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ABSTRACT This study investigates the effects of
granulocyte colony-stimulating factor (G-CSF) ther-
apy in experimental chronic chagasic cardiomyopa-
thy. Chagas disease is one of the leading causes of
heart failure in Latin America and remains without an
effective treatment other than cardiac transplantation.
C57BL/6 mice were infected with 103 trypomastigotes
of Trypanosoma cruzi, and chronic chagasic mice were
treated with G-CSF or saline (control). Evaluations
following treatment were functional, immunological,
and histopathological. Comparing hearts of G-CSF-
treated mice showed reduced inflammation and fibrosis
compared to saline-treated chagasic mice. G-CSF treat-
ment did not alter the parasite load but caused an
increase in the number of apoptotic inflammatory cells
in the heart. Cardiac conductance disturbances in all
infected animals improved or remained stable due to
the G-CSF treatment, whereas all of the saline-treated
mice deteriorated. The distance run on a treadmill and
the exercise time were significantly greater in G-CSF-
treated mice when compared to chagasic controls, as
well as oxygen consumption (V̇O2), carbon dioxide
production (V̇CO2), and respiratory exchange ration
(RER) during exercise. Administration of G-CSF in
experimental cardiac ischemia had beneficial effects on
cardiac structure, which were well correlated with im-
provements in cardiac function and whole animal per-
formance.—Macambira, S. G., Vasconcelos, J. F.,
Costa, C. R. S., Klein, W., Lima, R. S., Guimarães, P.,
Vidal, D. T. A., Mendez, L. C., Ribeiro-dos-Santos, R.,
Soares, M. B. P. Granulocyte colony-stimulating factor
treatment in chronic Chagas disease: preservation and
improvement of cardiac structure and function. FASEB
J. 23, 3843–3850 (2009). www.fasebj.org
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Chagas disease, caused by Trypanosoma cruzi infection, is
one of the main causes of death due to heart failure in

Latin American countries. About 25% of chagasic individ-
uals develop a chronic chagasic cardiomyopathy (CChC),
the most severe form of disease. The chemotherapy used
in chagasic patients is highly toxic and has limited efficacy,
especially in the chronic disease. The unique definitive
treatment for CChC aggravated by severe heart failure is
heart transplantation.

Studies establishing therapies to restore the cardiac
function using stem cells or the administration of
growth factors have been developed. Bone marrow
stem cells (BMSCs) differentiate into cardiomyocytes
and endothelial cells and may participate in the regen-
eration of cardiac lesions (1–4). Granulocyte colony-
stimulating factor (G-CSF) increased the number of
peripheral granulocytes (5) and induced the mobiliza-
tion of BMSCs to the periphery (6). This property and
regenerative capacity of BMSCs justify the efforts to
prove the efficacy of this therapy.

The beneficial effects of G-CSF in the treatment of
cardiac ischemia lesions have been shown (7–9). The
therapeutic use of G-CSF is attractive because it is
already employed in clinical practice, has mild side
effects, and is a less invasive treatment than bone
marrow aspiration and cell transplantation. We have
previously shown that therapy with BMSCs decreases
heart inflammation and fibrosis in experimental CChC
(10). Here, we investigated the effects of G-CSF on
cardiac alterations in a model of CChC.

MATERIALS AND METHODS

Animals

Two-month-old male C57BL/6 mice, raised and main-
tained in the animal facilities at the Gonçalo Moniz
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Research Center (Fiocruz, Rio de Janeiro, Brazil) were
used in the experiments, and were provided with rodent
diet and water ad libitum. All animals were sacrificed under
anesthesia by intraperitoneal injection of xylazine at 10
mg/kg body wt and ketamine at 100 mg/kg body wt, and
handled according the National Institutes of Health guide-
lines for ethical use of laboratory animals.

T. cruzi infection and treatment with G-CSF

Mice were infected by intraperitoneal injection of 1000
trypomastigote forms of Colombian strain T. cruzi (11) ob-
tained by in vitro infection of LCC-MK2 cell line. Parasitemia
was evaluated at different time points after infection by
counting the number of trypomastigotes in peripheral blood
aliquots (12). Groups of chronic chagasic mice (6 mo after
infection) were treated with human recombinant G-CSF
(Granulokine 30; Hoffman la Roche, Switzerland) with 200
�g/kg/d during 5 consecutive days with 3 cycles of adminis-
tration or with 5% glucose saline solution in the same
regimen.

