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Trypomastigotes and amastigotes of Trypanosoma cruzi induce
apoptosis and STAT3 activation in cardiomyocytes in vitro
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Abstract The haemoflagellate Trypanosoma cruzi is the
causative agent of Chagas’ disease that occurs in approxi-
mately 8 million people in Latin America. Patients infected
with T. cruzi frequently suffer of cardiomegaly and may die
of myocardial failure. Here we show that 7. cruzi trypom-
astigotes (extracellular form) increased in vitro apoptosis of
rat cardiomyocytes. Additionally, we demonstrated that
amastigotes (intracellular form), for which a method for
purification was established, were also able to induce car-
diomyocyte apoptosis. Increase of apoptosis was associated
with up-regulation of the apoptotic gene bax by trypom-
astigotes, while expression of the anti-apoptotic gene bcl-2
was down-regulated by amastigotes. The transcription factor
STAT3 but not STAT1 was activated in cardiomyocytes by
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trypomastigotes. In addition, tlr7 gene expression was
up-regulated in cardiomyocytes incubated with trypom-
astigotes, suggesting that this Toll-like receptor is involved
in the intracellular recognition after host cell invasion by
T. cruzi. Glycosylphosphatidylinositols purified from try-
pomastigotes did not induce cardiomyocyte apoptosis and
STAT activation but down-regulated #/77 gene expression. In
conclusion, cardiomyopathy observed in Chagas’ disease
might be in part due to apoptosis of cardiomyocytes induced
directly by the parasite.
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Introduction

The protozoan Trypanosoma cruzi is the etiological agent of
Chagas’ disease (or American trypanosomiasis) that affects
approximately eight million people in Latin America. The
parasite is transmitted by endemic blood-sucking insects and
congenitally. International migration is a factor, which can
confront non-endemic countries with the Chagas’ disease
through blood transfusion and organ transplantation.
Chronic Chagas’ disease occurs in about one-third of those
who are infected after 10-20 years [1]. The heart is one of the
most affected organs and cardiac disorders develop in over
90 % of cases [2]. Myocardial involvement in chronic
Chagas’ disease includes arrhythmias, conduction defects,
cardiomegaly, congestive heart failure, and thrombo-
embolic events [3]. Histopathology reveals widespread areas
of cellular infiltration and inflammation. Cellular hypertro-
phy and myocardial fibrosis are usually associated with
cardiac symptoms, and death frequently results from either
rhythm disturbances or congestive heart failure [4]. The
histological examination of the infected heart shows
pseudocysts within the muscle fibres but the number of
parasites is low in relation to the intensity of the myocarditis.
T. cruzi antigens were detected in nearly all hearts from
chronic chagasic patients that died due to heart failure [5].

In the case of Chagas’ heart disease, cardiomyocyte
apoptosis in response to 7. cruzi trypomastigotes is a complex
field where conflicting results have been found. Apoptosis has
been identified in cardiomyocytes from chagasic patients
suffering from heart failure [6]. Apoptosis of infected cells
seems to be a critical factor in the course of infection, since it
can favour pathogen control. In contrast, pathogen-induced
cell death leads to the elimination of key immune cells. De
Souza et al. [7] reported that cardiomyocytes become apop-
totic after infection with different strains of 7. cruzi, whereas
Aoki et al. [8] showed a protective effect of T. cruzi due to
cruzipain that acts as a survival factor for cardiomyocytes.
Trypomastigotes invade cells and differentiate into amastig-
otes that divide by binary fission and differentiate again into
trypomastigotes, which are released after host cell lysis.
Besides this classical process, active invasion of amastigotes
into cells has been also reported. Amastigotes obtained by
extracellular and intracellular differentiation from trypom-
astigotes entered in monocytes, divided with similar replica-
tion times, and developed into trypomastigotes [9]. When
injected intraperitoneally into mice, amastigotes were as
infective as trypomastigotes [9]. In the present study, we have
investigated the effect of T. cruzi trypomastigotes and their
glycosylphosphatidylinositols (GPIs) on apoptosis of primary
rat cardiomyocytes and for the first time, the role of 7. cruzi
amastigotes on cardiomyocyte death.

