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Background: We investigated the potential benefits and the underlying mechanisms of autologous bone
marrow-derived mononuclear cell (BMDMNC) implantation in a porcine model of acute anterior wall
myocardial infarction (AAWMI) by studying 6-month left ventricular (LV) function and LV remodeling.
Methods: After being aspirated from the iliac crest and cultured for 1 week, BMDMNCs were implanted
immediately after AAWMI induction through the left anterior descending artery ligation. Thirty male mini-
pigs (16–18 kg) were equally divided into group 1 [AAWMI plus saline injection into infarct-ischemia area
(IA)], group 2 (AAWMI plus 3.0×107 BMDMNC transplantation into non-IA), group 3 (AAWMI plus 3.0×107

BMDMNC transplantation into IA), group 4 (sham control plus 3.0×107 BMDMNC transplantation into LV
myocardium), and group 5 (normal control).

Results: By day 90, echocardiography demonstrated an increased LV end-diastolic and end-systolic dimensions
but reduced LV ejection fraction (LVEF) in groups 1 and 2 than in other groups (all pb0.01). Six-month
angiographic study showed a lower LVEF and wall motion score but a higher mitral regurgitation in groups 1
and 2 than in other groups (all pb0.01). In IA and peri-infarct area, the number of small vessels and mRNA
expressions of endothelial nitric oxide synthase, Bcl-2, interleukin (IL)-10, and peroxisome proliferator-
activated receptor-γ coactivator-1α were lower, whereas the number of apoptotic nuclei, caspase-3, Bax,
endothelin-1, IL-8, and matrix metalloproteinase was higher in groups 1 and 2 than in other groups (all
pb0.01).
Conclusions: Autologous BMDMNC transplantation into IA rather non-IA improves LV function and reduces LV
remodeling via eliciting a broad-spectrum of molecular–cellular defensive mechanisms.
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1. Introduction

Stem cell therapy has been shown to be a promising strategy
for tissue regeneration after injury in various organ systems, includ-
ing the heart and vascular tissues [1–5]. Although the underlying
mechanisms for improving heart function have been proposed to be
myogenesis [5], angiogenesis, and vasculogenesis [4,6–8] the exact
mechanisms explaining the actions of cytokines [9] on myocardial

mailto:han.gung@msa.hinet.net
http://dx.doi.org/10.1016/j.ijcard.2010.03.007
http://www.sciencedirect.com/science/journal/01675273


157S. Leu et al. / International Journal of Cardiology 150 (2011) 156–168
homing of bone marrow angioblasts [8] and the paracrine effects [7]
that attenuate left ventricular (LV) remodeling [9–11] remain poorly
defined.

Using small animal models, investigators [4,5,7–9,12] studied the
effects of cellular transplantation in various settings of ischemic organ
damage and demonstrated consistent findings supporting a thera-
peutic role of autologous bone marrow-derived mesenchymal stem
cells [4,5,9,11]. However, inadequate autologous cells to be implanted
for studies on tissue regeneration remain the Achilles' heel when
small animals are used. Although allogenic mesenchymal stem cell
transplantation has been utilized to tackle this problem [10,13], the
issue of immune rejection follows. Additionally, despite the promising
results of implanting autologous bonemarrow stemcells into the infarct
area (IA) following acute myocardial infarction (AMI) [4,5,9,11], the
effects of autologous bone marrow stem cells on left ventricular (LV)
function when implanted into remote viable myocardium (non-IA) or
normal heart without infarction have not been addressed. The limited
heart size of small animals further contributes to the difficulty in dis-
criminating between the IA and non-IA for relevant studies.

Anesthetic agents have diverse pharmacological profiles and may
exert adverse influences on basal cardiac function that introduce
unwanted variables in interpreting data obtained from anesthetized
small animals [14,15]. Anatomically, it is well recognized that small
animals only have a single left coronary artery as compared with a
fully functional differentiation of left coronary artery stem with left
main trunk, left anterior descending artery (LAD), and left circumflex
artery in human beings. Therefore, the heart size and vascular anat-
omy of small animals preclude the possibility of clinically relevant
coronary angiographic studies. Studies on large animals, on the other
hand, can better reflect the clinical condition in an AMI setting.

Beside the anatomical structures of coronary arteries, the mini-
pigs also possess many baseline characteristics similar to those of
human beings, including the heart rate, ratio of heart to body weight,
the arterial and LV blood pressure, as well as LV ejection fraction
(LVEF). Of importance is the ease with which coronary angiographic
studies and LV angiogram can be performed in the mini-pig. This
study, therefore, utilized a mini-pig AMI model through mid-LAD
ligation and prompt autologous bone marrow-derived mononuclear
Fig. 1. A)Dissection of pericardium (black arrow) and heart exposure after thoracotomy in ami
wall (red arrows) after left anterior descending (LAD) ligation (green arrow). C) Implantation o
shown on ECG after LAD ligation. Scale bars represent 15 mm.
cell (BMDMNC) transplantation to evaluate the potential therapeutic
effects using 90-day eachocardiographic findings and angiography six
months after treatment and to investigate the mechanistic bases of
its action on cardiac function and LV remodeling.

2. Methods

2.1. Ethics

All animal experimental procedures were approved by the Institute of Animal Care
and Use Committee at our hospital and performed according to the Guide for the Care
and Use of Laboratory Animals (NIH publication No. 85-23, National Academy Press,
Washington, DC, USA, revised 1996).

