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ABSTRACT

The aim of this study was to investigate the role of endo-
thelial nitric oxide synthase (eNOS) in the host myocar-
dium on bone marrow mesenchymal stromal cells (MSC)
migration to the ischemic myocardium and whether stro-

mal cell-derived factor-1a (SDF-1a) contributes to eNOS-
mediated MSC migration. MSCs and coronary microvas-

cular endothelial cells were isolated from adult wild-type
(WT) mouse bone marrow and hearts, respectively. Cul-
tured neonatal cardiomyocytes from WT, eNOS2/2, and

eNOS overexpressing transgenic (Tg) mice were subjected
to anoxia and reoxygenation (A/R), and the conditioned

medium was used as a chemoattractant for in vitro trans-
endothelial migration assay. MSC migration was
decreased in the presence of conditioned medium derived

from eNOS
2/2

cardiomyocytes but increased in the pres-
ence of eNOS-Tg conditioned medium. SDF-1a expression
was decreased in eNOS2/2 but increased in eNOS-Tg car-

diomyocytes following A/R and in the myocardium follow-
ing ischemia/reperfusion (I/R). SDF-1a expression was
cGMP-dependent as inhibition of soluble guanylyl cyclase
decreased SDF-1a expression in WT cardiomyocytes.

MSCs expressed very low levels of eNOS proteins com-
pared with the adult myocardium. To examine MSC

migration in vivo, MSCs derived from mice expressing
enhanced green fluorescence protein (EGFP

1
) were intra-

venously administered to WT mice subjected to myocar-

dial I/R. EGFP
1

cells in the ischemic region were
decreased in eNOS2/2 but increased in eNOS-Tg com-

pared with WT hearts. MSC treatment improved cardiac
function following I/R in WT but not in eNOS

2/2
mice. In

conclusion, eNOS in the host myocardium promotes MSC

migration to the ischemic myocardium and improves
cardiac function through cGMP-dependent increases in
SDF-1a expression. STEM CELLS 2009;27:961–970

Disclosure of potential conflicts of interest is found at the end of this article.

INTRODUCTION

Adult bone marrow mesenchymal stromal cells (MSCs) are
multipotential nonhematopoietic stem cells that are able to
regenerate mesenchymal tissues such as bone, cartilage, mus-
cle, ligament, tendon, and adipose tissues [1]. Accumulating
evidence suggests that MSCs are attractive candidates for car-
diovascular therapy because of their capacity to facilitate
myocardial repair and neovascularization in models of cardiac
injury [2]. Although the ability of MSCs to differentiate into
cardiomyocytes in vivo is still debatable, studies have consis-
tently shown that MSCs are able to migrate into the injured
myocardium from the circulation and contribute to cardiac
repair post myocardial infarction (MI) [3, 4]. However, the
molecular mechanisms governing MSC migration into the is-
chemic myocardium are not fully understood.

Endothelial nitric oxide synthase (eNOS) is expressed in
the heart by several cell types including the vascular endothe-
lium, the endocardium, and cardiomyocytes [5]. Nitric oxide
(NO) production from eNOS promotes neovascularization,
cardiomyogenesis, and cardiomyocyte proliferation [5–7]. Fur-
thermore, eNOS has been shown to be essential in the mobili-
zation of stem and progenitor cells from the bone marrow [8].
The effect is thought to be through the activation of matrix
metalloproteinase 9 and cleavage of stem cell factor from the
MSCs, which promotes the release of progenitor cells from
the bone marrow [8]. However, whether eNOS in the host
myocardium promotes MSC migration toward the ischemic
myocardium remains to be determined.

Stromal-derived factor-1 alpha (SDF-1a, also known as
CXCL12) is a member of the chemokine family of chemotac-
tic proteins. SDF-1a and its receptor CXCR4 are required for
hematopoietic stem cell migration and homing to the bone
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marrow [9]. SDF-1a induces neovascularization by recruiting
the endothelial progenitor cells (EPCs) toward the ischemic
tissues [10]. Interestingly, cardiomyocytes express SDF-1a,
and this expression is upregulated in the heart following MI
[11]. Recent studies suggest that SDF-1a/CXCR4 interaction
promotes bone marrow stem cell recruitment to the heart fol-
lowing MI [12]. Furthermore, SDF-1a-induced EPC migration
in the Boyden chamber is mediated by PI3K/protein kinase B
(Akt)/eNOS signaling in the EPCs [13]. However, the role of
eNOS in the host myocardium on MSC migration to the is-
chemic heart is still not known.

In this study, we hypothesized that eNOS-derived NO pro-
duction from the host myocardium promotes MSC migration
toward the ischemic myocardium via upregulation of SDF-1a.
To test this hypothesis, in vitro MSC transendothelial migra-
tion assays were performed using the conditioned media
(CM) of neonatal cardiomyocytes from wild-type (WT),
eNOS�/�, and cardiac-specific eNOS transgenic (Tg) mice
subjected to anoxia/reoxygenation (A/R). The role of eNOS
signaling on SDF-1a expression in cardiomyocytes was inves-
tigated. The effects of eNOS levels in the heart on MSC
migration toward the ischemic myocardium were further stud-
ied in vivo using mice subjected to myocardial ischemia and
reperfusion (I/R). Our results demonstrated a pivotal role of
host eNOS in MSC migration toward the ischemic myocar-
dium, leading to improvement in cardiac function. The effect
of eNOS was found to be mediated by an upregulation of
SDF-1a expression via cGMP.

MATERIALS AND METHODS

Animals

WT, eNOS�/�, and enhanced green fluorescence protein trans-
genic (EGFP-Tg) mice of C57BL/6 background were obtained
from Jackson Laboratory (Bar Harbor, ME, http://www.jax.org).
Cardiomyocyte specific eNOS transgenic (eNOS-Tg, line 23)
mice were obtained from Dr. Friedrich Brunner (University of
Graz, Graz, Austria) [14]. The eNOS-Tg mice were backcrossed
to C57BL/6 for more than 15 generations. The investigation con-
forms to the Guide for the Care and Use of Laboratory Animals
published by the U.S. National Institutes of Health (NIH Publica-
tion 85-23, revised 1996).

