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Abstract: Objectives: The aim of this study is to determine the effect of ultrasound-targeted microbubble destruction 
in combination with granulocyte colony-stimulating factor (G-CSF) on revascularization and cardiac function in myo-
cardial infarction rats. Materials and Methods: A total of 40 Wistar rats were successfully constructed as myocardial 
infarction (MI) model and randomly divided into four groups. Group A, B, C, and D were treated for two weeks with 
ultrasound, microbubble and G-CSF (UTMD+G-CSF), or ultrasound and microbubble (UTMD), or G-CSF, or surgery 
control (SC), respectively. Then, the expression of myocardial CD34 was analyzed by immunohistochemistry (IHC) 
method; the level of microvessel density (MVD) in myocardium was counted; the expression of myocardial vascular 
endothelial growth factor (VEGF) and Irisin were detected by enzyme linked immunosorbent assay (ELISA), Western 
blot and quantitative real-time PCR (qPCR) assay. Additionally, cardiac function tests were conducted by echocar-
diography in all MI rats. Results: Serum Irisin levels of all the MI rats were significantly lower than the control, which 
indicated the successful construction of MI model. Significant differences (P < 0.05) between group A and other 
groups were obtained in this study. Massive expression of CD34, with the most obvious neovascularization (MVD: 
231.20±24.48), was observed in group A by IHC; meanwhile, the highest expression of myocardial VEGF (3.23±0.21 
ng/g) and Irisin (607.4 ng/mL) were measured by ELISA, which was confirmed by Western blot and qPCR assays, as 
the brightest band in group A was observed. Comparison of the left heart function revealed that increased ejection 
fraction (EF%) (56.78±7.23) and fractional shortening (FS) (28.23±4.98%) with decreased TDI-Tei (0.43±0.11) were 
appeared in group A when compared with other groups. Conclusions: Combined treatment of ultrasound-targeted 
microbubble destruction and G-CSF administration can promote revascularization and improve cardiac function in 
myocardial infarction rats.
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Introduction

Myocardial infarction (MI) is the major cause of 
death and disability worldwide. According to the 
third monitoring report of the World Health 
Organization (WHO), about 17.3 million people 
die of MI annually all over the world [1]. MI is the 
death of the myocardial tissue that occurs as a 
result of inadequate coronary blood supply 
compared to myocardial demand [2]. MI causes 
energy depletion through imbalance between 
coronary blood supply and myocardial demand 
[3].

Transthoracic echocardiography is the predo- 
minant diagnostic tool to evaluate systolic car-
diac function noninvasively in mice [4]. Ultra- 
sound-targeted microbubble destruction (UT- 
MD) has evolved as a new, promising tool for 
site-specific drug and gene delivery. This tech-
nique is based on gas-filled microbubbles that 
have become an established ultrasound con-
trast agent in echocardiography and liver so- 
nography [5]. UTMD benefits from secondary 
effects of microbubble destruction that will 
increase capillary permeability and produce 
transient nanopores in cell membranes [6]. 
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UTMD has wide therapeutic application in drug/
gene delivery, such as noninvasively and selec-
tively delivery of genes to the infarct, due to  
its excellent capillary permeability [7-9]. Study 
found that UTMD could increase capillary per-
meability in hepatocellular carcinoma (HCC) [6]. 
However, UTMD works with diagnostic ultra-
sound that does not have any therapeutic 
effect if used alone [6].

Prolonged pharmacological mobilization of bo- 
ne marrow stem cells with granulocyte colony-
stimulating factor (G-CSF) is an attractive alter-
native because the treatment is noninvasive 
and well known from clinical hematology [10]. 
Experimental evidence indicated that granulo-
cyte colony-stimulating factor (G-CSF) medi-
ates mobilization of CD34+ mononuclear blood 
stem cells (MNCCD34+) [11]. Phase 1 clinical tri-
als of G-CSF treatment after myocardial infarc-
tion have indicated that G-CSF treatment is 
safe and may improve left ventricular function 
[11, 12]. Therefore, G-CSF-based stem cell th- 
erapy has been proposed as a practical and 
noninvasive alternative to stem cell therapy 
using bone marrow stem cells. However, the 
potential risk of restenosis associated with 
G-CSF administration still exists [11].

