher Scientific, Waltham, MA, USA). This is a colorimetric assay based on the
Griess reaction, in which the enzyme nitrate reductase is used to convert nitrate in nitrite.
Thus, nitrite is spectrophotometrically measured as a colored azo dye product at 540 nm
(Anthos Zenyth 200; Biochrom, Cambridge, UK). The assay sensitivity was 0.222 uM and
0.625 puM for nitrite and nitrate, respectively.

2.5 Lipid oxidation assay

Lipid oxidation was estimated from malondialdehyde (MDA) levels in heart samples.
For such, MDA was quantified by high-performance liquid chromatography (HPLC), as
previously reported (Brown; Kelly, 1996). Briefly, heart samples were homogenized in lysis
buffer (2% Triton X-100, 50 mMTris [pH 7.5], 40 mM HEPES, and 1 mM EDTA
supplemented with 1 mM phenylmethanesulfonyl fluoride) at 4 °C for 1 min, and centrifuged
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for 15 min at 13000 xg. The supernatant was treated with acetonitrile to precipitate proteins,
filtered through a 0.2 pm filter and separated on a 250 mm x 4.6 mm i.d. VC-ODS RP18
column with 25 mM phosphate buffer (pH 6.5). Methanol was used as the mobile phase and a
0.8 mLmin' flow rate. Fluorometric detection was performed at 532nm/553 nm
excitation/emission using a RF-10AXL detector coupled to the HPLC system (Shimadzu
Scientific Instruments, Kyoto, Japan) to ensure the sensitivity for low concentrations of the
MDA-TBA2 adduct. Tetracthoxypropane was processed in the same way and was applied to
calibrate MDA-TBA peak (Brown; Kelly, 1996).

2.6 Protein oxidation assay

Protein carbonyl (PCN) content was concurrently measured using a modified
colorimetric biochemical assay based on 2,4-dinitrophenylhydrazine (DNPH) (Mesquita et
al., 2014). Briefly, pellets obtained after centrifuging the heart homogenates were incubated
for 15 min with 0.4 mL of 10 mM 2,4-dinitrophenylhydrazine (DNPH) prepared in 0.5 M
H;PO, solution. Then, 200 uL NaOH (6 M) was added and incubated for 10 min. The
reaction for oxidized proteins involved derivatization of the carbonyl group with DNPH,
which generates a stable 2,4-dinitrophenyl (DNP) hydrazone metabolite. The reaction was
read by spectrophotometry at 450 nm (Anthos Zenyth 200, Biochrom, Cambridge, UK).

2.7 Heart histopathology and histomorphometry

Heart fragments were fixed for 24h with 4% paraformaldehyde prepared in 0.1 M
sodium phosphate buffer (pH 7.2) (Sequetto et al., 2014). Then, fragments were embedded in
plastic resin (glycol methacrylate) and 3-um thick heart sections were obtained using glass
knives coupled in a rotary microtome (Leica Biosystems, Wetzlar, Germany). Six heart
sections were obtained in semi-series for each animal, so that one in each 30 sections were
collected to avoid analyzing the same histological area. The sections were stained at 60 °C
with hematoxylin and eosin according to Mendonga et al. (2020) and only hematoxylin
according to Ivanova et al. (2021). Ten random non-coincident microscopic images were
obtained for each animal by bright field microscopy at x400 magnification (Axioscope Al;
Carl Zeiss, Germany). Heart pathological microstructural remodeling was analyzed
considering: (i) parenchyma and stroma distribution, (ii) tissue necrosis, (iii) inflammatory

infiltrate, (iv) myocyte hypertrophy or atrophy, (v) blood vessels distribution, and (vi) 7. cruzi
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nests distribution (Rodrigues et al., 2017). These abnormalities were globally expressed using
the polygonal method, which is based on a field diagram organized in four domains: (-)
normal, (- - +) mild, (+ +) moderate or (+ + +) severe damage (Felizardo ef al, 2018).
Interstitial cellularity and inflammatory infiltrate were quantified from the Image-Pro Plus
software (Media Cybernetics Inc., Silver Spring, MD, USA) (Novaes et al, 2018). A

pathologist blinded to the intervention groups performed all morphological analysis.

