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Abstract The purpose of this study was to test

whether mesenchymal stem cells (MSCs) transplanta-

tion with application of granulocyte colony-stimulat-

ing factor (G-CSF) would have beneficial effects on

damaged heart in a rabbit model of myocardial

infarction (MI). MI was created by ligation of the left

anterior descending coronary artery. After induction of

MI, 40 New Zealand white rabbits were randomly

divided into 8 groups: (1) MSCs injection at 3 days

after MI; (2) G-CSF injection at 3 days after MI; (3)

MSCs ? G-CSF (20 u/kg/day) injection at 3 days

after MI; (4) PBS injection at 3 days after MI; (5)

MSCs injection at 7 days after MI; (6) G-CSF injection

at 7 days after MI; (7) MSCs ? G-CSF (20 u/kg/day)

injection 7 days after MI; and (8) PBS injection 7 days

after MI. TUNEL analysis showed that the apoptotic

cells were distributed in the marginal area of MI. In

both 3 and 7 days after MI groups, there were less

apoptotic cells in the MSCs and MSCs ? G-CSF

groups as compared with the PBS group (P \ 0.05).

However, no decrease in apoptosis was observed in the

G-CSF only group (P [ 0.05). Immunohistochemistry

analysis demonstrated that the expression level of

vascular endothelial growth factor was higher in the

MSCs, MSCs ? G-CSF and G-CSF groups as com-

pared with the PBS group. The present study demon-

strated a beneficial effect of MSCs transplantation with

application of G-CSF in the treatment of rabbit MI.
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Introduction

With improved economic development and changing

lifestyles, the incidence of ischemic heart disease has

increased nowadays (Labarthe et al. 2005). Traditional

medication treatment, interventional treatment, and

surgical coronary artery bypass grafting, are based on

improving cardiac function through repairing dam-

aged cells without promoting the regeneration of

myocardial cells. Recently, cell transplantation has
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become the favorable treatment for such diseases

(Rosenstrauch et al. 2005). Cell transplantation is

conducted through transplanting exogenous stem cells

to promote the regeneration of myocardial cells,

reshape ventricular wall structure, and finally improve

heart function. Cell transplantation has thus been

viewed as an ischemic new strategy for the treatment

of heart disease.

Bone marrow mesenchymal stem cells (MSCs)

have good application prospects for cell transplanta-

tion because they possess multiple differentiation

potential. With addition of either environmental or

chemical substances, MSCs can differentiate into a

variety of cell types (Tülpar et al. 2012; Wang et al.

2012). This high plasticity of cultured MSCs has great

beneficial effects in transplantation treatment of

myocardial infarction (MI). A study from Tomita

et al. was the first to confirm that MSCs under in vitro

conditions can differentiate into cardiac-like muscle

cells (Tomita et al. 1999). These differentiated cells

express troponin I and myosin heavy chain genes, and

promote angiogenesis at 8 weeks after injection to

cryoinjury-derived myocardial scar. Numerous animal

experiments have shown that MSCs transplantation

can promote the formation of new blood vessels and

myocardial infarct size, reduce the formation of scar

tissue and ventricular remodeling, and improve car-

diac functions (Kamihata et al. 2001; Kocher et al.

2001). In addition, MSCs transplantation has great

advantages due to the non-rejection of the transplant

from the body itself, due to convenient withdrawal of

materials (bone marrow), due to no ethical contro-

versy, and due to high clinical feasibility.

Granulocyte colony-stimulating factor (G-CSF) is a

glycoprotein that stimulates the bone marrow to

produce granulocytes and stem cells and release them

into the bloodstream. A study by Orlic et al. showed

that the concomitant administration of G-CSF and

stem cell factor (SCF) mobilized bone MSCs and

repaired infarcted myocardium in the acute MI animal

experiments. They decreased mortality by 68 %,

infarct size by 40 %, and cavitary dilation by 26 %,

showing that cytokines such as G-CSF could promote

mobilization of bone MSCs to the injured heart after

MI (Orlic et al. 2001). These conclusions were further

proven by subsequent studies (Cheng et al. 2008; Fan

et al. 2008). However, the effect of cell-based therapies

in improving cardiac function remains promising and

further experimental and clinical studies are warranted

to determine the role of G-CSF (Ripa and Kastrup

2008).

