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Background: Recent studies have shown that microRNAs (miRNAs) are involved in the process of cardiomyocyte apoptosis. We 
have previously reported that granulocyte-colony stimulating factor (G-CSF) ameliorated diastolic dysfunction and attenuated 
cardiomyocyte apoptosis in a rat model of diabetic cardiomyopathy. In this study, we hypothesized a regulatory role of cardiac 
miRNAs in the mechanism of the anti-apoptotic effect of G-CSF in a diabetic cardiomyopathy rat model.
Methods: Rats were given a high-fat diet and low-dose streptozotocin injection and then randomly allocated to receive treatment 
with either G-CSF or saline. H9c2 rat cardiomyocytes were cultured under a high glucose (HG) condition to induce diabetic car-
diomyopathy in vitro. We examined the extent of apoptosis, miRNA expression, and miRNA target genes in the myocardium and 
H9c2 cells.
Results: G-CSF treatment significantly decreased apoptosis and reduced miR-34a expression in diabetic myocardium and H9c2 
cells under the HG condition. G-CSF treatment also significantly increased B-cell lymphoma 2 (Bcl-2) protein expression as a tar-
get for miR-34a. In addition, transfection with an miR-34a mimic significantly increased apoptosis and decreased Bcl-2 luciferase 
activity in H9c2 cells. 
Conclusion: Our results indicate that G-CSF might have an anti-apoptotic effect through down-regulation of miR-34a in a dia-
betic cardiomyopathy rat model. 

Keywords: Diabetic cardiomyopathies; Granulocyte colony-stimulating factor; MicroRNAs

Corresponding author: Kyung-Soo Kim  https://orcid.org/0000-0002-0891-1023 
Division of Cardiology, Department of Internal Medicine, Hanyang University College of 
Medicine, 222-1 Wangsimni-ro, Seongdong-gu, Seoul 04763, Korea 
E-mail: kskim@hanyang.ac.kr

*In-Hwa Park and Yi-Sun Song contributed equally to this study as first authors.

Received: Oct. 16, 2018; Accepted: Jan. 14, 2019

INTRODUCTION 

Diabetic cardiomyopathy is chronic myocardial dysfunction 
and remodeling which may be found in diabetic patients, in 
the absence of other potential contributors to myocardial dys-
function, including hypertension, coronary artery disease, and 
valvular heart disease [1]. Diabetic cardiomyopathy is charac-

terized by diastolic ventricular dysfunction with cardiomyo-
cyte hypertrophy, myocardial fibrosis, and cardiomyocyte 
apoptosis. Although, the pathophysiology of diabetic cardio-
myopathy is not fully understood, recent studies indicate that 
cardiomyocyte apoptosis along with a prolonged exposure to 
high serum glucose level may play an important role in the de-
velopment of diabetic cardiomyopathy [2].
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MicroRNAs (miRNAs) are small noncoding single-stranded 
RNAs that have significant effects on regulation of gene ex-
pression by binding to the 3´-untranslated region (3´-UTR) of 
target mRNA, inducing mRNA degradation or translational 
repression [3]. A bioinformatic target prediction algorithm 
(target scan, www.targetscan.org) shows that each miRNA reg-
ulates hundreds of target genes and is crucially involved in a 
wide range of biological pathways [4,5]. Studies have also 
shown that miRNAs are deeply involved in the pathophysiolo-
gy of various cardiac diseases, and regulation of these miRNAs 
could allow modification of those processes [6-8]. Several 
miRNAs including miR-34a, miR-92a, miR-21, miR-320, miR-
23a, and miR-15b have been reported to regulate processes re-
lated to cardiomyocyte apoptosis [9-14].

Granulocyte-colony stimulating factor (G-CSF) is a tyrosine 
kinase receptor-associated growth factor known to mediate 
proliferation and differentiation of hematopoietic progenitor 
cells [15]. G-CSF therapy has been reported to ameliorate the 
myocardial dysfunction seen in myocardial infarction (MI) 
and dilated cardiomyopathy, in animal as well as human stud-
ies [16,17]. In previous studies, we have reported that G-CSF 
therapy improved left ventricular diastolic function and atten-
uated cardiomyocyte apoptosis in diabetic cardiomyopathy 
[18,19]. However, little is known about the intracellular anti-
apoptotic signaling processes induced by G-CSF therapy. Giv-
en that several miRNAs are involved in cardiomyocyte apopto-
sis and G-CSF attenuates cardiomyocyte apoptosis, we hypoth-
esized that the therapeutic effects of G-CSF on diabetic cardio-
myopathy may result from, regulation of miRNAs by G-CSF.

Therefore, we investigated the relationship between the ther-
apeutic effect of G-CSF and expression of several miRNAs in a 
rat model of diabetic cardiomyopathy. We also studied the 
changes in the expression of genes regulated by miRNAs.