The Janus kinase (JAK)-signal transducer and activator
of transcription (STAT) pathway has been implicated in
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myocardial infarction, cardiac hypertrophy, myocarditis
and dilated cardiomyopathy [10]. Cardiomyocytes express
several cytokine receptors, and locally secreted cytokines
activating the JAK-STAT pathway might be responsible
for cardiomyocyte apoptosis and the resulting cardiomy-
opathy. In particular, the balance between STATI1 and
STATS3 activation might determine the death or survival of
cardiomyocytes during infection with 7. cruzi. For this
reason, we have explored STAT activation in cardiomyo-
cytes in the presence of T. cruzi trypomastigotes. Toll-like
receptors play an important role in the recognition of
pathogens and several groups have demonstrated the role
of TLR2, TLR4, TLR7, and TLRY and their adaptor
MyD88 in the clearance of 7. cruzi and in the survival of
mice [11-14]. Furthermore, tlr7 and tlr9 gene were over-
expressed in patients with myocardis [15, 16]. We won-
dered whether genes coding for MyD88 and for the
intracellular receptors TLR7 and TLR9 were modulated by
T. cruzi in cardiomyocytes.

Materials and methods
Parasite culture and GPI purification

The Brazilian Y strain of 7. cruzi was grown in Vero cells in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco) sup-
plemented with 5 % fetal calf serum. Trypomastigotes were
collected from the culture supernatant while amastigotes were
released from host cells by using glass beads and the Mixer
Mill homogenizer (Retsch). Subsequently, amastigotes were
purified by glass wool filtration. Briefly, 20 ml syringe was
filled with 4.5 g of glass wool in the first 10 ml volume, and
with 3 g of glass wool in the second 10 ml volume. This
column was equilibrated with DMEM prior to the passage of
the suspension containing free amastigotes and Vero cell
debris. The column was washed with 150 ml of medium to
recover all amastigotes. Trypomastigote glycolipids were
extracted with chloroform—methanol-water (10:10:3, by
volume), partitioned between water and water-saturated
n-butyl alcohol, and the different GPI-related molecules were
then separated by thin-layer chromatography with [*H]glu-
cosamine (Hartmann) labelled 7. cruzi GPIs used as tracers.
GPIs were scraped off, re-extracted with chloroform—metha-
nol-water (10:10:3, by volume), and recovered in the butanol
phase after water-saturated n-butyl alcohol/water partition.
Absence of endotoxin was checked with the Limulus Ame-
bocyte Lysate kit QCL-100 (Bio-Whittaker).

Isolation of cardiomyocytes

Adult Sprague—Dawley rats, purchased from Charles River
(Sulzfeld), were anaesthetized with 110 mg/kg body weight
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pentobarbital sodium. The heart was quickly excised and
placed in ice cold Ca*"-free Minimal Essential Medium
(MEM, Gibco). The aorta was cannulated and retrogradly
perfused at constant pressure of 100 cm H,O at 37 °C with
medium I, containing Ca’*-free MEM, 5 mM taurine and
5 mM creatine. Then, perfusion for enzymatic digestion was
performed with medium II (medium I with 0.5 mg/ml col-
lagenase, 0.1 % BSA and 50 pM Ca”") for about 40 min
according to the size of the heart and the possible coronary
perfusion. Afterwards the heart was sliced and incubated in
medium II for 10 min at 37 °C. The cells were then filtered
through a 200 pm nylon mesh, washed with medium III
(medium I with 1 % BSA) and centrifuged for 1 min at
90x g. The pellet was suspended in 10 ml medium III and
again incubated for 10 min at 37 °C. The cardiomyocytes
were washed and gradually adapted by raising the Ca*"
concentration from 125 to 1,000 uM in five steps. After
centrifugation through an ‘‘Optiprep’’ gradient, viable cells
accumulated in the interphase. These cells (99 % purity)
were then washed and cultured in M199 medium (Gibco)
containing 5 mM taurine, 5 mM creatine, 2 mM carnitine,
100 U/ml penicillin, 100 pg/ml streptomycin, 2 % BSA,
0.1 pM insulin and 20 % fetal calf serum. For further
experiments, cardiomyocytes were cultured in 6-well plates
in RPMI 1640 medium (Gibco) containing 2 % glutamine,
5 % fetal calf serum, 100 U/ml penicillin, and 100 pg/ml
streptomycin.