2.2. Animals, protocol, procedures

Male mini-pig (Taitung Animal Propagation Station, Livestock Research Institute,
Taiwan), weighting 16–18 kg, was anesthetized by intramuscular injections of
ketamine (15 mg/kg) and maintained with an inhalation of 1.5% isoflurane during
the procedures. After being shaved on the chest, the mini-pig was placed in supine
position on a warming pad at 37 °C followed by endotracheal intubation with positive-
pressure ventilation (180 ml/min) with room air using a ventilator (Sn: Q422ZO, SIMS
PneuPAC, Ltd.). Electrocardiogram (ECG) monitor and defibrillator were then
connected to the chest wall. One ample of amiodarone (150 mg) was intravenously
given to each animal before the procedure.

Under sterile conditions, the heart was exposed through mid-thoracotomy. After
gentle removal of the pericardium, the mid-LAD was doubly ligated with 5-0 prolene
suture just after the first diagonal branch. Regional myocardial infarct-ischemia area
(IA) is confirmed by observing a rapid whitish discoloration of the anterior wall of LV,
followed by a reddish-black discoloration and the development of akinesia as well
as dilatation in the at-risk area (defined as IA) (Fig. 1: upper panel). Acute anterior
wall myocardial infarction (AAWMI) was confirmed by complete ECG following the
procedure (Fig. 1: lower panel).

Mid-LAD ligation was performed in 18 mini-pigs which were equally divided into
group 1 [AAWMI plus saline (1000 µl) injection in infract-ischemia area (IA), n=6],
group 2 [AAWMI plus BMDMNC implantation into the non-IA (the remote viable LV
myocardium)] and group 3 (AAWMI plus BMDMNC implantation into the IA). One-
week cultured BMDMNCs (3.0×107) in 1000 µl culture medium DMEM were
immediately implanted into IA of group 3 and non-IA of group 2 following AAWMI
induction (Fig. 1: upper panel). Another12 mini-pigs were equally divided into group 4
[sham control (thoracotomy without LAD ligation) plus 3.0×107 BMDMNC implanta-
tion into LVmyocardium] and group 5 (normal control). Themuscle and skin were then
closed in layers. The animals were allowed to remain on the warming pad and recover
under care. For identifying BMDMNCs engrafted in the IA, LAD ligation followed by
ni-pig. B) Dark-reddish discoloration of ischemic area (yellow arrows) over left ventricular
f bonemarrow-derivedmononuclear cells into infarct area. D) Acute ST-segment elevation
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BMDMNC implantation were done in other four additional mini-pigs which were
sacrificed on day 90 after AMI induction.

2.3. Preparation of BMDMNCs for autologous transplantation

Under general anesthesia, BMDMNCs were aspirated from iliac crest of group 2 and
group 3 animals one week before AMI induction. The detailed procedures of separating
BMDMNCs after aspiration and cell culture have been recently described [9]. Briefly,
BMDMNCs were cultured in DMEM high glucose medium supplemented with 10%
bovine serum and antibiotics. Non-adherent hematopoietic cells were removed using
this method and the mediumwas replaced. The BMDMNC (a mixture of weak adherent
cells) population contained about 3.0×107 cells by one week after they were first
plated.

The 5-azacytidine (Sigma) [300 µl in 3 ml high glucose DMEM (10% FBS)] was
added to culture medium on day 3 following BMDMNC culture for 24 h stimulation
before implantation. On day 7, 30 min before implanting BMDMNCs, CM-Dil
(VybrantTM Dil cell-labeling solution, Molecular Probes, Inc.) [3 µl in 3 ml high glucose
DMEM (serum free)] was added to the culture medium. This highly lipophilic
carbocyanine dye, which has properties of low cytotoxicity and high resistance to
intercellular transfer, can be added directly to normal culture media to uniformly label
suspended or attached culture cells for their visibility in an implanted area due to its
distinctive fluorescence.

2.4. Immunocytochemical staining

The BMDMNCs were also obtained from other six additional mini-pigs. These
BMDMNCs (3.0×106 cells/pig) were then cultured in 10 ml DMEM culture medium to
test for the presence of troponin I positively-stained cells, bone marrow-derived
mesenchymal stem cells (CD90 and CD271) and endothelial progenitor cells (CD31 and
CD62E) on days 7 and 21, respectively. Then 5-azacytidine was added into the culture
medium on day 3 following culturing for 24 h stimulation.

2.5. Functional assessment by echocardiography

Transthoracic echocardiography was performed preoperatively and on day 90 after
AMI induction under anesthesia as described previously [16,17] using a commercially
available echocardiographic system (UF-750XT) equipped with a 8-MHz linear-array
transducer for animals (FUKUDA Denshi Co. Hongo, Bunkyo-Ku, Tokyo, Japan). With
the animals in a supine position, left ventricular internal dimensions [i.e. end-systolic
diameter (ESD) and end-diastolic diameter (EDD)] were measured according to the
American Society of Echocardiography leading-edge method using at least 3 con-
secutives cardiac cycles [17]. The LV ejection fraction (LVEF) was calculated as: LVEF
Table 1
Summarized data on body weight, final heart weight, LV dimension, LV function and 6-mo

Variables Group 1 (n=6) Group 2 (n=6) Gro

Initial BW (kgm) 17.1±0.9 17.1±0.7 1
Final BW (kgm) 20.0a±1.7 20.8a±1.3 25
Final HW (gm) 133.8a±4.5 127.6b±6.5 105
Ratio of HW to BW 6.64a±0.86 6.01a±0.61 4.2
Initial LVEF (%) 70.5±7.3 68.7±5.8 7
Initial LVEDD (mm) 3.06±0.43 3.32±0.27 2
Initial LVESD (mm) 1.87±0.36 2.05±0.11 1
90-day LVEF (%) 45.2a±4.0 50.0a±3.7 58
90-day LVEDD (mm) 3.68a,b±0.23 3.78b±0.19 3.4
90-day LVESD (mm) 2.94a±0.23 2.95a±0.15 2.4

