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Chagas disease (CD), caused by the protozoan Trypanosoma cruzi, is a neglected tropical disease and a health problem in Latin America. Etiological treatment has limited effectiveness in chronic CD; thus, new therapeutic strategies are required. The practice of physical exercises has been widely advocated to improve the quality of life of CD patients. The most frequent clinical CD manifestation is the chronic indeterminate form (CIF), and the effect of physical exercises on disease progression remains unknown. Here, in a CIF model, we aimed to evaluate the effect of physical exercises on cardiac histological, parasitological, mitochondrial, and oxidative metabolism, electro and echocardiographic profiles, and immunological features. To establish a CIF model, BALB/c and C57BL/6 mice were infected with 100 and 500 trypomastigotes of the Y T. cruzi strain. At 120 days postinfection (dpi), all mouse groups showed normal PR and corrected QT intervals and QRS complexes. Compared to BALB/c mice, C57BL/6 mice showed a lower parasitemia peak, mortality rate, and less intense myocarditis. Thus, C57BL/6 mice infected with 500 parasites were used for subsequent analyses. At 120 dpi, a decrease in cardiac mitochondrial oxygen consumption and an increase in reactive oxygen species (ROS) were detected. When we increased the number of analyzed mice, a reduced heart rate and slightly prolonged corrected QT intervals were detected, at 120 and 150 dpi, which were then normalized at 180 dpi, thus characterizing the CIF. Y-infected mice were subjected to an exercise program on a treadmill for 4 weeks (from 150 to 180 dpi), five times per week in a 30–60-min daily training session. At 180 dpi, no alterations were detected in cardiac mitochondrial and oxidative metabolism, which were not affected by physical exercises, although ROS production increased. At 120 and 180 dpi, comparing infected and non-infected mice, no differences were observed in the levels of plasma cytokines, indicating that a crucial biomarker of the systemic inflammatory profile was absent and not affected by exercise. Compared with sedentary mice, trained Y-infected mice showed similar parasite loads and inflammatory cells but reduced cardiac fibrosis. Therefore, our data show that physical exercises promote beneficial changes that may prevent CD progression.
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Introduction

Chagas disease (CD), caused by the protozoan parasite Trypanosoma cruzi, is a neglected tropical disease and affects 6 to 7 million people worldwide (1, 2). In the last three decades, rural evasion and migration from endemic Latin American countries to non-endemic countries in North America, Europe, and Asia have changed the epidemiological profile of the disease, increasing the number of individuals at risk of infection (2, 3). CD has two clinical phases: acute and chronic. The acute phase is characterized by patent parasitemia, the presence of inflammatory infiltrates in different tissues and specific IgM synthesis against T. cruzi (4). In the chronic phase, approximately 70% of individuals do not show clinical signs or symptoms, characterizing its indeterminate form (CIF) (5, 6). This clinical form is distinguished by the presence of antibodies against T. cruzi in the serum, a normal electrocardiogram (ECG) or chest X-ray, and an unaltered esophagus and/or colon radiograph. Most individuals remain in this phase for the rest of their lives (6). Echocardiography (ECHO) and other complementary exams are not common in individuals who present a normal ECG. However, there are CD cases with a normal ECG and changes in other cardiological exams, such as ECHO, myocardial scintigraphy, and magnetic resonance imaging, that are generally mild and not associated with a higher risk of death (7–9). Biopsies from CIF patients have shown discrete or low myocarditis (10, 11). The absence of clinical manifestations in CD may be associated with an individual’s ability to regulate the infection-triggered immune response that controls parasite growth (12). The remaining 30%–40% of patients will develop determinate forms, such as cardiac, digestive, cardio-digestive, and neuronal and/or behavioral disorders (9). Chronic Chagas’ heart disease or chronic chagasic cardiomyopathy (CCC) is the prevalent determined clinical form and the main cause of morbidity and mortality, representing one of the major causes of heart failure (HF) and sudden death in Latin America (8). CCC is characterized by parasite persistence, inflammation, and progressive fibrosis with remodeling of the myocardium and is commonly associated with HF (8). When HF is established, the patient presents a progressive worsening of cardiac functional capacity, which limits daily activities (9). Since there is no specific and effective treatment, CCC is treated similarly to HF of other etiologies (13, 14). Thus, the identification of a specific treatment has become a major challenge. Importantly, the correlation between cardiac inflammation caused by the presence of the parasite added to the intensity of the systemic immune response has been associated with the pathogenesis of CCC (15–17).

T. cruzi is an obligate intracellular parasite that is able to infect a wide range of cells and spread throughout tissues. This parasite exhibits a distinct organ tropism, mainly to cardiac muscle cells (18). Due to its biological function, cardiac muscle is rich in mitochondria and highly dependent on oxidative phosphorylation (OXPHOS) for energy production (19, 20). In the last two decades, CCC has been considered a mitochondrial disorder, and morphological alterations such as mitochondrial swelling, irregular membranes, and loss of cristae occur at the beginning of the infection and are exacerbated with the progression and severity of the cardiac form of CD (21, 22). Such mitochondrial dysfunction has been correlated with decreased activity of the respiratory complexes, resulting in inefficient ATP production (23, 24). Despite their classical role in bioenergetics, mitochondria are also responsible for the generation of large amounts of reactive oxygen species (ROS). During mitochondrial respiration, a partial reduction of O2 occurs, producing O2-, H2O2, or OH- (25). However, ROS production increases exponentially following damage to the electron transport system (25). During T. cruzi infection, ROS can be produced due to direct parasite-triggered tissue destruction, the cytotoxicity-mediated immune response, or mitochondrial damage (25). Decreased activity of mitochondrial complexes is involved in the exacerbation of ROS generation in the heart tissue of acute and chronic T. cruzi-infected mice (24, 26, 27).