Neonatal Mouse Cardiomyocyte Culture

Neonatal mouse cardiomyocyte culture was performed as previ-
ously described [7, 15, 16]. Briefly, ventricle myocardial tissues
from WT, eNOS�/�, and eNOS-Tg mice born within 24 hours
were minced in Ca2þ and Mg2þ-free Hanks’ balanced salt solu-
tion, and cardiomyocytes were dispersed in 22.5 lg/ml liberase
blendzyme IV (Roche Diagnostics, Basel, Switzerland, http://
www.roche-applied-science.com) at 37�C for 40 minutes. The
isolated cells were preplated for 90 minutes to remove noncardio-
myocytes. The cardiomyocytes were plated in 24-well plates, cul-
tured in M199 medium containing 10% fetal bovine serum (FBS)
at 37�C in 5% CO2 incubator and used for the experiments after
72 hours of culture.

Anoxia and Reoxygenation

The in vitro model of A/R used in this study was similar to that
described previously [17]. Briefly, confluent beating mouse cardi-
omyocyte monolayers were exposed to anoxia for 60 minutes in
phenol red-free M199 medium containing 1% FBS and then
reoxygenated for 6 hours. Anoxic conditions were obtained by
perfusion of a small humidified plexiglass chamber with 100%
N2. Oxygen concentration inside the chamber was confirmed to
be 0.0% by an oxygen sensor. Control conditions consisted of

cardiomyocytes treated identically except that they were cultured
under normal normoxic (N/N) conditions, rather than the A/R
protocol. The CM from A/R or N/N-treated cardiomyocytes were
collected and served as the chemoattractant for the in vitro trans-
endothelial migration assays.

Isolation and Culture of Bone Marrow MSCs

Bone marrow cells were isolated from femurs of adult male WT
or EGFP-Tg mice. MSCs were maintained in Dulbecco’s modi-
fied Eagle’s medium consisting 1 g/L glucose, 10% FBS, 50
units/ml penicillin, and 50 lg/ml streptomycin (Invitrogen, Bur-
lington, ON, http://www.invitrogen.com). The nonadherent cell
population was removed after 48 hours, and the adherent MSC
layer was washed twice with fresh medium. The cells were
passed and cultured for three generations. WT MSCs were used
for in vitro transendothelial migration assays, and EGFP-Tg
MSCs were used for in vivo migration assays.

Flow Cytometry

The immunophenotype of cultured MSCs was analyzed using a
FACScan (BD Biosciences, Mississauga, ON, http://www.bdbio-
sciences.com). The MSCs were incubated with fluorescein iso-
thiocyanate-conjugated monoclonal antibodies against mouse
CD31 and CD90, and phycoerythrin (PE)-conjugated antibodies
against mouse CD45, CD73, CD105, and CXCR4. Mouse IgG1
and IgG2a were used as isotype controls. All antibodies were pur-
chased from eBIOSCIENCE (San Diego, CA, http://
www.ebioscience.com).

In Vitro Differentiation Assay

Osteogenic and adipogenic differentiation assays were performed
similar to a previous report with modifications [18]. For osteo-
genic differentiation, subconfluent MSCs were cultured in 24-well
plates in osteogenic medium containing 10 nM dexamethasone,
0.2 mM ascorbic acid, and 10 mM b-glycerolphosphate. The me-
dium was replaced every 3 days for 14 days. Cultures were fixed
in ice–cold 70% ethanol, and stained for Alizarin red (40 mM,
pH 4.1; Sigma, Oakville, ON, http://www.sigmaaldrich.com). For
adipogenic differentiation, subconfluent MSCs were cultured on
cover glass in complete medium supplemented with 0.5 lM
hydrocortisone, 0.5 mM isobutylmethylxanthine, and 60 lM indo-
methacin. The medium was replaced every 3 days for 21 days.
Cells were fixed in 10% formalin and stained with fresh oil red O
solution and hematoxylin (Fisher Scientific, Ottawa, ON, http://
www.fisherscientific.com).

In Vitro MSC Transendothelial Migration

MSC transendothelial migration was assessed as previously
described [18]. Mouse coronary microvascular endothelial cells
(CMEC) were isolated using Dynabeads (Invitrogen) with an
anti-CD31 antibody as described previously with modifications
[6]. Following collection, CMECs coupled to the beads were sep-
arated with a magnetic separator (StemCell Technologies, Van-
couver, BC, http://www.stemcell.com) and incubated in endothe-
lial basal medium-2 media supplemented with EGMTM-2
(Endothelial cell growth medium-2 bulletKitVR : Cedarlane, Bur-
lington, ON, http://www.cedarlanelabs.com). To assess the purity
of endothelial cells, cells were incubated with the fluorescence la-
beled acetylated low-density lipoprotein (DiI-Ac-LDL, 10 lg/ml
for 4 hours at 37�C) and counterstained with Hoechst 33342.
CMECs were used at passage 2, and subcultured into Transwell
cell culture inserts (8-lm diameter pores). Once endothelial cells
reached confluence on the inserts, 5 � 104 MSCs were added to
the upper compartment of the endothelial cell monolayer,
whereas CM from A/R or N/N treated cardiomyocytes were
placed in the basal compartment. The cells were coincubated for
6 hours at 37�C and 5% CO2. The number of cells that migrated
to the basal compartment was quantified by CyQuant Cell Prolif-
eration Kit (Invitrogen) as per manufacturer’s instructions.
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Migration from confluent endothelial monolayer without MSCs in
the upper compartment was <0.3% during stimulation by A/R
CM.

In Vivo Myocardial I/R

Male WT, eNOS�/�, and eNOS-Tg mice (2-3 months old) were
anesthetized with ketamine (50 mg/kg) and xylazine (12.5 mg/
kg). Mice were intubated and artificially ventilated with a respira-
tor (SAR-830; CWE Inc., Ardmore, PA, http://www.cwe-
inc.com). Subsequently, a left intercostal thoracotomy was per-
formed, and the left side of the heart was exposed. The pericar-
dium was opened, and the left coronary artery was occluded by
positioning a suture (8-0) around it together with a PE-10 tubing
similar to our previous report [19]. After 45 minutes, the PE-10
tubing was removed to allow reperfusion. Third-generation cul-
tured EGFPþ MSCs (5 � 105 in 0.1 ml mouse serum) were intra-
venously injected through the tail vein 30 minutes after reperfu-
sion. The hearts were harvested 24 hours after reperfusion for
immunofluorescent staining, real-time polymerase chain reaction
(PCR), and Western blot analysis.

Immunofluorescent Staining

To identify EGFPþ MSCs migration to the heart, frozen sections
of WT, eNOS�/�, and eNOS-Tg hearts were incubated with an
anti-a-actinin antibody (Sigma) overnight at 4�C followed by a
rhodamine-labeled secondary antibody (Jackson ImmunoResearch
Laboratories, West Grove, PA, http://www.jacksonimmuno.com).
Hoechst 33342 was used for nuclear staining. Sections were
examined under a Zeiss fluorescence microscope. EGFPþ MSCs
in the ischemic area were quantified.