Angiographic results
Heart rate (beat/min) 99.8±13.9 98.0±22.7 9
AsAo SBP (mm Hg) 127.3±25.2 120.8±34.4 13
AsAo DBP (mm Hg) 74.3±31.5 77.3±35.2 9
LV-SP (mm Hg) 141.2±44.9 151.7±29.5 14
LV-EDBP (mm Hg) 19.2±5.9 19.8±9.6 1
LVEF (%) 33.3a±9.5 43.8a±10.0 58

Wall motion (%)
Anterobasal 14.3a±5.1 16.0a±13.3 27
Anterolateral 12.0a±8.4 19.5a±13 30
Apical 12.8a±9.1 11.5a±1.8 15.0
Diaphragmatic 19.0±6.3 16.5±7.8 2
Posterobasal 18.0a±8.4 17.8a±1.7 27
Mitral regurgitation 2.17a±1.0 2.17a±1.3 0.3
Collaterals 0.50a±0.55 0.83a±0.41 2.8
Wall thickness (mm) 0.69a±0.10 0.80b±0.10 1.1

BW=bodyweight; HW=heart weight; EDBP= end-diastolic blood pressure; LVEF= left v
left ventricular end-systolic dimension; *Indicates by one-way ANOVA. Letters (a, b, c, d) indi
(%)=[(LVEDD3−LVEDS3)/LVEDD3]×100. All measurements were performed by an
animal cardiologist blind to treatment and non-treatment groups.

2.6. Cardiac catheterization and definition

By six months following BMDMNC implantation, cardiac catheterization was per-
formed via right common carotid artery. A 6-French pigtail was used for measuring the
arterial blood pressure in ascending aorta, LV systolic and end-diastolic pressure and
left ventriculography. Coronary angiographic study was performed using a 6-French
Kimny guiding catheter (Boston Scientific, Scimed, Inc. Maple Grove, MN).

Left ventriculography, which was immediately performed after the insertion of
arterial sheath into right common carotid artery, was recorded for 30° right anterior
oblique and 60° left anterior oblique views. LVEF, LV contractility, and the presence or
absence of mitral regurgitation (MR) were determined. The MR was conventionally
categorized into grades 1 (mild), 2 (moderate), 3 (moderate−severe), and 4 (severe).
Coronary collateral flow grade was determined as previously reported.14

The mini-pigs were sacrificed by intra-coronary injection of potassium chloride in
catheterization room after the procedure. The heart was carefully removed, weighted,
and the infarct area collected for measuring the wall thickness at papillary muscle level
and for immunohistochemical study.

2.7. Immunohistochemical Study

Engraftment of troponin I-positive and CD31-positive BMDMNCs was assessed by
examining the previously implanted regions after immunohistochemical labeling with
respective primary antibodies, including anti-troponin I (Abcam) and anti-CD31 (Serotec)
as well as secondary anti-mouse conjugate FITC antibodies (Molecular Probe), followed
by incubation for 30 minat roomtemperature. Irrelevant antibodieswereusedasnegative
controls.

2.8. Measurement of infarcted wall thickness at papillary muscle level

To determine the impact of BMDMNC therapy on myocardial regeneration, three
cross sections of LV at papillary muscle level were observed with three thickest regions
chosen and the thickness measured for each animal. The variables were further sum-
mated and divided by 6 for statistical analysis for each animal. All measurements were
performed by a technician blinded to the treatment and non-treatment groups.

2.9. Real-time quantitative PCR analysis

Real-time polymerase chain reaction (RT-PCR) was conducted using LighCycler
TaqMan Master (Roche, Germany) in a single capillary tube according to the
nth angiographic results in 5 groups of mini-pigs.

up 3 (n=6) Group 4 (n=6) Group 5 (n=6) p value*

6.9±1.0 16.9±1.0 16.8±1.0 0.364
.1b±1.2 26.3b±1.4 26.6b±1.5 0.0149
.8c±4.3 99.9c±6.0 102.0c±3.6 b0.0001
3b±0.29 3.82b±0.35 3.84b±0.28 0.0376
1.3±5.6 70.7±4.8 70.3±5.9 0.923
.99±0.23 3.17±0.19 3.07±0.28 0.375
.93±0.33 1.94±0.40 1.86±0.19 0.766
.1b±3.6 70.4c±5.4 71.4c±5.1 b0.0001
4a±0.29 3.02c±0.14 2.93c±0.38 b0.0001
3b±0.27 1.87c±0.11 1.74c±0.24 b0.0001

8.2±14.5 94.7±18.4 103.0±8.2 0.957
0.5±34.4 116.0±12.7 117.2±12.8 0.819
4.8±34.7 74.5±13.7 76.3±11.8 0.671
2.8±29.6 135.8±17.8 126.0±19.6 0.693
3.7±4.8 10.7±4.1 10.7±5.6 0.0541
.3b±11.0 65.3b±10.3 64.0b±6.4 b0.0001

.0b±5.7 28.7b±9.5 33.0b±9.9 0.006

.2b±9.3 35.7b±7.8 33.7b±10.2 0.003
a,b±8.3 23.0b±7.6 18.8a,b±7.4 0.038
8.7±12.1 23.5±14.1 29.5±11.2 0.128
.8b±6.5 27.7b±7.9 23.8b±6.6 0.012
3b±0.82 0b±0 0b±0 b0.0001
3b±0.41 0c±0 0c±0 b0.0001
4c±0.13 1.38d±0.04 1.40d±0.05 b0.0001

entricular ejection fraction; LVEDD= left ventricular end-diastolic dimension; LVESD=
cate significant difference (at 0.05 level) by Duncan's multiple comparison procedure.
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manufacturer's guidelines for individual component concentrations. Forward and
reverse primers were each designed based on individual exon of the target gene
sequence to avoid amplifying genomic DNA.