2.8 Macrophages and neutrophils heart influx

Macrophages accumulation/activation was estimated from
N-acetyl-f-D-glucosaminidase (NAG) activity in heart samples as previously reported
(Mendonga et al., 2020). N-acetyl-B-D-glucosaminidase is a lysosomal enzyme intensely
expressed by activated macrophages. Enzyme activity was measured in fresh heart samples,
which were homogenized in sodium phosphate buffer supplemented with protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO, USA) and centrifuged at 3000 xg for 15 min (4 °C).
The heart supernatant was collected and analyzed using a commercial biochemical
colorimetric kit following the manufacturer’s instructions (Abcam, Cambridge, UK). This
method is based on a synthetic p-nitrophenol derivative (R-pNP) as NAG substrate, whose
reaction product (pNP) can be detected by spectrophotometry at 400 nm (Mendonga et al.,
2020).

Neutrophils influx was estimated from myeloperoxidase (MPO) activity in heart
samples as previously reported (Mendonga et al, 2020). After centrifuging the heart
homogenate, the corresponding pellets were weighed, homogenized in pH 4.7 buffer (0.02 M
Na;PO,, 0.015M Na,-EDTA, and 0.1 M NaCl), and centrifuged for 10 min at 12,000xg
(4 °C). The pellets were resuspended in 0.05 M sodium phosphate bufter containing 0.5%
hexa-1,6-bis-decyltrimethylammonium bromide. Myeloperoxidase activity was measured by
spectrophotometry at 450 nm (Anthos Zenyth 200, Biochrom, Cambridge, UK), using
1.6 mM 3,3'-5,5'-tetramethylbenzidine dissolved in dimethyl sulfoxide and 0.3 mM H,0,
prepared in pH 6.0 sodium phosphate buffer.

2.9 Cardiac Troponin I Assay

Cardiac troponin I (cTnl) circulating levels were quantified in serum samples as a

marker of heart/cardiomyocytes damage (Gongalves-Santos et al., 2023; Nogueira et al.,
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2023). For this, blood samples (300 pL) collected during euthanasia were centrifuged
(12,000xg, 15 min and 4*C) in the presence of protease inhibitor cocktail (Sigma-Aldrich,
San Luis, MO, USA). The serum was collected and cTnl levels were quantified from an
enzyme-linked immunosorbent assay (ELISA) kit following the manufacturer’s instructions
(MyBioSource, San Diego, CA, USA). ¢cTnl was quantified by spectrophotometry at 450 nm
by using a 96-wells microplate reader (Anthos Zenyth 200, Biochrom, Cambridge, UK).

2.10 Cytokines immunoassay

The cytokines interferon gamma (IFN-y), tumor necrosis factor (TNF), interleukin 10
(IL-10), and the chemokine monocyte chemoattractant protein-1 (MCP-1/CCL2) were
quantified in the same heart homogenate obtained in the NAG assay. All cytokines were
quantified using a commercial cytometric bead array (CBA) mouse kit, according to the
manufacturer's instructions (BD Biosciences, San Diego, CA, USA). Standard curves ranging
from 20-5000 pg/mL were constructed from recombinant cytokines. The lower limit of
detection in this assay was 2.5-52.7 pg/mL. Data were collected and analyzed using the
FACSVerse flow cytometer and FCAP software (Biosciences, San Diego, CA, USA)
(Rodrigues et al., 2017).

2.11 Anti-T. cruzi immunoglobulins assay

Specific anti-1. cruzi type G immunoglobulins (IgG) were detected by enzyme-linked
immunosorbent assay (ELISA) as previously reported (Felizardo et al, 2018). The same
serum samples prepared to quantify cTnl was used in this assay. Briefly, 96-wells polystyrene
microplates were sensitized with 7. cruzi antigens and incubated with serum samples (50 pl)
from each animal. Total anti-mouse immunoglobulin G (IgG), 1gG1, IgG2a, and IgG2b
conjugated with peroxidase (Bethyl Laboratories, Montgomery, TX, USA) were applied to
the pre-sensitized wells. After treatment with the substrate (O-fenilenodiamino-OPD), the
optical density was read at 490 nm in a microplate spectrophotometer (Anthos Zenyth 200;
Biochrom, Cambridge, UK). Anti-IgG detection antibodies were omitted from control

reactions and absorbances were subtracted from the final results.
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2.12 Statistical method

The results were presented as mean and standard deviation of the mean (mean + S.D.)
or median and interquartile interval. Data distribution was verified according to the
D'Agostino-Pearson's K2 normality method. Data with normal distribution were compared
using one-way analysis of variance (ANOVA) followed by the Student-Newman-Keuls
post-hoc test. Non-parametric data were compared from the Kruskal-Wallis test followed by
the Student-Newman-Keuls method. Results with P<0.05 were admitted as statistically

significant.
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3 RESULTS

As indicated in Fig. 1, prepatent period was similar in all infected groups. The peak of
parasitemia was observed 6 days post-infection in Bz-treated mice and 8 days post-infection
in INF, DNP1 and DNP2 animals. Blood parasitism was similar in INF and DNP1 mice. This
parameter was efficiently controlled by Bz, but aggravated in DNP2 animals (Fig. 1A). T
cruzi DNA was identified in the heart of all infected animals, confirming the infection and
organ parasitism (Fig. 1B). In addition, parasite load was increased in both DNP-treated
groups (DNP1 and DNP2) compared to the group INF (P<0.05). This parameter was higher
in DNP2 compared to DNP1 animals (P<0.05). Parasite load was attenuated in Bz-treated
mice compared to the other groups (P<0.05) (Fig. 1B).

