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Comparison of Various Kinds of Bone Marrow
Stem Cells for the Repair of Infarcted Myocardium:
Single Clonally Purified Non-Hematopoietic
Mesenchymal Stem Cells Serve as a
Superior Source
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Abstract A variety of adult stem cells have been used to transplant into the infarcted (MI) heart, however,
comparative studies are lacking to showmore suitable source of cells for transplantation.We have identified a single non-
hematopoietic mesenchymal stem cell subpopulation (snMSCs) isolated from human bonemarrow and clonally purified,
that over 99% of them expressed MSC marker proteins and cardiomyocyte marker proteins when induction in vitro. We
also compared the effects of the snMSCs with unpurified MSC (uMSCs), mononuclear cells (BMMNCs), or peripheral
blood mononuclear cells (PBMNCs) on myocardial repair after induction of MI in rats. Ninety days later, we observed a
better cardiac function assessed by ejection fraction, fraction of shortening and lungwet/dryweight ratios, less remodeling
of left ventricle (LV), lower collagen density in the LV, andmore vessels in the ischemicwall in the snMSCs transplantation
group than in other cell-transplanted groups. Furthermore, the transplanted cells expressing cardiomyocyte specific
proteins or vascular endothelial cell marker proteinsweremore in the snMSCs group than in other ones.We conclude that
transplantation with single clonally purified MSCs seems to be more beneficial to the cardiac repair than with other stem
cells after MI. J. Cell. Biochem. 99: 1132–1147, 2006. � 2006 Wiley-Liss, Inc.
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Agrowing body of evidence has demonstrated
that bone marrow stem cell transplantation
(BMT) could effectively repair an ischemically
damaged heart [Fuchs et al., 2001; Orlic et al.,

2001a; Shake et al., 2002], thereby setting the
stage for early clinical trials [Strauer et al.,
2002; Perin et al., 2003; Chen et al., 2004;
Wollert et al., 2004]. The cell types mostly used
to transplant include bone marrow or periph-
eral blood-derived mononuclear cells (BMM-
NCs or PBMNCs), and mesenchymal stem cells
(MSCs). Most studies have been conducted
usingBMMNCs orPBMNCs,whichwere collec-
ted by gradient centrifugation, or unpurified
MSCs thatwere isolatedprimarily by their tight
adherence to culture plastic dishes. The cells
isolated in these ways were initially hetero-
geneous, which caused different effects on
the repair of the infarcted heart [Perin et al.,
2003; Chen et al., 2004; Wollert et al., 2004].
The ability to purify, culture, and manipulate
homogeneous stem cells from bone marrow
would provide investigators with an invaluable
cell source to study cell and organ develop-
ment. Several methods have been developed to
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prepare more homogeneous populations by the
use of fluorescence activated cell sorting, which
is only based on some specific surface markers
[Zohar et al., 1997] or on their differences in size
[Hunget al., 2002].Krause et al. [2001] obtained
a single bone marrow-derived stem cell from
hematopoietic stem cells (HSCs). Recently it is
demonstrated that HSCs could not transdiffer-
entiate into cardiac myocytes in myocardial
infarcts [Balsam et al., 2004; Murry et al., 2004;
Nygren et al., 2004]. Kawada et al. [2004] found
that clonally purified non-hematopoietic MSCs
could differentiate into cardiomyocytes after
myocardial infarction (MI). To date, however,
there is no study evaluating the effects of
transplantation with single clonally purified
non-hematopoietic MSCs (snMSCs) in compar-
ison with other cells on myocardium regenera-
tion post-MI. Therefore, the present study was
designed to compare the effects of snMSCs with
BMMNCs, PBMNCs, and unpurified MSCs
(uMSCs) transplantation on myocardial regen-
eration in a rat model of acute myocardial
infarction (AMI).

METHODS

Preparation of Human Bone Marrow
Cells and Peripheral Blood Cells

Bone marrow and peripheral blood were
collected, respectively, from the iliac and the
peripheral veins of 20–50 years old healthy
adult donors following informed consent accord-
ing to guidelines from the Fudan University
Committee on the Use of Human Subjects in
Research. BMMNCs and PBMNCs were iso-
latedbyFicoll-Hypaquegradient centrifugation
(Lymphoprep,Nycomed). uMSCswere obtained
by adherent culture method from BMMNCs.
BMMNCs were re-suspended in complete med-
ium (Iscove’s modified Dulbecco medium:
IMDM with 20% fetal bovine serum, 2 mM L-
glutamine, penicillin [100 U/ml] and strepto-
mycin [100 ug/ml]). Cells were incubated with
95%air and 5%CO2 at 378C.Non-adherent cells
were discarded after 24 or 48 h of culture, and
adherent cells were washed twice with phos-
phate-buffered saline (PBS). The cultures were
depleted of erythroid progenitor cells by remov-
ing cells that were not adherent to the culture
dish at each change of medium every 3–4 days.
At 80% confluence, cells were harvested with
0.25% trypsin for 5 min at 378C and were
passaged in a ratio of one to three. Fibroblast

was obtained from dermal tissues from healthy
adult donors underwent prepucectomy, tissues
were dissected, thoroughly minced and filtered
through a 70 mm filter. Cell suspension was
collected and centrifuged for 10 min at 300g.

Isolation, Expansion, and
Purification of Human snMSCs

Human snMSCs were isolated and purified
from bone marrow as described by Reyes et al.
[2001]. Briefly, BMMNCs were depleted of
CD45þ/GlyAþ cells by means of micromagnetic
beads (Miltenyi Biotec) and cultured in expan-
sion medium. Once cell clones appeared, single
cloned cells were expanded at a dilution of 1:4.
At 80% confluence, MSCs were collected and
incubatedwithMACS colloidal super-paramag-
netic microbeads conjugated with anti-CD34
antibodies (Miltenyl Biotec), and then passed
through a depletion column held within a
magnetic apparatus. TheCD34� cellswere then
collected and the purity of the cells was deter-
mined by using a fluorescence-activated cell
sorter analyzer (FACS, Becton Dickinson).

