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Aims The ability of mesenchymal stem cells (MSCs) to heal the chronically injured heart remains controversial. Here we
tested the hypothesis that autologous MSCs can be safely injected into a chronic myocardial infarct scar, reduce its
size, and improve ventricular function.

Methods
and results

Female adult Göttingen swine (n ¼ 15) underwent left anterior descending coronary artery balloon occlusion to
create reproducible ischaemia–reperfusion infarctions. Bone-marrow-derived MSCs were isolated and expanded
from each animal. Twelve weeks post-myocardial infarction (MI), animals were randomized to receive surgical injec-
tion of either phosphate buffered saline (placebo, n ¼ 6), 20 million (low dose, n ¼ 3), or 200 million (high dose,
n ¼ 6) autologous MSCs in the infarct and border zone. Injections were administered to the beating heart via left
anterior thoracotomy. Serial cardiac magnetic resonance imaging was performed to evaluate infarct size, myocardial
blood flow (MBF), and left ventricular (LV) function. There was no difference in mortality, post-injection arrhythmias,
cardiac enzyme release, or systemic inflammatory markers between groups. Whereas MI size remained constant in
placebo and exhibited a trend towards reduction in low dose, high-dose MSC therapy reduced infarct size from
18.2+ 0.9 to 14.4+ 1.0% (P ¼ 0.02) of LV mass. In addition, both low and high-dose treatments increased regional
contractility and MBF in both infarct and border zones. Ectopic tissue formation was not observed with MSCs.

Conclusion Together these data demonstrate that autologous MSCs can be safely delivered in an adult heart failure model, pro-
ducing substantial structural and functional reverse remodelling. These findings demonstrate the safety and efficacy of
autologous MSC therapy and support clinical trials of MSC therapy in patients with chronic ischaemic
cardiomyopathy.
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Introduction
Heart failure (HF) remains a leading cause of morbidity and mor-
tality in developed1 and developing countries,2 and carries a 20%
1 year mortality.3 As such, successful cell-based therapeutic

strategies for this disorder could have a substantial public health
benefit.4

Bone-marrow-derived mesenchymal stem cells (MSCs) are
easily obtainable and expandable multipotent progenitor cells,5,6

and have emerged as attractive candidates for cellular therapies
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for disorders of the heart and other organ systems.7 Experimental
studies in large animals8 –11 and early clinical work12,13 support the
concept that therapeutically delivered MSCs safely improve heart
function following acute myocardial infarction (MI). Whether this
therapy can achieve reverse remodelling and improve left ventricu-
lar ejection fraction (LVEF) in the chronically injured heart remains
unknown.

Despite the promising characteristics of MSCs as a cell thera-
peutic, experimental studies have raised safety concerns. For
example, late passage MSCs exhibit chromosomal disorders,14

cause tumours in rodent models,15 and can cause ectopic bone
and fat tissue formation.16 Another recent study reported that
MSCs form encapsulated structures containing calcifications after
intramyocardial delivery.17 Additional safety concerns of all cell
therapies include possible transmission of infectious diseases, cell
migration, potential unintended effects in non-targeted organs,
immunologic reactions, and uncontrolled proliferation or
neoplasia.18

In order to address the hypothesis that autologous MSCs safely
reduce infarct size and improve cardiac function in subjects with
post-MI HF, we conducted a randomized, blinded, placebo-
controlled trial of bone-marrow (BM)-derived MSCs in adult
mini-swine. The aims of this study were to demonstrate that (i)
autologous BM-derived MSCs can be safely harvested and
expanded in vitro from subjects with MI and left ventricular dysfunc-
tion (LVD), (ii) MSCs can be safely delivered to chronic scars in HF
subjects, and (iii) MSCs reduce infarct size and improve cardiac
function in chronically scarred hearts.

Methods

Induction of myocardial infarction
All animal studies were approved by the Johns Hopkins University
Institutional Animal Care and Use Committee and comply with the
Guide for the Care and Use of Laboratory Animals (NIH Publication no.
80-23, revised 1985). Female Göttingen minipigs were purchased
from Marshall BioResources (North Rose, NY).

