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Abstract
Background In recent studies, granulocyte-colony stimulating
factor (G-CSF) was shown to improve cardiac function in
myocardial infarction and non-ischemic cardiomyopathies.
The mechanisms of these beneficial effects of G-CSF in
diabetic cardiomyopathy are not yet fully understood.
Therefore, we investigated the mechanisms of action of G-
CSF on diabetic cardiomyopathy in a rat model of type 2
diabetes.
Methods Seventeen-week-old OLETF (Otsuka Long Evans
Tokushima Fatty) diabetic rats and LETO (Long Evans
Tokushima Otuska) rats were randomized to treatment with
5 days of G-CSF (100 μg/kg/day) or with saline. Cardiac
function was evaluated by serial echocardiography performed
before and 4 weeks after treatment. We measured expression
of the G-CSF receptor (GCSFR) and Bcl-2, as well as the
extent of apoptosis in the myocardium.
Results G-CSF treatment significantly improved cardiac dia-
stolic function in the serial echocardiography assessments.
Expression of G-CSFR was down-regulated in the diabetic

myocardium (0.03±0.12 % vs. 1±0.15 %, p<0.05), and its
expression was stimulated by G-CSF treatment (0.03±0.12 %
vs. 0.42±0.06 %, p<0.05). In addition, G-CSF treatment
increased the expression of Bcl-2 in the diabetic myocardium
(0.69±0.06 % vs. 0.26±0.11 %, p<0.05), consistent with the
reduced cardiomyocyte apoptosis (9.38±0.67 % vs. 17.28±
2.16 %, p<0.05).
Conclusions Our results suggest that G-CSF might have a
cardioprotective effect in diabetic cardiomyopathy through
up-regulation of G-CSFR, attenuation of apoptosis by up-
regulation of Bcl-2 expression, and glucose-lowering effect.
Our findings support the therapeutic potential of G-CSF in
diabetic cardiomyopathy.
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Introduction

Diabetic patients frequently develop a cardiomyopathy that is
characterized by ventricular hypertrophy and diastolic dys-
function. It may be precipitated by hyperglycemia, an inde-
pendent risk factor for cardiac damage [1, 2]. Although, the
mechanisms of diabetic cardiomyopathy are not fully under-
stood, recent studies have shown that massive loss of ventric-
ular myocytes followed by compensatory hypertrophy of the
remaining myocytes, and reproductive fibrosis, play key roles
in its development in rodents [3] and humans [4]. Moreover,
deleterious effects of diabetes mellitus on cardiac performance
due to fibrosis, increased apoptosis, and microvascular and
endothelial dysfunction, have been demonstrated in isolated
heart preparations and isolated cardiomyocytes [2, 5].

In a number of recent studies, granulocyte-colony stimu-
lating factor (G-CSF) was shown to reduce the size of infarcts
and induce myocardial regeneration and the recovery of
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cardiac function after myocardial infarction [6, 7]. Beneficial
effects of G-CSFwere also observed in patients suffering from
congestive heart failure due to ischemic or dilated cardiomy-
opathy [7–9]. Similarly, in a rat model, G-CSF was shown to
improve cardiac function in adriamycin-induced dilated car-
diomyopathy, suggesting that its beneficial effects may extend
to non-ischemic heart failure [10]. Previously we reported that
G-CSF treatment of diabetic rats ameliorated cardiac diastolic
dysfunction and morphological damage, especially fibrosis of
the myocardium, but we did not provide any insights into the
mechanisms of these therapeutic effects [11].

The aim of this study was to explore the mechanisms
behind the beneficial effects of G-CSF on diabetic cardiomy-
opathy. To this end, we studied its impact on G-CSF receptor
(G-CSFR) and on markers of the apoptosis in the cardiac
tissue of diabetic animals.

