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Aims: The rational basis that explains the benefits of exercise therapy on Chagas cardiomyopathy (ChC) is poorly
understood. This study investigated the impact of an exercise programon exercise performance, heart parasitism,
immunoinflammatory response,fibrogenesis, oxidative damage, and cardiomyocytes contractility in experimen-
tal ChC.
Main methods: Wistar rats were subjected to a 9-week treadmill running training and challenged with
Trypanosoma cruzi. Control animals remained sedentary. Physical and metabolic performance, cardiac morphol-
ogy, cytokines, chemokines, nitric oxide, oxidative tissue damage, cardiomyocyte morphology and contractility
were analyzed.
Key findings: Exercise training was efficient to improve physical performance and anaerobic threshold in trained
animals. By increasing cardiac and serum levels of cytokines (TNF-α, IFN-γ, and IL-6), chemokines (MCP-1 and
CX3CL1), the myocardial activity catalase and superoxide dismutase, and reducing lipid and protein oxidation
in cardiac tissue, exercise training seem to be a beneficial strategy to mitigate the progression and severity of
Chagas-associated cardiomyopathy.
Significance: The protective adaptations to the host triggered by exercise training contributed to reduce cardiac
parasitism, inflammation, fibrosis and cardiomyocytes atrophy. Although exercise training does not affect nitric
oxide levels in cardiac tissue from infected animals, this strategy enhanced the efficiency of endogenous antiox-
idant mechanisms, restricting oxidative tissue damage with positive repercussions to cardiomyocytes biome-
chanics in rats.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Chagas disease caused by the hemoflagellate protozoan
Trypanosoma cruzi represents a neglected disease worldwide [1,2]. At
themoment, Chagas disease has no cure after T. cruzi spreads and para-
sitizes multiple organs of the vertebrate host [2,3]. Infectious
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cardiomyopathy is themost serious clinicalmanifestation of Chagas dis-
ease and around 14,000 patients/year die due to congestive heart fail-
ure, complex dysrhythmias, heart blocks and thromboembolic events
[3,4]. As a consequence of population migration from Central and
South American endemic countries, Chagas disease has also become a
serious health problem in non-endemic areas, especially in the United
States of America and European countries [3,5,6].

Although the therapeutic management of Chagas disease is almost
exclusively based on antiparasitic chemotherapy (i.e., benznidazole
andnifurtimox) [1,3,7], non-pharmacological strategies such as exercise
training therapy has emerged as a complementary approach for the
treatment of Chagas cardiomyopathy (ChC) [8,9,10]. Even though scien-
tific investigations in this area are scarce, there are recent studies indi-
cating that chagasic patients exposed to a 12-week aerobic exercise
training period presented significant increase in physical performance
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markers such as maximum oxygen consumption, peak of heart rate,
chronotropic response, brain-derived neurotrophic factor serum levels,
exercise tolerance, and health-related quality of life [8,9,11]. In mice, an
8-week pre-infection treadmill training program proved to be a resis-
tance factor in the development of acute infection caused by T. cruzi.
This program was associated with reductions in total parasitemia and
weight loss induced by the infection, a finding potentially related to im-
munomodulatory mechanisms triggered by exercise [12].

There is evidence that chronic exercise training of moderate inten-
sity is associated with the installation of a complex cardioprotective
phenotype [13]. Particularly in response to infections, physical training
is able to modulate the immune system to a Th1 phenotype [14,15], es-
sential to promote cell-mediated immunity and resistance against
T. cruzi [12,16]. Furthermore, enhancing the endogenous antioxidant
defenses is an important adaptation induced by exercise training that
justifies the applicability of exercise therapy in the treatment of infec-
tious diseases [13,14,17]. It is recognized that ChChas aworse prognosis
than other non-inflammatory cardiomyopathies (i.e. ischemic, hyper-
tensive, and idiopathic) [18], and the pivotal difference between these
pathologies is an intense inflammatory process coupled with oxidative
heart tissue damage. Therefore, it seems plausible that modulating the
inflammatory process and oxidative cardiac status by exercise therapy
could mitigate the progression and severity of ChC. This study investi-
gated the impact of a structured exercise training program on blood
and heart parasitism, inflammation and oxidative cardiac damage, as
well as the morphological and functional properties of cardiomyocytes
in experimental ChC.
2. Materials and methods