Figure 1 - Parasitemia curve (A) and cardiac parasite load (B)
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Caption: Parasitemia curve (A) and cardiac parasite load (B) in Trypanosoma cruzi-infected mice

untreated and treated with 2,4-dinitrophenol (DNP) and benznidazole (Bz). Groups: UU=
Uninfected untreated; INF=Infected untreated; Bz= Infected treated with 100 mg/kg Bz;
DNP1= Infected treated with 5 mg/kg DNP; DNP2= Infected treated with 10 mg/kg DNP.
Data are expressed as mean and standard deviation (A) or median and interquartile interval
(B). Statistical difference among the groups (P<0.05), compared to * INF, DNP1 and DNP2;
+ DNP1, { INF and DNP2; § INF.

As indicated in Table 1, initial parasitemia and parasitemia peak were similarly high in
the groups INF, DNP1 and DNP2 (P>0.05), but markedly reduced in Bz-treated mice

(P<0.05). Mean and final parasitemia were reduced in Bz-treated mice (P<0.05) and

increased in DNP2 mice (P<0.05) compared to the other groups.
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Table 1 - Parasitemia in 7rypanosoma cruzi-infected mice untreated and treated with

2,4-dinitrophenol (DNP) and benznidazole (Bz).

IP (Par./ 0.1 mL | MP (Par./ 0.1 mL | PP (Par./0.1 mL FP (Par./ 0.1 mL

Group blood) blood) blood) blood)

INF 74314 £ 67256 110979+ 110194 413611 £ 367718 75111 + 88010
Bz 19600 + 11784* 6363 +4326* 3900 + 1791* 0.00 £ 0.00%*

DNPI1 53828 £42356 117497 £95783 435222 + 354044 55468 £ 51337

165818 +
DNP2 76416 +£ 63212 109749+ 474550 £ 413544 93375+ 671737
Source: From the author.
Caption: IP= Initial parasitemia (days 5-7 post-infection); MP= Mean parasitemia (days 5-15

post-infection); PP= Peak of parasitemia (day 8 post-infection); FP= Final parasitemia (days
12-15 post-infection). Groups: INF= Infected untreated; Bz= Infected treated with 100 mg/kg
Bz; DNPI1= Infected treated with 5 mg/kg DNP; DNP2= Infected treated with 10 mg/kg
DNP. Data are expressed as mean + standard deviation. Statistical difference among the
groups (P<0.05), compared to * INF, DNP1 and DNP2; 1 DNP1.

As shown in Fig. 2, ROS and NO production was upregulated in all infected groups
compared to uninfected control animals (P<0.05). ROS and NO heart levels were
down-regulated in the groups DNP1 and especially DNP2 compared to the groups Bz and
INF (P<0.05). ROS and NO levels were markedly reduced in Bz-treated mice compared to
the other infected groups (P<0.05).
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Figure 2 - Reactive oxygen species (ROS) and nitrite/nitrate (NO,/NO5")
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Caption: Reactive oxygen species (ROS) and nitrite/nitrate (NO,/NOjy’) heart levels in uninfected and
Trypanosoma cruzi-infected mice untreated and treated with 2,4-dinitrophenol (DNP) and
benznidazole (Bz). Groups: UU= Uninfected untreated; INF= Infected untreated; Bz=
Infected treated with 100 mg/kg Bz; DNP1= Infected treated with 5 mg/kg DNP; DNP2=
Infected treated with 10 mg/kg DNP. Data are expressed as median and interquartile interval.
Statistical difference among the groups (P <0.05), compared to * UU; 1 INF, DNPI and
DNP2; § INF; # Bz; § INF and DNPI.

