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Discovery of tissue specific stem cells capable of forming
cardiac cell types has revolutionized cardiac medicine. Not
long ago, cardiac tissue regeneration was considered an
impossible task. The last ten years however has seen an
explosion of cell based therapeutic approaches stimulating
cardiac regeneration and in the process augmenting function
in the heart following injury. Encouraging preclinical results
have paved the way for clinical applications of cell therapy
and preliminary results obtained from various clinical trials indicate that stem cell transplantation increases cardiac
function comparable to the existing interventions for treatment of heart diseases. These are promising outcomes that
indicate that the cells have the ability to modulate cardiac
repair programs leading to replacement of the lost tissue.
Nevertheless, the search continues for the optimal cell type
that can promote “true cardiac regeneration,” supplement
the lost cardiomyocytes, and at the same time form the
angiogenic support structure. One of the first stem cell types
to be used for cardiac regeneration was derived from the
mononuclear fraction of the bone marrow and the cells
were designated as bone marrow mononuclear cells [1].
Ensuing years saw establishment of the finding that the
bone marrow is host to a variety of distinct stem/progenitor
cell populations possessing cardiogenic repair potential. The
study by D. Orlic et al. in the early part of the last decade
showed that transplantation of lin− /c-kit+ cells effectively
transdifferentiates into cardiac lineages leading to enhanced
cardiac function after infarction [2]. At the same time, a large
body of evidence pointed towards a role for bone marrow
derived mesenchymal stem cells (MSCs) in the repair of
the damaged heart [3]. Nevertheless, the search for a heart

resident stem cell population continued till A. P. Beltrami
et al. showed that the adult heart contains a resident stem
cell population capable of differentiating into all three cardiac
lineages (myocytes, endothelial, and smooth muscle cells) [4].
In addition to these widely studied stem cell types, researchers
have used other extra cardiac stem cell types such as adipose
derived stem cells [5], cortical bone derived stem cells [6], and
cord blood stem cells for cardiac repair.
Despite the excitement, significant concerns persist
around the ability of adoptively transferred cells to survive
in the ischemic heart and some reports suggest as low as
1% of cells make it in the heart past the first few days of
transplantation. Most of the salutary effects of cell therapy
have been attributed to these few surviving cells and recent
efforts have focused on boosting the survival, proliferation,
and cardiac commitment of the donated stem cell population.
This special issue contains a cluster of articles focused on
augmenting ability of adoptively transferred stem cells to
repair the damaged heart. X. Xue et al. demonstrated that
genetic engineering of MSCs with Bcl-xl enhances survival
and engraftment after transplantation leading to reduction in
scar formation and increased functional recovery. Homing
and migration of the adoptively transferred stem cells are
another important determinant for the success of cell therapy.
An interesting approach was employed using the ultrasound
microbubble technique to promote MSC migratory ability
to the infarcted myocardium. Authors show that ultrasound
microbubble destruction increased MSC numbers in the
infarcted heart mediated via SDF-1/CXCR4 axis. In contrast,
the study by J. Liu et al. utilized adipose derived stem cells
to show that curcumin, a naturally occurring food chemical,
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can promote angiogenic and survival ability of the cells
augmenting their potential for the repair of ischemia reperfusion injury to the heart. Bone marrow derived endothelial
progenitor cells (EPCs) represent a widely used cell type
for cardiac regenerative therapies. EPCs have been shown to
increase angiogenesis and augment cardiac function animal
studies and undergoing clinical trials [7, 8]. EPCs remain one
of the cells of choice for cardiac repair; however, the effect of
different environmental factors remains to be fully elucidated.
This special issue contains a very interesting finding about
how low dose space-type ionizing radiation affects the long
term cycling and survival of bone marrow derived EPCs
opening up a host of possibilities in understanding how
environmental factors influence stem cell function.
Additionally, controversy rages on whether the transplanted stem cells directly convert into cardiomyocytes
or mediate their beneficial effects through the release of
“paracrine effectors.” Characterization of the stem cell secretome has provided some interesting clues about how factors
released by the cells modulate cellular processes in target cells.
These paracrine factors include growth factors, chemokine,
cytokines, various proteins, and small molecules. Recently,
small microvesicles released by stem cells under different
physiological conditions have been included in the definition
for paracrine factors. Exosomes are tiny vesicles released
by the cells, carry proteins, mRNAs, and microRNA, and
have the ability to modulate cellular and molecular signaling
processes [9]. A number of recent studies have highlighted
that exosomes derived from stem cells possess cardiac repair
potential and are able to recapitulate the salutary effects of cell
therapy promoting cardiac morphological and physiological
functions [10, 11]. In this special issue, MSC derived exosomes
and their role in cardiac regeneration have been highlighted
by a report and a detailed review on MSC secretome. The
study by K. Kang et al. demonstrates the therapeutic value of
exosomes derived from CXCR4 overexpressing MSCs for the
repair of heart after myocardial infarction. In addition, the
review by C. Gallina et al. on MSC secretome and its potential
application for cardiac regeneration is a wonderful collection
of past and current research on MSC secreted factors and
extracellular vesicles
We hope the readers will find this special issue interesting
and a timely effort covering current issues and advancements
in the field of stem cell based therapies for the repair of
damaged heart.
Sadia Mohsin
Daniele Avitabile
Mohsin Khan
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Bone-marrow- (BM-) derived endothelial progenitor cells (EPCs) are critical for endothelial cell maintenance and repair. During
future space exploration missions astronauts will be exposed to space irradiation (IR) composed of a spectrum of low-fluence
protons (1 H) and high charge and energy (HZE) nuclei (e.g., iron-56 Fe) for extended time. How the space-type IR affects BM-EPCs
is limited. In media transfer experiments in vitro we studied nontargeted effects induced by 1 H- and 56 Fe-IR conditioned medium
(CM), which showed significant increase in the number of p-H2AX foci in nonirradiated EPCs between 2 and 24 h. A 2–15-fold
increase in the levels of various cytokines and chemokines was observed in both types of IR-CM at 24 h. Ex vivo analysis of BMEPCs from single, low-dose, full-body 1 H- and 56 Fe-IR mice demonstrated a cyclical (early 5–24 h and delayed 28 days) increase in
apoptosis. This early increase in BM-EPC apoptosis may be the effect of direct IR exposure, whereas late increase in apoptosis could
be a result of nontargeted effects (NTE) in the cells that were not traversed by IR directly. Identifying the role of specific cytokines
responsible for IR-induced NTE and inhibiting such NTE may prevent long-term and cyclical loss of stem and progenitors cells in
the BM milieu.

1. Introduction
Long lasting, up to 2 years, ionizing radiation- (IR-) induced
chromosomal instability had been reported in vivo in the
bone marrow (BM) after full body exposure to X-rays or
neutrons [1, 2]. In addition, it has been shown that after space
flights the number of myeloid and lymphoid BM-derived
stem and progenitor cells were reduced to just one-half of
their normal population [3]. In spite of these reports there is
significant gap in assessing the effects of low-dose full body IR
on the survival and function of BM stem and progenitor cells,
including BM-derived endothelial progenitor cells (BMEPCs). These earlier findings suggest that the number of EPCs
may be similarly reduced in the normal BM-EPC population
during and after space flights. Additionally, IR-induced DNA

damage in BM may affect significantly the number and
function of BM-EPCs. Subsequently reduced number and
function in EPCs and other BM stem and progenitor cell
populations may affect adversely cardiac homeostasis during
normal aging, as well as the repair and regeneration processes
after cardiac injury.
Radiobiological bystander responses (RBR) are the phenomena in which nonirradiated (Non-IR) cells exhibit
responses similar to effects manifested by IR cells as a result
of signals received from either nearby or distant IR cells.
Radiobiological bystander responses of IR on a variety of
primary and tumor cells have been well-documented in vitro
[4–10]. RBR-mediated effects can be attributed to events
initiated near the Non-IR cell surface that in turn activates and integrates various intracellular signaling pathways
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that are regulated by RBR [11]. It is important to clarify
here that the ability to induce RBR [7] and the ability to
receive the IR-induced RBR signaling is cell-, cytokine-,
and chemokine-specific [4]. Further, specific ligand-receptor
interactions on Non-IR cells may play key role in the
propagation of RBR [4, 12, 13] in the remote site from the
original site of IR exposure cells and tissues, including cells
in the BM milieu.
Our focus on BM-EPCs stems from considerable body
of evidence regarding the role of EPCs in repair and regeneration and postnatal angiogenesis (neovascularization) processes after ischemic injury. In various animal models [14–
17] and human clinical trials [18–21] our laboratory and
others have shown that transplantation of BM cells and BMEPCs leads to migration and homing of these cells to the
areas of damage, where EPCs contribute to the processes of
neovascularization leading to the development of collateral
vessels, which then contribute to the recovery of blood flow
in the damaged tissue such as the heart [22–26], hind limb
[27–29], bone [30–33], liver [34–36], and brain and spinal
cord [37–41]. Consequently a decrease in the total number
of BM-EPCs or their dysfunction could contribute to the
pathogenesis of ischemic and/or peripheral vascular diseases.
This could also have negative impact on the recovery after
tissue injury, as well as negatively affect the maintenance
of normal vascular homeostasis in the organs and tissue
in general. We therefore tested whether BM-derived EPCs
may exhibit radiobiological bystander responses in vitro and
determined the effect of low-dose full-body particle IR on the
survival of BM-derived EPCs in vivo.

2. Material and Methods
2.1. Animal Models. To determine low-dose full-body proton
(1 H)-IR and iron (56 Fe)-IR induced effects on survival of
BM-derived EPCs, adult 8–10 months old male C57Bl/6NTac
mice were shipped directly from Taconic (Hudson, NY) to
Brookhaven National Laboratory (BNL) to be irradiated at
NASA Space Radiation Laboratory (NSRL). Mice were kept
in the temperature- and light-controlled environment and
handled in accordance with IACUC guidelines and protocols
approved by GeneSys Research Institute (GRI) and BNL.
2.2. Radiation and Dosimetry. Full-body low-dose space-type
IR experiments for low linear energy transfer (LET) 1 HIR and high-LET 56 Fe-IR exposures were performed at the
BNL in the NSRL according to standardized procedures.
For both 1 H and 56 Fe full-body IR mice were placed in
individual polypropylene boxes with 4 mm holes drilled
to produce a stress-free environment. LET levels for both
particle radiations were held constant and the average doserate of 16.7 ± 5 cGy/min for 1 H-IR and 5 ± 0.5 cGy/min
for 56 Fe-IR to deliver a cumulative dose of 90 cGy for
1
H and 15 cGy for 56 Fe, respectively. Constant energy of
1,000 MeV/nucleon (n) was used to deliver both, 1 H- and
56
Fe-IRs. Mice exposed to low-dose particle IR were driven
back to GeneSys Research Institute (GRI) animal facility from
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BNL for housing and experimental analysis. Control NonIR mice for each ion species was sham-IR; that is, mice were
placed in the same individual polypropylene boxes, taken to
the irradiation “cave,” and placed on beam line platform for
the same duration of the time for each ion, but not irradiated.
2.3. Medium Transfer Experiments in BM-EPCs after 1 HIR and 56 Fe-IR. We isolated BM-EPCs from mononuclear
cell (MNC) fraction of total bone marrow isolated from
tubular bones by flushing tibiae and femurs of 1 H-IR, 56 FeIR, and Non-IR mice using density gradient centrifugation. MNCs were then cultured on 22 × 22 mm square
glass coverslips (Fisher Scientific, Pittsburg, PA) precoated
with 0.2% gelatin (Sigma, St Louis, MO) in 6-well dishes
(Corning Inc., Corning, NY). BM-EPCs were expanded ex
vivo in selective EBM-2 growth medium supplemented with
bullet kit growth factors (Lonza, Hopkinton, MA) until
they attained ∼70–80% confluence as described previously
[15, 28, 42]. These BM-EPCs cultured in EBM-2 growth
medium have been previously characterized for the following
markers: 𝛽-gal (biological EC marker–cells were grown from
Tie2/LacZ mice) and c-kit (stem/progenitor cell marker)
wherein we demonstrated that 95–100% of cells by days 4 and
6 were double positive for both markers [28]. We also used
two additional markers, Isolectin-B4 and Flk-1, which also
showed similar results by day 6 in culture [28]. In our recent
publication we further determined the purity of our BMEPC cultures for other lineage specific hematopoietic cells,
wherein we have performed immunofluorescent staining of
these cells with antibodies for Gr1/Ly-6G (neutrophils), F4/80
(macrophages and blood monocytes), CD45R/B220 (B lymphocytes), CD3𝜀 (T lymphocytes), and TER-119 (erythrocytes
and erythroid precursors) [13]. These BM-EPCs have been
shown to be negative for B220, Cd3𝜀, and TER-119 markers
by day 5 in culture, with a negligible 1.17 ± 0.7% positivity for
Gr1 marker and ∼19% positivity for F4/80 marker [13].
For IR-conditioned media transfer studies, two sets of
BM-EPCs from the same WT mice that were IR with 1 H
or 56 Fe and Non-IR controls were prepared as described
previously [13, 43]. Upon attaining ∼70% confluence one set
of BM-EPCs was exposed to 90 cGy, 1 GeV of 1 H-IR and
15 cGy, and 1 GeV/n of 56 Fe-IR. After irradiations conditioned
media (CM) from 1 H- or 56 Fe-IR-EPCs (1 H- or 56 Fe-IRCM) and control Non-IR EPCs (Non-IR-CM) were collected
at 2-, 5-, and 24-hour time points (Figure 1(a)). Prior to
IR exposures, media were changed in all wells of both sets
with fresh 3 mL of EBM-2 media without growth factors
and incubated for 1 hour. The second set of Non-IR cells
from the same mice was used as naı̈ve (nonirradiated) EPCs
for media transfer studies from their respective 1 H-IR and
56
Fe-IR exposed EPCs. 1 H-IR- and 56 Fe-IR-CM were filtered
through a sterile 0.22 𝜇m membrane syringe filter and 2 mL
of IR-CM collected at 2, 5 and 24 hours after IR was added
onto corresponding mice Non-IR EPCs. Non-IR-CM were
also collected, filtered, and transferred similarly. Naı̈ve EPCs
were incubated for 24 hours with 1 H-, 56 Fe-, and NonIR conditioned media. EPCs from all three CM treatment
conditions were collected at 2, 5, and 24 hours and processed
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attaining 70% confluence

Isolated BM-EPCs
plated for culture

5h

24 h

Time points after IR when

IR-conditioned EPC medium was transfered onto
Non-IR EPCs which were incubated with IR-CM for 24 h
and then immunostained for phospho-H2AX foci

IR-conditioned medium
aliquots were snap-frozen
for ELISA

(a)
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0
Mice age
8-9 months
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Time points after IR when BM-EPCs were isolated from full-body IR mice for
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by flow cytometry analysis for apoptosis for RNA isolation and qRT-PCR
(b)

Figure 1: Diagrammatic representation of the experimental design to evaluate the effect of low-dose, whole body 90 cGy, 1 GeV 1 H and 15 cGy,
1 GeV/n 56 Fe-IR in BM-derived EPCs of 8–10 months old C57BL/6NTac. (a) In vitro study schematic for IR-conditioned medium transfer
study to evaluate bystander responses in nonirradiated BM-EPCs over 24-hour time period after IR. (b) Ex vivo study schematic to evaluate
the effects of full-body IR over 28 days on survival of BM-EPCs.