Methods

Experimental Animals

In this study, we followed the ARRIVE guidelines on animal
research [12]. All protocols were approved by the Hanyang
University Institutional Animal Care and Use Committee. Our
experimental subjects were twelve male Otsuka Long-Evans
Tokushima Fatty (OLETF) rats with spontaneous long-term
hyperglycemia and type 2 diabetes [13], and our controls were
twelve male Long-Evans Tokushima Otsuka (LETO) rats,
developed from the same colony by selective mating but
without diabetes. The OLEFT and LETO rats were supplied
by the Tokushima Research Institute (Otsuka Pharmaceutical,
Tokushima, Japan). All rats were kept in a dedicated,
pathogen-free facility at the Hanyang University Medical
School Animal Experiment Center, at controlled temperature
(23±2 °C) and humidity (55±5 %) with a 12-h artificial light
and dark cycle.

Experimental Design

The experimental design, which had developed previously [11],
is outlined in Fig. 1. The study began with rats at the age of
7 weeks, given ad libitum access to standard laboratory chow.
Because diastolic dysfunction was more pronounced in the
sucrose-fed OLTETF rats in our previous study, the OLETF
rats were given free access to water containing 30 % sucrose to
facilitate the development of diabetic cardiomyopathy, while the
LETO rats were given free access to tap water. At 17 weeks of
age (after 10 weeks), each groupwas randomly divided into two
sub-groups, that were injected intraperitoneally either with sa-
line or with 100 μg/kg/day recombinant human G-CSF
(Leucostim®, Dong-A Pharmacological, Seoul, Korea) for five
days.

Body weight, fasting blood glucose, total cholesterol (TC)
and triglyceride (TG) levels were measured. Blood samples
were collected from tail veins after 8 h of fasting, and the
levels of serum glucose, TC, and TG were measured using an
Olympus AU400 auto analyzer (Olympus GmbH, Hamburg,
Germany) [14]. Doppler echocardiography was performed
twice: at 17weeks (before treatment) and at 22weeks (4weeks
after the saline and G-CSF injections).

Echocardiography and Measurements of Cardiac Function

The rats were anesthetized with 50 mg/kg ketamine and
5.8 mg/kg xylazine HCl. The left side of the chest was shaved
to obtain a clear image. Serial echocardiographic examina-
tions (Philips iE33, Philips Medical System with an S8-3
probe) were performed by a single sonographer, with the rats
in the left lateral decubitus position. The measurements in-
cluded left ventricular ejection fraction (LVEF), peak velocity
(E), the deceleration time (DT) of the early diastolic filling
wave, and early mitral annulus velocity (E’). All measure-
ments were based on the mean of five consecutive cardiac
cycles, and mean values were used in analyses [11].

Fig. 1 Schematic description of
the experimental protocol.
OLETF, Otsuka Long-Evans
Tokushima Fatty rats; LETO,
Long-Evans Tokushima Otsuka
rats; G-CSF, granulocyte-colony
stimulating factor
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Histopathology

The rats were anesthetized with an intra-peritoneal injec-
tion of 50 mg/kg ketamine and 5.8 mg/kg xylazine HCl.
They were weighed, and their hearts were removed and
divided into two halves along the anterior longitudinal
middle line. One half of each heart was fixed in formalin,
embedded in paraffin, and cut into 4 μm thick sections in
preparation for terminal deoxynucleotidyl transferase
(TdT)-mediated dUTP-biotin nick end-labeling (TUNEL)
assays. The other half was frozen in liquid nitrogen and
stored at −80 °C for the qPCR and western blot analyses.

Detection of myocardial apoptosis by TUNEL assay

The TUNEL assay was performed to detect apoptotic
cells in paraffin-embedded cardiac sections. Fragmented
double-stranded DNA was identified with an in situ cell
detection kit (Roche Diagnostics, Indianapolis, IN,
USA). Briefly, endogenous peroxidase was inhibited
with 3 % H2O2 in methanol for 10 min, and the sec-
tions were permeabilized with 0.5 % Triton-X-100 for
10 min. Proteinase K was applied to induce proteolysis
for 15 min at 37 °C, and blocked with 10 % normal
goat serum in PBS for 60 min at 37 °C. The slides
were incubated with the TUNEL reaction mixture (en-
zyme and labeling solution in a 1:10 dilution) for
90 min at 37 °C, and incubated with converted-POD
for 30 min at 37 °C. Levels of myocardial apoptosis
were detected using a DAB kit (Vector Laboratories,
Burlingame, CA, USA); apoptotic nuclei were counted
to calculate the apoptotic index (number of labeled
nuclei/number of total nuclei).