During PCR, the probe was hybridized to its complementary single-strand DNA
sequence within the PCR target. As amplification occurred, the probe was degraded due
to the exonuclease activity of Taq DNA polymerase, thereby separating the quencher
from reporter dye during extension. During the entire amplification cycle, light emission
increased exponentially. A positive result was determined by identifying the threshold
cycle value at which reporter dye emission appeared above background.
Fig. 2. A1: Collateral circulation (black arrows) from right coronary artery (RCA) to LAD, A
ventricular (LV) angiogram [LV ejection fraction (EF)=34%] of AMI-treated by saline only (gr
LAD (white arrow) without intra-coronary collaterals, and B3: LV angiogram (LVEF=44%) o
non-infarct area (IA) (group 2). C1: RCA without collateral from RCA to LAD, C2: Ligation
circumflex artery (black arrows), and C3: LV angiogram (LVEF=53%) of AMI-treated by BMD
angiography and D3 = LV angiogram (LVEF=62%) of sham control (group 4) treated by B
angiography and E3 = LV angiogram (LVEF=63%) of normal control (group 5). Scale bars
2.10. Vessel density in IA and peri-IA

Immunohistochemical staining of blood vessels was performed with α-SMA (1:400)
asprimary antibodyat roomtemperature for 1 h, followedbywashingwithPBS thrice. The
anti-mouse-HRP conjugated secondary antibody was then added for 10 min, followed by
washing with PBS thrice. The 3,3′ diaminobenzidine (DAB) (0.7 gm/tablet) (Sigma) was
added for 1 min, followed bywashingwith PBS thrice. Finally, hematosylin was added for
1 min as a counter-stain for nuclei, followed by washing twice. For quantification, 3
sections of the infarct area were chosen for each rat and 3 randomly selected high-power
2: Ligation of middle LAD with intra-coronary collaterals (white arrow), and A3: Left
oup 1). B1: Collateral circulations (black arrows) from RCA to LAD, B2: Ligation of middle
f AMI-treated by bone marrow-derived mononuclear cells (BMDMNCs) implanted into
of middle LAD (white arrow) with intra-coronary collaterals and collaterals form left
MNCs implanted into IA (group 3). D1= right coronary angiography, D2 = left coronary
MDMNC implantation into LV myocardium. E1 = RCA angiography, E2 = eft coronary
represent 4 cm.
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field (HPF) (×100) were analyzed for each section. The mean number per HPF for each
animal was then determined by summation of all numbers divided by 9.

2.11. TUNEL assay for apoptotic nuclei

For each animal, 6 sections (3 longitudinal and 3 transverse sections of LV myo-
cardium) were analyzed by an in situ Cell Death Detection Kit, AP (Roche) according to
the manufacture's guidelines. The TUNEL-positive cells was examined in 3 randomly
chosen HPF (×400) and normalized to the total number of cells divided by 18.

2.12. Statistics analysis

Data were expressed as mean values (mean±SD) or (%) of mini-pigs. The sig-
nificance of differences between groups was evaluated with one-way analysis of
variance. Continuous variables among 5 groups were compared using the Duncan's
multiple comparison procedure. Data on MR which were not normally distributive
were analyzed by Kruskal–Wallis test, followed by multiple comparison procedure
with Wilcoxon's rank sum test and Bonferroni's correction. Statistical analysis was
performed using SAS statistical software for Windows version 8.2 (SAS institute, Cary,
NC). A probability value b0.05 was considered statistically significant.
Fig. 3. Flow cytometric histograms on day 21 and the analytic results (n=6) CD31, CD
culture.
3. Results

3.1. Initial body weight, final heart and body weight, serial
echocardiographic findings and six-month angiographic findings (-
Table 1)

Initial body weight did not differ among the five groups. However,
the final body weight was significantly lower in groups1 and 2 than
in groups3, 4, and 5. Conversely, thefinal heartweightwas substantially
higher in groups 1 and 2 than in other three groups and significantly
higher in group 1 than in group 2. Furthermore, the ratio offinal heart to
final body weight was notably higher in groups 1 and 2 than in other
three groups.

There were no significant differences in initial LVEF, LVEDD, and
LVESD among the five groups. Besides, LVEF, LVEDD, and LVESD did
not differ between groups 1 and 2 and between groups 4 and 5 on day
90 following BMDMNC implantation. Moreover, LVEDD on day 90
62E, CD90, CD271 and troponin I positively-stained cells on day 7 and day 21 cell



Fig. 4. Following 7 day cell culture, plentiful spindle-shaped BMDMNCs were observed on day 7 (A, B and C). Additionally, cobblestone-like morphology typical for endothelial cells
was frequently observed under high-power field of microscope (B and C). However, number of endothelial cells wasmarkedly decreased on day 21 cell culture (E and D). Conversely,
more crowded spindle-shaped BMDMNCswith various appearances were observed on culture plate on day 21 cell culture. These findings are comparable with the findings from flow
cytometry. Scale bars represent 100 μm.
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was similar between groups 1 and 3. However, LVEDD on day 90 was
significantly higher in group 2 than in group 3. Furthermore, LVEF on
day 90 was substantially lower, whereas LVESD was markedly higher
in groups 1 and 2 than in other three groups. In addition, LVEF was
significantly lower, whereas LVEDD and LVESDwere notably higher in
group 3 than in groups 4 and 5 on day 90 following BMDMNC
implantation.