for phosphorylated (p)-H2AX immunostaining as described
below in Section 2.4. One mL of 1 H-IR-, 56 Fe-IR-, and NonIR-CM was aliquoted and snap frozen in liquid nitrogen for
protein analyses.
2.4. Immunofluorescent Staining. We assessed the formation
and decay of p-H2AX foci in naı̈ve EPCs treated for 24
hours with 2-, 5-, and 24-hour 1 H-IR-, 56 Fe-IR-, and NonIR-CM EPCs. Cells on cover slips were washed with 1xPBS,
fixed in 4% paraformaldehyde (PFA), and then incubated
with primary anti-p-H2AX rabbit monoclonal antibody
(Cat.9718S; Cell Signaling Technology, Danvers, MA). Alexa488 goat anti-rabbit secondary antibody (Cat.A11008; Life
Technologies, Grand Island, NY) was used to assay p-H2AX
foci formation and decay over time in Non-IR-, 1 H-IR-, and
56
Fe-IR-CM-treated ex vivo expanded EPCs. Topro-3 was
used to visualize nuclei (Cat.T3605; Life Technologies).
2.5. Confocal Microscopy and Analysis. Laser scanning confocal microscope (LSM 510 Meta, ZEISS, Thornwood, NY) was
used to obtain immunofluorescent images at ×200 magnification. The analyses of p-H2AX foci were performed using
a computer assisted image analysis algorithm based on pixel
and color distribution. Data analysis was performed using
stringent constraint of not including cells with apoptotic
features or micronuclei for p-H2AX analysis. All time points

after 1 H and 56 Fe-IR were plotted as percent cells with an
N of p-H2AX foci compared to Non-IR controls and by
quantifying cells with ≥2 p-H2AX foci/cell.
2.6. Enzyme-Linked Immunosorbent Assay (ELISA). Conditioned media from BM-EPCs after 1 H-IR, 56 Fe-IR, and
Non-IR were collected at 2, 5, and 24 hours after IR and
processed for mouse multiplex cytokine ELISA using manufacturer protocol (Signosis, Santa Clara, CA). Following 9
cytokines, chemokines and growth factors were analyzed:
interleukin-1 alpha (IL-1𝛼), interleukin-1 beta (IL-1𝛽), monocyte chemoattractant protein-1 (MCP-1), Rantes, microphage
inflammatory protein-1 alpha (MIP-1𝛼), granulocyte colonystimulating factor (G-CSF), granulocyte macrophage colonystimulating factor (GM-CSF), stem cell factor (SCF), and
tumor necrosis factor-𝛼 (TNF-𝛼). Absorbance readings at
450 nm were taken using Tecan Spectra model 96-well
Microplate Reader (MTX Lab Systems, Vienna, VA) and data
plotted using respective standard graphs obtained for each
protein. Data analyzed was categorized into two separate
groups: cytokines/chemokines and growth factors.
2.7. Apoptosis Assay of Ex Vivo Expanded BM-EPCs from 1 H
and 56 Fe Full-Body Irradiated Mice over 28 Days. To assess
the effects of 1 H-IR and 56 Fe-IR on survival of EPCs ex
vivo, we isolated BM-EPCs from the total bone marrow of
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the full-body IR mice for short-term (2, 5, and 24 hours)
and long-term (7, 14, and 28 days) time points after IR, as
described in [15, 28, 42] and in Section 2.3 (Figure 1(b)).
Isolated BM-EPCs from each 1 H-IR and 56 Fe-IR mice were
cultured for 72 hours ex vivo in EPC selective EBM-2
media supplemented with bullet kit growth factors (Lonza),
on 15 mm circular glass coverslips (Electron Microscopy
Sciences, Hatfield, PA) precoated with 0.2% gelatin in 24-well
dishes (Corning Inc.). At the end of 72 hours after initial seeding for both short- and long-term time points, BM-EPCs were
trypsinized and harvested along with the supernatant growth
media. No media change was done while BM-EPCs were
in culture for 72 hours after seeding. Harvested cells were
immunostained using Annexin V-FITC Apoptosis detection
kit (eBiosciences Inc., San Diego, CA) as per manufacturer
protocol and propidium iodide (final concentration 1 ug/mL).
Cells were analyzed by flow cytometry analysis to evaluate
1
H- or 56 Fe-IR induced apoptosis in BM-EPCs. Annexin V
was used to detect the cells in early stages of apoptosis and
propidium iodide (PI) was used to identify necrotic cells.
Data analyzed was plotted as percent (%) change in double
Annexin V/PI (+) cells for full-body 1 H-IR and 56 Fe-IR ex
vivo selected BM-EPCs compared to Non-IR BM-EPCs that
were set at 100%.
2.8. Gene Expression Analysis and qRT-PCR. RNA from
snap-frozen BM cells was isolated using RNeasy Mini Kit
(QIAGEN, Valencia, CA). After isolation total RNA was
converted to cDNA using the TaqMan Reverse Transcription
Kit (Life technologies). qRT-PCR was performed on two
genes (Bax and Bcl-2) that are known to play a significant role
in the regulation of cell apoptosis. The samples were analyzed
using Applied Biosystems 7300 Real Time PCR machine and
software.
2.9. Statistical Analysis. All results were expressed as mean ±
SEM and plots were obtained. Statistical analysis was performed on the data by one-way ANOVA (Stat View Software,
SAS Institute Inc.; Gary, NC). Differences were considered
significant at 𝑃 < 0.05.

3. Results
3.1. Nonirradiated BM-Derived EPCs Treated with 1 H-IR and
56
Fe-IR Conditioned Media Exhibit Radiobiological Bystanders
Responses In Vitro. We determined whether non-IR BMEPCs may show evidence of bystander responses in media
transfer experiment after treatment with 1 H-IR and 56 FeIR conditioned BM-EPCs media as described before [13].
There was a steady and significant increase in the mean pH2AX foci/cell for Non-IR BM-EPCs treated with 1 H-IRCM. Compared to control CM-treated Non-IR BM-EPCs,
there was 2–4-fold increase in the percent of cells with
more than 4–11 p-H2AX foci/cell for 1 H-IR-CM-treated cells
(Figures 2(a) and 2(b)). There was less than 0.3% of cells
with 12–16 p-H2AX foci/cell in control CM-treated BM-EPC;
whereas 1.5–4% of 1 H-IR CM-treated naı̈ve BM-EPC had
12–16 p-H2AX foci/cell. Furthermore, BM-EPCs treatment
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for 24 hours with 2, 5, and 24 h 1 H-IR-CM revealed 0.3–
2% of cells with more than 17–23 p-H2AX foci/cell versus
no cells with 17–23 p-H2AX foci/cell in control Non-IRCM treated BM-EPCs (Figures 2(a) and 2(b)). These findings suggest that Non-IR BM-EPCs treated with 1 H-IR-CM
exhibit significant bystander responses up to 24 hours in vitro.
We also determined the mean p-H2AX foci/cell induced in
naı̈ve BM-EPCs after 24-hour incubation with IR-CM at 2,
5, and 24-hour time point after IR. There was a steady and
significant increase in mean p-H2AX foci/cell for naı̈ve BMEPCs treated with IR-CM from 1 H-IR BM-EPCs at every time
point compared to EPCs treated with Non-IR-CM, with a
∼400% increase for 24 hour post-IR-CM treated naı̈ve EPCs
(Figure 2(c)).
Compared to control Non-IR CM-treated BM-EPCs,
there was 2–4-fold increase in the percent of cells with
more than 3–10 p-H2AX foci/cell for 56 Fe-IR-CM-treated
cells (Figures 3(a) and 3(b)). Furthermore, only 56 Fe-IR CMtreated BM-EPCs revealed 0.3–1.3% of cells with more than
11–17 p-H2AX foci/cell at 2, 5, and 24 hours after treatment
(Figures 3(a) and 3(b)). These findings suggest that Non-IR
BM-EPCs treated 56 Fe-IR-CM exhibit significant bystander
responses up to 24 hours in vitro. We also determined the
mean p-H2AX foci/cell induced in naı̈ve BM-EPCs after 24hour incubation with IR-CM at 2, 5, and 24-hour time point
after 56 Fe-IR. There was a significant increase in mean pH2AX foci/cell for naı̈ve BM-EPCs treated with 56 Fe-IR-CM
at every time point compared to EPCs treated with Non-IRCM, with a ∼160% increase for 2–24 hour post-IR-CM treated
naı̈ve EPCs (Figure 3(c)). It should be noted that the percent
of mean pH2AX foci/cell in 56 Fe-IR-CM treated naı̈ve EPC
was twice as low compared to 1 H-IR-CM treated naı̈ve EPCs.
This finding could be directly attributed to significant cell
death observed in 56 Fe-IR-CM treated EPCs over 24 hours
(data not shown).
3.2. Inflammatory Cytokines Are Significantly Increased in 1 HIR and 56 Fe-IR Conditioned Medium. In 2006 Bubici et al.,
demonstrated that the convergence of IR-mediated effects
results in inflammation due to increased levels of various
cytokines and chemokines that generate reactive oxygen and
nitrogen species [44]. We sought to determine the effect
of 1 H-IR on production and accumulation of cytokines,
chemokines, and growth factors, such as IL-1𝛼, IL-1𝛽, MCP1,
MIP-1𝛼, Rantes, G-CSF, GM-CSF, and SCF in BM-EPCs, all
of which are known to be elevated within minutes to hours
after IR [4]. ELISA analysis of conditioned media from 1 H-IR
BM-EPCs showed a gradual increase in the levels of several
cytokines, chemokines, and growth factor, when compared
to Non-IR-CM. The maximum and statistically significant
increases (2–53-fold) in IL-1𝛼, MCP-1, Rantes, G-CSF, GMCSF, and SCF were observed in the culture media of 1 HIR BM-EPCs at 24 hours (Figures 4(a), 4(c)–4(e), 4(g), and
4(h) and Table 1). Although, IL-1𝛽 and MIP-1𝛼 levels in
1
H-IR BM-EPC culture media were slightly elevated (∼39–
136%) by 24 hours, it was not significant when compared
to Non-IR EPC media (Figures 4(b) and 4(f) and Table 1).
These findings suggest that in BM-EPCs, 1 H-IR at 90 cGy
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Figure 2: Nonirradiated BM-EPCs treated with 1 H-IR conditioned media exhibit increased number of p-H2AX foci/cell in vitro. (a)
Representative confocal images of p-H2AX 24 h after treatment of Non-IR BM-EPCs with 1 H-IR-CM medium collected from duplicate set
of respective BM-EPCs 2, 5, and 24 hours after 90 cGy 1 H-IR. (b) Mean p-H2AX foci distribution (with ≥2 p-H2AX foci/cell) in BM-EPCs
treated with Non-IR and 1 H-IR conditioned media (CM). Foci distribution plot for % of Non-IR BM-EPCs with a given number (𝑁) of foci
after treatment for 24 h with CM from 90 cGy 1 H-IR BM-EPCs at 2 h (red bars and dotted lines), 5 h (blue bars and dashed lines), and 24 h
(green bars and dashed/dotted lines) compared to Non-IR controls (black bars and solid lines). For clarity of data presentation and due to no
difference in the number of p-H2AX foci/cell between Non-IR and 1 H-IR treatment groups, graphs represent distribution of p-H2AX foci/cell
after excluding the cells with zero and 1 foci/cell. (c) Mean p-H2AX foci/cell plotted for control, 2 h, 5 h, and 24 h time points after treatment of
Non-IR BM-EPC with 1 H-IR CM. Graphs represent mean ± SEM of the pooled data from 5-6 independent biological samples/experiments.
Statistical significance was assigned when 𝑃 < 0.05.

Table 1: Represents % change and statistical significance values in cumulative levels of cytokine, chemokine, and growth factors collected
24 h after treatment with 1 H-IR-CM, for control versus day 1.
1

H-IR-CM

CTRL versus 1
day
% increase
CTRL versus 1
day
P value

IL-1𝛼

Cytokines and chemokines
IL-1𝛽
MCP-1
MIP-1𝛼

1541%↑
∗∗∗

𝑃 < 0.0003

136%↑

197%↑
∗

𝑃 < 0.05

39%↑
∗∗

Rantes

Growth factors
G-CSF
GM-CSF

486%↑

5337%↑

𝑃 < 0.002

∗∗∗

𝑃 < 0.0001

SCF

324%↑
∗∗∗

𝑃 < 0.007

271%↑
∗∗

𝑃 < 0.002

Asterisk corresponds to the respective plots for cumulative levels of inflammatory cytokines and chemokines in 1 H-IR conditioned medium (Figure 4).
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Figure 3: Nonirradiated BM-EPCs treated with 56 Fe-IR conditioned media exhibit increased number of p-H2AX foci/cell in vitro. (a)
Representative confocal images of p-H2AX 24 h after treatment of Non-IR BM-EPCs with 56 Fe-IR-CM medium collected from duplicate
set of respective EPCs 2, 5, and 24 h after 15 cGy 56 Fe-IR. (b) Mean p-H2AX foci distribution (with ≥2 p-H2AX foci/cell) in BM-EPCs treated
with Non-IR- and 56 Fe-IR conditioned media (CM). Foci distribution plot for % of Non-IR BM-EPCs with a given number (𝑁) of foci after
treatment for 24 h with CM from 15 cGy 56 Fe-IR BM-EPCs at 2 h (red bars and dotted lines), 5 h (blue bars and dashed lines), and 24 h (green
bars and dashed/dotted lines) compared to Non-IR controls (black bars and solid lines). Due to no difference in the number of p-H2AX
foci/cell between Non-IR and 56 Fe-IR treatment groups, graph represents distribution of p-H2AX foci/cell after excluding the cells with zero
and 1 foci/cell. (c) Mean p-H2AX foci/cell plotted for control, 2 h, 5 h, and 24 h treatment time point after treatment of BM-EPCs with 56 Fe-IR
CM. Graphs represent mean ± SEM of the pooled data from 5 to 6 independent biological samples/experiments. Statistical significance was
assigned when 𝑃 < 0.05.