Immunohistochemical Staining for G-CSFR

To identify the presence of G-CSFR in the cardiomyocyte
of each heart section, we performed immunohistochemical
staining. Tissue sections were incubated for with a mouse
monoclonal anti-G-CSFR antibody as the primary anti-
body (1:50 dilution; Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA) at 4 °C overnight. The sections
were washed and then incubated with a horseradish
peroxidase-conjugated donkey anti-rabbit secondary anti-
body (1:300 dilution; Jackson ImmunoResearch, West
Grove, PA) for 90 min. After rinsing with PBS, immuno-
reactivity was visualized using DAB (Vector Laboratories,
Burlingame, CA, USA). Images were obtained on an
ECLIPSE 80i microscope equipped with an iAi progres-
sive scan camera (Nikon, Tokyo, Japan) and cytoVision
system software (Applied Imaging, Newcastle, UK).

Quantitative Real-Time PCR Analysis of G-CSFR and Bcl-2
Expression

Quantitative real-time polymerase chain reactions (qPCR)
were performed using a SYBR Green qPCR Mix (Toyobo,
Tokyo, Japan) and analyzed on a LightCycler 1.5 (Roche
Diagnostics, Indianapolis, IN, USA). The genes of interest
included those for G-CSFR and Bcl-2 (Table 1). qPCR am-
plification was performed with incubation for 10 min at 95 °C
followed by 45 cycles of 10 s at 95 °C, 10 s at 60 °C, and 10 s
at 72 °C, and a final dissociation step at 65 °C for 15 s. The
crossing point of each sample was automatically determined
by the LightCycler, and the relative change ratio was deter-
mined using the ratio of mRNA for the selected gene that for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [15].
PCRwas performed in duplicate and the transcript levels were
normalized against those of GAPDH.

Western Blot Analysis for Bcl-2

Proteins were extracted from fresh-frozen LV myocardium.
The samples were homogenized on ice with homogenization
buffer (Pro-preb; iNtRON, Seongnam, South Korea). Then,
samples containing 50μg protein were transferred into sample
buffer, separated by 10 % sodium dodecyl sulfate polyacryl-
amide gel electrophoresis and transferred to nitrocellulose
membranes (0.45 μm pore size, Bio-Rad, Hercules, CA,
USA). After blocking in 5 % skim milk solution for 60 min,
the membranes were incubated with primary anti-Bcl-2 anti-
body (dilution 1:2,000; Cell Signaling Technology, Boston,
MA, USA), or GADPH (1:1,000, Cell Signaling Technology,
Boston, MA, USA) followed by HRP-conjugated anti-rabbit
antibody (1:1,000, Jackson Immunoresearch, West Grove,
PA, USA). GAPDH was used as a protein loading control.
Positive protein bands were visualized using an ECL kit
(GenDEPOT, Barker, TX, USA), and the results were

Table 1 Primer sequences

Primer Sequences
(5’ to 3’)

Size
(bp)

G-CSFR Forward
Reverse

CCATTG TCC ATC TTG GGG ATC
CCT GGA AGC TGT TGT TCC ATG

234

Bcl-2 Forward TAA AGC AGA ACA CAC ACA
CAC ACA C

96

Reverse GGC AGTAAATAG CTG ATT
TGA CCAT

GAPDH Forward CCT TCT CTT GTG ACA AAG
TGG ACAT

96

Reverse CGT GGG TAG AGT CATACT
GGA ACAT

G-CSFR granulocyte-colony stimulating factor receptor, GAPDH glycer-
aldehyde-3-phosphate dehydrogenase
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quantified with an image analyzer (Image lab 3.0, Bio-Rad,
Hercules, CA, USA).