Detection of apoptosis

Rat cardiomyocytes (7 x 10%) were cultivated for 24 or 48 h
with medium alone, with 7. cruzi trypomastigotes or am-
astigotes at a cell-to-parasite ratio of 1:1, 1:10, 1:20, and
1:100, or with trypomastigote GPIs (purified from 5 x 10®
parasites). In some experiments, cardiomyocytes were pre-
incubated for 18 h with 1 pM dexamethasone prior to
infection with trypomastigotes (1:100). Apoptosis was
detected in rat cardiomyocytes by terminal desoxynucleot-
idyl transferase-mediated dUTP nick end labelling (TUN-
EL), according to the manufacturer’s instructions (Roche
Diagnostics). Cardiomyocytes were applied after labelling
onto a 10-cup slide (Menzel) and protected with mount
medium (FluorSave, Merck) and cover slide. For each cul-
ture condition, the percentage of apoptotic cardiomyocytes
was determined on at least 200 cells with a Zeiss Axiophot
microscope (Carl Zeiss Microlmaging). In some experi-
ments, DNA was stained with Hoechst 33342 for 1 h at
37 °C to show cell penetration of amastigotes. Caspase-3/7,
caspase-8, and caspase-9 activities were measured in rat
cardiomyocytes by luminescent assays according to the
manufacturer’s instruction (Caspase-Glo Assays, Promega)
after 24 h incubation with T. cruzi trypomastigotes or
amastigotes at a cell-to-parasite ratio of 1:10.

Measurement of STAT activation

Rat cardiomyocytes (5 x 10%) were incubated for 30 min,
1 h, or 4 h with medium alone, with T. cruzi trypom-
astigotes at cell-to-parasite ratio of 1:10 or 1:100, or with
GPIs extracted from 5 x 10°® trypomastigotes. Nuclear
proteins were then extracted and analyzed for STAT1 and
STAT3 activation using the Trans-AM™ transcription
factor assay kit, according to the manufacturer’s protocol
(Active Motif). This assay is based on a sandwich ELISA
method. Activated STAT1 or STAT3 binds to its specific
coated oligonucleotide and is recognized by an antibody
raised against activated transcription factors. STAT1/3
binding results in a colorimetric reaction measured at
450 nm.

Analysis of mRNA expression

Rat cardiomyocytes (3.5 x 104) were incubated for 4, 8, or
24 h with medium alone, with T. cruzi trypomastigotes, or
with trypomastigote GPIs. Total RNA was extracted from
the rat cardiomyocytes by using the PeqGold Trifast kit
(Peqlab), according to the manufacturer’s instructions. The
Verso™ ¢DNA kit (Thermo Fisher) was used to convert
mRNA into cDNA at 42 °C for 30 min followed by a
denaturation step at 95 °C for 2 min. Amplification was then
performed by polymerase chain reaction (PCR) in a Mas-
tercycler (Eppendorf) by using the Absolute™™ Blue QPCR
SYBR Green Mix Plus ROX Vial (Thermo Fisher) and the
primer pairs 5'-GAGAAACCTGCCAAGTATGATG and
5'-TTTCTTACTCCTTGGAGGCCAT for gapdh, 5'-AG-
GTATCACCAGCCGCATAC and 5-TGCACAATCCTTT
TCATCCA for apaf-1, 5'-CGAGCTGATCAGAACCAT
CA and 5'-CTCAGCCCATCTTCTTCCAG for bax, 5'-AT
ACCTGGGCCACAAGTGAG and 5-TGATTTGACCAT
TTGCCTGA for bcl-2, 5'-CCCCTGACATGCCTATCACT
and 5'-TGTCCCAAAGGAAACACACA for myd88, 5'-TG
TGCACCAAGAGGCTACAG and 5'-TGGCCCAGGTAG
AGTGATTC for 1lr7,and 5’-TGCAGGAGCTGAACATGA
AC and 5'-GAGAGCTGGGGTGAGACTTG for #r9, and
5'- GCTGCAACAGATGAGGATGA and 5'-CTATCTC-
GATGTCCCCTCCA for irf-1. The following PCR program
was applied: 40 cycles of denaturation at 95 °C for 15 s,
annealing at 55 °C for 30 s, and extension at 72 °C for 30 s.
A melting curve analysis was run after final amplification via
a temperature gradient from 55 to 94 °Cin 0.5 °C increment
steps measuring fluorescence at each temperature for a per-
iod of 10 s. All reactions were carried out in duplicate for
each sample. The relative expression of a transcript was
calculated as the ratio between the specific transcript level
and the level of gapdh determined for each sample. Using the
Eppendorf Realplex 1.5 software, the threshold (Ct) at which
the cycle numbers were measured was adjusted to areas of
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exponential amplification of the traces. The delta-Ct method

was used to compare expression levels of two samples by
. —(ACt target—ACt control)

applying the formula 2 .

Statistical analysis

Means and standard deviations were calculated. The
Wilcoxon’s test, the one-way ANOVA test followed by the
Bonferroni’s multiple comparison test, or the unpaired
Student’s t test were adopted for statistical evaluation and
P < 0.05 was considered significant (GraphPad Prism 5
software).