induces accumulation of several cytokines and growth factors
that have been directly implicated in mediating bystander
responses in BM-derived EPCs [11, 13].
Similar to studies with 1 H-IR BM-EPCs we also determined the accumulation of cytokines, chemokines, and
growth factors in the media of BM-EPCs irradiated with
15 cGy, 1 GeV/n of 56 Fe-IR. ELISA analysis of conditioned
media from 56 Fe-IR BM-EPCs showed a gradual increase
in the levels of several cytokines, chemokines, and growth
factor, when compared to Non-IR-CM. Maximum and statistically significant increase (1.4–22-fold) in IL-1𝛼, MCP-1,
MIP-1𝛼, Rantes, G-CSF, GM-CSF, and SCF was observed by
24 hours (Figure 5(a) and 5(c)–5(h) and Table 2). Although,
IL-1𝛽 level in 56 Fe-IR EPC media were slightly elevated (∼
40%) by 24 hours, it was not significant when compared to
Non-IR EPC media (Figure 5(b) and Table 2). These findings
suggest that 56 Fe-IR at 15 cGy induces accumulation of

several cytokines and growth factors that have been directly
implicated in mediating bystander responses [11, 13].
3.3. Full-Body 1 H-IR and 56 Fe-IR Induce Cyclical Increases
in BM-EPC Apoptosis over 28 Days after IR. To determine
the effect of full-body 1 H-IR on ex vivo apoptosis, MNC
isolated from total bone marrow were plated in 24-well
plates at 2, 5, and 24 hours and 7, 14, and 28 days after
1
H-IR. BM-EPC apoptosis was determined 72 hours after
plating using flow cytometry analysis of BM-EPCs double
stained with Annexin V and propidium iodide. Our results
revealed that compared to control Non-IR BM-EPCs, in fullbody 1 H-IR EPCs cultured for 72 hours ex vivo there was
50% and 350% increases in BM-EPC apoptosis at 5 and 24
hours, respectively (Figure 6(a)). By day 7 the apoptosis was
decreased to near control Non-IR levels. However, there was
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Figure 4: Cumulative levels of inflammatory cytokines and chemokines are significantly increased in 1 H-IR conditioned medium. Graphic
representation of IR-induced increases in the cumulative concentration (pg/mL) of cytokines, chemokines, and growth factors in CM from
90 cGy 1 H-IR BM-EPCs in vitro at 2, 5, and 24 h after IR for (a) IL-1𝛼, (b) IL-1𝛽, (c) G-CSF, (d) GM-CSF, (e) MCP-1, (f) MIP-1𝛼, (g) SCF, and
(h) Rantes. Graphs represent mean ± SEM of the pooled data from 3 independent biological samples/experiments. Statistical significance was
assigned when 𝑃 < 0.05.
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Figure 5: Cumulative levels of inflammatory cytokines and chemokines are significantly increased in 56 Fe-IR conditioned medium. Graphic
representation of IR-induced increase in the cumulative concentration (pg/mL) of cytokines, chemokines, and growth factors in CM from
15 cGy 56 Fe-IR BM-EPCs in vitro at 2, 5 and 24 hours post-IR for (a) IL-1𝛼, (b) IL-1𝛽, (c) G-CSF, (d) GM-CSF, (e) MCP-1, (f) MIP-1𝛼, (g) SCF,
and (h) Rantes. Graphs represent mean ± SEM of the pooled data from 3 independent biological samples/experiments. Statistical significance
was assigned when 𝑃 < 0.05.
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Table 2: Represents % change and statistical significance values in cumulative levels of cytokine, chemokine, and growth factors collected
24 h after treatment with 56 Fe-IR-CM, for control versus day 1.
56

Fe-IR-CM

Cytokines and chemokines
IL-1𝛽
MCP-1
MIP-1𝛼

IL-1𝛼

CTRL versus 1
day
% increase
CTRL versus 1
day
P value

141%↑
∗

40%↑
∗

𝑃 < 0.02

413%↑

140%↑

𝑃 < 0.04

∗

Rantes

Growth factors
G-CSF
GM-CSF

2230%↑

402%↑

∗∗∗

𝑃 < 0.04

𝑃 < 0.0001

∗

SCF

92%↑
∗

𝑃 < 0.02

𝑃 < 0.04

1107%↑
∗

𝑃 < 0.02

Asterisk corresponds to the respective plots for cumulative levels of inflammatory cytokines and chemokines in 56 Fe-IR conditioned medium (Figure 5).
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Figure 6: Full-body 1 H-IR and 56 Fe-IR induces early (2–24 h) and delayed (14–28 days) apoptosis in BM-EPCs ex vivo. Graphic representation
of mean % change in Annexin V and propidium iodide (P.I) double positive (+) BM-EPCs cultured ex vivo for 72 h (solid red line) after fullbody single-dose IR of (a) 90 cGy 1 H-IR mice and (c) 15 cGy 56 Fe-IR mice at 2, 5, and 24 hours and 7, 14, and 28 days after IR. The corresponding
control for each time point was set at 100%. Insets in (a) and (c) are representative flow cytometry analysis plots for corresponding control
and 28-day time points. Graphic representation of qRT-PCR analysis, mean RQ values compared to control (which was set at 1) of BM-EPCs
from full-body single-dose IR of (b) 90 cGy 1 H-IR mice and (d) 15 cGy 56 Fe-IR mics at 7, 14, and 28 days after IR for ratio of Bax/Bcl2. The
corresponding control for each time point was set at 1. Graphs represent mean ± SEM of the pooled data from 5-6 independent biological
samples/experiments. Statistical significance was assigned when 𝑃 < 0.05.
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a second 250% increase in BM-EPC apoptosis in 1 H-IR EPCs
on day 28 (Figure 6(a)). This data indicates that there is a
cyclical increase, early at 5 hours and delayed at 28 days, in
BM-EPC apoptosis after a single full-body low-dose 1 H-IR.
Accordingly, flow cytometry analysis of Annexin V/PI
double positive cells revealed that 2, 5, and 24 hours after
full-body 56 Fe-IR there was 250–350% increase in BM-EPC
apoptosis, with the peak 350% increases in apoptosis after
56
Fe-IR at 5 hours (Figure 6(c)). By day 7 the apoptosis in
56
Fe-IR BM-EPCs was decreased to near control Non-IR
levels. However, there was a gradual increase in BM-EPC
apoptosis in 56 Fe-IR mice between days 14 and 28, with
maximum 320% increase in apoptosis on day 28 (Figure 6(c)).
This data indicates that there is a cyclical increase, early at 5
hours and delayed at 28 days, in BM-EPC apoptosis after a
single full-body low-dose 56 Fe-IR.
3.4. 1 H-IR and 56 Fe-IR Modifies Expression of Cell Cycle
and Apoptosis Regulating Genes in BM-EPCs Ex Vivo. To
determine whether full body 1 H-IR may affect expression of
Bax and Bcl-2 (two well-known regulators of survival and
apoptosis) [45, 46], total RNA from 1 H-IR BM-EPCs were
processed for qRT-PCR. Because early effects of IR may be a
nonspecific global shut-down of transcription and translation
[47] we examined the gene expression in our samples at
the later time points, that is, 7, 14, and 28 days after 1 H-IR.
Because the ratio of Bax protein, an inducer of apoptosis,
to Bcl-2 protein, an inhibitor of apoptosis, could regulate
survival or apoptosis after a stimulus, such as, ionizing radiation [48, 49], we evaluated the ratio of Bax/Bcl-2 expression.
The ratio of Bax to Bcl-2 was decreased ∼20% (𝑃 < 0.01)
on day 7, which coincided with a significant decrease in
BM-EPC apoptosis on day 7 compared to 24 h after 1 HIR (Figure 6(a)). There was ∼60% (𝑃 < 0.05) increase in
Bax/Bcl-2 ratio on day 14 after 1 H-IR (Figure 6(b)) which
coincided with the beginning of the increase in apoptosis
in 1 H-IR BM-EPCs between 14 and 28 days (Figure 6(a)).
These results suggest, at least in part, the increase in the ratio
of Bax/Bcl-2 expression may be responsible for induction of
apoptosis in 1 H-IR BM-EPCs.
As for 1 H-IR BM-EPCs, we also examined the gene
expression in 56 Fe-IR BM-EPCs samples at 7, 14, and 28 days
after 56 Fe-IR. The ratio of Bax to Bcl-2 was decreased ∼65%
on day 7 (Figure 6(d)), which coincided with a significant
decrease in BM-EPC apoptosis on day 7 compared to 5
and 24 h after 56 Fe-IR (Figure 6(c)). There was a further
∼15% decrease in Bax/Bcl-2 ratio on day 14 after 56 Fe-IR
(Figure 6(d)). However, compared to 7 and 14 days, there was
more than 2-fold (𝑃 < 0.02) increase in the Bax/Bcl-2 ratio
on day 28 (Figure 6(d)), which correlated with significant
increase in apoptosis in 56 Fe-IR BM-EPCs on day 28 after
IR (Figure 6(c)). These results suggest at least in part the
increase in ratio of Bax/Bcl-2 expression may be responsible
for induction of apoptosis in 56 Fe-IR BM-EPCs on day 28.
However, increased apoptosis on day 14 may not be associated
with the changes in the regulation of mitochondrial proteins,
such as Bax and Bcl-2.
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4. Discussion
A growing body of evidence indicates that in the heart and
other organ-tissues vascular homeostasis does not exclusively
rely on proliferation of local endothelial cells (ECs) but
also involves BM-derived EPCs [50]. Indeed, studies have
demonstrated that in patients with CV risk factors, the
number and migratory ability of EPCs isolated from peripheral blood is reduced [51] and EPC function is impaired
[52]. In addition, a strong inverse correlation was reported
between the number of circulating EPCs, vascular function,
and the subject’s combined Framingham CV factor score
[53]. Furthermore, measurements of flow-mediated brachialartery reactivity also revealed a significant relation between
endothelial function and the number of EPCs, supporting a
role for EPCs in the maintenance of endothelial integrity [54].
It is established that EPCs mobilized from the bone
marrow into circulation in response to injury or stress are
aided by numerous chemokines and growth factors [55] that
are known to be elevated within minutes to hours after IR
[4, 56]. Proinflammatory cytokines such as TNF-𝛼, IL-1𝛼,
and IL-6 have been well documented to be regulated as
a direct effect of gamma (𝛾)-IR in murine hematopoietic
cells [57] and human epithelial cells [58]. However, high
levels of proinflammatory cytokines after IR exposure can
cause profound negative effects and perpetuate further DNA
damage through induction of reactive oxygen and nitrogen
species, which then may lead to the increased oxidative stress
[59–61]. It has been shown that EPCs express lower levels
of basal and stress-induced intracellular reactive oxygen
species (ROS) than primary ECs because EPCs express
higher levels of catalase, manganese superoxide dismutase
(MnSOD), and glutathione peroxidase-1 (GPx-1) [62, 63].
Hence, inhibition of catalase, MnSOD, and GPx-1 [64] may
increase ROS levels in EPCs, which in turn impairs EPC
survival and migration [62]. As ischemic/damaged tissue is
characterized by high levels of inflammatory cytokines which
activate ROS production [65], it has been proposed that high
levels of ROS metabolizing enzymes in EPCs are essential
to maintain their survival during tissue regeneration after
injury. Conversely, these findings suggest that an imbalance
in ROS can contribute to EPC dysfunction and that oxidative
stress may impair neovascularization, thereby contributing to
the pathogenesis and the progression of CV disease risks.
Current understanding of low-dose space and terrestrial
radiation and its biological effects is that direct damage of
DNA in the nucleus causes cell death and mutations [12].
However, in the past two decades there have been numerous studies which suggest that radiation can cause damage
in nonirradiated cells through radiobiological bystander
responses (RBR) [66, 67]. The term “bystander effect” was
used to describe the ability of a cell, affected by radiation,
to cause damage in other cells not directly traversed by
the initial radiation [68]. It was suggested that generation
of reactive oxygen and nitrogen species in IR tissues is
mediated by increase in cytokines and chemokines [44, 69–
71] and this could be one of the main mechanisms for
persistent nontargeted, RBR after IR [66, 67]. The role of
the bystander responses in BM-derived EPC after ionizing
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particle radiation remains largely unknown. The main goal
of this study was to determine whether space-type 1 H- and
56
Fe-IR may induce RBR in BM-derived EPCs and evaluate
the long term survival capacity of BM-EPCs after particle
radiation.
We postulate that low-dose space IR-induced DNA damage responses in BM progenitor cell populations, including
EPCs, may be of long duration and this may lead to significant
decrease in the number of these cells, as well as long-term loss
of EC function of BM-EPCs. This may then pose significant
degenerative risk on physiologic homeostasis in the organs
and tissue under conditions of normal aging and on repair
and regeneration processes under pathologic conditions,
such as injury or ischemia.
The acute phase of full-body low-dose IR induces apoptotic and immunological responses in the organ-tissues,
including the heart [72], and is usually characterized by a
neutrophil infiltration in affected area where macrophages are
responsible for the phagocytic clearance of the apoptotic cells
[73, 74]. It has been shown that phagocytosis of IR-induced
apoptotic cells can activate macrophages, which subsequently
induce an inflammatory response in the surrounding tissue
[75] by releasing various cytokines, superoxide, and nitric
oxide [76]. This can provide a potential feedback loop
mechanism perpetuating inflammatory response leading to
endothelial cell dysfunction in the heart and stem and
progenitor cell populations in the BM milieu, as well as in
other organs and tissues. Our in vitro findings of significant
increase in the levels of several cytokines and chemokines
(known to induce radiobiological bystander responses) [11,
13] in 1 H- and 56 Fe-IR BM-EPC conditioned media taken
together with cyclical increase in BM-derived EPC apoptosis in in vivo studies may suggest a possible perpetuating
mechanism of long-lasting IR-induced effects in the BM
cell populations, including BM-EPCs. These findings in BMEPCs can be corroborated with IR-induced inflammatory
changes in ECs resulting in modification of homeostasis and
endothelial dysfunction [77].
NASA Human Research Program (HRP) identified space
radiation as one of the space flight risk factors to the cardiovascular system which is vastly unknown and limited to
information collected days to weeks after space missions [78].
In addition to the possible biological effects of exposure to 1 H
and high charge and energy (HZE) ions (e.g., 56 Fe), astronauts
are also subjected to another critical physiological stressor,
microgravity, which has been shown to produce untoward
effects on the hematopoietic system and the BM microenvironment, leading to altered hematopoiesis-immunity [79–83]
and cytokine production [84–87]. While most studies to-date
examining DNA damage in the bone marrow environment
as a result of exposure to IR have focused on direct effects on
the stem and progenitor cell populations in BM milieu, recent
studies [88, 89] have suggested that cytokines and signals
within the BM tissue may play a key role in the ability of stem
and progenitor cells to respond appropriately to IR-induced
DNA damage. The effects of microgravity coupled with
exposure to ionizing space radiation, both low-linear energy
transfer (LET) proton (1 H) and high-LET iron (56 Fe), would
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eventually put astronauts in long-duration space missions at
a higher risk of development of thrombotic diseases [90],
manifestation of previously asymptomatic CV disease [78],
immune dysfunction, and reduced vascular function and
perfusion [91–94].
Epidemiologic data on IR-induced cardiovascular diseases from radiotherapy patients [95–97], nonoccupational
exposure [43, 98, 99], and occupational exposure has demonstrated that cardiovascular (CV) morbidity may occur within
months or years, and CV mortality may occur within decades,
after initial IR exposure. Since EPCs are embedded in
the microenvironment of bone marrow stroma which is
considered as the most concentrated reservoir [100] and
are mobilized to the circulation in response to activation
of several mobilizing signaling pathways [55, 101], ionizing
radiation induced dysfunction in BM-EPCs can ultimately
result in degenerative CV risks. Since the transition from
proinflammatory to more anti-inflammatory environment
is crucial for proper tissue recovery it is of the utmost
importance that cell proliferation and resistance to radiation
induced cell death in bystander cells is enhanced [4, 102].

5. Summary
It is important to substantiate here that studies using particle
radiation such as proton and iron are not only important
for future successful space exploration it is also vital for
civilian population, as by 2012 more than 120,000 cancer
patients in 16 counties [103] have been treated using particle
radiation therapy, primarily protons but also including carbon and other HZE ions, with similar centers being planned
and constructed every year. Therefore our studies may also
provide a foundation for the development of therapeutic
measures to prevent CV morbidity and mortality due to
cancer radiotherapy (conventional and/or the particle), as
well as accidental and occupational IR exposures.

