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Abstract
Chronic Chagas cardiomyopathy evolves over a long period of time after initial infection by Trypanosoma cruzi. Similarly, a cardiomyopathy
appears later in life in muscular dystrophies. This study tested the hypothesis that dystrophin levels are decreased in the early stage of T. cruzi-
infected mice that precedes the later development of a cardiomyopathy. CD1 mice were infected with T. cruzi (Brazil strain), killed at 30 and 100
days post infection (dpi), and the intensity of inflammation, percentage of interstitial fibrosis, and dystrophin levels evaluated. Echocardiography
and magnetic resonance imaging data were evaluated from 15 to 100 dpi. At 30 dpi an intense acute myocarditis with ruptured or intact
intracellular parasite nests was observed. At 100 dpi a mild chronic fibrosing myocarditis was detected without parasites in the myocardium.
Dystrophin was focally reduced or completely lost in cardiomyocytes at 30 dpi, with the reduction maintained up to 100 dpi. Concurrently,
ejection fraction was reduced and the right ventricle was dilated. These findings support the hypothesis that the initial parasitic infection-induced
myocardial dystrophin reduction/loss, maintained over time, might be essential to the late development of a cardiomyopathy in mice.
� 2011 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

One of the most intriguing aspects of chronic Chagas
cardiomyopathy (CCC) is that it evolves over a long period of
time after initial infection by the protozoan Trypanosoma cruzi
(T. cruzi) [1e4]. Chagas disease is characterized by three
phases: acute, indeterminate, and chronic. The heart is the
most severely and frequently involved organ. A mild to severe
acute myocarditis characterizes the cardiac involvement
during the acute phase, with predominant mononuclear
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infiltrate around ruptured pseudocysts of parasites, and intense
parasitism of myofibers that spontaneously subsides after 2e3
months in most cases. The indeterminate phase is a prolonged,
clinically silent period e 10e30 years e that follows the acute
phase. The patients present serological and/or parasitological
evidence of infection with no symptoms or only minor
disturbances of cardiac rhythm. The chronic phase evolves
from the indeterminate phase in 10e30% of the cases in
humans. Grossly, the heart is usually enlarged due to dilatation
and hypertrophy, with 60e70% of patients presenting the
characteristic apical aneurysm. Microscopically, a progressive,
destructive and reparative chronic fibrosing myocarditis
characterizes the chronic phase. Parasite antigens or, rarely,
nests of T. cruzi are observed within cardiomyocytes and
remain there as a result of host specific defense [1,3,5e7].
However, the mechanisms associated with the establishment/
sson SAS. All rights reserved.
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maintenance of distinct clinical outcomes of Chagas disease
appear to be complex and the transition to the chronic form
remains to be elucidated.

Similar to CCC in humans, cardiac complications due to
cardiomyopathy appear later in life in Duchenne muscular
dystrophy and Becker muscular dystrophy, the most common
X-linked recessive disorders resulting from mutations in the
dystrophin gene that lead to an absence of or defect in the
protein dystrophin in striated muscles. Dystrophin and asso-
ciated glycoproteins form the so-called dystrophin glycopro-
tein complex, which contributes to cell shape, mechanical
resistance, and contraction and force generation in car-
diomyocytes [8]. It is known that mutations in the dystrophin
gene result in membrane damage and necrosis that is associ-
ated with severe muscle degeneration and massive chronic
inflammatory infiltrate [9]. Dystrophin reduction has been
linked to end-stage cardiomyopathies and has been proposed
as a common route to the induction of cardiomyopathy and
heart failure [10,11]. Furthermore, dystrophin loss has been
observed in different forms of acquired cardiomyopathies, such
as post-viral myocarditis caused by Coxsackie virus B [12] and
septic cardiomyopathy [13].

The development of cardiomyopathy in both Chagas
disease and congenital dystrophinopathies occurs decades
after infection or birth in humans, respectively. The present
study tested the hypothesis that cardiac dystrophin levels are
decreased during the early phase of the experimental infection
by T. cruzi in mice and are maintained at low levels up to 100
days post infection (dpi); thus, explaining, in part, the late
development of cardiomyopathy.