Results

T. cruzi trypomastigotes and amastigotes increase
apoptosis of rat cardiomyocytes in vitro

Studies on cardiomyocyte apoptosis have shown apoptotic
or anti-apoptotic effects of 7. cruzi trypomastigotes [7, 8],
while no study was conducted on the effect of amastigotes
on the death of cardiac cells. In order to investigate this
point, trypomastigotes and amastigotes were obtained from
in vitro culture of T. cruzi (Fig. 1a). Extracellular try-
pomastigotes were collected from culture supernatant.
Intracellular amastigotes were purified by using a method
developed to improve yield and purity. For this, Vero cells
highly infected by amastigotes were detached from the
flask with a scraper and mixed with glass beads to liberate
the parasites. The next step consisted in filtration on a glass
wool column to obtain parasites free of cell debris (com-
pare Fig. 1b, c, before and after filtration). By this method,
more than 99 % of amastigotes were recovered. Cardio-
myocytes were isolated from rat heart and incubated for 24
or 48 h with trypomastigotes or amastigotes at cell-
to-parasite ratio of 1:1, 1:10, 1:20, and 1:100. Apoptotic
cardiomyocytes were counted after labelling of fragmented
nuclei by using the TUNEL assay (Fig. 2a). As shown in
Fig. 2b (left panel), trypomastigotes of 7. crugzi signifi-
cantly induced apoptosis of rat cardiomyocytes in vitro
from cell-to-parasite ratio of 1:10 at 24 h, and from cell-
to-parasite ratio of 1:1 at 48 h (P < 0.001, ANOVA/
Bonferroni). Percentages of apoptotic cardiomyocytes
increased with the number of parasites (P < 0.001 at 24
and 48 h, ANOVA/Bonferroni) and with time (P < 0.01
between 24 and 48 h, Wilcoxon’s test). As for trypom-
astigotes, apoptosis of rat cardiomyocytes was significantly
increased in the presence of 7. cruzi amastigotes compared
to medium alone (Fig. 2b, right panel) from cell-to-parasite
ratio of 1:10 at 24 h (P < 0.001, ANOVA/Bonferroni), and
from cell-to-parasite ratio of 1:1 at 48 h (P < 0.01,
ANOVA/Bonferroni). This increase also occurred in a
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parasite number-dependent manner (P < 0.001 at 24 h and
P < 0.01 at 48 h, ANOVA/Bonferroni) and in a time-
dependent manner (P < 0.01 between 24 and 48 h,
Wilcoxon’s test). Staining of nuclei with Hoechst showed
the presence of amastigotes in the cytoplasm of cardio-
myocytes, indicating that amastigotes are able to invade
these cells in vitro (Fig. 2c). To confirm that the DNA
degradation was due to an apoptotic process, activity of
caspases in cardiomyocytes incubated during 24 h with
trypomastigotes or amastigotes at the cell-to-parasite ratio
of 1:10 was evaluated by the cleavage of their specific
substrates. The results shown in Fig. 2d indicate that both
trypomastigotes and amastigotes strongly activated cas-
pase-8 compared to cardiomyocytes alone (P < 0.001,
ANOVA/Bonferroni) and in a lesser extent caspase-3/7 and
caspase-9 (P < 0.01, ANOVA/Bonferroni).

T. cruzi GPIs have no apoptotic effect
and dexamethasone does not protect cardiomyocytes
against trypomastigote-induced apoptosis

The surface of T. cruzi is covered with mucin-like struc-
tures that are anchored by glycosylphosphatidylinositols
(GPIs). These glycolipids are implicated in the pathoge-
nicity of protozoan diseases by causing inflammatory
responses and other clinical symptoms [17]. It was previ-
ously shown that GPIs of Plasmodium falciparum, the
agent of malaria, enhance apoptosis of rat cardiomyocytes
in vitro [18]. In order to understand the role of GPIs in the
apoptotic cell death induced by the whole parasite, GPIs
were extracted from 7. cruzi trypomastigotes by organic
solvents, purified by thin layer chromatography, and sub-
sequently tested on cells. Incubation of cardiomyocytes
during 24 h with T. cruzi GPIs did not lead to an increase
of apoptosis (Fig. 3a). In contrast to GPIs of P. falciparum,
prolongation of the culture to 48 h did not change the result
(not shown).

Endogenous glucocorticoids are protective during acute
T. cruzi infection [19]. In addition, it has been described
that pre-incubation with dexamethasone, a synthetic glu-
cocorticoid, protects cardiomyocytes from apoptosis
induced by doxorubicin [20]. Here, 18 h pre-incubation of
cardiomyocytes with 1 M dexamethasone slightly but not
significantly (P = 0.069) reduced the trypomastigote-
induced apoptosis after 24 additional hours of incubation
(Fig. 3a).

