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Summary. Background: Cardiomyocyte apoptosis reportedly

participates in the occurrence and progression of dilated car-

diomyopathy (DCM). Recent studies have shown that granu-

locyte colony-stimulating factor (G-CSF) enhances bone mar-

row cells migration to the damaged heart in the DCM model

and improves the ultrastructure of the cardiomyocyte in adri-

amycin (ADR) induced DCM. However, its influence on car-

diac pump function and cardiomyocyte apoptosis has not

been studied.

Methods and materials: Wistar Rats were randomly

grouped into control, ADR, ADR + PBS, ADR + G-CSF group

(n = 10). ADR (2.5 mg/kg, 6 times for 2 weeks) was

administered intraperitoneally in all rats except the con-

trol group. After 2 weeks, the rats in ADR + G-CSF group

were injected with G-CSF (50 microg/kg/day for 8 days)

subcutaneously. Cardiac function was evaluated by echocar-

diogram and cardiac catheterization after 4 weeks. Car-

diomyocytes apoptosis and apoptosis-related protein

Fas were detected by in situ terminal deoxynucleotidyl

transferase assay (TUNEL method) and Western blot,

respectively.

Results: The ADR and ADR + PBS groups showed signifi-

cant deteriorations of left ventricular functions and high car-

diomyocyte apoptosis index, as well as high Fas expressions.

Meanwhile, the ADR + G-CSF group showed significant im-

provement in LV function, inhibition of cardiomyocyte apop-

tosis compared with the ADR and ADR + Phosphate-Buffered

Saline PBS group. The Fas protein expression was remark-

ably attenuated as well.

Conclusion: Our results suggest that administration of G-

CSF inhibited cardiomyocyte apoptosis and Fas protein ex-

pression and contributes to improving cardiac pump function

in vivo in ADR induced DCM rat model.
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Introduction

Non-ischemic dilated cardiomyopathy (DCM) accounts
for almost one half of new cases of heart failure
encountered in clinical practice [1,2]. Although the mech-
anism of DCM remains unclear, evidence is accumu-
lating that cardiomyocyte apoptosis is involved in loss
of myocytes in DCM [3,4]. Animal experiments have
shown that inhibition of cardiomyocyte apoptosis con-
tributes to the improvement of cardiac function in
DCM [5].

Currently, satisfactory therapy for DCM is lack-
ing. Cell transplantation is a promising therapy for
end-stage heart failure. Its feasibility and efficiency
have been proven in ischemic cardiomyopathy [6–11]
and may also offer a new hope for non-ischemic DCM
[12–15].

Bone marrow mobilization, namely mobilizing en-
dogenous stem cell with certain cytokines, such as gran-
ulocyte colony-stimulating factor (G-CSF) alone or com-
bined with stem cell factors, was firstly proposed by Or-
lic et al. in 2001 as a new method for post-infarction heart
repair in mice [16]. Using this strategy, Tomita et al.
reported that G-CSF administration prompted the mi-
gration of bone marrow cells to the damaged heart and
improved the ultrastructure of cardiomyocytes in adri-
amycin (ADR) induced DCM rats [13]. This implies that
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bone marrow mobilization with G-CSF might offer a car-
dioprotective effect in DCM at a cellular level. However,
its influence on the in vivo cardiac function in this DCM
model remains unknown.

The effect of bone marrow mobilisation on car-
diomyocyte apoptosis has also attracted interest. Pre-
vious studies indicated that G-CSF administration
has an anti-apoptosis effect on human neutrophils
in pathological conditions [17–19]. In post-infarction
hearts, Harada et al. found that G-CSF inhibited apop-
totic death of cardiomyocytes [20]. However, its effect
on cardiomyocyte apoptosis in ADR induced DCM model
has not been studied yet.

In a spinal cord injury model, Ha et al. re-
cently reported that bone marrow mobilisation with
granulocyte-macrophage colony-stimulating factor res-
cued neuronal cells from apoptosis and improved neu-
rological function [21]. Accordingly, we hypothesize
that in the DCM model, G-CSF may rescue the car-
diomyocytes from apoptosis, thus enhancing in vivo
cardiac function. In the present study, we used the ADR
induced cardiomyopathy rat model to test this hypothe-
sis.