Characterization of snMSCs

In order to analyze the cell surface markers of
snMSCs, cells (2� 105/ml)were incubated inPBS
with4ml antibodies, includingmouseanti-human
monoclonal antibodies (Becton Dickinson): CD29
(555005), CD34 (553733), CD44 (553133), CD45
(555482), CD71 (554890), CD117 (553354),
CD147 (555962), or SH2 (611527); mouse anti-
human AC133 monoclonal (FAB1133F, R&D
systems) or rabbit anti-human SH3 polyclonal
antibody (#06-466, Upstate), for 1 h at room
temperature. Mouse IgG1, IgG2a, and IgG2b
(Becton Dickinson) were used as isotype controls.
The samples were then analyzed by FACS
equipped with CellQuest software (Becton Dick-
inson). Cell viability was assessed by flow cyto-
metry using propidium iodide exclusion assays.
Approximately 10,000 cells were analyzed and
the data were expressed as a percentage of
positive cells relative to thewhole cell population.
The data represent a mean value from five
analyses. In order to observe the functional
evidence of self-replication and pluripotency
from snMSCs and fibroblast, octamer binding
gene (Oct4), proto-oncogene Bmi1 and the
ATP-binding cassette transporter G2 (ABCG2)
were evaluated by RT-PCR and Western blot.
Total RNA was isolated from snMSCs and
fibroblasts using Trizol reagent (Gibco BRL).
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The primers and the sizes of the expected
products were as follows (forward and reverse,
respectively): Oct4, CCC CCT GTC CCC CAT
TCCTA/CGACCATCTGCCGCTTTGAG (577
bp);Bmi1, GAGGAGGTGAATGAT AAA/CTA
ATA ACC CAT TTG CTG (242 bp); ABCG2,
GGC CTC AGG AAG ACT TAT GT/AAG GAG
GTG GTG TAG CTG A (342 bp). Glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH)
was served as an internal control: GGA AAG
CTG TGG CGT GAT GG/GTA GGC CAT GAG
GTCCACCA (393 bp). Amplification conditions
for these genes were: 35 cycles of denaturation
at 948C for 30 s, annealing at 558C for 30 s, and
extension at 728C for 30 s. The PCR products
were subjected to electrophoresis on 1.5%
agarose gels and scanned using Image-Quant
software (Kodak). For Western analysis, cell
lysates were prepared as described previously
[Zamber et al., 2003], and 100 mg of total protein
per lane was loaded on the gel. Blots were
probed with monoclonal anti-Oct4 (1:1,000, sc-
5279, Santa Cruz), ABCG2 (1:500, MAB4155,
Chemicon International), and Bmi-1 (1:500, 05-
637, Upstate). GAPDH (1:300, MAB374, Che-
micon International) was also detected as a
protein control. A chemiluminescence detection
kit (Amersham Biosciences) was used to detect
the secondary antibody.

Differentiation In Vitro

uMSCs and snMSCs from the 10th passage
were plated at a density of 1� 104 cells/well in
expansion medium containing 2% FCS, 10 ng/
ml EGF, and 10 ng/ml PDGF-BB, with 3 mM
5-azacytidine, 1 nmol/L insulin, and 10 ng/ml
transforming growth factor (TGFb1) for 24 h.
The medium was changed at 2 days interval
for a week, and the cells were incubated with
5-azacytidine for another 24 h. At the 10th
induction day, cells were evaluated for cardiac
myocyte-specific protein expressions by Wes-
tern blot and immunofluroscence.

Cell Harvest and Labeling
Before Transplantation

snMSCs and uMSCswere harvested from the
10th passage. Collected PBMNCs, BMMNCs,
snMSCs, and uMSCs were stained with 40, 6-
diamidino-20-phenylindole (DAPI, Roche Diag-
nostic) as previously described [Wang et al.,
2000]. Cells were suspended in PBS at a density
of 5� 107cells/ml and kept on ice for up to 4 h
before transplantation.

Western Blot

Protein expressions of myosin heavy chain
(MHC, 1:1,000, #05-716, Upstate), troponin T
(1:500,MAB 1695, Chemicon International), and
desmin (1:500, #MS-990-P0, NeoMarkers) were
determined by Western blot in snMSCs pre-5-
azacytidine induction as well as uMSCs and
snMSCs post-5-azacytidine induction using res-
pective antibodies [Jiang et al., 2000]. Adult
normal rat cardiomycytes served as positive
control.

Animal Models and Cell Transplantation

Adultmale Sprague–Dawley rats (200–250 g)
were purchased from Shanghai animal adminis-
tration center. MI was induced by ligation of the
left anterior descending coronary artery [Litwin
et al., 1994]. Within 4 h post-MI, infarcted
animals with EF< 70% and FS< 35% assessed
by echocardiography were randomized to receive
80 ml of PBS (PBS group), BMMNCs (BMMNC
group), PBMNCs (PBMNC group), unpurified
MSCs (uMSC group, 10th passage) or snMSCs
(snMSC group, 10th passage) suspension trans-
plantation, which was equally injected into the
infarct andperi-infarct regions (5� 106 cells, four
sites, two sites per the infarct or peri-infarct area,
20 ml per site, 1–2 cm apart). CyclosporinA (CsA,
Novartis Pharma) was administered (5 mg/kg,
i.h.) daily beginning on day 1 post-MI until the
scheduled study end. To observe whether CsA
alone had an effect on the cardiac function and
healing process post-MI, a separate group of MI
rats received PBS transplantation with CsA
injection (PBSþCsA group). In each group, the
animals were further divided into two subgroups
according to two time points: 3-day and 90-day
post-MI. All animal experiment protocols were
approvedby theAnimalCareandUseCommittee
of FudanUniversity andwere in compliancewith
the ‘‘Guide for the Care and Use of Laboratory
Animals’’ published by the National Academy
Press (NIH Publication No. 85-23, revised
1996).