Physical training has been shown to improve the quality of life and to reduce hospitalizations and deaths of patients with heart disease, including CCC (28, 29). Molecularly, physical activity promotes an increase in electron transport system efficiency and mitochondrial biogenesis, as well as clearance of toxic molecules, including ROS and aldehydes (19, 30, 31). Furthermore, physical exercises combined with etiological treatment have been widely supported for use with people affected by CD (32–35). In experimental models of CCC, physical exercises before T. cruzi infection have been shown to decrease parasitemia and to improve the immune response and antioxidant defenses in heart tissue (36–38). However, such exacerbations of immune and pro-oxidant responses have been directly associated with CD aggravation (25, 39). In this scenario, anti-inflammatory and antioxidant agents, such as vitamin E and C and curcumin, have been proposed to prove protection against tissue damage (5, 40). In the acute phase of infection in Wistar rats, physical exercises are not recommended since they exacerbate inflammation in cardiac tissue and increase cytokine levels in serum (41). In experimental models of CCC, physical exercises improve morphological and morphometric parameters in heart tissue (42, 43). In patients with CCC, physical exercises ameliorate cutaneous microvascular function, hemodynamics, ECHO, and clinical parameters (33, 34, 44–46). Very little is known about the physiopathology of CIF. In recent years, experimental models have been described attempting to fulfill the lack of knowledge on CIF as well as the mechanisms involved in the pathogenesis and progression of CD (47–49). In the present study, a long-lasting murine model of CIF testing C57BL/6 and BALB/c mice infected with the Y T. cruzi strain was initially developed. Next, a CIF model was used to investigate the effects of physical training on the progression of heart disease, thus analyzing parasitological, electrical, and echocardiographic features, systemic cytokine profiles, heart tissue damage, myocarditis, fibrosis, and mitochondrial and oxidative metabolism.



Material and Methods


Reagents

Adenosine 5′-diphosphate (ADP), antimycin A (AA), bovine serum albumin (BSA), catalase, cytochrome c from equine hearts, glutathione reduced (GSH), glutathione reductase, malate, β-nicotinamide adenine dinucleotide (NADH), β-nicotinamide adenine dinucleotide 2′-phosphate reduced (NADPH), nitrotetrazolium blue chloride (NBT), paraformaldehyde, pyruvate, rotenone, sodium dithionite, succinic acid, xanthine, and xanthine oxidase were purchased from Sigma-Aldrich (St. Louis, MO, USA). H2O2 and potassium cyanide were purchased from Merck (Darmstadt, Germany). The CK-MB Liquiform kit was purchased from Labtest (Lagoa Santa, Minas Gerais, Brazil). The BD™ Cytometric Bead Array kit (CBA) was obtained from BD Biosciences (San Jose, CA, USA). OCT Tissue-Tek resin was purchased from Sakura (Torrance, CA, USA). Dihydroetide (DHE) and Pierce™ BCA protein assay kits were purchased from Thermo Fisher (Waltham, MA, USA). GAPDH was obtained from Applied Biosystems (Waltham, MA, USA). The High Pure PCR Template Preparation kit was purchased from Roche (Basel, Switzerland).



Ethics Statement

Four- to seven-week-old female BALB/c and C57BL/6 mice were obtained from the Institute of Science and Technology in Biomodels (ICTB) of the Oswaldo Cruz Foundation (Fiocruz). All protocols were carried out in accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals of the National Council for Animal Experimentation - COBEA (http://www.cobea.org.br/) and in accordance with federal Law 11.794 (8th of October 2008). The Animal Use Ethics Committee of IOC/Fiocruz (L-002/2019) approved all the procedures used in this study.



Experimental Model and Infection

Mice were kept under a 12-h light–dark cycle with access to food and water ad libitum. Mice were infected intraperitoneally with 100 (Tc 100) or 500 (Tc 500) T. cruzi bloodstream trypomastigotes (Y strain, DTU II). These parasites were obtained by cardiac puncture at the peak of parasitemia (7° dpi) in Swiss mice (3 × 105 parasites intraperitoneally route) (50). Parasitemia was estimated using 5 μl of blood obtained from the tail and monitored daily from 5 dpi until the parasitemia was subpatent. Mortality was registered weekly. Animals were randomly chosen for subsequent tests.



Experimental Groups

For the establishment of a CIF model, BALB/c (H-2d) and C57BL/6 (H-2b) mice were divided into three groups: non-infected (NI), infected with 100 (Tc 100), or infected with 500 (Tc 500). For subsequent experiments, C57BL/6 mice were divided into four groups: uninfected sedentary (NI S = 14), uninfected trained (NI T = 14), infected sedentary (Tc S =14), and infected trained (Tc T = 14). Euthanasia was performed by cervical dislocation. Peripheral blood was collected with heparin (2500 UI/ml) by cardiac puncture. The spleen and heart were removed, weighed, sectioned in fragments and stored dry or embedded in OCT Tissue-Tek resin (Sakura, USA), frozen in liquid nitrogen, and stored at -80°C.



Physical Exercises

At 140 dpi, NI T and Tc T mice were subjected to training adaptation on a motorized treadmill (Insight, Brazil) for 1 week (3 days/week), followed by 4 weeks of forced exercise training (5 days/week). During the adaptation period, the mice were subjected to a 4–6-m/min exercise for 15 min. The training protocol consisted of a progressive increase in speed: (a) 6–14 m/min for 30 min/day in the first week; (b) 8–16 m/min for 45 min in the second week; (c) 10–18 m/min for 60 min in the third week; and (d) 20 m/min for 60 min in the fourth week. The treadmill speeds were estimated to provide mice with moderate-intensity exercise, as previously proposed for a T. cruzi-infected model of CD (36).



Muscle Strength Analysis

At 120 and 180 dpi, muscle strength was calculated using a grip strength meter (Grip, FEP 305, Insight, Brazil) as previously described (51, 52). Data are expressed as the mean of the strength intensity = gram-force (gf)/body weight (g) (52).



Electrocardiographic Analysis

At 120, 150, and 180 dpi, all mice were sedated with diazepam (10 mg/kg), and transducers were placed subcutaneously for derivation (DII) analysis. Traces were recorded using a digital system (Power Lab 20/02) connected to a 2-mV bioamplifier for 1 s (Panlab Instruments, Spain), with records for 2 min. Heart rates (beats per min, bpm), P-wave duration and PR and corrected QT intervals, and QRS complex in milliseconds (ms) were evaluated (53, 54).



Echocardiographic Analysis

For analysis of cardiac function, mice were anesthetized (inhalation route) with 1.5% isoflurane gas in oxygen with a 1-l/min flow, trichotomized in the precordial region and examined with a Vevo 770 ultrasound device (Visual Sonics, Canada) coupled to a 30-MHz transducer (54, 55) at 180 dpi. The left ventricular ejection fraction (% LVEF), fractional area variation (% FAC), stroke volume, right ventricle area and left ventricle area were determined.