Statistical Analysis

Statistical analyses were performed using SPSS software ver-
sion 18.0 (SPSS Inc., Chicago, IL, USA). All data are pre-
sented as mean ± standard error of the mean (SEM).
Differences in measured echocardiographic values between
the groups were determined using two-way repeated measures
ANOVAwith Bonferroni’s post-hoc test for multiple compar-
isons. The remaining data were analyzed using t-tests (for
single comparisons) or one-way ANOVAs (for multiple com-
parisons) with Tukey’s post hoc test (equal variances as-
sumed). P values<0.05 were considered statistically
significant.

Results

Effects of G-CSF on Body Weight and Biochemical Markers

Table 2 presents measurements of body weight and biochem-
ical markers before and after treatment with G-CSF. The body
weight of the OLETF rats (in both sub-groups) was greater
than that of the LETO rats. In addition, both OLETF groups
had higher fasting glucose, TC, and TG levels than the LETO
groups at 17 weeks of age. Regardless of treatment group,
there was a significant increase in body weight and fasting
glucose levels from 17 to 22 weeks of age in the OLETF rats
compared to the LETO rats (p<0.05). After treatment, the
body weight, blood level of TC and TG levels did not differ
between the two OLETF groups; however, fasting glucose

was significantly lower in the G-CSF treated OLETF sub-
group compared to saline treated group (p<0.05).

Effects of G-CSF Treatment on Cardiac Diastolic Dysfunction

Figure 2 compares the echocardiographic parameters at 17
and 22 weeks of age in the four groups. At 17 weeks, LVEF
(i.e. indicator of LV systolic function) was preserved, but the
Doppler indices of mitral valve flow (i.e. indicators of LV
diastolic function) showed that the E and E’ velocities were
lower and the E/E’ ratio was higher in the two OLETF groups
than in the LETO groups, suggesting that the OLETF rats had
developed diastolic dysfunction. Echocardiography per-
formed at 22 weeks (after the completion of treatment) re-
vealed that, while LVEF did not vary significantly, E’ velocity
was higher in the OLTETF rats treated with G-CSF than in the
OLETF saline control rats (4.08±0.19 cm/s vs. 2.83±0.21
cm/s, p<0.05). In addition, there was a significant rise in E’
(3.32±0.36 cm/s vs. 4.08±0.19 cm/s, p<0.05) and decline in
E/E’ (22.07±2.58 vs. 17.95±2.42, p<0.05) in the G-CSF
treated OLETF rats compared to before treatment (Fig. 2).
These results show that LV diastolic dysfunction in the
OLETF rats was clearly improved by G-CSF treatment.

Effects of G-CSF on G-CSFR Expression

To look for evidence of potential direct effects of G-CSF on
myocardial tissue, we assessed the expression of G-CSFR in
the heart. Immunohistochemistry showed that G-CSFR-
positive cells were distributed throughout the cardiomyocytes
of LETO rats and there was no significant difference in the
pattern of positive staining among LETO rats. However,
G-CSFR-positive cells were stained more strongly in G-CSF
treated OLETF rats compared to control OLETF rats (Fig. 3a).

Table 2 Body weight and biochemical markers before and after treatment with G-CSF

OLETF LETO

G-CSF Saline G-CSF Saline
(N = 6) (N = 6) (N = 6) (N = 6)

17 weeks (before treatment)

Body weight (g) 627.83±7.47* 617.50±11.81* 382.83±4.60 393.67±11.34

Glucose (mg/dL) 144.00±4.03 153.20±8.78 119.67±5.61 112.67±4.26

Total cholesterol (mg/dL) 141.17±3.95* 133.20±3.38* 91.33±1.76 90.67±2.60

Triglyceride (mg/dL) 258.67±18.10* 290.80±16.85* 41.00±4.04 30.33±2.96

22 weeks (after treatment)

Body weight (g) 633.25±11.10* 610.25±17.56* 403.83±8.71 414.50±11.03

Glucose (mg/dL) 203.33±6.96* 244.50±6.38* 111.67±2.03 117.33±5.81

Total cholesterol (mg/dL) 135.83±5.30* 139.50±6.28* 79.33±1.20 84.33±3.38

Triglyceride (mg/dL) 125.67±13.34* 115.00±9.97* 39.33±1.45 35.33±5.21

LETO, Long-Evans Tokushima Otsuka rats; OLETF, Otsuka Long-Evans Tokushima Fatty rats. * p<0.01 versus LETO