Assessment of Cardiac Function

WT and eNOS�/� male mice (2-3 months old) were subjected to
45 minutes of myocardial ischemia followed by 5 days of reper-
fusion. A total of 5 � 105 MSCs in 0.1 ml mouse serum or
mouse serum alone (vehicle) were injected through the tail vein
30 minutes after beginning reperfusion. Sham-operated mice
served as controls. The mice were sacrificed 5 days after surgery,
and cardiac function was assessed using a Langendorff system as
previously described [20].

Real-Time PCR Analysis

Total RNA was extracted from the left ventricle (LV) myocar-
dium or cultured cardiomyocytes with Trizol reagent (Invitrogen).
cDNA was synthesized using moloney murine leukemia virus
reverse transcriptase with random primers (Invitrogen). Real-time
PCR was conducted using SYBR

VR
Green PCR Master Mix as per

manufacture’s instructions (Eurogentec, San Diego, CA, http://
www.eurogentec.be). 28S rRNA (a house keeping gene) was used
as a loading control. The primer sequences were as follows:
SDF-1a upstream: 50 TCA GCC TGA GCT ACC GAT GC 30;
downstream: 50 TCT TCA GCC GTG CAA CAA TC 30; 28S
rRNA upstream: 50 TTG AAA ATC CGG GGG AGA G 30;
downstream: 50 ACA TTG TTC CAA CAT GCC AG 30. Samples
were amplified for 34 cycles using a real-time PCR machine
(OpticonTM, Bio-Rad, Mississauga, ON, http://www.bio-rad.com).
Relative SDF-1a mRNA expression is presented as SDF-1a/28S
ratios.

Measurement of SDF-1a Protein Expression

SDF-1a protein expression in CM and in heart tissue subjected to
I/R was assessed by Quantitine Mouse SDF-1a enzyme-linked
immunosorbent assay (ELISA) kit (R&D Systems Inc., Burling-
ton, ON, http://www.rndsystems.com) according to the manufac-
turer’s recommendations. Heart tissues were homogenized in
phosphate buffered saline, and the total protein concentration was
measured by Lowry assay. Ten micrograms protein per sample
was used for ELISA analysis.

Measurement of NO Production

NO production was measured in live cardiomyocytes using the
membrane-permeable fluorescent probe 4-amino-5-methy-
lamino-20,70-difluorofluorescein diacetate (Invitrogen) as we have
recently described [19]. The fluorescence produced by NO was
measured using 485 nm excitation and 515 nm emission (Spectra-
Max M5; Molecular Devices Corp., Union City, CA, http://
www.moleculardevices.com). The results are expressed in arbi-
trary fluorescence units.

Inhibition of SDF-1a and CXCR4 Interaction

Cultured neonatal cardiomyocytes were treated with murine SDF-
1a small interfering RNA (siRNA) to knockdown SDF-1a mRNA
expression (Santa Cruz Biotechnology Inc., Santa Cruz, CA,
http://www.scbt.com) using the TransMessenger Transfection Re-
agent Kit (Qiagen, Mississauga, ON, http://www1.qiagen.com).
Following treatment, SDF-1a mRNA expression was measured
by real-time PCR to determine the efficiency of transfection. Car-
diomyocytes treated with scrambled siRNA (Santa Cruz Biotech-
nology Inc.) were used as controls. The CM was collected after
A/R treatment and served as a chemoattractant for the in vitro
transendothelial migration assay.

The effect of SDF-1a on MSC migration after I/R in vivo
was investigated by using an anti-CXCR4 neutralizing antibody
(20 lg/ml, R&D Systems Inc.) to block SDF-1a/CXCR4 binding.
EGFPþ MSCs were treated with anti-CXCR4 antibody for 30
minutes before they were injected into mice subjected to myocar-
dial ischemia and reperfusion. The presence of EGFPþ MSC in
the ischemic region was assessed using fluorescence microscopy.

Statistical Analysis

All data are expressed as mean � SEM. For analysis of differen-
ces between two groups, Student’s t test was performed. For
multiple group comparisons, one-way or two-way analysis of
variance followed by Bonferroni post hoc test was employed.
p < .05 was considered statistically significant.

RESULTS

Characterization of Cultured MSCs

MSCs were isolated from the bone marrow and cultured for
three generations before they were harvested for all subsequent
experiments. The cultured MSCs were CD31 and CD45 negative
(supporting information Fig. S1B), but CD73, CD90, and
CD105 positive with a purity of >94% (supporting information
Fig. S1C, S1D). These staining characteristics represent the clas-
sical phenotype of MSCs [21]. More than 99% of these cells
were CXCR4 positive (supporting information Fig. S1E). The
MSCs were multipotent as they were able to differentiate toward
adipocytes and osteoblasts after 21 days culture in the respective
differentiation media (supporting information Fig. S2A, S2B).

eNOS Promotes MSC Transendothelial Migration

To determine the effect of eNOS in cardiomyocytes on MSC
transendothelial migration, neonatal cardiomyocytes from
WT, eNOS�/�, and eNOS-Tg mice were subjected to A/R or
normoxia/normoxia (N/N), and the CM were collected and
served as chemoattractant for the in vitro transendothelial
migration assay. Purity of CMECs was 93% as assessed by
DiI-Ac-LDL positivity (supporting information Fig. S3).
Under N/N condition, MSC migration did not show any sig-
nificant difference among the three groups (Fig. 1A). Follow-
ing an A/R challenge, MSC migration was significantly
increased by media collected from WT cardiomyocytes com-
pared with N/N condition (p < .05; Fig. 1A). Moreover,
migration was significantly decreased by eNOS�/� CM and
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significantly increased by eNOS-Tg CM compared with WT
CM (p < .05; Fig. 1A). These results indicate that eNOS pro-
motes MSC transendothelial migration induced by an A/R
challenge on cardiomyocytes.

eNOS Enhances SDF-1a Expression
Induced by A/R

SDF-1a has previously been shown to be increased in cardio-
myocytes and play an important role in bone marrow stem
cell recruitment to the heart [12]. To determine whether SDF-
1a was involved in the enhanced MSC migration by eNOS,
SDF-1a mRNA expression in the neonatal cardiomyocytes
and SDF-1a protein in the CM was assessed by real-time
PCR and ELISA, respectively. Under N/N conditions, SDF-1a
mRNA and protein levels were not significantly altered
among WT, eNOS�/�, and eNOS-Tg cardiomyocytes (p ¼
NS, Fig. 1B, 1C). Following A/R, SDF-1a mRNA and protein
expression was significantly increased in WT and eNOS-Tg
cardiomyocytes (p < .05; Fig. 1B, 1C) but not in eNOS�/�

cardiomyocytes compared with N/N. Furthermore, A/R-
induced SDF-1a expression was significantly decreased in

eNOS�/� but increased in eNOS-Tg cardiomyocytes when
compared with WT following A/R (p < .05; Fig. 1B, 1C).