2.1. Animals and experimental design

Fifty-six male Wistar rats (16-weeks-old) were randomized into
four groups containing 14 animals each. Two of these groups were sub-
jected to aerobic treadmill training (trained), and the othersweremain-
tained without exercise (sedentary). After the training period, animals
of one trained and one control group (not trained) were infected with
T. cruzi. The four groupswere: sedentary not infected (SN=14), seden-
tary infected (SI = 14), trained not infected (TN = 14) and trained in-
fected (TI = 14). The animals were maintained in a controlled
environment (temperature 22 ± 2 °C, humidity 60–70%, and 12/12 h
dark/light inverted cycles) with free access to chow and water. All ex-
perimental procedureswere conducted in accordancewith the National
Institutes of Health guide for the care and use of Laboratory animals
(NIH Publication No. 8023, revised 1978). The study was approved by
the Animal Research Ethics Commission of the Federal University of
Viçosa, Brazil (protocol 30/2009).
2.2. Pre-infection treadmill running program

All animals in the TN and TI groups were subjected to an
incremental running training program on a motor-driven treadmill
(Insight Instruments®, Ribeirão Preto, Brazil), 5 days/week, for
9 weeks as previously described [19]. The parameters of velocity,
inclination and time applied to running training were, respectively:
Week 1 and 2) 17 m/min, 0% grade for 15 min. Exercise duration
was increased 5 min/day until 60 min/session by the end of week
2. Weeks 3 and 4) 17 m/min, 10% grade for 60 min. Week 5) 17 m/
min, 10% grade for 8 min at (warm-up), followed by 45 min at
20 m/min, and 5 min at 17 m/min (warm-down). Weeks 6, 7, 8 and
9) 20 m/min, 10% grade for 8 min (warm-up), followed by 45 min
at 23m/min, and 5min at 18 m/min (warm-down). Exercise training
was initiated 24 h after determining the basal indexes of physical
performance.
2.3. Analysis of physical performance

To evaluate the effect of exercise training and inactivity on the vol-
untary physical performance, all animals were subjected to a treadmill
progressive running protocol [20]. This protocol was repeated three
times on alternating days before and after the exercise program. For
seven consecutive days, the animals were familiarized with the tread-
mill by running at 10 m/min, 5% inclination for 5 min/day. After 48 h,
the analysis of physical performance was performed on three consecu-
tive days at 5% inclination and initial speed at 10 m/min. The running
speed was increased by 1 m/min every 2 min until fatigue. The fatigue
was established as the moment at which the animals were unable to
maintain the running cadence and interrupted the race by over 10 s.
Traveled distance (m), time until fatigue (min), and workload (W;
kg m) were applied as performance markers. Workload was calculated
as W = animal weight (kg) × time until fatigue (min) × running
speed (m/min) × sine θ (treadmill inclination) [21]. All indexes were
considered as the average values obtained from the three physical per-
formance tests.

2.4. Analysis of metabolic adaptation induced by exercise training

Twenty-four hours after voluntary physical performance evaluation,
the same treadmill running protocol was used to investigate metabolic
adaptation induced by exercise training [20]. However, treadmill veloc-
itywas increased by 1m/min every 3min. During each speed transition,
peripheral blood was collected to measure lactate levels (Accutrend
Lactate®, Roche, Basel, Switzerland). The transition point between the
aerobic metabolism and anaerobic metabolism was determined by
assessing the lactate threshold (LT), which is represented by the inflec-
tion point in which lactate blood levels exhibit exponential growth and
lose linearity in accordance with increases in exercise intensity (time
and velocity) [22].

2.5. Infection and parasitemia

Infected animals were inoculated with T. cruzi (600,000
trypomastigotes [Y strain]/100 g body weight, i.p.) obtained from the
blood of infected mice [23]. The Y strain was selected due to high tro-
pismby cardiac tissue andmarked virulence [1]. The animalswere inoc-
ulated 72 h after the last physical performance evaluation [12].
Confirmation of infection and parasitemia curves were determined
using peripheral blood according Brener's protocol [24]. Nine weeks
after inoculation, the animals were sacrificed under anesthesia with
xylazine (2 mg/kg, i.p.) and ketamine (10 mg/kg, i.p.).

2.6. Biometry and histopathology

The atria and ventricles of six animals in each group were dissected
and weighed separately. The indexes of cardiac, atrial and ventricular
hypertrophywere calculated by the ratios of heart, atrium and ventricle
weight to body weight, respectively. Heart fragments were fixed for
48 h (10% w/v formaldehyde in 0.1 M phosphate buffer, pH 7.2) [21].
The fragments of right atrium and left ventricle were embedded in par-
affin, sectioned at 4-μm thickness and stained by hematoxylin-eosin.
Histological sections were examined using a photomicroscope (Olym-
pus BX-60®, Tóquio, Japan). Sixty histological fields (×400 magnifica-
tion) were randomly sampled and the myocardium (total area =
1.41 × 106 μm2) was analyzed [21].

Sections stained with H&E was used to assess the presence and in-
tensity of the inflammatory process in the infected animals compared
to tissue cellularity observed in hearts from control animals. Tissue cel-
lularity was evaluated in a test area of 3.4 × 103 μm2 at a magnification
of ×1000 across 5 randommicroscopic fields of each animal in a total of
170 × 103 μm2 of heart tissue for each group. Nuclei of cardiomyocytes
were excluded from this count [21].