CK-MB Activity

At 120 and 180 dpi, creatine kinase myocardial MB isoenzyme (CK-MB) activity was measured in plasma using a commercial CK-MB Liquiform kit (Labtest) according to the manufacturer’s recommendations (53).



Cytokine Analysis

At 120 and 180 dpi, concentrations of the cytokines interleukin-6 (IL-6), interleukin-10 (IL-10), monocyte chemoattractant protein-1 (MCP-1), interferon-γ (IFNγ), tumor necrosis factor (TNF), and interleukin-12p70 (IL-12p70) were evaluated in systemic circulating plasma according to the BD™ Cytometric Bead Array kit.



Histopathological and Histochemical Analysis

At 120 and 180 dpi, the left ventricles were collected, included in OCT Tissue-Tek resin (Sakura, USA), frozen in liquid nitrogen, and stored at -80°C. To analyze heart inflammation, serial sections (5 μm) were obtained using a CM1850 cryostat (Leica, Germany), fixed in cold acetone, and stained with hematoxylin and eosin (H&E) (56). The quantification of total inflammatory cells was performed by evaluating 100 microscopic fields (magnification, ×400) per mouse in a double-blind fashion (53, 57–59). To evaluate cardiac fibrosis, tissue sections were fixed in a 4% paraformaldehyde solution and stained with Picrosirius red (60). The analysis was performed using the ImageJ program, analyzing six photos (magnification, ×100) of each tissue section. The production of ROS in the tissue was evaluated by staining unfixed tissue with 50 μM DHE for 30 min. After staining, the sections were fixed in a 4% paraformaldehyde (PFA) solution. The analysis was performed using the ImageJ program with four photos of each mouse (61).



Parasite Load in Cardiac Tissue

DNA extraction from cardiac tissue was carried out using the High Pure PCR Template Preparation kit, following the manufacturer’s recommendations. To determine the parasitic load of the cardiac tissue, 5 μl of purified DNA was analyzed by qPCR using the TaqMan system with the Cruzi 1 (5′ASTCGGCTGATCGTTTTCGA3′) and Cruzi 2 (5′AATTCCTCCAAGCAGCGGATA3′) primers, both at 750 nM, and the Cruzi 3 (5′FAM-CA CACACTGGACACCAA-NFQ-MGB3′) TaqMan probe, at 50 nM, specific for the nuclear satellite DNA region of the parasite. As an endogenous internal control in the qPCR aimed at normalizing the parasite load by the quantity of mouse heart tissue, the predesigned TaqMan assay targeting mouse GAPDH (Cat n°. Mm99999915-g) was used. A standard curve was created by spiking 1 × 106 trypomastigotes in 30 mg of non-infected heart tissue, followed by DNA extraction, and generation of a 1:10 serial dilution of DNA in Tris-EDTA buffer, ranging from 106 to 0.1 parasite equivalents. Real-time PCRs were carried out on an Applied Biosystems ViiA 7 Real-Time PCR (Thermo Fisher, USA) thermocycler using the following cycling conditions: 50°C for 2 min, 94°C for 10 min, followed by 40 cycles at 95°C and 58°C for 1 min. Fluorescence was collected after each cycle. All samples were run in duplicate, and the threshold was set at 0.02 for both targets. The parasitic load was reported as parasite equivalents/mg heart tissue (62), and not detected (ND) referred to the absence of parasitism or parasite load below the detection limit of 0.1 parasite equivalents/mg of tissue.



High-Resolution Respirometry

At 120 and 180 dpi, fresh left ventricle fragments were collected and immersed in ice-cold BIOPS buffer (2.77 mM CaK2EGTA, 7.23 mM K2EGTA, 20 mM imidazole, 20 mM taurine, 50 mM MES, 0.5 mM DTT, 6, 56 mM MgCl2, 5.77 mM ATP, 15 mM phosphocreatine, pH 7.1). Fragments were transferred to BIOPS buffer containing 50 μg/ml saponin and incubated with stirring at 4°C for 30 min. The permeabilized fragments were transferred to Mir05 buffer (0.5 mM EGTA, 3 mM MgCl2·6 H2O, 60 mM lactobionic acid, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM D-sucrose, 1 g/l BSA) for 10 min with stirring at 4°C. Next, the samples were added to 2 ml of Mir05 buffer and analyzed using high-resolution Oxygraphy-2k (Oroboros Co., Innsbruck, Austria) (63). Substrates and inhibitors of the electron transport system were added: 2.5 mM pyruvate + 2 mM malate (substrates of complex I), 2.5 mM ADP (substrate of ATP synthase), 10 mM succinate (substrate of complex II), 10 μM cytochrome c, 0.5 μM rotenone, and 2.5 μM AA. The oxygen flux per mg of tissue was determined using Oroboros DatLab software as described previously (63, 64).



Enzymatic Activity Assay

Heart tissue fragments were resuspended in phosphate-buffered saline (PBS) with 1% protease inhibitor cocktail and disrupted by sonication. The protein concentration was determined using a Pierce™ BCA protein assay kit. All assays were performed with homogenates. NADH:cytochrome c oxidoreductase (complexes I–III) was monitored by ferricytochrome c reduction at 550 nm (ϵ = 18.5 mM−1 cm−1) in a reaction mixture containing 50 mM potassium phosphate buffer pH 7.4, 1 mg/ml BSA, 300 μM KCN, 50 μM cytochrome c and 200 μM NADH. The succinate:cytochrome c reductase activity (complexes II–III) was monitored by ferricytochrome c reduction at 550 nm (ϵ = 18.5 mM−1 cm−1) in the reaction mixture containing 100 mM potassium phosphate buffer pH 7.4, 150 μM equine heart cytochrome c, 3 mM succinic acid, and 1 mM KCN. Next, 10 μM rotenone (complexes I–III) and 2 µM AA (complexes II–III) were added as controls (65). To assess glutathione peroxidase (GPx) activity, the samples were added to the reaction mixture (100 mM potassium phosphate buffer, 200 μM NADPH, 1 mM GSH, 1 U/ml GR, and 300 μM H2O2), and NADPH reduction was measured at 340 nm (ϵ = 6.22 mM) (66). To assess superoxide dismutase (SOD) activity, the samples were added to the reaction mixture (50 mM potassium phosphate buffer pH 7.4, 0.13 mg/ml BSA, 1 U/ml catalase, 100 μM xanthine, 55 μM NBT and 0.1 U/ml xanthine oxidase), and NBT reduction was measured at 560 nm. For catalase activity, the samples were added to a reaction mixture containing 100 mM potassium phosphate buffer and 100 mM H2O2, and the decomposition of H2O2 was measured at 240 nm (ϵ = 39.4 mol−1 cm−1). All analyses were performed using a SpectraMax M3 Plus 384 spectrophotometer (Molecular Devices, Sunnyvale, USA) (67).



