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Abstract Transplantation of mesenchymal stem cells
(MSC) improves repair and function recovery following
myocardial infarction (MI), but underlying mechanisms
remain to be elucidated. We hypothesize that MSC could
achieve protection by paracrine effects through released
mediators rather than direct cardiac regeneration. We
sought to characterize the effects of MSC-secreted growth
factors on extent of early recovery from MI. Swine
subjected to acute MI by temporary balloon occlusion of
the left anterior descending coronary artery using percuta-
neous techniques received intracoronary injection of either
concentrated MSC-derived growth factors or control medi-
um. Animals were killed at 7 days to evaluate early effects.
Treatment with MSC-derived factors significantly reduced
cardiac troponin-T elevation and improved echocardio-
graphic parameters, including fractional area shortening,
stroke volume, cardiac output, and wall motion score index.
Quantitative evaluation of fibrosis by Verhoff staining

revealed a reduction of the fibrotic area in the infarcted
zone. Similarly, Masson’s trichrome staining revealed
reduced myocardial damage as demonstrated by areas of
relatively preserved myocardium in the infarcted area.
TUNEL assay demonstrated less cardiomyocyte apoptosis.
Protein array detected the presence of angiogenic (vascu-
lar endothelial growth factor, endothelin, and epiregulin),
anti-apoptotic (Galectin-3, Smad-5, sRFP-1, and sRFP-4)
and anti-remodeling factors. Reverse transcription poly-
merase chain reaction confirmed the expression of these
factors. In summary, a single intracoronary injection of
concentrated biologically active factors secreted by MSC
could achieve early protection of ischemic myocardium
and improve cardiac repair and contractility. MSC-derived
growth factors injection (rather than MSC themselves)
should be evaluated as a novel therapy to treat ischemic
heart disease, avoiding many practical and technical issues
of cell therapy.
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Introduction

Despite improvements in survival rates following myocar-
dial infarction (MI), reduction in cardiac function attribut-
able to irreversible loss of viable myocytes remains a major
clinical problem [1]. Stem cell transplantation is a potential
approach to repopulate injured myocardium [2], to treat
heart failure [2, 3], and restore cardiac function [4]. Many
cell types have been successfully engrafted into the injured
myocardium and have been shown to have a favorable
impact on structural and functional repair. However, the
exact mechanisms underlying these beneficial effects
remain to be elucidated.

Experimental data suggest that bone-marrow-derived
mesenchymal stem cells (MSC) can repair infarcted
myocardium [2, 5–7]. These cells are capable of both
inducing myogenesis and promote angiogenesis, ulti-
mately leading to improvement of cardiac contractility
and function [2, 4–6]. We previously demonstrated that
intramyocardial injection of MSC into rat and mice
ischemic hearts improved cardiac healing and function as
early as 3 days after MI [8, 9]. Such an early recovery
could not be explained by direct de novo myogenesis,
cellular fusion, or differentiation, suggesting alternate
mechanisms [9]. MSC are known to secrete a wide
spectrum of biologically active factors that can be found
in the MSC-conditioned culture medium (MSC-CM) [10–
12]. Under hypoxic culture conditions, such as those
found in ischemic myocardium, the expression of several
cytokines is significantly upregulated [10, 12–14]. We and
others have shown that injection of MSC-derived factors
(MSC-CM) from hypoxic or serum starvation cultured
MSC either directly into infarcted hearts [8, 15], by
intramuscular injections [16], or by intraperitoneal injec-
tions [12] improves ventricular function in small animals
MI models.

Therefore, we hypothesize that paracrine mechanisms
mediated by biologically active factors secreted by MSC
could be responsible for their beneficial effects. The
objective of the current study is to characterize the early
effects of a single intracoronary injection of MSC-derived
growth factors on functional recovery and myocardial
repair in a swine model of MI using percutaneous
techniques under fluoroscopic guidance. This convenient
large animal model reproduces the clinical settings of an
acute MI with percutaneous coronary intervention (PCI)
used for revascularization, and this study presents a novel
application of stem cell therapy.

Methods

MSC Isolation and Characterization

Swine MSC were isolated from bone marrow iliac crest
aspirates and expanded as previously described [6, 9].
Immunophenotyping was performed by multiparameter
flow cytometry (FACScan®; Becton Dickinson, Mountain
View, CA, USA) with monoclonal antibodies directed
against human antigens (Coulter Immunology, Hialeah,
FL, USA) [17, 18].