Myocardial infarction was induced by temporary balloon occlusion
of the left anterior descending coronary artery (LAD) with an inflated
angioplasty balloon as previously described in detail.19 After 120 min
occlusion was terminated by balloon deflation and removal, and reper-
fusion was established.

Bone-marrow harvest, mesenchymal stem
cell isolation, and characterization
Porcine BM cells were aspirated from the iliac crest of each animal. The
mononuclear cells (MNCs) were then isolated on a Ficoll gradient. The
low-density fraction, which contained the MNCs, was collected and
after washing placed in T162 cm2 costar tissue culture flasks at 1–
5 � 106 cells per mL of alpha MEM media containing 20% fetal calf
serum. The cells were incubated at 5% CO2, 378C, and the media
changed weekly. Adherent cells were identified by microscopic evalu-
ation at Day 3 and the non-adherent cells discarded with the media
with each media change. The MSC became confluent after �2
weeks of culture and were passaged using trypsin–EDTA for cell
mobilization. Cultures were expanded with each passage of the MSC
until sufficient numbers of MSC were obtained. A total of four to
seven passages were required.

Phenotypic characterization of the MSCs was achieved with porcine
specific antibodies or human antibodies that are cross-reactive with
porcine antigens. The porcine MSCs were CD452 and CD90þ, con-
sistent with human MSCs. Porcine MSCs formed CFU-F colonies
similar in size, appearance, and frequency to human BM-derived
MSCs. Cytogenic abnormalities were highly unlikely given the normal
cell appearance and growth rate, as previously described.20 The cells
were then frozen in liquid nitrogen until needed. Prior to injection,
the cells were thawed rapidly, washed to remove dimethylsulfoxide,
and then re-suspended in PBS plus 1% human serum albumin to the
required cell dose.

Study design
Fifteen pigs were used in this randomized, blinded, placebo-controlled
pre-clinical study. Animals were allowed to recover from MI and given
sufficient time for formation of a transmural MI, 111+4 days (3.7+
0.1 months). Pigs were randomized to one of the following three
groups at an age 549+22 days (18.3+0.7 months, Table 1). All
animals received 15–25 needle injections, and were allocated to:

High MSC dose (n ¼ 6, 200 � 106 MSCs),
Low MSC dose (n ¼ 3, 20 � 106 MSCs), and
Placebo [n ¼ 6, phosphate buffered saline (PBS)].
Initially, nine animals were randomized equally to the placebo, low

dose, and high dose MSC groups. After an interim analysis (3
placebo, 2 low dose, 4 high dose), the six remaining animals were ran-
domized continuing the 2:1 ratio between high and low dose and
placebo. The results of these studies supported Food and Drug
Administration approval for The PROMETHEUS Study (Prospective
Randomized Study of Mesenchymal Stem Cell Therapy in Patients
Undergoing Cardiac Surgery, clinicaltrials.gov NCT00587990, 362).

Surgical procedure
An anterior thoracotomy at the fifth intercostal space was performed.
After pericardial excision, the heart was freely rotated superiorly to
gain access to the apex. The apical infarction zone was visualized,
and a moist gauze pack was placed on the underside of the heart to
allow for exposure. The autologous BM-derived MSCs or placebo
volumes were injected in 0.25 mL volumes with a 1 mL syringe
equipped with a 29-gauge needle. The injections were administered
epicardially into and surrounding akinetic or severely hypokinetic
areas, as determined by direct visualization. A total of 15–25 injections
were administered. After injections, careful haemostasis was achieved
with 4-0 pledgeted prolene sutures, as necessary, and the left chest
was copiously irrigated. A 20-French chest tube was inserted
through a small incision just anterior to the thoracotomy and placed
posteriorly in the chest. Prior to closure, intrapleural bupivicane was
injected for additional peri-operative analgesia. The surgical team
remained blinded to the content of the aliquots throughout the pro-
cedure and the post-operative care.