Electrocardiography, Echocardiography and
Tissue Weight Determination

Under general anesthesia with a mixture
of ketamine/xylazine (100/15 mg/kg, i.p.),
electrocardiography (ECG) was performed to
observe malignant arrhythmia, and transthor-
acic echocardiography was operated on all ani-
mals using a modified method [Litwin et al.,
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1994] before infarct (i.e., the baseline level),
day 1 after operation, and at 3-day or 90-day
post-MI. Left ventricular end-diastolic volume,
internal diameter, anterior and posterior wall
thickness at diastolic phase (LVEDV, LVDd,
LVAWd, and LVPWd, respectively) were mea-
sured using the bi-plane area-length method.
LVpercent fractional shorteningwas calculated
according to themodified Simpson’smethod: FS
(%)¼[(LVIDd-LVIDs)/LVIDd]� 100, EF (%)¼
(EDV–ESV)/EDV� 100%, where FS and EF
stand for left ventricular shortening fraction
and ejection fraction, respectively; LVID is LV
internal dimension, s is systole and d is diastole;
EDV and ESV stand for end-diastolic and end-
systolic LVID, respectively. All measurements
were averaged for three consecutive cardiac
cycles and were made by two independent re-
searchers who were unaware of treatment con-
dition. The ratswere killedwith intraperitoneal
injection of overdose barbiturate (150 mg/kg)
post-echocardiography examinations. The hearts
and lungswere removed and free from adhering
tissues. The body weight, left ventricular
weight (LV weight), and wet lung weight were
measured from all animals. LV weight/body
weightwas used as ameasure of left ventricular
hypertrophy by dividing the LV weight by body
weight. The lungs were chopped into smaller
pieces and placed in the oven at 658C until
a constant weight was obtained, which was
usually after �24 h. Relative weights of the
lungs were expressed as wet/dry weight lung,
which were calculated as a measure of pulmon-
ary congestion by dividing the wet lung weight
by the dry lung weight.

Histological and
Immunohistochemical Analysis

Hearts of rats survived to the study were
removed and the left ventricles were equally
divided into three parts from the apex to the
base. H&E,masson trichrome, or immunofluor-
oscence staining was performed to evaluate
infarct size, collagen content, or vessel density,
respectively. Infarct size was determined by
planimetric measurement with a digital image
program (Scion ImageJ) and calculated by
dividing the sum of the planimetered endocar-
dial and epicardial circumferences occupied by
the infarct by the sum of the total epicardial and
endocardial circumferences of the LV on three
transversal sections from the apex to the
base. The collagen density was expressed as

the proportion of collagen deposition area to
normal left ventricular myocardium on middle
LV transversal section [Nwogu et al., 2001].
von Willebrand factor (1:200, Factor VIII,
10665638, Zymed Lab) staining using immuno-
fluorescence method was performed in middle
LV transversal section and the number of
vessels was expressed as the number of factor
VIIIþ endothelial cells per square millimeter.
For observation of cardiac differentiation of
uMSCs and snMSCs post-5-azacytidine induc-
tion in vitro, cells were pre-labeled with DAPI
and then stained with anti-MHC, troponin T, or
desmin antibodies. In order to assess the fate of
engrafted cells in the peri-infarct and infarct
areas, the number of engrafted cells was
counted under fluorescence microscope on a
series of cryostat left ventricular apical tissue
sections. The number of DAPIþ cells was
evaluated by counting ten randomly selected
high-power fields. Immunofluorescence was
performed with the primary antibodies includ-
ing anti-MHC or factor VIII antibody (above
mentioned), followed by incubation with FITC-
or TRITC-conjugated secondary antisera. The
differentiation ratios of the cells post-in vitro
induction or in vivo transplantation were ex-
pressed as the percent proportion of the cells
double positively stained with DAPI and MHC,
troponin T, desmin, or factor VIII to the total
positive-DAPI staining cells. In order to exclude
cell fusion, positive-DAPI snMSCs slides were
double stained with MHC and anti-human
nuclei mononuclear antibody (1:20–1:30,
MAB1281, Chemicon International, Inc.). Im-
munofluoroscence controls were performed to
assess specificity, including exclusion of pri-
mary antibody and use of mouse, goat, and
rabbit sera isotype in place of the antibodies.
A pathologist who was blinded to the group
identity of the slides evaluated the parameters.

Detection of Myocardium MPO,
Inflammatory, or Immune Reaction

The infarct andperi-infarct areas from the rat
basal regions were homogenized in saline (per
100mg tissue in 0.9ml saline). After centrifuga-
tion for 15 min at 3,000g, the supernatant
was collected and stored at �708C until use.
Myeloperoxidase (MPO) was detected, respec-
tively, according to manufacture’s instruction
(A044, A018, NJBI, China). The change in
absorbance of MPO was measured spectro-
photometrically at 460 nm. One unit of MPO is
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defined as that quantity of enzyme hydrolyzing
peroxide at a rate of 1 mmol/min at 258C. H&E
staining were performed on a series of cryostat
left ventricular apical tissue sections. The degree
of inflammatoryor immunereactionwasexpres-
sed by counting the number of infiltrating
neutrophil or lymphocyte in the infarct and
the peri-infarct areas on two randomly selected
low-power (50�) light microscope fields.