The survival and proof of homing and engraftment of

implanted stem cells in the targeted tissues is important

for the success of cell therapy (Reddy et al. 2010).

Traditional labeling methods, such as fluorescent label-

ing, nucleic acid labeling, or genetically modified

labeling, require in vitro histological analysis and

identification, making it difficult to get a comprehensive

and objective evaluation of the efficacy of stem cell

transplantation. Therefore, to meet the current need for

stem cell transplantation for clinical applications, we

applied magnetic resonance imaging (MRI), which is a

non-invasive, dynamic, and highly reproducible in vivo

method to monitor transplanted cells (Cerqueira et al.

2002). However, MRI alone cannot distinguish between

the transplanted cells and the target tissue cells. To

actively visualize transplanted stem cells, we used

superparamagnetic iron oxide nanoparticles (SPIOs) to

label the transplanted cells in MRI.

In this study, we established a rabbit MI model by

ligation of the proximal left anterior descending

(LAD) coronary artery. Injection of SPIO-labeled

MSCs was conducted by direct vision intra-myocar-

dial transplantation at different periods after MI.

Moreover, MSCs transplantation combined with

G-CSF were applied to evaluate their effect in the

treatment of MI, as well as to explore its clinical value.

Materials and methods

Animals

Forty New Zealand white rabbits (offered by the

animal experiment center at the Tongji hospital,

Shanghai, China), male or female, 12–14 weeks old,

weighing 500–1,000 g, were used in this study. All

animals were bred under climate-controlled condi-

tions with 12-h light-dark cycle and provided with

standardized food and water. All animal studies were

performed in accordance with the guidelines for the

care and use of laboratory animals at our university.

Preparation of labeled MSCs

MSCs were isolated from the femora and tibiae of a

1-month-old rabbit and subcultured for three generations

as previously described (Redzić et al. 2010). When cells
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were grown to 75 % confluence, the original Dulbecco’s

modified Eagle medium (DMEM; Invitrogen, Carlsbad,

CA, USA) was replaced by DMEM containing SPIO

resovist (25 lg/ml, Schering AG, Berlin, Germany) and

poly-L-lysine (PLL; 0.75 lg/ml, Sigma, St. Louis, MO,

USA), and incubated at 37 �C under 5 % CO2. MSCs

were collected after 48 h and digested with 0.25 % trysin

and 0.02 % EDTA (Invitrogen). Then, MSCs suspension

was prepared after centrifuging at 1,000 rpm for 5 min,

and adjusted to 5 9 107/ml by PBS.

MI model and MSCs transplantation

Myocardial infarction was induced by the ligation of

LAD coronary artery as previously described (Kawam-

oto et al. 2001). In brief, rabbits were anesthetized by ear

marginal vein injection of 3 % phenobarbitol sodium

(1 mg/kg, Zhongxin Chemical CO. Ltd, Hainan, China)

on a volume-cycled ventilator. The LAD coronary artery

was ligated using a 7-0 silk suture. The procedure of

establishment of the MI model is shown in Fig. 1. After

induction of MI, 40 rabbits were randomly divided into 8

groups: (1) MSCs injection at 3 days after MI; (2) G-CSF

injection (20 u/kg/day) at 3 days after MI for 7 consec-

utive days; (3) MSCs ? G-CSF (20 u/kg/day for 7

consecutive days) injection at 3 days after MI; (4) PBS

injection at 3 days after MI for 7 days; (5) MSCs

injection at 7 days after MI; (6) G-CSF (20 u/kg/day)

injection at 7 days after MI for 7 consecutive days; (7)

MSCs ? G-CSF (20 u/kg/day for 7 consecutive days)

injection at 7 days after MI; and (8) PBS injection at

7 days after MI for 7 days.

Intra-myocardial injection of MSCs was conducted

after animals were anesthetized. A midline skin incision

was made and the sternohyoid muscle was divided in the

middle to expose the heart. Then, the labeled MSCs

suspension was slowly injected at 4 points at the border of

MI area (50 ll/point). Totally 1 9 107 cells were

injected for one rabbit.