T. cruzi trypomastigotes and amastigotes differently
regulate the expression of apoptotic genes
in cardiomyocytes

To understand the mechanisms involved in cardiomyocyte
apoptosis in response to 7. cruzi, the cells were incubated
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<« Fig. 1 Separation of trypomastigotes and amastigotes from an
in vitro culture of 7. cruzi. a Free trypomastigotes (marked with
black arrowheads) were collected from the cell culture supernatant
(culture flask observed with a Zeiss Primovert microscope). Numer-
ous amastigotes (Am) were detected in the cytoplasm of Vero host
cells (N nucleus). b Free amastigotes (white arrowheads) scattered
throughout cell debris were obtained by breaking of Vero cells with
glass beads. ¢ Clean suspension of intact amastigotes was obtained by
elimination of Vero cell debris on a glass wool column (Malassez
slide observed with a Leitz Laborlux S microscope, bars 20 pm)

for 2, 4, 8, or 24 h with trypomastigotes and then cardio-
myocyte mRNA was extracted and transcription of regu-
latory genes measured by quantitative RT-PCR. A
significant (P < 0.04) up-regulation of the pro-apoptotic
gene bax was observed after 2 h of stimulation (Fig. 3b).
This increase was still observed after 4 and 8 h but was not
significant. In the same way, expression of the pro-apop-
totic gene apaf-1 was slightly increased by trypomastigotes
at 2, 4, and 8 h but this increase was not significant. At
each time point, the anti-apoptotic gene bcl-2 was not
modulated by trypomastigotes (Fig. 3b). In the presence of
T. cruzi amastigotes, bax gene expression in cardiomyo-
cytes was also up-regulated and the increase was signifi-
cant (P < 0.002) at 4 h (Fig. 3c). As with trypomastigotes,
apaf-1 expression increased at 2 and 4 h but not signifi-
cantly. In contrast, bcl-2 gene expression was first signifi-
cantly down-regulated (P <0.01 at 2h) and then
significantly up-regulated (P < 0.03 at 4 h). According to
the absence of apoptotic effect, GPIs of T. cruzi trypom-
astigotes did not modulate bcl-2, bax, and apaf-1 genes
(Fig. 3d).

STAT3 is activated by T. cruzi trypomastigotes
in cardiomyocytes

Since the balance between STAT1 and STAT3 activation
might determine the death or survival of cardiomyocytes
during infection with T. cruzi, these factors of transcription
were studied in early infection. For this, cardiomyocytes
isolated from rat were incubated for 30 min, 1 h, or 4 h
with 7. cruzi trypomastigotes, and nuclear proteins were
then extracted. Activation of STAT1 and STAT3 was
determined by using a STAT transcription factor assay Kkit.
Trypomastigotes at cell-to-parasite ratio of 1:10 or 1:100
induced a significant (P < 0.01, ANOVA/Bonferroni)
increase of STAT3 activation in comparison with the basal
STAT3 activation in cardiomyocytes in medium alone
(Fig. 4a). STAT1 activation was also increased in cardio-
myocytes exposed to trypomastigotes in this very early
stage of infection (30 min) and also after 4 h at the 1:100
cell-to-parasite ratio, although this did not reach statistical
significance (Fig. 4a). In addition, the expression of irf-/, a
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Fig. 2 T. cruzi trypomastigotes and amastigotes induce apoptosis and
caspase activity in rat cardiomyocytes in vitro. a Fluorescence
microscopic analysis (Zeiss AxioPhot microscope) of cardiomyocytes
labelled with TUNEL reagent after 24 h incubation with cell-
to-parasite ratio of 1:0 (left panel, bar 300 pm) or 1:10 (middle and
right panels, bar 300 and 50 pm, respectively). b Percentage of
cardiomyocyte apoptosis induced at 24 and 48 h by T. cruzi
trypomastigotes (left) and amastigotes (right) at different cell-to-
parasite ratios. Results are presented as mean £ SD from four

gene regulated by STAT1 was not modulated in cardio-
myocytes incubated for 4 and 8 h with trypomastigotes
(Fig. 4b). GPIs of trypomastigotes neither affected the
level of STAT3 activation (Fig. 4a) nor induced irf-1 gene
expression (Fig. 4b).