Statistical Analysis

Statistical analyses were performed with
unpaired Student’s t-test, or one-way ANOVA
with Bonfferoni post hoc test or Chi-Square test
to test for differences. Data (mean�SD) were
considered statistically significant at a value of
P< 0.05.

RESULTS

snMSCs Culture and Morphology

Following two depletion steps using Macs
immunomagnetic beads, more than 99% mono-
nuclear cells were CD45�GlyA� and 0.1–1% of
CD45�GlyA� mononuclear cells are BMMNCs.
When these cells were cultured for 10–21 days,
fibroblast-like cell clones formed. Purified
snMSCs were collected from CD34�CD45�

cells at 10th, 20th, and 30th passages. snMSCs
showed homogeneous morphology with normal
proliferation and an undifferentiated status
during culture expansion at 10, 20, and 30 cell
doublings (Fig. 1A–D), respectively, while
BMMNCs (Fig. 1E) and uMNCs (Fig. 1F)
showed heterogeneous fibroblast-like, rod-like,
disk-like appearances. Oct-4, Bmi-1, and
ABCG2 were expressed in snMSCs but not in
fibroblasts, as shown by RT-PCR (Fig. 1G) and
Western blot (Fig. 1H).

Characterization of PBMNCs, BMMNCs,
uMSCs, and snMSCs

FACS analysis revealed that snMSCs from
10 to 30 cell doublings uniformly expressed over
99% for MSC markers SH2 and SH3, integrins
CD29 and CD71, matrix receptors CD44, and
endothelial cell marker CD147, whereas were
negative for the leukocyte common antigen
CD45, and the hematopoietic lineage markers
CD34, CD117, and AC133. snMSCs phenotype
remained unchanged for more than 30-cell
doublings, whereas uMSCs from 10th passage
heterogonously expressed these markers
(Table I). BMMNCs and PBMNCs contained

similar quantity of SH2þ, SH3þ, CD29þ,
CD71þ, or CD44þ cells (4–7%).

In Vitro Cardiomyocyte Differentiation

After in vitro 5-azacytidine induction, immu-
nofluoroscence showed that over 90% of
snMSCs expressed the caridomyocyte-likemar-
ker proteins MHC, troponin T, and desmin,
whereas unpurified MSCs expressed only 40%
of these proteins (data not shown). MHC,
troponinT, anddesmin expressionswerehigher
in snMSCs compared with uMSCs by Western
blot (Fig. 2). There were no desmin, troponin T,
and MHC expressions in snMSCs during cul-
ture expansion before 5-azacytidine induction.

Myocardial Infarction Model

MI was created in 150 animals. Thirty
animals were excluded because of lethal ven-
tricular fibrillation at the time of coronary
ligation, which left a total group of 120 animals
andwereusedas treatment. Therewasnodeath
in the process of cell transplantation or PBS
injection. Ninety one rats were available for
serial functional studies in the end. There was
no significant difference in mortality between
six groups (Table II, P> 0.5) at day 3 or day 90
post-MI. No malignant arrhythmia was found
on ECG recordings on scheduled study end and
no tumor formation was observed at autopsy.

Cardiac Geometry, Function, and
Tissue Weights

Echocardiography studies showed that
baseline EF and FS were not significantly
different between the PBS-injected, PBMNCs-
grafted, BMMNCs-grafted, uMSCs-grafted,
and snMSCs-grafted hearts. On day 1 post-
infarct, animals in all six groups developed
typical changes of acute heart failure and LV
early remodeling, in comparison with data
obtained at the baseline levels (data not shown).
As shown in Table II, there were no significant
differences in LV function and remodeling
indexes among the six groups on 3-day post-
MI. On 90-day post-MI, LV ejection fraction in
the PBS groups showed no significant change,
but exhibited significant improvement in all cell
transplantation groups, the maximal improve-
ment was seen in snMSCs treated rats
(P< 0.05). This change was associated with
ordinal reduction of lung wet/dry weight ratios
in the cell transplantation groups compared
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TABLE I. Cell Characterization Assessed by FACS, Including the Mean Percentage of Cell
Surface Marker and the Viability of Cells Pre-Transplantation

PBMNCs BMMNCs UMSCs snMSCs

MSC markers
SH2 1.93� 0.16 2.04� 0.28 84.88� 3.72*,{ 99.56� 0.23*,{,*
SH3 1.92� 0.21 2.13� 0.33 85.65� 3.21*,{ 99.34� 0.31*,{,*

Integrin markers
CD29 2.36� 0.26 2.10� 0.32 89.25� 2.60*,{ 99.44� 0.31*,{,*
CD71 3.64� 1.43 7.03� 1.31 80.04� 5.09*,{ 99.08� 0.33*,{,*

Matrix receptors
CD44 4.33� 1.56 4.70� 2.06 77.84� 6.52*,{ 99.36� 0.38*,{,*

Endothelial marker
CD147 7.46� 2.18 13.47� 3.10* 86.390� 4.15*,{ 99.55� 0.23*,{,*

Leukocyte common
antigen
CD45 41.49� 3.57 31.01� 3.66* 1.65� 0.17*,{ 0.15�0.06*,{

Hematopoietic line-
age markers
CD34 2.58� 0.36 3.08� 0.56* 0.67� 0.19*,{ 0.08�0.02*,{,*
CD117 1.11� 0.30 2.48� 0.58* 8.20� 1.30*,{ 0.26�0.07{,*
AC133 1.48� 0.33 2.63� 1.54* 0.35� 0.15*,{ 0.15�0.06*,{

Cell viability 93.75� 3.55 94.54� 2.96 94.75�3.11 95.26� 3.47

Data are expressed as the mean�SD (n¼5).
*P<0.05 versus the PBMNCs.
{P< 0.05 versus the BMMNCs.
{P< 0.05 versus the UMSCs.