Determination of ejection fraction (EF)

and the thickness of left ventricular anterior wall

(LVAW) by cine-MRI

Cine-MRI was performed in conscious rabbit by using

Marconi 1.5 T Edge Eclipse (Cleveland, OH, USA) at

4 weeks after MSCs transplantation. The end-diastolic

volume (EDV) and end-systolic volume (ESV) were

measured to determine the increase rate of the

thickness of LVAW and EF in all above 8 groups. In

addition, the preoperative rabbits served as the normal

control. EF was calculated by the formula: EF =

(EDV - ESV)/EDV. The increase rate of the thick-

ness of LVAW was calculated by the formula:

increase rate = (ESV - EDV)/EDV.

Hematoxylin and eosin (HE) staining

The rabbits in each group were euthanized and their

hearts were removed after cardiac MRI. The excised

heart was fixed in 4 % paraformaldehyde, dehydrated

in graded ethanol series, cleared in dimethylbenzene

and embedded in paraffin. Sections (5 lm) were

deparaffinized through immersing in dimethylbenzene

Fig. 1 The procedure of establishment of rabbit MI model:

a Median sternotomy incision thoracotomy was used to expose

the heart. b LAD was fully exposed. c A silk ligature was looped

under the LAD coronary artery &5 mm from its origin. Distal

blood vessels were thinning, angioplerosis was not obvious and

left ventricular wall displayed pale characteristics of MI
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and rehydrated. The sections were stained with HE

using standard procedures and visualized and captured

with an optical microscope.

TUNEL assay

After deparaffinization and dehydration, apoptotic

cardiomyocytes were evaluated by TUNEL assay

with a TUNEL Kit (Promega, Madison, WI, USA)

according to the manufacturer’s instructions. In

brief, the sections were incubated in proteinase K

(Thermo Fisher, Beijing, China) working solution

(20 lg/ml in 10 mmol/l Tris/HCl, pH 7.4–8) at room

temperature in a humidified atmosphere for 15 min,

and then added with 50 ll TUNEL reaction mixture

each and incubated for 60 min at 37 �C. After being

rinsed 3 times with PBS, the sections were added

with 100 ll horse radish peroxidase (HRP) and

incubated for 30 min at 37 �C, and then rinsed 3

times with PBS again and 100 ll of diaminobenzi-

dine (DAB) as substrate was added. Finally, the

sections were counterstained with hematoxylin and

analyzed by light microscope. Apoptotic index

(calculated as the total number of apoptotic cells

divided by the total number of myocardial cells) was

assessed in 5 randomly selected fields in the border

zone of the ischemic region.

Immunohistochemical assay

Formalin-fixed samples were dehydrated with an

ethanol gradient and embedded in paraffin. The

paraffin sections (4 lm) were mounted onto PLL-

coated glass slides and dried for 1 h at 60 �C followed

by deparaffinating and rehydrating according to a

standard protocol. For antigen retrieval, slides were

immersed in sodium citrate buffer (pH = 6.0, 0.01 M)

and boiled twice for 10 min in a microwave oven. The

slides were then washed with PBS (3 min) for three

times and treated with 3 % H2O2 for 20 min to inhibit

endogenous peroxidase. This was followed by incu-

bation with primary rabbit polyclonal antibody against

anti-human vascular endothelial growth factor

(VEGF) (Santa Cruz Biotechnology, Santa Cruz,

CA, USA; dilution 1:100) at 37 �C for 2 h. After

PBS washes, the slides were incubated with secondary

antibody (HRP-conjugated goat anti-rabbit IgG, Envi-

sion Reagent, Dako Cytomation, Glostrup, Denmark)

for 30 min at room temperature. The slides were

developed in DAB, counterstained with hematoxylin,

and mounted.

Statistical analysis

All data were presented as mean ± SD. SPSS 17.0

program (SPSS Inc, Chicago, IL, USA) was used for

data analysis. Differences between two groups were

evaluated by t test; mean values were compared by

one-way ANOVA and multiple comparisons were

evaluated by Fisher’s least significant difference t

(LSD-t) test. Data were considered statistically sig-

nificant at P \ 0.05.

Results

The EF and increase rate of thickness of LVAW

in each group

To test if myocardial function was restored in response to

the different treatment groups, EDV and ESV were

measured to determine the increase rate of the thickness

of LVAW (Table 1) and EF (Table 2). As shown in

Tables 1 and 2, the increase rate of thickness of LVAW

and EF were significantly decreased in the four treatment

groups (P\0.05), compared with those in the preoper-

ative control group, in either 3 or 7 days groups. For the

treatment groups at 3 days after MI, there were no

significant differences for both increase rate of thickness

of LVAW and EF values in MSCs, G-CSF, and

MSCs ? G-SCF groups, compared with the PBS injec-

tion group, respectively (P [0.05). However, for the

treatment groups at 7 days after MI, these two indicators

were significantly higher in the MSCs and MSCs ? G-

SCF groups than those in the PBS group (P\ 0.05).