Magnetic resonance imaging
Global and regional function
Magnetic resonance images were acquired using a 1.5 T MR scanner
(CV/i, GE Medical Systems, Waukesha, Wisconsin) at baseline, follow-
ing MI, prior to injection and 12 weeks after cell delivery. Global and
LV function was assessed using a steady-state free precession pulse
sequence.21–23 Six to eight contiguous short-axis slices were pre-
scribed to cover the entire heart from base to apex. Image parameters
were the following: TR/TE ¼ 4.2 ms and 1.9 ms; Flip angle ¼ 458;
256 � 160 matrix; 8 mm slice thickness/no gap; 125 kHz; 28 cm FOV
and 1 NSA.
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To assess regional cardiac function, tagged MRI images were
acquired with an ECG-gated, segmented K-space, fast gradient recalled
echo pulse sequence with spatial modulation of magnetization to gen-
erate a grid tag pattern. Images were obtained at the same location as
the cine-MRI images, and image parameters were as follows: TR/TE ¼
6.7 and 3.2 ms; flip angle ¼ 128; 250 � 160 matrix; views per second:
4; 8 mm thickness/no gap; 31.25 kHz; 28 cm FOV; 1 NSA and six pixels
tagging space.

Myocardial perfusion imaging and delayed enhancement
First-pass perfusion imaging was performed continuously for �1.5 min
at rest immediately after an intravenous bolus injection of Gd-DTPA
(0.1 mmol/kg, 5 mL/s; Magnevist, Berlex, Wayne, NJ) with an ECG-
gated interleaved saturation recovery gradient echo planar imaging
pulse sequence (EFGRET-ET). An entire short-axis stack was acquired
every 2–4 heartbeats. Imaging parameters were as follows: TR/TE ¼
7.2 and 1.8 ms; flip angle ¼ 208; 128 � 128 matrix; 8 mm slice thick-
ness/no gap; bandwidth 125 kHz; 28-com FOV; and 0.5–1 NSA.

After completion of first-pass image acquisition a second bolus of
Gd-DTPA (0.1 mmol/kg) was injected. Prior to the second bolus of
Gd-DTPA, infusion of adenosine was used to simulate a stress
response. Delayed enhancement (DE) images were acquired 15 min
later with an ECG-gated, breath-hold, interleaved, inversion recovery,
fast gradient echo pulse sequence. DE-MRI images were acquired at
the same location as the short-axis cine images. Imaging parameters
were TR/TE/inversion time (TI) ¼ 7.3, 3.3, and �200 ms; flip
angle ¼ 258; 256 � 196 matrix; 8 mm slice thickness/no gap;
31.2 kHz; 28 cm FOV; and 2 NSA. Inversion recovery time was
adjusted as need to null the normal myocardium.9

Magnetic resonance imaging analysis
Cine and DE MR images were analysed for determination of global
function, infarct quantization, and remodelling parameters using a
custom research software package (Segment; http://segment.heiberg.se)
as previously described.24 Tagged and perfusion MRI images were
analysed using a commercially available software package (PLUS,
Diagnosoft Inc., Baltimore, MD). The four most apical tagged slices
were selected and overlaid with the corresponding DE slices. Meshes
were constructed with a total of 72 evenly distributed regions (24 endo-
cardial, 24 mid-wall, and 24 epicardial) incorporating the entire myocar-
dium. The meshes were designed such that the edges of the infarct scar
corresponded with the edges of mesh regions. The border zone was
defined as the left and right most infarct containing mesh regions, and
the infarct zone encompassed all regions in between. The same slices,
mesh, and defined regions were used at all time points on an individual

pig basis. The values calculated were averaged between all like defined
regions and across all slices.

Laboratory measurements and cytokine
analysis
Blood chemistry and white blood counts were obtained through a
clinical laboratory immediately following each blood draw. Blood for
cytokine analysis was also collected at this time, centrifuged at 2000g
for 15 min at 48C, serum recovered, aliquoted, and stored in a 270
freezer until analysed. Porcine-specific serum levels of TGF-beta and
TNF-alpha were determined using commercially available enzyme-
linked immunosorbent assay (EIA) kits (R&D Systems, Minneapolis,
MN). Serum samples were tested in duplicate according to the manu-
facturer’s instructions. The mean minimum detectable dose for each
cytokine measured is TGF-b ¼ 4.6 pg/mL and TNF-a ¼ 3.7 pg/mL.