Cardiac catheterization was performed on day 180 following
BMDMNC implantation. The results demonstrated no significant
Fig. 5. Confocal image showingCM-Dil positively-stainedBMDMNCs (yellowarrow) [A=single
area (IA)] by day 90 following AMI induction. Merged image of doubly-stained cells (E) with tro
troponin I-positive myogenic-like cells (green color).
differences in heart rate, systolic or diastolic blood pressure of
ascending aorta, or LV systolic pressure. However, there was a
tendency of higher LVED pressure in groups 1 and 2 than in other
three groups (p=0.0541). Additionally, left ventriculogram showed
remarkably lower LVEF in groups 1 and 2 than in groups 3, 4 and 5,
and a significantly reduced LVEF in group 3 than in groups 4 and 5
(Table 1, Fig. 2). Moreover, the wall motion scores, including
anterobasal, anterolateral, and posterobasal, were significantly
lower in groups 1 and 2 than in other three groups (Table 1, Fig. 2).
cell; B=groupof cells) engrafting in troponin I positively-stained LVmyocardium in infarct
ponin I (C) and Dil (D) (yellow arrow), showing some implanted BMDMNCs presenting as



Fig. 6. Confocal imaging study on day 180 following AMI induction. Troponin I staining of IA (A) in group 1with saline-treated only. Merged image (D) of double staining [Dil (B) plus
troponin I (C)] (yellow arrows) in group 2 showing some troponin I positive myogenic-like cells (green color) and undifferentiated BMDMBCs (pink arrows) in peri-IA. (D) DAPI
staining for nuclei (blue).Merged image (G) of double staining [Dil (E) plus troponin I (F)] (yellow arrows) in group 3 showing only few troponin I-positivemyogenic-like cells (green
color) andmany undifferentiated BMDMBCs (yellow arrows) in IA.Merged image (J) of double staining [Dil (H) plus troponin I (I)] (yellow arrows) in group 4 showing some troponin
I-positivemyogenic-like cells (green color) and undifferentiated BMDMBCs (pink arrows) in normalmyocardium. Troponin I staining of normalmyocardium (K) in group 5. Scale bars
represent 200 μm in A–D and K, 100 μm in E–G, 25 μm in H–J.

Fig. 7. CD31 positively-stained cells (yellow arrows) indicating endothelial phenotype in peri-IA (A) of group 1. Implanted BMDMNCs in peri-IA of group 2 being doubly-stained with
Dil (green arrows) (B) and CD31 (yellow arrow) (C). Double staining of the same cells in IA of group 3 with Dil (green arrows) (D) and CD31 (yellow arrows) (E). Some vessel-like
morphology observed in IA (E). Dil positive staining (yellow arrows) (F) and CD31 (green arrows) (G) positive staining in the same cells within normal LV myocardium of group 4.
Morphology of a transverse section (F and G) of a small vessel. CD31 positive staining in normal LV myocardium of group 5. Small vessels observed in cross-section (H) and
longitudinal section (I). Scale bars represent 200 μm.
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The incidence of MR did not differ among groups 3, 4 and 5.
However, the incidence of MRwas significantly higher in groups 1 and
2 than in other three groups. Furthermore, the collateral circulation
was significantly higher in group 3 than in other four groups, and
notably higher in groups 1 and 2 than in groups 4 and 5 (Table 1,
Fig. 2). Moreover, the wall thickness in IA was significantly lower in
group 1 than in other four groups, significantly lower in group 2
than in groups 3 to 5, and notably lower in group 3 than in groups 4
and 5.

3.2. Flow cytometry and microscopic findings of cultured BMDMNCs
(Fig. 3)

Wilcoxon's rank sum test of flow cytometric measurements
showed that, as compared with day 7 (Fig. 3), the cellular expressions
of CD62E and troponin I positively-stained cells did not differ on day
21 following cell culture. However, the cellular expression of CD31
positively-stained cells was markedly decreased on day 21 following
cell culture. Conversely, the cellular expressions of bone marrow-
derived mesenchymal stem cells (CD90 and CD271) were signifi-
cantly higher on day 21 following cell culture. These results
demonstrated that the population of either endothelial progenitor
cells (CD31 and CD62E) or myogenic-like cells (troponin I positively-
stained cells) was still relatively low even following a 21-day
culturing. In contrast, plentiful spindle-shaped BMDMNCs over the
culture plate were found 7 and 21 days following culturing (Fig. 4).
These findings indicated a preferential differentiation of BMDMNCs
into bone marrow-derived mesenchymal stem cells in the provided
culture medium.
Fig. 8. N = normal; BMC = bone marrow-derived mononuclear cell; MI = myocardial
implantation of BMCs into infarct area. Mean fibrotic area (µm2)/high-power field (HPF) (
p=0.023; * vs. ‡, p=0.039; † vs. ‡, p=0.355. Masson's trichrome staining demonstrating m
and MI+BMCR groups. Scale bars in right lower corner represent 50 µm.
3.3. Identification of Implanted BMDMNCs in LV Myocardium (Figs. 5, 6,
and 7) by Confocal Imaging Study

By day 90 following BMDMNC implantation, four mini-pigs were
sacrificed for identifying differentiated BMDMNCs in LV myocardium.
Although numerous CM-Dil-stained undifferentiated BMDMNCs were
found to have engrafted, only some CM-Dil-stained engrafted cells
presenting as myogenic-like cells (Fig. 5) were stained positively for
troponin I.

By day 180 after BMDMNC implantation, the animals in each group
were sacrificed with the tissue samples collected for specified studies.
Of the CM-Dil-stained engrafted BMDMNCs identifiable using confo-
cal microscopy, some were troponin I-positive and presented as
myogenic-like cells (Fig. 6). Additionally, CD31 positively-stained
cells, an endothelial phenotype, were also identified in implantation
area (Fig. 7).