6. Conclusions
The presence of persistent IR-induced DNA damage in BMEPCs along with increased apoptosis and possible impairment in DNA-repair characteristics of BM stem and progenitor cells may lead to BM-EPC dysfunction. This could then
lead to the increase in CV degenerative risks in the form
of cardiac fibrosis and eventually loss of cardiac function.
We conclude that longitudinal studies using low-dose proton
and heavy ion (HZE) radiation studies are warranted to
determine IR-induced long-term CV risks.
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Mesenchymal stem cell (MSC) therapy shows considerable promise for the treatment of myocardial infarction (MI). However, the
inefficient migration and homing of MSCs after systemic infusion have limited their therapeutic applications. Ultrasound-targeted
microbubble destruction (UTMD) has proven to be promising to improve the homing of MSCs to the ischemic myocardium, but
the concrete mechanism remains unclear. We hypothesize that UTMD promotes MSC homing by upregulating SDF-1/CXCR4, and
this study was aimed at exploring this potential mechanism. We analyzed SDF-1/CXCR4 expression after UTMD treatment in vitro
and in vivo and counted the number of homing MSCs in MI areas. The in vitro results demonstrated that UTMD not only led
to elevated secretion of SDF-1 but also resulted in an increased proportion of MSCs that expressed surface CXCR4. The in vivo
findings show an increase in the number of homing MSCs and higher expression of SDF-1/CXCR4 in the UTMD combined with
MSCs infusion group compared to other groups. In conclusion, UTMD can increase SDF-1 expression in the ischemic myocardium
and upregulate the expression of surface CXCR4 on MSCs, which provides a molecular mechanism for the homing of MSCs assisted
by UTMD via SDF-1/CXCR4 axis.

1. Introduction
Bone marrow-derived mesenchymal stem cells (MSCs) have
the potential to regenerate cardiac myocytes and accelerate neovascularization after acute myocardial infarction
(MI) [1, 2]. However, a significant barrier to the effective
implementation of clinical MSC therapy is their inability to
reach the target tissues with high efficiency [3, 4]. Multiple
studies have shown that the biological effects generated by
ultrasound- (US-) targeted microbubble (MB) destruction
(UTMD) could help to improve the homing ability and
transplantation efficiency of the MSCs following MI [5–7],
but the UTMD mechanism remains unclear.
Research into the mechanism of UTMD-assisted MSC
homing has been performed in recent years. Some studies

showed that UTMD created pores in the capillary wall, which
led to an increase in permeability of myocardial blood capillary [7, 8] and may help to promote the transmigration of
MSC from the blood vessels to the target tissues. Some other
studies found that local microenvironments after myocardial
injuries played an important role in the chemotaxis and differentiation of MSCs [9]. UTMD could change the microenvironment within tissues caused by the local inflammatory
response and offer the target tissues as cell niches that are
more suitable for MSC homing [10]. In short, the present
research on the mechanism of MSC migration and homing
promoted by UTMD mainly focuses on the morphology
and microenvironmental changes of the infarcted myocardial tissues in vivo. However, studies about the effects of
UTMD on MSCs themselves are comparatively few. What are
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the impacts on MSC viability and migration after UTMD
treatment? Furthermore, what expression changes in the gene
or protein level occur within MSCs?
SDF-1 and its specific receptor, CXCR4, play a critical role
in stem cell mobilization, chemotaxis, homing, and engraftment in the process of repairing infarcted hearts [11, 12].
SDF-1, secreted by cells within the ischemic myocardium
or homing MSCs (paracrine effect), is the most important
chemokine controlling MSC migration [13]. Transplanted
MSCs can migrate toward inflammatory tissue along an SDF1 concentration gradient by binding SDF-1 to CXCR4 on the
surface of MSCs [14, 15]. Importantly, the vast majority of
CXCR4 is located in the cytoplasm in a highly glycosylated
form, with only a small proportion of culture-expanded
MSCs expressing functional CXCR4 at the cell membrane
[16, 17]. Thus, one effective way to promote MSC migration
and homing is an upregulation of SDF-1 secretion in target
tissues and the expression of CXCR4 on the surface of MSCs.
In this study, we hypothesize that SDF-1/CXCR4 may be
the key factor in UTMD-assisted MSC migration and homing
and that the biological effects of UTMD promote MSC
homing possibly by increasing SDF-1 expression in the
ischemic myocardium and upregulating the expression of
CXCR4 on the surface of MSCs. To address this hypothesis,
we prepared two kinds of conditional culture medium, one
was supernatants collected from normal or hypoxia cultured
medium of human cardiac myocytes (HCM) and human
cardiac microvascular endothelial cells (HCMEC), the other
was myocardial tissue extracts obtained from normal rats or
MI model rats. We then detected the expression of SDF-1 and
membrane CXCR4 after UTMD. In addition, we counted the
number of homing MSCs labeled by green fluorescent protein
and examined SDF-1/CXCR4 expression in the ischemic
myocardium of MI rats that were treated with UTMD
combined with intravenous infusion of MSCs. The goal of
this study was to identify the potential mechanism whereby
UTMD improves the migration and homing of systemically
implanted MSCs following MI.

2. Materials and Methods
2.1. Experimental Animals. All Sprague-Dawley (SD) rats
used in this study were provided by the Experimental Animal
Center of the Third Military Medical University. This study
was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health. All experiments were
approved by the experimental animal ethics committee of
Third Military Medical University. All surgery was performed
under sodium pentobarbital anesthesia, and all efforts were
made to minimize suffering.
2.2. Preparation of Human MSCs and Rat MSCs. Human
MSCs were isolated from the bone marrow of three healthy
donors, ages 26 to 28 years, with written informed consent
according to the guidelines of the Third Military Medical
University ethics committee, and the study followed the procedures approved by the local ethics committee. After culture
and expansion, the human MSCs were defined as CD44,
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CD105 double-positive, and CD34, CD45 double-negative
cells by using flow cytometry. Rat MSCs were isolated from
the femur and tibia bone marrow of 3-4 week old SpragueDawley (SD) male rats. The phenotypic properties of rat
MSCs were also identified with the positive surface markers
CD29, CD44 as well as the negative surface markers CD34,
CD45. Adipogenic and osteogenic differentiation were successfully induced in both human MSCs and rat MSCs. All
cells were cultured with DMEM/F12 (Hyclone) medium containing 10% FBS (Gibco) at 37∘ C in 5% CO2 . The third or
fourth passage of MSCs was used for subsequent experiments.
2.3. Normoxic and Hypoxic Cell Culture of HCM and HCMEC.
Fetal human cardiac myocytes (HCM) (Catalog number
6200) and human cardiac microvascular endothelial cells
(HCMEC) (Catalog number 6000) were obtained from ScienCell Research Laboratories (San Diego, CA) and maintained in the culture medium supplied by the manufacturer.
These cells were provided at passage 2 and were used
between passages 3 and 6. When HCMs or HCMECs were
approximately 80% confluent in culture, they were harvested
and mixed in ratios of approximately 1 HCMEC to 4 HCMs.
For normalization purposes, the mixed cells were plated in 12well plates at a total number of 1 × 106 cells/well (1.2 mL/well)
in complete medium and cocultured for 12 h. Thereafter, the
cells were subjected to either 24 h of normoxia (21% O2 , 5%
CO2 ) or of hypoxia (1% O2 , 94% N2 , 5% CO2 ). The supernatants were collected after treatment for subsequent studies
in vitro.
2.4. Developing Rat Myocardial Infarction Model. A surgical
myocardial infarction (MI) model was developed in SD
male rats (6-7 weeks old, 200–250 g). Rats were anesthetized
with 2% pentobarbital natrium (40 mg/kg) by abdominal
injection. After endotracheal intubation, the animals were
mechanically ventilated using a rodent ventilator (Taimeng
Instruments, Chengdu, China). The heart was exposed, and
the left anterior descending coronary artery (LAD) was
ligated with a 6-0 suture at a level very close (1 mm) to the
bottom of the left atrium. Evidence of successful coronary
occlusion was confirmed by typical S-T elevation on an electrocardiogram and regional cyanosis of the distal myocardial
surface.
2.5. Preparation of Normal Myocardial Tissue Extracts
(NMTE) and Infarcted Myocardial Tissue Extracts (IMTE).
MI hearts were taken out two days later under full anesthesia.
Areas of the ischemic myocardium were carefully dissected,
minced, and transferred into a 5-mL tube containing PBS
at a ratio of 500 mg : 1 mL. The mixtures were homogenized
with a Pro200 homogenizer (Pro Scientific Inc., USA) and
centrifuged at 4∘ C. The supernatant (meaning MTE) was
collected and filtered using a 0.22 𝜇m filter (Millipore, USA).
The normal MTE was obtained from normal SD rats without
ligation of the LAD coronary artery. The preparation method
was same as that of the infarcted MTE.
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2.6. Ultrasound Device and Microbubbles. We used an Accusonic Plus (Metro Medical Australia Pty Ltd, Australia)
therapeutic ultrasound system to perform UTMD in vitro.
The US irradiation parameters were operated as follows: US
frequency = 1 MHz; duty cycle = 10%; peak negative pressure
= 0.6 W/cm2 (0.35 MPa); total irradiation time = 30 s; and
dosage of MBs = 106 /mL. Lipid-coated MBs, named Zhifuxian, were prepared in our department as previously
described [18] and were used for inducing acoustic cavitation. Zhifuxian was prepared by the lyophilization of
a suspension of two lipids, 1,2-dipalmitoyl-sn-glycero-3phosphoglycerol (DPPG) and 1,2-distearoyl-sn-glycero-3phosphoethanolamine (DSPE), and agitated with perfluoropropane gas by a mechanical amalgamator. The mean particle
diameter of the MBs was 2 𝜇m, and the concentration was
6–9 × 109 /mL.
2.7. In Vitro Experimental Grouping. Human MSCs were
collected and seeded into 6-well plates at a density of 5 ×
105 cell/mL (2 mL/well) in fresh complete medium. After
the cells adhered, 1 mL/well culture medium was removed
and 1 mL conditional culture medium (described below)
was randomly added to each well. The MBs diluted with
saline were slowly added as well. The 6-well plates were
rocked gently, and then, UTMD was performed with the
transducer at the base of the plates. After UTMD, the MSCs
were immediately placed back in an incubator. After 24 h of
incubation at 37∘ C with 5% CO2 , the MSCs in all groups were
harvested for cell viability assessments and CXCR4 detection,
and the supernatants from all groups were collected for
SDF-1, VCAM-1, and ICAM-1 ELISA. Each experiment was
independently repeated six times.
Two types of conditional medium were added into the
culture medium of MSCs, and the in vitro grouping was
divided into two corresponding parts.
(1) The conditioned medium was the supernatant collected from normal or hypoxia cultured medium of HCM and
HCMEC.
The test groups were designed as follows: MSC cultured in
ordinary DMEM/F12 medium group (control); MSC + normal supernatant group (M + NS); MSC + normal supernatant
+ UTMD group (M + NS + U); hypoxia supernatant group
(HS); MSC + hypoxia supernatant group (M + HS); MSC +
hypoxia supernatant + UTMD group (M + HS + U).
(2) The conditioned medium was the myocardial tissue
extracts (MTE) obtained from normal rats or MI model rats.
The test groups were designed according to the following
scheme: MSC cultured in ordinary DMEM/F12 medium
group (control); MSC + normal MTE group (M + NMTE);
MSC + normal MTE + UTMD group (M + NMTE + U);
infarcted MTE group (IMTE); MSC + infarcted MTE group
(M + IMTE); MSC + infarcted MTE + UTMD group (M +
IMTE + U).
2.8. ELISA. The concentration of SDF-1, VCAM-1 or ICAM1 in the supernatants was detected by ELISA. All ELISA
kits were purchased from R&D Systems (Minnesota, USA)
and performed according to the manufacturer’s instructions.
Particularly, the hypoxia supernatant group and the infarcted
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MTE group were the non-MSCs groups, and the samples
needed to be diluted in the same manner as the other groups
before ELISA testing for normalization purposes.
2.9. Assessment of Cell Viability. Viability of MSCs was
measured using a CCK-8 kit according to the manufacturer’s
instructions (Beyotime, Shanghai, China). Briefly, all samples
and blank control MSCs were harvested, seeded in 96-well
plates with 2 × 103 cells/well (100 𝜇L/well), and 10 𝜇L CCK8 solution was subsequently added. After 2 h incubation, the
absorbance of the cells in each well was measured at 450 nm
using an enzyme-linked immunoassay analyzer (DU800,
Beckman, USA). Cell viability (%) was calculated from the
ratio between absorbance of the sample MSCs and the blank
control MSCs.
2.10. CXCR4 Detecting. Flow cytometry was used to detect
the expression of CXCR4 on the surface of MSCs using a PEconjugated CXCR4 antibody (12G5, Santa Cruz, USA). PECXCR4 (20 𝜇L/sample) and the treated MSCs were incubated
at 4∘ C for 30 min, washed, centrifuged, and resuspended in
500 𝜇L PBS for analyzing with a FACS caliber cytometer
(Becton Dickinson, San Diego, USA).
Fluorescent real-time quantitative PCR analysis was
performed to investigate the mRNA expression of CXCR4.
After a 24 h incubation with the conditional medium,
total RNA was extracted from the MSCs using Trizol
Reagent (Invitrogen, USA) according to the manufacturer’s
instructions. The first-strand cDNA was then synthesized
using a PrimeScript RT reagent Kit (Takara, Dalian, China).
CXCR4 was amplified with the following primers: sense 5 TTCTACCCCAATGACTTGTG-3 and antisense 5 -ATGTAGTAAGGCAGCCAACA-3 . As an internal control,
GAPDH was also amplified with the following primers: sense
5 -CATCTCTGCCCCCTCTGCTG-3 and antisense 5 GCCTGCTTCACCACCTTCTTG-3 . Real-time PCR was
performed with an ABI Prism 7300 Sequence Detection System (Applied Biosystems, Foster City, CA) using a SYBR
green master mix (Applied Biosystems). The ratio of CXCR4
mRNA expression relative to GAPDH mRNA expression was
calculated. Furthermore, relative CXCR4 mRNA expression
was normalized against that derived from the control group.
Western blot analysis was carried out to detect the expression of CXCR4 protein within MSCs. Treated MSCs were
lysed and the total cellular proteins (40 𝜇g) were separated
on a 12% SDS polyacrylamide gel and transferred to a PVDF
membrane. The membrane was blocked with TBS + 0.1%
Tween-20 (TBS-T) containing 5% skim milk for 2 h and then
incubated overnight at room temperature with the rabbit
anti-CXCR4 antibody (1 : 500, Abcam, Cambridge, UK) and
finally incubated with goat anti-rabbit IgG antibody (1 : 100,
Beyotime, Shanghai, China) for 1 h the next day. The protein
bands were scanned and the protein expression of CXCR4
was quantified by densitometry and normalized against
GAPDH.
2.11. Transwell Migration Assay. The test groups for the transwell migration assay were the same as described above,
except for the deletion of the hypoxia supernatant group and
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infarcted MTE group. In addition, AMD3100, an inhibitor of
SDF-1/CXCR4 axis, was used in the migration assay. Briefly,
MSCs were harvested, resuspended in serum-poor medium,
and seeded into the upper chamber (100 𝜇L, 1 × 106 /mL) of
a 24-well transwell plate (Corning Costar, USA) with 8-𝜇m
pore filters. In the groups requiring US treatment, human
MSCs were seeded into 6-well plates first, subjected to
UTMD, and then seeded into the upper chamber. In the
group containing AMD3100, MSCs were pretreated by coculturing with AMD3100 (5 𝜇g/mL) (Sigma) for 30 min. The
supernatants or myocardial tissue extracts assigned to the different groups were placed into each lower chamber (500 𝜇L).
Following a 5 h incubation, the cells that did not migrate from
the upper chamber were removed with a cotton swab. The
cells on the lower surface of the membrane were stained with
0.1% (w/v) crystal violet solution for 20 min, and the number
of them was calculated under a light microscope at 200x magnification in five randomly selected fields. Each experiment
was repeated three times in duplicate.
2.12. MSC Labeling and Implantation. The rat MSCs and 64
MI model rats were used in the animal experiment. After 1
week of modeling, the MI rats were randomly divided into
four groups: PBS (1 mL) infusion merely served as a control
group (Con, 𝑛 = 12), the MSCs infusion group consisted of
1 × 106 cells suspended in 1 mL of PBS transplanted by caudal
vein injection (MSC, 𝑛 = 12), US irradiation and MB infusion
(0.1 mL/kg) group (UM, 𝑛 = 12), and UTMD and MSCs
infusion group (MSC + UM, 𝑛 = 12). A diagnostic US system
(Siemens ACUSON S2000, USA) was used to perform
UTMD. The US probe was placed on the anterior chest
for 10 min at a harmonic frequency of 2.0/5.0 MHz with a
mechanical index of 1.3. In the MSC + UM group, MBs were
intravenously injected followed by the infusion of MSCs.
In addition, we labeled rat MSCs with green fluorescent
protein (GFP) (Cyagen, Guangzhou, China) using GFP
lentiviral transduction according to the manufacturer’s protocol. The GFP-MSCs were used for tracking homing cells in
MSC group (𝑛 = 8) and MSC + UM group (𝑛 = 8). After
48 h of cell transplantation, the survival of implanted cells
was determined by the number of GFP-positive cells in frozen
sections (8 𝜇m) made from MI hearts under a laser scanning
confocal microscope. The number of GFP-positive cells was
by randomly counting five fields from each rat of the two
groups.
2.13. Western Blot and Immunohistochemistry (IHC). The
protein expression and distribution of SDF-1 and CXCR4 in
the MI area were assessed by Western blot and IHC. Animals
were sacrificed after seven days of treatment and the hearts
were harvested quickly.
Subsets of the hearts were used for Western blot
(described before), the rest of them were fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned at 4-𝜇m
thickness for IHC. The antibodies used in IHC were as follows: rabbit anti-SDF-1 primary antibody (1 : 50, Santa Cruz),
rabbit anti-CXCR4 primary antibody (1 : 50, Abcam), and
the goat anti-rabbit IgG (1 : 100, Beyotime) secondary antibody.
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2.14. Statistical Analysis. All data are expressed as the mean ±
SD. The independent 𝑡-test was applied for comparison of the
number of GFP positive cells between two groups. One-way
analysis of variance (ANOVA) was performed for statistical
comparisons of all of the data, except for of the number
of GFP positive cells. Statistical analysis was carried out
using the SPSS 13.0 software, and 𝑃 < 0.05 was considered
statistically significant.