Histopathological analysis

Hearts from G-CSF-treated mice and untreated controls were
removed and fixed in buffered 10% formalin. Sections of
paraffin-embedded tissue were stained by standard hematox-
ylin-and-eosin (H&E) and Sirius red staining for evaluation of
inflammation and fibrosis, respectively, by optical micros-
copy. Images were digitized using a color digital video camera
(CoolSnap, Montreal, QC, Canada) adapted to a BX41 mi-
croscope (Olympus, Tokyo, Japan). The images were ana-
lyzed using Image Pro 5.0 (Media Cybernetics, San Diego, CA,
USA), to integrate the number of inflammatory cells counted
by area. Ten fields per heart were counted from every mouse
of each group.

Parasite quantification by immunofluorescence analysis

Frozen heart sections (5 �m thick) were prepared in a
cryostat in poly-l-lysine-coated slides and fixed with cold
acetone. Sections were incubated with PBS 5% BSA for 30
min, followed by overnight incubation with rat serum anti-T.
cruzi (1:400). After washing with PBS, sections were incubated
for 1 h with FITC-conjugated rabbit anti-rat IgG 1:100 (Sigma,
St. Louis, MO, USA). Sections were washed 3 times, counter-
stained with Evans blue, and mounted with Vectashield
(Vector, Burlingame, CA, USA). Images were digitized using
a color digital video camera (DP-70; Olympus) adapted to an
AX-70 microscope (Olympus). The images were analyzed
using Image Pro, and the numbers of parasite foci were
counted (10 fields/heart, 5 mice/group) and integrated by
area.

Stroma-derived factor-1 (SDF-1) assessment in total-protein
heart extracts

Heart proteins were extracted at 100 mg of tissue/ml of PBS
to which 0.4 M NaCl, 0.05% Tween 20 and protease inhibitors
(0.1 mM PMSF, 0.1 mM benzethonium chloride, 10 mM
EDTA, and 20 KI aprotinin A/100 ml) were added. The
samples were centrifuged for 10 min at 3000 g, and the
supernatant was frozen at �70°C for later quantification.
SDF-1 levels were estimated using a commercially available
Immunoassay ELISA kit (R&D Systems, Minneapolis, MN,
USA), according to the manufacturer’s guidelines.

Apoptosis assay

Apoptosis in heart sections fixed using 4% formaldehyde was
evaluated by terminal uridine deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assay, performed using
in situ DeadEnd Colorimetric TUNEL System kit (Promega,
Madison, WI, USA), according to the manufacturer’s instruc-
tions. Images were digitized, and quantitative analysis was
performed using Image Pro. Results were expressed as the
number of positive cells per square millimeter of 10 sections
from 4 animals/group. The positive controls were nuclease-
treated slides.

ECG analysis

Electrocardiography was performed using the Bio Amp
PowerLab System (PowerLab 2/20; ADInstruments, Castle
Hill, NSW, Australia), recording the bipolar lead I. All
animals were anesthetized by intraperitoneal injection of
xylazine at 10 mg/kg body weight and ketamine at 100 mg/kg
body weight to obtain the records. All data were acquired for
computer analysis using Chart 5 for Windows (PowerLab).
Records were bandpass filtered (1 to 100 Hz) to minimize
environmental signal disturbances. The sampling rate was 1
kHz. The ECG analysis included heart rate, PR interval, P
wave duration, QT interval, QTc, and arrhythmias. Wave
durations (ms) and heart rate were calculated automatically
by the software after the cursors were placed. The QTc was
calculated as the ratio of QT interval by square roots of RR
interval.