Preparation of MSC-Derived Growth Factors from Hypoxic
MSC-Conditioned Medium

To stimulate growth factor secretion [8, 13, 15], swine
allogenic MSC were cultured under artificial hypoxic
atmosphere (<1% oxygen) consisting of 5% CO2 balanced
with nitrogen in serum-free medium. For each animal,
MSC-derived growth factors contained in the supernatant of
cultured MSC were obtained from 12 confluent (fourth to
sixth passage, >90% MSC confluence) 10 cm2 plates of
MSC exposed to hypoxia for 16 h. MSC-CM was collected,
centrifuged to eliminate cells debris, and filtered, and
proteins were concentrated using the Amicon centrifugal
filters (Millipore, Bedford, MA, USA). Control animals
were injected with serum-free medium prepared in similar
hypoxic conditions and concentrated (control-CM).

Animal Preparation and Coronary Occlusion

Landrace pigs (30–35 kg) were obtained from Primiporcs
(St-Gabriel-de-Brandon, Quebec, Canada). The Animal
Experimentation Committee of the Montreal Heart Institute
(Montreal, Canada) approved this protocol. Animals were
anesthetized with sodium pentobarbital (30 mg/kg) and
mechanically ventilated (Harvard Apparatus, South Natick,
MA, USA) according to our standard protocol [19].

A 7-Fr central jugular venous access (Arrow Interna-
tional, Erding, Germany) was installed for repeated blood
sampling. Arterial blood pressure was continuously moni-
tored and recorded. A balloon catheter (Gemini, ACF
Guidant California, 3–3.5 mm) was inserted into the left
femoral artery and positioned in the left anterior descending
(LAD) coronary artery distal to the first diagonal branch.
Following heparinization (10 U/kg), the balloon catheter
was inflated under angiographic guidance to a pressure
sufficient to achieve complete coronary occlusion for
60 min [6]. Complete coronary occlusion by the balloon
catheter was regularly verified by angiographic visualiza-
tion using contrast injection and fluoroscopy [20]. MI was
confirmed with continuous electrocardiogram (EKG) re-
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cording showing typical persistent ST segment elevation.
Following balloon-catheter deflation and a 30-min reperfu-
sion period, 10 ml of control-CM or MSC-derived factors
were injected using an intracoronary infusion catheter
(Remedy, Boston Scientific, 3–3.5 mm). Blood samples
for cardiac troponin-T (cTnT) serum measurement (Mon-
treal Heart Institute, Clinical Biochemistry Laboratory)
were drawn at baseline and after different time points
following CM injection. Animals were randomly assigned
to the treatment group, and technicians were blinded to the
treatment during MI procedure.

Myocardial Function Assessment by Echocardiography

A trained operator blinded to the assigned treatment
performed transthoracic echocardiographic studies at base-
line (before MI) and 1 week following MI using a M3S
probe (2.0–4.3 MHz) and a Vivid 7 Dimension system (GE
Healthcare Ultrasound, Horten, Norway). A left ventricular
(LV) short-axis view at the papillary muscle level was
recorded. LV areas at both end diastole (EDA) and end
systole (ESA) were measured. LV fractional area shortening
(FAS) representing global LV function was calculated as
(EDA−ESA)/EDA×100%. LV outflow tract (LVOT) di-
mension (D) was measured in zoomed parasternal long axis
view, LVOT cross-sectional area (CSA) was calculated by
CSA=π(D/2)2. In the apical five-chamber view, velocity
time integral of trans-LVOT flow (VTI) and heart rate (HR)
were obtained with pulsed wave Doppler sampled proximal
to the aortic valve. Cardiac output (CO) was calculated as
CO=CSA×VTI×HR. The average of three consecutive
cardiac cycles was used for each measurement.

Histological Evaluation of Infarction and Apoptosis

Animals were killed at 7 days to assess early effects on
myocardial repair. Heart sections at the levels of the LV
papillary muscles were separated into four zones by visual
inspection of the infarct and localization of the LAD: A and
C as the transition-infarcted border zones, B as the infarcted
antero/septal zone (between A and C), and D as the remote
non-infarcted zone or LV free wall. Heart tissue was fixed,
mounted in paraffin, and cut in 5-µm sections. Quantitative
evaluation of fibrosis was performed by planimetry using
Verhoff staining on digitalized images (average of ten
random fields) using automated computer Macintosh
ImageJ software v1.38X (NIH, USA), with pre-established
and fixed calibration setup. Fibrotic area is presented as the
percent of fibrosis (pink staining) over the total area.

Whole heart tissue sections stained with Masson’s tri-
chrome were scanned using the slide scanner Super Coolscan
5000 ED (Nikon, USA), and the digitalized pictures were

analyzed by planimetry with pre-established and fixed
calibration setup. All non-red areas, representing nonviable
tissue with collagen deposition, fibrosis, necrotic, and
granulation tissues were subtracted from total surface area
occupied by heart section to represent the viable area for each
section expressed as ratio (percent) as described [21].