3.4. Fibrosis of LV myocardium (Fig. 8)

No fibrosis was observed in groups 4 and 5. Moreover, the mean
fibrotic area was similar between groups 1 and 2. However, mean
fibrotic area in IA was remarkably higher in groups 1 and 2 than in
groups 3 onMasson Trichrome staining,whereas it was notably higher
in group 3 than in groups 4 and 5 (i.e. negative staining) (Fig. 8).

3.5. RT-PCR and apoptosis

Changes in mRNA expression of interleukin (IL)-8, endothelin
(ET)-1, matrix metalloproteinase (MMP)-9, IL-10, endothelial nitric
infarction; BMCR = implantation of BMCs into remote (non-infarct area); BMCI =
100×) in each group (n=6) of mini-pigs on day 180 following AMI induction. * vs. †,
arkedly reduced fibrosis area (green arrows) in MI+BMCI group compared to MI only



Fig. 9. A) mRNA expression of interleukin (IL)-8 in Infarct area (IA): * vs. †, pb0.03.
B) Per-infarct area (peri-IA): * vs. ‡ or ¶, pb0.05; † vs. * or ‡, pN0.05; † or ‡ vs.¶,
pb0.0003.

Fig. 10. A)mRNA expression of endothelial-1 (ET-1). IA: * vs. †, ‡ or **, pb0.004; † vs. **, pb0.05
pb0.006; § vs. **, pb0.05; ‡ vs. ** or §, pN0.1. B)mRNAexpression ofmetalloproteinase 9 (MMP
expression of interleukin-10 (IL-10). IA: † vs. * or ¶, pb0.05; * vs. ‡ or ¶, pN0.3; ‡ vs. † or ¶, pN0.1
endothelial nitric oxide synthase (eNOS). IA: * vs. †, or MI+BMCR, pb0.006; * vs. IM+BMCI, p

Fig. 11. mRNA expression of peroxisome proliferator-activated receptor-γ coactivator-
1α (PGC-1α). peri-IA: * vs. † or ‡, pb0.002; ¶ vs. †, p=0.024; ¶ vs. * or ‡, pN0.12; ‡ vs. †,
p=0.182. Non-IA: * vs. §, pN0.8.
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oxide synthase (eNOS), caspase 3, Bax and Bcl-2 in IA and peri-infarct
area (PIA) on day 180 following BMDMNC implantation are shown
in Figs. 9, 10 and 11. Moreover, changes of mRNA expression of
peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-
1α) and number of apoptotic nuclei in Peri-IA and non-IA are shown
in Figs. 11 and 12D, respectively.

The mRNA expression of IL-8 in IA did not differ in groups 1 to 3.
However, it was significantly higher in groups 1, 2 and 3 than in
groups 4 and 5. Additionally, it was markedly higher in group 1 than
in groups 3, 4 and 5, and significantly higher in groups 2 and 3 than in
groups 4 and 5 in PIA.
; ‡ vs. N, p=0.017; ‡ vs. † or N+BMDMNC, pN0.5. Peri-infarct area (peri-IA): ¶ vs. §, ‡ or **,
-9). IA: † vs. * or ‡, pb0.04; ‡ vs. *, pN0.1. peri-IA: ¶ vs. § or *, pb0.01; § vs. *, pN0.2. C)mRNA
. peri-IA: * vs. §, ‡ or ‡, pb0.003; § vs. ** or ‡, pN0.2; ** vs. ‡, pN0.5. D)mRNA expression of
N0.3; † vs. ‡, pb0.006. peri-IA: ¶ vs. * or §, pb0.045; * vs. §, pN0.05.



Fig. 12. A) mRNA expression of caspase 3. IA: * vs. ‡ or **, pb0.005; * vs. †, p=0.180; † vs. ‡ or **, pb0.05; ‡ vs. **, p=0.439. peri-IA: ¶ vs. ‡ or **, pb0.05; § vs. ‡, ¶ or **, p=0.103;
‡ vs. **, p=0.2. B) mRNA expression of Bax. IA: ** vs. *, † or ‡, pb0.005; * vs. ‡, p=0.0086; † vs. * or ‡, pN0.05. peri-IA: ** vs. ‡, ¶ or §, pb0.009; ‡ vs. ¶ or §, pb0.05; ¶ vs. §, p=0.07.
C) mRNA expression of Bcl-2. IA: *, † or ¶ vs. MI, pb0.05; ¶ vs. * or †, pN0.5; * vs. †, pN0.5. peri-IA: ‡ or ¶ vs. MI, pb0.05; ¶ vs. ‡, pN0.2. D) Apoptotic nuclei. peri-IA: ** vs. *, † or ‡,
pb0.004; * vs. † or ‡, pb0.03; † vs. ‡, p=0.145. Non-IA: ¶ vs. § or **, pb0.008; § vs. **, pb0.002.
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The mRNA expression of ET-1 in IA was significantly higher in
groups 1 and 2 than in groups 4 and 5, and significantly higher in
group 3 than in group 5. Besides, it was notably higher in group 1 than
in groups 2 and 3 in IA. Furthermore, its expression in PIA was
significantly higher in group 1 than in other groups, and significantly
higher in group 2 than in groups 3, 4 and 5. However, the expression
in PIA did not differ between groups 3, 4 and 5.

The mRNA expression of MMP-9 in IA and PIA was significantly
higher in groups 1 and 2 than in groups 3, 4 and 5. However, it was
similar between groups 3, 4 and 5 in IA and PIA.

The mRNA expression of IL-10 in IA did not differ between groups
2 to 5. However, its expression in IA was significantly lower in group 1
than in groups 3, 4 and 5. Additionally, the expression in PIA did not
differ between groups 1 to 3, but significantly higher in groups 1 to 3
than in groups 4 and 5.