Treadmill

A motor-driven treadmill chamber for one animal (LE 8700;
Panlab, Barcelona, Spain) was used to exercise the animals.
The speed of the treadmill and the intensity of the shock
(mA) were controlled by a potentiometer (LE 8700 treadmill
control; Panlab). Room air was pumped into the chamber at
a controlled flow rate (700 ml/min) by a chamber air
supplier (Oxylet LE 400; Panlab). Outflow was directed to an
oxygen and carbon dioxide analyzer (Oxylet 00; Panlab) to
measure consumption of oxygen (V̇O2), production of car-
bon dioxide (V̇CO2), and the respiratory exchange ratio
(RER). The mean room temperature was maintained at 21 �
1°C. After an adaptation period of 40 min in the treadmill
chamber, the mice exercised at 5 different velocities (7.2,
14.4, 21.6, 28.8 and 36.0 m/min), with increasing velocity
after 10 min of exercise at a given speed. Velocity was
increased until the animal could no longer sustain a given
speed and remained �10 s on an electrified stainless-steel
grid, which provided an electrical stimulus to keep the mice
running. After reaching exhaustion, animals were left undis-
turbed in the treadmill chamber for 30 min. V̇O2 and V̇CO2
were determined using the program Metabolism for 2 chan-
nel PowerLab (ADInstruments), analyzing the last 5 min
recorded at rest and at each speed. During recovery, V̇O2 and
V̇CO2 were determined during a 3-min period following
immediately after cessation of exercise (recovery 1; exhaus-
tion) and at the end of the 30-min recovery period (recovery
2). Subsequently, RER was calculated. Total running distance
and running time were recorded. To determine peak oxygen
consumption, we measured the greatest value in oxygen
consumption shown by each mouse during exercise.

Statistical analyses

All continuous variables are presented as means � se. Mor-
phometric and cytokine levels were analyzed using 1-way
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ANOVA, followed by Newman-Keuls multiple-comparison
test. Cardiopulmonary parameters were analyzed using
Student’s t-test and Mann Whitney U test with Prism 3.0
(GraphPad Software, San Diego, CA, USA). Degree of
severity was analyzed using a 2-way ANOVA, followed by a
Bonferroni post-test. Treadmill data were analyzed apply-
ing a repeated-measures 1-way ANOVA, followed by an
all-pairwise multiple comparison procedure (Student-New-
man-Keuls method) using Prism 3.0. All differences were
considered significant at values of P � 0.05.

RESULTS

Decreased myocarditis and fibrosis after G-CSF
treatment

A marked decrease in the number of inflammatory cells
was observed 2 mo after G-CSF treatment, compared
with saline-treated chagasic mice (Fig. 1A, C). Morpho-
metric analysis showed a significant reduction in the
number of inflammatory cells after G-CSF treatment
(Fig. 2A). In addition, hearts of G-CSF-treated mice had a
reduced area of fibrosis (Fig. 1B, D), statistically differ-
ent from saline-treated mice (Fig. 2B). The number of
inflammatory cells undergoing apoptosis was �7-fold
greater in hearts of G-CSF-treated mice compared to
those of saline-treated mice (Fig. 2C; P�0.0001). The
levels of the chemokine SDF-1 (CXCL2) in hearts of
saline-treated, but not of G-CSF-treated mice, were
significantly higher than those of normal mice (Fig.
2D). Hearts from both saline- and G-CSF-treated mice
had similar numbers of parasite foci 2 mo after therapy

(2.4�0.4 and 2.0�0.6 parasite foci/mm2, respectively;
P�0.05).

G-CSF treatment ameliorates cardiac electrogenesis in
chronic chagasic mice

All infected mice showed severe cardiac conduction
disturbances in ECG records, such as AV blockage,
intraventricular conduction disturbances, and abnor-
mal cardiac rhythm 6 mo after infection, compared to
normal mice (Fig. 3). In saline-treated mice (n�7),
none improved cardiac function, and 5 became worse
after therapy. In contrast, in the G-CSF-treated group
(n�6), 2 animals improved cardiac conduction (Fig. 4),
and 4 had no alterations (Fig. 3).

G-CSF treatment improves exercise capacity

Among the saline-treated infected mice, only 2 of 6
were able to keep up with a belt speed of up to 14.4
m/min. The other 4 untreated infected mice were
not able to run on the treadmill. All animals in the
G-CSF-treated group (n�7) and in the normal con-
trol group (n�10) were able to exercise on the
treadmill. All of the G-CSF-treated infected mice
sustained locomotion at a speed of 14.4 m/min, but
3 of 7 animals were able to perform at 21.6 m/min.
These differences resulted in significantly greater
running times and distances covered by G-CSF-
treated mice when compared to saline-treated mice,
although G-CSF-treated mice still performed at lower
capacity than normal mice (Fig. 5).