Statistical Analysis

All data were analyzed using Prism 8 software (GraphPad, San Diego, CA) and expressed as the mean ± standard error of the mean (SEM). The data distribution was evaluated by the Shapiro–Wilk normality test. All statistical tests were performed using the Student’s t-test. One-way test (ANOVA) associated with Tukey’s posttest, two-way (ANOVA) associated with Sidak’s test, and the Mann–Whitney test or the Kruskal–Wallis test associated with Dunn’s posttest. Differences were considered statistically significant when p < 0.05.




Results


Trypanosoma cruzi-Infected BALB/c Mice Show More Prominent Chronic Infection Than C57BL/6 Mice

To establish an experimental model of CIF, we used female BALB/c and C57BL/6 mice infected with two low inocula of the Y T. cruzi strain and analyzed them at 120 and 180 dpi (Figure 1A). With both lineages and inocula, circulating parasites were first detected at 5 dpi, and parasitemia peaked at 9 dpi, when 100% of the mice presented parasites in the peripheral blood. BALB/c mice infected with 500 parasites showed higher parasitemia with the peak in relation to the low inoculum (Figure 1B). Furthermore, no differences were observed when comparing parasitemia in C57BL/6 mice that received the two inocula (Figure 1B). In both models, parasitemia control occurred between 30 and 35 dpi (Figure 1B). In the BALB/c lineage, the inoculum of 500 parasites reduced the survival rate by 33% (3/9), while mice infected with 100 trypomastigotes showed no mortality (0/9) (Figure 1B). There was also no mortality in infected C57BL/6 mice up to 180 dpi (0/9) (Figure 1B). Female BALB/c mice infected with 100 and 500 parasites showed an increase in the relative spleen weight at 120 and 180 dpi (Figure 1C). No difference was detected in the relative spleen weight in infected C57BL/6 mice compared with matched non-infected controls (Figure 1C).




Figure 1 | T. cruzi infection induces splenomegaly and heart inflammation in Y-infected BALB/c mice. BALB/c and C57BL/6 mice were infected with 100 or 500 bloodstream trypomastigotes (Y strain). (A) Experimental design. (B) Parasitemia and survival curves. (C) Relative spleen weight. (D) ECG records showing PR and QTc intervals and the QRS complex (ms). (E) Relative heart weight. (F) Inflammatory cells in heart tissue at 120 dpi. Data are represented as means ± SEM. Data represent three to four mice per group. Significant differences between infected and uninfected groups. *p < 0.05; **p < 0.01 ***p < 0.001 (Student’s t-test; Kruskal–Wallis Dunn’s posttest; one-way ANOVA, Tukey posttest).



At 180 dpi, BALB/c mice infected with 100 parasites showed an increase in the QTc interval. Nevertheless, C57BL/6 mice showed no electrical abnormalities, as exemplified by the absence of prolonged PR and QTc intervals and the QRS complex (Figure 1D). At 120 and 180 dpi, both models showed no differences in relative heart weight compared with their age-matched non-infected controls (Figure 1E). Analysis of H&E-stained heart sections revealed that BALB/c mice presented a higher number of inflammatory cells when inoculated with 500 parasites than when inoculated with 100 parasites (Figure 1F). Nevertheless, infected C57BL/6 mice (100 and 500 parasites) showed a lower number of inflammatory cells scattered in the heart tissue, and only the group infected with 500 parasites showed differences in this parameter compared with the matched non-infected control (Figure 1F). Altogether, our data on the survival rate, spleen weight, electrical heart registers, and parasitological and histopathological parameters indicated that C57BL/6 mice showed milder manifestations of acute and chronic T. cruzi infection than BALB/c mice. To obtain reproducible data, C57BL/6 mice infected with 500 parasites were chosen as models for subsequent experiments, challenging the effects of physical exercises in mice with CIF of experimental CD.



Physical Exercise Does Not Affect the Body Weight and Muscle Strength of Trypanosoma cruzi-Infected C57BL/6 Mice

To assess the effect of physical exercises on clinical aspects in a CIF model of CD, chronically Y-infected C57BL/6 mice were subjected to a training protocol starting at 140 dpi and to physical exercises from 150 to 180 dpi, at which time sedentary (S) and trained (T) mice were compared (Figure 2A). Initially, compared with age-matched non-infected controls, body weight was preserved in Y-infected C57BL/6 mice at 120 and 180 dpi, and exercise did not affect whole-body weight (Figure 2B). When muscle strength was assessed by the grip strength meter test, Y-infected mice showed a loss of muscle strength at 120 dpi (Figure 2C). At 180 dpi, there was no significant difference between sedentary or trained non-infected and T. cruzi-infected mice (Figure 2C). At 180 dpi compared with 120 dpi, Y-infected mice showed an increase in muscle strength (Figure 2C). Nonetheless, comparing only sedentary and trained chronically Y-infected mice, the exercise protocol increased muscle strength (p = 0.0334) (Figure 2C).




Figure 2 | T. cruzi infection does not change body weight but reduces muscular strength in C57BL/6 mice. Mice were infected with 500 trypomastigotes (Y strain). (A) Experimental design. (B) Body weight. (C) Muscular strength. The data are represented as means ± SEM. Data represent eight to nine mice per group. Significant differences between infected and uninfected groups. **p < 0.01. Significant differences between infected groups at 120 and 180 dpi. $p > 0.05 (Test t; one-way ANOVA, Tukey posttest; Kruskal–Wallis Dunn’s posttest; two-way ANOVA, Sidak’s posttest).