Cardiomyocyte apoptosis was characterized by TUNEL
staining according to the manufacturer’s recommendations
(http://www.millipore.com). To describe the extent of
apoptosis, we used a semiquantitative scoring system with
modifications [22]. Apoptosis was scored on a scale of 1–4
by two observers blinded to the treatment regimen, as
follows: grade 1, no TUNEL(+) cells or minimal (<10%);
grade 2, slight or few TUNEL(+) cells (<30%); grade 3,
moderate TUNEL(+) cells (30–75%); and grade 4 severe or
marked number of TUNEL(+) cells (>75%). Scores were
averaged from each tissue section divided into nine
quadrants, from every heart zones in each animal.

Characterization and Validation of MSC-Derived Growth
Factors

Protein concentration in the conditioned medium (concen-
trated and non-concentrated) was evaluated by the Bio-Rad
protein assay (Bio-Rad, USA). Characterization of MSC-
derived factors in MSC-CM was assessed using the RayBio
biotin label-based human antibody array I (RayBiotech,
USA). Relative concentration of each factor was evaluated
using the dedicated software from RayBiotech on the
membrane containing internal controls for reference. Vas-
cular endothelial growth factor (VEGF) was quantified with
the VEGF quantikine enzyme-linked immunosorbent assay
(ELISA) kit (R&D Systems, USA). Expression of selected
genes by MSC was validated by semiquantitative reverse
transcription polymerase chain reaction (RT-PCR). RNA
was extracted using TRIzol and reverse-transcribed to
complementary DNA using Moloney murine leukemia
virus polymerase, then amplified with Taq polymerase
(http://www.invitrogen.com). The 18S gene was used as the
endogenous control. Sequences of the primers used are
provided in Supplementary data. The PCR conditions were
95°C for 2 min, followed by 40 cycles of 95°C for 15 s,
60°C for 20 s, 72°C for 30 s, and final extension at 72°C
for 5 min.

Statistical Analysis

Data are expressed as mean±standard deviation for contin-
uous variables and analyzed using Student’s t test.
Categorical variables are expressed as a number (percent-
age) and compared using χ2 test or Fishers’ exact test, as
appropriate.
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A hierarchical model was used to evaluate group
difference in percent of fibrosis. This model accounts for
the correlation between the multiples measurements in the
same animal. The effect was analyzed at the level of the
animal. A fully parameterized hierarchical model was built,
including a coefficient for each section for each group (the
MIXED procedure in SAS software, version 9.1; SAS
Institute, Cary, NC, USA). The overall effect of “group”
and “zones A to D” was assessed, and comparisons were
made between the two groups for specific zone. From the
model, group comparisons were also made for the average
fibrosis percentage for zones A, B, and C.

In order to compare group apoptosis score, grading
results (grades 1–4) were summarized in a 4×2 table (i.e.,
number or percentage of quadrants with grade 1, 2, 3, or 4).
Group differences were compared using a χ2 test. Weights
were used in the model to obtain the average apoptosis
score for the two observers.

We investigated earlier (3 days) and prolonged effects
(28 days) of MSC-derived growth factors on cardiac
function. In a parallel pilot study, five animals were treated
in each group as above; animals were killed at 3 days after
echocardiography (n=2/group) and the remaining at 28 days
(n=3/group). Fully parameterized longitudinal mixed effect
models were built for echocardiographic measurements,
including a coefficient for each point in time for each group
(the MIXED procedure). These models account for the
correlation between repeated measurements in the same
animal.

For all analyses, p<0.05 were considered statistically
significant.

Results

Characterization of MSC

Swine MSC did not express hematopoietic markers,
including CD11b, CD14, and CD45 but were positive for
MSC markers CD44 and CD90 (Table 1). Results were
comparable to those obtained with human MSC. MSC are
very resistant to hypoxic culture condition and serum
starvation [7]. Using trypan blue staining, we observed that
about 90% of the cells survived more than 48-h cultivation
in these conditions, and there was no difference between
cells subjected to hypoxia or normoxia, with or without
serum [12].

Model of Acute MI and Evaluation of Myocardial Damage

In this study, 18 pigs underwent experimental MI. As
proven angiographically, complete occlusion of the LAD
was achieved in all pigs with the balloon catheter, along

with successful reperfusion after balloon deflation. All pigs
had significant ST segment elevation on continuous EKG,
confirming MI. The mortality rate was 28%: severe
arrhythmias were responsible for the early loss of three
animals during myocardial ischemia. Two other animals
died in the MSC-CM group: one on day1 due to cardiac
failure and the other on day3 when put under general
anesthesia for echocardiography. There were seven surviv-
ing animals in the MSC-CM group and six in the control
group.