2. Materials and methods
2.1. Animals and experimental infection
The Brazil strain of T. cruzi was maintained in C3H mice
(Jackson Laboratories, Bar Harbor, Maine, USA). Male CD1
mice (Charles River, Wilmington, MA, USA) were infected
intraperitoneally at 10 weeks of age with 5 � 104 trypomas-
tigotes. All mice were housed in the Institute for Animal
Studies of the Albert Einstein College of Medicine and all
protocols were approved by the Institutional Animal Care and
Use Committee (Albert Einstein College of Medicine, New
York) and by the Committee on Animal Research of the
Faculty of Medicine of Ribeirão Preto (University of São
Paulo, Brazil). The levels of parasitemia were evaluated using
5 ml of blood obtained from the tail vein of infected mice at
days 15, 20, 30, 40, 60, 80 and 100 dpi. The mortality was
evaluated throughout the experimental period.
2.2. Histopathological and morphometric analysis
Control and infected mice were sacrificed 30 and 100 dpi.
These time points were chosen because 30 dpi is the peak of
mortality associated with intense acute myocarditis with an
inflammatory infiltrate mainly composed of lymphomononu-
clear cells and striking tissue parasitism and 100 dpi with
cardiomegaly and mild to moderate chronic myocarditis
characterized by infiltration of the interstitial space by
mononuclear and spindle cells, interstitial fibrosis and the
absence of tissue parasitism [14e16]. The hearts were rapidly
removed, rinsed in ice-cold 0.9% NaCl solution and fixed in
neutral 10% formalin for histological study or immediately
frozen in liquid nitrogen-cooled isopentane for immunofluo-
rescence study. Both ventricles from each heart were isolated
and cut into two fragments by a mid-ventricular coronal
section.

For histopathological study (n ¼ 6/day/group), the samples
were dehydrated, clarified, embedded in paraffin, stained with
hematoxylin and eosin and picrosirius red and examined by
light microscopy. The tissue sections stained with hematoxylin
and eosin were used to evaluate the intensity of inflammation,
the presence of amastigote nests and tissue damage. The slides
stained with picrosirius red (n ¼ 6/day/group) were used to
evaluate fibrosis through collagen quantification.

