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Abstract 

Aim: To investigate the efficacy and feasibility of percutaneous intramyocardial injection of bone 
marrow mesenchymal stem cells (MSC) and autologous bone marrow-derived mononuclear cells 
(BMMNC) on cardiac functional improvement in porcine myocardial infarcted hearts. Methods 
and Results: Acute myocardial infarction (AMI) was induced in 22 minipigs by temporary balloon 
occlusion of the left anterior descending coronary artery for 60min.Two weeks post AMI, 
BMMNC (n = 7, 245 ± 98×106), MSC (n = 8, 56 ± 17×106), or phosphate buffered saline (PBS; n = 
7) were injected intramyocardially. Cardiac function and myocardial perfusion were analyzed by 
echocardiography and gated single-photon emission computed tomography/computed tomog-
raphy (SPECT/CT) at 1 week before AMI and 2 and 10 weeks after AMI. Cell engraftment, pro-
liferation, vascular density, and cardiac fibrosis were evaluated by histology analysis. In all groups, 
the echocardiography revealed no significant change in the left ventricular ejection fraction (LVEF), 
left ventricular end-systolic volume (LVESV), or left ventricular end-diastolic volume (LVEDV) at 
10 weeks after AMI compared with those at 2 weeks after AMI. However, the wall motion score 
index (WMSI) and left ventricular systolic wall thickening (WT%) were significantly improved at 10 
weeks compared with those at 2 weeks after AMI in the MSC group (WMSI 1.55 ± 0.06 vs. 1.87 ± 
0.10, WT 33.4 ± 2.3% vs.24.8 ± 2.7%,p < 0.05) but not in the BMMNC group. In addition, myo-
cardial perfusion quantified by SPECT/CT was improved in both the MSC and BMMNC groups, 
whereas the MSC group showed a superior improvement in vascular density and collagen volume 
fraction (p < 0.05). Conclusion: This preclinically relevant study suggests that when delivered by 
percutaneous (transcatheter) intramyocardial injection, MSC might be more effective than 
BMMNC to improve ischemia and reperfusion after AMI. 
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Introduction 
Ischemic heart disease is a leading cause of hu-

man deaths worldwide. Acute and chronic ischemic 
injury leads to a permanent loss of cardiac tissue and 
ultimately heart failure. Recently, cell-based therapy 
has emerged as a novel potential approach for regen-
erating heart tissue. Several cell types have been 
shown to improve heart functional recovery after is-
chemic injury. Stem cell therapy in patients with acute 
myocardial infarction (AMI) has shown mixed results 
[1], and the wide diversity of technical procedures 
used in each study has made comparison difficult. 
Among various cell types, bone marrow-derived 
mononuclear cells (BMMNC) have been most widely 
applied in clinical trials and basic research [2-7]. Bone 
marrow-derived mesenchymal stem cells (MSC) have 
also emerged as a promising cell population, which 
could be used as allogeneic “off-the-shelf” cell prod-
ucts because of the multilineage potential and im-
muno-privileged properties of these cells [8-13]. 
However, the best cell type for the treatment of myo-
cardial infarction remains uncertain, and the mecha-
nisms underlying cellular therapy are not well un-
derstood. Among several delivery methods for cellu-
lar therapy, intramyocardial delivery seems to be 
preferable to intravenous and intracoronary deliveries 
[14]. The safety of intramyocardial delivery has also 
been demonstrated in a clinical trial [15]. The present 
study aimed to compare functional and structural 
recoveries after AMI in minipigs treated with percu-
taneous intramyocardial injection of autologous 
BMMNC and MSC. 

Materials and Methods 
Study design 

The summary of the study design is shown in 
Figure 1. In minipigs, AMI was induced by balloon 
occlusion of the left anterior descending (LAD) artery 
for 60 min, followed by reperfusion. Two weeks after 
AMI, the minipigs were randomly assigned to blinded 
percutaneous intramyocardial delivery of phosphate 
buffered saline (PBS) as a control medium (CON), 
autologous BMMNC, or MSC. Echocardiography and 
gated single-photon emission computed tomogra-
phy/computed tomography (SPECT/CT) were per-
formed 1 week before AMI and 2 and 10 weeks after 
AMI. All animal procedures were conducted in con-
formity with the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals, and all 
experiments were performed in accordance with the 
Helsinki Declaration. The experimental protocol was 
approved by the Fourth Military Medical University 
Committee on Animal Care. 