Table 1
Effect of exercise training on biometrical variables in control and T. cruzi infected rats.

Parameter SN TN SI TI

Initial BM (g) 360.35 ± 14.56a 378.81 ± 19.32a 372.15 ± 21.12a 367.58 ± 17.09a

Final BM (g) 509.76 ± 36.86a 505.61 ± 8.65a 497.90 ± 17.31a 495.32 ± 9.15a

HM (mg) 2010.00 ± 59.85a 1978.03 ± 53.40a 2167.04 ± 39.67b 2231.07 ± 45.10b

ATM (mg) 588.71 ± 49.74a 579.02 ± 28.30a 592.01 ± 79,61a 623.21 ± 26.70a

VEM (mg) 1421.38 ± 50.12a 1399.01 ± 48.90a 1575.03 ± 39.82b 1607.86 ± 32.20b

HM:BM (mg/g) 3.94 ± 0.11a 3.91 ± 0.13a 4.36 ± 0.18b 4.50 ± 0.15b

ATM:BM (mg/g) 1.15 ± 0.22a 1.15 ± 0.06a 1.19 ± 0.13a 1.26 ± 0.10a

VEM:BM (mg/g) 2.80 ± 0.24a 2.77 ± 0.11a 3.18 ± 0.21b 3.25 ± 0.08b

Data are expressed asmean± SD. SN, sedentary no infected; SI, sedentary infected; TN, trained no infected; TI, trained infected. BM, bodymass; HM, heart mass; ATM, atriummass; VEM,
ventricle mass. a,b,c Different letters in rows indicate statistical difference between the groups (p b 0.05).
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2.7. Scanning electron microscopy and spectrophotometry for collagen

Myocardial fibrosis was evaluated by scanning electron microscopy.
RA and LV samples not used for bright field microscopy were subjected
to a NaOH maceration method for isolation of the collagen matrix [25].
The samples were immersed in a 10% NaOH solution (6 days), rinsed in
distilled water, immersed in 1% tannic (4 h), rinsed in distilled water
overnight and post-fixed in 1% osmium tetroxide (2 h). The fragments
were dehydrated in ethanol and to critical point (CPD030, Bal-tec,
North Rhine-Westphalia, Germany), coated with gold, and observed
using a scanning electron microscope (Leo 1430VP, Zeiss, Jena, Thurin-
gia, Germany).

The collagen content was additionally quantified by a previously de-
scribedmicromethod [26]. For each group, twenty sections (8-μmthick-
ness) stainedwith Fast Green and Sirius Redwere used tomeasure total
protein and collagen content in cardiac tissue using by spectrophotom-
etry (Evolution-300, Thermo Scientific, Waltham, MA, USA). Using this
method, themaximal absorbance to the Fast Green (605 nm) and Sirius
Red (540 nm) dyes corresponds to the tissue level of non-collagenous
proteins and collagen, respectively.
2.8. Cardiomyocyte isolation and morphology

At sacrifice, the hearts (n = 8/group) were rapidly removed and
were flushed with a Hepes-Tyrode solution (10 glucose, 5 Hepes, 10
Fig. 1. Effect of exercise training on physical performance in rats before T. cruzi infection. SN, se
Data are expressed as mean ± standard deviation. a,b,c Different letters in the columns denote
creatine, 20 taurine, 5.4 KCl, 130 NaCl, 0.4 NaH2PO4, 1.4 MgCl2, and
0.75 CaCl2 [mM, pH 7.4]). Cardiomyocytes were isolated by a
collagenase-protease method using a Langendorff perfusion apparatus
[27]. Briefly, the heart was perfused and digested with collagenase
type II and the right atrium (RA) and left ventricle (LV) were separated.
Ventricular and atrial cardiomyocytes were isolated by mechanical dis-
persion at 37 °C for 5 min, filtered, centrifuged, and resuspended in
Hepes-Tyrode solution. Only quiescent cardiomyocytes showing clear
cross striations were studied. Measurements of cell length and width
were obtained using a previously described edge detection system
[27]. From these variables myocyte volume (V, pl) was calculated: Vol-
ume (pl) = length (μm) × width (μm) × (7.59 × 10−3 pl/μm2). Sarco-
mere size was measured using an optical densitometry analysis of
myocyte Z lines in an IonWizard A/Dconverter (Ionoptix, Milton, MA,
USA).
2.9. Biomechanics of isolated cardiomyocytes

Isolated cardiomyocytes were placed in an experimental chamber
mounted on the stage of an inverted-type phase contrast microscope
(Eclipse-TS100, Nikon, Tokyo, Japan). The cells were perfused with
Tyrode's solution (10 glucose, 10 HEPES, 5.4 KCl, 1 MgCl2, 140 NaCl,
and 1.8 CaCl2 [mM, pH 7.4, ~28 °C]). Myocytes were stimulated with
platinum electrodes at 20 V, 5ms pulses, and 3 Hz. Cells were examined
in scanning mode on a PC monitor coupled with a video camera
dentary not infected; SI, sedentary infected; TN, trained not infected; TI, trained infected.
statistical difference among the groups (p b 0.05).