METHODS

Animals
Male Sprague-Dawley rats (Koatech, Pyeongtaek, Korea), 6 
weeks of age and weighing 280 to 300 g, were used in this 
study. A combination of a high-fat diet (HFD, 60% fat content, 
D12492; Research Diets, New Brunswick, NJ, USA) and a low 
dose of streptozotocin (STZ; Sigma, St. Louis, MO, USA) was 
used to induce a rat model of diabetic cardiomyopathy [20,21]. 
The rats were kept in a specific pathogen-free facility at Han-
yang University Medical School Animal Experiment Center 

under controlled temperature (23°C±2°C) and humidity 
(55%±5%) with a 12-hour artificial light and dark cycle. This 
research protocol was approved by the Hanyang University In-
stitutional Animal Care and Use Committee (HY-IACUC-19- 
0016), and the experiments were performed in compliance 
with the Animal Research: Reporting of In Vivo Experiments 
(ARRIVE) guidelines on animal research [22].

Experimental design 
Seven-week-old rats were separated into diabetic rats (n=15) 
and normal rats (n=8). The normal rats were fed a standard 
diet and the diabetic rats were fed an HFD for 7 weeks. After 6 
weeks (at 13 weeks of age), the rats in the diabetic rat model 
group were intraperitoneally injected with 30 mg/kg STZ dis-
solved in 100 mM citrate buffer pH 4.5. We excluded diabetic 
rats with a fasting blood glucose (FBG) level below 200 mg/dL. 
The normal rats were intraperitoneally injected with only ci-
trate buffer. At 1 week after STZ injection (at 14 weeks of age), 
the diabetic rats were randomly divided into two groups of 
treatment with saline (n=7) or G-CSF (n=8). The rats were in-
jected intraperitoneally with either saline or 200 μg/kg/day re-
combinant human G-CSF (Leucostim; Dong-A Pharmacolog-
ical, Seoul, Korea) for 5 days. At the time of initiation of G-CSF 
and saline administration, the diabetic rats were removed from 
HFD and fed with a standard diet (Fig. 1). All rats were eutha-
nized at 18 weeks of age. 

Cell culture
The H9c2 rat cardiomyocyte cell line was purchased from 
American Type Culture Collection (ATCC, Manassas, VA, 
USA). H9c2 cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM; Gibco, Grand Island, NY, USA) supplement-
ed with 5.5 mM glucose and 10% fetal bovine serum (FBS; Gib-
co), 100 U/mL penicillin and 100 mg/mL streptomycin (Gib-
co). The cells were maintained in a humidified 37°C incubator 
with 5% CO2. The medium was replaced every 2 to 3 days, and 
cells were subcultured once they reached 80% to 90% conflu-
ence. When the cell populations reached 60% to 70% conflu-
ence, the cultures were exposed to D-glucose (Sigma) at a final 
concentration of 33 mM high glucose (HG) treatment accord-
ing to previous publications [23] or to 5.5 mM D-glucose as 
normal glucose (NG). The cells were pretreated with HG (33 
mM) for 48 hours with or without G-CSF (500 ng/mL). Cells 
were plated at an appropriate density according to experimental 
design. 
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Echocardiography
Echocardiography was performed using an ultrasound ma-
chine VIVID E9 (GE Healthcare, Milwaukee, WI, USA). The 
rats were anesthetized by intramuscular injection of a mixture 
of zoletil 50 (30 mg/kg; Virbac SA, Carros, France) and rompun 
(10 mg/kg; Bayer Korea, Seoul, Korea). All rats were placed in 
the left lateral decubitus position for serial echocardiographic 
examinations. The measurements included left ventricular 
ejection fraction (LVEF), peak velocity of the early diastolic fill-
ing wave (E), and early mitral annulus velocity (E’), as per-
formed previously [18,19]. All measurements represent the 
mean of five consecutive cardiac cycles and heart rate was cal-
culated based on the strip chart of Doppler echocardiography.

Body weight and biochemical analysis
Blood samples were collected from tail veins after 12 hours of 
fasting and plasma was separated by centrifugation at 3,500×g 
for 10 minutes. Body weight (BW), FBG, total cholesterol (TC), 
triglyceride (TG), and fasting insulin levels were measured. Se-
rum glucose, TC, and TG were measured using an Olympus 
AU400 auto analyzer (Olympus GmbH, Hamburg, Germany). 
Fasting insulin was measured using an EZRMI 13K kit (Linco, 
St. Charles, MO, USA) according to the manufacturer’s in-
structions. Insulin resistance was estimated by the homeostasis 
model assessment of insulin resistance (HOMA-IR) using the 
following formula: HOMA-IR=fasting insulin (μU/mL)× 
fasting plasma glucose (mmol/L)/22.5 [24].