Physical Exercises Do Not Negatively Affect the Electrical Features of Trypanosoma cruzi-Infected C57BL/6 Mice in CIF

The electrocardiographic (ECG) analysis revealed a slight reduction of the heart rate and increased QTc intervals in Y-infected mice in comparison with non-infected mice at 120 dpi (Supplementary Figure S1A). At 150 dpi, infected mice showed a slight increase in the QRS complex and QTc interval, with no other ECG changes detected in these mice (Supplementary Figure S1B). At 180 dpi, sedentary and trained T. cruzi-infected C57BL/6 mice showed no electrical changes compared with matched non-infected mice when heart rate, P wave duration, PR and QTc intervals, and QRS complex were analyzed (Figures 3A, B). Furthermore, trained Y-infected mice showed a reduced QRS complex compared with sedentary infected mice. Moreover, the duration of the QRS complex detected in trained infected mice was similar to that found in sedentary and trained non-infected mice at 180 dpi (Figure 3A).




Figure 3 | T. cruzi infection does not induce electrical alterations but leads to ECHO abnormalities in C57BL/6 mice at 180 dpi. Absence of electrical alterations in C57BL/6-infected mice at 180 dpi. (A) ECG records show the average heart rate (beats per minute, bpm), P wave duration (ms), variation in PR and QTc intervals, and QRS complex (ms). (B) Representative ECG register segments. (C) ECHO records show the % left ventricular ejection fraction (LVEF), stroke volume (µL), % FAC, LV area (mm2), and RV area (mm2). (D) Representative ECHO images of ventricular areas. The data are represented as means ± SEM. Data represent eight to nine mice per group. Significant differences between the untrained and trained groups. #p < 0.05. Significant differences between infected and uninfected groups. *p < 0.05; ***p < 0.001; ****p < 0.0001 (Kruskal–Wallis Dunn’s posttest).





Echocardiographic Changes in Trypanosoma cruzi-Infected C57BL/6 Mice at 180 dpi

At 180 dpi, echocardiographic analysis showed that compared with matched non-infected controls, sedentary T. cruzi-infected controls showed a decrease in LVEF as well as left ventricle stroke volume and FAC (Figure 3C). Physical exercises did not impact these alterations in infected mice (Figure 3C). No differences were observed in the LV area in infected mice subjected or not to exercise compared with their matched non-infected controls (Figures 3C, D). Conversely, trained Y-infected mice showed an increase in the RV area compared with sedentary non-infected mice, but no differences were detected when sedentary and trained Y-infected mice were compared (Figures 3C, D).



Physical Exercises Do Not Interfere With Heart Weight, Cardiac Parasite Load, Inflammation, and Tissue Integrity

Compared with age-matched non-infected mice, no difference was observed in the relative heart weight of Y-infected mice at 120 and 180 dpi. Moreover, physical exercises did not affect this feature (Figure 4A). At 180 dpi, the parasite load analyzed by qPCR showed a low parasitic load in the cardiac tissue. In addition, a similar parasite load was detected in the cardiac tissue of sedentary and trained Y-infected mice (Figure 4B). At 120 and 180 dpi, Y-infected C57BL/6 mice presented a slight increase in the number of inflammatory cells in the heart tissue compared with non-infected mice. Thus, low-grade scattered inflammatory cell infiltration was observed in the heart tissue of Y-infected C57BL/6 mice (Figures 4C, D). Physical exercises did not aggravate this mild inflammation (Figures 4C, D). Additionally, analyses of CK-MB activity levels in plasma, a biomarker of cardiomyocyte lesions (53), showed no differences when compared with all experimental groups and at both timepoints (Supplementary Figure S2A).




Figure 4 | Parasite persistence and inflammation in heart tissue of trained Y-infected mice. (A) Relative heart weight. (B) Parasite load at 180 dpi. (C) Quantitative analysis of inflammatory infiltrates. (D) Representative sections stained with H&E (ND = not detected). The data are represented as means ± SEM. Data represent nine mice per group. Significant differences between infected and uninfected groups. *p < 0.05; ***p < 0,001. (Mann–Whitney; Kruskal–Wallis test, Dunn’s posttest).





Trypanosoma cruzi Infection and Physical Exercises Do Not Induce Changes in Mitochondrial Respiration and Oxidative Metabolism in Heart Tissue

To assess whether T. cruzi infection and physical exercises affect heart mitochondrial metabolism, O2 consumption in heart fragments by high-resolution oxygraphy using different substrates was analyzed. At 120 dpi, infected mice showed a decrease in state 3 respiration driven by CII substrate and CI-supported RCR when compared with age-matched non-infected controls (Figure 5A). No differences were observed in the other analyzed parameters (Figure 5A). At 180 dpi, no significant difference was observed in oxygen consumption in the cardiac tissue in sedentary and trained Y-infected mice (Figure 5B). Furthermore, we evaluated the mitochondrial complex activities using a spectrophotometric method, and no differences were observed when comparing sedentary and trained Y-infected mice and their non-infected controls (Supplementary Figure S2B). In addition, complementary biochemical analysis showed no significant differences in SOD, GPx, and CAT activities in extracts of cardiac tissue of all analyzed groups (Supplementary Figure S2B). DHE analysis pointed to an increase in ROS production in Y-infected mice at 120 dpi (Figures 5C, D). At 180 dpi, there was no significant difference in the DHE labeling pattern when comparing sedentary and trained Y-infected controls and their matched non-infected controls (Figures 5C, D).




Figure 5 | Effects of T. cruzi infection and physical exercise on mitochondrial oxygen consumption and ROS production in heart tissue of C57BL/6 mice. (A, B) Oxygen consumption at (A) 120 dpi and (B) 180 dpi. (C) Representative sections stained with DHE. (D) Densitometric analysis of DHE staining. White arrows indicate DHE staining. The data are represented as means ± SEM. Data represent six to eight mice per group. Significant differences between infected and uninfected groups *p < 0.05; **p < 0.01 (Mann–Whitney; Kruskal–Wallis test, Dunn’s posttest).





Physical Exercises Do Not Alter the Cytokine Profile in the CIF Mouse Model

At 120 and 180 dpi, an increase in the relative spleen weight of Y-infected mice was observed, supporting activation of the immune system. Interestingly, in infected mice subjected to physical training, the relative spleen weight was similar to that detected in sedentary and trained non-infected mice (Figure 6A). Nonetheless, when comparing only sedentary and trained chronically Y-infected mice, the exercise protocol led to a reduction in spleen weight (p = 0.0367). At 120 (data not shown) and 180 dpi, detection of cytokines in systemic circulating plasma by CBA showed no differences in the analyzed cytokines in all groups studied (Figure 6B). As a positive control (insert in Figure 6B), a strong increase in cytokine expression was detected at 120 dpi in the plasma of C57BL/6 mice infected with the Colombian T. cruzi strain, which causes CCC (53). Table 1 summarizes all data, showing similar concentrations of IL-6, IL-10, MCP-1/CCL2, IFNγ, TNF, and IL-2 in the plasma of the mice in all studied groups.