Fig. 2. Effect of exercise training on metabolic adaptations in rats before T. cruzi infection.
SN, sedentary not infected; SI, sedentary infected; TN, trained not infected; TI, trained
infected. Data are expressed as mean ± standard deviation. The dotted boxes indicate
the lactate threshold in both groups investigated.
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(Ionoptix, CCD100VMyo-Cam,MA, USA). Cell shorteningwasmeasured
using a real-time motion edge detection system (Ionoptix, MA, USA)
[27]. From consecutive cardiomyocytes contractions (8 to 16), cell
shortening, maximal rate of contraction and relaxation were calculated
[28].
2.10. Cytokines immunoassay

The cytokine concentrations in serum and myocardium were mea-
sured by ELISA. The measurements in serumwere performed for all an-
imals 24 h after the last exercise session. Nine weeks after T. cruzi
inoculation, RA and LV fragments were removed from 6 animals per
group and used in this immunoassay. The cytokines TNF-α, IFN-γ, IL-6
and the chemokines CCL-2/MCP-1 and CX3CL1 were assayed following
themanufacturer's instructions (Promega,Madison,WI, USA). The reac-
tion was revealed using peroxidase-conjugated streptavidin (Vector
Lab., CA, USA) and the substrate containing 3.3′,5,5″-
tetramethylbenzidine (Promega, WI, USA). Optical densities were read
by spectrophotometry at 450 nm, and the levels of cytokines were
Fig. 3. Effect of exercise training on serum levels of cytokines and chemokines in rats before
infected; TI, trained infected. Box: interquartile interval, horizontal line: median, whiskers
difference among the groups (p b 0.05).
calculated by extrapolating the optical densities obtained from a stan-
dard curve using recombinant cytokines.

2.11. Oxidative/nitrosative stress markers

The same RA and LV fragments used in the cytokine immunoassays
were used for assessing oxidative and nitrosative markers. The status
of lipid peroxidation was determined by analyze the tissue levels of
malondialdehyde (MDA). In this analysis, 100 mg of frozen heart was
homogenized in PBS and incubated with thiobarbituric acid to deter-
mine the levels of thiobarbituric acid-reactive substances [29]. Protein
oxidation was verified by the quantification of protein carbonyls in car-
diac tissue using the 2.4-dinitrophenylhydrazine (DNPH) procedure
[30]. Catalase (CAT) and Superoxide dismutase (SOD) were analyzed
to estimate the antioxidant status of the cardiac tissue. CAT activity
was evaluated bymeasuring the rate of decomposition of hydrogen per-
oxide (H2O2), according to the protocol described by Aebi [31]. SOD ac-
tivity was estimated by a method described by Sarban et al. [32], in
which xanthine oxidase produce H2O2 reducing nitroblue tetrazolium.
Nitric oxide (NO)was indirectly determined by the quantification of ni-
trite/nitrate levels in serum and cardiac tissue using the Griess method
[33]. Total protein levels were measured using the Bradford method
[34].

2.12. Statistical analysis

Data were reported as mean and standard deviation (mean ± SD).
Data distribution was verified by D'agostino-Pearson test. Parameters
of exercise tolerance, biometry, biochemical and morphological data,
were compared using analysis of variance ANOVA one-way followed
by Tukey's post-hoc test. Parasitemia, cytokines and cell contractile func-
tion were compared using the Kruskal-Wallis test. A probability of
p b 0.05 was considered statistically significant.

3. Results

The initial and final body mass of the animals was similar in all
groups (p N 0.01). In both groups infected with T. cruzi there was a
infection with T. cruzi. SN, sedentary not infected; SI, sedentary infected; TN, trained not
: superior and inferior quartiles. a,b,c Different letters in the columns denote statistical



Fig. 4. Effect of exercise training on parasitemia in control and T. cruzi infected rats. SN,
sedentary not infected; SI, sedentary infected; TN, trained not infected; TI, trained
infected. Data are expressed as mean ± standard deviation, *p b 0.001.
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significant increase in the absolute and relativewhole heart and ventric-
ular mass compared to that of control animals (p b 0.01) (Table 1).

As shown in Fig. 1, the initial level of physical performance obtained
in the incremental running test was similar in all groups. Nine weeks
after the treadmill running program, all variables of physical perfor-
mance were significantly higher in both trained groups than those in
sedentary animals (p b 0.01).