Fig. 1. snMSCs morphology and differentiation potential. Ten
to Twenty days after the first seeding of BMMNCs into culture,
cell clones grew and appeared as fibroblast-like (A), snMSCs
maintained homogenous fibroblast-like appearance at 10 (B), 20
(C), and 30 (D) cell doublings. BMMNCs (E) and uMSCs

(F) showed heterogeneous appearances: fibroblast-like, rod-like,
discus-like (magnification¼400�). Oct4, Bmi1, and ABCG2
expressions by RT-PCR (G) and Western blot results (H) in
human-derived fibroblasts and human-derived snMSCs.
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with the PBS groups. In comparison with 3-day
post-MI, injection of PBS and PBMNCs on
90-day post-MI indicated similarly sustained
exacerbation with thickening of LVPWd, thin-
ning of LVAWd, and dilation of LVDd and
LVEDV, whereas transplantation of BMMNCs,
uMSCs, and snMSCs significantly ameliorated
these indices on day 90 post-MI, and the effect
was greatest in snMSCs treated rats (P< 0.05).
There were no significant differences in heart
rate between the six groups.Consistentwith the
changes in LV structure, LV/body weight ratios
at day 90 post-MIwere significantly lower in the
BMMNCs, the uMSCs, and the snMSCs groups
than in the PBS and the PBMNCs groups, and
the maximal decrease was seen in the snMSCs
group.However, thefinalbodyweightwassigni-
ficantly increased at 90-day post-MI in the
snMSCs group than in the PBS, the PBSþCsA,
the PBMNCs, the BMMNCs, and the uMSCs
group. LV/body weight ratios and body weight
showed no significant difference at 3-day post-
MI between six groups (data not shown).

Assessment of Regional Angiogenesis

As shown in Figure 3A, there was no sig-
nificant difference in the vessel density between
six groups at 3-day post-MI. However, in
comparison with 3-day post-MI, the vessel den-
sity at peri-infarct area 90 days after MI was
8.5-fold, 7.8-fold, 4.0-fold, 2.7-fold, and 1.2-fold
greater in the snMSC group than in the PBS,
the PBSþCsA, the PBMNC, the BMMNC, and
the uMSC groups, respectively (P< 0.05), and
was 4.7-fold, 4.3-fold, 1.1-fold, 0.6-fold, and 0.3-
fold greater at the infarct area than in the PBS,
the PBSþCsA, the PBMNCs, the BMMNCs,
and the uMSCs groups, respectively (P< 0.05).
Moreover, the vessel density at peri-infarct area
in both two time points was greater than at
infarct area in the six groups (P< 0.05), andwas
seen the most obvious in the snMSCs group at
day 90 post-MI (2.9-fold, P< 0.05). The vessel
density at both the peri-infarct and the infarct
areas was similar between both PBS groups.
The vessel density in the normal area was not

Fig. 2. Cardiomyocyte markers post-in vitro 5-azacytidine induction in uMSCs and snMSCs. *P< 0.05
versus the uMSCs group (mean� SD, n¼ 6). Each experiment was performed twice. The results were the
average of six experiments on three times of cell analysis in each subgroup.
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significantly different among the six groups
(data not shown). Figure 3B showed the repre-
sentative immunofluorescence staining of fac-
tor VIII at the peri-infarct of the individual
group at day 90 post-MI.

The Number and Differentiation of
Transplanted Cells

DAPIþ cells were counted under high-power
fluorescence microscope. DAPIþ cells were
similar among six groups at 3-day post-MI (data
now shown). On 90-day post-MI, however,
the number of DAPIþ cells in snMSCs treated
hearts was significantly higher than those in
BMMNCs and PBMNCs treated hearts. More-
over, the number of engrafted snMSCs was
higher than that of engrafted uMSCs in the
heart (Fig. 4G). Transplanted snMSCs at the
peri-infarct and infarct areas expressedMHCor
factor VIII more than transplanted BMMNCs
and uMSCs (arrowhead, Fig. 4A–D), whereas
transplanted PBMNCs did not express these
proteins. As shown in Figure 4H, I, quantitative
analysis indicated that the percent proportions
of the cells double positively stained with DAPI
and MHC and factor VIII to the total positive-
DAPI staining cells at the peri-infarct and
infarct areas were the greatest in the snMSCs

group, the secondary in the uMSCs group, and
the smallest in the BMMNCs group (P< 0.05).
Three staining showed that positive-DAPI
snMSCs (Fig. 4E(a)) were positively stained
with human nuclei (Fig. 4E(b),(c)) and also
expressed MHC (Fig. 4E(d)). All transplanted
DAPIþ cells did not express MHC or factor VIII
at 3-day post-MI.

Immune or Inflammatory Reaction

The degree of immune or inflammatory reac-
tion was expressed by counting the number of
infiltrating lymphocyte or neutrophil in the
infarct and the peri-infarct areas. Histological
H&E staining showed that therewas no obvious
lymphocyte or neutrophil infiltrating into the
infarct and the peri-infarct areas in all groups
(Fig. 4F).MPO levels in the infarcted andborder
myocardium showed no obvious difference
among all the groups (Fig. 4J).