Besides, both of these two indicators were highest in the

MSCs ? G-SCF group, suggesting that both MSCs and

G-CSF are needed for improving myocardial function.

By comparing the four groups at 3 days and those at

7 days, we found that the increase rate of thickness of

LVAW in the MSCs, G-CSF and MSCs ? G-CSF

groups at 7 days was higher than that in their corre-

sponding groups at 3 days (P\ 0.05), while there was no

significant difference between the PBS groups at 3 and

7 days (P[ 0.05). In addition, the EF in the MSCs,

G-CSF and MSCs ? G-CSF groups at 7 days was

higher than that in their corresponding groups at 3 days,

but without statistical significance (P[0.05).
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Morphology of cardiac muscular tissue

before and after MSCs transplantation

HE staining showed the morphology of normal cardiac

muscular tissue, including the size of the myocardial

cells and the hematoxylin stained nuclei, in which

chromatin was equally distributed in the nucleus

(Fig. 2a). Four weeks after transplantation, HE stain-

ing showed extensive scar formation at the infarcted

area. Besides, a large cohort of fibroblasts and dense

collagen fiber bundles was observed. Nest-like

necrotic nidus accompanied by neovascularization

could be observed in the fibrous tissue, while remnant

myocardial tissue could be observed at the edges of the

infarcted zone (Fig. 2b, c).

TUNEL assay of cardiomyocyte apoptosis

As shown in Fig. 3, brown nuclei were defined as

positive apoptotic cells, while normal cell nuclei were

stained blue. Comparison of AI between treatment

groups at 3 days and 7 days show a statistically

Table 1 The increase rate of thickness of left ventricular anterior wall in each group (Increase rate = (ESV - EDV)/EDV)

Groups EDV (mm) ESV (mm) Increase rate of thickness of LVAW

Normal control 3.338 ± 0.22 4.954 ± 0.62 0.484 ± 0.01

MSC 3 days 3.293 ± 0.15 4.248 ± 0.17 0.290 ± 0.02*

G-CSF 3 days 3.278 ± 0.36 4.195 ± 0.23 0.280 ± 0.01*

MSC ? G-CSF 3 days 3.320 ± 0.28 4.343 ± 0.43 0.308 ± 0.06*

PBS 3 days 3.252 ± 0.44 4.122 ± 0.14 0.268 ± 0.03*

MSC 7 days 3.322 ± 0.15 4.517 ± 0.25 0.362 ± 0.01*,#,&, %

G-CSF 7 days 3.305 ± 0.37 4.480 ± 0.38 0.351 ± 0.03*,#,&, %

MSC ? G-CSF 7 days 3.330 ± 0.13 4.665 ± 0.21 0.401 ± 0.02*,#, %

PBS 7 days 3.282 ± 0.41 4.178 ± 0.36 0.273 ± 0.03*

EDV end-diastolic volume, ESV end-systolic volume, LVAW left ventricular anterior wall; Data were expressed as mean ± SD

* P \ 0.05, compared with normal control
# P \ 0.05, compared with PBS group
& P \ 0.05, compared with MSC ? G-CSF group
% P \ 0.05, compared with corresponding treatment groups at 3 days

Table 2 The ejection fraction in each group [EF = (EDV - ESV)/EDV]

Groups EDV (ml) ESV (ml) EF

Normal control 8.326 ± 0.63 3.988 ± 0.31 0.521 ± 0.03

MSC 3 days 8.368 ± 0.15 5.054 ± 0.22 0.396 ± 0.01*

G-CSF 3 days 8.307 ± 0.29 5.109 ± 0.15 0.385 ± 0.02*

MSC ? G-CSF 3 days 8.352 ± 0.22 4.953 ± 0.08 0.407 ± 0.06*

PBS 3 days 8.349 ± 0.39 5.143 ± 0.22 0.384 ± 0.02*

MSC 7 days 8.431 ± 0.26 4.915 ± 0.27 0.417 ± 0.03*#

G-CSF 7 days 8.443 ± 0.37 5.074 ± 0.13 0.399 ± 0.01*

MSC ? G-CSF 7 days 8.481 ± 0.36 4.902 ± 0.15 0.422 ± 0.05*#

PBS 7 days 8.299 ± 0.06 5.137 ± 0.42 0.381 ± 0.01*

EDV end-diastolic volume, ESV end-systolic volume; Data were expressed as mean ± SD