For morphometric analysis (n ¼ 6/day/group), the Leica
QWin software (Leica Imaging Systems Ltd., Cambridge,
England) in conjunction with a Leica microscope, video-
camera, and an online computer was used. The number of
inflammatory cells was determined by counting the number of
mononuclear rounded interstitial cells (to exclude the spindle
shaped fibroblastic cells) in the myocardium of the right and
left ventricles in 10 microscope fields (40 � 1.6 magnification)
per ventricle of each animal. To estimate the volume fraction
(%) of fibrosis in picrosirius red-stained sections of the right
and left ventricles, 10 microscope fields (400� magnifica-
tions) per ventricle of each animal were measured under
polarized light with the QWin software. Measurements were
made by a skilled observed blinded to the groups.
2.3. Immunofluorescence
For immunofluorescence microscopy, 5 mm frozen sections
(n ¼ 6/day/group) were transferred to silane-coated slides and
fixed in cold acetone for 10 min. Immunolabeling was per-
formed using primary antibody to dystrophin (rabbit poly-
clonal antibody anti-dystrophin, Santa Cruz Biotechnology
Inc., Santa Cruz, CA, USA, dilution 1:200), diluted in 1%
BSA and incubated overnight at 4 �C. Immunolabeling was
performed using goat anti-rabbit fluorochrome-conjugated
secondary antibody (FITC) (Vector Laboratories Inc., Burlin-
game, CA, USA) diluted 1:200 in HEPES 0.01 M and incu-
bated for 1 h at room temperature. Omission of the primary
antibodies served as negative control. Some sections were also
labeled with phalloidin complexed to rhodamine (Alexa Fluor
594 phalloidin, Molecular Probes, Eugene, OR, USA) for
visualization of actin. The nuclei were labeled with DAPI
(Molecular Probes).
2.4. Western blotting
To determine the amount of dystrophin in control and
chagasic hearts (n ¼ 5/day/group), homogenates of the left and
right ventricles were analyzed by immunoblotting at 30 and
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100 dpi. Freshly excised hearts were washed in cold
phosphate-buffered saline, the left and right ventricles were
isolated and homogenized in extraction buffer with protease
inhibition cocktail (SigmaeAldrich, Saint Louis, MO, USA).
Total heart protein (50 mg protein/well) was resolved on 5%
SDS-PAGE and transferred to a nitrocellulose membrane
(Hybond-ECL, Amersham Pharmacia Biotech, Amersham,
UK). The membranes were blocked with 5% skimmed milk/
TBS-T for 24 h and incubated overnight at 4 �C with
primary antibody to dystrophin (rabbit polyclonal antibody
anti-dystrophin, Santa Cruz Biotechnology Inc., dilution
1:500). The blots were washed and incubated with goat anti-
rabbit HRP-conjugated secondary antibody (Santa Cruz
Biotechnology Inc., diluted 1:20,000) for 1 h at room
temperature. The membranes were washed, developed using
ECL (Amersham Pharmacia Biotech), and exposed to
Hyperfilm ECL (Amersham Pharmacia Biotech). GAPDH was
used to normalize protein loading. The quantification was
performed after scanning with a Kodak camera (Amersham
Pharmacia Biotech) using Image J software (developed at the
U.S. National Institute of Health and available on the Internet
at http://rsb.info.nih.gov/nih-image). Values reported are
optical densities expressed as arbitrary units (AU).
2.5. Cardiac gated magnetic resonance imaging (MRI)
The mice were imaged 15, 30, 60, and 100 dpi under
inhalation anesthesia (1e2% isoflurane in 95% oxygen and
5% carbon dioxide) (n ¼ 5/day/group). A set of standard,
shielded, nonmagnetic electrocardiographic leads ending in
silver wires were attached to the four limbs. The electrocar-
diographic signal was fed to a Gould Electrocardiograph
amplifier associated with the Ponemah Physiology data
acquisition system for monitoring the electrocardiogram; the
R wave triggered a 5-V signal to gate the spectrometer. Images
were acquired with a GE/Omega 9.4 T vertical wide-bore
spectrometer operating at a 1H frequency of 400 MHz and
equipped with 50-mm shielded gradients (General Electric,
Fremont, CA, USA) and a 40-mm 1H imaging coil (RF
Sensors, New York, NY, USA). Temperature within the coils
was maintained at 30 �C using a water-cooling unit (Neslab
Instrument, Inc., Portsmouth, NH, USA). This temperature
prevented hypothermia in the anesthetized mice. After
attachment of the cardiac gating leads, the mice were wrapped
in a Teflon sheet and multi-slice spin echo imaging was per-
formed to obtain short axis images of the heart. The gating
delay was adjusted to collect data in systole or diastole. The
following parameters were used to obtain 8 short axis slices:
echo time, 18 ms; field of view, 51.2 mm; number of averages,
4; slice thickness, 1 mm; repetition time, approximately 0.2 s;
matrix size, 128 � 256 (interpolated to 256 � 256). Several
sets of 8 slices were acquired to define the entire heart and to
obtain images in diastole and systole taking approximately
20e30 min per mouse. Data were transferred to a computer
and analyzed using MATLAB-based software. Left ventricle
and right ventricle dimensions in millimeters were determined
from the images representing end-diastole. The left ventricular
wall is the average of the anterior, posterior, lateral, and septal
walls. The right ventricular internal dimension is the widest
point of the right ventricular cavity.
2.6. Echocardiography
The mice were imaged 15, 30, 60, and 100 dpi (n ¼ 5/day/
group). They were lightly anesthetized with 1e2% isoflurane
in 95% oxygen and 5% carbon dioxide; the chest wall was
shaved and a small gel standoff was placed between the chest
and a 30-MHz RMV-707 B scanhead interfaced with a Vevo
770 High-Resolution Imaging System (VisualSonics, Toronto,
ON, Canada). High-resolution EKV Mode and B Mode
images were acquired. Continuous, standard electrocardio-
gram was recorded using electrodes placed on the animal’s
extremities. Diastolic measurements were performed at the
point of greatest cavity dimension, and systolic measurements
were made at the point of minimal cavity dimension, using the
leading edge method of the American Society of Echocardi-
ography [17]. Ejection fraction was calculated and used as
a determinant of left ventricular cardiac function.
2.7. Statistical analysis
Data were analyzed using GraphPad Prism 5 statistical
program (GraphPad Software Inc., San Diego, CA, USA).
Multiple comparisons were made using ANOVA followed by
Bonferroni post-test. Comparisons between two groups were
made using Student’s t-test. The survival rate was expressed as
the percentage of live animals. All data are expressed as
mean � SD. A level of significance of 5% was chosen to
denote significant differences between mean values.