ThemRNA expression of eNOS in IAwas significantly lower in group
1 than in other groups, and significantly lower in group 2 than in groups
4 and 5. However, the expression in IA was not different among groups
3, 4 and5. Although its expression in PIAdid not differ between groups 2
to 5, it was significantly lower in group 1 than in groups 2 to 5.

The mRNA expression of caspase 3 in IA did not differ between
groups 1 and 2 and among groups 3, 4 and 5. However, the expression
in IA was significantly higher in groups 1 and 2 than in groups 3, 4 and
5, but significantly lower in group 1 than in groups 3, 4 and 5 in PIA.
Moreover, no difference was noted among groups 2 to 5, and between
group 1 and group 2.
No difference was noted in mRNA expression of Bax in IA between
groups 1 and 2, groups 2 and 3, or between groups 4 and 5. However,
the expression in IA was significantly higher in groups 1, 2, and 3 than
in groups 4 and 5, and significantly higher in group 1 than in group 3.
Similarly, its expression in PIA was significantly higher in groups 1, 2,
and 3 than in groups 4 and 5, and significantly higher in groups 1 and
2 than in group 3. However, its expression in PIA was similar between
groups 1 and 2.

The number of apoptotic nuclei in PIA and non-IA was significantly
higher in groups 1, 2, and 3 than in groups 4 and 5. However, no
significant difference was noted in PIA and non-IA between group 2
and group 3.

The mRNA expression of PGC-1α in non-IA was similar among the
five groups. Moreover, the expression in PIA did not differ among
groups 3, 4, and 5, between group 1 and group 2, or between group 2
and group 3. However, it was significantly lower in group 1 than in
groups 3 to 5, and significantly lower in group 2 than in groups 4
and 5.

3.6. Small arteriolar density analysis (Fig. 13)

The number of arterioles (≤100 µm in diameter) in IA of LV
myocardium was substantially higher in groups 2 and 3 than in
groups 1, 4, and 5 on day 180 following BMDMNC implantation.
Additionally, the number of these small vessels in PIA of LV
myocardium was significantly higher in groups 2, 3, and 4 than in



Fig. 13. Identification of small vessel (≤100 µm) (red arrows) and larger blood vessel (N100 µm) (yellow arrows) distribution using α-SMA immunohistochemical staining (upper
panel) on day 180 following BMDMNC implantation. Infarct area (IA) (A) and peri-infarct area (peri-IA) (B) of myocardial infarction (MI) without treatment (group 1). IA (C) and
peri-IA (D) ofMI plus BMDMNC implanted into non-IA (group 2). IA (E) and peri-IA (F) ofMI plus BMDMNC implanted into IA. BMDMNC-implanted area (G) of shamcontrol (group 4)
and an area (H) of normal control (group 5). Illustration showing elevated number of small vessel (yellow arrows) in groups 2 and 3 than in other groups in IA, and remarkably
increased in group 3 than in other groups in peri-IA (100×). Scale bars in right lower corner represent 50 µm. ¶ vs. §, p=0.087. IA: § vs.MI, p=0.033; ¶ vs.MI, p=0.004; * vs. §, pb0.01;
* vs. ¶, pb0.05; * vs. MI, pb0.001. Peri-IA: § vs.MI, p=0.044; ¶ vs.MI, p=0.007; † vs. §, p=0.02; † vs. ¶, pN0.05; † vs. ‡, pb0.05; † vs.MI, pb0.008; ‡ vs.MI, pb0.01; ‡ vs. ¶, pN0.1; ‡ vs. §,
pN0.6.
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group 1. These findings indicate that BMDMNC transplantation
induced angiogenesis/vasculogenesis mainly in the infarct region in
the setting of AMI but to a lesser degree in remote myocardium and
negligible effect on normal heart.

4. Discussion

4.1. Impact of BMDMNC transplantation in different scenarios and
six-month angiographic findings

There is growing evidence showing improved LV function through
autologous BMDMNC transplantation in various settings of ischemic
heart diseases [1–8,10,11]. As expected, we found no additional benefit
in transplanting autologous BMDMNC into normal heart in enhancing
LVEF in this study. Conversely, autologous BMDMNC transplantation into
IA markedly improved LVEF and attenuated LV remodeling on day 90
following AMI, and the improvement sustained for 180 days prior to the
sacrifice of animals. Interestingly, compared with autologous BMDMNC
transplantation into IA, cellular implantation into non-IA was less
effective in improving LVEF and reducing LV remodeling in this study.
Therefore, these novel findings, in addition to supporting those from
previous studies [1–8,10,11] also highlight the difference in efficacy of
BMDMNC transplantation in different regions of the infarcted heart
and further refine the underlying therapeutic mechanisms.

4.2. Improvement of LV function and attenuation of LV remodeling
following autologous BMDMNC implantation — uncertain mechanisms

Despite the established role of bone marrow-derived stem cell
transplantation in improving ischemia-related LVdysfunction [4,5,9–11],
the exact mechanism remains unclear [10,18]. Although only a relatively
small number of implanted cells were positive for troponin I surface
makers on flow cytometric analysis following 21 days of culturing
and only a small number of troponin I-positive cells were identified in
implanted areas on day 180 after AMI, both echocardiographic and
angiographic measurements demonstrated that BMDMNC implantation
into IA significantly elevated LVEF, reduced LV chamber size and the
incidence of MR in this study compared to animals with AMI treated by
saline injection alone. Accordingly, rather than supporting a crucial role
of direct cellular participation in limiting LV remodeling and improving
LV function, our findings suggest the existence of other unproved
confounders.