Effects of NO on SDF-1a Expression and
MSC Migration

To clarify the role of NO in SDF-1a expression, WT cardio-
myocytes were treated with a NOS inhibitor NG-nitro-L-argi-
nine methyl ester (L-NAME, 300 lM). L-NAME significantly
inhibited NO production, SDF-1a mRNA, and protein levels
in WT cardiomyocytes during N/N and A/R treatment (p <
.05; Fig. 2A–2C). L-NAME treatment also decreased SDF-1a
mRNA expression in eNOS Tg cardiomycytes in both N/N
and A/R conditions (Fig. 2D). To further demonstrate the
effects of NO on SDF-1a expression, the NO donor diethyl-
enetriamine-NO (DETA-NO) was used. DETA-NO treatment
(2 lM) significantly increased SDF-1a expression in eNOS�/�

cardiomyocytes (p < .05; Fig. 2E, 2F). Finally, inhibition of
NO production by L-NAME significantly decreased MSC
transendothelial migration induced by A/R-CM from WT car-
diomyocytes (p < .05; Fig. 2G).

SDF-1a siRNA Inhibits MSC Transendothelial
Migration

To determine whether SDF-1a mediates MSC migration by
eNOS, SDF-1a siRNA was used to inhibit SDF-1a expression
in the cultured neonatal WT cardiomyocytes. Following SDF-
1a siRNA treatment, SDF-1a mRNA levels were decreased
by 80% (Fig. 3A). Furthermore, SDF-1a siRNA significantly
decreased MSC migration induced by A/R (p < .05; Fig. 3B).

eNOS Increases SDF-1a Expression Through
a cGMP-Dependent Mechanism

A major signaling pathway by which NO exerts its biological
effects is through activation of soluble guanylyl cyclase and
subsequent production of cGMP. To determine whether eNOS
regulates SDF-1a expression by a cGMP-dependent mecha-
nism, a soluble guanylyl cyclase inhibitor 1H-[1,2,4]oxadia-
zolo[4,3-a]quinoxalin-1-one (ODQ) was employed. Treatment
with ODQ (100 lM) significantly decreased A/R-induced
SDF-1a mRNA and protein expression in WT cardiomyocytes
(p < .05; Fig. 4A, 4B). Furthermore, treatment with a cGMP
analogue, 8-Br-cGMP (2 mM), significantly increased SDF-1a
mRNA and protein expression in eNOS�/� cardiomyocytes
following A/R (p < .05; Fig. 4C, 4D). These results suggest
that eNOS increases cardiomyocyte SDF-1a expression
through activation of soluble guanylyl cyclase and production
of cGMP.

In Vivo SDF-1a Expression and MSC Migration
Following Myocardial I/R

Cardiac SDF-1a expression in vivo was examined in mice
subjected to 45 minutes of myocardial ischemia followed by
24 hours of reperfusion (I/R). Myocardial SDF-1a mRNA and
protein levels were significantly increased in the ischemic
region of WT mice compared with sham-operated mice (p <
.05; Fig. 5A, 5B). Moreover, SDF-1a expression levels were
decreased in eNOS�/�, but further increased in eNOS-Tg
compared with WT hearts (p < .05). No significant difference
in SDF-1a expression was observed following sham surgery
among WT, eNOS�/�, and eNOS-Tg (p ¼ NS, Fig. 5A, 5B).
These results are consistent with the in vitro data and support
the notion that eNOS enhances myocardial SDF-1a expression
following myocardial I/R.

To assess in vivo MSC migration to the ischemic myocar-
dium, WT mice were subjected to 45 minutes of myocardial
ischemia and 24 hours of reperfusion (I/R). Thirty minutes

Figure 1. eNOS upregulates SDF-1a expression and promotes in
vitro MSC transendothelial migration induced by A/R. (A): The con-
ditioned media (CM) from A/R- or N/N-treated WT, eNOS�/�, or
eNOS-Tg cardiomyocytes were collected and served as the chemoat-
tractant for the in vitro transendothelial migration assay. (B): SDF-1a
mRNA levels were determined by real-time polymerase chain reac-
tion. (C): SDF-1a protein expression in the CM. Data are mean �
SEM from 3 to 5 independent experiments. *, p < .05 versus corre-
sponding N/N controls. †, p < .05 versus WT A/R. eNOS-Tg, cardio-
myocyte specific eNOS overexpression. Abbreviations: A/R, anoxia
and reoxygenation; eNOS, endothelial nitric oxide synthase; MSC,
mesenchymal stromal cells; N/N, normal normoxic; SDF-1a, stromal
cell-derived factor-1a; Tg, transgenic; WT, wild-type.

964 eNOS and Stromal Cell Migration to the Heart



after reperfusion, EGFPþ MSCs were administered via a tail
vein injection. The number of EGFPþ MSCs migrated from the
circulation to the ischemic myocardium was quantified using a
fluorescence microscope 24 hours following reperfusion.
EGFPþ MSCs were observed in the ischemic region in WT,
eNOS�/�, and eNOS Tg hearts (Fig. 6A–6C). WT mice sub-
jected to I/R without MSC treatment served as negative controls
(Fig. 6D). Cultured EGFPþ MSCs showed strong green fluores-
cence (Fig. 6E). The number of EGFPþ MSCs was significantly
decreased in eNOS�/� but increased in eNOS-Tg compared
with WT hearts (p < .05; Fig. 6F). These results support the
notion that eNOS in the host myocardium promotes MSC
migration toward the ischemic myocardium in vivo.

To confirm the role of SDF-1a/CXCR4 binding in MSC
migration to the ischemic myocardium, EGFPþ MSCs were
treated by an anti-CXCR4 neutralizing antibody before they
were administered intravenously to the WT mice. Following
24 hours of reperfusion, the number of EGFPþ MSCs that
migrated into the ischemic myocardium was quantified under
a fluorescence microscope. Neutralization of CXCR4 signifi-
cantly decreased the number of EGFPþ MSCs in the ischemic
myocardium compared with vehicle treatment (p < .05; Fig.
6F). The data support an important role of SDF-1a/CXCR4
interaction in MSC migration to the myocardium following
I/R.