Figure 1. Histopathological analysis in heart
sections of T. cruzi-infected mice. Heart sections
of saline-treated (A, C) or G-CSF-treated (B, D)
T. cruzi-infected mice were analyzed 2 mo after
therapy. Staining: H&E (A, B; �400); Sirius red
(C, D; �200).
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Under resting conditions, the respiratory exchange
ratio was significantly different between each group,
whereas V̇O2 and V̇CO2 showed no differences (Fig. 6).
During exercise stages 1 and 2, V̇CO2 was significantly
greater in the normal mice compared with G-CSF-
treated mice, and respiratory exchange ratio was signif-
icantly greater in normal mice at exercise stage 2 when
compared with the G-CSF group. Shortly after exercise,
V̇O2 and V̇CO2 were significantly greater in normal
mice when compared with G-CSF-treated mice, and
V̇CO2 remained significantly greater during recovery
when compared with both other groups. Within the

normal mice, V̇O2, V̇CO2, and RER rose significantly
above resting values during exercise, reaching greatest
V̇O2 shortly after cessation of exercise, with decreasing
respiratory variables during the recovery phase. The
G-CSF-treated mice showed no significant elevation of
V̇O2 and V̇CO2 during exercise when compared with
resting values, but V̇O2 and V̇CO2 shortly after exercise
were significantly greater than the values measured
during the other stages. Peak oxygen consumption of
normal mice (8068 ml O2/min/kg) was significantly
greater than that of the G-CSF-treated group (6561 ml
O2/min/kg).

DISCUSSION

G-CSF is a cytokine known to improve cardiac function
and recovery in models of ischemic disease (7, 13, 14).
In this study, we demonstrated that repeated adminis-
tration of G-CSF induces beneficial effects on cardiac
structure, such as reduction of inflammation and fibro-
sis, that were well correlated with improvements in
cardiac function in an experimental model of CChC
that closely resembles the human disease (15, 16). One
may question the low number of infected animals used
in this study, and consequently the significance of our
results. However, the fact that all of the G-CSF-treated
animals improved their performance on the treadmill,
when compared with saline-treated mice, shows that
G-CSF has a profound effect on chronic chagasic mice.
Regarding the cardiac conduction disturbances studied
here, 6 of 6 infected animals showed improvements or
remained stable due to the G-CSF treatment, whereas
all of the saline-treated mice deteriorated; even mice
with only a slight first-degree AV blockage evolved

Figure 2. Alterations in inflammation, fibrosis, and SDF-1 production in
hearts of G-CSF-treated mice. A, B) Quantification of inflammatory cells (A)
and fibrosis area (B) in heart sections of normal and chagasic mice treated
with saline or G-CSF; 6–10 mice/group. C) Numbers of apoptotic inflamma-
tory cells in heart sections were quantified by TUNEL assay; 4 mice/group.
D) Levels of SDF-1 in heart homogenates were determined by ELISA; 7–10
mice/group. Values are means � se.

Figure 3. Graph representing cardiac conduction distur-
bances in arbitrary units in C57BL/6 mice infected with T.
cruzi before and 2 mo after administration of saline or G-CSF.
Degree of severity: 0, no cardiac conduction disturbances; 1,
first-degree atrium-ventricular block; 2, intraventricular con-
duction disturbance; 3, atrium-ventricular dissociation; 4,
death. Dashed line indicates median of G-CSF treated mice;
solid line indicates median in saline-treated mice. Before
treatment, both medians are identical. ***P � 0.001 between
groups after treatment with G-CSF.
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toward an AV dissociation. G-CSF-treated mice, on the
other hand, improved cardiac conductance and never
surpassed a first-degree AV blockage. These facts, taken
together, indicate that G-CSF has a significant thera-
peutic effect on mice with chronic Chagas disease.