The lactate threshold was reached late in trained animals compared
to animals that remained sedentary during the experimental period
(Fig. 2). At the beginning of the experiment, the lactate threshold oc-
curred at similar time in both groups (data not shown).

Twenty-four hours after the last training session, exercised animals
presented high levels of TNF-α, IL-6 and CCL2/MCP-1 (p b 0.01), how-
ever they had similar values for IFN-γ compared to control animals
(p N 0.05) (Fig. 3).

After inoculation with T. cruzi, blood parasitismwas detected on day
five in all infected animals, which coincided with the peak of
parasitemia in trained animals (Fig. 4). In the sedentary group, the
peak of parasitemia was observed on the sixth day. Parasitemia was
Fig. 5. Effect of exercise training on cardiac levels of cytokines and chemokines in control and
infected; TI, trained infected. Box: interquartile interval, horizontal line: median, whiskers: su
groups (p b 0.05).
higher in sedentary (mean 14.42 ± 6.10; median 10.13
trypomastigotes/0.1 mL of blood × 103) compared to trained (mean
8.41 ± 4.84; median 6.00 trypomastigotes/0.1 mL of blood × 103)
animals (p b 0.05).

Nine weeks after exercise training, cardiac levels of TNF-α and
CX3CL1 were higher in trained compared to sedentary uninfected
animals (Fig. 5). All infected animals presented high levels of TNF-α,
IFN-γ, IL-6, CCL2/MCP-1, and CX3CL1 compared to those of the control
sedentary animals (p b 0.01). In trained and infected animals, the
cardiac levels of TNF-α, IFN-γ and CX3CL1 were higher, CCL2/MCP-1
was lower (p b 0.01) and IL-6 was similar compared to sedentary and
infected animals (p N 0.01).

Infected sedentary animals presented marked inflammatory
infiltrate, cardiomyocyte hypotrophy (Fig. 6) and collagen content
compared to the other groups (Table 2).

In all non-infected animals, thin collagen fibers were distributed
in a well-organized, three-dimensional structure. Scanning electron
microscopy revealed diffuse fibrosis with thick collagen fibers
distributed in a disorganized pattern in all infected animals (Fig. 7).
Tissue fibrosis was confirmed by spectrophotometric quantification
of collagen in the myocardium (Table 2). All these variables showed
lower values in infected and trained animals.

Myocardial levels of malondialdehyde and carbonyl proteins were
similarly low in trained and sedentary uninfected control animals
(p N 0.05) (Fig. 8). Infected animals presented significant protein
oxidation compared to the other groups (p b 0.05). Lipid and protein
oxidationwas attenuated by exercise in infected animals (p b 0.05). Ex-
ercise training was also efficient in stimulating CAT (p b 0.05) but not
SOD activity (p N 0.05) in the myocardium. In addition, trained and in-
fected animals presented increased SOD activity (p b 0.05), but similar
results for CAT (p b 0.05) compared to sedentary and infected animals.

Both trained groups presented NO2
−/NO3

− serum levels significantly
higher than sedentary animals (p b 0.001). In uninfected animals, this
adaptation was not maintained 9 weeks after stopping training
(p N 0.05). In infected animals, NO2

−/NO3
− levels in serum and myocar-

dium were similar and significantly higher in trained and sedentary
animals compared to those in both uninfected control groups
(p N 0.05) (Fig. 9).
T. cruzi infected rats. SN, sedentary not infected; SI, sedentary infected; TN, trained not
perior and inferior quartiles. a,b,c Different letters denote statistical difference among the



Fig. 6. Representative photomicrographs of the left ventricle from control (A and B) and infected (C and D) rats (DAPI and Phalloidin staining under epi-fluorescencemicroscopy). (A) SN,
sedentary not infected; (B) TN, trained not infected; (C) SI, sedentary infected; (D) TI, trained infected. Intracellular amastigotes of T. cruzi were identified in both infected groups
(highlighted in panels C and D, H&E staining).
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The morphological properties of isolated atrial and ventricular
cardiomyocytes are shown in Table 3. The lower width and cellular vol-
ume reinforces the evidence of cardiomyocyte hypotrophy in both in-
fected groups. Sedentary, but not trained and infected animals, also
presented lower sarcomere length compared to the other groups.

The biomechanical characteristics of isolated atrial and ventricular
cardiomyocytes are shown in Fig. 10. In uninfected and trained animals,
it was observed a greater contraction velocity in atrial and ventricular
cardiomyocytes and amplitude of shortening in ventricular
cardiomyocytes (p b 0.05). Sedentary and infected animals presented
reduced cell shortening, contraction and relaxation velocity compared
to control animals (p b 0.05). In infected and trained animals, all param-
eters investigated were higher compared to the animals that remain
sedentary (p b 0.05), except relaxation velocity in atrial cardiomyocytes
(p N 0.05).