214 Cardiovasc Drugs Ther (2014) 28:211–220



qPCR showed that the level of G-CSFR mRNAwas lower in
OLETF rats than in the control LETO rats (0.03±0.12 % vs. 1
±0.15 %, p<0.05). Compared to control OLETF rats, G-CSF
mRNA level was significantly increased in G-CSF treated
OLETF rats (0.03±0.12 % vs. 0.42±0.06 %, p<0.05). As
expected, G-CSFR expression was very low in the diabetic
hearts, and a significant increase was observed when G-CSF
was administered (Fig. 3b).

Effects of G-CSF on Bcl-2 Expression and Apoptosis

The apoptotic index was significantly higher in the con-
trol OLETF rats than in the control LETO rats (17.28±
2.16 % vs. 5.89±2.78 %, p<0.05), and G-CSF treatment
reduced apoptosis in the OLETF rats (9.38±0.67 % vs.
17.28±2.16 %, p<0.05) (Fig. 4a and b). To understand
the molecular basis of the increased apoptosis in the
hearts of the diabetic rats, we examined the expression
of Bcl-2, an anti-apoptotic protein, and it’s mRNA. Bcl-2
mRNA levels were significantly higher in the G-CSF
treated OLETF rats than in the control OLETF rats
(1.20±0.19 % vs. 0.58±0.08 %, p<0.05) (Fig. 4c), and
Bcl-2 protein was also significantly higher in the G-CSF
treated OELTF rats (0.69±0.06 % vs. 0.26±0.11 %,
p<0.05) (Fig. 4d). These results suggest that the protec-
tive effect of G-CSF as at least partly due to up-regulation
of Bcl-2 expression in the diabetic myocardium.

Discussion

In the present study, we examined the effect of G-CSF treat-
ment on relatively early diabetic cardiomyopathy in a rat
model. We showed that G-CSF treatment improved diastolic
dysfunction and attenuated apoptosis. Moreover, it induced
up-regulation of Bcl-2, which provides a molecular explana-
tion for the beneficial effects of G-CSF on diabetic cardiomy-
opathy. We also found the glucose-lowering effect induced G-
CSF particularly noteworthy, as it is likely the critical mech-
anism contributing to the beneficial effects of this cytokine on
improvement in diastolic function and reduction of apoptosis.
Expression of the G-CSFRwas found to be down-regulated in
the diabetic myocardium and up-regulated by G-CSF treat-
ment, which suggests that there is sensitization of the myo-
cardium to direct effects of G-CSF. Together, our results
provide insight into the key mechanisms that contribute to
the beneficial effects of this cytokine on diabetic cardiomyop-
athy in OLETF rats.

The interest in G-CSF in the context of ischemic heart
disease stemmed from its ability to mobilize bone marrow-
derived stem cells into peripheral blood. In particular, it was
thought that G-CSF might contribute to tissue regeneration
[16]. Much research has been devoted to the role of G-CSF in
ischemic and non-ischemic cardiomyopathies, and various
mechanisms of its therapeutic actions have been proposed
[6–8, 10, 17–19]. Among them are trans-differentiation of
bone marrow-derived cells into cardiomyocytes, increased

Fig. 2 Effects of G-CSF on
cardiac function. EF, ejection
fraction; E, peak velocity of the
early diastolic filling wave; A,
peak velocity of late diastolic
filling wave; E’, early mitral
annulus velocity during the
diastolic phase. LS, LETO rats
saline control; LG, LETO rats
treated with G-CSF; OS, OLETF
rats saline control; OG, OLETF
rats treated with G-CSF. All data
are mean ± SEM. * p<0.05 vs.
OLETF saline control rats; †
p<0.05 vs. LETO saline control
rats
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homing and fusion of bonemarrow-derived cells with resident
cells in the myocardium, direct protective effects on
cardiomyocytes through G-CSFR, and stimulation of the pro-
duction of growth factors and chemokines associated with
neovascularization and angiogenesis by paracrine mechanism
[6, 20–23]. However, it is not clear which of these mech-
anisms is most likely responsible for the positive effects
of G-CSF treatment. In particular, since previous studies
reported that endogenous bone marrow-derived stem cells
contribute only to a small proportion of the regenerated
myocardium in the acute infarction model [24, 25], it is
doubtful that the improvement in cardiac function can be
explained solely by bone marrow mobilization.