 

 
Figure 1. Schematic representation of the study timeline. 

 

Cell preparation 
Porcine BMMNC were aspirated from bilateral 

iliac crests and isolated by density gradient centrifu-
gation following standard protocols [7]. MSC were 
obtained from mononuclear cells. Briefly, the mono-
nuclear cells were seeded into culture flasks and am-
plified in adherent cell cultures. Cells were seeded at 2 
×105/cm2 in DMEM/F12 (Hyclone, USA) containing 
20% fetal bovine serum (FBS) (Gibco, BRS, USA). 
Cultures were expanded to passage 5. 

To characterize MSC, the cultured cells were 
differentiated along adipogenic, osteogenic, and 
chondrogenic lineages as previously described [8] and 
analyzed by flow cytometry for MSC markers. For 
flowcytometric analysis, the cells were stained with 
human antibodies against CD34, CD44, CD45, and 
CD90, which were conjugated with fluorescein 
isothiocyanate (FITC) or phycoerythrin (PE) (Abcam, 
Cambridge, MA, USA). 

MSC were genetically transfected with lentiviral 
vectors encoding green fluorescent protein (GFP) 
(Genechem, Shanghai, China). The multiplicity of 
infection (MOI) was 20. The quantification of GFP 
transduction efficiency in MSC was performed fol-
lowing previously described protocols [16]. The cells 
were then frozen in liquid nitrogen until required for 
the next experiment. Before injection, MSC were rap-
idly thawed and washed to remove DMSO, then re-
suspended in PBS. Immediately before injection, the 
viability of all thawed MSC lots was verified to be 
>85% using trypan blue dye exclusion. BMMNC were 
labeled with CM-DiI following the manufacturer’s 
instructions (Molecular Probes, Invitrogen, USA). 

Inductionof porcine myocardial infarction 
Chinese experimental minipigs (35±5kg; China 

Agricultural University, Beijing, China) were anes-
thetized with ketamine hydrochloride (20 mg/kg, IM; 
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Beijing Chemical Reagent Company, Beijing, China) 
followed by a continuous infusion of propofol (0.15 
mg/kg/min, IV) and were incubated and ventilated 
with a 1:1 mixture of air and oxygen. After the inci-
sion of the skin, a 6F arterial sheath was placed in the 
right or left femoral artery by percutaneous puncture 
or direct vision puncture. Femoral artery angiography 
was performed (Figure 2A) and heparin (150IU/kg) 
was administered to obtain a 2.5-fold increase in ac-
tivated coagulation time. After the injection of hepa-
rin, a 6F Judkins right (JR) 4.0 coronary artery guiding 
catheter was engaged into the opening of the coronary 
artery. Selective coronary angiography was per-
formed, and the target blocking location was deter-
mined. Myocardial infarction was induced by the 
temporary balloon occlusion of the distal LAD coro-
nary artery below the second diagonal branch (Figure 
2B–C) for 60 min, followed by reperfusion with an 
inflated angioplasty balloon as previously described 
[14]. Twelve-lead electrocardiograms (ECGs) were 
recorded at 25 mm/s and 10 mm/mV in anesthetized 
and immobilized minipigs in the supine position. 

Precordial leads were included to precisely determine 
the ventricular wall segment affected (Figure 2E). 
Continuous ECG monitoring was performed to warn 
of arrhythmia. Lidocaine (0.015–0.03mg/kg/min) was 
intravenously infused throughout the procedure. Af-
ter the procedure, all the animals received antibiotics 
(amoxicillin 7 mg/kg/24 h) for 5 days. 

Cell delivery 
For medium delivery or cell transplantation, a 

percutaneous transcatheter approach was established 
through the femoral artery. Intramyocardial delivery 
was performed with an injection catheter system 
(kindly provided by Microport Corp., Shanghai, 
China) (Figure 2F–H). Injection sites were confirmed 
by contrast injection before cell delivery (Figure 2D). 
Multiple injections (an average of 15 per time point, 
0.25–0.3 ml per injection) within the hypokinetic and 
akinetic zones were performed under simultaneous 
fluoroscopy C-arm and echocardiographic guidance 
in each animal heart. 