Expression of genes coding for molecules involved in
the response of the innate immune system against patho-
gens was studied. Interestingly, #/r7 coding for the TLR7
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independent experiments (ns non significant with ANOVA/Bonfer-
roni). ¢ Fluorescence microscopic analysis (Zeiss AxioPhot micro-
scope) with Hoechst stain demonstrates amastigotes in the cytoplasm
of cardiomyocytes (bar 20 um). d Caspase-3/7, caspase-8, and
caspase-9 activities measured in rat cardiomyocytes in vitro after
24 h incubation with 7. cruzi trypomastigotes or amastigotes at a cell-
to-parasite ratio of 1:10 relative to the caspase activities (=1) in
cardiomyocytes alone (cell-to-parasite ratio of 1:0). Results are
presented as mean £ SD from 3 independent experiments

endosomal toll-like receptor was significantly (P < 0.04)
up-regulated in cardiomyocytes incubated for 8 h with
trypomastigotes (Fig. 4c). The expression of #r9 coding for
another endosomal receptor was not significantly
increased. These results suggest that TLR7 might be
involved in the intracellular recognition of the parasite after
cardiomyocyte invasion by T. cruzi. Expression of myd88
occurs downstream the expression of #/r7 and only after
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TLR7 is translated and directed to endosomes. This could
explain why #/r7 expression is higher than those of myd88
(Fig. 4c). Trypomastigote GPIs significantly (P < 0.03)
reduced the expression of 7Ir7 but did not significantly
affect tlr9 expression (Fig. 4c¢), indicating that the GPIs are

<« Fig. 3 a Effect of GPIs or dexamethasone on cardiomyocyte
apoptosis. Cardiomyocytes were incubated for 24 h with GPIs
extracted from 5 x 10® trypomastigotes without entire parasite (GPIs
1:0), or for 42 h with trypomastigotes at cell-to-parasite ratio of 1:100
(1:100) compared to 1:0 (1:0), or for 18 h with 1 uM of dexameth-
asone followed by 24 h with trypomastigotes at cell-to-parasite ratio
of 1:100 (Dex 1:100) compared to 1:0 (Dex 1:0). Apoptosis was
determined using TUNEL reaction. Results are presented as
mean £ SD from 2 independent experiments. b—d 7. cruzi trypom-
astigotes and amastigotes but not GPIs modulate expression of bcl-2
and bax. Expression of apoptosis regulating genes (bcl-2, bax, apaf-1)
after: 2, 4, 8, and 24 h incubation with trypomastigotes at cell-
to-parasite ratio of 1:100 (b); 2 and 6 h incubation with amastigotes at
cell-to-parasite ratio of 1:20 (c); 8 h incubation with GPIs extracted
from 5 x 10° trypomastigotes (d). Expression was calculated as the
ratio between the specific transcript level and the level of gapdh;
expression is relative to gene expression in cardiomyocytes cultured
without parasite. Results are presented as mean + SD from three (b,
¢) and two (d) independent experiments

not responsible for the up-regulation of these two genes in
response to entire trypomastigotes.

Discussion

It is at present accepted that during Chagas’ cardiomyop-
athy, heart cells can die by necrosis and also by apoptosis,
and infection by T. cruzi parasites may result in myocardial
apoptosis [21, 22]. Mouse cardiomyocyte apoptosis in
response to trypomastigotes was studied by different
groups giving opposite results. De Souza et al. [7] showed
cardiomyocyte apoptosis after infection with different
strains of T. cruzi at a cell-to-parasite ratio of 1:20. In
contrast Aoki et al. [8] demonstrated a protective effect of
T. cruzi due to cruzipain that acts as a survival factor for
cardiomyocytes. Petersen et al. [23] showed that 7. cruzi
infection itself does not trigger apoptosis of neonatal rat
ventricular myocytes. Furthermore, 7. cruzi reduced
staurosporine-, tumor necrosis factor (TNF)o-, or serum
depletion-induced apoptosis of myocytes [23]. However,
these two last studies did not indicate the cell-to-parasite
ratio. In our study, both trypomastigotes and amastigotes at
a cell-to-parasite ratio from 1:1 increased the rate of
apoptosis in cardiomyocytes after 24 and 48 h of infection.
Our finding of direct apoptosis is consistent with the cur-
rent dogma suggesting that in the course of Chagas’ disease
the presence of the parasite is required to initiate the whole
process from myocarditis to the development of late-stage
cardiomyopathy [24].