One of the main features of CChC is the presence of
prominent inflammation with participation of an auto-
immune component (17–19) that causes destruction of
myofibers and fibrosis deposition. We have recently
shown that autologous BMC transplant modulates the
myocarditis in experimental CChC, an effect associated
with apoptosis of inflammatory cells (10). In the cur-
rent study, we also found that the decreased inflamma-
tion after G-CSF therapy correlated with an increase in
apoptosis of inflammatory cells. Thus, the benefits of
G-CSF therapy may result, in part, from regulation of
pathological immune responses. In fact, recent reports
have demonstrated that G-CSF inhibits T cells by stim-
ulating apoptosis (20, 21).

Heart SDF-1 levels were increased in CChC. The
modulation of heart inflammation by G-CSF therapy
also correlated with a reduction in SDF-1 in chagasic
hearts. This chemokine promotes the recruitment of
inflammatory cells, including T cells, and of stem cells,
which express its receptor CXCR4 (22), and may play a
role in other inflammatory processes in the heart (23,

24). The fact that G-CSF mobilizes stem/precursor cells
to the periphery suggests that these cells migrate to the
inflamed myocardium and contribute to tissue regen-
eration, since it has been shown before that mobilized
BMSCs repair the damaged myocardium (25). In fact,
we have previously found that transplanted BMSCs
migrate to and differentiate into cardiomyocytes (10).

Sugano et al. (13) described an accelerated healing
process due to increased reparative collagen synthesis
in affected areas after G-CSF administration, in an
experimental myocardial infarction. A reduction in
fibrosis was observed after a long-term treatment using
low doses of G-CSF after myocardial infarct (26). Here,
we also found a significant reduction in heart fibrosis
after G-CSF treatment.

Another feature of chronic Chagas disease is the
scarce parasitism found in this phase of infection.
Several studies have demonstrated that T. cruzi parasites
or antigens can be found, although rarely, in individu-
als with chronic infection (27, 28). Although the in-
flammatory response was modulated after G-CSF ther-
apy, the residual parasite load in our model was not
affected by this treatment.

It has been proposed that the main effect of G-CSF
after severe cardiac injury is to induce the proliferation
of cardiac stem cells rather than BMSC migration and

Figure 4. Reversion of cardiac disturbance after
G-CSF treatment. ECG of a mouse before infec-
tion (A); 6 mo after infection, before G-CSF
treatment (B); and 2 mo after G-CSF treatment
(C). �, P wave; ‚, QRS complex; �, A-V disso-
ciation.
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proliferation. Kanellakis et al. (29) demonstrated, in a
model of acute myocardial infarction, that G-CSF/SCF
therapy improved cardiac function, increasing the
number of blood vessels and cells of the cardiomyo-
genic lineage. However, differently from previous stud-
ies (30, 31), they demonstrated that these cells were of
myocardial rather than of bone marrow origin. They
also provided evidence that the effects were due to
G-CSF alone, since the addition of SCF to G-CSF
provided little additional benefit at the functional level.
Brunner et al. (32) demonstrated that treatment with
G-CSF after myocardial infarct reduces the migratory
capacity of bone marrow cells into ischemic tissue, but
increases the number of resident cardiac cells.

In our study, we showed that G-GSF administration
can avoid the aggravation of cardiac disturbances asso-
ciated with chronic Chagas disease and, more impor-
tant, seems to reverse some of the severe pathologies
associated with CChC. On the other hand, the un-
treated group aggravated the cardiac abnormalities.
These results were in agreement with other preclinical
studies that investigated the antiarrhythmic effects of
G-CSF and showed an increase in protein expression
levels of 	-catenin and connexin 43 (33, 34). 	-Catenin

is necessary to attach many proteins to the cell mem-
brane, including proteins related to gap junction forma-
tion. Conexin 43 is responsible for cell-cell communica-
tion, and thereby allows the appropriate conduction of
cardiac impulses through the whole heart, avoiding ar-
rhythmias. The expression of this protein is reduced by
T. cruzi infection (35) and may contribute to the
arrhythmias. Thus, the beneficial effects of G-CSF treat-
ment on cardiac electrogenesis may be related to an
increase of conexin 43 expression. Kuhlmann et al. (33)
proposed that the enhanced expression of G-CSF re-
ceptor in cardiomyocytes and other cell types of the