Assessment of Collagen Density and Infarct Size

As shown in Figure 5A, the collagen-rich
myocardial scar in the infarcted wall stained
blue, whereas viable myocardium stained red.
On day 90 post-MI, under low magnification
light microscopy, the collagen density was
similar in the PBS, the CsAþPBS, and the

Fig. 3. Assessment of vessel density.A: Quantitative analysis of
vessel density in individual groups. *P<0.05, {P< 0.05,
{P<0.05, §P<0.05, and ||P<0.05 versus the PBS, the
PBSþCsA, the PBMNCs, the BMMNCs, and the uMSCs groups,
respectively; #P< 0.05 versus at the peri-infarct area (3-day post-
MI, n¼7, 7, 8, 9, 9, and 9 in the PBS, the FBT, the PBMNC, the
BMMNC, the uMSC, and the snMSC groups; 90-day post-MI,
n¼ 6, 6, 7, 8, 7, and 8 in the PBS, the PBSþCsA, the PBMNCs,
the BMMNCs, the uMSCs, and the snMSCs groups, respectively.

The number of vessels in each slide was calculated based on ten
microscopic fields. The results were the average of five slides
from each animal). B: Representative photographs of the infarct-
related artery area from different groups are shown at the peri-
infarct regions in 90-day post-MI. Heart sections were stained
with anti-factor VIII antibody (red). Each bar stands for 50 mm.
[Color figure canbe viewed in theonline issue,which is available
at www.interscience.wiley.com.]
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PBMNCs groups, whereas collagen density was
reduced in rats receiving BMMNCs, uMSCs,
and snMSCs (Fig. 5A). Statistical analysis
showed that the collagen density in the
BMMNCs, the uMSCs, and the snMSCs groups
was in inverse proportion to these transplanted
cell purity (P< 0.05, Fig. 5C). Consistent with
the changes in the collagen density, the infarct
size at 90daypost-MIwere significantly smaller
in the snMSCs group than other groups, where-
as no significant difference was seen between
the PBS and the PBMNCs groups (Fig. 5B,D).

DISCUSSION

This is the first study to demonstrate that
snMSCs isolated and purified from BMMNCs

and uMSCs leads to the greatest differentiation
potential and maintenance of homogenous
appearance and cell surface markers not only
in vitro but also in vivo. When grafted into the
infarcted hearts, snMSCs caused the greatest
effects on impeding the development of heart
failure, preservingLV function anddimensions,
and inhibiting infarct expansion. These struc-
tural and functional changes were associated
with reduced myocardial collagen, enhanced
angiogenesis, and increased vasculogenesis and
myocardiogenesis. No malignant arrhythmia
and no obvious immune responses were observ-
ed in the transplanted hearts, which suggested
that transplantation of the novel population of
snMSCs could be performed safely. Together,
the findings of this study imply that single

Fig. 4. Differentiation of transplanted cells at day 90 post-MI.A
and C: showed that transplanted cells expressed MHC (arrow-
heads) at the peri-infarct and the infarct areas, respectively.B and
D: showed that transplanted cells expressed factor VIII (arrow-
heads) at the peri-infarct and the infarct areas, respectively. The
nuclei of transplanted cells were stainedwithDAPI and revealed
as blue, and the cytoplasm of the myocardiocytes or blood
endothelial cells was stained as green or red with anti-myosin
heavy chain protein or factor VIII. E: Showed the condition of
transplanted snMSCs tri-stained with DAPI, MHC, and human
nuclei protein. The nuclei of transplanted snMSCs (a) were
stained with human nuclei protein as red (b). Some of
transplanted snMSCs double stained by DAPI and human nuclei
protein (c)were also stainedwithMHC (d, arrowheads). Eachbar
in (A–E) stands for 50 mm. F: Revealed H&E stains of rat infarcted
hearts in the PBS, the PBSþCsA, the uMSCs, and the snMSC
groups lowmagnification (50�) lightmicroscope.G: Showed the

number of engrafted cells per high-power field. H and I: Showed
the percent proportion of the cells double positively stainedwith
DAPI and MHC, or factor VIII to the total positive-DAPI staining
cells at the peri-infarct and the infarct areas, respectively. J:
Showed that quantitative analysis of MPO in the individual
groups (n¼6, 6, 7, 8, 7, and 8 in the PBS, the PBSþCsA, the
PBMNC, the BMMNC, the uMSC, and the snMSC groups,
respectively. The number of the double positively stained cells in
each slide was calculated based on ten microscopic fields. The
results were the average of five slides from each animal. The
MPO result in each animal was the average of two times of tissue
analysis). *P< 0.05, {P< 0.05, {P<0.05, §P<0.05, and
||P< 0.05 versus the PBS, the PBSþCsA, the PBMNCs, the
BMMNCs, and the uMSCs groups, respectively; #P<0.05 versus
at the peri-infarct area. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Fig. 5. Assessment of collagen density and infarct size on day
90 post-MI. A: Transversal LV sections were stained by Masson
trichrome method under low magnification (2.5�). B: Typical
H&E stains of infarct area in the six groups under low
magnification (2.5�). C and D: Respectively, the quantitative
analysis of the collagen ratios or infarct size in all the groups.
*P< 0.05, {P< 0.05, {P< 0.05, §P< 0.05, and ||P<0.05 versus
the PBS, the PBSþCsA, the PBMNCs, the BMMNCs, and the

uMSCs groups, respectively; #P<0.05 versus at day 3 post-MI,
respectively (n¼ 6, 6, 7, 8, 7, and8 in the PBS, the PBSþCsA, the
PBMNCs, the BMMNCs, the uMSCs, and the snMSCs groups,
respectively. The number of collagen density and infarct size in
each animal was calculated based on two low-magnification
microscopic fields). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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clonally purified non-hematopoietic mesenchy-
mal stem cells serve as a superior transplanta-
tion cell source for myocardial repair post-MI
in rats.
In previous reports, MSCs isolated by their