As shown in Fig. 3, MDA and PCN heart levels were upregulated in all infected groups
compared to uninfected control animals (P<0.05). MDA and PCN levels were similarly
increased in the groups INF and DNP1 (P>0.05). MDA and PCN levels were down-regulated
in the groups DNP2 and especially Bz compared to the groups INF and DNP1 (P<0.05).
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Figure 3 - Malondialdehyde - MDA (A) and protein carbonyl - PCN (B)
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Caption: Malondialdehyde - MDA (A) and protein carbonyl - PCN (B) heart levels in uninfected and

Trypanosoma cruzi-infected mice untreated and treated with 2,4-dinitrophenol (DNP) and
benznidazole (Bz). Groups: UU= Uninfected untreated; INF= Infected untreated; Bz=
Infected treated with 100 mg/kg Bz; DNP1= Infected treated with 5 mg/kg DNP; DNP2=
Infected treated with 10 mg/kg DNP. Data are expressed as median and interquartile interval.
Statistical difference among the groups (P <0.05), compared to * UU; 1 INF, DNP1 and
DNP2; } INF; # Bz; § INF and DNP1.

As represented in Fig. 4, the microstructural analysis indicated that the heart of
uninfected and 7. cruzi-infected mice receiving Bz presented a normal myocardial structure
with scarce connective tissue and interstitial cellularity, parallel and well-defined
cardiomyocytes with no evidence of cell degeneration or myocarditis. Conversely, DNP1 and
DNP2 animals exhibited marked myocarditis, characterized evident inflammatory infiltrate
rich in mononuclear cells and notorious connective tissue expansion. These pathological
changes were more pronounced in the groups DNPI and especially DNP2. Large

inflammatory foci and multiple intracellular 70 cruzi nests were more frequently observed in

DNP2 animals. The histopathological score corroborated the microstructural findings,
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indicating that the pathological remodeling was more pronounced in DNP1 and DNP2 mice

(Fig. 4, field diagram — FD).

Figure 4 - Representative microscopic images and histopathological score
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Caption: Representative microscopic images and histopathological score (Field diagram — FD) of
heart from uninfected and Trypanosoma cruzi-infected mice untreated and treated with
2,4-dinitrophenol (DNP) and benznidazole (Bz). Groups: UU= Uninfected untreated; INF=
Infected untreated; Bz= Infected treated with 100 mg/kg Bz; DNP1= Infected treated with 5
mg/kg DNP; DNP2= Infected treated with 10 mg/kg DNP. In the Field diagram (FD), the
symbols indicate (-) normal, (- - +) mild, (+ +) moderate or (+ + +) intense heart damage
represented by  cellularity/inflammatory  infiltrate, myocardial  disorganization,
cardiomyocytes hypertrophy and necrosis. The area delimited by the red line indicates the
histopathological score determined by all groups, and the line direction indicates the
influence of each group in this status. No evidence of heart inflammation was observed in
uninfected untreated mice and infected animals receiving Bz (predominance of normal [-] or
mild [- - +] cellularity).

As shown in Fig. 5, NAG and MPO activities were upregulated in the heart of INF,
DNP1 and DNP2 animals compared to uninfected and Bz-treated mice (P<0.05). MPO
activity was similarly increased in the groups INF and DNP1 (P>0.05). MPO activity was
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similarly reduced in uninfected and Bz-treated mice compared to the other groups (P>0.05).

NAG and MPO activities were down-regulated in the heart of DNP2 compared to DNP1 mice
(P<0.05).

Figure 5 - N-acetyl-B-D-glucosaminidase - NAG (A) and myeloperoxidase - MPO (B)
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Caption: N-acetyl-pB-D-glucosaminidase - NAG (A) and myeloperoxidase - MPO (B) activity in the

heart of uninfected and Trypanosoma cruzi-infected mice untreated and treated with
2,4-dinitrophenol (DNP) and benznidazole (Bz). Groups: UU= Uninfected untreated; INF=
Infected untreated; Bz= Infected treated with 100 mg/kg Bz; DNP1= Infected treated with 5
mg/kg DNP; DNP2= Infected treated with 10 mg/kg DNP. Data are expressed as median and
interquartile interval. Statistical difference among the groups (P <0.05), compared to * UU;
INF, DNP1 and DNP2;  INF; # Bz; § INF and DNP1.

Myocardial cellularity and cTnl circulating levels are shown in Fig. 6. These
parameters were upregulated in INF, DNP1 and DNP2 animals compared to uninfected and
Bz-treated mice (P<0.05). Myocardial cellularity was similar in uninfected and Bz-treated
animals (P>0.05), and reduced in DNP2 mice compared to the groups INF and DNPI

(P<0.05). cTnl levels were increased in all infected groups compared to uninfected control
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animals (P<0.05). This marker was upregulated in DNP1 and DNP2 animals compared to the

other groups (P<0.05). DNP2 mice exhibited higher c¢Tnl levels compared to DNP1 animals

(P<0.05).