Considering the excellent capillary permeability 
of UTMD and the stimulation of G-CSF in myo-
cardial regeneration, combination of UTMD wi- 
th G-CSF might overcome the restenosis risk of 
G-CSF administration, and thus benefit cardiac 
function in myocardial infarction (MI). Therefore, 
we investigated the combined effect of UTMD 
and G-CSF administration in MI rats construct-
ed in this study. We first constructed the MI rat 
model, which was confirmed by determinati- 
on of serum Irisin levels; then, different treat-
ments, including UTMD combined with G-CSF 
(UTMD+G-CSF), UTMD, G-CSF, and surgery con-
trol (SC), were respectively administrated to the 
MI rats; and the expression of VEGF and Irisin 
were analyzed to compare the effect of differ-
ent therapies on MI rats.

Materials and methods

Animals and reagents

Healthy adult male Wistar rats with weight of 
285±20 g were supplied by the Animal Ex- 
perimental Center of Henan University of Sci- 
ence and Technology. The Animal Experimen- 
tal Center Standing Committee on Animal Re- 

search approved the study protocol. Ultraso- 
und contrast agent SonoVue was purchased 
from Bracco Co. Ltd (Milan, Italy). The ultra-
sound systems used was HP5500 from HP 
Medical Systems Co. Ltd (Dalian, China) with 
frequency of 300 kHz and power 2.0 W/cm2. 
Recombinant human granulocyte colony-stimu-
lating factor (rhG-CSF) was purchased from 
Kirin Kunpeng Bio-Pharmaceutical Co. Ltd (Sh- 
anghai, China).

Myocardial infarction (MI) model construction

Myocardial infarction (MI) model was construct-
ed according to previously report with some 
modifications [13]. Specifically, 65 healthy ad- 
ult male Wistar rats were anesthetized by intra-
peritoneal injection of 3% entobarbital sodium 
(35 mg/kg). Then, the chest was opened in the 
fourth intercostal space. The pericardium was 
opened, and a 6.0 prolene suture was placed 
around the base of the left coronary artery near 
the left atrial appendage. Thereafter, the chest 
and the skin were closed in layers, and the ani-
mals were allowed to recover. Intraperitoneal 
injection of penicillin (104 U/d) after operation 
for three days was conducted.

Dose administration

40 MI rats were randomly divided into four 
groups (10 each). At the second day after con-
struction of MI model, group A and C were sub-
cutaneously injected with G-CSF at 10 μg/kg 
body weight. At the third day after construction 
of MI model, group A and B were injected intra-
venously with 0.5 mL SonoVue, and ultrasound 
exposure from chest wall with ultrasonic inten-
sity of 2.0 W/cm2, interval 2 min. Also at the 
third day after construction of MI model, group 
C and D were injected intravenously with 0.5 
mL physiological saline. All treatments were 
repeated every two days, totally three repeats. 
Finally, group A was assigned as UTMD+G-CSF, 
B, C, and D as UTMD, G-CSF and surgery con-
trol (SC), respectively.

Cardiac function test

The cardiac function test was according to the 
published methods [14] using ATL 5000 CV sys-
tem (linear 15 MHz high-frequency transducer). 
Specifically, the depth was set to 2 cm and 
zoomed to 1.2 cm. Wall thickness and LV 
dimensions were obtained from a short-axis 
view at the level of the papillary muscles at a 
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frame rate of 260 Hz. Fractional shortening 
was calculated as FS (%) = [(LVEDD-LVESD)/
LVEDD)] × 100, where LVESD is LV end-systolic 
dimension and LVEDD is LV end-diastolic di- 
mension. Ejection fraction (EF%) was calculat-
ed from the short-axis view using the equitation 
EF (%) = [(LVDA-LVSA)/LVDA] × 100, where LVDA 
is LV diastolic area and LVSA LV systolic area. 
For TDI the smallest sample volume was placed 
within the LV posterior myocardial wall at the 
level of the papillary muscles in short-axis view 
and at the lateral side of the mitral annulus in 
parasternal long-axis view. Gains were adjust- 
ed to eliminate background noise and allow for 
clear tissue signal. Five to ten cycles were 
recorded. The TDI-Tei index was calculated as 
Tei index = a’-b’/b’ where a’ is the time interval 
from the end of Aa-wave to the onset of Ea-wave 
and b’ the time from the onset to the end of the 
Sa-wave.