Figure 6 | T. cruzi infection causes mild splenomegaly but does not induce a systemic inflammatory profile in C57BL/6 mice. (A) Relative spleen weight. (B) Representative dot plots of Y-infected C57BL/6 mice at 180 dpi and inserted dot plots of Colombian-infected C57BL/6 mice at 150 dpi. The data are represented as means ± SEM. Data represent six to eight mice per group *p < 0,05 (Mann–Whitney; two-way ANOVA Sidak’s posttest; Kruskal–Wallis test, Dunn’s posttest).




Table 1 | Cytokine concentrations in plasma of Trypanosoma cruzi-infected C57BL/6.





Physical Exercises Lead to a Decrease in Collagen Deposition in Cardiac Tissue in the CIF Mouse Model

Specific staining of histopathological heart sections was used to assess collagen deposition. At 120 and 180 dpi, increased collagen deposition was detected in the heart tissue of sedentary infected mice (Figure 7A). Analysis of the collagen-stained area showed that when compared with their age-matched non-infected controls, Y-infected mice presented increased deposition of collagen of 1.5- and 3.6-fold at 120 and 180 dpi, respectively, thus supporting the progression of fibrosis (Figure 7B). At 180 dpi, trained Y-infected mice showed a remarkable decrease in collagen deposition in comparison to sedentary mice (Figures 7A, B). Interestingly, a positive correlation between the QRS complex and cardiac fibrosis was observed. Further, trained Y-infected mice developed collagen deposition and the QRS complex similar to sedentary and trained non-infected mice (Figure 7C), thus supporting that more than hampering progression of the increase in the QRS complex, physical exercises promoted reversion of fibrosis.




Figure 7 | Physical exercise induce a reduction in collagen deposition in the hearts of C57BL/6-infected mice. (A) Representative sections stained with Picrosirius red. Black arrows indicate positive staining for Picrosirius red. (B) Densitometric analysis of Picrosirius red staining. (C) Correlations of the QTc interval and collagen deposition. The data are represented as means ± SEM. Data represent six to eight mice per group. Significant differences between infected and uninfected groups. ***p < 0.001 and ****p < 0.0001; significant differences between the untrained and trained groups, ####p < 0.0001; significant differences comparing infected groups at 120 dpi and 180 dpi $p < 0.0001 (Mann–Whitney; two-way ANOVA, Sidak’s posttest; Kruskal–Wallis test, Dunn’s posttest).






Discussion

In this study, we established an experimental model of chronic T. cruzi infection that reproduces aspects of the CIF of CD. Next, we used this model to evaluate the effects of physical exercise on the progression of CD, analyzing cardiac parasitological and histopathological parameters, mitochondrial and oxidative metabolism, electro and echocardiographic profiles, and immunological aspects. Experimental models that reproduce CD clinical forms and pathophysiological aspects are crucial to comprehending the biological and molecular mechanisms of the disease and to testing new therapeutic strategies. Previous studies have described CIF models (47–49, 68, 69); however, these studies did not confirm whether the infected mice exhibited critical aspects of CIF. Therefore, we aimed to develop an experimental model of long-term chronic infection that represents features of CIF patients, as described previously (9, 70, 71), thereby carrying out analyses of clinical, parasitological, inflammatory, electrical and immunological aspects using a unique approach.

Female BALB/c and C57BL/6 mice, representing susceptible and resistant lineages to T. cruzi infection, respectively, were employed to establish a CIF model (72). Females are more resistant than males to infection by T. cruzi, resulting in the survival of female to the long-term chronic phase of infection. Previous studies have shown that the participation of hormones such as estradiol could play a relevant role in the vulnerability of female mice, as compared with males, to T. cruzi infection (72–75). Here, both mouse lineages infected with two low inocula (100 and 500 trypomastigotes) reproduced features of the CD chronic phase, such as subpatent parasitemia. In long-term infection, BALB/c mice showed higher inflammation than C57BL/6 mice, as explained by the higher susceptibility of BALB/c mice to infection. Indeed, BALB/c mice present a Th2-enriched immune response profile, while C57BL/6 mice display a Th1-enriched response, with different abilities to deal with intracellular parasite infection, as Th1-driven immunity is related to resistance to T. cruzi infection (76). BALB/c mice developed more severe parasitological and histopathological manifestations of chronic T. cruzi infection than C57BL/6 mice. The initial ECG analysis showed that infected C57BL/6 mice showed no alterations in the long-term infection, therefore reproducing aspects present in the CIF of CD (9). Additionally, in all groups of chronically Y-infected mice, the relative heart weights found resembled those of their age-matched non-infected controls, contrasting with the relative enlargement of the heart detected in murine models of CCC (53, 59). Spleen weight was increased only in the infected BALB/c mice at both time points analyzed. Thus, considering aspects such as the results obtained and the reproducibility of the data, the C57BL/6 lineage and the inocula of 500 parasites were chosen to test our hypotheses using a model that reproduces aspects of the CIF of CD.