3. Results
3.1. Effect of UTMD on SDF-1 Secretion and MSC Viability. In
the supernatant groups, the concentration of SDF-1 in the M
+ NS + U group (145.87 ± 12.87 pg/mL) was increased by
approximately 60% compared to the M + NS group (91.11 ±
8.96 pg/mL). The supernatants collected from hypoxia cultured medium of HCM and HCMEC (HS group) contained
a certain amount of SDF-1 (344.89 ± 74.93 pg/mL). When the
MSCs were cocultured with the hypoxia medium (M + HS
group), the level of SDF-1 was increased by approximately
34% (462.51 ± 101.07 pg/mL). After UTMD treatment (M +
HS + U group), the concentration of SDF-1 was further
elevated by approximately 22% (563.75±76.22 pg/mL). In the
MTE fraction, the data showed a similar result (Figure 1(a)).
In addition, in comparison to the control group, the viability
of MSCs treated with UTMD decreased by approximately
only 7%–9% in both the supernatant and the MTE groups
(Figure 1(b)).
3.2. Effect of UTMD on the Expression of VCAM-1 and
ICAM-1 In Vitro. To investigate the effects of UTMD on
the upregulation of VCAM-1 and ICAM-1 expression, the
supernatants obtained from the different groups were analyzed using an ELISA-based array, and the concentrations
of the proteins were normalized against those derived from
the control group. The data indicated that the hypoxia
supernatants (HS group) or the infarcted MTE contained a
large amount of VCAM-1 and ICAM-1 compared to those
in the control group. UTMD increased the concentration
of these proteins in the supernatant (Figure 2(a)) and MTE
groups (Figure 2(b)) compared to the untreated groups.
3.3. CXCR4 Gene and Protein Expression In Vitro. The expression of CXCR4 mRNA was determined by real-time PCR at
24 h after coculture with conditioned medium (Figure 3(a)).
In the supernatant groups, expression of CXCR4 mRNA was
increased in the M + NS + U group (1.37 ± 0.11) compared to
the M + NS group (1.05 ± 0.09) and reached the highest level
in the M + HS + U group (2.39 ± 0.41). In the MTE groups,
the results were similar to the supernatant.
Figures 3(b) and 3(c) showed the expression of the
CXCR4 protein by Western blot. Compared to the untreated
groups, the expression of CXCR4 protein was higher in the
UTMD-treated group. The results were consistent with the
CXCR4 mRNA levels and indicated that the UTMD-treated
MSCs expressed more CXCR4 mRNA and protein than
untreated MSCs.
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Figure 1: Effect of UTMD on SDF-1 secretion and MSC viability. (a) The assessment of the SDF-1 concentration for the various groups in the
supernatant and MTE groups. (b) The assessment of MSC viability for the different supernatant and MTE groups. All values are expressed as
the mean ± SD. ∗ 𝑃 < 0.05; ∗∗ 𝑃 < 0.01; 𝑛 = 6.

3.4. Cell Surface Expression of CXCR4 with FCM. The cell
membrane localization of CXCR4 was quantitatively evaluated by FCM (Figure 4(a)). The data showed that, for the
supernatant groups, the percentage of cells expressing surface
CXCR4 in the M + NS + U group (5.41±1.29%) was 8.07-fold
higher than the M + NS group (0.67 ± 0.17%) (Figure 4(b)),
while the M + HS + U group (8.76 ± 1.94%) was 1.32-fold
higher than the M + HS group (6.62 ± 1.27%) and 14.36-fold
higher than the control group (0.61 ± 0.15%). The percentage
of MSCs expressing surface CXCR4 in the M + NMTE +
U group (4.48 ± 0.80%) was 6.79-fold higher than the M +
NMTE group (0.66 ± 0.13%) (Figure 4(c)), while the M +
IMTE + U group (12.45 ± 2.73%) was 1.49-fold higher than
the M + IMTE group (8.34 ± 1.33%) and 22.23-fold higher
than the control group (0.56±0.19). The results indicated that,
whether in the normal conditioned medium or in the hypoxia

conditioned medium, UTMD could upregulate the expression of surface CXCR4 on MSCs in vitro.
3.5. In Vitro Migration Assay. To detect the effect of UTMD
on the migration of MSCs in vitro, a transwell migration
assay was performed for the supernatant and MTE groups.
As shown in Figure 5, the MSCs that migrated to the lower
chamber were stained by crystal violet (Figure 5(a)), and the
number of cells was recorded as follows: (supernatant groups,
Figure 5(b)) (1) control group, 19.17 ± 3.06; (2) MSC + NS
group, 18.67 ± 3.27; (3) MSC + NS + U group, 28.17 ± 4.45;
(4) M + HS group, 32.83 ± 4.67; (5) M + HS + U group,
49.00 ± 7.46; (6) M + HS + U + AMD3100 group, 19.67 ± 3.39.
The number of migrated cells in the MTE groups is shown
in Figure 5(c): (1) control group, 18.50 ± 3.27; (2) MSC +
NMTE group, 20.00 ± 4.77; (3) MSC + NMTE + U group,
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Figure 2: Effect of UTMD on the expression of VCAM-1 and ICAM-1. (a) The expression of VCAM-1 and ICAM-1 in the supernatant groups.
(b) The expression of VCAM-1 and ICAM-1 in the MTE from each group. All values are expressed as the mean ± SD. ∗ 𝑃 < 0.05; ∗∗ 𝑃 < 0.01;
#
𝑃 > 0.05; 𝑛 = 6.

30.33±4.59; (4) M + IMTE group, 42.50±7.01; (5) M + IMTE
+ U group, 66.17 ± 8.18; (6) M + IMTE + U + AMD3100
group, 19.50 ± 3.33. These data indicate that, in both the
normal conditioned medium and in the hypoxia conditioned
medium, the UTMD-treated MSCs migrated more efficiently
compared to those in the untreated groups, which was
blocked by AMD3100.
3.6. Identification of Homing MSCs. Forty-eight h after GFP
lentiviral transduction, bright green fluorescence could be
observed in the cytoplasm and nucleus of almost all MSCs
under a laser scanning confocal microscope (Figure 6(a)). We
also confirmed the stable expression of GFP in subcultured
MSCs. The GFP-positive MSCs were located in the ischemic
myocardium and border zones but were essentially absent
in the normal myocardium. The average number of GFPpositive cells in the MSC group and the MSC + UM group was
calculated, and the results showed that there was a significant
difference between the two groups. The number of GFPpositive cells in the MSC + UM group (41.27 ± 6.34) was
significantly increased compared to the MSC group (29.23 ±
4.08) (Figures 6(b) and 6(c)).
3.7. Expression of SDF-1 and CXCR4 by IHC and Western
Blot. Immunohistochemical staining showed that SDF-1 and
CXCR4 were predominantly localized to the cytoplasm in
the ischemic myocardium and border area. The number of
SDF-1- or CXCR4-positive cells was relatively smaller in the
control group. More positive cells were observed in the MSC
group and the UM group. The number of positive cells in the
MSC + UM group was the largest, and in some slices, positive
staining of SDF-1 and CXCR4 was distributed in a large
quantity of cells, which took up almost the entire photograph
(Figure 7(a)).

Western blot results showed that the level of SDF-1 in the
ischemic myocardium was higher in the MSC group (0.65 ±
0.05) and the UM group (0.54 ± 0.05) compared to the
control group (0.45 ± 0.02) and that the MSC + UM group
(0.86 ± 0.03) had the highest levels compared to all other
groups (Figures 7(b) and 7(c)).

4. Discussion
This study explored the mechanisms of UTMD-assisted
migration and homing of MSCs to the ischemic myocardium
through the SDF-1/CXCR4 axis. The in vitro results indicated
that UTMD could promote SDF-1 secretion by MSCs, leading
to an increased concentration of SDF-1 in the supernatants.
Meanwhile, UTMD upregulated the percentage of MSCs
expressing surface CXCR4 as well as the expression of CXCR4
gene and protein within MSCs. In vivo studies detected
that, compared to the other groups, UTMD combined with
intravenous infusion of MSCs resulted in greater numbers of
homing MSCs and increased expression of SDF-1 and CXCR4
in the MI areas. It is generally known that MSCs have been
widely applied in the treatment of various diseases because
of their multipotent differentiation and immunomodulatory
abilities [19, 20]. The treatment effect relies on the efficiency
of MSCs homing to the target tissues. The process of MSC
migration in vivo is complex, involving many types of
cytokines, chemokines, adhesion molecules, and other proteins, but the SDF-1/CXCR4 axis is the most important
molecular pathway for MSC migration and homing [21, 22].
Through in vitro and in vivo experiments, our results indicate
that SDF-1/CXCR4 is also a crucial factor for promoting
MSCs homing in UTMD, which can upregulate the expression of SDF-1/CXCR4 and improve the migration and homing abilities of implanted MSCs.
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Figure 3: CXCR4 mRNA and protein expression in vitro. (a) Real-time PCR analysis of CXCR4 mRNA expression in MSCs from the different
supernatant and MTE groups. The relative expression level was normalized against the control group, with GAPDH as an internal standard.
((b) and (c)) Western blot analysis for CXCR4 protein expression within MSCs from the different supernatant or MTE groups, respectively.
The results from each group were normalized to GAPDH expression. All values are expressed as the mean ± SD. ∗∗ 𝑃 < 0.01; 𝑛 = 6.

Our results in this work showed that higher concentrations of SDF-1 protein were detected in the supernatants of
the UTMD-treated groups compared to the untreated groups
(Figure 1(a)), whether in normal or hypoxia conditioned

culture medium. This indicates that UTMD can boost SDF1 secretion by MSCs. One of the reasons for this promoting
effect may be the benefits from the biological effects of ultrasound. As a type of nonionizing energy, ultrasonic vibration
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Figure 4: Cell surface expression of CXCR4 using FCM. (a) Representative examples of the membrane expression levels of CXCR4 on MSCs
in the supernatant of the different groups. The percentage of MSCs positive for surface CXCR4 protein expression was valued as the number
of cells expressing surface CXCR4/number of cells in total. (b) Quantification of cell surface CXCR4 protein expression in the supernatant
groups. (c) Quantification of cell surface CXCR4 protein expression in the MTE groups. All values are expressed as the mean ± SD. ∗∗ 𝑃 < 0.01;
𝑛 = 6.

can cause the movement of materials (such as cytoplasmic
granules) within the tissues or cells, thus playing a role of subtle massage. Cavitation effects, generated by the destruction
of MBs with US irradiation, has varying degrees of influence
on the cell membrane fluidity, endocytosis, cytoskeleton,
organelles, and other components, which are closely related

to protein synthesis and the intercellular transport of particles and other materials [23]. The mechanism of the
UTMD upregulation of SDF-1 expression in the ischemic
myocardium may be more complex in vivo. The results in
this study showed that higher levels of SDF-1 expression were
present in the MSC group and the UM group compared to

Stem Cells International

9

M + IMTE

MSC (Con.)

100 𝜇m
M + IMTE + U

M + IMTE + U + AMD3100
(a)

#
#
60

∗∗

80

∗∗

Migration cells

40

∗∗

20

(b)

M + IMTE + U + AMD

M + IMTE + U

M + IMTE

M + NMTE + U

M + NMTE

0

Con.

M + HS + U + AMD

M + HS + U

M + HS

M + NS + U

M + NS

0

∗∗

40

20

Con.