 

 
Figure 2. (A) Minipig femoral artery angiogram. (B) Coronary angiography to determine the location of the balloon occluded left anterior descending (LAD) coronary artery. (C) 
Blood flow was completely blocked after balloon occlusion of the distal LAD coronary artery, but blood flow in the second diagonal branch is clearly seen. (D) Injection of 
contrast medium to confirm the location of the needle prior to the injection of bone marrow-derived mononuclear cells (BMMNC) or mesenchymal stem cells (MSC). (E) 12-lead 
electrocardiogram confirmed ST segment elevation in anterior wall leads 30min after balloon occlusion. (F) Intramyocardial injection catheter system. An integrated device with 
a system (H) to control needle movement from a withdrawn to an extended position and to control tip movement from a straight to a deflected position (G). 
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Echocardiographic evaluation of left ventricu-
lar function 

Two-dimensional (2D) and M-mode echocardi-
ography were performed with a VIVID 7 ultrasound 
imaging system (GE, New York, USA) 1 week before 
AMI, and 2 and 10 weeks after AMI. The echocardi-
ography results 1 week before AMI were taken as the 
baseline. Cardiac apex ultrasound imaging by trans-
thoracic echocardiography is difficult in pigs. There-
fore, images were obtained only in the parasternal 
short axis view (at apical, papillary, and mitral valve 
levels). All measurements were performed in tripli-
cate by two technicians blinded to the study and were 
averaged to ensure quality. 

Left ventricular ejection fraction (LVEF), 
end-systolic volume (LVESV), and end-diastolic 
volumes (LVEDV) were determined in the parasternal 
short axis as previously described [17]. The wall mo-
tion score index (WMSI) was calculated by ranking 
wall motion as normal (1), mildly hypokinetic (2), 
severely hypokinetic (2.5), akinetic (3), or dyskinetic 
(4) and then by dividing the sum of the wall motion 
score with the number of visualized segments. Re-
gional wall thickness was measured at end-diastole 
(DWT) and end-systole (SWT) individually on2D 
echocardiograms. LDWT and SWT were measured, 
and left ventricular systolic wall thickening (WT%) 
was calculated as WT% = (SWT−DWT)/DWT×100%. 

All images were recorded and analyzed offline 
and results were determined by the consensus of two 
experienced ultrasound technicians blinded to the 
treatment assignment. 

Quantitative gated SPECT/CT analysis 
ECG-gated SPECT/CT imaging was performed 

1 week before AMI and 2 and 10 weeks after AMI 
with a commercially available system (SymbiaT2, 
Siemens).The myocardial perfusion images acquired1 
week before AMI were taken as baseline data. The 
animals were sedated with an intravenous injection of 
ketamine and were placed in the right lateral decubi-
tus position. Imaging was assessed using a dose of 0.3 
mCi/kg 99mTc-sestamibi (99mTc-MIBI) injected into 
the ear vein. CT images were acquired with the 
2-sliceCT component of the SPECT/CT scanner. My-
ocardial perfusion images were acquired 60 min after 
99mTc-MIBI injection using a dual-head camera with 
high-resolution collimators. The camera energy win-
dow (20%) was set to the 140 keV photo peak of 
99mTc-MIBI. Thirty-two images (64 × 64 matrix) were 
acquired for 30 s each, with a 180° rotation. Tomo-
grams were reconstructed in the vertical and hori-
zontal long-axis and short-axis planes. Quantita-
tive-gated SPECT software (QGS; Cedars Cardiac 
Quantification) was used for the processing of all re-

cordings and for the semi-quantitative assessment of 
left ventricular volumes and perfusion defects. The 
fusion of SPECT and CT images was performed on a 
processing station (Syngo MI VA30A; Siemens, Ger-
many). Two experienced nuclear medicine technicians 
who were blinded to the treatment allocation pro-
cessed all the recordings. 