Figure 6. Cardiopulmonary function amelioration during
physical effort after G-CSF administration. Oxygen consump-
tion (A), carbon dioxide release (B), and respiratory ex-
change ratio (C) in normal mice (solid columns), saline-
treated chagasic mice (dashed columns), and G-CSF-treated
chagasic mice (open columns) during resting conditions,
exercising at 4 different velocities (7.2, 14.4, 21.6, and 28.8
m/min) on a motorized treadmill, immediately (recovery 1)
and 30 min after exercise (recovery 2). Data are means � sd;
6–10 mice/group. Note that only 2 of 6 saline-treated in-
fected animals were able to run at a velocity of 14.4 m/min;
therefore, no data are given for saline-treated infected mice
during exercise.

Figure 5. G-CSF treatment improves the capacity of infected
mice to perform exercise. Time (A) and distance run (B) on
a motorized treadmill by normal (noninfected) mice (n�10)
and chronic chagasic mice treated with saline (n�2) or with
G-CSF (n�7). Data are means � se. Note that running time
and distance of saline-treated mice are highly influenced by 2
of the 6 animals tested that were able to exercise on the
treadmill, whereas the other 4 saline-treated animals were not
able to run on the treadmill.
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infarcted myocardium indicates a sensitization of the
heart to direct influences of this cytokine.

Appropriate cardiac contractility is necessary to allow
adjustments of cardiac output during physical exertion,
thereby guaranteeing an adequate oxygen supply dur-
ing any kind of physical effort. In our study, we ob-
served an increase in V̇O2 in G-CSF-treated chagasic
mice during exercise, showing values of V̇O2 similar to
the levels reached by the uninfected control group,
which indicates adequate adjustments of cardiac output
during light exercise regarding oxygen transport. Val-
ues of peak V̇O2 during exercise, however, where
significantly lower in G-CSF mice compared with nor-
mal mice, indicating that recovery caused by G-CSF is
not complete. Carbon dioxide release, on the other
hand, showed a significantly different pattern. Whereas
V̇CO2 increased in normal mice at the lower velocities,
reaching a plateau in the subsequent exercise velocities
and the first recovery period, CO2 release in G-CSF-
treated chagasic mice seemed to be significantly im-
paired. The reasons for such a discrepancy, animals
matching their V̇O2 demands but not being able to
appropriately release CO2 during light exercise remain
unknown. RER ratio was significantly greater in un-
treated chagasic mice compared with both other
groups. This could be due to a reduced capacity of
chagasic mice to carry oxygen to the tissues, resulting in
elevated anaerobic metabolism and increased release of
CO2. The performance improvement of G-CSF-treated
mice can be attributed solely to the beneficial effect of
G-CSF on cardiac structure, improving cardiac effi-
ciency.

Li et al. (36) showed that administration of G-CSF in
experimental chronic heart failure improved the myo-
cardium contractility by avoiding the systolic and dia-
stolic dysfunction through the changes in the geometry
of the infarcted heart to short and thick, induced
hypertrophy among surviving cardiomyocytes, and re-
duced myocardial fibrosis. These effects could be ex-
plained by a direct effect of G-CSF on cardiomyocytes
that could lead to the activation of an intracellular
signal, since the expression of G-CSF receptor was
confirmed in failing hearts and was up-regulated by
G-CSF treatment (8, 13). Our results are in agreement
with Li et al. (36), as G-CSF administration caused a
reduction in functional impairment and partial recov-
ery of heart structure.

Chronic heart failure remains a leading cause of
mortality due to the absence of an efficient therapy that
avoids structural and electrical cardiac remodeling.
The only option for these patients remains heart trans-
plantation. Besides limitations of available donated
organs, in the specific case of Chagas disease, the use of
immunosupressive drugs following heart transplanta-
tion can affect the latent parasitism. On the basis of the
beneficial effects of G-CSF shown in the present study,
we conclude that this may be a promising therapy for
the treatment of patients with heart failure due to
Chagas disease. An ongoing phase I/II clinical trial of
G-CSF therapy with multiple administrations in cha-

gasic patients (37) may indicate the benefits of this
therapy in humans.
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