Migration cells

60

(c)

Figure 5: Effect of UTMD on the migration of MSCs. (a) Representative images of migrated MSCs in the MTE groups. Normal or infarcted
myocardial tissue extracts were present in the lower chamber. The migrated cells were stained by crystal violet and observed under a light
microscope. (b) Quantification of migrated MSCs in the supernatant groups. (c) Quantification of migrated MSCs in the MTE part groups.
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Figure 7: Expression of SDF-1 and CXCR4 by IHC and Western blot. (a) The immunohistochemistry results showed that the number of SDF1- and CXCR4-positive cells was highest in the MSC + UM group. There were relatively fewer positive cells in the MSC group and UM group,
and the control group had the lowest number of SDF-1- and CXCR4-positive cells. (b) Protein expression of SDF-1 and CXCR4 determined
by Western blot in ischemic myocardium from four groups, with GAPDH as the internal control. (c) Quantification of SDF-1 and CXCR4
expression was performed by densitometric scanning. The scale bar represents 50 𝜇m. All values are expressed as the mean ± SD. ∗∗ 𝑃 < 0.01;
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the PBS infusion group, and the MSC + UM group expressed
the highest levels of SDF-1 compared to any other group
(Figure 7). Upregulated expression of SDF-1 in the UM group
may be induced by its biological effects. In the MSC group,
increased expression may result from the paracrine activity

of the implanted MSCs, while the combined effect of the
UTMD-mediated response and the paracrine action of the
homing MSCs may be responsible in the MSC + UM group.
Another important finding in this study is that compared
to untreated MSCs, UTMD-treated MSCs had an increasing
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proportion of cells that expressed surface CXCR4 to different
degrees, reaching a maximum value of 8.76±1.94% in the M +
HS + U group and 12.45 ± 2.73% in the M + IMTE + U group,
which was 14.36-fold or 22.23-fold higher than the control
group, respectively (Figure 4). As reported, only a very few
culture-expanded MSCs expressed surface CXCR4 [16, 24].
Because recruitment of CXCR4 positive MSCs along the SDF1 gradient plays a crucial role in cardiac recovery [25, 26],
improving surface CXCR4 expression in the cultured MSCs
are important for their therapeutic application. Until now,
many methods have been reported to upregulate functional
CXCR4 expression, including viral-mediated CXCR4 transduction [27], treating MSCs with a cytokine cocktail [28], cultivation of MSCs under hypoxic conditions [29], and surface
modification by incorporating recombinant CXCR4 protein
[30]. This study found that UTMD could increase the expression of membrane CXCR4 on MSCs as well. There are three
potential mechanisms. First, the biological effect of UTMD
may directly promote the transfer of abundant intracellular
CXCR4 to the cell membrane. Second, the shockwaves and
microjet flow generated by the destruction of MBs during
cavitation results in the breakdown of the cell membrane and
the reversible formation of tiny pores known as “sonoporation” [31], which effectively enhances the cell membrane permeability [32] and may provide a physical transfer channel for
the transmembrane protein CXCR4. Third, UTMD can
upregulate the expression of the CXCR4 gene and protein
(Figure 3), and increased CXCR4 intracellular storage may
also help the surface localization CXCR4.
The SDF-1/CXCR4 interaction, as a whole, is critical in
MSCs migration and homing [33]. In our in vitro migration
assay (Figure 5), UTMD-treated MSCs showed significantly
increased migration ability compared to untreated MSCs,
which may result from the upregulation of surface CXCR4
expression. In addition, the hypoxia conditioned medium
combined with UTMD resulted in maximal MSC migration,
which may benefit from the interaction of upregulated surface CXCR4 expression and increased SDF-1 contained in the
hypoxia medium. AMD3100, an inhibitor of SDF-1/CXCR4,
could block the promoting effects of UTMD and confirmed
the key role of the SDF-1/CXCR4 interaction in UTMDassisted MSC migration. As for studies in vivo, UTMD acts
not only on the myocardium tissues but also on the MSCs
gathered around the ischemic myocardium, leading to a
promotion of the paracrine effect of MSCs and results in the
increased secretion of SDF-1. The more SDF-1 is expressed
in the MI areas, the more CXCR4 positive MSCs can
migrate and home toward the SDF-1 gradient in the ischemic
myocardium, and, further, the more SDF-1 can be secreted by
the homing MSCs with UTMD to form a favorable cycle. In
our in vivo results, we found that the number of GFP-positive
MSCs homing to MI areas was significantly larger in the
MSC + UM group than in the MSC group (Figure 6). Concomitantly, SDF-1/CXCR4 expression was higher in the former group (Figure 7). The results reaffirm that the biological
effects of UTMD can facilitate the migration and homing
of implanted MSCs; furthermore, it suggests that the SDF1/CXCR4 interaction in vivo may play a continuous circular
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role in promoting MSC migration in a way different from the
in vitro transwell migration assay.
VCAM-1 and ICAM-1, two types of adhesion molecules
related to MSCs homing, were detected in vitro by ELISA,
and the results indicate that UTMD can boost their secretion
(Figure 2). In the in vitro study, these proteins were secreted
by the MSCs at increased levels. If UTMD is applied in vivo,
it will probably also promote other cells within the ischemic
myocardium to secrete these adhesion molecules. Together
with the SDF-1/CXCR4 interaction, increased VCAM-1 and
ICAM-1 are advantageous to MSC migration and retention
at the target tissues.
There are some other aspects needing to be explained in
this study. First, hypoxia culture of HCM and HCMEC or
infarcted myocardial tissue extracts served as the MI simulation in vitro. The former used the overwhelming majority of
cells within the heart and may be helpful for normalization
purposes because of the fixed number of these cells in each
group. However, an advantage of the latter is that it is closer to
the MI environment in vivo. In any event, the results acquired
from the two groups of experiments are basically consistent. Second, as excessive ultrasonic irradiation often results
in irreversible damages to cells and microvessels [34, 35],
appropriate UTMD treatment is important for security considerations. In this study, we used the irradiation conditions
referenced in the in vitro literature [34, 35], and the viability
of MSCs only decreased by 7%–9% compared to the control
group (Figure 1(b)). When UTMD was applied to rats, we
used diagnostic US because lower US energy may be safer
and more beneficial to the survival of implanted MSCs than
therapeutic US. Certainly, some of the main parameters,
such as acoustic intensity, treatment time, and MB dosage,
must be optimized in future studies to achieve the purpose
of more SDF-1/CXCR4 upregulation and less MSCs deaths.
Third, though we have determined that UTMD can improve
the expression of surface CXCR4 by flow cytometry, further studies using more-refined detection means (such as
radioactive isotope localization) should be performed in
future studies to directly confirm this result and further prove
that the membrane CXCR4 comes from intracellular CXCR4
storage. Finally, current approaches to try to increase MSC
therapeutic efficiency for cardiac repair, such as the use of
UTMD, genetic manipulation, in vitro pretreatment of cells,
or biomaterials, are confirmed by animal models in vast
majority of studies. Despite positive results, rodent and even
large animal models are just oversimplifications as compared
to the human diseases. As far as UTMD, there is a certain
distance from widespread clinical application because the real
safety and effectiveness have not been assessed and perfected.
Many subjects need to be improvement in future, including the timing of UTMD application, local and systemic
effects from UTMD-assisted paracrine activities, and effect
of UTMD on human heart function.
In summary, this study discusses how UTMD improves
the migration and homing of MSCs to the ischemic
myocardium. Our findings that UTMD can increase the
expression of SDF-1 in MI areas and the surface levels of
CXCR4 on MSCs shed light on one of the potential mechanisms underlying the upregulation of SDF-1/CXCR4. The
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present study provides a theoretical reference for UTMDassisted MSC homing, and this new therapeutic approach
may be promising in stem cell therapy on cardiovascular
diseases.

[10] T. Imada, T. Tatsumi, Y. Mori et al., “Targeted delivery of
bone marrow mononuclear cells by ultrasound destruction
of microbubbles induces both angiogenesis and arteriogenesis
response,” Arteriosclerosis, Thrombosis, and Vascular Biology,
vol. 25, no. 10, pp. 2128–2134, 2005.

Conflict of Interests

[11] C. Steingen, F. Brenig, L. Baumgartner, J. Schmidt, A. Schmidt,
and W. Bloch, “Characterization of key mechanisms in transmigration and invasion of mesenchymal stem cells,” Journal of
Molecular and Cellular Cardiology, vol. 44, no. 6, pp. 1072–1084,
2008.

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments
This work was supported by the Natural Science Foundation
of China (Grant nos. 81101062 and 81471795). The authors are
particularly grateful to Dr. Mengyang Deng and Dr. Cheng
Yang for their assistance and facilities for the experiments in
this paper.

References
[1] D. L. Kraitchman, M. Tatsumi, W. D. Gilson et al., “Dynamic
imaging of allogeneic mesenchymal stem cells trafficking to
myocardial infarction,” Circulation, vol. 112, no. 10, pp. 1451–
1461, 2005.
[2] T. Asahara, H. Masuda, T. Takahashi et al., “Bone marrow origin
of endothelial progenitor cells responsible for postnatal vasculogenesis in physiological and pathological neovascularization,”
Circulation Research, vol. 85, no. 3, pp. 221–228, 1999.
[3] A. A. Mangi, N. Noiseux, D. Kong et al., “Mesenchymal stem
cells modified with Akt prevent remodeling and restore performance of infarcted hearts,” Nature Medicine, vol. 9, no. 9, pp.
1195–1201, 2003.

[12] B.-R. Son, L. A. Marquez-Curtis, M. Kucia et al., “Migration of
bone marrow and cord blood mesenchymal stem cells in vitro
is regulated by stromal-derived factor-1-CXCR4 and hepatocyte
growth factor-c-met axes and involves matrix metalloproteinases,” Stem Cells, vol. 24, no. 5, pp. 1254–1264, 2006.
[13] T. T. Lau and D. A. Wang, “Stromal cell-derived factor-1 (SDF1): homing factor for engineered regenerative medicine,” Expert
Opinion on Biological Therapy, vol. 11, no. 2, pp. 189–197, 2011.
[14] T. Sugiyama, H. Kohara, M. Noda, and T. Nagasawa, “Maintenance of the hematopoietic stem cellpool by CXCL12-CXCR4
chemokine signaling in bone marrow stromal cell niches,”
Immunity, vol. 25, no. 6, pp. 977–988, 2006.
[15] H. K. Salem and C. Thiemermann, “Mesenchymal stromal cells:
current understanding and clinical status,” Stem Cells, vol. 28,
no. 3, pp. 585–596, 2010.
[16] R. F. Wynn, C. A. Hart, C. Corradi-Perini et al., “A small proportion of mesenchymal stem cells strongly expresses functionally
active CXCR4 receptor capable of promoting migration to bone
marrow,” Blood, vol. 104, no. 9, pp. 2643–2645, 2004.
[17] J. M. Karp and G. S. Leng Teo, “Mesenchymal stem cell homing:
the devil is in the details,” Cell Stem Cell, vol. 4, no. 3, pp. 206–
216, 2009.

[4] I. M. Barbash, P. Chouraqui, J. Baron et al., “Systemic delivery of
bone marrow-derived mesenchymal stem cells to the infarcted
myocardium: feasibility, cell migration, and body distribution,”
Circulation, vol. 108, no. 7, pp. 863–868, 2003.

[18] P. Liu, X. Wang, S. Zhou, X. Hua, Z. Liu, and Y. Gao, “Effects of
a novel ultrasound contrast agent with long persistence on right
ventricular pressure: comparison with SonoVue,” Ultrasonics,
vol. 51, no. 2, pp. 210–214, 2011.

[5] K. Zen, M. Okigaki, Y. Hosokawa et al., “Myocardium-targeted
delivery of endothelial progenitor cells by ultrasound-mediated
microbubble destruction improves cardiac function via an
angiogenic response,” Journal of Molecular and Cellular Cardiology, vol. 40, no. 6, pp. 799–809, 2006.

[19] V. Leung, D. Aladin, F. J. Lv et al., “Mesenchymal stem cells
reduce intervertebral disc fibrosis and facilitate repair,” Stem
Cells, vol. 30, no. 8, pp. 2571–2583, 2012.

[6] A. Ghanem, C. Steingen, F. Brenig et al., “Focused ultrasoundinduced stimulation of microbubbles augments site-targeted
engraftment of mesenchymal stem cells after acute myocardial
infarction,” Journal of Molecular and Cellular Cardiology, vol. 47,
no. 3, pp. 411–418, 2009.
[7] Y.-L. Xu, Y.-H. Gao, Z. Liu et al., “Myocardium-targeted transplantation of mesenchymal stem cells by diagnostic ultrasoundmediated microbubble destruction improves cardiac function
in myocardial infarction of New Zealand rabbits,” International
Journal of Cardiology, vol. 138, no. 2, pp. 182–195, 2010.
[8] P. Li, L.-Q. Cao, C.-Y. Dou, W. F. Armstrong, and D. Miller,
“Impact of myocardial contrast echocardiography on vascular
permeability: an in vivo dose response study of delivery mode,
pressure amplitude and contrast dose,” Ultrasound in Medicine
and Biology, vol. 29, no. 9, pp. 1341–1349, 2003.
[9] D. Orlic, J. Kajstura, S. Chimenti et al., “Mobilized bone marrow
cells repair the infarcted heart, improving function and survival,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 98, no. 18, pp. 10344–10349, 2001.

[20] D. Li, N. Wang, L. Zhang et al., “Mesenchymal stem cells protect
podocytes from apoptosis induced by high glucose via secretion
of epithelial growth factor,” Stem Cell Research and Therapy, vol.
4, article 103, 2013.
[21] M. X. Shi, J. Li, L. M. Liao et al., “Regulation of CXCR4
expression in human mesenchymal stem cells by cytokine treatment: role in homing efficiency in NOD/SCID mice,” Haematologica, vol. 92, no. 7, pp. 897–904, 2007.
[22] C. H. Ryu, S. A. Park, S. M. Kim et al., “Migration of human
umbilical cord blood mesenchymal stem cells mediated by
stromal cell-derived factor-1/CXCR4 axis via Akt, ERK, and
p38 signal transduction pathways,” Biochemical and Biophysical
Research Communications, vol. 398, no. 1, pp. 105–110, 2010.
[23] E. C. Unger, E. Hersh, M. Vannan, T. O. Matsunaga, and T.
McCreery, “Local drug and gene delivery through microbubbles,” Progress in Cardiovascular Diseases, vol. 44, no. 1, pp. 45–
54, 2001.
[24] M. Honczarenko, Y. Le, M. Swierkowski, I. Ghiran, A. M.
Glodek, and L. E. Silberstein, “Human bone marrow stromal
cells express a distinct set of biologically functional chemokine
receptors,” Stem Cells, vol. 24, no. 4, pp. 1030–1041, 2006.

14
[25] A. T. Askari, S. Unzek, Z. B. Popovic et al., “Effect of stromalcell-derived factor 1 on stem-cell homing and tissue regeneration in ischaemic cardiomyopathy,” The Lancet, vol. 362, no.
9385, pp. 697–703, 2003.
[26] Y. L. Tang, K. Qian, Y. C. Zhang, L. Shen, and M. I. Phillips,
“Mobilizing of haematopoietic stem cells to ischemic myocardium by plasmid-mediated stromal-cell-derived factor-1𝛼 treatment,” Regulatory Peptides, vol. 125, no. 1–3, pp. 1–8, 2005.
[27] Z. Cheng, L. Ou, X. Zhou et al., “Targeted migration of mesenchymal stem cells modified with CXCR4 gene to infarcted
myocardium improves cardiac performance,” Molecular Therapy, vol. 16, no. 3, pp. 571–579, 2008.
[28] M. Shi, J. Li, L. Liao et al., “Regulation of CXCR4 expression in
human mesenchymal stem cells by cytokine treatment: role in
homing efficiency in NOD/SCID mice,” Haematologica, vol. 92,
no. 7, pp. 897–904, 2007.
[29] H. Liu, W. Xue, G. Ge et al., “Hypoxic preconditioning advances
CXCR4 and CXCR7 expression by activating HIF-1𝛼 in MSCs,”
Biochemical and Biophysical Research Communications, vol. 401,
no. 4, pp. 509–515, 2010.
[30] Y. W. Won, A. N. Patel, and D. A. Bull, “Cell surface engineering
to enhance mesenchymal stem cell migration toward an SDF-1
gradient,” Biomaterials, vol. 35, no. 21, pp. 5627–5635, 2014.
[31] P. Qin, L. Xu, Y. Hu et al., “Sonoporation-induced depolarization of plasma membrane potential: analysis of heterogeneous
impact,” Ultrasound in Medicine and Biology, vol. 40, no. 5, pp.
979–989, 2014.
[32] B. D. M. Meijering, L. J. M. Juffermans, A. van Wamel et al.,
“Ultrasound and microbubble-targeted delivery of macromolecules is regulated by induction of endocytosis and pore formation,” Circulation Research, vol. 104, no. 5, pp. 679–687, 2009.
[33] Z. H. Pasha, Y. G. Wang, R. Sheikh, D. S. Zhang, T. M. Zhao,
and M. Ashraf, “Preconditioning enhances cell survival and
differentiation of stem cells during transplantation in infarcted
myocardium,” Cardiovascular Research, vol. 77, no. 1, pp. 134–
142, 2008.
[34] P. J. Li, Y. H. Gao, Z. Liu et al., “DNA transfection of bonemarrow stromal cells using microbubble-mediated ultrasound and
polyethylenimine: an in vitro study,” Cell Biochemistry and
Biophysics, vol. 66, no. 3, pp. 775–786, 2013.
[35] J. Yoshida, K. Ohmori, H. Takeuchi et al., “Treatment of
ischemic limbs based on local recruitment of vascular endothelial growth factor-producing inflammatory cells with ultrasonic
microbubble destruction,” Journal of the American College of
Cardiology, vol. 46, no. 5, pp. 899–905, 2005.