Fluorescence-activated cell sorting analysis of apoptosis
Fluorescein isothiocyanate (FITC)-conjugated annexin V and 
propidium iodide (PI) were used to identify apoptotic cells us-

ing a FITC-annexin V apoptosis detection kit (BD Biosciences 
Pharmingen, San Diego, CA, USA) according to the manufac-
turer’s instructions [25]. The H9c2 cells were harvested after 
the experimental procedures and washed twice with PBS. The 
cells were resuspended in binding buffer and FITC annexin V 
and PI were added. The mixture was incubated for 15 minutes 
in the dark at room temperature. The resulting fluorescence 
was measured by flow cytometry using a fluorescence-activat-
ed cell sorting flow cytometer (BD Biosciences).

Histology analysis 
The rats were anesthetized by intramuscular injection of a 
mixture of zoletil 50 (30 mg/kg) and rompun (10 mg/kg). Rats 
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. The other half was frozen in 
liquid nitrogen and stored at –80°C for real-time polymerase 
chain reaction (PCR) and Western blot analyses. The extent of 
myocardial fibrosis was determined by visualizing fibrotic tis-
sue using Masson’s trichrome (MT) staining. Apoptotic cardio-
myocytes were evaluated using the terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) assay in paraffin 
sections with an In Situ Cell Death Detection kit (Roche, 
Mannheim, Germany). The stained sections were photo-
graphed using a light microscope (Leica DM 4000B; Leica, 
Wetzlar, Germany). Five regions from each digitized images 
were selected at random from the individual sections and 
quantified using the Leica image analysis system (Leica DM 
4000B). All data were evaluated by an independent blinded in-
vestigator.

Fig. 1. Experimental protocol. Normal rats (n=8) were fed a standard diet and diabetic rats (n=15) were fed with a high-fat diet 
for 7 weeks. At 13 weeks of age, the diabetic rats were intraperitoneally injected with streptozotocin (STZ; 30 mg/kg). At 14 weeks 
of age, diabetic rats were randomly allocated to treatment with either saline (200 μg/kg/day, n=7) or granulocyte-colony stimulat-
ing factor (G-CSF; 200 μg/kg/day, n=8). Functional and histological analysis were performed at 14 and 18 weeks. 
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RNA isolation and real-time PCR 
Total RNA was harvested from heart tissue and H9c2 cells us-
ing Qiazol reagent (Qiagen, Valencia, CA, USA), according to 
the manufacturer’s instructions [26]. The concentration of 
each sample was measured using a Nanodrop ND-2000 spec-
trophotometer (Thermo Fisher Scientific Inc., Wilmington, 
DE, USA). For real-time PCR analysis, total RNA was reverse 
transcribed with stem-loop primers and the TaqMan MicroR-
NA Reverse Transcription kit (Applied BioSystems, Foster 
City, CA, USA), according to the manufacturer’s instructions 
[24]. Real-time PCR was performed in duplicate using the 
TaqMan MicroRNA assay kit and TaqMan Universal PCR 
MasterMix (Applied Biosystems) for miR-34a, miR-92a, miR-
21, miR-320, miR-23a, and miR-15b, according to the manu-
facturer’s instructions. Real-time PCR was performed using 
the LightCycler480 program (Roche) for 40 cycles, (10 seconds 
each, at 95°C, 60°C, 72°C). Relative miRNA expression levels 
were normalized using the RNU6B (U6) small non-coding 
RNA as an endogenous control. 

Transient transfection with miRNA and oligonucleotides
Transfection was carried out using Lipofectamine 2000 (Invit-
rogen, Carlsbad, CA, USA). For RNA interference, H9c2 cells 
were transfected with a miR-34a mimic (50 nM), miR-34a in-
hibitor (50 nM), or matched negative control (NC, 50 nM; Ge-
nePharma, Shanghai, China). All transfections were incubated 
for 24 hours, and then switched to NG (5.5 mM) media or HG 
(33 mM) media conditions. To examine whether miR-34a reg-
ulates the expression of B-cell lymphoma 2 (Bcl-2), a predicted 
target of miR-34a, H9c2 cells were co-transfected with lucifer-
ase vector (100 ng) containing the Bcl-2 3’UTR and miR-34a 
mimic or inhibitor using Lipofectamine 2000 (Invitrogen). 
Co-transfection with non-targeting NC RNA was performed 
as a control. The cells were harvested 24 hours after transfec-
tion, and luciferase activity was measured with a dual lucifer-
ase reporter assay kit (Promega, Madison, WI, USA) on a lu-
minometer (Molecular Devices, Sunnyvale, CA, USA) follow-
ing the manufactures instructions. Firefly luciferase activity 
was normalized to Renilla luciferase activity. All experiments 
were performed in triplicate.