Histological analysis 
Three weeks after AMI, two minipigs in the cell 

transplantation group were sacrificed for the obser-
vation of cell survival. The animals were anesthetized 
with ketamine hydrochloride and were humanely 
sacrificed with an intravenous injection of saturated 
potassium chloride solution. Cardiac tissues were 
harvested, snap-frozen in nitrogen-cooled isopentane, 
and 6-µm serial sections were prepared. Fluorescence 
microscopy (Olympus BX51; Olympus, Japan) was 
performed to detect labeled MSC and BMMNC. Ten 
weeks after AMI, all minipigs were sacrificed, and 
their tissues were harvested. The labeled cells in the 
cell transplantation group were detected following 
the steps described above. 

The capillary density was determined in the pe-
ri-infarct zone. The sections were stained using an-
ti-CD31 antibody (mouse monoclonal; Abcam). In-
vestigators blinded to the treatment allocation exam-
ined the sections to quantify the positively stained 
vessels. The capillaries were counted in five randomly 
chosen high-power fields (HPFs) in every section. The 
results were expressed as capillaries per HPF. In ad-
dition, longitudinal myocardial sections were stained 
for 10 min with 1% 2,3,5-triphenyltetrazoliumchloride 
(TTC) to delineate infarct borders. The collagen con-
tent was determined in picric acid/Sirius red-stained 
slides as described previously [18], measured with an 
interactive computerized image analysis system (Op-
timas 5.2 color image analysis; Germany), and ex-
pressed as a percentage of the area of the field occu-
pied by collagen (collagen volume fraction; CVF). The 
mean of 15 fields captured with a ×20 objective was 
calculated. In this process, we blindly investigated the 
presence of Type I and Type III collagen with circu-
larly polarized light on randomly selected picric ac-
id/Sirius red-stained sections from the infarct border 
zone of hearts from the CON, BMMNC, and MSC 
groups. 

Statistical analysis 
Continuous variables that approximated the 

normal distribution are presented as mean ± standard 
error of the mean (SEM). The characteristics of the 
minipigs were evaluated using the Kruskal–Wallis 
test. Multiple group comparisons were performed by 
one-way analysis of variance (ANOVA) followed by 
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the least significant difference (LSD) t-test for post hoc 
analysis. Comparisons between the two independent 
groups were analyzed using the Student’s t-test. 
Two-sided tests were used throughout, and p-values 
< 0.05 were considered statistically significant. SPSS 
software package version 14.0(SPSS, Chicago, IL, 
USA) was used for data analysis. 

Results 
Animal survival during the experimental pro-
cedure 

In total, 30 animals underwent the infarct pro-
cedure. During the procedure, six animals died as a 
result of intractable ventricular fibrillation and two 
died from cardiac arrest. Therefore, 22 pigs were in-
cluded in the study and were divided into three 
groups. The mean number of cells implanted was 
245×106 for the BMMNC group and 56×106 for the 
MSC group. There were no deaths resulting from the 
injection of cells or medium. 

Cell characterization 
As shown in Figure 3, the flowcytometry of MSC 

revealed the uniform expression of CD44 and CD90 
but not of CD34 or CD45. After genetic labeling and 
multiple passages, the pluripotency of MSC was con-
firmed by the capacity to differentiate into adipogen-
ic, osteogenic, and chondrogenic lineages in vitro. 

Regional wall motion was improved in the 
MSC group 

Echocardiography was performed to monitor 
global and regional cardiac functions. Baseline func-
tional values were equivalent in the three groups. 
After AMI, there was a significant reduction in LVEF, 
which did not differ among the three groups. At week 
10, there was no significant improvement in cardiac 
volume or global function in the three groups. Alt-
hough LVEF increased in animals treated with 
BMMNC or MSC, the change was not significant (p > 
0.05). Neither LVESV nor LVEDV was significantly 
improved in any of the three groups (Figure 4 A–C). 