Previous studies have shown that C57BL/6 mice have reduced performance during forced physical exercise on a treadmill and better voluntary wheel-running performance than BALB/c mice (77). Nonetheless, C57BL/6 mice showed good performance during forced exercise training on a motorized treadmill, which resulted in an improvement in cardiac fibrosis. The initial analysis of physical exercises on aspects of the CIF model showed no alterations in the overall body weight and a trend toward improved muscle strength in non-infected and infected mice. Patients with chronic HF subjected to combined aerobic and resistance exercise training presented improved muscular strength but no change in body weight (78). Clinical evaluation revealed a reduced heart rate and increased in the QRS complex and QTc interval at 120 and 150 dpi. Importantly, no significant ECG alterations were observed at 180 dpi. As infection progressed, trained Y-infected mice presented a reduced QRS complex compared with Y-infected sedentary mice, resembling the non-infected group. Nonetheless, at the endpoint, sedentary or trained Y-infected mice presented similar ECHO alterations, such as a reduced LVEF, stroke volume, and FAC and an increased RV area. According to the II Brazilian Consensus on Chagas Disease 2015, CIF patients presented a positive serology and/or positive parasitological exams for T. cruzi. However, ECG or chest-X-ray and esophagus and/or colon radiographs showed no alterations. As long as the ECG records are unaltered, other routine complementary exams, such as ECHO, are not recommended (8, 9). Based on this classification, Y-infected mice would be included in the CIF; however, the presence of ECHO alterations would lead to exclusion of this group (9). The importance of ECHO investigation for the clinical classification of CD patients has been evaluated previously, showing segmental lesions and systolic dysfunction in 1% of patients with normal ECG results (7), reinforcing the importance of a complete cardiac evaluation of chronic CD patients. Considering the CIF models described previously, our data suggest that ECHO is a demanding exam for better characterization of CIF in experimental models. Thus, T. cruzi-infected C57BL/6 mice present aspects of CIF patients who do not show ECG variations but ECHO alterations in long-term chronic infection. Thus, adoption of our model may allow us to explore different aspects of CIF and to study the pathophysiology and progression of CD as well as the effects of physical exercises on these features. Surprisingly, similar to sedentary mice, the trained Y-infected mice showed a decrease in LVEF and stroke volume. These findings were not expected, since physical exercises related to improving cardiovascular function are well established, such as LVEF progression, even in patients who present reductions of this parameter (34, 78–83). However, a study examining the effects of exercises on the LVEF of patients with HF showed no difference in this parameter (84). Furthermore, we showed that physical exercises promoted an increase in the RV area in long-term Y-infected mice. Non-infected Wistar rats subjected to moderate physical exercises showed RV hypertrophy, characterized by an increase in capillary density, which improves the diffusion and transport of oxygen in the tissue and, consequently, ameliorates cardiac function (85). Based on our findings, it is not possible to affirm whether physical activity influences CD progression. Thus, we conclude that a study of this nature needs to be carried out with a large number of mice together with follow-up analyses for a long period, which we hope to address in the near future.

The program of physical exercises used did not affect the relative heart weight, which remained similar to the age-matched non-infected controls and contrasted with the heart enlargement observed in a model of CCC in C57BL/6 mice (59). Regardless of the chronic CD form, the persistence of parasites and/or their antigens in cardiac tissue has been well described in humans and experimental models (10, 53, 62). Here, a low cardiac parasitic load was similarly detected in sedentary or trained Y-infected mice at 180 dpi. Therefore, physical exercises did not alter the control of cardiac parasitism. The intensity of myocarditis has been shown to be directly correlated with the level of parasite antigens in the heart during the chronic phase of CD (10). In addition, there is a consensus that CD is a multifactorial disease, with T. cruzi persistence and unregulated immune responses playing crucial roles in CCC onset and progression (16). Therefore, our data support the conclusion that the adoption of physical exercises in CIF individuals is not expected to contribute to increased heart parasitism. During CIF, low-grade myocarditis has been described (15, 17), which was corroborated in our model. Our data revealed the presence of a small number of inflammatory cells scattered in the cardiac tissue in the long-term infection of C57BL/6 mice. Previous models of mild and severe long-term CCC have shown that the intensity of myocarditis is associated with the severity of heart parasitism and cardiomyocyte lesions (58). Hence, we evaluated whether long-term T. cruzi infection and physical exercises affect cardiomyocytes, thus assessing CK-MB activity, an important non-invasive marker of cardiomyocyte injury in acute and chronic phases of an experimental CD model (51, 57, 59). Importantly, no damage was observed in cardiomyocytes in the long-term infection (at 120 dpi) and in sedentary or trained Y-infected C57BL/6 mice (at 180 dpi), which indicated that the low-grade inflammation and parasitism detected in our model were not sufficient to cause significant tissue damage. Furthermore, physical exercises did not affect tissue integrity in mice with CIF.

To assess whether T. cruzi infection and physical exercises affect cardiac tissue mitochondrial energy metabolism, oxygen consumption was analyzed by high-resolution respirometry (63). Our data showed that T. cruzi infection induced a reduction in oxygen consumption in chronic infection (at 120 dpi). The addition of Cit c did not increase oxygen consumption in the cardiac tissue of mice infected or not, thereby confirming the integrity of the mitochondrial membranes (64). Surprisingly, a reduction in respiratory complex activity was not observed. The alterations observed in mitochondrial respiration were discreet and were only detected using a high-resolution technique. Colorimetric analysis of enzymatic activities is less sensitive. Previous studies have shown that the decrease in CI activity is more evident during the acute phase of T. cruzi infection, with the activities of CII and CIII being constitutively inhibited in the heart during the acute and chronic phases of infection (20, 22). In addition, it has been observed that ADP-stimulated respiration and ATP synthesis sustained by pyruvate/malate and succinate substrates decrease significantly in cardiac tissue and in isolated mitochondria from infected mice (20, 64), corroborated by our data. In long-term CIF (at 180 dpi), cardiac tissue mitochondrial OXPHOS was not affected. A previous study carried out in experimental CIF models using Swiss mice infected with Tulaheun and SGO-Z12 strains showed dysfunction in citrate synthase activity and respiratory complexes, as well as mitochondrial matrix and cristae disorganization in heart tissue (47). However, in the present study, only parasitic load and histopathological and morphological analyses were performed, which we considered insufficient to confirm CIF. Furthermore, other studies using experimental CIF models have shown modifications of cardiac contractility, alterations of some components of the cardiac β adrenergic system, and ECG alterations (48, 49, 86). Theoretically, the CIF of CD is a stage of host–parasite equilibrium that may explain the apparent clinical silence (4). The different structural and functional changes in the mitochondria of the cardiac tissue may be related to the host genetic background and/or the infecting parasite strain, among other physiopathological conditions. Therefore, further assays will be required to clarify the existence of minor damage in cardiac mitochondria in our CIF model. Our data indicate that the program of forced physical exercises to which our experimental CIF mice were subjected was safe and did not cause mitochondrial damage detectable by the respirometry and enzymatic activity assays employed herein.