Western blotting 
The excised heart tissues were homogenized and total proteins 
were extracted using protein lysis buffer (Pro-preb; iNtRON, 
Seongnam, Korea). H9c2 cells were harvested and total pro-

teins were extracted using RIPA cell lysis buffer (Genedepot, 
Hanam, Korea). Samples containing 60 μg of protein were 
transferred to sample buffer, separated by 10% sodium dodecyl 
sulfate polyacrylamide gel electrophoresis and transferred to 
an immobilon-P transfer membrane (PVDF, 0.45 μm pore 
size; Millipore, Billerica, MA, USA). After blocking in 5% skim 
milk solution for 60 minutes, the membranes were incubated 
with primary antibody for Bcl-2 (1:250; Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), caspase-9 (1:250; Santa Cruz 
Biotechnology), or glyceraldehyde 3 phosphate dehydrogenase 
(GAPDH; 1:3,000; Cell Signaling Technology, Boston, MA, 
USA) overnight at 4°C. Membranes were then incubated with 
horseradish peroxidase (HRP)-conjugated anti-mouse anti-
body (1:1,000; Jackson Immunoresearch, West Grove, PA, 
USA) or anti-rabbit antibody (1:3,000; Jackson Immunore-
search) for 1 hour 30 minutes at room temperature. 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 quantified with an image analyzer 
(Image lab 3.0; Bio-Rad, Hercules, CA, USA).

Statistical analyses
SPSS version 21.0 software (IBM Co., Armonk, NY, USA) was 
used for statistical analyses. All data are expressed as mean± 
standard deviation, except for histological data, which are ex-
pressed as mean±standard error. Histological data were ana-
lyzed using Kruskal-Wallis nonparametric analysis of variance 
(ANOVA, for multiple comparisons). Echocardiographic val-
ues between the groups were analyzed using two-way repeated 
measures ANOVA with Bonferroni’s post hoc test for multiple 
comparisons. The remaining data were analyzed using one-
way ANOVA (for multiple comparisons) with Tukey’s post hoc 
test. Values of P<0.05 were considered statistically significant. 

RESULTS

Body weight and biochemical analysis
Supplementary Table 1 shows BW and results of biochemical 
analysis before and after treatment with G-CSF or saline. There 
were no differences in BWs between saline- and G-CSF–treat-
ed diabetic rats. FBG, TC, TG, insulin, and HOMA-IR were 
significantly increased in diabetic rats compared to the normal 
rats. G-CSF treatment significantly decreased TC and TG com-
pared to saline-treated rats. However, G-CSF treatment did not 
significantly affect insulin or HOMA-IR in diabetic rats.
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Effects of G-CSF on cardiac function
To investigate the effect of G-CSF treatment on heart function 
of diabetic rats, echocardiography was performed to measure 
cardiac parameters. Before G-CSF treatment (pre-treatment), 
E’ velocity was significantly decreased and E/E’ ratio was sig-
nificantly increased in diabetic rats compared to normal rats. 
This result suggests that the diabetic rats had developed dia-
stolic dysfunction. After treatment with G-CSF (post-treat-
ment), LVEF was significantly decreased in diabetic rats com-
pared to normal rats. E’ velocity (3.8%±0.05% vs. 3.0%± 
0.12%, P<0.05) was significantly increased and E/E’ ratio was 
significantly decreased (17.3%±0.64% vs. 22.7%±1.15%, 
P<0.05) in G-CSF–treated rats compared to saline-treated rats 
(Fig. 2). These results suggest that G-CSF improved diastolic 
dysfunction.

Anti-fibrotic effect of G-CSF
Cardiac fibrosis resulting from collagen deposition was inves-
tigated by Masson’s trichrome staining. Interstitial collagen de-
position increased significantly in saline-treated rats compared 
with G-CSF–treated rats (7.3%±3.14% vs. 2.3%±1.45%, P<0.05) 
(Fig. 3A and C). G-CSF treatment significantly decreased col-
lagen deposition on cardiomyocytes.

Transfection of H9c2 cells with miR-34a mimic and miR-
34a inhibitor
H9c2 cells were transfected with miR-34a mimic or inhibitor 
to up-regulate or down-regulate the expression of miR-34a, re-
spectively. Transfection with NC did not significantly change 
miR-34a level. Transfection with miR-34a mimic significantly 
increased miR-34a level and transfection with miR-34a inhibi-

Fig. 2. Effects of granulocyte-colony stimulating factor (G-CSF) on cardiac function. (A) Left ventricular ejection fraction (LVEF). 
(B) Peak velocity of the early diastolic filling wave (E velocity). (C) Early mitral annulus velocity during the diastolic phase (E’ veloc-
ity). (D) the ratio of mitral peak velocity of early filling (E) to early diastolic mitral annular velocity (E’). DM, diabetic rat model. 
aP<0.05 vs. normal, bP<0.05 vs. DM/G-CSF.
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tor significantly decreased miR-34a level compared to trans-
fection with NC (Supplementary Fig. 1).

Regulation of miRNA expression by G-CSF
miR-34a expression in the diabetic myocardium was signifi-
cantly decreased in G-CSF–treated rats compared to saline-
treated rats (Fig. 4A). In addition, miR-34a expression was sig-
nificantly increased in H9c2 cells under HG condition com-
pared to NG condition. Also, miR-34a expression were signifi-
cantly decreased in G-CSF treated H9c2 cells under HG condi-

tion (Fig. 4B). However, miR-92a, miR-21, miR-320, miR-23a, 
and miR-15b were not significantly different in diabetic rats 
treated with G-CSF compared to diabetic rats treated with sa-
line (Fig. 4C).