Statistics
All measurements are expressed as mean+standard error. The
Mann–Whitney test and t-tests were performed, as appropriate, to
test for significance between variables using commercially available
software (Stata, StataCorp LP, College Station, TX). P , 0.05 was
defined as statistically significant. The Kruskal–Wallis test was used
to compare age, bodyweight, and follow-up time (Table 1). The
impact of cell therapy on TGFb levels were evaluated using repeated
measures ANOVA. Comparisons between placebo and the two cell
dose groups used two-way ANOVA. Post hoc analysis was performed
with the Mann–Whitney test.

Results

Safety and tolerability
Baseline conditions and laboratory values
Baseline conditions for the animals are shown in Table 1. As
depicted, animals in the three groups had similar age and weight
throughout the course of the study, and were followed for
similar periods of time.

Plasma levels of cardiac enzymes and white blood cell count were
comparable between the groups studied (Figure 1). In addition to
standard laboratory values, we also measured two cytokines,
TGF-b and TNF-a. Prior to cellular transplantation (Day 1A),
TGF-b levels were �13 500 pg/mL. In the high-dose MSC group,
this level fell 24 h later to 9000 pg/mL (P , 0.05), and interestingly
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Table 1 Baseline conditions

Placebo Low-dose MSC High-dose MSC P-value

Age (months) MI 14.0+0.9 14.5+1.4 15.2+1.3 0.74

Injection 17.4+1.0 18.4+1.7 19.1+1.4 0.62

Endpoint 20.7+1.1 22.0+2.0 22.5+1.4 0.96

Body weight (kg) MI 31.6+1.4 30.6+3.3 28.5+1.0 0.37

Injection 37.8+2.2 33.4+2.5 33.6+1.2 0.21

Endpoint 40.8+2.5 37.1+0.7 36.6+1.5 0.29

Follow-up (months) After injection 3.3+0.2 3.6+0.3 3.4+0.1 0.61

MI, myocardial infarction; MSC, mesenchymal stem cell.
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rose over 3 days back to baseline levels (P , 0.001 repeated
measures ANOVA). This decrement was smaller in the low dose
MSC group and absent in the placebo animals (P , 0.03 for high
dose vs. placebo, Figure 2). In contrast, levels of TNF-a were similar
following surgical cellular transplantation and 12 weeks after
surgery (data not shown), and were not affected by MSC injection.

Histology
Histology was examined by an experienced cardiac pathologist
(C.S.) blinded to animal treatment group. Transmural infarcts
were observed in all hearts. The infarcts were characterized by
densely collagenized scar tissue with mild-to-moderate cellularity,
due mostly to fibroblasts, and mild-to-moderate vascularity.
There were rare, very small foci of inflammation composed of lym-
phocytes and macrophages, with minor myocyte damage and
necrosis (Table 2 and Figure 3). Many of the hearts had a mild
degree of pericardial fibrosis, attributable to the surgical pro-
cedure. Rarely, small foci of mature fat and calcification within
the scar were also observed, consistent with known histology of
healed MI. Teratomas or other neoplastic processes were not
identified in any of the hearts. Clusters of MNCs resembling
stem cells were not identified in any of the hearts. Overall, there
were no major differences between placebo, low dose, and high
dose MSC treated animals.

Programmed stimulation and arrhythmia monitoring
All animals were monitored for cardiac arrhythmias after injection
of the MSCs using implantable continuous monitoring. Although

one pig exhibited transient heart block after surgery, ventricular
arrhythmias or sudden deaths did not occur throughout the
study period. In addition, arrhythmias were not induced during
electrophysiologic programmed stimulation (placebo, n ¼ 3, low
dose, n ¼ 3, high dose, n ¼ 5) performed 12 weeks after injection
and prior to sacrifice.

Efficacy
Infarct size
Infarct size and dimensions were determined using DE MRI images.
There was no difference in infarct size or morphology between the
three groups 12 weeks after MI (Table 3). We next determined the
impact of cell therapy upon infarct size, measured as a percentage
of the LV and as absolute volume of scar tissue. There was a trend
towards a decrease in scar size in low dose and a 1.7+ 0.4 mL
decrease in scar volume in high dose (P ¼ 0.03 week 12 vs.
week 24) groups when compared with no-change in the placebo
group (Table 3 and Figure 4).