In the study of de Souza et al. [7] the quantitative
analysis obtained from TUNEL assay showed that the
majority (70 %) of the apoptotic cells were infected but
they also noted the presence of apoptotic uninfected cells,
as well as highly infected cells not engaged in the apoptosis
stage. Aoki et al. [8] reported that cardiac cells bearing
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T. cruzi amastigotes did not exhibit apoptotic nuclei.
During infection in vivo, apoptosis was observed only very
rarely in myocytes that contained clusters of amastigotes
[21]. In these studies, amastigotes differentiated in the cells
after invasion by trypomastigotes. In our experiments,
amastigotes were isolated from the cytoplasm of host cells
and added as extracellular parasites to cardiomyocytes.
One day later, also intracellular amastigotes were observed

@ Springer

« Fig. 4 STAT activation and #/r/Myd88 gene expression in cardio-

myocytes incubated with trypomastigotes or GPIs. a Cardiomyocytes
were incubated with trypomastigotes with a cell-to-parasite ratio of
1:10 (dark grey) or 1:100 (black) compared to 1:0 (white), or with
GPIs extracted from 5 x 10® trypomastigotes (G, light grey). STAT
activation was detected in nuclear extracts using ELISA on oligonu-
cleotide-bound STAT1 or STAT3 dimers. Mean &= SD from 3
independent experiments are shown. b Cardiomyocytes were incu-
bated with trypomastigotes with a cell-to-parasite ratio of 1:1 (white)
or 1:100 (black) or with GPIs extracted from 5 x 10% trypomastig-
otes. Expression of the STAT1-regulated gene irf-/ was calculated as
the ratio between the irf-/ transcript level and the level of gapdh and
is relative to gene expression in cardiomyocytes cultured in medium
alone. Mean £ SD from three independent experiments are shown.
¢ Cardiomyocytes were incubated 8 h with trypomastigotes with a
cell-to-parasite ratio of 1:100 (lefr) or with GPIs extracted from
5% 10° trypomastigotes (right). Expression of tlr7, tlr9, and myd88
was calculated as the ratio between the specific transcript level and
the level of gapdh and is relative to gene expression in cardiomyo-
cytes cultured in medium alone. Mean & SD from three independent
experiments are shown

by microscopy. This observation indicates that amastigotes
are able to invade this cell type. It was already shown that
amastigotes at cell-to-parasite ratios from 1:30 to 1:65
invade cardiomyocytes through host cell heparan sulfate
proteoglycans [25]. However, the authors have investigated
amastigotes derived from trypomastigotes in vitro and
these parasites might differ from intracellular amastigotes.
Ferreira et al. [26] reviewed signalling events that occur
after invasion of different host cell types by extracellular
amastigotes.

The balance between pro-apoptotic and anti-apoptotic
Bcl-2 family members determines the fate of a cell exposed
to an apoptotic stimulus. Bax is responsible for pore for-
mation in the mitochondria membrane through which cyto-
chrome c is liberated. This molecule associates with Apaf-1
to activate caspase-9 that in turn activates effector caspases
-3 and -7. The increase of bax and apaf-1 gene expression
observed in the present work tends to support the hypothesis
that the mitochondrial pathway of apoptosis participates in
cardiomyocyte apoptosis induced by 7. cruzi trypomastig-
otes. In addition, we observed the down-regulation of the
expression of bcl-2 induced by amastigotes. These results
suggest that cardiomyocyte apoptosis induced by trypom-
astigotes and amastigotes of 7. cruzi might be due to distinct
balance between members of the bcl-2 family. Manque and
colleagues have recently studied the differential expression
of 353 genes in mouse cardiomyocytes infected with try-
pomastigotes (cell-to-parasite ratio of 1:10) at different time
points (1 to 48 h) [27]. Two pro-apoptotic genes (bid, fas) and
two genes associated with cell death or survival (gadd45b,
phldal) were up-regulated in the early and intermediate
phases of infection (1-12 h), while other genes associated
with cell survival were also up-regulated in the late phase of
the cardiomyocyte infection (2448 h). It is thus very diffi-
cult to understand the full mechanism of survival or
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apoptosis of T. cruzi-infected cardiomyocytes. In the report
of Aoki et al. [8] the survival of myocytes by cruzipain was
associated with an increase of Bcl-2 and Bcl-xL protein
expression. Different corticoids including dexamethasone
protect rat cardiomyocytes from apoptosis induced by
doxorubicin [20]. Here we show that dexamethasone slightly
but not significantly reduced trypomastigote-induced car-
diomyocyte apoptosis. Activation of NF-kB and phosphor-
ylation of p53 are increased during apoptosis induced by
doxorubicin in rat cardiomyocytes [28, 29]. The anti-apop-
totic effect of dexamethasone in cardiomyocytes treated with
doxorubicin might be due to an inhibition of p53 phosphor-
ylation and NF-«B activation.

In this study, we found that the transcription factor STAT3
was activated in cardiomyocytes in the very early stage of
infection with trypomastigotes. The very low increase in
STATI activation may be due to the short time of mea-
surement after the addition of parasites. It was demonstrated
that different STAT3-activating cytokines, such as leukemia
inhibitory factor (LIF), granulocyte colony-stimulating fac-
tor (G-CSF), and IL-6, promote cardiomyocyte survival by
increasing expression of cardioprotective genes including
bcl-2 and bcl-x [30-32]. Thus, a transcription factor other
than STAT3 should be responsible for bax and apaf-1
expression in 7. cruzi-infected cardiomyocytes.