Anti-apoptotic effect of G-CSF
The TUNEL assay was performed to investigate the effects of 
G-CSF on cardiomyocyte apoptosis in the diabetic myocardi-
um. G-CSF treatment significantly decreased the amount of 
TUNEL-positive cardiomyocytes compared to saline-treated 

Fig. 3. Granulocyte-colony stimulating factor (G-CSF) improves fibrosis and apoptosis in a rat model of diabetic cardiomyopathy. 
(A) Representative images of Masson’s trichrome (MT) staining of heart tissue at 4 weeks after treatment in each group (×200).  
(B) Representative photomicrographs showing terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay 
staining in the myocardium at 4 weeks after treatment in each group (×200). Scale bar=100 μm. (C) Results of quantitative analy-
sis of collagen area as a ratio of fibrotic area to heart area. (D) Results of quantitative analysis of apoptotic cells. All data are ex-
pressed as mean±standard error (n=8 per group). DM, diabetic rat model. aP<0.05 vs. normal, bP<0.05 vs. DM/saline.
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rats (25.7%±3.22% vs. 40.9%±7.23%, P<0.05) (Fig. 3B and D). 
Based on annexin V staining, the number of apoptotic cells 
was significantly increased in H9c2 cells under the HG condi-
tion compared to the NG condition (37.5%±11.7% vs. 23.3%± 
4.3%, P<0.05). In addition, the number of apoptotic cells was 
significantly decreased in G-CSF–treated H9c2 cells under HG 
condition compared to control H9c2 cells under HG condition 
(20.8%±3.0% vs. 37.5%±11.7%, P<0.05) (Fig. 5A and B).

Anti-apoptotic effect of G-CSF on H9c2 cells is regulated 
by miRNA-34a
The apoptotic effect of miR-34a on H9c2 cells under HG con-
dition was analyzed by annexin V staining. Transfection with 
miR-34a mimic significantly induced cell apoptosis compared 
to transfection with NC in H9c2 cells under HG condition 
(48.55%±3.62% vs. 42.82%±2.82%, P<0.05). Transfection 
with miR-34a inhibitor significantly reduced cell apoptosis 

Fig. 4. Granulocyte-colony stimulating factor (G-CSF) regulates cardiac microRNAs (miRNAs) in diabetic myocardium and 
H9c2 cells under high glucose (HG) condition. miRNA expression was measured in myocardium and H9c2 cells by real-time 
polymerase chain reaction using TaqMan (Applied BioSystems) probes after treatment. (A) miR-34a expression of myocardium 
at 4 weeks after treatment. miR-34a expression was significantly decreased in G-CSF treated rats compared to saline treated rats. 
All data are expressed as mean±standard deviation. (B) miR-34a expression of H9c2 cells after treatment. miR-34a expression 
was significantly decreased in G-CSF treated H9c2 cells under HG condition. All data are expressed as mean±standard deviation. 
(C) Expression of candidate miRNAs was measured in the myocardium. miR-15, miR-23a, miR-21, miR-23a, and miR-320 ex-
pression was not different after treatment with G-CSF. DM, diabetic rat model; NG, normal glucose; HG, high glucose. aP<0.05 
vs. normal, bP<0.05 vs. DM/saline, cP<0.05 vs. NG, dP<0.05 vs. HG.
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compared to transfection with NC in H9c2 cells under HG 
condition (35.20%±1.34% vs. 42.82%±2.82%, P<0.05) (Fig. 
5C). G-CSF treatment did not reduce apoptosis in H9c2 cells 
transfected with the miR-34a mimic under HG condition. In 
contrast, G-CSF treatment reduced apoptosis in H9c2 cells 
transfected with the miR-34a inhibitor under HG condition 
(Fig. 5D). These data indicate that miR-34a plays an important 
role in induction of cardiomyocyte apoptosis.

Expression of Bcl-2 protein as a miR-34a target gene
The bioinformatic target prediction algorithm revealed that 
Bcl-2 was a predicted target gene of miR-34a. Bcl-2 protein 
was measured by Western blotting (Fig. 6A and B). Bcl-2 ex-

pression in the diabetic myocardium was significantly de-
creased in saline-treated rats compared to G-CSF–treated 
(12.82%±7.4% vs. 37.62%±16.7%, P<0.05). In addition, Bcl-2 
expression was significantly decreased in control H9c2 cells 
under HG condition compared to G-CSF–treated H9c2 cells 
under HG condition. (42.39%±6.77% vs. 67.37%±10.06%, P< 
0.05). Bcl-2 expression was also significantly decreased after 
transfection with miR-34 mimic compared to transfection 
with NC in H9c2 cells under HG condition (102.21%±6.2% 
vs. 137.16%±18.32%, P<0.05) (Fig. 6C). 