In T. cruzi infection, ROS are produced as a consequence of tissue damage caused by the parasite, cytotoxic reactions mediated by the immune system and secondary mitochondrial damage (25). It has been reported that the mitochondrial membrane potential is impaired by T. cruzi invasion, which results in inefficient electron transport chain activity and increased ROS production in cardiomyocytes (25). Due to the reduction in oxygen consumption, electron leakage from the respiratory chain was expected at 120 dpi as a result of increased superoxide formation and oxidative stress in the heart tissue of T. cruzi-infected mice, and we observed an increase in ROS production. The impairment of the mitochondrial electron transport system in the myocardium caused by T. cruzi infection, as evidenced by the decrease in oxygen uptake and reduction in the activity of the complexes, can lead to an increase in ROS generation (20, 27). Ultrastructural analysis of myocardial necropsies from patients and infected mice with heart abnormalities have shown mitochondrial alterations such as irregular membranes and loss of cristae (21, 87).

As previously mentioned, physical exercises have been implemented as a complementary therapeutic strategy in CCC patients (33, 44). In cardiovascular diseases, physical exercises induce cardioprotective effects, increase endogenous antioxidant defenses, and modulate the immune response (81). The modulation of inflammatory processes and oxidative state by exercises can be an interesting approach to prevent CD progression (37, 40). In this scenario, we hypothesized that physical exercise in CIF individuals could promote beneficial changes in cardiac tissue, minimizing possible CD evolution. Such a hypothesis is especially important due to a lack of information in low-income populations that are commonly subjected to economic activities requiring physical effort (e.g., farmers, stevedores, construction workers). Therefore, our work supports that physical exercise promotes beneficial changes in heart tissue, suggesting that this intervention may prevent cardiac alterations induced by T. cruzi infection. Here, we showed that in long-term Y infection (at 180 dpi), physical exercises did not promote any change in OXPHOS and ROS production. An increase in ROS levels during physical exercises and during T. cruzi infection has been well established in isolated events (88, 89). Injuries induced by oxidative stress are a common finding in the chagasic myocardium (25). Increased systemic TNF and NO serum levels have been correlated with reductions in GPx and SOD levels and proposed to affect the pathology of chronically infected patients (90). During the acute phase, physical exercises increase ROS and RNS generation as well as the activity of antioxidant enzymes in the cardiac muscle tissue that are not sufficient to decrease tissue damage (41). Conversely, physical exercises administered before infection promote an increase in ROS and RNS and the activity of antioxidant enzymes that limit tissue damage in skeletal muscle tissue (61). In our study, physical exercises did not increase ROS or antioxidant defenses in cardiac tissue. Plasma cytokine levels are considered an excellent marker of the systemic inflammatory profile (70). It has been shown that individuals with CIF present a balance between inflammatory and anti-inflammatory cytokines, while individuals with CCC show a predominant inflammatory response (15, 67, 91, 92). In experimental models of mild and severe CCC, TNF serum levels are related to the severity of cardiac inflammation, cardiomyocyte lesions, and fibrosis (58). However, CIF patients show no differences in TNF, IFNγ, and IL-2 levels when compared with healthy individuals (70, 92). Furthermore, similar IFNγ and IL-10 serum levels have been detected in CIF patients and healthy individuals (93), as corroborated by our data. Thus, our findings support that Y-infected C57BL/6 mice present a profile of serum cytokines that is compatible with that of CIF patients, and physical exercises do not alter this immunological condition. The splenomegaly observed in our CIF model was not sufficient to cause an increase in systemic inflammation. Furthermore, the splenomegaly observed in our model was mild compared with that observed in a murine model of CC described in previous studies by our group. In the model of CCC using C57BL/6 mice infected with the Colombian strain of T. cruzi (51), we observed a spleen enlargement of approximately four-fold compared with non-infected mice, while in our model, spleen enlargement was approximately 1.6-fold.

Diffuse myocarditis with destruction of the cardiac fibers and replacement by fibrosis has been described in CCC patients (15). In addition, an increase in fibronectin deposition has been observed in the hearts of CCC models, which was more evident in the severe CCC model in C3H/He mice than in the mild CCC model in C57BL/6 mice (58). Indeed, CCC is considered a progressive fibrotic disorder (15). Although the presence of fibrosis in the myocardium is a hallmark of CCC, some studies have described fibrosis in CIF patients at similar levels to that observed in the cardiac form of CD without LV dysfunction (71, 94). Here, Y-infected mice presented an increase in collagen deposition, which might be correlated with the observed ECHO alterations. The progressive accumulation of collagen has been shown to reduce the efficiency of the regulatory mechanism of muscular contraction (95). Nevertheless, we observed that physical exercises induced a reduction in collagen deposition in the heart tissue of trained Y-infected C57BL/6 mice. Y-infected Wistar rats subjected to a preinfection treadmill running program have shown a decrease in cardiac fibrosis (37), a feature corroborated by our findings when long-term infected mice were subjected to physical exercises. Although no electrical changes were observed in Y-infected mice, some mice showed an increase in the QRS complex and in the mean value. Exercises promoted the maintenance of the QRS complex at 180 dpi, similar to non-infected mice. The increase in the QRS complex duration has been previously associated with the severity of fibrosis and the reduction in the LVEF fraction in CCC patients (96). In this context, our data showed a correlation between decreased collagen deposition and QRS complex duration in trained Y-infected mice. Thus, the significant decrease in collagen deposition suggests that physical exercises prevent possible cardiac damage related to the infection via a mechanism that remains to be determined.

In our CIF model, we demonstrated that intervention using physical exercises did not affect mitochondrial and oxidative metabolism, cardiac parasite load or inflammation, or the systemic cytokine profile. Physical exercises promote beneficial effects, such as the improvement of fibrosis, thus suggesting that this intervention could prevent possible alterations induced by T. cruzi infection and thereby contribute to the prevention of disease progression.
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Supplementary Figure S1 | T. cruzi-infected C57BL/6 mice presented electrical abnormalities at 120 and 150 dpi. (A) At 120 dpi. (B) At 150 dpi. ECG records showed the average heart rate (beats per minute, bpm), P wave duration (ms), variation in PR and QTc intervals, and QRS complex (ms). The data are represented as means ± SEM. Data represent eight to nine mice per group. Significant differences between infected and uninfected groups *P < 0.05 (Mann–Whitney test).

Supplementary Figure S2 | Effect of T. cruzi infection and physical exercise on CK-MB, mitochondrial and antioxidant activities in C57BL/6 mice. (A) CKMB activity. (B) Mitochondrial complex and antioxidant activities. Data are represented as means ± SEM. Data represent six to eight mice per group (Mann–Whitney; Kruskal–Wallis test, Dunn’s posttest).
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