4. Discussion

In the present study, by modulating the cardiac inflammatory pro-
cess and oxidative status, exercise training appears to be a potential ef-
fective complementary, non-pharmacological strategy to change the
pathological repercussions of ChC. Our results suggested that that exer-
cise trainingmay induce beneficial adaptations to the host, which seems
to be related to the increased production of Th1 cytokines (i.e. IFN-γ and
Table 2
Effect of preinfection treadmill training on collagen content and myocardial cellularity in contr

Variables SN TN

Right atrium
Collagen (μg/mg protein) 17.52 ± 1.40a 16.77
MC (cells/170 × 103 μm2) 101.15 ± 15.65a 117.90

Left ventricle
Collagen (μg/mg protein) 20.59 ± 1.33a 18.86
MC (cells/170 × 103 μm2) 94.10 ± 19.49a 115.25

SN, sedentary no infected, SI, sedentary infected, TN, trained no infected; TI, trained infected. M
letters in rows indicate statistical differences between the groups for the same cardiac segmen
TNF-α), reduction in parasitemia levels, cardiac parasitism, inflamma-
tion, fibrosis and cell atrophy. Concurrently, trained animals presented
increased activities of antioxidant enzymes, reduced cardiac oxidative
damage and cardiomyocyte contractile dysfunction in infected rats.

As expected, both trained groups presented better physical perfor-
mance andmetabolic adaptation than sedentary animals,whichwas ac-
companied by increased circulating levels of IL-6 and TNF-α and lower
parasitemia. Previous studies have recognized the immunomodulatory
effects of physical training by demonstrating that chronic exercise en-
hances leukocyte function indexes, including the “oxidative burst” of
neutrophils andmonocytes, TCD4+/TCD8+ lymphocyte ratio and pro-
liferation, antibody synthesis, and cytotoxic activity of NK cells [15,35].
It has been shown that in response to infections physical training is
able to stimulate the production of TNF-α, IFN-γ, IL-12, CCL2/MCP-1,
CCL3/MIP-1α and CCL4/MIP-1β, molecules involved in the polarization
to a Th1 immune response pattern [14,15], which is essential to pro-
mote cell-mediated immunity against T. cruzi [12,16]. Thus, the reduced
parasitemia observed here can be potentially related to high expression
of Th1 cytokines (especially IFN- γ and TNF-α), an opposite effect when
Th2 cytokines (i.e., IL-10, IL-4 and TGF-β) are predominant, since these
molecules increase the susceptibility to infection [16,36]. However, it
should be considered that the expression of Th2 response could modu-
late the tissue damage caused by the immune response directed against
the parasite [16].
ol and T. cruzi infected rats.

SI TI

± 1.07a 28.60 ± 1.55b 23.71 ± 1.13c

± 18.95a 356.40 ± 14.01b 179.60 ± 16.62c

± 1.13a 30.93 ± 1.85b 25.29 ± 1.17c

± 17.03a 625.60 ± 84.57b 403.00 ± 71.65c

C, myocardial cellularity. Data are expressed as mean ± standard deviation. a,b,c Different
t (p b 0.05).



Fig. 7. Representative scanning electron photomicrographs of the left ventricle from control (A and B) and infected (C and D) rats. Collagen network was exposed after cell maceration.
(A) SN, sedentary not infected; (B) TN, trained not infected; (C) SI, sedentary infected; (D) TI, trained infected (bars = 15 μm).
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In addition to probablymodifying the plasma levels of cytokines, ex-
ercise training seems to reduce cardiac parasitism, inflammation and fi-
brosis. In Chagas disease, the establishment of a pro-inflammatory
response is critical in controlling the intense parasitism of the acute
phase, however, this response often leads to the installation of a
fibrosing cardiomyopathy in the chronic phase [4,37]. In humans with
chronic heart failure, physical training was able to reduce CCL2 serum
levels, an event associated with reduced macrophage recruitment, in-
flammation and heart failure progression [38]. A similar findingwas ob-
served in the present study, in which infected and trained animals
presented lower CCL2 levels and tissue cellularity compared to infected
Fig. 8. Effect of exercise training on the levels of oxidativemarkers and activity of antioxidant enz
SI, sedentary infected; TN, trained not infected; TI, trained infected. Data are expressed asmean
left ventricle, the data represent the average for both cardiac segments. a,b,c Different letters in
and sedentary animals. In individuals with coronary artery disease,
physical training was effective in stimulating an anti-inflammatory
cardioprotective phenotype, reducing IL-1, IL-6, and IFN-γ and increas-
ing IL-10 circulating levels, a potent anti-inflammatory cytokine [39]. In
humanswith chronic heart failure, physical training also reduced TNF-α
and IL-6 plasma levels [38], which are cytokines that directly modulate
tissue inflammation and cardiac function, in addition to affecting the
production of reactive oxygen (ROS) and nitrogen (RNS)-derived spe-
cies that are involved in the pathogenesis of ChC [35,38].