Activity of Bcl-2 promoter
The promoter activity of Bcl-2 was confirmed by a dual-lucif-

Fig. 5. Anti-apoptotic effect of granulocyte-colony stimulating factor (G-CSF) on H9c2 cells can be mediated by miR-34a mimic 
or miR-34a inhibitor under high glucose (HG) condition. The apoptosis rate was measured by flow cytometry using annexin V/
PI staining. (A, B) Flow cytometric analysis of H9c2 cell apoptosis. Apoptotic cells were significantly decreased in G-CSF treated 
H9c2 cells under HG condition. (C, D) Quantitative flow cytometry of H9c2 cells treated with HG and G-CSF and transfected 
with miR-34a inhibitor or miR-34a mimic. G-CSF treatment did not reduce apoptosis when cells were transfected with miR-34a 
mimic. All data were expressed as mean±standard error of the mean (n=5 per group). NG, normal glucose; FITC, fluorescein 
isothiocyanate. aP<0.05 vs. NG group, bP<0.05 vs. HG group, cP<0.05 vs. miR-34a inhibitor group.
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erase assay (Fig. 6D). The luciferase activity of the Bcl-2 con-
struct was significantly decreased in H9c2 cells transfected 
with miR-34a mimic compared to transfection with NC or 
miR-34a inhibitor (0.81% ±0.11% vs. 1.00% ±0.08% and 
1.08%±0.1%, P<0.05). These results implied that miR-34a was 

able to bind to Bcl-2 directly and inhibit its expression.

Expression of caspase-9 protein
Caspase-9 protein was measured by Western blotting (Supple-
mentary Fig. 2). Caspase-9 expression was significantly de-

Fig. 6. B-cell lymphoma 2 (Bcl-2) is directly targeted by miR 34a. TargetScan software was used to predict the potential miR 34a 
binding site in the 3’-untranslated region (3’-UTR) of Bcl-2. (A, B) Representative Western blot analysis and quantitative analysis 
demonstrated that Bcl-2 protein levels was decreased in diabetic myocardium and H9c2 cells under high glucose (HG) condition. 
Glyceraldehyde 3 phosphate dehydrogenase (GAPDH) was used as the control. (C) Representative Western blot analysis and quan-
titative analysis demonstrated that Bcl-2 protein levels was decreased by transfection with miR-34a mimic in H9c2 cells. GAPDH 
was used as the control. (D) Predicted pairing of target region (top) and miR-34a-5p (bottom). Dual luciferase assays were used to 
detect luciferase activity. Cells were co-transfected with pGL4-Bcl2-3’-UTR firefly luciferase expression construct and pRL-TK Re-
nilla luciferase expression construct together with either miR-34 inhibitor or miR-34a mimic. All data are expressed as 
mean±standard deviation. DM, diabetic rat model; G-CSF, granulocyte-colony stimulating factor; NG, normal glucose. aP<0.05 vs. 
normal or NG, bP<0.05 vs. DM/saline or HG, cP<0.05 vs. negative control, dP<0.05 vs. negative control, eP<0.05 vs. miR-34a mimic. 

70

60

50

40

30

20

10

0

180

150

120

90

60

30

0 

100

80

60

40

20

0

1.5

1.2

0.9

0.6

0.3

0

Bc
l-2

/G
A

PD
H

 (%
)

Bc
l-2

/G
A

PD
H

 (%
)

Bc
l-2

/G
A

PD
H

 (%
)

Lu
ci

fe
ra

se
 ac

tiv
ity

 (fi
re

fly
/r

en
ill

a)

Normal

Negative control

NG

Negative 
control

DM/Saline

miR-34a mimic

HG

miR-34a 
mimic

DM/G-CSF HG/G-CSF

miR-34a 
inhibitor

a

c

a

d

A

C

B

D

b b

e

GAPDH

GAPDH

GAPDH

Bcl-2

Bcl-2

Bcl-2



Park IH, et al.

182 Diabetes Metab J 2020;44:173-185 https://e-dmj.org

creased in diabetic rats treated with G-CSF compared with dia-
betic rats treated with saline (91.40%±21.91% vs. 139.23%± 
17.66%).

 
DISCUSSION

In this study, we examined the mechanism underlying the anti-
apoptotic effects of G-CSF via regulation of miR-34a in a rat 
model of diabetic cardiomyopathy. We showed that G-CSF 
treatment improved diastolic dysfunction and reduced apop-
tosis in diabetic myocardium as well as in H9c2 cells under HG 
condition. Additionally, G-CSF treatment reduced miR-34a 
expression in diabetic myocardium and H9c2 cells under HG 
condition. Moreover, transfection with miR-34a induced 
apoptosis and decreased Bcl-2 expression in H9c2 cells under 
HG condition. 