* P \ 0.05, compared with normal control
# P \ 0.05, compared with PBS group

Cytotechnology (2015) 67:27–37 31

123



significant difference (P [ 0.05). However, apoptotic

cells were less in the MSCs group and MSCs ? G-CSF

group as compared with the PBS group (P \ 0.05,

Table 3). In the G-CSF only group, no reduction in

apoptosis was observed (P [ 0.05).

Expression of VEGF in the MI tissues

The expression of VEGF in each group was detected

by immunohistochemical staining. Figure 4 displays

the staining results of the infarcted area in the PBS

injection at 7 days after MI group and the MSCs ? G-

CSF injection at 7 days after MI group. From Fig. 4,

we could easily find that expression of VEGF was

significantly higher in the MSCs ? G-CSF group,

compared with that in the PBS group. By using the

KS400 image analysis system to quantify the staining

results, we obtained the average grey value of VEGF

at 4 weeks after cell transplantation in each group

(Table 4). As shown in Table 4, the expression of

VEGF was significantly higher in the MSCs, G-CSF

and MSCs ? G-CSF groups in comparison to the PBS

group. The increased VEGF expression was seen in

both the 3 and 7 days groups, however, there was no

statistically significant difference between each group

at 3 and that at 7 days (P [ 0.05).

Discussion

MSCs have been extensively characterized because

they are relatively easy to isolate and can be exten-

sively expanded in culture (Peister et al. 2004). Using

either environmental or chemical induction, MSCs can

differentiate into multiple cell phenotypes, including

myocardial cells (Vogel 2000; Derubeis and Cancedda

2004). Further evidence from animal studies has

confirmed that bone MSCs improve myocardial func-

tion and perfusion in the setting of ischemic heart

disease (Kawamoto et al. 2001; Fuchs et al. 2001).

However, due to its low number in the bone marrow

cells (approximately 1 9 104–105), it is therefore

necessary to isolate and culture MSCs in vitro.

Currently, there are four methods for isolation of

MSCs (Hung et al. 2002), including whole bone

marrow adherence method, density gradient centrifu-

gation, immunomagnetic separation, and flow cytom-

etry sorting method. In this study, we used whole bone

marrow direct adherence screening to isolate and

culture MSCs. With this method, injury and contam-

ination of MSCs can be avoided, which will be a

highly favorable factor for practical applications.

The changes in cardiac anatomy in combination

with elevated diastolic pressure and decreased systolic

Fig. 2 HE staining. a Normal myocardial cells are arranged in

neat rows and have normal cell size and morphology; b infarcted

area of the junction with normal myocardium, and remnants of

infarct border myocardial tissue can be seen; c infarct zone has

mainly scar formation, with a large number of collagen fibers

and focal steatosis (inverted phase contrast microscope, 9200)
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pressure, induce large increases in diastolic stress and

modest increases in systolic stress (Olivetti et al. 1991;

Pfeffer and Braunwald 1990). Formation of new

myocardium within the infarct attenuated the anatom-

ical alterations, led to chronic increases in EF and

thickness of LVAW, and reduced the abnormalities in

cavitary pressure (Orlic et al. 2001). In this study, EF

and the thickness of LVAW were significantly higher

in the MSCs and MSCs ? G-CSF groups than those in

the PBS group at 7 days, suggesting the myocardial

repair effect of MSCs and the concomitant adminis-

tration of MSCs and G-CSF.

In addition, by comparing the results at 3 days with

those at 7 days, we found only that the increase rate of

thickness of LVAW in the MSCs, G-CSF and

MSCs ? G-CSF groups at 7 days was higher than

that in their corresponding groups at 3 days, and the

other parameters, including EF, AI, and VEGF

expression were not significantly different between

these groups. Park et al. compared the results of neural

stem cells injection at 4 h, 1, 3 days, 1, 2, and 5 weeks

after hypoxic-ischemic injury, and suggested that stem

cells transiently re-enter the cell cycle, migrate

preferentially to the ischemic site with a 3–7 days

‘‘window’’ following hypoxic-ischemic injury (Park

et al. 2006). Our results suggest that though the

increase rate of thickness of LVAW was higher at

7 days, the cardiac function was not recovered.