Toll-like receptors play an important role in the recognition
of pathogens and several groups have studied the survival of
mice lacking TLRs or the adaptor MyD88 after inoculation
with T. cruzi. Parasitemia was dramatically increased in
MyD88 '~ mice infected with 7. cruzi and associated with
accelerated and enhanced mortality, reaching 100 % in about
three weeks [11]. Except for days 8 and 9 post-infection,
parasitemia was almost not increased in TLR2 ™~ mice [11].
The TLR4-mutant C3H/HeJ mice died 16 days post-infection
with the number of trypomastigotes dramatically increased
compared to wild type C3H/HeN mice that typically survived
an additional 3-7 days [12]. TLRO ™'~ animals presented
elevated parasite numbers in the blood, which increased in
TLR2/9~ double knock-out mice. The TLR2/9™"~ mice
were even more susceptible than the TLR9 ™~ mice [13]. The
enhanced susceptibility to 7. cruzi infection was associated
with decreased serum levels of IL-12 and IFN-y in the
TLR9 ™~ and TLR2/9™"~ mice. TLR2/9™'~ and MyD88 '~
mice displayed similar numbers of circulating parasites in the
blood, but Myd88~'~ mice succumbed by day 30 post-
infection, while only 4050 % of the TLR2/9 '~ animals died
in a 50-day period [13]. The authors argue for the involvement
of additional MyD88-dependent TLR/IL-1R family mem-
ber(s) in the control of mortality due to 7. cruzi infection. In a
more recent study, TLRO ™~ and TLR7 "~ mice presented
similar susceptibility to 7. cruzi with 100 % mortality after
less than 35 days post-infection [14]. A critical role for TLR7
in induction of protective IL-12 during 7. cruzi infection was

found [14]. The authors suggested that parasites internalized
by professional phagocytic cells (dendritic cells and macro-
phages) are destroyed, releasing RNA, which activates TLR7
in the phagolysosomes. At a transcriptional level, we have
observed here an up-regulation of #/r7 expression and to a
lesser extent of #r9 expression in cardiac myocytes in
response to infection with 7. cruzi trypomastigotes. This
suggests that TLR7 might be involved in the intracellular
recognition of trypomastigotes in this cell type.

Different studies were performed in order to identify the
PAMPs (pathogen-associated molecular patterns) of
T. cruzi that trigger TLR signalling. Tc52 is a T. cruzi
protein that binds to dendritic cells and signals via TLR2 in
these cells [33]. All stages of T. cruzi contain unmethylated
CpG motifs in genomic DNA whose pro-inflammatory
activity has been shown to be mediated by TLR9 [13].
T. cruzi trypomastigotes synthesize GPIs containing
unsaturated alkylacylglycerols recognized by TLR2/6
complexes, while epimastigotes have GIPLs containing
ceramides, recognized by TLR4 [12, 34]. TLR2 is essential
for the induction of IL-12, TNF-a, and nitric oxide (NO) by
macrophages in response to 7. cruzi GPIs [34]. Further-
more, GPIs of T. cruzi act in synergy with the DNA of the
parasite (recognized by TLR9Y) in the induction of cyto-
kines by macrophages [13]. GPIs of P. falciparum increase
apoptosis of rat cardiomyocytes in vitro [18]. Cardiomyo-
cytes treated with GPIs of P. falciparum showed an up-
regulation of apaf-1 and bax and a higher expression of
these two apoptotic genes in relation to bcl-2 [18]. In
contrast, we have shown here that GPIs of T. cruzi are not
able to induce cardiomyocyte death and to modulate the
expression of bcl-2, bax, and apaf-1 genes in these cells.
The biological activity of the GPIs was checked by the
capacity to induce TNF-a production by macrophages (not
shown). A strong TNF-o secretion could contribute to
cardiomyocyte death in vivo through activating the TNFR/
caspase-8/-10 extrinsic pathway of apoptosis. Even though
GPIs of T. cruzi do not have per se apoptotic effects in
isolated cardiomyocytes, there is the possibility that they
participate in apoptosis through the induction of inflam-
matory cytokines by cells of the innate immune system.
GPIs neither activated STAT1 nor STAT3 in cardiomyo-
cytes but down-regulated #r7 gene expression. Thus, we
can conclude that parasite molecules other than GPIs are
responsible for the effects obtained with entire parasites.
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