MSC Transplantation and Cardiac Function
Following Myocardial I/R

To study the role of myocardial eNOS in cardiac function fol-
lowing MSC transplantation, WT and eNOS�/� mice were

Figure 2. Effects of NO on A/R-induced
SDF-1a expression and MSC migration.
NOS inhibitor L-NAME (300 lM)
decreased NO production (A) SDF-1a
mRNA (B) and SDF-1a protein expression
(C) both in N/N and A/R conditions. NO
donor, DETA-NO (2 lM) increased SDF-
1a mRNA (D) and protein (E) expression
during A/R in eNOS�/� cardiomyocytes.
(F): MSC transendothelial migration
induced by conditioned media from A/R-
treated WT cardiomyocytes was decreased
by L-NAME. Data are mean � SEM from
3 to 5 independent experiments. *, p < .05
versus corresponding controls. Abbrevia-
tions: A/R, anoxia and reoxygenation;
DETA-NO, diethylenetriamine-NO; eNOS,
endothelial nitric oxide synthase; L-NAME,
NG-nitro-L-arginine methyl ester; MSC,
mesenchymal stromal cells; NO, nitric ox-
ide; N/N, normal normoxic; SDF-1a, stro-
mal cell-derived factor-1a; Tg, transgenic;
WT, wild-type.

Figure 3. Effects of SDF-1a siRNA on SDF-1a mRNA expression
and MSC transendothelial migration. A/R-induced SDF-1 mRNA
expression in wild-type (WT) cardiomyocytes (A) and MSC migration
toward WT conditioned media (B) were decreased by SDF-1a siRNA.
Data are mean � SEM of three independent experiments. *, p < .05
versus control. Abbreviations: A/R, anoxia and reoxygenation; ctrl,
control; MSC, mesenchymal stromal cells; SDF-1a, stromal cell-
derived factor-1a; siRNA, small interfering RNA.
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subjected to myocardial I/R. MSCs were administered via a
tail vein injection 30 minutes after reperfusion. Five days
following reperfusion, cardiac function was assessed using a
Langendorff preparation. This time point after I/R was chosen
because functional improvement in mice takes about 3 days
to occur following MSC transplantation [22]. In WT hearts,
myocardial I/R significantly decreased the rate of contraction

and relaxation, and heart work compared with sham operation
(p < .05; Fig. 7A–7C). MSC transplantation resulted in a sig-
nificant improvement in the rate of contraction and relaxation,
and heart work (p < .05). In eNOS�/� hearts, however, the
decreased rate of contraction and relaxation, and heart work
induced by myocardial I/R were not significantly improved by
MSC transplantation (p ¼ NS, Fig. 7A–7C). Heart rate was
not different among any study groups (p ¼ NS, Fig. 7D). In
agreement with eNOS-induced MSC migration observed in
vitro and in vivo, these results suggest that eNOS in the host
myocardium is essential in the improvement of cardiac func-
tion by MSC transplantation following myocardial I/R.

eNOS protein levels in MSCs, adult LV myocardium, and
cultured neonatal cardiomyocytes from WT mice were ana-
lyzed by Western blotting. Results showed that eNOS protein
in MSCs was very low or barely detectable compared with
the adult LV myocardium and cultured neonatal cardiomyo-
cytes (p < .01; Fig. 7E, 7F). The low levels of eNOS in
MSCs may explain the lack of improvement of cardiac func-
tion in eNOS�/� mice following MSC treatment (Fig. 7A–
7C) and further support an essential role of host eNOS in
MSC migration to the ischemic myocardium.

DISCUSSION

In this study, we showed for the first time that eNOS expres-
sion in the host myocardium promotes migration of intrave-
nously delivered MSCs to the ischemic myocardium. The
effects of eNOS on MSC migration are mediated in part
through upregulation of SDF-1a, leading to increased SDF-
1a/CXCR4 coupling and MSC homing to the myocardium.
We also demonstrated that the enhanced expression of SDF-
1a by eNOS in cardiomyocytes during A/R is dependent on
activation of soluble guanylyl cyclase and subsequent produc-
tion of cGMP. Furthermore, our data showed that increased

Figure 4. Involvement of soluble
guanylyl cyclase and cGMP in A/R-
induced SDF-1a expression in WT
and eNOS�/� cardiomyocytes. Gua-
nylyl cyclase inhibitor ODQ (100
lM) decreased SDF-1a mRNA (A)

and protein (B) levels induced by A/
R in WT cardiomyocytes. cGMP
analogue 8-Br-cGMP (2 mM)
increased SDF-1 mRNA (C) and
protein (D) expression induced by
A/R in eNOS�/� cardiomyocytes.
ODQ and 8-br-cGMP were added to
the culture media before A/R. Data
are mean � SEM from three inde-
pendent experiments *, p < .05 ver-
sus controls. Abbreviations: A/R,
anoxia and reoxygenation; eNOS,
endothelial nitric oxide synthase;
ODQ, oxadiazolo[4,3-a]quinoxalin-1-
one; SDF-1a, stromal cell-derived
factor-1a; WT, wild-type.

Figure 5. Myocardial SDF-1a expression following ischemia and
reperfusion (I/R) in WT, eNOS�/� and eNOS-Tg mice. (A): SDF-1a
mRNA levels assessed by real-time RT-PCR. (B): SDF-1a protein
levels determined by ELISA. Sham-operated mice served as controls.
Data are mean � SEM from 5 to 6 mice per group. *, p < .05 versus
corresponding sham. † p < .05 versus WT I/R. Abbreviations: eNOS,
endothelial nitric oxide synthase; I/R, ischemia/reperfusion; SDF-1a,
stromal cell-derived factor-1a; Tg, transgenic; WT, wild-type.
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MSC migration and homing to the ischemic myocardium con-
tribute to improvement of cardiac function following I/R. Our
study suggests that eNOS expression in the host myocardium
is essential in MSC migration and improvement of cardiac
function following myocardial I/R.