Therefore, the ‘‘window’’ of MSC transplant of MI

needs further investigation.

Nowadays, in-depth research on the mechanism of

stem cell therapy for MI and stem cell transplantation

to improve heart function have gone through several

different stages: (1) MSCs differentiate into cardio-

myocytes and endothelial cells in vivo when trans-

planted to the heart in MI models; (2) Cell-to cell

communication between MSCs and cardiomyocytes

was enhanced because of cellular or nuclear fusion

(Sánchez et al. 2006; Balsam et al. 2004; Koyanagi

et al. 2005); 3) Promoting revascularization and

cytokine paracrine mechanisms: the transplanted stem

cells are able to secrete a variety of cytokines to

promote blood vessel growth, reconstruction of the

collateral circulation (Kinnaird et al. 2004; Tang et al.

2005), providing more blood supply to the trans-

planted cells, thereby improving myocardial ischemia,

saving hibernating myocardium, and reducing ven-

tricular remodeling. A series of experiments have

Fig. 3 TUNEL assay: apoptotic cells were stained brown

(indicated by an arrow), while non-apoptotic cells were stained

blue. a Normal myocardial tissue; b myocardial tissue in G-CSF

group at 3 days after MI; c myocardial tissue in MSCs group at 3

days after MI; d myocardial tissue in PBS group at 3 days after

MI (inverted phase contrast microscope, 9200; enlarged view

for apoptotic cells in b, 9400)
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shown that MSCs have protective and anti-apoptotic

effects on myocardial cells in the early implanted

phase in MI (Murry et al. 2004). Gnecchi et al.

suggested that MSCs achieve the effect of heart

function protection by paracrine pathway on the

undamaged and damaged myocardial tissues (Gnecchi

et al. 2005).

G-CSF is used to increase bone MSCs mobilization

for transplant and has been proposed as a means of

mobilizing stem cells to the uterus (Du et al. 2012).

G-CSF has good application prospects in the treatment

of MI because it can be directly subcutaneous injected,

and circumvent thoracotomy or surgical intervention.

The underlying mechanisms of G-CSF include the

following aspects: (1) G-CSF stimulates stem cells to

differentiate into myocardial cells and vascular tissue.

(2) G-CSF stimulates bone MSCs through paracrine

pathways, leading to vascular regeneration and cell

apoptosis. (3) G-CSF acts directly on receptors in the

target cells to play a cytoprotective function. In 2001,

Orlic et al. reported that the concomitant administra-

tion of SCF (200 lg/kg) and G-CSF (50 lg/kg) to

bone MSCs can promote myocardial revascularization

after MI in the mouse, and reduce the myocardial

infarct size by 40 % and the mortality by 68 % (Orlic

et al. 2001). Numerous animal studies and clinical

trials have reported that G-CSF can improve func-

tional capacity after MI. However, the effect of G-CSF

has become controversial in the recent years. In two

rigorously designed randomized controlled trials,

although the application of G-CSF was confirmed to

be highly safe, the 6-month follow-up results showed

Table 3 Apoptotic index (% apoptotic cells/ total cells) evaluated by TUNEL assay after 4 weeks of transplantation

Group PBS MSCs G-CSF MSCs ? G-CSF

Injection at 3 days after MI 0.121 ± 0.05 0.060 ± 0.02* 0.115 ± 0.02 0.059 ± 0.02*

Injection at 7 days after MI 0.129 ± 0.02 0.060 ± 0.01* 0.134 ± 0.06 0.068 ± 0.03*

* P \ 0.05, compared with PBS group; Data were expressed as mean ± SD

Fig. 4 Immunohistochemical staining results of VEGF expres-

sion at 4 weeks after cell transplantation. The brown areas

denote VEGF positive expression. a PBS injection at 7 days

after MI, b MSCs ? G-CSF injection at 7 days after MI (inverted

phase contrast microscope, 9200)

Table 4 Expression of VEGF in the myocardial tissues 4 weeks after transplantation (average grey value)

Group PBS MSCs G-CSF MSCs ? G-CSF

Injection at 3 days after MI 72.4 ± 3.8 126.1 ± 2.3* 118.4 ± 3.8* 129.5 ± 3.5*

Injection at 7 days after MI 78.6 ± 2.6 132.6 ± 4.5* 122.6 ± 2.4* 128.1 ± 3.2*

* P \ 0.05, compared with PBS group; Data were expressed as mean ± SD
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that G-CSF neither reduced infarct size nor improved

left ventricular function (Ripa et al. 2006; Zohlnhöfer

et al. 2006). The effect of G-CSF for treatment of acute

MI is greatly challenged by these results.