The decrease in scar size also manifested as a decrease in the
circumferential extent of the infarct scar, consistent with reverse
remodelling. While the infarct region showed a trend for expan-
sion in the placebo group, it was reduced by 18.8+3.5% in low
dose (P ¼ 0.002 vs. placebo) and 30.5+3.2% (P , 0.001 vs.
placebo and 12 week time-point) in high dose (Table 3). This
effect was mirrored in the infarct region wall thickness, where
there was continued thinning (29.1+ 6.6% decrease) in the
placebo group while both low and high dose groups had significant
thickening (Table 3).

Figure 1 Blood and serum markers of inflammation and myocardial tissue damage. There is no significant difference between placebo,
low-dose, and high-dose-treated animals immediately post-myocardial infarction and 12 weeks after injection.
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Contractility
In order to determine the regional contractile capacity of the new
tissue that replaced the scar, tagged MRI images were obtained and

used to calculate peak Eulerian circumferential shortening (Ecc). By
defining and differentiating between the infarct, border, and
remote zones the treatment could be further tracked. As shown
(Figure 5) at the 12 week time point all animals had decreased func-
tion in the infarct 23.1+0.4% and border 26.0+ 0.4% zones.
The depression in function in both regions continued over the
course of the follow-up period in the placebo-treated animals.

In contrast contractile function in both low- and high-dose-treated
animals showed significant improvement over the follow-up period.
This effect was particularly evident in the border zone where peak
negative Ecc decreased in low dose 22.7+1.2% (P ¼ 0.20 week
12 vs. week 24, P ¼ 0.03 vs. placebo) and high dose 24.0+0.8%
(P ¼ 0.002 week 12 vs. week 24, P ¼ 0.004 vs. placebo) groups. Sur-
prisingly, the high-dose-treated animals also showed contractile
improvement in the infarct region with a decrease in peak Ecc of
23.2+0.3% (P ¼ 0.003 week 12 vs. week 24, P , 0.001 vs.
placebo) (Figure 5).

Perfusion
First-pass perfusion MRI was used to assess whether newly formed
tissue had adequate MBF. The average upslope of gadolinium to
peak normalized to the LV blood was used as a measure of
tissue perfusion. At the pre-injection time point all animals had
diminished flow in infarct 0.12+ 0.01 and border 0.16+ 0.01
zones (when compared with the remote zone). In addition, coron-
ary flow reserve determined by adenosine stimulation revealed
marked attenuation. Twelve weeks after myocardial injection, the
decrease basal flow and CFR persisted in placebo-treated
animals. In contrast, both basal flow and CFR increased in low-
and high-dose groups (Figure 6).

Figure 2 TGF-b serum levels after surgery. Within 24 h of
stem-cell transplant, there is a dramatic drop (Day 1B) in the cir-
culating levels of TGF-b in the high-dose mesenchymal stem cell
group (*P , 0.05 vs. placebo, †P , 0.05 Day 1A vs. Day 1B),
which recovers by Day 3. The low-dose mesenchymal stem cell
animals follow the same pattern, but to a smaller extent.
Ninety days after surgery the serum levels of TGF-b are not sig-
nificantly different. (§P , 0.001 high-dose mesenchymal stem cell
group repeated measures ANOVA).
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Table 2 Summary of histo-pathological findings

Placebo (n 5 4) High-dose MSC (n 5 6) Low-dose MSC (n 5 6)

Absent Mild Moderate Severe Absent Mild Moderate Severe Absent Mild Moderate Severe

Cells within infarct 3a 1b 5a 1a 3

Vascularity of infarct 4 5 1 3

Myocarditis 4 6 2 1

Fibrosis away from
infarct

2 2 5 1 2 1

Necrosis away from
infarct

4 6 2 1c

Granulation tissue
outside infarct

4 6 3

Endocardial
thickening

3 1 3 2 1 2 1

Pericardial thickening 2 2 1 3 2 2 1

Pericarditis 4 5 1 3

Teratoma 4 6 3

Calcification within
infarct

4 5 1c 3

MSC, mesenchymal stem cell.
aMostly fibroblasts.
bMostly cardiac myocytes.
cRare foci.
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Global left-ventricular function
The decrease in infarct size together with increased contractility and
perfusion resulted in improved global LV function. Whereas EF
remained constant in placebo, it increased in the high-dose-group
(Figure 7).