Cardiomyocytes constitutively express eNOS under nor-
mal physiological conditions [19]. NO production from eNOS
decreases myocardial oxygen consumption, enhances cardiac
relaxation, and protects cardiomyocytes from apoptosis [23].
Cardiomyocyte specific eNOS overexpression in mice
decreases LV remodeling and improves cardiac function post
MI [24]. Furthermore, it has been demonstrated that eNOS is
important for the mobilization of stem and progenitor cells
from the bone marrow [8]. However, how myocardial eNOS
levels affect MSC homing to the heart was not known. This
study provided several lines of evidence that eNOS expression
in cardiomyocytes promotes MSC migration toward the ische-

mic myocardium. First, A/R-induced MSC transendothelial
migration was decreased by CM collected from eNOS�/� car-
diomyocytes, and increased by CM collected from eNOS
overexpressing cardiomyocytes. Second, pharmacological in-
hibition of NOS activity using L-NAME significantly inhibited
A/R-induced MSC transendothelial migration by CM col-
lected from WT cardiomyocytes. Finally, in vivo MSC migra-
tion to the heart following myocardial I/R was decreased in
eNOS�/� but increased in cardiomyocyte specific eNOS over-
expressing mice. These data suggest that eNOS-derived NO
production in cardiomyocytes is essential for MSC migration
to the ischemic myocardium.

SDF-1a, a member of the chemokine CXC subfamily,
plays an important role in stem cell migration, proliferation,
and survival [9, 25]. SDF-1a via binding to its cognate recep-
tor CXCR4 promotes stem cell homing to the infarcted myo-
cardium, and activation of SDF-1a/CXCR4 signaling protects

Figure 6. In vivo migration of EGFPþ

mesenchymal stromal cells (MSCs) to-
ward the myocardium following ische-
mia and reperfusion (I/R). (A–C): WT,
eNOS�/� and eNOS-Tg mice were sub-
jected to 45 minutes of ischemia fol-
lowed by 24 hours of reperfusion.
Frozen sections of the hearts were
stained with a-actinin (cardiomyocytes,
red) and Hoechst 33342 (nuclei, blue).
(D): WT mice subjected to I/R without
MSC treatment served as negative con-
trols (no green fluorescence). (E): Cul-
tured EGFPþ MSCs on cover glasses
showed strong green fluorescence. (F):
Quantification of EGFPþ cells per mm2

heart tissue. (G): Effects of CXCR4
neutralization on in vivo migration of
EGFPþ MSCs to the WT hearts follow-
ing I/R. EGFPþ MSCs were incubated
with a neutralizing antibody anti-
CXCR4 before intravenously injected to
the WT mice following myocardial I/R.
MSCs without neutralizing antibody
treatment served as controls. Data are
mean � SEM from 5 to 8 mice per
group. *, p < .05 versus WT or con-
trols. Original magnifications: (A–C),
�400; (D–E), �630. Abbreviations:
EGFP, enhanced green fluorescence
protein; eNOS, endothelial nitric oxide
synthase; Tg, transgenic; WT, wild-
type.
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against myocardial I/R injury [26, 27]. A recent study showed
that eNOS promotes c-kitþ stem cell adhesion to the vascular
endothelium in a cremaster muscle preparation via
SDF-1/CXCR4 signaling [28]. In this study, we demonstrated
that eNOS enhanced MSC transendothelial migration. To fur-
ther investigate the mechanisms by which eNOS exerts its
effects, we studied the SDF-1a/CXCR4 pathway. Using both
in vitro and in vivo approaches, we demonstrated that eNOS
enhances myocardial SDF-1a expression leading to increased
SDF-1a/CXCR4 interaction and MSC migration toward the
myocardium during I/R. Apart from SDF-1a, other chemo-
kines and growth factors such as RANTES and insulin-like
growth factor-1 also promote MSC migration [29]. Whether
eNOS enhances the effects of these factors on MSC migration
remains to be investigated.

The mechanisms by which eNOS-derived NO regulates
SDF-1a production are not known. NO produced from eNOS
exerts its biological effects through both cGMP-dependent
and cGMP-independent signaling pathways. In this study, A/
R-induced SDF-1a expression was decreased by the soluble
guanylate cyclase inhibitor, ODQ in WT cardiomyocytes and
increased by the cGMP analogue, 8-Br-cGMP in eNOS�/�

cardiomyocytes. Our data demonstrated that NO production
from eNOS increases SDF-1a expression at least in part via
activation of soluble guanylyl cyclase and production of
cGMP. NO has also been shown to upregulate CXCR4
expression in CD34þ progenitor cells [30]. Thus, NO may
promote the expression of both SDF-1a and CXCR4, leading
to increased progenitor cell migration.

Transplantation of MSCs into the infarcted myocardium
has been shown to improve cardiac function following MI or
chronic ischemia in rats and dogs [31, 32]. Furthermore, over-

expression of Akt1 in MSCs aimed at improving viability of
transplanted MSCs in the infarcted myocardium enhances
their therapeutic efficacy [33]. Although myocardial MSC
transplantation improves cardiac function post-MI, the inva-
siveness of cell delivery may limit its clinical applications.
Interestingly, MSCs are able to sense sites of tissue injury or
inflammation, and migrate and engraft in damaged tissues. In
this regard, intravenously administered MSCs have been
shown to engraft the infarcted myocardium in animal models
[34, 35]. More importantly, i.v. administration of MSCs
improves cardiac function in patients with acute MI [36, 37].
Although the exact mechanisms are still not completely
understood, soluble factors released from MSCs causing para-
crine actions on the myocardium and angiogenesis are impli-
cated [22, 38]. Furthermore, i.v. administration of MSCs over-
expressing eNOS improves right ventricular remodeling
caused by pulmonary hypertension, suggesting that eNOS in
the donor MSCs is important for their beneficial effects [39].
In this study, we assessed the effects of host eNOS on MSC
migration and cardiac function 5 days following I/R. Our data
demonstrated that MSCs have very low or barely detectable
eNOS protein expression compared with the adult myocar-
dium, and that myocardial eNOS levels are important for the
cardiac migration of intravenously administered MSCs. Fur-
thermore, using a Langendorff preparation that eliminates
potential confounding effects of loading conditions of the
heart and reflex influences, we demonstrated that intrave-
nously administered MSCs improved cardiac function in WT
but not in eNOS�/� mice post myocardial I/R. The results
suggest that the ability of MSCs to improve cardiac function
following I/R depends on eNOS expression of the host, which
promotes MSC migration toward the ischemic myocardium.