3. Results
3.1. Parasitemia and mortality
The mortality rate was 60% at 30 dpi with the remaining
40% of the infected mice surviving up to 100 dpi (Fig. 1A).
Mice had a peak of parasitemia of 90 � 104 trypomastigotes/
mL of plasma at day 20 dpi (Fig. 1B).
3.2. Histopathological analysis
Histological analysis demonstrated that control mice dis-
played normal cardiac fibers with regular interstitial space in
the right (Fig. 2A) and left (Fig. 2B) ventricles. At 30 dpi there
was an intense and diffuse myocarditis characterized by
lymphomononuclear interstitial infiltrate, disruption of myo-
fibers, multiple pseudocysts of amastigotes and enlargement of
the interstitial space. Most of the infected myocytes were
surrounded by this infiltrate. There was also perivascular
inflammatory infiltrate (Fig. 2C, D). These findings were more
evident in the right ventricle (Fig. 2C). At 60 dpi, the tissue
parasitism decreased and the parasite pseudocysts were rare in
both ventricles (data not shown). By 100 dpi, the number of
lymphomononuclear inflammatory cells was reduced and no
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Fig. 1. Survival curve and parasitemia of control and CD1 mice infected with 5 � 104 trypomastigotes forms of T. cruzi. (A) Survival curve. The mortality rate

peaked at 60% 30 dpi, 40% of the infected mice surviving to 100 dpi. (B) Parasitemia. Mice had a peak of parasitemia of 90 � 104 trypomastigotes/mL of plasma

at day 20 pi. The results are representative of three different experiments, n ¼ 30 animals.
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parasites were detected (Fig. 2E, F). The number of interstitial
mononuclear cells was quantified and was more pronounced at
30 dpi when compared to 100 dpi, especially in the right
ventricle. The number of cells per field in the right ventricle
increased 10 times by 30 dpi and dropped to 2.3 times at
100 dpi when compared to control (Fig. 2G). In the left
ventricle, the increase in the number of cells per field at 30 dpi
was increased by 4 times and dropped to 1.7 times at 100 dpi
in comparison with values of controls (Fig. 2H).