adherence to tissue culture surfaces [Zohar
et al., 1997], or on the basis of their differences
in size [Hung et al., 2002], or immunoselected by
specific surfacemarkers [Cheng et al., 2000] are
usually contaminated by hematopoietic precur-
sors, and heterogeneous inmorphology, surface
marker profile, and phenotype characteriza-
tion. In this report, MSCs obtained by adherent
culture method from BMMNCs also showed
heterogeneous morphology, such as fibroblast-
like, rod-like, disk-like appearances, and con-
tained a few hematopoietic cells. However,
when purified by Macs immunomagnetic beads
immunoselection in combination with limit
dilution culture (e.g., single clone culture),
MSCs turned into a relatively homogeneous
population of human MSCs, which maintained
homogeneous morphology and extensive prolif-
eration during culture expansion. These cells
expressed over 99% of SH2, SH3, CD44, CD29,
CD71, and CD147, and were negative for CD34,
CD45, CD117, and AC133 for more than 30 cell
doublings suggesting that these single clonally
MSCs contained none of hematopoietic lineage
cells (snMSCs). Moreover, snMSCs expressed
functional specific markers of self-replication
and pluripotency, Oct4, Bmi1, and ABCG2,
whereas fibroblast did not express these pro-
teins. Oct4 is known a key regulator of stem cell
pluripotency and differentiation [Pesce and
Scholer, 2000, 2001]. ABCG2, the ATP-binding
cassette (ABC) transporter G2, is a phenotypic
marker, functional regulator of stem cells and a
novel stem cell transporter [Bunting, 2002].
Bmi1 is required for maintenance of adult self-
renewing stem cells and determines the prolif-
erating capacity of stem cells [Lessard and
Sauvageau, 2003; Park et al., 2003]. These
findings suggest that snMSCs in the present
study might be capable of self-renewal and
could differentiate intomore than one-cell types
(pluripotential). After 5-azacytidine induction,
snMSCs showed cardiomyocyte-like structure.
Over 90% of snMSCs expressed the caridomyo-
cyte-likemarker proteinsMHC, troponinT, and
desmin, whereas unpurified MSCs expressed
only 40% of these proteins, which suggested
that snMSCs have high efficacy of differentia-
tion in vitro. Their cultivation and selective

differentiation in vitro should provide further
understanding of this important progenitor of
multiple tissue types and the potential advan-
tages of new therapeutic approaches for the
restoration of damaged hearts.

Transplantation of snMSCs for cardiac repair
has not been reported. Bel et al. [2003] and
Hamano et al. [2002] demonstrated that trans-
plantation of fresh unfractionated bonemarrow
into post-infarction scars did not improve
cardiac function, which correlated with a lack
of new angiogenesis and differentiation of
grafted cells into cardiomyocytes or endothelial
cells. In the present study, the cardiac function
at day 90 post-MI was improved in the order as
snMSCs>uMSCs>BMMNCs>PBMNCs>P-
PBSþCsA&PBS, indicating that cardiac func-
tion improvement correlatedwith differences in
purity of the transplanted cells. In parallel with
changes in cardiac function, rats receiving
snMSCs showed significantly prevented dila-
tion of LVDd and LVEDV, thickening of
LVPWd, and thinning of LVAWd, decreased
LV/bodyweight ratios, reduced collagendensity
and infarct size, and increased mass of viable
myodium within the infarcted area than those
receiving BMMNCs, uMSCs, or PBMNCs, sug-
gesting attenuation in left ventricular remodel-
ing was also purity-related. We also found
that the final body weight was significantly
increased in the snMSCsgroup than in thePBS,
the PBSþCsA, the PBMNCs, the BMMNCs,
and the uMSCs group, which may be relative
to snMSCs transplantation improving cardiac
function, enhancing the appetite, and resulting
in increased rat bodyweight. Therefore, efficacy
of purified MSCs for cardiac repair and prog-
nosiswas greater than that of unpurifiedMSCs.
Our data on the effect of direct injection of
snMSCs into rat acute ischemic myocardium
are consistent with those of Yoon et al. [2005]
reported that transplantation of clonally expan-
ded multipotent stem cells from human bone
marrow improves cardiac function, augments
proliferation and survival of host myocardium,
increases capillary, and decreases myocardial
fibrosis in a rat model of MI. However, Dai et al.
[2005] demonstrated that transplanted allo-
genic MSCs survived in infarcted myocardium,
and indeed expressed cardiospecific surface
markers, but differentiation was incomplete as
only immature myofibrillar organization was
detectable. Moreover, MSCs improved global
LV function at 4 weeks while these benefits of
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MSC treatment were lost at 6 months, which
suggests a possible transient and early para-
crine effect. In this present study, a similar
beneficial effect of snMSCs transplantation
on the infarcted heart was observed even at
3 months (90 days) post-transplantation, sug-
gesting that the snMSCs are better than MSCs
used in Dai et al.’s study for cardiac repair. In
comparison with day 90 post-MI, LV function,
the vessel density and the number of survived
DAPIþ cells were similar at day 3 post-MI
among the various groups, which suggested
that snMSCs transplantation showed no better
effect within the early stage of transplantation.
Theeffects beyond this observationperiod remain
unknown and warrant further investigation.