Figure 7. Cardiac function and eNOS
expression. (A–D): Cardiac function in WT
and eNOS�/� mice after 45 minutes of
myocardial ischemia followed by 5 days of
reperfusion with or without MSC adminis-
tration. Sham-operated mice served as con-
trols. Contractile function of the heart was
determined using a Langendorff system.
Changes in rate of contraction (þdF/dtmax,
A), and relaxation (–dF/dtmin, B), heart
work (C) and heart rate (D) were deter-
mined. Data are mean � SEM from 5 to 7
mice per group. *, p < .05 versus corre-
sponding sham. † p < .05 versus WT I/R.
(E–F), eNOS protein expression in MSCs,
adult LV myocardium, and cultured neona-
tal cardiomyocytes from WT mice. (E):

Representative Western blots. GAPDH and
total ERK1/2 were used as loading controls.
(F): Quantitative analysis of optical den-
sity. Data are mean � SEM from n ¼ 3 in
each group. *, p < .001 versus MSC. † p <
.001 versus neonatal cardiomyocytes.
Abbreviations: eNOS, endothelial nitric ox-
ide synthase; ERK, extracellular signal-
regulated kinase; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; I/R, ischemia/
reperfusion; LV, left ventricle; MSC, mes-
enchymal stromal cells; WT, wild-type.
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However, the role eNOS in long-term cardiac remodeling and
function of ischemic hearts following MSC treatment requires
further investigation.

CONCLUSION

In summary, this study demonstrated that eNOS expression in
the host myocardium promotes MSC migration in the ische-
mic myocardium. The effects of eNOS on MSC migration are
mediated in part through upregulation of SDF-1a via cGMP,
leading to increased SDF-1a/CXCR4 coupling. Our data sug-
gest that eNOS in the host myocardium is essential in MSC
migration and improvement in cardiac function following i.v.
delivery of MSCs during I/R. Our study may have implica-
tions in MSC treatment in conditions such as patients with di-
abetes, obesity, and hypercholesterolemia where the host

eNOS activity is decreased, and myocardial MSC migration
and regenerative/repair efficacy may be negatively affected.

ACKNOWLEDGMENTS

This study was supported by operating grants from Canadian
Institutes of Health Research (MOP-64395) and Heart and
Stroke Foundation of Ontario (HSFO, T-6040) awarded to Dr.
Feng. Dr. Karmazyn is a Canada Research Chair in Experimental
Cardiology. Dr. Feng is a HSFO Career Investigator.

DISCLOSURE OF POTENTIAL CONFLICTS

OF INTEREST

The authors indicate no potential conflicts of interest.

REFERENCES

1 Chamberlain G, Fox J, Ashton B et al. Mesenchymal stem cells: Their
phenotype, differentiation capacity, immunological features, and
potential for homing. Stem Cells 2007;25:2739–2749.

2 Psaltis PJ, Zannettino A, Worthley SG et al. Mesenchymal stromal
cells—Potential for cardiovascular repair. Stem Cells 2008;26:
2201–2210.

3 Kawada H, Fujita J, Kinjo K et al. Nonhematopoietic mesenchymal
stem cells can be mobilized and differentiate into cardiomyocytes after
myocardial infarction. Blood 2004;104:3581–3587.

4 Askari AT, Unzek S, Popovic ZB et al. Effect of stromal-cell-derived
factor 1 on stem-cell homing and tissue regeneration in ischaemic car-
diomyopathy. Lancet 2003;362:697–703.

5 Bloch W, Addicks K, Hescheler J et al. Nitric oxide synthase expres-
sion and function in embryonic and adult cardiomyocytes. Microsc
Res Tech 2001;55:259–269.

6 Zhao X, Lu X, Feng Q. Deficiency in endothelial nitric oxide synthase
impairs myocardial angiogenesis. Am J Physiol Heart Circ Physiol
2002;283:H2371–H2378.

7 Hammoud L, Xiang F, Lu X et al. Endothelial nitric oxide synthase
promotes neonatal cardiomyocyte proliferation by inhibiting tissue in-
hibitor of metalloproteinase-3 expression. Cardiovasc Res 2007;75:
359–368.

8 Aicher A, Heeschen C, Mildner-Rihm C et al. Essential role of endo-
thelial nitric oxide synthase for mobilization of stem and progenitor
cells. Nat Med 2003;9:1370–1376.

9 Wright DE, Bowman EP, Wagers AJ et al. Hematopoietic stem cells
are uniquely selective in their migratory response to chemokines.
J Exp Med 2002;195:1145–1154.

10 Hiasa K, Ishibashi M, Ohtani K et al. Gene transfer of stromal cell-
derived factor-1alpha enhances ischemic vasculogenesis and angiogen-
esis via vascular endothelial growth factor/endothelial nitric oxide
synthase-related pathway: Next-generation chemokine therapy for ther-
apeutic neovascularization. Circulation 2004;109:2454–2461.

11 Pillarisetti K, Gupta SK. Cloning and relative expression analysis of
rat stromal cell derived factor-1 (SDF-1)1: SDF-1 alpha mRNA is
selectively induced in rat model of myocardial infarction. Inflamma-
tion 2001;25:293–300.

12 Abbott JD, Huang Y, Liu D et al. Stromal cell-derived factor-1alpha
plays a critical role in stem cell recruitment to the heart after myocar-
dial infarction but is not sufficient to induce homing in the absence of
injury. Circulation 2004;110:3300–3305.

13 Zheng H, Fu G, Dai T et al. Migration of endothelial progenitor cells
mediated by stromal cell-derived factor-1alpha/CXCR4 via PI3K/Akt/
eNOS signal transduction pathway. J Cardiovasc Pharmacol 2007;50:
274–280.

14 Brunner F, Andrew P, Wolkart G et al. Myocardial contractile func-
tion and heart rate in mice with myocyte-specific overexpression of
endothelial nitric oxide synthase. Circulation 2001;104:3097–3102.

15 Song W, Lu X, Feng Q. Tumor necrosis factor-alpha induces apopto-
sis via inducible nitric oxide synthase in neonatal mouse cardiomyo-
cytes. Cardiovasc Res 2000;45:595–602.

16 Peng T, Lu X, Lei M et al. Endothelial nitric-oxide synthase enhances
lipopolysaccharide-stimulated tumor necrosis factor-alpha expression

via cAMP-mediated p38 MAPK pathway in cardiomyocytes. J Biol
Chem 2003;278:8099–8105.

17 Rui T, Feng Q, Lei M et al. Erythropoietin prevents the acute myocar-
dial inflammatory response induced by ischemia/reperfusion via induc-
tion of AP-1. Cardiovasc Res 2005;65:719–727.

18 Schmidt A, Ladage D, Steingen C et al. Mesenchymal stem cells
transmigrate over the endothelial barrier. Eur J Cell Biol 2006;85:
1179–1188.