Materials and methods
Animal preparation

Adult male Wistar rats (body weight, 220 ± 10 g) were
divided randomly into 4 groups: Control, ADR, ADR +
Phosphate-Buffered Saline (PBS) and ADR + G-CSF
group (n = 10). Heart failure was induced with Adri-
amycin (Sigma Chemical; St. Louis, MO) as described
before [22,23]. After 2 weeks of wash-out period, rats in
the ADR + G-CSF group were injected with the G-CSF
(50 microgram/kg/day for 8 days) subcutaneously [13]
and rats in the ADR + PBS group were injected with
same volume of PBS. All rats were maintained on nor-
mal rat chow for 4 weeks. Body weight was measured 2
times per week.

Echocardiography

Echocardiography was performed after the final ADR
injection and 4 weeks after the G-CSF administra-
tion. Rats were anesthetised with pentobarbital sodium
(60 mg/kg, IP). From M mode tracings, LV dimensions
(end-diastolic diameter [LVDd] and end systolic diame-
ter [LVDs]) were measured by echocardiogram with an
HP SONOS 1000 with a 7.5-MHz transducer (Hewlett-
Packard Co, USA). The percent of fractional shortening
(%FS) of the LV was calculated from the following for-
mula: %FS = [(LVDd–LVDs)/LVDd] × 100%.

Hemodynamic study

The hemodynamic parameters were measured immedi-
ately after echocardiography. A carotid artery was iso-
lated and cannulated with a 3-F high-fidelity microtip
catheter connected to a pressure transducer (Millar In-
struments, Houston, USA). The catheter was advanced
into the left ventricle. After an equilibration period of

20 min, LV systolic pressures (LVSP) and end-diastolic
pressures (LVEDP), the maximum rate of LV systolic
pressure rise (dP/dtmax) were monitored. All hemody-
namic parameters were recorded continuously for 15 min
and were computerized with the MP100-Acknowledge
software (Biopac Systems, Inc, USA). All rats were sac-
rificed after the hemodynamic study. The hearts were
isolated rapidly and the left ventricles were cut into 2
pieces. One piece was fixed with 4% paraformaldehyde
and the other stored in liquid nitrogen.

In situ terminal deoxynucleotidyl transferase

assay (TUNEL assay)

The TUNEL method is based on the specific binding of
terminal deoxynucleotidyl transferase (TdT) to the 3′-
OH ends of DNA and the ensuing synthesis of a poly-
deoxynucleotide polymer. The TUNEL method was ap-
plied to 4% paraformaldehyde-fixed, paraffin-embedded
sections 3 µm thick with an apoptosis Detection Kit
(Boehringer Mannheim, German) according to the man-
ufacturer’s instructions

Quantification of apoptotic cells

Myocardial nuclei of 3 µm horizontal sections of the LV
were labelled by the TUNEL method. The nuclei were
counted, and the apoptotic index (number of myocardial
nuclei labelled by the TUNEL method/number of total
myocardial nuclei) was calculated.

Western blot analysis

Proteins were extracted from freshly frozen LV my-
ocardium. Homogenized myocardial tissue was lysed in
a solution containing 50 mM Tris-HCl (pH 7.2), 50 mM
NaCl, 1% Nonidet P-40, 1% sodium deoxycholic acid,
and 2% SDS with protease inhibitor cocktail. 20 mg
of each protein preparation was electrophoretically
separated on a 15% SDS-PAGE gel and transferred to a
nitrocellulose membrane. The membrane was incubated
with anti-Fas antigen antibody (ViroGen Corporation,
U.S.A., diluted at 1:2500) for 1 h at room temperature.
Western blots were exposed to X-ray film with an en-
hanced chemiluminescence kit (BD Biosciences, U.S.A.).
Bands were identified by comparison with standards
purchased from the same companies that supplied the
antibody.

Ultrastructural studies

For ultrastructural studies, 3 hearts in each group
were processed as described [24,25]. Hearts were
washed in cold 0.1 mol/L sodium phosphate buffer
(pH 7.4). Tissue samples, 4 to 6 mm in size, were taken
from four different areas of the free left ventricular
wall between the mid-region and apex of the heart. The
tissue pieces were immersed for 15 min in 0.1 mol/L
phosphate buffer (pH 7.4) containing 3% glutaraldehyde.
This briefly fixed tissue was further cut into pieces
smaller than 1-mm3 cubes. Aldehyde fixation was con-
tinued for a total duration of 2 h. The tissues were



Granulocyte Colony-Stimulating Factor Reduces Cardiomyocyte Apoptosis and Improves Heart Function 87

washed for 1 h in the above phosphate buffer contain-
ing 0.05 mol/L sucrose. Post-fixation was done in 2%
OsO4 for 1.5 h, after which the tissue pieces were de-
hydrated in graded alcohol series. Tissue embedding
was done in epon. Ultrathin sections were placed on
Formvar-coated grids and stained with uranyl acetate
and lead citrate. The ultra-thin sections were mounted
on Veco-R-300 grids, and examined under a Hitachi
H-600 electron microscope operating at 100 kV.