To assess regional wall motion, the left ventric-
ular WMSI and systolic WT% were calculated. Two 
weeks after AMI, the WMSI was significantly in-
creased and systolic WT% was significantly reduced 
in all three groups compared with baseline (WMSI: 
1.00 ± 0.10 to 1.80 ± 0.14, WT%: 39.3 ± 2.0% to 24.5 ± 
2.3%, p < 0.01, n = 22; Figure 4D–F). Ten weeks after 
AMI, WMSI and systolic WT% were significantly im-
proved only in animals that received MSC (WMSI: 
1.87 ± 0.10 to 1.55 ± 0.06, WT%: 24.8 ± 2.7% to 33.4 ± 
2.3%, p < 0.05; Figure 4D–F). Therefore, the regional 
left ventricular function was better preserved in the 
MSC group compared with the BMMNC and CON 
groups. 

 

 
Figure 3. Characterization of mesenchymal stem cells (MSC). (A) MSC were positive for CD44 and CD90 but negative for CD34 and CD45. (B–D) MSC show potential for 
differentiation towards adipogenic (Oil Red O staining), osteogenic (Alizarin Red), and chondrogenic (Toluidine Blue) lineages. 
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Figure 4. (A–C) Echocardiographic evaluation of cardiac function. LVEF, LVESV, and LVEDV were not significantly improved in the three groups. (D) Echocardiographic 
evaluation of regional cardiac contractility. Representative M-mode echocardiographic data for minipigs receiving medium (CON), BMMNC, or MSC 1 week before AMI and 2 
and 10 weeks after AMI. Wall motion score index (E) and systolic wall thickening % (F) were significantly improved only in the MSC group. (*p< 0.05). 

 
 

Myocardial perfusion was improved by cellular 
therapy in both BMMNC and MSC groups 

Two weeks after AMI, all the experimental ani-
mals showed a significant perfusion defect in the an-
teroapical and distal septal walls of the myocardium 
as assessed by SPECT/CT (Figure 5A). Ten weeks 
after AMI, the animals treated with BMMNC or MSC 
showed a significant reduction in the total perfusion 
deficit (TPD) (27.5 ± 1.0% to 23.4 ± 1.5% in the 
BMMNC group, 28.4 ± 1.8% to 23.2 ± 1.4% in the MSC 
group, p < 0.05). The animals injected with the me-
dium alone did not show any reduction in TPD (29.2 ± 
1.4% to 30.4 ± 1.2%, p > 0.05), as defined by 
semi-quantitative SPECT analysis (Figure 5B–D). 
Absolute change in perfusion deficit was significantly 
larger in the BMMNC and MSC groups compared 
with the CON group (−4.1 ± 1.3% in the BMMNC 
group, −5.2±1.6% in the MSC group vs.1.2±0.35% in 
the CON group, p < 0.05, Figure 5E). Furthermore, the 

absolute change in perfusion deficit was larger in the 
MSC group than in the BMMNC group, although the 
difference was not significant. Echocardiography 
analysis results for LVEF, LVESV, and LVEDV 
showed similar trends, but no significant change was 
found (data not shown). 

Capillary density and fibrosis were better im-
proved in the MSC group than the BMMNC 
group 

Infarct patterns were shown on representative 
tetrazolium (TTC) stains from the three groups (Fig-
ure 6A–C). Sirius red staining (Figure 6D–F) and po-
larized light microscopy of the infarct border zone 
(Figure 6G–I) showed decreased fibrosis (49.8± 2.4% 
in the MSC group vs. 56.8± 1.9% in the BMMNC 
group and 69.2± 3.6% in the CON group, Figure 6J) 
and scar tissue was better organized in the MSC 
group compared with the CON and BMMNC groups. 
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Figure 5. (A) Hybrid imaging of myocardial perfusion SPECT and CT. All groups showed a significant perfusion defect in the anteroapical and distal septal wall of the myocardium. 
(B) Representative horizontal long axis slices and (C) polar bull’s eye plot at 2 and 10 weeks after AMI showed a significant reduction in myocardial perfusion in the BMMNC and 
MSC groups. (D–F) Semi-quantitative assessment of total perfusion deficit and absolute change in perfusion deficit showed a significant reduction in the BMMNC and MSC groups. 