Immunohistochemistry (IHC) assay

An immunohistochemical procedure was app- 
lied with minor modifications. The frozen sec-
tions were thawed, and the tissue was fixed in 
3.7% buffered formaldehyde (5 min) followed 
by acetone (50, 100, and 50%; 2 min each). 
Then, sections were rehydrated in 0.1 M PBS 
for 5 min, and unspecific binding was blocked 
with 1% BSA. Incubation with the primary anti-
body was performed overnight at 48°C. The 
sections were washed twice in 0.1 M PBS and 
incubated with the biotinylated secondary anti-
body (Dianova) at room temperature for 1 h. 
After washing, the tissue was incubated with 
the streptavidin biotin peroxidase complex (Zy- 
med Laboratories, Inc., San Francisco, CA) at 
room temperature for 1 h, washed again, and 
incubated in 0.03% wt/vol 3-39 diaminobenzi-
dine (DAB) (Sigma Chemical Co.) with 0.003% 
vol/vol hydrogen peroxide until a brown reac-
tion product could be seen. To suppress any 
remaining peroxidase, the slides were incubat-
ed in 3% hydrogen peroxide for 30 min. After 
washing three times, the sections were incu-
bated with the second incubation series con-
sisting of primary and secondary antibodies 
and streptavidin biotin peroxidase complex ex- 
actly as described above. Sections were wa- 
shed extensively and preincubated for 10 min 
in 0.01% benzidine dihydrochloride (BDHC) 
(Sigma) with 0.03% sodium nitroprusside (Sig- 
ma). This was followed by incubation in the 
reaction medium (0.01% BDHC, 0.005% hydro-
gen peroxide, 0.03% sodium nitroprusside) for 

the second staining. The formation of the dark 
blue, granular reaction product was monitored 
under the light microscope. Afterwards, the 
sections were dehydrated and mounted in 
DePex (Fluka, Buchs, Germany). The vascular 
development was measured by microvessel 
count (MVC) which was immunostained with 
anti-CD34 monoclonal antibody.

Enzyme linked immunosorbent assay (ELISA)

Heart tissue collected was homogenized and 
centrifuged for 10 min at 10,000 g at 4°C. After 
centrifugation, supernatant aliquots were as- 
sayed for VEGF levels in heart tissue using spe-
cific ELISA kits (R&D Systems). Serum irisin lev-
els were measured by a rat-human irisin ELISA 
(Phoenix Pharmaceuticals, USA) according to 
previous method [15]. The lowest detectable 
concentration of irisin was 9 ng/mL. Intra-
assay (within days) and inter-assay (between 
days) values were 4-6% and 8-10%, respective-
ly. Sample absorbance at 450 nm was mea-
sured with an ELX 800 ELISA reader.

Western blot analysis

Cell lysates were prepared in RIPA buffer (50 
mM Tris-HCl buffer, pH 7.4, 150 mM NaCl, 1% 
Triton X-100, 1% sodium deoxycholate, and 
0.1% sodium dodecyl sulfate) supplemented 
with 1x Halt protease inhibitor cocktail and 1 × 
Halt phosphatase inhibitor cocktail (Pierce, 
Rockford, IL). A Bio-Rad protein assay (Bio-Rad) 
was used to determine protein concentrations. 
Proteins were separated on 10-12% sodium 
dodecyl sulfate-polyacrylamide gel electropho-
resis and transferred to PVDF membranes 
(Whatman, Boston, MA). Membranes were first 
hybridized with specific primary antibodies and 
then with HRP-conjugated secondary antibod-
ies (Cell Signaling Technology). Protein bands 
were visualized using a commercial Immobilon 
Western chemiluminescent HRP substrate de- 
tection reagent (Millipore, Billerica, MA). The 
chemiluminescence of proteins transferred to 
PVDF membranes was detected with ECL Plus 
(GE Healthcare Amersham, Piscataway, NJ). 
Relative protein expression values were quanti-
tatively determined via densitometry with Ima- 
ge J software.