The analysis of picrosirius red-stained sections under
polarized light revealed mild myocardial fibrosis manifested
by an increased amount of pericellular collagen (endomysial
matrix) and mild perivascular fibrosis. These findings were
more evident in the right ventricle (Fig. 3). The increase in the
volume fraction of fibrosis in the right ventricle at 30 dpi was
not statistically significant; however, at 100 dpi the increase
was 600% (Fig. 3 upper left graph). In the left ventricle, the
increase in the volume fraction of fibrosis at 30 dpi was also
not significant but by 100 dpi the increase was 62% (Fig. 3
upper right graph).
3.3. Dystrophin analysis
Densitometric analysis of western blotting showed a signifi-
cant reduction of dystrophin from 30 dpi up to 100 dpi. The
immunofluorescence study revealed that dystrophin was focally
reduced or completely lost in cardiomyocytes of infected
mouse hearts. In order to determine whether the reduction in
dystrophin expression was a consequence of myocytolytic
necrosis, the sections were double-immunolabeled with anti-
body directed against dystrophin and with phalloidin com-
plexed to rhodamine to detect actin in the cytoskeleton of the
cardiomyocytes. At 30 dpi, as can be clearly seen in Fig. 4E,
there are foci of myocytolysis or myocytolytic necrosis, as
revealed by collapsed and clumped actin associated with loss of
the dystrophin fluorescent signal, associated with infiltration by
a great number of interstitial cells (Fig. 4F). Additionally, foci
of cardiomyocytes showing undamaged actin or very mild actin
lysis was observed with markedly reduced/loss of dystrophin
fluorescent signal. At 100 dpi the foci of loss/reduction of
dystrophin fluorescent signal was associated with undamaged
actin or very mild actin lysis, without collapse of actin in
cardiomyocytes, (Fig. 4H) and a small number of interstitial
cells (Fig. 4I). There was uniform dystrophin staining in the
myocardium obtained from uninfected age-matched mice
(Fig. 4AeC).
3.4. Cardiac MRI
There was no significant difference in the left ventricular
internal diameter in infected mice compared with uninfected
controls during the period studied. However, the inner
dimension of the right ventricle was significantly dilated from
30 to 100 dpi. This increase in right ventricle chamber
dimension was 95% at 30 dpi, 80% at 60 dpi and 54% at
100 dpi in comparison with respective controls. There was no
difference in the left ventricle wall thickness from 15 to 60 dpi.
However, at 100 dpi, the increase was 11.4% in comparison
with controls (Fig. 5).
3.5. Echocardiography
Infected mice did not show any change in the ejection
fraction at 15 dpi in comparison with controls. However, there
was a 23% reduction in the left ventricular ejection fraction at
30 dpi, 20% at 60 dpi and 20% at 100 dpi in comparison with
respective controls (Fig. 6). The heart rate for control mice
was 582.7 � 41.84 bpm and a reduction of 10% was observed
at 30 dpi (529.4 � 18.64, p < 0.05). There was no difference
between control and infected mice at 100 dpi (547.7 � 32.34)
(n ¼ 5/day/group).

4. Discussion

This study shows for the first time that CD1 mice experi-
mentally infected with the Brazil strain of T. cruzi present
focal loss or reduction of sarcolemmal dystrophin expression
at 30 dpi that persists until 100 dpi. Concurrently, utilizing
cardiac MRI and echocardiography, we demonstrated that T.
cruzi-infected CD1 mice developed a dilated cardiomyopathy,
characterized by right ventricular dilatation and reduction in
left ventricular ejection fraction at both 30 and 100 dpi.



Fig. 2. Histological analysis demonstrated that control mice displayed normal cardiac fibers with regular interstitial space in the right (A) and left (B) ventricles. At

30 dpi there was an intense and diffuse myocarditis characterized by lymphomononuclear interstitial infiltrate (white arrow), multiple ruptured or unruptured

pseudocysts (black arrow) and enlargement of the interstitial space (C and D). After 100 dpi, the number of lymphomononuclear inflammatory cells became

significantly reduced and no parasites were detected (E and F). The numbers of interstitial mononuclear cells were quantified in both right and left ventricles. The

number of cells was markedly increased at 30 dpi as compared to 100 dpi, mostly in the right ventricle (G and H). Bars ¼ 100 mm, n ¼ 6/day/group.
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Cardiac complications in human chronic Chagas disease
appear later in life, approximately 10e30 years after the initial
infection. Chagas cardiomyopathy has also been described as
a cardioneuropathy due to diminution in the number of para-
sympathetic ganglion cells in the heart [1,18], which occurs
during the acute phase of the disease [19]. Köberle explained
the late manifestations of Chagas disease, including Chagas
heart disease, emphasizing that “the denervation is the abso-
lutely indispensable element for the appearance of these
syndromes, but its development depends on the conjoint action
of many other factors, among which the most important are (a)
localization and intensity of denervation, (b) sensitivity of the
affected organ to denervation and (c) solicitation and over-
loading of the damaged structure” [1]. However, the factors