Figure 6 - Interstitial myocardial cellularity (IC - A) and cardiac troponin I (¢Tnl) circulating

levels (B)
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Caption:

Interstitial myocardial cellularity (IC - A) and cardiac troponin I (¢cTnl) circulating levels (B)

in uninfected and Trypanosoma cruzi-infected mice untreated and treated with
2,4-dinitrophenol (DNP) and benznidazole (Bz). Groups: UU= Uninfected untreated; INF=
Infected untreated; Bz= Infected treated with 100 mg/kg Bz; DNP1= Infected treated with 5
mg/kg DNP; DNP2= Infected treated with 10 mg/kg DNP. Data are expressed as median and
interquartile interval. Statistical difference among the groups (P <0.05), compared to * UU; }
INF, DNP1 and DNP2; { INF; # Bz; § INF and DNP1.

As shown in Fig. 7, IFN-y, TNF, MCP-1/CCL2 and IL-10 heart levels were upregulated
in INF, DNP1 and DNP2 animals compared to uninfected and Bz-treated mice (P<0.05).

Only MCP-1/CCL2 levels were similar in uninfected mice and those infected receiving Bz

(P>0.05). IFN-y, TNF, MCP-1/CCL2 and IL-10 levels were similar in DNP1 and DNP2 mice
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(P>0.05). These immunological effectors were reduced in DNP2 animals compared to the

groups INF and DNP1 (P<0.05).

Figure 7 - Cytokine heart levels in 7rypanosoma cruzi-infected mice untreated and treated

with 2,4-dinitrophenol (DNP) and benznidazole (Bz).
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Caption: Cytokine heart levels in Trypanosoma cruzi-infected mice untreated and treated with

2,4-dinitrophenol (DNP) and benznidazole (Bz). Groups: UU= Uninfected untreated; INF=
Infected untreated; Bz= Infected treated with 100 mg/kg Bz; DNP1= Infected treated with 5
mg/kg DNP; DNP2= Infected treated with 10 mg/kg DNP. Data are expressed as median and
interquartile interval. Statistical difference among the groups (P<0.05), compared to * UU; t
INF, DNP1 and DNP2; } INF; # Bz; § INF and DNP1.

Anti-T. cruzi 1gG titers are indicated in Fig. 7. Total IgG, IgG1, IgG2a and 1gG2b titers
were upregulated in all infected groups compared to control uninfected animals (P<0.05).
Total IgG and IgG1 were down-regulated in the groups DNP1, DNP2 and Bz compared to the
group INF (P<0.05). Except for IgG2b, all IgG subclasses were reduced in DNP2 compared

to DNP1 mice (P<0.05), and even more reduced in Bz-treated mice compared to these groups
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(P<0.05). IgG2a and IgG2b titers were similar in the groups INF and DNP1 (P>0.05). IgG2a
titers were reduced in DNP2 compared to the groups INF and DNP1 (P<0.05).

Figure 8 - Immunoglobulin G (IgQG) circulating levels in Trypanosoma cruzi-infected mice

untreated and treated with 2,4-dinitrophenol (DNP) and benznidazole (Bz).
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Caption: Immunoglobulin G (IgG) circulating levels in Trypanosoma cruzi-infected mice untreated

and treated with 2,4-dinitrophenol (DNP) and benznidazole (Bz). Groups: UU= Uninfected
untreated; INF= Infected untreated; Bz= Infected treated with 100 mg/kg Bz; DNP1=
Infected treated with 5 mg/kg DNP; DNP2= Infected treated with 10 mg/kg DNP. Data are
expressed as median and interquartile interval. Statistical difference among the groups (P
<0.05), compared to * UU; 1 INF, DNP1 and DNP2; I INF; # Bz; § INF and DNPI.
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4 DISCUSSION