Despite the presence of many potent vasoactive factors
found in the MSC-CM, no significant changes in hemody-
namics were observed in the immediate period after MSC-
derived factors injection. Blood pressure (systolic, diastolic,
and mean) and heart rate were not different in the control
group and the MSC-CM treated animals at all time points,
including after CM injection and kill (data not shown).
Serum cardiac Troponin T were <0.01µg/L for all animals
before MI (baseline level). Treatment with MSC-derived
growth factors significantly reduced early troponin T
elevation at 60 min after CM injection, but levels were
not significantly different at 24 and 48 h post-MI, (Fig. 1).

Evaluation of Myocardial Function by Echocardiography

Echocardiographic values at 7 days were compared to
baseline (before MI, each animal being its own control) and
presented as percentage of change (Fig. 2). Myocardial

Table 1 MSC surface markers

Surface marker Human MSC (%) Swine MSC (%)

hCD90 99.1 98.8 98.5

hCD44 97.8 47.0 13.7

hCD45 0.39 0.44 0.55

hCD14 neg neg neg

hCD117 neg neg neg

hCD11b neg 0.07 0.22

hCD34 0.1 neg 0.07

hCD38 neg neg neg

hCD33 neg 0.19 0.21

hCD32 0.74 0.28 1.5

hCD10 22.7 2.09 0.4

hCD64 neg neg neg

hCD71 neg neg neg

hCD62L neg neg neg

Monoclonal antibodies (mAbs) used in this study are directed against
human cell surface markers (Coulter Immunology, Hialeah, FL, USA).
Immunofluorescence reactivity was determined by automated multi-
parameter flow cytometry analyzing at least 104 cells in each sample
(FACScan®; Becton Dickinson; Mountain View, CA, USA). We
analyzed human MSC (fifth passage) and swine MSC (fourth passage,
two different cell lines)
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infarct was associated with a reduction in contractility,
which was significantly worst in the control group (P=
0.013) when looking at FAS, suggesting a favorable effects
on the ischemic myocardium by the MSC-derived factors.
Similarly, the left ventricular ejection fraction (LVEF)
decreased in both groups after MI, but the group difference
was not significant (P=0.138). Stroke volume (SV) and CO
improved with MSC-derived factors treatment, as opposed to
a significant reduction in control animals (P values of 0.013
and 0.024, respectively). The deterioration in wall motion
score index (WMSI) was significantly worst in the control
group (P=0.043). Left ventricular end-systolic volume
(LVESv) was 58.5±2.2 ml in the control group compared
to 54.3±1.1 ml in MSC-CM (P=0.095). Likewise, left
ventricular end-diastolic volume (LVEDv) was 108.6±8.3 ml
in the control group compared to 101.4±9.6 ml in MSC-CM
group (P=0.443), see Table 2. Heart rate and blood pressure
did not change over time, and differences were not
significant between groups (data not shown).

Similarly to early beneficial effects observed at 7 days,
animals treated with MSC-derived factors demonstrated a
better cardiac function represented by WMSI (P<0.001)
and LVEF (P=0.073) at 28 days compared to controls
(Table 2 and Supplementary figure). Moreover, treatment
with MSC-derived factors demonstrated favorable effects at
28 days on remodeling and prevention of cardiac dilatation
post-MI. Indeed, animals in control group showed larger
LV cardiac cavities compared to MSC-CM treated animals
at 28 days with LVES of 89.9±9.7 ml vs 42.3±6.2 ml (P<
0.001) and LVED of 150.7±5.1 ml and 101.4±9.6 ml (P<
0.001), respectively (Table 2).

Histological Analysis for Fibrosis, Myocardial Damage,
and Cell Death

Treatment with MSC-derived factors significantly reduced
collagen deposition and fibrosis in the infarcted border

zones A and C, but not in the infarcted area B (Fig. 3).
When combining all infarcted zones A+B+C, the area
occupied by fibrotic tissue was smaller in the MSC-CM
group compared to controls.

Qualitative histological analysis suggested a different
pattern of myocardial injury with reduced myocardial
damage in the MSC-CM group as demonstrated by areas
of relatively preserved myocardium in the border and
infarcted areas (Fig. 4a). Quantitatively, planimetric analy-
sis demonstrated a significantly smaller area of viable
tissues in the infarcted area of control animals (Fig. 4b).

Treatment with MSC-derived factors significantly de-
creased the number of TUNEL-positive cardiomyocytes in
the infarcted zone B, and a trend toward reduction of
apoptosis was observed in zoneA (Table 3). When combining
all infarcted zones A+B+C, the TUNEL scores in these
regions were significantly smaller in the MSC-CM group.