Statistics

All data were expressed as mean ± SEM. Statistical
significance of differences was ascertained by the One-
Way ANOVA and a p value <0.05 was considered as sig-
nificant.

Results
Overall conditions and body weights

No rats died before sacrifice. The rats in ADR group
and ADR + PBS group presented dyspnea, scruffy fur
and red exudate developed around the eyes and noses.
5 of 10 in ADR group and 6 of 10 in ADR + PBS group
presented enlarged abdomen caused by ascites. The rats
in ADR and ADR + PBS were subjected to significant
body weight losses (182 ± 14 g and 179 ± 19 g, respec-
tively). The body weights of control rat increased to 288
± 13 g. The ADR + G-CSF group showed better overall
conditions (less dyspnea, scruffy fur and no red exudate
around the eyes and noses) and gained body weight dur-
ing this period (273 ± 11 g; p < .05 compared to ADR
and ADR + PBS groups) (see Fig. 1).

LV performance

Echocardiography after the final ADR injection showed
significant deteriorations of % FS in all ADR rats (ADR
group: 39.4 ± 3.3%, ADR + PBS group: 38.1 ± 2.6%,
ADR + G-CSF group: 38.4 ± 3.7%) compared to control
rats (51.2 ± 4.7%). The %FS in the ADR + G-CSF group
was significantly enhanced by G-CSF treatment (53.3 ±
4.6%) whereas the % FS in the ADR and ADR + PBS
group remain at low level (41.9 ± 3.3% and 40.7 ± 4.4%,
respectively) (see Fig. 2).

Fig. 1. The body weights of each group 4 weeks after G-CSF
administration.

Fig. 2. The % FS of each group before (blue) and after (red)
G-CSF administration.

Fig. 3. The LVSP (blue) and LVEDP (red) of each group after
G-CSF administration.

Hemodynamics compared with the ADR and the
ADR + PBS group, the ADR + G-CSF group showed a
significant higher LVSP (119 ± 16.8 mmHg as compared
to 84 ± 10.3 mmHg in the ADR + PBS group and 83
± 11.2 mm Hg in the ADR group and significant lower
LVEDP (11 ± 3.4 mmHg compared to 30 ± 5.2 mmHg
in the ADR + PBS group and 27 ± 4.4 in the mmHg
ADR group) In the control group, LVSP and LVEDP
were 121 ± 15.1 mmHg, respectively (Fig. 3).

Apoptosis

Cardiomyocyte apoptosis was induced by ADR admin-
istration in the ADR and ADR + PBS group (apoptotic
index 13.64 ± 2.46% and 11.24 ± 2.51%, respectively,
both p < 0.001, vs. control apoptotic index 2.88 ± 0.72%).
Cardiomyocyte apoptosis in the ADR + G-CSF group
was significantly inhibited by G-CSF treatment (apop-
totic index 3.75 ± 0.84%, p < 0.01, vs. both ADR and
ADR + PBS groups) (Figs. 4 and 5).

Expression of Fas protein

The pro-apoptosis protein, Fas was highly expressed
in the samples of ADR and ADR + PBS groups and
was markedly attenuated in the ADR + G-CSF group
(Fig. 6).

Ultrastructure

The ADR and ADR + PBS groups presented morpho-
logical changes typical for ADR induced cardiomyopathy
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Fig. 4. The apoptotic cells in each group. The nuclear of the
apoptotic cells were stained brown by TUNEL (arrow heads),
non-apoptotic cell nuclear were blue. TUNEL assays showed that
ADR administration caused a significant increase in the
apoptosis in ADR group (13.64 ± 2.46%) and ADR + PBS group
(11.24 ± 2.51%). G-CSF inhibited ADR induced apoptosis in
ADR + G-CSF group (3.75 ± 0.84).

Fig. 5. The apoptosis index of cardiomyocytes of each group.