 
Figure 6. Infarct borders were identified in representative samples from the CON, BMMNC, and MSC groups by TTC stains (A–C, arrowheads). After Sirius red staining (D–F), 
polarized light microscopy (G–I) revealed a better-organized fibrous scar in the MSC group (I) compared with the CON group (G) and the BMMNC group (H). Scale bar =50μm. 
The area occupied by the collagen volume fraction (CVF) was assessed by Sirius red staining in the infarcted tissue (J).Vascular density was determined in CD31 stained sections 
from the border zone. The overall number of CD31+ vessels was significantly greater in the MSC treated hearts than in BMMNC and CON hearts. Scale bar = 50 μm (K–N). 
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Figure 7. Immunofluorescence staining for cell survival in heart tissue 3 and 10 weeks after AMI. GFP labeled MSC (A) and DiI labeled BMMNC(B) could be detected 3 weeks 
after AMI(C-D) but not 10 weeks after AMI (yellow arrows).Scale bar = 50 μm (A–B); scale bar = 25 μm (C-D). 

 
To examine whether changes in regional func-

tion and perfusion were associated with enhanced 
neovascularization, vascular density was determined 
on CD31-stained sections from the border zone. Ten 
weeks after AMI, immunofluorescence staining for 
CD31 antibody indicated significant angiogenesis in 
cell-treated hearts with more CD31-expressing capil-
laries present in peri-infarct regions of cell-treated 
hearts compared with medium-treated hearts. The 
semi-quantitative evaluation of CD31-positive capil-
lary numbers per high-power field indicated that 
vascular density was significantly greater in the 
cell-treated groups than in the medium-treated group 
(18.6 ± 0.5 in the MSC group and 15.6 ± 0.8 in the 
BMMNC group vs. 12 ± 1.4 in the CON group, Figure 
6K–N). 

Labeled cells were detected three weeks after 
AMI 

CM-DiI-labeled BMMNC and GFP-labeled MSC 
were found in the cardiac tissue three weeks after 
AMI (Figure 7). However, there were no labeled cells 
found 10 weeks after AMI. 

Discussion 
A variety of cell types from different sources 

have been proposed for cell-based cardiac repair. 
However, the findings of previous studies have been 
mixed [1], and the underlying mechanism of 
cell-based therapy is not well understood. In addition, 

the ideal cell type still needs to be determined, and the 
delivery strategy needs to be further optimized. In 
this study, we compared the two most clinically rele-
vant cell types for the treatment of AMI. With a rep-
resentative preclinical porcine model, we found that 
percutaneous intramyocardial delivery of MSC in-
duced superior improvement of regional left ventric-
ular function compared with BMMNC. Treatment 
with MSC increased vascular density and decreased 
CVF. 

An effective cellular delivery method is a pre-
requisite for successful stem cell therapy. To date, 
most clinical trials have utilized intracoronary deliv-
ery. However, there are many studies showing that 
intracoronary cell injections of MSC could cause 
no-reflow or micro-infarctions [19]. Intravenous injec-
tion has been shown to be an ineffective delivery ap-
proach with insufficient engrafted cells homing into 
the myocardium [20]. Freyman et al. demonstrated 
that intramyocardial delivery may be more effective 
than intracoronary and intravenous delivery [14]. 
Other studies have shown that intramyocardial de-
livery can be safely used in ischemic cardiomyopathy 
patients [15]. Therefore, in the present study, we used 
a percutaneous intramyocardial injection to deliver 
cells through a cardiac catheter, mimicking the clinical 
scenario. In our study, although transient ventricular 
arrhythmias occurred when the injection catheter 
contacted the myocardium, there were noserious ad-
verse events, which demonstrated the safety of in-
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tramyocardial delivery. 
In the early stages after MI, stem cell survival 

may be compromised by inflammation, microvascular 
obstruction, and reperfusion injury, while at later 
stages, stem cell homing may be compromised by scar 
formation and cytokine down regulation[21]. Alt-
hough the ideal time point for transplantation re-
mains to be defined, it is most likely between two and 
14 days after the onset of AMI[22]. In our study, we 
chose to perform cell transplantation two weeks after 
AMI instead of simultaneously with AMI for the fol-
lowing reasons. First, two weeks post-AMI, stem cell 
homing could be less affected by damage to the micro 
environment such as inflammation, microvascular 
obstruction, scar formation, or cytokine down regula-
tion. Second, it is possible that cell injection at the time 
of induced AMI could cause higher mortality in min-
ipigs during the experimental procedure.  