Discussion
To date most attention in cardiac cell therapy has focused on treat-
ing acute MI. Here we addressed the hypothesis that autologous
MSCs have substantial benefit on structure and function of the

Figure 3 Isolated dystrophic cardiac calcinosis in a chronic infarct scar. (A and B) An isolated focus of calcification in dense scar tissue from a
porcine heart injected with 200 � 106 autologous mesenchymal stem cells surrounded by dense collagen fibres and mainly fibroblasts. (C–F)
Example of localized inflammation 12 weeks after injection of 200 � 106 MSCs. (C and D) Inflammatory cells not particularly organized and
located near a large vessel in the viable myocardium. The only example of a large focus of inflammation is shown in (E) and (F). Two focal
islands of inflammatory cell infiltrates in the centre scar region and at the border region of the infarct. The higher magnification of the
dense collection of lymphocytes and macrophages demonstrates interspersed angiogenesis in (F). All samples were stained with haematoxylin
and eosin.
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LV in adult mini-swine with healed MI scars. The major findings of
this study are that autologous MSCs can be safely and effectively
prepared post-MI and delivered surgically in a porcine model of
ischaemic HF. In addition, this therapy produced an extraordinary
magnitude of benefit including reduced infarct size, new tissue that
is contractile and perfused, and overall increase in LVEF. These
findings provide important pre-clinical data supporting the clinical
development of this approach.

Our data are in agreement with a growing number of studies
performed in relevant large animal models indicating that BM-
derived MSCs exert clinically meaningful cardiac repair.8 –11,25

While the mechanisms underlying this effect are controversial
and likely multi-factorial, it is clear that this therapeutic approach
contains merit and therefore should be pursued. The cell-therapy
caused unambiguous reverse remodelling by reducing the circum-
ferential extent of the infarct scar and increasing LVEF following a
single administration of MSCs. These data support the ongoing
conduct of the Prospective Randomized Study of Mesenchymal
Stem Cell Therapy in Patients Undergoing Cardiac Surgery
(PROMETHEUS).

Safety issues
Cell therapy for heart diseases is at an early stage and requires
thorough evaluation of both short- and long-term complications
of the therapy. A leading concern arises from findings in cultured
MSCs that structural and chromosomal abnormalities can occur
at late passage.16 These findings are more prevalent in rodent

cells where prolonged expansion, post senescence MSC cultures
displayed chromosomal abnormalities, as well as an altered pheno-
type and changes in morphology.15 Of great concern, these cells
are described to produce tumours when injected into immuno-
compromised mice. In contrast, genetic stability is demonstrated
in MSCs derived from human adipose tissue even when maintained
in long-term culture.14 In addition to tumour formation, BM cells
and MSCs can form ectopic tissue including bone, heterotopic
ossification, and fat tumours after intramyocardial injection.17

We did not observe severe ectopic or heterotropic calcification
or bone formation in our porcine model. The sparse focal calcifi-
cations we observed can be attributed to cell necrosis and/or cal-
cification of extracellular matrix proteins, as is reported in humans
with healed MI.26 While our observations are consistent with an
expected response to MI, we cannot exclude a contribution of
the MSCs to the microcalcifications. The lack of osteoblasts in
the vicinity of the calcification suggests that the mechanism of cal-
cification is unrelated to active bone synthesis by autologous
MSCs. This observation is in concordance with recently published
data in a rat model demonstrating the presence of dystrophic
cardiac calcinosis in scar tissue, which is as a tightly regulated
process involving non-collagenous matrix proteins.27