As expected, NO serum levels were increased in trained animals, a
mechanism admittedly associated with an increased tissue expression
ymes in themyocardium from control and T. cruzi infected rats. SN, sedentary not infected;
± standard deviation. As therewere no statistical differences between the right atrium and
the columns denotes statistical difference between the groups (p b 0.001).



Fig. 9. Effect of exercise training on nitrite/nitrate (NO2
−/NO3

−) levels in serum and cardiac tissue from control and T. cruzi infected rats. SN, sedentary not infected; SI, sedentary infected;
TN, trained not infected; TI, trained infected. Data are expressed asmean± standard deviation. As therewere no statistical differences between the right atriumand left ventricle, the data
represent the average for both cardiac segments. a,b,c Different letters in the columns denotes statistical difference between the groups for the same cardiac segment (p b 0.001).
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of inducible and endothelial nitric oxide synthase (iNOS and eNOS) trig-
gered by exercise training [13,35,40]. Although, this adaptation has
been transitory, the host ability to produce NO in response to T. cruzi in-
fection was not affected by exercise training. In addition, significant re-
active tissue damage (i.e., MDA and protein carbonyls) was observed in
infected animals, whichwas attenuated by exercise training. In humans
[17] and animals [41,42], the installation of a pro-oxidant status of pro-
gressive intensity over T. cruzi infection has been described, inwhich the
endogenous antioxidant reservation is not sufficient to counteract the
high ROS and RNS production and limit tissue damage [41–45]. It has
been demonstrated that the recruitment of inflammatory cells to car-
diac tissue activates a respiratory burst that culminates in the intensive
formation of ROS such as superoxide anions (O2

–), hydroxyl radicals
(OH–) and hydrogen peroxide (H2O2) [42,43]. These reactive species
are also produced by cardiomyocytes, an event that not only represents
a host defensemechanismagainst the parasite, but amitochondrial dys-
function that occurs during cell parasitism. Thus, ROS/RNS production
by cardiomyocytes seems to be a susceptibility factor for myocardial
damage, cell death, increased inflammation andmyocardial dysfunction
in ChC [42–45], which can be mitigated by antioxidant strategies [41].

In the present study, the increased activity of antioxidant enzymes
seems to constitute a remarkable cardiac adaptation induced by exer-
cise training in infected animals. Operating predominantly on skeletal
and cardiac muscle, it is recognized that chronic exercise can increase
the expression and activity of antioxidant enzymes such as superoxide
dismutase, glutathione peroxidase, glutathione-S-transferase and cata-
lase, enhancing tissue efficiency in neutralize the excess of ROS/RNS
[13,46]. Although in cardiomyopathies with other etiologies there is a
compensatory reaction of antioxidant enzymes to neutralize the excess
of reactive species, this mechanism is limited in Chagas disease and
seems to be insufficient to prevent reactive myocardial damage and
Table 3
Effect of preinfection treadmill training on morphological parameters of isolated cardiomyocyt

Cell dimensions SN TN

Right atrium
Length (μm) 183.81 ± 6.64a 181.72 ±
Width (μm) 21.78 ± 1.08a 22.16 ±
Volume (pl) 30.42 ± 1.77a 30.59 ±
SL(μm) 1.94 ± 0.07a 1.93 ±

Left ventricle
Length (μm) 185.28 ± 4.84a 186.84 ±
Width (μm) 20.32 ± 1.16a 21.54 ±
Volume (pl) 28.59 ± 2.04a,c 30.46 ±
SL(μm) 1.93 ± 0.04a 1.91 ±

SN, sedentary no infected, SI, sedentary infected, TN, trainedno infected; TI, trained infected. SL,
rows indicate statistical difference between the groups for the same cardiac segment (p b 0.05
inflammatory cardiomyopathy progression [42,43]. In humans, the ex-
tent to which ChC worsens, there is a gradual reduction in GPX, SOD
and GST activities in blood elements [47]. Due to a reduction in expres-
sion of these enzymes in more advanced stages of heart failure, endog-
enous antioxidant insufficiency seems to contribute to the progression
of ChC [44,47]. Thus, by enhancing the enzymatic antioxidant defenses,
physical training could be potentially beneficial in mitigating oxidative
tissue damage and the severity of ChC.