Fig. 3. Evaluation of interstitial collagen in picrosirius red-stained sections in control and T. cruzi-infected mice. The upper bar graphs show the mean fraction of

fibrosis (%) in both right ventricle (RV, left graph) and left ventricle (LV, right graph). There was a tendency toward an increased amount of collagen at 30 dpi in both

ventricles although the differences were not statistically significant. Themean amounts of collagen were significantly increased in the RV (600% higher) and LV (62%

higher) at 100 dpi. Representative images illustrate these results clearly showing that the collagen increase was mainly perimysial. Bars ¼ 50 mm, n ¼ 6/day/group.
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governing differential susceptibility to the late development of
chronic Chagas cardiomyopathy are still unknown. The
differential tissue tropism by different strains of T. cruzi was
proposed to exert an important influence on the development
of the late manifestations [20,21]. However, it is believed that
the intensity of the pathophysiological alterations that occur at
early stages of T. cruzi infection correlates positively with the
severity of cardiomyopathy observed at the chronic phase of
Chagas disease [1], regardless of the intrinsic mechanism or
mechanisms.



Fig. 4. Western blots and representative images of immunofluorescence for dystrophin in both control and T. cruzi-infected mice. Densitometric analysis of western

blots (2 representative samples per group, n ¼ 6/day/group) showed a significant reduction of dystrophin at 30 dpi sustained up to 100 dpi. GAPDH signal was used

to normalize for loading differences between lanes. The immunofluorescence study revealed that dystrophin expression (green fluorescence) was focally reduced or

completely lost at 30 dpi (D) and at 100 dpi (G) in cardiomyocytes of infected mouse hearts in comparison with controls. At 30 dpi, it can be clearly seen in E

(merge of red fluorescent actin þ green fluorescent dystrophin) that foci of collapsed and clumped actin are associated with dystrophin loss (white arrows). The

merge of actin þ dystrophin þ DAPI (blue fluorescence) reveals a significant amount of interstitial cell infiltration in these foci (F, white arrows). At 100 dpi the

foci of dystrophin loss/reduction was associated with undamaged actin or very mild actin lysis without collapse of actin in cardiomyocytes (H, white arrow heads)

and was associated with a slightly increased number of interstitial cells (I, white arrow heads). Figures A, D and G show green fluorescence of dystrophin; Figures

B, E and H show merge of dystrophin þ red fluorescence of actin; Figures C, F and I show merge of dystrophin þ actin þ blue fluorescence of DAPI.

Bars ¼ 50 mm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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As in T. cruzi infection, cardiac complications appear later
in Duchenne (DMD) and Becker muscular dystrophies
(BMD), the two most common and severe forms of dystro-
phinopathies. Although dystrophin gene mutations represent
the primary cause of DMD and BMD, it has been demon-
strated that the secondary processes, involving persistent
inflammation with high levels of pro-inflammatory cytokines,
likely sustain and exacerbate disease progression [22]. A
recent study demonstrated that DMD patients with evidence of
active myocarditis associated with myocyte damage and
fibrosis had a faster progression to heart failure and death in
comparison with DMD patients with evidence of healed
myocarditis [23]. These observations indicate a special role for
inflammation as an active participant in the disease process. It
is, therefore, tempting to hypothesize that the occurrence of
foci of myofibers with lost/reduced dystrophin levels and
preserved actin filaments, as observed in the present study,
suggests dystrophin loss/reduction as a possible role in



Fig. 5. Transverse magnetic resonance images of mice showing the short axis of the heart from 15 to 100 dpi and controls. The inner dimension of the right

ventricle was significantly dilated from 30 to 100 dpi (white arrow); however, there was no difference in left ventricular internal diameter during the period studied.

The left ventricle wall thickness was increased at 100 dpi. n ¼ 5/day/group.
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destabilizing the plasma membrane of cardiomyocytes in T.
cruzi-induced cardiomyopathy. This could make the car-
diomyocytes more susceptible to ancillary disease processes
and consequent myofibrillar degeneration and lysis.