19 Burger D, Lei M, Geoghegan-Morphet N et al. Erythropoietin protects
cardiomyocytes from apoptosis via up-regulation of endothelial nitric
oxide synthase. Cardiovasc Res 2006;72:51–59.

20 Peng T, Lu X, Feng Q.Pivotal role of gp91phox-containing NADH
oxidase in lipopolysaccharide-induced tumor necrosis factor-alpha
expression and myocardial depression. Circulation 2005;111:
1637–1644.

21 Ratajczak MZ, Zuba-Surma EK, Machalinski B et al. Bone marrow-
derived stem cells—Our key to longevity? J Appl Genet 2007;48:
307–319.

22 Gnecchi M, He H, Noiseux N et al. Evidence supporting paracrine hy-
pothesis for Akt-modified mesenchymal stem cell-mediated cardiac
protection and functional improvement. FASEB J 2006;20:661–669.

23 Razavi HM, Hamilton JA, Feng Q.Modulation of apoptosis by nitric
oxide: Implications in myocardial ischemia and heart failure. Pharma-
col Ther 2005;106:147–162.

24 Janssens S, Pokreisz P, Schoonjans L et al. Cardiomyocyte-specific
overexpression of nitric oxide synthase 3 improves left ventricular
performance and reduces compensatory hypertrophy after myocardial
infarction. Circ Res 2004;94:1256–1262.

25 Dar A, Kollet O, Lapidot T. Mutual, reciprocal SDF-1/CXCR4 inter-
actions between hematopoietic and bone marrow stromal cells regulate
human stem cell migration and development in NOD/SCID chimeric
mice. Exp Hematol 2006;34:967–975.

26 Hu X, Dai S, Wu WJ et al. Stromal cell derived factor-1 alpha confers
protection against myocardial ischemia/reperfusion injury: Role of the
cardiac stromal cell derived factor-1 alpha CXCR4 axis. Circulation
2007;116:654–663.

27 Elmadbouh I, Haider H, Jiang S et al. Ex vivo delivered stromal cell-
derived factor-1alpha promotes stem cell homing and induces angio-
myogenesis in the infarcted myocardium. J Mol Cell Cardiol 2007;42:
792–803.

28 Kaminski A, Ma N, Donndorf P et al. Endothelial NOS is required for
SDF-1alpha/CXCR4-mediated peripheral endothelial adhesion of c-
kitþ bone marrow stem cells. Lab Invest 2008;88:58–69.

29 Ponte AL, Marais E, Gallay N et al. The in vitro migration capacity
of human bone marrow mesenchymal stem cells: Comparison of che-
mokine and growth factor chemotactic activities. Stem Cells 2007;25:
1737–1745.

30 Zhang Y, Wittner M, Bouamar H et al. Identification of CXCR4 as a
new nitric oxide-regulated gene in human CD34þ cells. Stem Cells
2007;25:211–219.

31 Tomita S, Li RK, Weisel RD et al. Autologous transplantation of
bone marrow cells improves damaged heart function. Circulation
1999;100:II247–II256.

32 Silva GV, Litovsky S, Assad JA et al. Mesenchymal stem cells differ-
entiate into an endothelial phenotype, enhance vascular density, and
improve heart function in a canine chronic ischemia model. Circula-
tion 2005;111:150–156.

Li, Lu, Zhao et al. 969

www.StemCells.com



33 Mangi AA, Noiseux N, Kong D et al. Mesenchymal stem cells modi-
fied with Akt prevent remodeling and restore performance of infarcted
hearts. Nat Med 2003;9:1195–1201.

34 Saito T, Kuang JQ, Bittira B et al. Xenotransplant cardiac chimera:
Immune tolerance of adult stem cells. Ann Thorac Surg 2002;74:
19–24; Discussion 24.

35 Price MJ, Chou CC, Frantzen M et al. Intravenous mesenchymal stem
cell therapy early after reperfused acute myocardial infarction
improves left ventricular function and alters electrophysiologic proper-
ties. Int J Cardiol 2006;111:231–239.

36 Chen SL, Fang WW, Qian J et al. Improvement of cardiac function
after transplantation of autologous bone marrow mesenchymal stem

cells in patients with acute myocardial infarction. Chin Med J (Engl)
2004;117:1443–1448.

37 Schuleri KH, Boyle AJ, Hare JM.Mesenchymal stem cells
for cardiac regenerative therapy. Handb Exp Pharmacol 2007:
195–218.

38 Fazel S, Cimini M, Chen L et al. Cardioprotective c-kitþ cells are
from the bone marrow and regulate the myocardial balance of angio-
genic cytokines. J Clin Invest 2006;116:1865–1877.

39 Kanki-Horimoto S, Horimoto H, Mieno S et al. Implantation of mes-
enchymal stem cells overexpressing endothelial nitric oxide synthase
improves right ventricular impairments caused by pulmonary hyper-
tension. Circulation 2006;114:I181–I185.

See www.StemCells.com for supporting information available online.

970 eNOS and Stromal Cell Migration to the Heart



 

Endothelial nitric oxide synthase promotes bone marrow stromal cell migration to the 

ischemic myocardium via upregulation of SDF-1α 

 

Na Li, Xiangru Lu, Xiaohui Zhao, Fu-Li Xiang, Anargyros Xenocostas, Morris Karmazyn, 

Qingping Feng  

 

 

 

Supplemental Data 

Fig. S1. Flow cytometric analysis of cultured bone marrow stromal cells (MSCs). A. Isotype 

controls. MSCs were negative for CD31 and CD45 (B), but positive for CD90, CD73 and CD105 

(C, D). Over 99% of MSCs expressed CXCR4 (E). 

 
Fig. S2. MSC Differentiation in vitro. A. Osteogenic differentiation. MSCs were cultured in 24-

well plate in osteogenic medium for 14 days. Calcium deposits in the extracellular matrix were 

stained red by Alizarin Red (original magnification x100). B. Adipogenic differentiation. MSCs 

were cultured on cover glasses in adipogenic medium for 21 days. Lipid vacuoles (arrows) were 

stained red by Oil Red O. Nuclei were stained by hematoxylin (original magnification x630). 

 

Fig. S3. Uptake of fluorescence-labelled acetylated low-density lipoprotein (DiI-Ac-LDL) by the 

isolated coronary microvascular endothelial cells (CMECs). Cultured CMECs were incubated 

with 10 μg/mL DiI-Ac-LDL for 4 hours at 37°C. Cells positive for DiI-Ac-LDL (red) were 

endothelial cells. Nuclei were stained by Hoechst 33342 (blue, original magnification x200).   
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