It is known that cytokines and chemokines can change the redox
balance in multiple organs [42,48]. There is evidence that T. cruzi expo-
sure increases the circulating levels of TNF-α, IL-1 and IL-6, which par-
ticipate in parasite control by stimulating ROS/RNS synthesis [42,43].
Our results corroborated this association between cytokines and ROS/
RNS in infected sedentary animals, which presented high levels of
TNF-α and IL-6 together with increased lipid and protein oxidative
damage. In cardiomyocytes infected with T. cruzi, the production of re-
active species can be increased by TNF-α, IFN-γ and IL-1β, which does
not occur when non-infected cardiomyocytes are treated with these
molecules [42,43]. A key role has been reported for TNF-α and IFN-γ
in inducingNO synthesis in animals infectedwith T. cruzi, a molecule di-
rectly involved in host resistance to infection and in the control of
parasitemia and cell parasitism [39,47]. In humans, TNF-α andNO levels
were inversely correlated with the levels of antioxidant enzymes SOD
and GPx, and directly correlated with the severity of ChC [47], a propo-
sition apparently applicable to sedentary but not trained animals.

Currently, investigations on the intrinsic contractile properties of
cardiac myocytes in Chagas disease are scarce, constituting a neglected
issue. In this study, T. cruzi infection markedly impaired cardiomyocyte
contractility, which seems to be partially restored by exercise training.
Our results support the evidence of a potential negative influence of re-
active stress on cardiomyocyte contractility. Studies conducted by our
es from control and T. cruzi infected rats.

SI TI

5.84a 180.91 ± 10.46a 187.96 ± 8.53a

1.31a 17.85 ± 1.24b 18.24 ± 1.18b

1.81a 24.60 ± 1.57b 24.65 ± 1.35b

0.08a 1.63 ± 0.08b 1.91 ± 0.10a

6.94a 185.89 ± 4.82a 184.06 ± 7.49a

1.40a 16.18 ± 1.37b 17.83 ± 1.05b

2.35a 21.15 ± 1.81b 26.45 ± 1.29c

0.06a 1.68 ± 0.10b 1.92 ± 0.09a

sarcomere length. Data are expressed asmean± standard deviation. a,b,c Different letters in
).



Fig. 10. Effect of exercise training on cardiomyocytes contractility in control and T. cruzi infected rats. SN, sedentary not infected; TN, trained not infected; SI, sedentary infected; TI, trained
infected; RA, right atrium; LV, left ventricle. Data are expressed asmean± standard error. Were evaluated eight animals per group. a,b,c Different letters in the columns denotes statistical
difference between the groups for the same cardiac segment (p b 0.001).
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research group revealed for the first time that T. cruzi infection changes
the intrinsicmechanical properties of cardiomyocytes, reducing the am-
plitude and cell contraction velocity [21,23,28]. Apparently, these
changes are unstable and are influenced by the profile of cytokine ex-
pression, which varies with infection [28]. Thus, high IFN-γ, TNF-α
andMCP-1/CCL2 serum levels were correlated with poor contractile re-
sponses in cardiomyocytes from T. cruzi infectedmice, indicating an im-
portant role of these molecules in modulating cell biomechanics in
experimental Chagas disease [28]. It has been proposed that contractil-
ity dysfunctions in ChC may also be associated with pro-oxidant events
that generate cumulative damage to myocardium biomolecules, which
can determinemorphofunctional changes in cardiomyocytes and even-
tually cell death [23]. In fact, the morphological properties of
cardiomyocytes (i.e., width, volume and sarcomere length) were im-
paired in infected and sedentary animals,which seems to be partially at-
tenuated by physical training. As cell morphology is directly associated
with cardiomyocyte biomechanics, it is possible to assume that by
restricting cell atrophy and geometric disorders in sarcomeric unities,
exercise training can improve cardiomyocyte contractility,
counteracting the typical cardiac catabolic pattern observed in T. cruzi
infection. Our research group also found that reactive tissue damage
can be associated with profound cardiac pathological remodeling, espe-
cially stromal expansion and microvascular damage, events potentially
associatedwith cardiomyocyte biomechanical dysfunction in T. cruzi in-
fection [23]. Thus, by enhancing the antioxidant defenses and limiting
oxidative tissue damage, exercise training could attenuate the installa-
tion of cardiac morphological abnormalities, especially the remarkable
myocardium fibrosis, cell atrophy, and cardiomyocytolysis, which to-
gether with severe inflammation represent peculiar pathological as-
pects in ChC [5,37].

5. Conclusion

Taken together, the results suggested that pre-infection exercise
training could be a relevant complementary non-pharmacological
strategy to change the pathological repercussions of ChC. Bymodulating
the immune response and enhancing the efficiency of endogenous anti-
oxidant mechanisms, exercise training seems to improve the host resis-
tance to infection. This is probably associatedwithmultiple factors such
as reduction of parasitemia, parasitism, cardiac inflammation, fibrosis,
and reactive tissue damage, with positive repercussions to cardiomyo-
cyte contractile function in rats.
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