Fig. 14. Schematic presentation of the possible mechanisms of autologous BMDMNC therapy in reducing LV remodeling and improving LV function.
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4.3. BMDMNC transplantation modulates immune response and
attenuates inflammatory cascades — limiting myocardial damage

There are evidence showing rapid activation of immune responses
following AMI, which in turn elicits the complement cascade, inflamma-
tory reaction, reactive oxygen species (ROS) generation, and increased
production of inflammatory chemokines [19–24]. This cascade of inflam-
matory responses causes further myocardial damage following AMI [24].
In thepresent study,we found thatmRNAexpressions ofMMP-9, IL-8 and
ET-1, the three inflammatory chemokines in both IA and peri-IA, were
significantly increased in AMI mini-pigs without treatment compared
with normal controls. Therefore, our findings are in agreementwith those
from previous studies [19–24]. Compared with AMI mini-pigs without
treatment, these mRNA expressions were markedly suppressed in the
BMDMNC IA treatment group. Furthermore, mRNA expressions of the
anti-inflammatory cytokine, IL-10, and eNOS, which is an index of nitric
oxide (NO) production and enhancer of neovasculogenesis, were
markedly upregulated in AMI mini-pigs treated by BMDMNC im-
plantation into IA. These findings implicate that implanted BMDMNCs
participate inmodulating inflammatory response following AMI. Thumet
al. has recently proposed that stem cell therapy modulates immune
reactivity by down-regulating innate and adaptive immunity [25]. Our
findings support this new perspective concept [25]. Interestingly, the
results of the present study showed that, compared with BMDMNC
implantation into IA, the anti-inflammatory effects were markedly
decreased in cellular implantation into non-IA. The finding highlights
the superiority of BMDMNC implantation into IA compared with non-IA
for modulating immune response following AMI. Interestingly, a recent
study has shown that only early transplanted adequate number of stem
cells is able tomodulate immune response [26]. Therefore, our suggestion
is supported by this recent study [26]. Taken together, we propose three
key points for effectively modulating inflammatory reaction following
AMI. Firstly, the timing of implantation is preferably immediate after
infarct induction. Secondly, adequate BMDMNC population (3.0x107)
shouldbeused. Thirdly, BMDMNCshouldbe implanted into IA rather than
non-IA.

4.4. Contribution of BMDMNC transplantation to angiogenesis/
vasculogenesis — enhancing blood and nutrition supply to jeopardized
myocardium

Angiogenesis/vasculogenesis has been suggested to play a cru-
cial role in improving ischemia-organ dysfunction [4,6–8]]. In this
study, in addition to upregulating eNOS mRNA expression, the num-
ber of small vessels in both IA and peri-IA was notably increased after
BMDNC implantation. Additionally, CD31 positively-stained cells, an
endothelial phenotype, were identified in the BMDMNC-implanted
area. Furthermore, 6-month angiographic results revealed that
collateral circulation was markedly increased after BMDNC implan-
tation into IA. Moreover, the severity of MR, which was at least partly
due to ischemic-related papillary dysfunction, was found to be sig-
nificantly improved after BMDMNC implantation into IA. Therefore,
our findings, in addition to strengthening those from previous studies
[4,6–9], also explain the reduction in LV remodeling and improvement
in LV function on days 90 and 180 after BMDMNC transplantation.
4.5. Wall thickness — results from regeneration and stem cell engraftment
into native cardiomyocytes

Previous study has demonstrated that bone marrow cells
regenerate in infarcted myocardium [5]. In the present study,
although differentiation of BMDMNCs into troponin I-positive cells
was uncommon after 21 days of culturing, high population of
mesenchymal stem cells were identified by flow cytometry by day 7
and plentiful mesenchymal stem cells in culture plate was observed
by day 21 following cell culture. Additionally, although confocal
imaging study only identified few Dil-stained myogenic-like cells in
IA, many undifferentiated Dil-stained BMDMNCs were found to
have engrafted. These findings may, at least in part, explain the
significant increase in wall thickness in IA, an index of regeneration,
after BMDMNC implantation. Consistent with a previous study [5],
this finding could at least partially explain the attenuation in LV
remodeling in AMI mini-pig treated by BMDMNC implantation
into IA.
4.6. BMDMNC transplantation attenuates cellular apoptosis, myocardial
fibrosis andpreserves energy transcription pathway— insight into abrogating
cardiomyocyte death

Various situations, including CHF, ischemia, dilated LV remodeling
or inflammation, may contribute to energy exhaustion and apoptosis
of cardiomyocytes [4,9,27–30]. The current study demonstrated that
the mRNA expressions of Bax and caspase 3, two indexes of apoptosis,
were markedly suppressed and mRNA expression of Bcl-2, an index
of anti-apoptosis, was notably enhanced in both IA and PIA on day
180 following BMDMNC implantation into IA. Additionally, this stra-
tegic management notably attenuated cellular apoptosis in both PIA
and non-IA. Therefore, our results not only strengthen the previous
findings [4,9,27–30], but also provide insight into the mechanisms
underlying reduction in fibrosis of LV myocardium in AMI after
BMDMNC treatment that leads to a significant preservation in cardiac
function in the present study.
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4.7. Limitations of study

This study has limitation. Although the results of the present study
are attractive and promising, the exact mechanisms involved in the
improvement of LV function after BMDMNC implantation in AMI
mini-pig remain certain. Summarizing the results of the current study,
the possible mechanisms of autologous BMDMNC therapy in reducing
LV remodeling and improving LV function are schematically pre-
sented in Fig. 14.

4.8. Conclusions

The results of this study demonstrate that autologous BMDMNC
transplantation is effective in preserving heart function and reducing
LV remodeling through eliciting serial molecular–biological defensive
mechanisms. Three key points for successful outcomes can be ob-
tained from this study, including prompt cellular implantation after
infarct induction, the use of adequate BMDMNC population, and cel-
lular implantation into IA rather than non-IA.
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