Characterization of MSC-Derived Factors in Conditioned
Medium

Protein concentration in MSC-CM (n=8, unconcentrated
medium collected from cultured MSC) was 230.6±96.7 μg/
ml, compared to 0.22±0.7 μg/ml (P<0.001) in α-MEM
culture medium alone [n=8, control medium, no fetal
bovine serum (FBS) serum, no cells]. In the samples
injected in our study and concentrated using the Amicon
filters, total protein concentration in the MSC-CM was
increased to 519.9±617.7 μg/ml (n=4) compared to 1.3±
1.2 μg/ml in control CM (n=6, control medium, no FBS
serum, and no MSC; P<0.05).

Fig. 2 Echocardiographic analysis at day7 to evaluate early cardiac
function recovery, results are presented as percent change versus
baseline. LV function measured by FAS was significantly worst in the
control group (n=6) compared to MSC-CM treated group (n=7),
*P<0.05. Similarly, MSC-CM treatment significantly improved stroke
volume (SV), cardiac output (CO) and wall motion score index (WMSI)

Fig. 1 Serum cardiac Troponin T elevation at different time points.
Troponin level was significantly higher in the control group (black
bar) at 60 min after CM injection, compared to MSC-CM group
(white bar). *P<0.05 versus control
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We used the RayBio® human protein array to characterize
the growth factors secreted by MSC. Many factors, including
epiregulin, endotheline, fibroblast growth factor-16, IL-1α,
secreted frizzled related protein 1 and 4 (sFRP-1 and sFRP-4),
tissue inhibitor of matrix metalloprotease-2 (TIMP-2), and
VEGF, were detected in the supernatants of swine MSC
(Table 4). Results obtained using human MSC were similar
for these factors. Quantitative measurement by VEGF ELISA
validated the secretion of VEGF by the swine MSC and
showed a significant increase when swine MSC were cultured

under hypoxic conditions (Fig. 5a). Moreover, VEGF
concentration in MSC-CM from injected animals (n=4) was
very high 1,326.4–9,854.2 pg/ml (mean, 3,798±4,052).

Semiquantitative analysis of messenger RNA expression
by RT-PCR confirmed the production of various factors by
swine MSC. The expression of interesting genes including
angiogenic factors (epiregulin and endothelin), anti-
apoptotic factors (sFRP-1), and anti-remodeling factors
(TIMP-1 and TIMP-2) were detected. These genes were
also expressed by human MSC (Fig. 5b).

Baseline 3days 7days 28days
Controls, n=11 Controls, n=5 Controls, n=6 Controls, n=3

Groups MSC-CM, n=12 MSC-CM, n=5 MSC-CM, n=7 MSC-CM, n=3

FAS (%) Control-CM 45.9±1.9 35.2±1.5 30.6±2.4 33.2±2.6

MSC-CM 48.0±2.0 37.6±3.1 38.2±1.8* 44.2±4.5*

LVEF (%) Control-CM 59.5±2.1 42.3±1.3 45.9±3.5 41.0±4.4

MSC-CM 58.6±1.9 47.0±3.2 49.0±2.2 59.4±3.4*

SV (ml) Control-CM 39.5±2.0 37.8±2.2 33.2±3.1 51.0±6.2

MSC-CM 34.8±2.9 35.5±4.2 34.8±2.4 45.2±3.0

CO (L/min) Control-CM 4.50±0.34 3.95±0.44 3.14±0.34 5.08±0.95

MSC-CM 4.02±0.42 3.76±0.52 3.72±0.42 4.99±0.25

WMSI Control-CM 1.0±0.0 1.44±0.06 1.53±0.07 1.47±0.02

MSC-CM 1.0±0.0 1.31±0.05 1.36±0.03* 1.13±0.05*

LVESv (ml) Control-CM 33.5±2.5 58.0±2.8 58.5±2.2 89.9±9.7

MSC-CM 31.3±1.6 48.2±3.0* 54.3±1.1 42.3±6.2*

LVEDv (ml) Control-CM 77.3±3.7 100.8±3.7 108.6±8.3 150.7±5.1

MSC-CM 76.6±2.2 90.6±2.4* 101.4±9.6 101.4±9.6*

Table 2 Echocardiography data

Echocardiographic analysis up
to 28 days. Results are presented
as mean±standard deviation
obtained at baseline and at dif-
ferent time points after myocar-
dial infarct and treatment.
Statistical analyses were made
using longitudinal mixed effect
models. *P<0.05 vs control-CM

FAS fractional area shortening,
LVEF left ventricular ejection
fraction, SV stroke volume,
CO cardiac output, WMSI wall
motion score index (1=normal),
LVESv left ventricular end-
systolic volume, LVEDv left
ventricular end-diastolic
volume, control-CM control
conditioned medium, MSC-CM
MSC-conditioned medium con-
taining MSC-derived factors