In the present study, we identified for the first time that DNP modulates 7. cruzi
infection, cardiac parasitism and myocarditis in mice, exerting effects opposite to reference
antiparasitic chemotherapy. Accordingly, DNP administration aggravated parasitemia and/or
heart parasitism, which were effectively controlled by Bz. Interestingly, blood and heart
parasitism exhibited similar behavior only at the highest DNP dose, which was not observed
in animals receiving the lowest dose of this drug. In 7. cruzi infection, parasitemia and
cardiac parasite load are not invariably correlated. Although this dependence is expected
considering 7. cruzi replicative cycle and myotropic lineages (e.g., CL and Colombiana),
parasite tropism is widely variable in different 7. cruzi strains (Melo; Brener, 1978; Andrade;
Magalhdes, 1997). Thus, the dissociation between parasitemia and cardiac parasitism in
macrophagotropic parasites is not uncommon, as occurs with the Y strain (Melo; Brener,
1978; Andrade; Magalhaes, 1997). In addition, marked parasitism and organ damage can
occur even in the absence of high parasitemia (Higuchi ez al., 1993; Caldas et al,, 2019). On
the other hand, our findings indicate that parasitemia and cardiac parasitism may be aligned
even in infections caused by a macrophagotropic strain, which may be linked to the
worsening of 7. cruzi infection according to Felizardo et al. (2018), Novaes et al. (2018) e
Mendonga et al. (2020) in response to the high DNP dose used (10 mg/kg). Unlike DNP,
parasitemia and heart parasitism were simultaneously attenuated in Bz-treated mice,
reinforcing the use of Bz as reference drug, since parasitological control is the primary
outcome expected in the effective management of acute Chagas disease (Santos ef al., 2015;
Novaes et al., 2016; Caldas et al., 2019).

As expected, ROS and NO production were upregulated in the heart of 7. cruzi-infected
mice. There is consistent evidence indicating that the heart is a direct source and
simultaneous target of the redox imbalance triggered by 7. cruzi infection (Wen; Garg, 2008;
Gupta et al, 2009; Rodrigues et al., 2017). Accordingly, reactive species derive from two
main cardiac sources, represented by the disruption of the electron transport chain in infected
cardiomyocytes as described by Wen; Garg, (2008), Gupta et al. (2009) and by the respiratory
burst in leukocytes recruited and activated in the heart to combat cell parasitism (Paiva;
Bozza, 2014; Nogueira et al, 2023). Despite the antiparasitic effects, the nonspecific
cytotoxicity of these reactive effectors contributes to aggravating cardiac injury according to
Paiva et al. (2018), adding to the damage caused by direct lysis of 7. cruzi parasitized cells in

acute infections (Zacks et al, 2005; Paiva et al., 2018). MDA and PCN cardiac levels
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confirmed redox imbalance and oxidative stress in infected animals, indicating that heart
lipids and proteins are sensitive targets of reactive effectors in Chagas disease (Novaes ef al.,
2015; Santos et al., 2015; Mendonga et al., 2020). As expected, Bz and DNP attenuated
reactive species biosynthesis and molecular oxidation in infected animals. However, the
impact of this drug on parasitemia and cardiac parasitism indicates that the observed
antioxidant responses are linked to distinct pharmacological properties of these drugs.
Accordingly, there is evidence that oxidative stress attenuation is a secondary response to
treatment of 7. cruzi-infected animals with Bz (Santos et al., 2015; Novaes et al., 2018;
Mendonga et al., 2020). In this sense, parasitological control is accompanied by a reduction
in antigenic load and immunostimulation, resulting in attenuation of myocarditis (e.g.,
leukocytes recruitment and cytokines production) and the associated redox imbalance (Santos
et al., 2015; Novaes et al, 2018; Mendonga ef al., 2020). On the contrary, the antiparasitic
meffectiveness reinforces the classic antioxidant mechanism attributed to DNP, which
attenuates reactive species biosynthesis through partial uncoupling of the mitochondrial
respiratory chain in eukaryotic cells (Nasab et al, 2004; Geisler, 2019). Although blocking
oxidative stress is proposed as a complementary alternative to attenuate cardiac damage
associated with 7. cruzi infection as described by Novaes et al. (2016), Vilar-Vereira et al.
(2016) e Tieghi et al. (2017), antioxidant therapy is still controversial. Thus, the use of free
radicals scavengers such as vitamin C and E has not always been associated with relevant
protective effects in acute Chagas disease (Gusmao et al., 2012; Marin et al., 2012; Novaes et
al., 2017).

Surprisingly, reactive species production and molecular oxidation were consistent with
myocardial microstructure in both untreated and Bz-treated infected animals. Considering
myocardial cellularity, these intriguing findings reinforce the proposition that BZ-induced
parasitological and inflammation control was associated with the attenuation of cardiac
oxidative stress. Furthermore, only the highest DNP dose was effective in down-regulating
myocardial cellularity, indicating that this drug may have dose-dependent effects on
leukocyte recruitment in 7. cruzi infection. However, cardiac MPO and/or NAG activities
were reduced in animals receiving all DNP doses, indicating that neutrophils and
macrophages activation may be especially impaired by this drug, even when administered at
lower concentrations. MPO according to Gupta et al. (2009), Machado et al. (2012) and NAG
according to Silva et al., (2015); Mendonga et al. (2020) are respective markers of the innate
defense responses mediated by neutrophils and macrophages against pathogens, so that