In this study, we have identified several factors that may
contribute to the cardioprotective effect of G-CSF in diabetic
cardiomyopathy. The first is up-regulation of G-CSFR expres-
sion in the myocardium. We found that G-CSFR was down-
regulated in the diabetic myocardium, and its expression could

be regulated by a positive feedback mechanism dependent on
stimulation by G-CSF itself [26]. Thus there may be a direct
protective effect of G-CSF on diabetic cardiomyopathy
through the G-CSFR. The enhanced expression of this receptor
after G-CSF treatment in cardiomyocytes suggests a sensitiza-
tion of the heart to direct influences of this cytokine. This is in
line with previous studies demonstrating a direct
cardioprotective effect of G-CSF in ischemic and non-
ischemic cardiomyopathy [6, 9]. However, the expression of
G-CSFR, as a mediator of the cardioprotective effect of G-CSF
treatment in diabetic cardiomyopathy, is merely speculative,
since precise mechanisms of G-CSF’s actions mediated
through the G-CSFR and downstream signals of G-CSFR
evoked by G-CSF have not been investigated in this study.

A second important finding of the present study is that
G-CSF treatment reduces apoptosis. Specifically, G-CSF
treatment enhanced the expression of cardiac Bcl-2 pro-
tein in diabetic rats, which can be interpreted as inhibition

Fig. 3 Effects of G-CSF on
G-CSF receptor (G-CSFR)
expression. a.
Immunohistochemical staining
for G-CSFR. b. Quantitative PCR
for G-CSFR mRNA. LS, LETO
rats saline control; LG, LETO rats
treated with G-CSF; OS, OLETF
rats saline control; OG; OLETF
rats treated with G-CSF. All data
are mean ± SEM. * p<0.05 vs.
OLETF saline control rats; †
p<0.05 vs. LETO saline control
rats
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Fig. 4 Effects of G-CSF on apoptosis and Bcl-2 expression. a. Apoptotic
cells in each group. Apoptotic nuclei were stained brown by the TUNEL
assay and non-apoptotic nuclei were blue. b. Apoptotic index of
cardiomyocytes in each group. c. Quantitative PCR for Bcl-2 mRNA.

d. Western blotting for Bcl-2 proteins. LS, LETO rats saline control; LG,
LETO rats treated with G-CSF; OS, OLETF rats saline control; OG,
OLETF rats treated with G-CSF. All data are mean ± SEM. * p<0.05 vs.
OLETF saline control rats; † p<0.05 vs. LETO saline control rats
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of apoptosis. The ability of G-CSF to inhibit apoptotic
death of cardiomyocytes has been demonstrated before in
a number of studies [6, 10, 17, 27]. Furthermore, the
accumulated evidence suggests that apoptotic cell death
is a key element in the pathogenesis and progression of
various cardiac diseases, including diabetic cardiomyopa-
thy [5, 10, 17, 28]. Apoptosis can cause a loss of contrac-
tile tissue, compensatory hypertrophy of myocardial cells,
and reparative fibrosis [29]. Recent studies have shown that
the incidence of apoptosis increases in the hearts of patients
with diabetes and in streptozotocin-induced diabetic animals,
and inhibition of apoptosis improves cardiac function in dia-
betic cardiomyopathy [3, 4, 30]. Apoptotic proteins in the
diabetic myocardium appears to be regulated by a pathway
that up-regulates pro-apoptotic proteins and down-regulates
anti-apoptotic proteins, which may induce apoptosis. In pre-
vious experimental studies, G-CSF treatment reduced cardio-
myocyte apoptosis by modulating these apoptosis-related pro-
teins. The groups of Harada et al. and BaldoMP et al. reported
a similar anti-apoptotic effect of G-CSF, which was associated
with up-regulation of anti-apoptotic proteins such as Bcl-2 and
Bcl-xL [6, 17]. Hou et al. showed that G-CSF inhibited the
expression of Fas, a pro-apoptotic protein in adriamycin-
induced dilated cardiomyopathy in rat [10]. However, while
the anti-apoptotic effect of G-CSF has been demonstrated in
ischemic cardiomyopathy and dilated cardiomyopathy, its
influence on apoptosis in vivo in diabetic cardiomyopathy
model remains unknown. In this study, G-CSF treatment
significantly increased expression of Bcl-2 (both mRNA and
protein), suggesting that G-CSF-mediated cytoprotection may
be, at least in part, via an action on apoptosis in diabetic
cardiomyopathy.