Fig. 3 Quantitative evaluation
of fibrosis by Verhoff staining
of left ventricular (LV) sections
at 7 days post-treatment. a Rep-
resentative tissue sections with
fibrosis stained pink-red, origi-
nal magnification ×10. b Fi-
brotic area (%) represents the
ratio of area occupied by fibrotic
tissue over the entire area. LV
heart zones examined are as
follows: A and C are infarct
transition-border zones and B is
the infarcted antero-septal zone.
MSC-CM treatment significant-
ly reduced the fibrotic area in
the infarct border zones (A and
C combined) and in the infarct-
ed zone (A+B+C combined)
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Discussion

The mechanism underpinning effects of MSC therapy appears
to be far more complex than previously anticipated but is
certainly multifactorial [23]. It remains unclear whether the
beneficial effect of this cell-based therapy is a direct conse-
quence of the transplanted cells participating and integrating in
a functional syncytium with the host myocardium or, alterna-

tively, if the transplanted cells improve cardiac functionwithout
directly contributing to systolic contraction [2].

MSC transplantation may improve myocardial function
recovery predominantly by facilitating endogenous repair
mechanisms, rather than through direct regeneration.
Therefore, it is speculated that implanted MSC could
secrete bioactive factors, which may stimulate angiogenesis
[10], suppress apoptosis of cardiomyocytes [12, 15],

Minimal Slight Moderate Marked P value
Grade 1 (%) Grade 2 (%) Grade 3 (%) Grade 4 (%)

LV zone A

Control-CM 42.6 14.8 11.1 31.5 0.074
MSC-CM 56.9 26.4 9.7 6.9

LV zone B

Control-CM 42.6 22.2 20.4 14.8 0.008
MSC-CM 76.4 19.4 4.2 0

LV zone C

Control-CM 35.2 11.1 14.8 38.9 0.313
MSC-CM 40.3 23.6 16.7 19.4

LV zones A+B+C

Control-CM 40.1 16.1 15.4 28.4 0.002
MSC-CM 57.9 23.2 10.2 8.8

Table 3 Cardiomyocytes apo-
ptosis by TUNEL labeling

Cardiomyocytes apoptosis was
evaluated by semiquantitative
scoring system from grades 1–4,
on nine quadrants from each
tissue section. Results are pre-
sented as percentage of fre-
quency. Zones A and C peri-
infarct border zones; Zone B
infarct zone.

Control-CM control conditioned
medium, MSC-CM MSC-
conditioned medium containing
MSC-derived factors

Fig. 4 a Masson’s trichrome
staining at 7 days. Representa-
tive whole heart sections in the
infarcted zone is presented on
the left, as well as the higher
magnifications (original ×10) in
the black box. b Quantitative
planimetric evaluation revealed
that MSC-CM significantly re-
duced non-viable tissue area
(necrosis, fibrosis, and collagen
deposition) with less myocardial
damage and a more favorable
healing process in the infarcted
zone B and all infarcted LV
zones combined (A+B+C). LV
heart zones examined are as
follows: A and C are infarct
transition-border zones, B is the
infarcted zone, and D is the
remote normal LV free wall
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increase efficiency of cardiomyocyte metabolism [24],
improve inotropy of survival myocytes by affecting the
activities of ion channels [25], or modulate interstitial
matrix composition and remodeling [26–28]. Moreover,
transplantation of MSC into ischemic heart may have
beneficial effect on endogenous cardiac resident stem cells
in a paracrine manner [26, 29].

We previously reported that intramyocardial injection of
MSC into rat and mice ischemic hearts improved cardiac
healing as early as 72 h after MI, which is too early to be
explained solely by direct myocardial regeneration from
MSC [8, 9]. Bioactive factors secreted by MSC and found
in MSC-CM reduced apoptosis and triggered vigorous
spontaneous contraction of isolated hypoxic adult rat
cardiomyocytes in vitro, suggesting the presence of
cytoprotective and inotropic factors [8, 15]. We observed

that pre-stimulation of MSC by hypoxia improved the
cytoprotective effects. Indeed, it has been reported that the
expression of several growth factors is upregulated in
hypoxic cultured MSC [10, 12–14]. Therefore, using
hypoxia-stimulated MSC, we previously demonstrated in
a rat model of acute MI that direct intramyocardial injection
of MSC-derived growth factors could improve cardiac
function and protection [8, 15], providing strong evidences
for paracrine hypothesis and indirect effects of MSC therapy.