cardiac up-regulation of these enzymes is expected in Chagas disease (Mendonga et al., 2020;
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Pereira-Santos ef al., 2022). ROS and RNS produced by neutrophils and macrophages play a
central antiparasitic role in 7. cruzi-infected organs, which is impaired by inhibitory drugs
(Mendonga et al., 2020). As only the highest DNP dose simultaneously down-regulated
myocardial cellularity, MPO and NAG activity, it is not unrealistic to assume that the
mechanisms that regulate neutrophils and macrophages activation may be more susceptible to
DNP than those involved in cardiac leukocyte recruitment. Although this proposition needs to
be clarified, there is evidence that mitochondrial uncouplers such as DNP inhibit
macrophages activation second study by Cifarelli et al. (1979), Patoli et al. (2020) by
stimulating mitophagy in these cells (Patoli et al., 2020). Thus, this process may be also
related to ROS down-regulation, a phenomenon that impairs classical macrophages (M1)
activation according to Patoli et al. (2020), which are essential in controlling the parasite load
in 7. cruzi infection (Zanluqui et al., 2015; Rodrigues et al., 2017). Despite the reduced
inflammatory infiltrate, MPO and NAG activities, DNP treatment was associated with
increased cTnl circulating levels. These findings indicate greater cardiomyocytes damage,
which may be related to the worsening of direct injuries caused by cardiomyocytes parasitism
according to Gongalves-Santos et al. (2023), representing an outcome consistent with the
greater parasite load in DNP-exposed animals. Conversely, cTnl levels were markedly
attenuated in Bz-treated mice. This finding was consistent with parasitemia, parasite load and
oxidative stress down-regulation in these animals, reinforcing that cardiomyocytes integrity is
dependent of an adequate parasitological and oxidative control in Chagas disease
(Gongalves-Santos et al., 2023; Nogueira et al., 2023).

Interestingly, reduced leukocytes activity can be corroborated by cytokines
down-regulation in animals treated with the highest DNP dose. Accordingly, attenuation in
I[FN-y and TNF biosynthesis has special relevance for the worsening of parasitemia and
cardiac parasitism in DNP-treated animals. High IFN-y and TNF levels are typically
produced in Thl-polarized immunological response, which is essential to improve host
resistance against 7. cruzi (Machado et al., 2012, 2013; Rodrigues et al., 2017). As these Thl
cytokines reinforce parasitological control in target organs, it was already expected that
attenuated IFN-y and TNF production would worsen parasitism and cardiac microstructural
damage as described by Machado et al. (2012, 2013), Felizardo et al. (2018), corroborating
our findings. There is evidence that IFN-y and TNF have antiparasitic effects by stimulating
leucocytes recruitment and activation in infected organs, inducing classical macrophages
polarization and oxidative burst in mononuclear and polymorphonuclear immune cells (Gupta

et al., 2009; Machado et al., 2013). In these processes, IFN-y and TNF trigger ROS (e.g.,
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H,0,, HCIO, 02", and OH") and RNS production (e.g., NO and ONOO™) (mariappan et al.,
2007; prasanna et al., (2007), which neutralize 7. cruzi by oxi-reduction processes (Gupta et
al., 2009; Machado et al., 2013). Accordingly, in addition to direct mitochondrial uncoupling,
reactive species down-regulation may be linked to the attenuated Thl phenotype in
DNP-treated animals. Thus, hosts become more susceptible to cardiac parasitism, since these
oxidative and immunological effectors are natural barriers against 7. cruzi (Gupta et al.,
2009; Machado et al., 2012, 2013). As expected, IFN and TNF levels were further reduced by
Bz treatment. However, these effects are mediated by two different and complementary
mechanisms, represented by anti-inflammatory (linked to NF-xB inhibition) and direct
antiparasitic responses triggered by Bz (RONCO et al, 2011). Taken together, these
pharmacological properties are highly relevant and desirable in anti-7. cruzi drugs,
determining efficient control of the parasite load and 7. cruzi-induced acute myocarditis
(Cevey et al., 2015; Mendonga et al., 2020; Vilas-Boas et al., 2022).