Several studies have indicated that apoptosis plays a key role 
in the pathogenesis of various heart disease such as ischemia-
reperfusion, toxic exposure, MI, atherosclerosis, and endothe-
lial dysfunction [1,18,27]. In addition, suppression of apoptotic 
cells by antioxidants or inhibitors of apoptosis-specific signal-
ing pathways results in significant prevention of diabetic car-
diomyopathy [27]. These previous studies showed a significant 
increase in the number of apoptotic cells in the myocardium of 
the diabetic cardiomyopathy rat model, suggesting that, apop-
tosis plays an important role in diabetic cardiomyopathy. How-
ever, the mechanism underlying the anti-apoptotic effect of G-
CSF in diabetic cardiomyopathy remains unclear. 

miRNAs participate in the regulation of cardiomyocyte 
apoptosis, myocardial fibrosis, cardiomyocyte hypertrophy, 
and mitochondrial dysfunction via their target genes [28]. A 
recent study has shown that up-regulation of miR-195 in the 
diabetic heart was associated with oxidative stress, apoptosis, 
myocardial hypertrophy, and dysfunction [29]. Another study 
has demonstrated that the expression of the miR-34 family 
(miR-34a, miR-34b, and miR-34c) mediates the apoptotic ef-
fect after exposure to either doxorubicin or H2O2 for 24 hours 
in neonatal rat cardiomyocytes [30]. Recent evidence suggests 
that miRNAs play an important role in cardiac apoptosis 
[6,8,31]. In this study, up-regulation of miR-34a expression 
was induced in diabetic myocardium and H9c2 cells under 
HG condition. Moreover, miR-34a mimic induced H9c2 cell 
apoptosis under HG condition. When H9c2 cells were treated 
with G-CSF and miR-34a mimic, the therapeutic effect of G-
CSF under the HG condition was lost, suggesting that miR-34a 

mediated cytoprotection in diabetic cardiomyopathy may, at 
least partly, involve regulation of apoptosis.

G-CSF treatment has been shown to improve cardiac func-
tion after MI by bone marrow cell mobilization and to protect 
cardiomyocytes from apoptotic cell death [18,32]. Moreover, 
in a previous study, we demonstrated that G-CSF might have a 
cardioprotective effect in diabetic cardiomyopathy [19]. How-
ever, the mechanisms responsible for the positive effects of G-
CSF treatment are not clear.

A recent study has indicated that miR-121b is induced by G-
CSF, which plays a role in promoting metastasis of colorectal 
cancer cells [33]. In another study, GM-CSF gel promoted 
wound healing in diabetic rats and induced significant differ-
ential miRNA expression in wounds [34]. Moreover, G-CSF 
modifies gene and miRNA expression profiles in hematopoiet-
ic progenitor cells [35], suggesting that G-CSF affects miRNA 
expression. In addition, our previous study suggested several 
potential mechanisms underlying the therapeutic effects of G-
CSF in diabetic cardiomyopathy: (1) induction of bone mar-
row-derived cell mobilization and (2) direct effects of the G-
CSF receptor-mediated signaling pathway [7]. Our data indi-
cate that the therapeutic effects of G-CSF may be directly asso-
ciated with the anti-apoptotic effects of H9c2 cells under HG 
conditions in vitro. Further studies are required to clarify 
whether G-CSF acts directly in diabetic cardiomyopathy and 
to explore the possibility of both receptor- and non-receptor-
mediated mechanisms.

In this study, we examined several miRNAs associated with 
apoptosis in diabetic cardiomyopathy. G-CSF treatment al-
tered miR-34a expression level in the diabetic myocardium 
and in H9c2 cells under HG conditions; however, miR-92a, 
miR-21, miR-320, miR-23a, and miR-15b expression did not 
change. Therefore, we performed this study with a focus on 
miR-34a rather than other miRNAs. G-CSF has been shown to 
decrease miR-34a expression in diabetic myocardium and in 
H9c2 cells under HG condition. These effects implied that G-
CSF and miR-34a expression was associated with apoptosis in 
the diabetes conditioned cardiomyocytes.

miRNAs are a recently identified class of epigenetic elements 
consisting of small noncoding RNAs that bind to the 3’-UTR 
of mRNAs and down-regulate their translation to protein [36]. 
miRNA can modulate multiple cellular pathways [37]. There is 
increasing evidence indicates that miRNAs silence genes by 
multiple mechanisms including degrading their target 
mRNAs. Based on bioinformatic target prediction algorithm 
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analyses, Bcl-2 was identified as a target for miR-34a. Bcl-2 has 
been shown to prevent cytochrome c release, caspase activa-
tion, and cell death. Regulation of apoptosis is dependent on 
the ratio of anti-apoptotic to pro-apoptotic proteins [38]. In 
this study, we have confirmed that anti-apoptotic Bcl-2 protein 
is reduced by increasing miR-34a expression in H9c2 cells un-
der HG condition. In addition, Bcl-2 expression was increased 
by transfecting miR-34a inhibitor. Moreover, luciferase activity 
of Bcl-2 was decreased by transfecting miR-34a mimic. These 
data indicate that Bcl-2 was silenced by miR-34a at the protein 
level. 