A final major safety issue is the development of ventricular
arrhythmias, which has been reported after skeletal myoblasts
have been injected into non-viable myocardium.28,29 We per-
formed arrhythmia monitoring and programmed stimulation in
our study and detected no evidence of pro-arrhythmia.
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Table 3 Infarct parameters before and 12 weeks after surgery

Week 12 Week 24 P-value

MI size (% of LV mass) Placebo 17.3+1.6 18.5+1.2 0.57
Low-dose MSC 16.3+1.1 12.5+1.0 0.06*
High-dose MSC 18.2+0.9 14.4+1.0 0.018*†

Infarct volume (cc) Placebo 8.0+0.9 8.8+1.1 0.59
Low-dose MSC 7.3+0.5 6.0+1.2 0.37
High-dose MSC 8.2+0.4 6.6+0.5 0.03†

LV mass (g) Placebo 45.9+1.4 47.2+3.6 0.75
Low-dose MSC 45.1+2.1 47.2+4.9 0.71
High-dose MSC 45.3+0.7 46.1+1.2 0.58

Circumferential extent (% LV circumference) Placebo 43.8+1.4 45.3+0.8 0.39
Low-dose MSC 44.7+2.3 36.4+3.3 0.11*
High-dose MSC 44.3+2.1 31.4+1.3 0.001*†

Infarct thickness (mm) Placebo 4.0+0.1 3.6+0.2 0.12
Low-dose MSC 3.3+0.1 4.9+0.5 0.035*†

High-dose MSC 3.9+0.2 4.9+0.4 0.049*†

Remote thickness (mm) Placebo 7.1+0.5 7.4+0.5 0.69
Low-dose MSC 6.9+0.5 7.6+0.5 0.38
High-dose MSC 6.6+0.5 6.9+0.3 0.62

All values were calculated based on delayed contrast enhanced magnetic resonance imaging.
MI, myocardial infarction; LV, left ventricular.
*P , 0.05 vs. placebo.
†P , 0.05 week 12 vs. week 24.
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Mechanism for mesenchymal
stem-cell-induced cardiac repair
There are several general mechanisms invoked as explanations for
the impact of cell therapy, including cell differentiation, paracrine
effects, fusion, and simulation of endogenous repair.30 –34 In
terms of paracrine effects, MSCs secrete cytokines that stimulate
vasculogenesis and angiogenesis32,33 as well as anti-fibrotic effects
through regulation of cardiac fibroblasts proliferation and tran-
scriptional down regulation of types I and III collagen syntheses.35

These features of MSC may be beneficial for the treatment of HF
in which fibrotic changes are involved.25,35 Although we did not
measure long-term cytokine release long term, we did observe
both an improvement in tissue perfusion as well as a reduction
in scar size with MSC therapy, suggesting that both of these mech-
anisms were operative.

We did observe a reduction in TGF-b levels in animals treated
with a high dose of MSCs. A number of studies have identified a
critical role for TGF-b in the induction of cardiac differentiation
in embryonic stem cells.36–38 A recent study demonstrated that
treatment of MSCs with isolated proteins from infarct tissue aug-
mented expression of cardiac specific genes. This expression
profile was blocked by inhibition of TGF-b. Additional cell and
electro-physiologic in vitro experiments showed that these differen-
tiated MSCs expressed cardiomyocyte-specific markers, and were
able to couple with cardiomyocytes.39 In this report, we show that
high levels of TGF-b are detected in the sera of normal pigs with
HF. Within 30 min of MSC transplantation, there is a dramatic and
significant drop in the circulating levels of TGF-b in a dose-
dependent manner. It is interesting to speculate that the trans-
planted stem cells bind the circulating TGF-b,40 more cells
binding more TGF-b, and use this signalling pathway to trigger

Figure 4 Impact of autologous mesenchymal stem cells therapy on chronic infarct scar remodelling in heart failure. (A) Contiguous short-axis
delayed enhanced magnetic resonance imaging images show an example of an untreated animal 12 weeks after injection. The thinned infarct scar
and the dilated ventricle can be appreciated. (B) Corresponding images from a high-dose-treated animal. The scar region is thicker and viable
myocardium can be appreciated surrounding the scar tissue. (C and D) The effect of mesenchymal stem cell treatment on scar percentage of left
ventricular and absolute volume of scar tissue (*P , 0.05 vs. placebo, †P , 0.05 week 12 vs. week 24).
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cardiac differentiation. Since the TGF-b is bound to the stem cells,
serum detection is reduced. Therefore, the observation of a signifi-
cant loss of circulating TGF-b may reflect the first step in cardiac

differentiation, i.e. the binding of TGF-b to MSC, might be used as
an early marker to evaluate efficacy of MSC treatment.