Quantitative real-time PCR (qPCR) assay

Quantitative real-time PCR (qPCR) was per-
formed with a 7500 Real-Time PCR System 
(Applied Biosystems, USA) using PrimeScript® 
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RT reagent Kit With gDNA Eraser and SYBR 
Green PCR Kit (TaKaRa, China). Primers used 
for quantitative analysis of Vegfand Irisin ex- 
pression were VegfF (5’-AAGAGCGAGGGCCA- 
GGAGGTGG-3’) and VegfR (5’-TACTTGGGCA- 
AGACCGCAGC-3’), IrisinF (5’-GCCGTAGCAACA- 
GCAGGGCAGG-3’) and IrisinR (5’-ATGAGCCTTA- 
TCCATGATGACC-3’), respectively. β-actin was 
amplified using primers ActinF (5’-TGAAGTAC- 
CCCATCGAGCAC-3’) and ActinR (5’-CTTGGG- 
GTTCAGGGGGGCCT-3’) as internal reference. 
The reaction mix contained 4 μL cDNA, 0.5 μL 
forward and reverse primer mix (20 μM each), 1 
μL of 50 × ROX Reference Dye II and 25 μL 2 × 
TaKaRa SYBR Green PCR mix in a final volume 
of 50 μL. All reactions were setup in triplicate 
and every sample was replicated in parallel 
three times to ensure statistical relevance. The 
following standard thermal conditions were 
used for all PCR reactions: 30 s at 95°C, 40 
cycles of 30 s at 95°C and 34 s at 60°C. Primer 
specificity was confirmed by RT-PCR amplifica-
tion before quantitative real-time PCR reaction, 
which produced single amplicons of the expect-
ed size for each primer set, these amplicons 
were sequenced to finally validate their specific 
amplification. Specificity of quantitative real-
time PCR reaction was monitored by the pres-
ence of dissociation curves with single peaks 
and sequencing of its products with unique 
bands of the expected size. Amplicon dissocia-
tion curves were obtained after cycle 40 with 
default settings suggested by the instrument. 
Data were analyzed using the SDS software 
(Applied Biosystems, USA). All quantifications 

quantitative real-time PCR analysis, all quanti- 
fications were normalized to the amount of 
β-actin by 2-ΔΔCT method using SDS software.

Results and discussions

Establishment of MI rat model

A total of 65 healthy adult male Wistar rats 
were used to construct MI model which suf-
fered the coronary occlusion procedure. Three 
rat died during anesthesia before injection of 
3% entobarbital sodium (35 mg/kg), 22 rats 
(about 33.8%) died within 24 h after the sur-
gery. 40 surviving rats with coronary occlusion 
were preliminarily confirmed by the presence of 
deep S waves on the electrocardiogram (ECG) 
and ventricular arrhythmias within the first 20 
to 30 min after occlusion.

Irisin, nominated after the Greek goddess mes-
senger Iris, is a hormone peptide that is proteo-
lytically cleaved and secreted from Fibronectin 
type III domain-containing protein 5 (FNDC5) 
[16]. Recent studies found that irisin is mainly 
produced within heart muscle [16]. Irisin is a 
new uncoupling thermogenin peptide that can 
deplete the body of ATP and increase heat pro-
duction [17]. ATP is essential for myocellular 
viability and normal cardiac functioning, includ-
ing myofibrillar contraction and ion transport 
[18]. ATP and phosphocreatine (PCr) are redu- 
ced in human MI due to decrease intracellular 
ATP generation by creatine kinase (CK), due to 
substrate depletion attributable to myocyte 
loss [18]. Therefore, irisin could be used as a 

Figure 1. Serum irisin levels in MI rats. Serum irisin levels are statistically 
lower when compared with the control (*P < 0.05). Control: healthy adult 
male Wistar rats. Each data point is the average of 3-6 individual rats.

were normalized to the am- 
ount of β-actin, the relative 
abundance of which was 
determined under salt stress, 
as internal control.