This study had several limitations. First, although our data 
showed that G-CSF reduced miR-34a expression, we only con-
firmed certain miRNAs to be associated with apoptosis. Fur-
ther study should confirm the miRNAs by screening tests. Sec-
ond, we could not establish up-regulation and down-regulation 
of miRNA-34a in the diabetic myocardium, and this will re-
quire further in vivo experimentation. Futhermore, we were 
unable to demonstrate the rationale of miR-34a under hyper-
glycemic conditions or determine a definitive mechanism of 
the G-CSF-related decrease in miR-34a expression. Thus fur-
ther studies are needed to investigate these questions. Third, we 
could not investigate the detailed mechanisms of action of G-
CSF directly or through the G-CSF receptor-mediated signal-
ing pathway, mobilization or homing of bone marrow stem 
cells, or other paracrine effects; such as fibrosis, vascularization, 
oxidative stress, or endoplasmic reticulum stress. Fourth, we 
did not establish the optimum dosage range of G-CSF. Further 
investigations are needed regarding the appropriate dose of G-
CSF for diabetic cardiomyopathy. Finally, the number of ani-
mals included in the present study was small; therefore, future 
studies involving a larger number of animals are warranted.

In conclusion, G-CSF reduced apoptosis of myocardium in a 
rat model of diabetic cardiomyopathy and in H9c2 cells under 
HG condition. These effects might be mediated by miR-34a. 
G-CSF induced down-regulation of miR-34a expression and 
up-regulation of Bcl-2 protein expression in diabetic myocar-
dium and H9c2 cells under HG condition (Supplementary Fig. 
3). This is the first study to show that the anti-apoptotic effects 
of G-CSF in a rat model of diabetic cardiomyopathy are medi-
ated by reduced expression of miR-34a. Our findings suggest 
that G-CSF is a novel therapeutic drug in patients with diabetic 
cardiomyopathy. 

SUPPLEMENTARY MATERIALS

Supplementary materials related to this article can be found 
online at https://doi.org/dmj.2018.0211.
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Supplementary Table 1. Body weight and biochemical markers

Variable
Pre-treatment Post-treatment

Normal DM/Saline DM/G-CSF Normal DM/Saline DM/G-CSF

BW, g 370.5±13.3 392.7±12.1 374.4±24.2 447.2±21.5 450.7±41.6 453.3±25.3

FBG, mg/dL 103.5±11.8 212.0±36.7a 225.1±48.1a 111.0±10.3 333.0±87.1a 294.9±82.8a

TC, mg/dL 57.5±9.4 70.0±8.9a 74.0±8.2a 55.7±12.5 86.8±18.1a 61.8±12.5b

TG, mg/dL 47.9±5.7 72.9±11.1a 56.7±9.8 41.9±10.1 81.9±35.8a 42.0±16.7b

Insulin, ng/mL 0.9±0.5 3.6±1.6a 3.3±1.0a 1.8±0.4 2.62±0.9 2.16±0.9

HOMA-IRc 5.4±2.9 32.6±16.1a 37.9±16.3a 12.2±1.8 36.61±8.6a 34.15±8.4a

Values are presented as mean±standard deviation.
DM, diabetic rat model; G-CSF, granulocyte-colony stimulating factor; BW, body weight; FBG, fasting blood glucose; TC, total cholesterol; TG, 
triglyceride; HOMA-IR, homeostasis model assessment of insulin resistance. 
aP<0.05 vs. normal, bP<0.05 vs. saline, cHOMA-IR=fasting insulin (μIU/mL)×fasting plasma glucose (mmol/L)/22.5.
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Supplementary Fig. 1. Expression of miR-34a in transfected 
H9c2 cells. miRNA expression in H9c2 cells was measured by 
real-time polymerase chain reaction using TaqMan probes after 
treatment. miR-34a expression of H9c2 cells transfected with 
negative control (NC), miR-34a inhibitor, or miR-34a mimic. 
All data are expressed as mean± standard deviation. aP<0.05 vs. 
NC, bP<0.05 vs. miR-34a inhibitor.
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Supplementary Fig. 2. Expression of caspase-9 protein. Repre-
sentative Western blot analysis and quantitative analysis dem-
onstrated that caspase-9 protein levels were decreased in in dia-
betic rats treated with granulocyte-colony stimulating factor (G-
CSF) compared with diabetic rats treated with saline. Glyceral-
dehyde 3 phosphate dehydrogenase (GAPDH) was used as the 
control. DM, diabetic rat model. aP<0.05 vs. normal, bP<0.05 
vs. DM/saline.
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Supplementary Fig. 3. Proposed regulatory mechanisms of 
cardiac microRNAs in cardiomyocytes. Granulocyte-colony 
stimulating factor (G-CSF) treatment inhibits miR-34a expres-
sion, which increases B-cell lymphoma 2 (Bcl-2) protein ex-
pression, there by blocking cardiomyocyte apoptosis. DM, dia-
betic cardiomyopathy model.  