Stem Cells International

Hindawi Publishing Corporation
Stem Cells International
Volume 2015, Article ID 659890, 14 pages
http://dx.doi.org/10.1155/2015/659890

Research Article
Exosomes Secreted from CXCR4 Overexpressing
Mesenchymal Stem Cells Promote Cardioprotection via Akt
Signaling Pathway following Myocardial Infarction
Kai Kang,1 Ruilian Ma,1,2 Wenfeng Cai,1 Wei Huang,1
Christian Paul,1 Jialiang Liang,1 Yuhua Wang,1 Tiejun Zhao,3 Ha Won Kim,1
Meifeng Xu,1 Ronald W. Millard,4 Zhili Wen,5 and Yigang Wang1
1

Department of Pathology and Laboratory Medicine, College of Medicine, University of Cincinnati Medical Center,
Cincinnati, OH 45267, USA
2
Department of Cardiology, The People’s Hospital of Sanya, Sanya, Hainan 572000, China
3
Department of Urinary Surgery, Xining City Hospital, Qinghai 810000, China
4
Department of Pharmacology and Cell Biophysics, College of Medicine, University of Cincinnati Medical Center,
Cincinnati, OH 45267, USA
5
Infection Hospital of Nanchang University, Nanchang, Jiangxi 330002, China
Correspondence should be addressed to Zhili Wen; wenzi@ucmail.uc.edu and Yigang Wang; wanyy@ucmail.uc.edu
Received 4 December 2014; Revised 16 January 2015; Accepted 21 January 2015
Academic Editor: Daniele Avitabile
Copyright © 2015 Kai Kang et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Background and Objective. Exosomes secreted from mesenchymal stem cells (MSC) have demonstrated cardioprotective effects.
This study examined the role of exosomes derived from MSC overexpressing CXCR4 for recovery of cardiac functions after
myocardial infarction (MI). Methods. In vitro, exosomes from MSC transduced with lentiviral CXCR4 (ExoCR4 ) encoding a silencing
sequence or null vector were isolated and characterized by transmission electron microscopy and dynamic light scattering. Gene
expression was then analyzed by qPCR and Western blotting. Cytoprotective effects on cardiomyocytes were evaluated and effects of
exosomes on angiogenesis analyzed. In vivo, an exosome-pretreated MSC-sheet was implanted into a region of scarred myocardium
in a rat MI model. Angiogenesis, infarct size, and cardiac functions were then analyzed. Results. In vitro, ExoCR4 significantly
upregulated IGF-1𝛼 and pAkt levels and downregulated active caspase 3 level in cardiomyocytes. ExoCR4 also enhanced VEGF
expression and vessel formation. However, effects of Exo𝐶𝑅4 were abolished by an Akt inhibitor or CXCR4 knockdown. In vivo,
ExoCR4 treated MSC-sheet implantation promoted cardiac functional restoration by increasing angiogenesis, reducing infarct size,
and improving cardiac remodeling. Conclusions. This study reveals a novel role of exosomes derived from MSCCR4 and highlights
a new mechanism of intercellular mediation of stem cells for MI treatment.

1. Introduction
Myocardial infarction (MI), resulting from the interruption
of blood supply to the heart, is a primary target for experimental stem/progenitor cell-based therapies. Although the
therapeutic effect of mesenchymal stem cells (MSC) has
been attributed to their differentiation into reparative or
replacement cell types [1], the therapeutic importance of

cardiovascular lineage remains to be elucidated. CXCR4, a Gprotein-coupled 7-transmembrane receptor, in conjunction
with its primary ligand stromal cell-derived factor- (SDF-) 1𝛼
serves as a major regulator of stem/progenitor cell activities.
The importance of SDF-1𝛼/CXCR4 signaling has been documented in CXCR4 knockout rats, which die in utero. This
indicates a fundamental developmental role for this receptorligand axis [2]. In previous studies from our laboratory,
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MSC were genetically engineered using ex vivo adenoviral
transduction to overexpress CXCR4 in MSC (MSCCR4 ) [3].
Those studies determined that MSCCR4 secreted multiple
cytokines such as vascular endothelial growth factor (VEGF)
and insulin-like growth factor- (IGF-) 1𝛼 in response to
hypoxia, augmenting endogenous regenerative processes [3].
Exosomes are naturally occurring membrane-bound
nanovesicles (50–100 nm) which play a role in the selective
release of membrane or cytosolic proteins, RNAs, and/or
microRNAs (miRNAs), mediating some aspects of cell-to-cell
signaling [4]. However, generally speaking these exosomes
are not technically “responsible for the selective release” of
signaling molecules, as they do not “select” the molecular
cargo themselves; they just act as transporters. Recently, A2B1
(hnRNPA2B1) has been proved to artificially load selected
small regulatory RNAs into exosomes through recognition of
specific short motifs [5]. Exosomes are formed in intracellular
vesicular bodies of most cells and released from the cell
when multivesicular bodies fuse with the plasma membrane [6]. Previous studies indicated that exosomes released
from progenitor cells contain secreting paracrine factors
that stimulate neovascularization, thereby mediating cardiac
protection during myocardial ischemia/reperfusion injury
[7]. The current study is focused on determining the effects of
employing a cell-patch containing isolated and purified exosomes from MSCCR4 in a rat model of myocardial infarction
(MI). Patches were implanted into the infarcted zone, and
multiple techniques were used to study the engraftment levels
and changes in blood vessel formation. This study then used
those results to investigate the mechanistic participation of
exosomes on the effects of MSCCR4 after MI and to derive
any expression changes in proangiogenic factors including
VEGF and IFG-1𝛼. The hypothesis was that exosomes derived
from ExoCR4 would release their angiogenic factors into
the implanted cell sheet, leading to restoration of cardiac
functions through angiogenesis, both inside the myocardial
infarct region and outside the epicardium (cell sheet).

2. Material and Methods
2.1. Isolation and Culture of Rat Bone Marrow MSC and
Neonatal Cardiomyocytes (CM). Experiments using animals
or animal-derived materials were conducted in accordance
with the Guide for the Care and Use of Laboratory Animals
(NIH Publication number 85-23, revised in 1996) and under
guidelines and protocols approved by the University of
Cincinnati Institutional Animal Care and Use Committee.
MSC from healthy 8-week-old Sprague-Dawley (SD) rats
were isolated from bone marrow aspirates as described previously [3, 8]. Passage 2–4 MSC were used in the study. MSC
were cultured in high glucose Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal bovine serum (FBS)
and 1% antibiotics (streptomycin and penicillin) at 37∘ C in
humid air with 5% CO2 . When the cell population reached
70–80% confluence, all cell experiments were performed
without serum or antibiotics and repeated at least three
times. Neonatal CM was isolated from ventricles of 2-day-old
neonatal rats using neonatal CM isolation kit (Worthington
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Biochemical) as described [9]. The cells were maintained
in Dulbecco’s modified Eagle’s medium (DMEM medium,
Hyclone) with 10% FBS.
2.2. Transfection of MSC with Lentiviral Constructs. Lentiviral vector backbone pGreenPuro shRNA (pGP) was purchased from System Biosciences (Mountain View, CA). The
multiple cloning site of pGP between BamHI and EcoRI
restriction enzyme sites was replaced with the siRNA template designed by us to construct the shRNA vector pGPsiR per manufacturer’s protocol. The lentiviral vector overexpressing CXCR4 was described in our previous publication
[10]. To produce lentivirus for use in MSC transfection,
293NT producer cells (System Biosciences) were transiently
transfected with pGP-siR and pGP-null by pPACKH1 HIV
Lentivector Packaging Kit (System Biosciences). Viral supernatant was harvested and added to the host cell for 72
hours for viral genome integration into MSC genome. MSC
in this study were divided into the following groups: (1)
MSC transfected with null lentivirus vector (MSCCtrl ); (2)
MSC transfected with lentiviral vector to overexpress CXCR4
(MSCCR4 ); (3) MSC transfected with siRNA against CXCR4
(MSCsiCR4 ) to knock down CXCR4 expression.
2.3. Exosome Isolation from Conditional Medium. All cells
were grown in Roswell Park Memorial Institute (RPMI)
medium supplemented with 5% of exosome-depleted FBS
(dFBS) (Systems Biosciences) and 1% penicillin/streptomycin
(Invitrogen). MSC were seeded in 100 mm cell culture dish at
2 × 105 cells/dish. After allowing cells to attach overnight, the
medium was replaced and the cells were cultured for 3 days
in the fresh medium for approximately 80% confluence. Exosomes were subsequently isolated from conditioned medium
using ExoQuick-TC exosome purify reagent (Systems Biosciences) as manufacturer’s protocol. The resulting exosome
pellets were resuspended in approximately 200 𝜇L PBS and
stored at −80∘ C for subsequent quantification (using BioRad Protein Assay Dye Reagent) and for molecular analysis.
Exosomes in this study were divided into the following
groups: (1) exosomes isolated from MSCCtrl (ExoCtrl ); (2)
exosomes isolated from MSCCR4 (ExoCR4 ); (3) exosomes
isolated from MSCsiCR4 (ExosiCR4 ).
2.4. Transmission Electron Microscopy (TEM) Assay. Exosome pellet was fixed by 2% glutaraldehyde and 2%
paraformaldehyde (PFA) in 0.1 M Sorensen’s phosphate buffer
for 3 hours as described [10]. After fixation in 1% osmium
tetroxide (OsO4 ) for 30 min, exosomes were washed and
dehydrated in graded series of 50%, 70%, 80%, 90%, and 100%
ethanol and embedded in Epon 812. Ultrathin sections (∼
60 nm) were cut with a Leica Ultracut UCT ultramicrotome,
stained with uranyl acetate and Reynolds lead citrate, and
viewed with a transmission electron microscope (JEOL JEM1230).
2.5. Internalization of Exosomes. Exosomes were prelabeled
with PHK67 (Sigma) as described [11] and then cocultured
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with CM in DMEM containing 10% FBS for 48 hours. The
uptake of exosomes by CM was stopped by washing in cold
PBS, followed by fixation in 4% PFA for determination of
MSC exosome-transduced CM using Olympus BX41 microscope equipped with CCD (MagnaFire, Olympus) camera.
2.6. TUNEL Assay. CM treated with various exosomes were
exposed to a hypoxic condition (O2 /CO2 incubator-MCO18M, Sanyo) at 37∘ C with 1% O2 : 5% CO2 : 94% N2 for
24 hours. Then the cells from various treatment groups
were fixed with 4% paraformaldehyde for 30 minutes at
room temperature. TUNEL was performed using DeadEnd
Fluorometric TUNEL System (Promega) as per instructions
of the manufacturer. Nuclei were stained with DAPI for
5 minutes at room temperature. The numbers of TUNEL
positive nuclei were determined after counting the cells in
randomly selected microscopic fields at 20x using fluorescence microscope (BX41, Olympus). Images were recorded
using a digital camera and analyzed using MagnaFire 2.1
software.
2.7. Tube Formation Assay. The assay was performed with
a tube formation assay kit (Chemicon) according to the
manufacturer’s instructions [12]. Briefly, the formation of
capillary-like structures was assessed in a 24-well plate
using growth factor-reduced matrigel. Human umbilical vein
endothelial cells (HUVEC) (3 × 104 cells/well) were seeded
on the top of solidified matrigel (500 𝜇L/well) 2 hr. prior
to exosomes (100 𝜇L/well) treatment. The HUVEC were
treated as following groups: (1) HUVEC + ExoCtrl , HUVEC
treated with ExoCtrl ; (2) HUVEC + ExoCR4 , HUVEC treated
with ExoCR4 (3) HUVEC + ExosiCR4 , HUVEC treated with
ExosiCR4 ; (4) HUVEC + ExoCtrl + LY, HUVEC + ExoCtrl group
treated with additional PI3K inhibitor LY294002 (10 𝜇M); (5)
HUVEC + ExoCR4 + LY, HUVEC + ExoCR4 group treated
with additional LY294002 (10 𝜇M). After 16 hr., the total tube
length was quantified using software Image-Pro Plus 5.1.
LY294002 was purchased from Cell Signaling Technology.
2.8. Western Blotting. Briefly, MSC and derived exosomes
were lysed in lysis buffer, pH 7.4 (50 mM HEPES, 5 mM
EDTA, and 50 mM NaCl), 1% Triton X-100, protease inhibitors (10 𝜇g/mL aprotinin, 1 mM phenylmethylsulfonyl fluoride, and 10 𝜇g/mL leupeptin), and phosphatase inhibitors
(50 mM sodium fluoride, 1 mM sodium orthovanadate, and
10 mM sodium pyrophosphate). The protein samples (40 𝜇g)
were electrophoresed using SDS-polyacrylamide gel and electroimmunoblotted as described [8]. After protein transfer,
the samples on PVDF membranes were visualized using an
enhanced chemiluminescence system (Invitrogen), exposed
to X-ray film, and then quantified by laser scanning densitometry. The specific antibodies used for detection of antigens
of interest are listed in the following: anti-CXCR4 (Millipore),
anti-Akt, anti-pAkt (Cell Signal Technology), anti-IGF-1𝛼,
anti-CD9, anti-CD63, and anti-𝛽-actin antibody (Santa Cruz
Biotechnology).
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2.9. Quantitative RT-PCR (qPCR). The cells were collected
for total RNA extraction using TRIzol reagent (Life Technologies). Total RNA was used for reverse transcription
in a miScript II RT kit (Qiagen). The primer sequences
used were listed as follows: VEGF forward primer 5 -GGCAGCTTGAGTTAAACGAAC-3 , reverse primer 5 -TGGTTGGTGTGA-CATGGTTAATCGGTC-3 ; 𝛽-actin forward primer 5 -TGTCATCCTCCCAATCCCTCAGAA-3 ,
reverse primer 5 -TGTGGTGCCAGATCTTCTCCATGT-3.
The fold changes of each target mRNA expression relative to
𝛽-actin were calculated based on the threshold cycle (CT ) as
𝑟 = 2−Δ(ΔCT ) , where ΔCT = CT (target) − CT (𝛽-actin) and
Δ(ΔCT ) = ΔCT (experimental) − ΔCT (control). A Bio-Rad
CFX96 Real-Time System and calculations were performed
using Microsoft Excel.
2.10. Cell Sheet Preparation. MSC (3.2 × 105 cells/cm2 ) treated
with exosomes from either MSCCtrl or MSCCR4 were seeded
onto 3.5 cm temperature-responsive dishes purchased from
CellSeed Inc. (Tokyo, Japan) and cultured cells with 15% FBSDMEM at 37∘ C. Then, confluent cells on the temperatureresponsive dishes were incubated at 20∘ C. By 10–20 min, cells
detached spontaneously and floated up into the medium
as monolayered cell sheet. Immediately after detachment,
cell sheet was transferred onto the infarcted area of the
myocardium as described [13, 14].
2.11. Surgical Procedures for Myocardial Infarction. Ligation
of the left anterior descending artery (LAD) was performed
in SD female rats (200–250 g), as previously described [12].
Briefly, isoflurane anesthesia was induced by spontaneous
inhalation and maintained under general anesthesia with
1-2% isoflurane. The inhalation gas was a mixture of air
and oxygen and isoflurane. The animals were mechanically
ventilated using a rodent ventilator (Model 683, Harvard
Apparatus, South Natick, MA) connected to a tracheal tube.
Body temperature was maintained at 37∘ C throughout the
surgical procedure. The heart was exposed by left side limited
thoracotomy and LAD was ligated with a 6-0 polyester suture
1 mm from tip of the normally positioned left auricle. Before
closing the thoracic cavity, positive end-expiratory pressure
was applied to inflate the lungs fully; then, muscle layers and
skin were closed separately. This model provides accurate and
reproducible information about infarct size. To investigate
the role of exosome in heart functions, SD rats were randomly
divided into the following groups: (1) sham group: sham
operated rats had a loose suture placed around the LAD
coronary artery; (2) MI group (MI alone created by LAD
ligation); (3) MI + PBS group (MI + Phosphate buffered saline
alone treatment); (4) MI + MSC group (MI + ordinary MSC
sheet); (5) MI + MSCExoCtrl group (MI + exosomes isolated
from MSC transfected with null lentivirus vector, then treated
with MSC sheet); (6) MI + MSCExoCR4 group (MI + exosomes
isolated from MSC transfected with CXCR4 over-expressing
lentivirus vector and then treated with MSC sheet); (7) MI
+ MSCExosiCR4 group (MI + exosomes isolated from MSC
transfected with siRNA against CXCR4 lentivirus vector and
then treated with MSC sheet).