Statistical analysis

All findings were analyzed 
with statistical software pa- 
ckage SPSS 16.0. The results 
were expressed as means ± 
SD. The mean was compared 
by t test or by analysis of vari-
ance. The statistical signifi-
cance of the studies was 
determined by the paramet- 
ric unpaired Student’s t test. 
Differences with P < 0.05 are 
considered significant. For 
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diagnostic biomarker for MI [3]. Here, the serum 
irisin levels were detected by ELISA. Serum iri-
sin levels gradually decreased from 1 h to 24 h 
in MI rats compared with controls (825.6 mg/
mL), the minimum being at 1 h (about 412.1 
mg/mL), and slightly increasing again after 2  
h (427.5 mg/mL). Overall, a significantly (P < 
0.05) decreased irisin levels were kept after MI 
construction when compared with the control 
(Figure 1). The overall trend of our study is in 
accordance with Kuloglu et al. [3], which indi-
cated that the MI rat model was successfully 
built.

UTMD combined with G-CSF restored cardiac 
function

Transthoracic echocardiography is the predom-
inant diagnostic tool to evaluate systolic cardi-
ac function noninvasively in mice [4]. Most fre-
quently, echocardiography in mice is performed 
for evaluation of cardiac dimension, systolic 
and diastolic function [19]. Systolic function is 
usually characterized by ejection fraction (EF%), 
fractional shortening (FS%) and diastolic func-

tion can be determined by Tissue Doppler imag-
ing (TDI) [19, 20]. Therefore, the cardiac func-
tion of the MI rats dosed by different treatments 
was detected with respect to the followings cri-
teria, such as the TDI-Tei index, EF%, and FS%. 
As Table 1 shown, group A (UTMD+G-CSF) dis-
played the significantly (P < 0.05) highest EF% 
(56.78±7.23) and FS% (28.23±4.98), but the 
lowest TDI-Tei (0.43±0.11); and group B (UTMD) 
showing the second-highest EF% (47.27±7.45), 
FS% (23.67±4.81), and the second-lowest TDI-
Tei (0.56±0.15); when compared with the con-
trol (group D). These results implied that UTMD 
combined with G-CSF (group A) could signifi-
cantly restored cardiac function, UTMD without 
G-CSF (group B) came the second, while dose 
of G-CSF only the least, among the treatments 
used in this study.

UTMD combined with G-CSF promoted myocar-
dial revascularization

With respect to haematological diseases, G- 
CSF is a well-established stem-cell mobiliser 
for peripheral-blood stem-cell (PBSC) trans-

Figure 2. IHC staining of CD34 in MI rats suffered from different treatments (× 400). A-D: UTMD+G-CSF, UTMD, G-
CSF, SC, respectively. Brown granules indicated nascent capillaries.
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plantation, in which CD34 is used as a marker 
of haemopoietic stem-cells [21, 22]. Likewise, 
most studies of stem-cell transplantation in 
patients with myocardial infarction have used 
CD34 as a marker of stem cells for transplanta-
tion [21, 22]. The various cell types that make 
up the blood are of mesodermal origin and 
emanate from a common pool of hematopoiet-
ic stem cells (HSCs) [23, 24]. CD34 cells had 
been considered to be HSCs and clinically 
applied to the field of hematology for HSC trans-
plantation [25, 26]. Therapeutic application of 
CD34 cells for vascular regeneration has be- 
en performed in many preclinical studies [27]. 

opment was measured by microvessel count 
(MVC), which demonstrated the highest mic- 
rovessel density (MVD), about 231.20±24.48, 
in group A (Table 1). Also, the most obvious 
effect of neovascularization was obtained by 
treatment of UTMD combined with G-CSF, 
which was in accordance with the cardiac func-
tion assay (Table 1). These results implied that 
UTMD combined with G-CSF promoted myocar-
dial revascularization in MI rats.