A shift from fatty acid to carbohydrate oxidation in the
heart early after T. cruzi infection, prior to morphological and
functional alterations, was previously observed [24]. It has
been proposed that metabolic flexibility is lost early in the
failing heart and can be considered a hallmark of malad-
aptation. This loss of metabolic flexibility starts, like
Fig. 6. Ejection fraction analysis. Infected mice did not show any change in the

echocardiographic measurement at 15 dpi; however, they exhibited a signifi-

cant reduction in LV ejection fraction at 30, 60 and 100 dpi. n ¼ 5/day/group.
hypertrophy, as an adaptive process that occurs before the
onset of contractile dysfunction. In its advanced stages, loss of
metabolic flexibility contributes to cardiac dysfunction leading
to heart failure [25]. Metabolic perturbation in the heart has
been shown to occur in different situations, such as in DMD
patients [26], in progressive cardiac hypertrophy [27] and left
ventricular dilatation [28], in acute myocardial infarction [29]
and in the mdx mouse, an animal model with mutation in the
dystrophin gene [25,30]. Results of studies that correlate
cardiac metabolism and dystrophin-deficiency in hearts lead to
the hypothesis that, beyond its purely mechanical role, dys-
trophin is critical for optimal cardiac metabolism-contraction
coupling; dystrophin-deficiency thus causing a mismatch
between energy supply and demand [30,31].

The findings in the present study allow us to discuss two
possible mechanisms implicated in sarcolemmal dystrophin
reduction in the hearts of mice experimentally infected with T.
cruzi. First, myocardial ischemia is known to cause loss of
sarcolemmal dystrophin and of other cytoskeleton proteins
[13,32e34]. Microcirculatory abnormalities, resulting in
hypoxia or ischemia, are considered to be involved in the
genesis of acute and chronic myocarditis [2]. Aggregated
platelets and occlusive thrombi in small epicardial and intra-
myocardial vessels [14] and histochemical evidence of
hypoxic changes [35] have been described in the myocardium
of mice chronically infected with T. cruzi. Numerous areas of
focal vascular constriction, microaneurysm formation,
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dilatation and proliferation of microvessels were seen early
after infection with T. cruzi [36].

The vasculopathy in murine Chagas cardiomyopathy, which
is accompanied by segmental vasospasm and dilatation and
reduction in blood flow, is mediated in part by endothelin-1
[37] and could be ameliorated by verapamil, a drug that
modulates vascular flow, endothelin synthesis/release, platelet
aggregation and inflammation [38]. Furthermore, it was
demonstrated that patients with chronic Chagas heart disease
present an abnormal, endothelium-dependent, coronary vaso-
dilating mechanism that may contribute to the genesis of the
symptoms related to ischemic processes [39]. Such ischemic
stress, induced by T. cruzi infection, could lead to the reduc-
tion of sarcolemmal dystrophin observed in mice at 30 dpi,
a phenomenon that is maintained up to 100 dpi. Second,
inflammatory mechanisms could also be involved in the dys-
trophin changes observed. Inflammation has been shown to
play a key role in the activation of proteases responsible for
dystrophin degradation [23,40]. Studies in a murine model
demonstrated that cardiomyocytes infected with T. cruzi
produce marked amounts of pro-inflammatory cytokines such
as IFN-g, IL-1b, TNF-a, IL-6 and TGFb [41]. Pro-
inflammatory cytokines have been demonstrated to exert
their actions on target cells through nuclear factor-kappa B
(NF-kB) [42,43], contributing to the dystrophic damage
progression through activation of intracellular calcium-
dependent proteases, mainly calpain, which can degrade
cytoskeletal and membrane proteins, including dystrophin
[44]. Recent work in our laboratory demonstrated that
increased tissue expression of TNF-a, iNOS, NF-kB and cal-
pain in the hearts of mice acutely infected with the Y strain of
T. cruzi directly correlates with dystrophin loss (unpublished
data).

The current investigation provides novel and mechanistic
insight to clarify events that occur in the myocardium at 30 dpi
and changes that are maintained up to 100 dpi, which might be
related to the disease advancement. Based upon our findings
we hypothesize that the loss/decreased levels of dystrophin in
the acute phase of experimental T. cruzi infection, caused by
ischemia and inflammation, contributes to the late develop-
ment of a cardiomyopathy. This is a continuing interest of our
laboratories.
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