Our study revealed evidence of a dose–response effect to the
MSC therapy. First, both high-dose and low-dose MSCs increased
regional function in infarct border zone, which is suggestive of
MSCs ability to form or mediate the formation of new contractile
tissue. Secondly, in terms of remodelling, the placebo group
showed continued infarct expansion and functional depression,
whereas the low-dose group prevented infarct expansion while
the high-dose group actually produced reverse remodelling at
structural and functional levels. Importantly, with high but not
the low-dose MSCs there was also contractile improvement in
the actual infarct zone. A dose–response effect was further vali-
dated by a substantial increase in LVEF in the high but not the
low-dose group.

An important issue that warrants mention is the use of autolo-
gous MSCs in this trial. Mesenchymal stem cells are prototypic cells
for use as an allograft given their immunoprivilege. However, it is
possible that autologous cells may offer advantages, avoiding late
immunologic clearance.41 Future work is planned to test the rela-
tive benefits of allogeneic vs. autologous grafting of MSCs.

Study limitations
As this study was used to obtain regulatory approval to conduct a
human study, we were unable to label the injected cells with a
marker such as GFP. Thus, the relative contribution of cell engraft-
ment and differentiation to the remarkable degree of structural and
functional recovery reported here cannot be definitively ascer-
tained. Other studies are underway in our laboratory using GFP
labelled MSCs and will be reported elsewhere. The marked
extent of recovery and reverse remodelling that occurred in the
high-dose cell group, make a regenerative effect likely. We did
not assess the impact of standard post-MI medical regimens in
this study, and it is possible that concurrent therapies could influ-
ence the magnitude of therapeutic responses in humans. Current

Figure 5 Plots of peak circumferential shortening (peak Ecc) in
the infarct, border, and remote zones. Peak negative Ecc values
represent myocardial shortening and increased contractility,
whereas increasingly positive values indicate myocardial dysfunc-
tion. Ecc improves after cell therapy in both low- and high-dose
cell groups in infarct border zones. In contrast, Ecc improves in
infarct zones only in the high and not the low-dose MSC
group. (*P , 0.05 vs. placebo, †P , 0.05 week 12 vs. week 24).

Figure 6 Plot of the average upslope to peak myocardial blood
flow, normalized by left-ventricular blood pool intensity, in the
resting state and the coronary flow reserve (stressed myocardial
blood flow divided by resting myocardial blood flow), in the
infarct, border, and remote zones. A higher value is indicative
of greater flow. (*P , 0.05 vs. placebo, †P , 0.05 week 12 vs.
week 24).

Figure 7 Impact of autologous mesenchymal stem cells
therapy on global ventricular function in animals with ischaemic
cardiomyopathy assessed by magnetic resonance imaging. Ejec-
tion fraction is reduced in all groups 12 weeks post-MI and
remains depressed in placebo-treated animals. Progressive
improvement after 12 weeks is observed in high-dose-treated
animals. (*P ¼ 0.02 vs. placebo; †P ¼ 0.01 week 12 vs. week 24).
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drug therapies could alter the efficacy, and intriguing early work
suggests the possibility that it may enhance the effects.42

Conclusion
Here we show that porcine MSCs can be safely harvested from BM
of animals post-MI, expanded in culture, and injected
intra-operatively. Safety in both the acute surgical settings as well
as the long-term was outstanding. In addition, detailed phenotyping
using cardiac MRI reveals that the cells cause substantial reverse
remodelling and restore both tissue perfusion as well as regional
contractile restoration in infarct border zones, leading to a net
reduction in infarct size and increase in EF. Autologous MSC cell
therapy is currently in clinical trials for patients with ischaemic
cardiomyopathy.
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