In the present study, we observed a superior 
protective effect of MSC compared with BMMNC. 
Treatment with MSC induced better improvement in 
regional left ventricular function, which was associ-
ated with increased vascular density and decreased 
CVF. Similarly, Mazo et al. carried out a comparative 
study performed on a rat chronic myocardial infarc-
tion model and found a better long-term effect from 
MSC than BMMNC treatment [23]. However, Vander 
Bogt et al. reported a better functional improvement 
following BMMNC transplantation compared with 
MSC transplantation in a mouse AMI model [24]. 
Several reasons could account for these distinct re-
sults, including different experimental animals, cell 
doses, and delivery time points. For example, Mazo et 
al. injected cells five weeks after AMI, whereas Van 
der Bogt et al. injected cells immediately after AMI. In 
our study, we performed cell transplantation two 
weeks after AMI. Cell dose could also explain the 
different experimental results. However, a recent 
study found that direct MSC delivery into infarcted 
myocardium showed no dose-dependent effect. MSC 
injection exerted therapeutic effects of decreasing 
cardiac infarct size by affecting the viability of native 
cardiomyocytes through an undefined signaling 
mechanism [25]. 

The therapeutic effects of cell therapy for MI 
remain controversial. Some experiments and clinical 
trials have shown negative effects of stem cell treat-
ment on LVEF [4, 26]. We observed regional left ven-
tricular function improvement without LVEF recov-
ery in the cell therapy groups in the present study. 
The reason for this finding might be that the small 
number of engrafted cells may not have been suffi-
cient to reverse the moderate infarction size and to 
induce significant improvement in global left ventric-
ular function. 

In the present study, we observed transient sur-
vival of engrafted bone marrow cells in the host heart 
three weeks after AMI, but the transplanted cells 
could hardly be detected 10 weeks after AMI. This 
result is consistent with the findings of several recent 
studies [27, 28]. It seems that cells can only persist for 
a limited time in ischemic host cardiac tissue. How-
ever, in the present study, improved myocardial per-
fusion and increased capillary density were found in 
both cell-treated groups. Therefore, we hypothesized 
that an indirect paracrine effect could account for this 
finding. It has been reported that MSC secrete differ-
ent growth factors than BMMNC, which might ex-
plain the different effects of MSC and BMMNC [29].  

It has been shown that myocardial fibrosis is the 
replacement of cardiomyocytes by collagen and that 
matrix metallo proteinases (MMP) and tissue inhibi-
tors of metallo proteinases (TIMP) are involved [30]. 
Evidence suggests that the injection of mesenchymal 
precursor cells could alter collagen dynamics, MMP, 
and TIMP levels in a sheep MI modeland that MSC 
transplantation improves ventricular function in a rat 
model of dilated cardiomyopathy (DCM), partly 
through inhibition of myocardial fibrosis. In our 
study, we found that MSC decreased myocardial fi-
brosis in a minipig MI model, implying that MSC 
might have beneficial paracrine effects on myocardial 
fibrosis.  

There are some limitations to the present study. 
One is the small sample size. Second, we did not fully 
assess the impact of accompanied pharmaco-therapy 
post-AMI in this animal study. In a clinical setting, it 
is possible that pharmaco therapy could influence the 
magnitude of therapeutic responses[31].In addition, 
long-term in vivo cell monitoring in large living ani-
mals is difficult and more sensitive and specific mo-
lecular imaging techniques are needed. Finally, we 
only studied a single dose of BMMNC and MSC, and 
the ideal cell dose is yet to be determined. 

In conclusion, the present study indicated that 
the percutaneous intramyocardial delivery of both 
BMMNC and MSC produces beneficial effects on 
perfusion in an infarcted heart as determined by 
SPECT/CT imaging. Furthermore, the injection of 
MSC produced superior improvement in regional 
cardiac function improvement compared with 
BMMNC, partly through an indirect paracrine effect. 
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