Fig. 6. The protein expression of Fas in each group compared
with the control. The Fas protein expression was high in the
samples of the ADR and ADR + PBS group, and was remarkably
attenuated in the ADR + G-CSF group.

including swelling of mitochondria, vacuolization of the
cytoplasm, and dilation of the sarcotubular system.
The ultrastructure of hearts from the ADR + G-CSF
group was significantly different from that of ADR and
ADR + PBS groups and showed regular myofibril ar-
rangement, maintained sarcotubular system, and pre-
served mitochondria (Fig. 7)

Discussion

Our study showed that subcutaneous injection of G-CSF
improved cardiac performance and inhibited cardiomy-
ocyte apoptosis in the ADR-induced DCM model in rats.
Previous experimental and clinical studies have found
that G-CSF administration improves LV function in in-
farcted hearts [26–29]. Harada et al. reported that post-
infarction administration of G-CSF decreased apoptotic
cell death both in vivo and in vitro and improved car-
diac function by activating the Jak-Stat pathway [20].
Minatoguchi et al. found that short term, small dose
of G-CSF administration (10 microgram/kg/day for 5
days, even smaller than our dose) improved the heart
function and prevented left ventricular remodelling [30].
Our study showed, for the first time, that even short-
term administration of G-CSF (50 microgram/kg/day
for 8 days), improved cardiac function in the ADR-
induced DCM rat model. This finding extends the ben-
eficial effect of G-CSF to a non-ischemic heart failure
model.

Since Hamamoto et al. and Fukuhara et al. reported
that endogenous bone marrow-derived stem cells con-
tribute to only a small proportion of regenerated my-
ocardium in the acute infarction model [31, 32]; we doubt
that improvement in LV function can solely be explained
by bone marrow mobilisation. In this study, we hypoth-
esised that other cardioprotective mechanisms, such as
the inhibition of apoptosis might participate in this pro-
cess. In fact, the TUNEL assay confirms our hypothesis
and provides in vivo evidence that G-CSF significantly
inhibits ADR-induced apoptosis (Figs. 5 and 6).

Observations on the percentages of apoptotic
cells in the failing heart are currently controversial:
0.86 ± 0.11% in ADR induced DCM by Nakamura et al.
[5]; 0.23 ± 0.20% in the failing human heart by Olivetti
et al. [4] and 5 to 35.5% in patients with end-stage
cardiomyopathy by Narula et al. [3]. Our data show a
relatively high percentage of apoptotic cells in ADR
group (13.64 ± 2.46%), consistent with the data of
Narula’s.

Apoptotic cardiomyocytes have also been detected
in ADR induced DCM rats, rapid pacing-induced DCM
dogs and biopsy samples from DCM patients [33–
35]. An apoptosis related protein, Fas, was reported
to play an important role in inducing cardiomyocyte
apoptosis in DCM. Its expression is in correlation
with cardiac dysfunction in DCM and anti-Fas an-
tibody significantly inhibits cardiomyocyte apoptosis,
leading to better LV performance [5,35]. In our study,
the Fas protein was highly expressed in ADR and
ADR + PBS groups, and was markedly attenuated
by G-CSF. Based on these results, we suggest that
G-CSF inhibited cardiomyocyte apoptosis, at least in
part via Fas pathway, contributing to a better LV per-
formance.

Compared with the ADR and ADR + PBS groups,
the G-CSF group showed better overall conditions
in our study. However, whether these physical
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Fig. 7. The electron-microscope ultrastructure showed significant differences among the 4 groups. ADR caused typical morphological
changes in ADR and ADR + PBS including swelling of mitochondria, vacuolization of the cytoplasm, and dilation of the sarcotubular
system, while the ultrastructure of hearts in ADR + G-CSF group were ameliorated: regular myofibril arrangement, maintained
sarcotubular system, and preserved mitochondria.

improvements were attributed solely to the amelio-
ration of heart function is question worth exploring. It is
well known that the ADR leads to general toxicity, not
only in heart, but also in liver and bone marrow [36,37],
which can be attenuated by G-CSF administration as
well [38,39]. So we cannot exclude the possibility that
G-CSF exerted a systematic effect on the DCM rat, in-
cluding enhancing the damaged liver and bone marrow
function, thus contributing to better overall condi-
tions. However, these factors were not studied in our
study.

Our study suggests that subcutaneous administra-
tion of G-CSF might serve as an alternative treat-
ment for the ADR induced DCM. Its feasibility and
safety need being explored further before clinical
x application.
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