Myocardial VEGF and Irisin were stimulated by 
UTMD combined with G-CSF

Transplantation of VEGF-expressing stem cells 
could effectively treat acute MI by providing 
enhanced cardioprotection, followed by angio-
genic effects in salvaging ischemic myocardi-
um [28]. VEGF plays an important role in angio-
genesis. Therefore, the expression of VEGF  
was determined by ELISA assays. As Figure 3 
revealed, the content of myocardial VEGF in 
group A to D was 3.23±0.21, 2.67±0.17, 1.89± 
0.14, and 0.93±0.11, respectively. Obviously, 
the content of myocardial VEGF in group A was 
significantly (P < 0.05) higher than other groups. 
This was in accordance with the expression sta-
tus of VEGF, as Western blot (Figure 4) and 
qPCR (Figure 5) assays revealed, about 3.5-
fold of VEGF protein and transcripts was ob- 
served in group A when compared with group D. 
Therefore, myocardial VEGF was stimulated by 
UTMD combined with G-CSF. Evidence showed 
that injection of DNA expressing VEGF in the 
border zone of MI in rat hearts could induce 
angiogenesis and increase blood flow [13]. As 
discussed above, UTMD combined with G-CSF 
could promote myocardial revascularization 
(Figure 2; Table 1). It seems that UTMD com-
bined with G-CSF might induce angiogenesis 
through up-regulation of G-CSF expression in 
MI rats.

Furthermore, as Irisin was inhibited in MI rats 
(Figure 1), the expression of Irisin was also 
determined by ELISA, Western blot, and qPCR 

Table 1. Determination of cardiac function in MI rats
Group A B C D
EF (%) 56.78±7.23* 47.27±7.45 43.27±7.45 35.20±5.42
FS (%) 28.23±4.98* 23.67±4.81 21.34±4.67 18.62±4.01
TDI-Tei 0.43±0.11* 0.56±0.15 0.59±0.16 0.62±0.18
MVD 231.20±24.48* 147.57±19.01 100.17±12.07 86.20±8.00
Group A-D: UTMD+G-CSF, UTMD, G-CSF, SC, respectively; MVD: microvessel 
density; *: P < 0.05

Figure 3. The contents of VEGF and serum irisin in 
MI rats suffered from different treatments. Control: 
healthy adult male Wistar rats. A-D: UTMD+G-CSF, 
UTMD, G-CSF, SC, respectively. Each data point is the 
average of 3-6 individual rats.

Figure 4. The expression of VEGF and Irisin protein 
in MI rats suffered from different treatments. A-D: 
UTMD+G-CSF, UTMD, G-CSF, SC, respectively.

Therefore, the expression of CD34 
in vascular endothelial cell is an 
important index for revasculariza-
tion. In the MI rats, especially in the 
group A (UTMD+G-CSF), clear brown 
granules were observed by IHC 
staining, which indicated nascent 
capillaries formed after treatment of 
UTMD combined with G-CSF (Figure 
2). Additionally, the vascular devel-



UTMD plus G-CSF improve cardiac function in MI rat

1754 Int J Clin Exp Med 2016;9(2):1748-1755

assays. Reverse trends of serum Irisin levels 
(Figure 3), Irisin protein (Figure 4) and tran-
scripts (Figure 5) were observed when com-
pared with the untreated MI rats model (Figure 
1). Especially, UTMD combined with G-CSF 
could significantly (P < 0.05) restore the expres-
sion of Irisin to some extent, since about 3.4-
fold of Irisin protein and transcript in group A 
accompanied by up-regulation of its protein 
was also determined. However, with respect to 
serum Irisin levels, only 1.4-fold of serum Irisin 
in group A (607.4 ng/mL) was determined when 
compared with group D (424.9 ng/mL). This 
could be attributed to the fact that Irisin is 
expressed in various tissues, including cardiac 
and skeletal muscle, liver, kidney, peripheral 
nerve sheath and serum, etc [17]. So, determi-
nation of all the tissues expressing Irisin is one 
of our further concerns.
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