Herein, in larger animals, we demonstrated that a single
intracoronary injection of MSC-derived factors into ische-
mic myocardium resulted in significantly lower early
troponin elevation, suggesting a reduction in tissue damage
[30]. Serum cardiac troponin T (cTnT) has been validated
in laboratory animals as a biomarker of cardiac injury and
level increases in proportion to severity of cardiac injury

Table 4 Detection of secreted factors by protein array

Swine MSC Human MSC

Secreted factors Normoxia Hypoxia Normoxia Hypoxia Biological process description

Activin A + +/− ++ + Cell proliferation, differentiation, apoptosis, immune response

Epiregulin +++ +++ ++ ++ Remodeling

Endothelin +++ +++ +++ +++ Cytoprotection, cell proliferation

FGF-16 +++ ++ − − Cell proliferation

Frizzled-5 + + − − Cell migration

Frizzled-6 ++ + − − Cell migration

Galectin-3 +++ +++ − − Cytoprotection

Glypican-3 +++ ++ ++ ++ Cell proliferation

IGFBP-7 ++++ +++ +++ ++++ Cytoprotection, cell migration, contractility

IL-1 alpha ++++ +++ − − VEGF induction

IL-7 ++ ++ − − Lymphocyte proliferation

IL-15 alpha ++ + + +/− Immune response

IL-17E ++ + − − Immune response

IL-27 + + − − Immune response

LRP-1 ++ + + − Cell migration

LRP-6 +++ ++ +++ − Cell migration

MMP-16 + + − − Loosens matrix, remodeling

NCAM-1 + + − − Cell adhesion

Osteoprotegerin ++++ ++ +++ ++++ Bone development

sFRP-1 + + − − Development, apoptosis

sFRP-4 +++ ++ ++ +++ Development, apoptosis

Smad4 + + ++ + Vessel maturation, cell proliferation

Smad5 +++ +++ − − Vessel maturation, cell proliferation

Smad7 ++ ++ + + Vessel maturation, cell proliferation

Thrombospondin-1 +++ +++ ++ ++++ Cell migration, apoptosis

TIMP-1 − − +++ ++++ Cell migration, remodeling

TIMP-2 +++ ++ +++ +++++ Cell migration, remodeling

VEGF ++ +++ ++ +++ Cytoprotection, proliferation, migration, angiogenesis

Characterization of secreted factors by swine and human MSC under normoxic or hypoxic culture conditions. Relative concentration is expressed
from low (−) to very high (+++++)
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[31]. In the swine model of acute MI, the release of
troponin is known to occur early following ischemic injury,
and the critical time for measurements is within the first
few hours [20, 32]. We also measured troponin subsequent-
ly at 24 and 48 h but failed to unveil any differences
between animal groups. It is conceivable that we missed
important variation within the first 24 h of ischemic injury.
Alternatively, it is possible that MSC-derived factors act as
preconditioning factors on ischemic tissues or by modula-
tion of the reperfusion injury.

Microscopic analysis of myocardial infarct demonstrated
a favorable healing process and remodeling with a
reduction of the fibrosis and necrosis in animals treated
with MSC-derived factors. It has been reported that
apoptotic cell death contributes to expansion of MI extent
and progression of LV remodeling after MI. Accordingly,
apoptosis is a key pathologic feature in acute MI and heart
failure [33]. Understanding the mechanisms involved in the
apoptotic cascade may be useful in better understanding of

heart failure and its management. Anti-apoptotic treatments
may be effective in the prevention and treatment of post-
infarction remodeling and heart failure [33].

Importantly, echocardiographic data demonstrated that
early reduction in myocardial injury by MSC-derived
factors had beneficial effects on myocardial contractile
function as shown by significant preservation at 7 days of
FAS, a significant improvement in SV and CO. Moreover,
WMSI, used as a surrogate measure of LV function [34],
was significantly improved in the MSC-CM group. These
important findings cannot be attributed to a difference in
heart rate between controls and MSC-CM-treated animals.
Remarkably, the intracoronary injection of MSC-derived
factors with potential vasoactive effects had no impact on
blood pressure or hemodynamics. Inspired by our previous
work on rodent, where we achieved significant myocardial
repair and functional recovery after only 3 days following
MSC or MSC-CM intracardiac injection [8, 13, 15, 24, 35],
we investigated early myocardial repair in the swine at
7 days after MI. We are aware that this early time point may
fail to uncover more significant improvements on global
cardiac function due to the persisting stunning effects of the
ischemic myocardium, the lack of recovery and remodeling,
and other important cellular interactions such as neo-
vascularization. Nevertheless, these early favorable effects
on improved cardiac function were sustained up to 28 days,
as shown in a parallel pilot study. MSC-derived factor
treated animals demonstrated a significantly better WMSI
and a trend toward improved LVEF (see Supplementary
data). More interestingly, we also observed a significant
improvement in LV remodeling with reduction of LVES
and LVED in the MSC-derived factor treated animals. Our
findings correlate with several clinical trials where the
favorable impact of bone marrow stem cell injection into
ischemic heart was seen on the regional infarcted area, not
of global LVEF by echocardiography [36–38].