As well as IFN-y and TNF, MCP-1/CCL2 and IL-10 heart levels were increased by 7.
cruzi infection, which were attenuated in animals receiving Bz and the highest DNP dose. It
is recognized that the chemokine MCP-1/CCL2 plays an important protective role against 7.
cruzi, specially by stimulating macrophages recruitment and upregulating the inducible nitric
oxide synthase/nitric oxide system in parasitized organs (Ramasawmy et al., 2006; Paiva et
al., 2009). In addition, high production of this chemokine is often associated with intense
myocarditis and oxidative damage in acute Chagas disease according to Ramasawmy et al.
(2006), Paiva et al. (2009), as observed in infected untreated mice. Thus, MCP-1/CCL2
down-regulation by Bz and DNP is consistent with attenuation of the inflammatory infiltrate
and cardiomyocytes injury, as respectively indicated by the reduction in myocardial
cellularity and cTnl levels. Unlike IFN-y, TNF and MCP-1/CCL2, IL-10 is an Treg
anti-inflammatory effector without antiparasitic activity (Abrahamsohn ef al., 1996, Rada et
al., 2020). In Chagas disease, IL-10 is upregulated as a counterregulatory response that
modulates the intensity of the Thl phenotype, preventing exacerbated inflammation and
oxidative tissue damage in parasitized organs (Abrahamsohn et al., 1996; Rada et al., 2020).
Accordingly, IL-10 deficiency is associated with immune hyperactivity and more severe
myocarditis in mice, determining higher mortality rates in 7. cruzi-infected animals (Hunter
et al., 1997; Roffé et al., 2012). Typically, MCP-1 and IL-10 down-regulation is associated
with effective parasitological control induced by Bz (Santos et al., 2019; Mendonga ef al.,
2020). However, it may represent a direct inhibitory response to DNP treatment, which needs

to be further clarified.
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As expected, the immunological reaction to 7. cruzi infection was consistent with a
concomitant upregulation of anti-7. cruzi immunoglobulins. There is evidence that cell
mediated immunological responses are the main line of defense against intracellular
pathogens, including 7. cruzi (Abrahamsohn et al,, 1996; Machado et al., 2013). However,
humoral mechanisms reinforce host resistance to 7. cruzi by signaling infected cells to be
destroyed and neutralizing parasites (e.g., activating the complement system) released into
the extracellular space (Pyrrho et al, 1998; Bryan et al, 2010). Classically, protective
humoral responses against 7. cruzi have been mainly attributed to the production of
neutralizing antibodies of the IgG2a subclass (Pyrrho et al., 1998; Bryan et al, 2010).
However, similar lytic effects triggered by IgG1 indicate that both immunoglobulins play
relevant role in controlling 7. cruzi infection (Pyrrho et al., 1998; Bryan et al., 2010).
Curiously, intense production of humoral effectors is not invariably associated with protective
responses in 7. cruzi-infected hosts. Accordingly, non-neutralizing antibodies can interact
with irrelevant antigens and block the activity of lytic antibodies, determining an ineffective
humoral response (Powell; Wassom, 1993). As indicated in previous studies of Novaes et al.
(2016), Mendonga et al. (2020), the downregulation in anti-7. cruzi 1gG titers observed in the
present study was consistent with reduced parasite load in Bz-treated animals. Thus, IgG
production is expected to be down-regulated as the antigenic load is attenuated by the
reference treatment (Gongalves-Santos et al., 2019; Mendonga et al., 2020). However, DNP
treatment determined a divergent humoral response, reducing IgG titers at the same time that
stimulated parasite load. Although the mechanism associated with DNP-induced humoral
inhibition remains unclear, this response may increase host susceptibility to heart parasitism
and cardiomyocytes damage according to Kumar; Tarleton, (1998), Bryan et al. (2010),
which may partially explain the high parasite load and c¢Tnl levels in infected animals
receiving DNP. Classically, the attenuation of the immune response is admitted as a marker of
antiparasitic chemotherapy effectiveness (Machado-De-Assis et al., 2012; Caldas et al.,
2019). However, this response is only desirable in parallel with efficient parasitological
control, in the absence of which the infection can be worsened, as occurred in DNP-treated

animals.
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S CONCLUSION

Taken together, our findings indicate that due to the infectivity in controlling
parasitemia and parasite load, DNP may act as a risk factor for acute Chagas heart disease.
Guided by Bz-based reference chemotherapy, the undesirable response to DNP treatment was
especially related to the down-regulation in oxidative and immunological effectors directly
involved in host resistance against 7. cruzi infection. Accordingly, unbalanced host defenses
increase heart susceptibility to parasitism and 7. cruzi-induced cardiomyocytes
microstructural damage in DNP-exposed mice. These responses contrast with Bz-induced
cardioprotective effects, which were manifested by the desirable combination of direct
antiparasitic and anti-inflammatory properties of this drug, culminating in a marked
attenuation of myocarditis associated with heart parasitism and oxidative stress triggered by

T cruzi infection.
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