In animals receiving snMSC transplantation,
the vessel density in the peri-infarct and
infarcted wall was higher than that of the other
heterogeneous stem cell groups on 90-day post-
MI. Our previous research found that increased
VEGF expression, vascular density and regio-
nal blood flow in the infarct zone, decreased
apoptosis of hypertrophied myocytes post-
uMSCs transplantation [Tang et al., 2004]. In
the present study, we further demonstrated
that the extent of vessel density increase
induced by these unpurified and heterogeneous
MSCs, BMMNCs, or PBMNCs transplantation
was less at both the peri-infarct and the infarct
areas than that of snMSCs transplantation.Our
study showed that rats receiving BMMNCs and
uMSCs demonstrated markedly increased ves-
sel density at both the peri-infarct and the
infarct areas in comparison with rats receiving
PBMNCs, this result is in agreement with
former studies demonstrating that BMMNCs
implantation increased capillary numbersmore
than PBMNCs implantation in an ameroid-
induced chronic myocardial ischemia model in
pig [Kamihata et al., 2002].Moreover, the vessel
density increaseand collagen/infarct size reduc-
tion were positively correlated with cardiac
function improvement and LV remodeling
improvement suggesting that increased angio-
genesis, decreased collagen, and infarct size
contributed to the cardiac function recovery and
LV remodeling reverse in rats receiving various
cell therapy.

Apart from angiogenesis, vasculogenesismay
also contribute to the enhancement of cardiac
function [Kocher et al., 2001]. Neoangiogenesis,
including vasculogenesis and angiogenesis,
could enhance the blood supply to ischemic

myocardium and improve post-ischemic myo-
cardial salvage. Formation of new myocardium
within the infarcted area could attenuate
myocardial remodeling and lead to sustained
improvement in cardiac function [Orlic et al.,
2001b]. In this study, endothelial phenotypes
were seen post-snMSCs transplantation, which
might relate to new vessels formation. In
addition, we observed transplanted snMSCs
expressed myosin heavy chain proteins. These
cells also expressed human nuclei protein,
which indicated these cells were originated
from human not from rat suggesting that these
single colonal MSCs could differentiate in vivo.
We also found that the number of expressed
MHC or factor VIII in both peri-infarct and
infarct areas were greater in rats receiving
snMSCs than those receiving uMSCs and
BMMNCs. None of transplanted PBMNCs
expressed MHC or factor VIII. This result
indicated that purified MSCs have the greater
differentiation potential than those unpurified
bone marrow cells or peripheral blood cells.

One interestingfinding from this study is that
uMSCs transplantation significantly increased
cardiac function, but caused no markedly
further improvement of LV remodeling com-
pared with BMMNCs transplantation. This
finding is compatible with similar changes in
collagen density and infarct size at the whole
LV, and the blood vessel density at the infarct
region between the two groups. These results
suggested that unpurified MSCs obtained by
the tight adherence might bring no more
beneficial effects on the prognosis of the remo-
deled hearts in comparisonwith freshly isolated
BMMNCs. Thus, cell purity plays a key role for
the efficacy in cardiac repair post-MI. Further-
more, no obvious difference was seen in the
number of lymphocyte or neutrophil, and MPO
levels in the infarct and the peri-infarct areas
among all the groups, which indicated that
transplanted snMSCs did not induce inflamma-
tion aggravation. Our study showed that there
were no differences between PBS and PBSþ
CsA groups indicating the immunosuppression
(CsA) per se could not be an important factor
affecting cardiac function and myocardial heal-
ing. Previous study had shown that immuno-
suppressive therapymay greatly alter potential
to secrete angiogenic molecules [Johnson et al.,
1999] and the effects of transplanted stem cells
on angiogenesis were mediated at least in part
by secretion of a variety of paracrine mediators

1144 Zhang et al.



[Urbich et al., 2005], therefore, the effects on
various stem cell groups might differ with or
without cyclosporin A. Cyclosporin Awas added
to all stem cell groups in this study and all
effects were obtained ‘‘on top of cyclosporin A,’’
the potential effects of cyclosporinAondifferent
stem cell populations were not studied in the
present study and future studies are warranted
to address this issue.
In addition to our present snMSCs, there

have been other ‘‘purified and clonal’’ mesench-
ymal stem cells isolated and reported, starting
with Pittenger et al. [1999], and later by
Kawada et al. [2004] and Yoon et al. [2005].
Thus, further study remained to investigate
which one would be the ‘‘best source’’ among
these pure bone marrow mesenchymal stem
cells as donor cells for cell therapy in MI.

CONCLUSIONS

We conclude that SH2þSH3þCD29þCD71þ

CD44þCD147þCD34�CD45�CD117�AC133�

cells represent a novel non-hematopoietic
mesenchymal subpopulation of bone marrow
derived stem cells capable of successful and
substantial engraftment in areas of transmural
myocardial scar, with in the de-novo formation
of myocardium both in vitro and in vivo. The
single clonally purified non-hematopoietic
mesenchymal stem cells functioned more effec-
tively than those unpurified and heterogeneous
cells on long-term period post-MI, which may
represent a novel andmore effective cell type for
MI patients.

Abbreviations

BMMNCs bone marrow
mononuclear cells

BMMNCs group rats received
BMMNCs transplantation

DAPI 40, 6-diamidino-20-phenylin-
dole

EF ejection fraction
FACS fluorescence activated cell

sorter
Factor VIII von Willebrand

factor
GAPDH glyceraldehyde-3-phosphate

dehydrogenase
H&E hematoxylin and eosin stain-

ing

HSCs hematopoietic stem cells
MHC myosin heavy

chain
MI myocardial infarction
MPO myeloperoxidase
PBMNCs peripheral blood mononuc-

lear cells
PBMNCs group rats received

PBMNCs transplantation
PBS phosphate-buffered saline
CsA cyclosporin A
PBSþCsA or rat received PBS injection
PBS groups with or without CsA

injection
snMSCs single clonally

purified non-
hematopoietic bone marrow
mesenchymal stem cells

uMSCs unpurified bone marrow
mesenchymal stem cells
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