Because acute myocardial ischemia and subacute micro-
infarction have been reported after intracoronary arterial
cellular injection [39], MSC were not injected in this study
as controls [6, 40]. Instead, MSC-derived growth factors
and control-CM were injected once in our protocol, and
immediately after MI, the results of several injections were
not investigated. Optimal timing for injection has yet to be
determined, but infusion of MSC-derived factors at time of
PCI for reperfusion of acute MI is the most clinically
efficient way for early myocardial protection and repair.

Consistent with previous work, results of the current
study demonstrated the importance of mediators produced
by hypoxia-stimulated MSC and the prospect to use MSC-
derived factors to achieve protection and functional
improvement of the ischemic myocardium [8, 13, 15]. In
accordance with previous reports, we identified a broad
spectrum of factors secreted by MSC [10–13]. Some of

Fig. 5 Detection of growth factors in the supernatants of cultured
MSC. a Quantitative measurement of VEGF by ELISA in swine
MSC-CM. VEGF secretion is significantly increased when MSC are
cultured in hypoxic conditions compared to normoxic conditions.
VEGF concentration in the MSC supernatant was normalized by the
number of MSC cells in the culture dish (1×105 cells). b Production
of growth factors by human and swine MSC detected distinctly by RT-
PCR, cultured under normoxia (N) or hypoxia (H)
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these factors have been shown individually to have positive
effects on experimental blood flow recovery, cardioprotec-
tion, cell proliferation, survival, and anti-apoptosis [10–12,
41–44]. However, we do not know yet the functional role of
each cytokine and growth factors and which play the most
important in myocardial repair and function recovery [12].
TIMP-1 has been found by Singela et al [45]. to be an
important anti-apoptotic factor found in embryonic stem
cell-conditioned medium. Recently, VEGF has been iden-
tified as a key therapeutic trophic factor in MSC-mediated
cardiac repair by Zisa et al [46]. These authors and others
[12] found a VEGF concentration of 40–225 pg to be
sufficient for in vivo cardioprotective effects. We injected
animals with concentration of VEGF up to 9,854 pg/ml. Of
note, our experimental protocol relies on a single injection
of concentrated MSC-derived factors, and we achieved
injection of high amount of MSC-derived factors (final total
protein concentration in the injectate of 143–1,440 ug/ml).
Other groups used repeated injection for myocardial repair
(intraperitoneal or intramuscular) because they injected
unconcentrated MSC-CM [12, 16]. We believe that the
delivery of highly concentrated mixture of MSC-derived
factors is superior to unconcentrated MSC-conditioned
medium. We combined the medium from 12 Petri dishes
(10-cm diameter, about 5–6 ml of medium each) to prepare
the CM to be injected for each swine, which represent
growth factors produced by approximately 40–50 million
MSC cells, as reported by other investigators in similar
model injecting MSC into swine ischemic heart [40].

Herein, we postulated that, first, MSC transplantation
could be used for the treatment of ischemic heart disease
and that, second, important mechanisms mediating the
beneficial effects of this cell-based therapy on cardiac
function and repair may be an early effect through the
release of biologically active and cytoprotective factors
secreted by hypoxia-stimulated MSC. Because early reper-
fusion by PCI is the treatment of choice in the clinical
setting of an ongoing acute MI [47], we developed and used
a reproducible large animal model that mimics acute MI
and reperfusion in the human by means of PCI techniques.
Using similar experimental protocol in the swine with 60-
min LAD occlusion and reperfusion, Freyman and cow-
orkers [40] demonstrated a reproducible infarction affecting
20–30% of the LV. The intracoronary route of administra-
tion of stem cells or growth factors has been demonstrated
to be safe in clinical trial [48–50]. To our knowledge, this is
the first study to investigate the paracrine and indirect
effects of stem cell therapy by percutaneous intracoronary
injection of MSC-derived growth factors for the treatment
of acute myocardial ischemia in a pre-clinical large animal
model.

In conclusion, the present study was designed to
characterize the early protective effects and functional

improvement of the ischemic myocardium following a
single intracoronary injection of MSC-derived factors in a
preclinical experimental large animal model. It is interesting
to speculate that MSC-derived growth factor injection could
be used as a novel pharmacological therapy to treat
ischemic heart diseases, rather than MSC themselves, thus
avoiding many practical and technical issues regarding cell
therapy. MSC-CM could be produced by an established cell
line and be readily available for any patient presenting with
an acute myocardial infarct in the emergency room and
undergoing acute PCI treatment for myocardial reperfusion.
Moreover, combining stem cells and gene therapy, MSC
could be cultured and genetically modified ex vivo to alter
the expression of targeted cytokines, making these cells
ideal to be used as “minipumps” to produce and release
factors required for improving tissue repair, viability,
contractility, and blood flow.
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