Another important finding obtained from the present study
is that G-CSF treatment reduces plasma glucose concentra-
tion. Multiple mechanisms have been described whereby hy-
perglycemia contributes to the pathological cardiac remodel-
ing, such as direct effects of elevated glucose on cells, oxida-
tive stress, nonenzymatic glycation, and apoptosis [31–33].
Since hyperglycemia presents the most important link for the
development of diabetic cardiomyopathy, adequate metabolic
control, especially improvement of glycoregulation is the
basic strategy in its prevention. Previous studies have shown
the protective effect of G-CSF from diabetes. Serum glucose
level decreased in healthy peripheral blood stem cell trans-
plantation donors after G-CSF treatment [34]. In addition,
other studies have shown that G-CSF treatment prevents
spontaneous autoimmune type 1 diabetes and insulitis in the
NOD mouse [35], and transplantation of G-CSF-mobilized
peripheral blood mononuclear cells may also improve blood
glucose metabolism [36]. In this study, G-CSF treatment
significantly decreased blood glucose, suggesting that
glucose-lowering effect of G-CSF may be another
cardioprotective action of G-CSF in diabetic rats, as well as

may account for the improvement of diastolic dysfunction and
reduction of apoptosis.

This study has several limitations. First, we cannot rule
out the possibility that the improved cardiac performance,
especially diastolic function, after G-CSF treatment is as-
sociated with one of the other, previously postulated,
mechanisms, i.e. systemic effect or mobilization or homing
of bone marrow stem cells or other paracrine effects, such
as fibrosis, vascularization, oxidative stress or structural
changes involving the extracellular matrix proliferation,
the change of collagen content, and the myocellular hy-
pertrophy. These effects are worth exploring in further
studies. Second, this study did not investigate any poten-
tial effects of the downstream pathways activated by the
binding of G-CSF to its receptor, such as JAK/Stat,
PI3K/Akt, MAPK/ERK [6, 26]. And we also could not
investigate the more precise mechanisms whether anti-
apoptotic actions of G-CSF in the diabetic heart were
associated with to the G-CSFR downstream signals.
Further intensive studies are also needed to address the
question whether the improvements in diastolic dysfunc-
tion are mediated through a direct action of G-CSF or
through the G-CSFR-mediated signaling pathway or
through its improvement of the metabolic milieu. Third,
we have found the glucose-lowering effect of G-CSF in
early diabetic cardiomyopathy rat model, but we could not
investigate the mechanisms how G-CSF reduced the blood
glucose level in OLETF rats and any potential causal
relationship between glucose reduction and antiapoptotic
effect. Further studies about the potential mechanism of
this effect linked to modulation of insulin sensitivity,
oxidative stress and free fatty acid β-oxidation, as well
as the function or histology of pancreas and spleen would
be desirable. Finally, our study included only a small
number of subjects, and the treatment regimens, such as
dosage, timing and duration of G-CSF, were very limited.
Before G-CSF can be considered for pharmacological use
in the treatment of diabetic cardiomyopathy, the optimal
treatment regimen must be determined.

Conclusion

Our results disclose that G-CSF might have a cardioprotective
effect in diabetic cardiomyopathy through up-regulation of
G-CSFR, attenuation of apoptosis by enhancement of Bcl-2
protein expression, and glucose-lowering effect. Our findings
support the therapeutic potential of G-CSF in diabetic
cardiomyopathy.
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