In this study, we found that the EF value in the

G-CSF injection at both 3 and 7 days after MI groups

did not show significant difference as compared to the

PBS group 30 days after the injection. This result

could be explained by: (1) Limited mobilization of

MSCs. Hematopoietic stem cells are the main cell

groups activated by G-CSF, but the hematopoietic

stem cells cannot differentiate into myocardial cells.

Thus the limited amount of MSCs could not improve

the infarct heart function by homing effect. (2)

Inappropriate mobilization timing. The microenviron-

ment in MI area may receive stem cell homing only at

a certain time frame and the inappropriate timing

causes the stem cells not arrive to the infarction area.

Apoptosis is a gene-regulated programmed cell

death process. Myocardial ischemia is a major factor

to induce cardiomyocyte apoptosis and thereby

changes the post-infarction pathophysiological pro-

cess of both infarcted and non-infarcted myocardium

(Condorelli et al. 1999). Although TUNEL analysis is

not specific to apoptotic cells, it is not difficult to

distinguish apoptotic and necrotic cells using histo-

logical analysis. MSCs secrete a variety of cytokines

and growth factors, such as VEGF (Besse et al. 2000).

VEGF is a major angiogenic factor and it plays an

important role in the formation of new blood vessels

for the blood supply of local tissues (Su et al. 2000). It

also promotes endothelial cell proliferation and sur-

vival by mediating the phosphorylation of protein

kinase B and endothelial NO synthesis (Dai et al.

2005; Amano et al. 2003). In addition, VEGF acts

through ras to inhibit cell apoptosis by activating

PI3K/Akt pathway, and upregulating Bcl-2 expression

(Zachary 2001). MSCs transplantation increases Bcl-2

expression to reduce post-infarction myocardial apop-

tosis in rat. In his study, Kaminhata found that the

transplanted MSCs can not only improve heart func-

tion and reduce infarction size, but also improve

collateral circulation due to increased VEGF levels

around the infarction zone (Kamihata et al. 2001).

Tang et al. also confirmed the increased VEGF level

and the formation of new blood vessels around the

infarction zone (Tang et al. 2004). In our study,

myocardial apoptosis and VEGF expression were

analyzed by TUNEL assay and immunohistochemistry.

We showed that in the 3 and 7 days post-infarction

groups, treatment with MSCs or in combination with

G-CSF increased VEGF expression, and decreased

apoptosis. These results were highly consistent with

the previous studies (Tang et al. 2004; Kamihata et al.

2001). It is believed that the reduction of myocardial

apoptosis might be associated with increased capillary

density and thereby improved blood supply around the

infarction zone (Schuster et al. 2004). Like the MSCs

alone or the MSCs ? G-CSF groups, the G-CSF only

group showed increased VEGF expression in the 3 and

7 days post-infarction group. However, AI in this

G-CSF group was not significantly reduced than that

in the PBS group, suggesting that improved blood

supply is not the reason that MSCs can reduce

myocardial apoptosis. It is more likely that MSCs

secrete anti-apoptotic growth factors to reduce myo-

cardial apoptosis (Gnecchi et al. 2005).

Data from our study cannot definitively state that

G-CSF can improve heart function after MI and reduce

cellular apoptosis. However, we observed an increase

in VEGF expression in the infarction area in the

G-CSF injection group in comparison to control,

suggesting that G-CSF might improve the vascular

regeneration process through paracrine mechanisms.

EF values are increased in both MSCs group and

MSCs ? G-CSF group. In addition, the thicker

LVAW and increased EF values in the MSCs ? G-

CSF group as compared with the MSCs group suggest

that MSCs in combination with G-CSF treatment of

myocardial infarction show a better therapeutic effect

than the MSCs group.
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