4
2.12. Immunohistochemical Analysis. The vascularization was
identified by von Willebrand factor (vWF) expression [12].
Briefly, heart tissues at 4 weeks after MI were harvested, fixed
in 10% formalin, and sectioned at 5 𝜇m thickness. Cardiac
troponin T (cTnT) was used to identify CM. Signals were
visualized with secondary antibodies conjugated to donkey
anti-rabbit (FITC; Jackson ImmunoResearch) or donkey
anti-mouse (Tritc; Jackson ImmunoResearch), respectively.
DAPI was used to identify nuclei. Fluorescent imaging
was performed with Olympus BX41 microscope and vessel
numbers per mm2 were counted in 4 randomly selected fields.
2.13. Analysis of Left Ventricular (LV) Fibrosis. Fixed heart
tissues were embedded in paraffin, and LV cross-sections
from mid-LV to apex stained with Masson trichrome were
used to quantify fibrosis in the left ventricle in various
treatment groups. The LV area images on each slide were
filmed by using an Olympus BX41 microscope equipped with
CCD (MagnaFire, Olympus) camera. LV fibrosis area and
total LV area of each image were measured using the ImagePro Plus (Media Cybernetics Inc., Carlsbad, CA, USA), and
the fibrosis area as a percentage of the total LV area was
calculated as (fibrosis area/total LV area) × 100%.
2.14. Cardiac Function Assessment by Echocardiography.
Echocardiography (iE33 Ultrasound System, Phillips) with
a 15 MHz probe was performed 4 weeks after cell sheet
placement, blinded to the study group or treatment, to assess
systolic, diastolic dimensions. Hearts were imaged in 2D
long-axis view at the level of the greatest LV diameter with
animals under light general anesthesia. LV end-diastolic and
end-systolic diameters were measured from M-mode recordings using the leading-edge method. LV ejection fraction
(EF) was calculated as EF(%) = [left ventricular end-diastolic
dimension (LVDd)3 − left ventricular end systolic dimension
(LVDs)3 ]/(LVDd)3 × 100%. Fractional shortening (FS) at the
level of the MI and patch application was also determined
as [(LVDd − LVDs)/LVDd] × 100%. All measurements were
performed according to the American Society for Echocardiography leading-edge technique and averaged over three
consecutive cardiac cycles.
2.15. Statistical Analysis. Results were statistically analyzed
with the use of the StatView 5.0 software package (Abacus
Concepts Inc., Berkeley, CA). All values were expressed as
mean ± SEM. Comparison between groups for echocardiographic longitudinal data was performed by two-way analysis
of variance (ANOVA) for repeated measures. All resulting
differences were analyzed by one-way ANOVA, followed by a
Bonferroni/Dunn test or unpaired 𝑡-test. 𝑃 value < 0.05 was
considered statistically significant.

3. Results
3.1. Isolation and Identification of the MSC-Secreted Exosomes. Putative exosome fractions from conditioned media
of MSC were isolated to investigate the paracrine effect
of MSC via exosome release. High resolution transmission
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electron micrographs showed that MSC-derived exosomes
exhibited rounded and double-membrane structures with
a size of approximately 40–90 nm (Figure 1(a)), which is
similar to previous descriptions [6, 7]. DLS analysis was
performed to define the size of these exosomes. The size
distribution profile displayed a bell-shaped curve, suggesting
a physically homogeneous population with a peak at 90 nm
(Figure 1(b)). Western blot analysis confirmed that exosome
fraction expressed CD9 and CD63, both well-established
exosome markers [4] (Figure 1(c)). In contrast, the exosome
release from MSC was blocked by sphingomyelinase inhibitor
GW4869 pretreatment, as indicated by significant downregulation of CD9 and CD63 expression levels. Exosomes
were directly labeled with PKH67 (green fluorescence) and
then cocultured with CM to determine whether the secreted
exosomes were incorporated into recipient cells. Immunocytochemical analysis demonstrated that PKH67 (green color)
was colocalized in the most sarcomeric 𝛼-actinin positive CM
(red color) after 48 hr. of coculture (Figure 1(d)).
3.2. MSC Released CXCR4-Enriched Exosomes. In order
to assess whether MSC-derived exosomes possess CXCR4
and provide an alternative CXCR4 protein delivery system,
lentivirus conveying control vector, CXCR4 overexpressing
vector, and CXCR4-siRNA were constructed as confirmed by
Western blotting (Figure 2(a)). Exosomes were then isolated
from cell culture mediums of various MSC lines to identify
the cargo loading CXCR4. Western blots revealed that the
exosomes derived from MSCCR4 (ExoCR4 ) exhibited a significantly higher CXCR4 level than MSCCtrl -derived exosomes
(ExoCtrl ) (Figure 2(b)). However, with siRNA against CXCR4
in MSC (MSCsiCR4 ), the CXCR4 level was significantly
downregulated, leading to a significant decrease CXCR4
level in exosomes (ExosiCR4 ) as compared with other groups
(Figure 2(b)).
3.3. The Antiapoptosis Effect of CXCR4-Enriched Exosomes on
CM via Activating PI3K/Akt-Associated Signaling Pathways.
In order to assess the functional transfer of CXCR4 by
exosomes and the potential to correct the various hypoxiainduced cascades and prevent occurrence of apoptosis, rat
CM with exosomes derived from MSCCtrl , MSCCR4 , or
MSCsiCR4 were treated in hypoxic conditions to explore
whether exosomes facilitate the uptake of therapeutic proteins into injured cells that contribute to cardiac protection.
TUNEL analysis showed the number of apoptotic cells
(green) was significantly decreased in ExoCR4 treated CM
(CM + ExoCR4 group, 21.3% ± 1.3) as compared to ExoCtrl
treated CM (CM + ExoCR4 group, 53.6% ± 2.7; Figures 3(a)
and 3(b)). The antiapoptotic effects of CXCR4 were abolished,
as evidenced by increased TUNEL positive CM number in
CM + ExoCR4 + LY (PI3K inhibitor LY294002) group as
compared with CM + ExoCR4 group (Figure 3). The effects
of CXCR4-enriched exosomes were completely abolished by
siRNA targeting CXCR4 (62.4% ± 2.9, Figures 3(a) and 3(b)).
The IGF-1𝛼/PI3K/Akt pathway was assessed to elucidate the
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Figure 1: Characterization of MSC-derived exosomes. (a) Transmission electron microscopy (TEM) micrograph of exosomes purified from
MSC. Isolated exosomes showed spherical and membrane encapsulated with the diameters varying between 40 and 90 nm. (b) Representative
dynamic light scattering (DLS) number distribution measurement of isolated exosome population demonstrates a single peak (∼90 nm
diameter) indicating they are free of contamination. (c) Expression of specific exosomal markers, CD9 and CD63, in exosomes was identified
by Western blotting. ExoCtrl , exosomes isolated from MSC transfected with null lentivirus (MSCCtrl ); ExoCR4 , exosomes isolated from MSC
transfected with lentivirus overexpressing CXCR4 (MSCCR4 ); ExosiCR4 , exosomes isolated from MSC transfected with lentivirus siRNA against
CXCR4 gene (MSCsiCR4 ); Exo + GW4860, exosomes isolated from MSC with additional sphingomyelinase inhibitor GW4860. (d) Uptake
of exosomes by neonatal cardiomyocytes (CM). CM were stained by cardiac specific antibody, sarcomeric 𝛼-actinin (red). MSCCR4 -derived
exosomes were labeled with PKH67 (green) and incubated with CM for 48 hr.

potential mechanisms responsible for enhanced survival rate
of ExoCR4 treated CM under hypoxic conditions.
IGF-1𝛼 and phosphorylation of Akt (pAkt) as well as
procaspase 3 levels dramatically increased in CM + ExoCR4
group as compared to CM + ExoCtrl group and CM + ExosiCR4
group, whereas the level of active caspase 3 was significantly
downregulated (Figure 4(a)). In contrast, with the selective
PI3K inhibitor LY294002 (LY), activated PI3K/Akt pathway
induced by ExoCR4 was inhibited as indicated by significantly
decreased expression of pAkt and procaspase 3 and increased
expression of active caspase 3, as compared to CM + ExoCR4
(Figures 4(c), 4(d), and 4(e)). However, no significant difference was observed among CM + ExoCtrl , CM + ExosiCR4 , CM

+ ExoCtrl + LY, and CM + ExoCR4 + LY groups. Interestingly,
LY294002 had no effect on IGF-1𝛼 expression (Figure 4(b)).
3.4. Effect of ExoCR4 on Tube Formation in HUVEC. Tube
formation assay was performed using HUVEC to evaluate proangiogenic effects of CXCR4-enriched exosomes in
vitro. Specifically, HUVEC in the control treatment group
(HUVEC + ExoCtrl ) exhibited small round shapes and did not
spread. However, when HUVEC were treated with ExoCR4 for
16 hr., they started migration and alignment, followed by the
development of capillary tubes, sprouting of new capillaries,
and finally formation of the cellular networks (Figures 5(a)
and 5(b)). These cells became elongated, forming thing cords
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Figure 2: Expression of CXCR4 in MSC and MSC-derived exosomes. (a) CXCR4 expression was identified by Western blotting in MSC from
various groups with quantitative analysis. ((b) and (c)) The expression of CXCR4 in MSC-derived exosome was detected by Western blotting
and quantitative analysis. All values expressed as mean ± SEM. ∗ 𝑃 < 0.05 versus MSCctrl or ExoCtrl , 𝑛 = 4 for each group.

of interconnecting cells, and branching to form a network of
capillary-like structures. The number of tube-like structures
was significantly increased in HUVEC + ExoCR4 group as
compared to HUVEC + ExoCtrl or HUVEC + ExosiCR4
group, or any other groups (Figure 5(b)), accompanied with
significant upregulation of VEGF level (Figure 5(c)). However, the proangiogenic effect of ExoCR4 was attenuated by
LY294002 treatment (HUVEC + ExoCR4 + LY) as indicated by
downregulation of VEGF level as well as significantly reduced
tube-like structure number as compared to ExoCR4 treated
group.
3.5. ExoCR4 Promotes Angiogenesis and Reduces Infarction
Size. To verify whether CXCR4-enriched exosomes play a
role in angiogenesis for the repair of infarcted heart in vivo,
we implanted cell patch system pretreated with exosomes
from various groups. At 4 weeks after exosome pretreated cell
patch graft, we assessed angiogenesis in the infarcted heart
using immunostaining for von Willebrand factor (vWF)

(Figure 6(a)). Quantitative data showed that the number
of vWF positive vessels was markedly increased in ExoCR4
pretreated group (MI + MSCExoCR4 ) as compared to control
group (Figure 6(b)). Additionally, the infarction size was
significantly reduced in MI + MSC, MI + MSCExoCtrl , MI +
MSCExosiCR4 , and MI + MSCExoCR4 groups as compared to MI
group or MI + PBS group, but MI + MSCExoCR4 group was
the lowest as assessed by Masson’s trichrome staining (Figures
6(c) and 6(d)).
3.6. Assessment of Cardiac Functions. In order to gain
an understanding of whether MSC sheet pretreated with
CXCR4-enriched exosomes contributes to functional recovery of ischemic heart in vivo, cardiac functions (LVDd, LVDs,
EF, and FS) were evaluated by echocardiography. Although
the LV cavity (LVDd and LVDs) was dilated 4 weeks after
cell sheet implantation after MI (Figure 7(a)) in comparison
to sham group, the MI + MSC or MI + MSCExoCtrl group,
or MI + MSCExosiCR4 group, or MI + MSCExoCR4 group
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were stained with DAPI. Scale bar = 100 𝜇m. Original magnification ×400. (b) Quantitative data for vessel density in treatment groups.
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𝑃 < 0.05 versus MI group; 𝑃 < 0.05 versus MI + MSC
in various treatments. (d) The percentage of infarct size in hearts of various groups. ∗ 𝑃 < 0.05 versus MI; # 𝑃 < 0.05 versus MI + MSCExoCtrl
group. Sham: sham operated rats had a loose suture placed around the LAD coronary artery; MI (myocardial infarction alone created by LAD
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Figure 7: Cardiac function assessed by echocardiography at 4 weeks after cell patch graft. (a) M-mode echocardiography data in various
experimental groups. ((b)–(e)) Quantification analysis for LVDd, LVDs, EF, and FS. LVDd: left ventricular diastolic left ventricular diameter,
LVDs: systolic left ventricular diameter, EF: left ventricular ejection fraction, and FS: left ventricular fraction shortening. # 𝑃 < 0.05 versus MI
+ MSCExoCtrl group. ∗ 𝑃 < 0.05 versus MI; # 𝑃 < 0.05 versus MI + MSC. All values expressed as mean ± SEM, 𝑛 = 6 for each group.

exhibited a significantly reduced LV remodeling, and MI +
MSCExoCR4 group exhibited the most significantly reduced
LV remodeling as compared to MI or MI + PBS group, as
shown by decreased LVDd and LVDs (Figures 7(b) and 7(c)).
Furthermore, EF and FS were significantly higher in MI +
MSC and MI + MSCExoCtrl groups, but most significantly
increased in the MI + MSCExoCR4 group as compared to MI
or MI + PBS group (Figures 7(d) and 7(e)).

4. Discussion
Cell-based therapy has emerged as a promising strategy
for the treatment of ischemic heart diseases via myocardial

repair. The paracrine effects of exosomes introduce an alternative solution to the therapeutic applications of MSC in
regenerative medicine [4, 15]. Indeed, exosomes can achieve
some beneficial effects through the usage of small soluble
biological compounds such as growth factors, chemokines,
cytokines, transcription factors, genes, and RNAs [15]. However, the delivery of these factors to the target cells with
stable integrity and biological potency remains a challenge.
As a bilipid membrane vesicle, exosomes not only have the
capacity to carry a large cargo load, but also protect the
contents such as protein and RNA from degradation by
enzymes or chemicals [14, 15]. In recent years, exosomes have
also been implicated in cell communication or pathogenesis.
For example, exosomes secreted by cardiomyocyte progenitor
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Figure 8: Schematic depiction of functional exosomes secreted from MSC overexpressing CXCR4 for activation of signaling pathways for
restoration of LV function after MI. In exosome generating cells, CXCR4 are selectively incorporated into the intraluminal vesicles (IVLs)
of multivesicular endosomes (MVEs) from the plasma membrane. Then, by fusing with the plasma membrane, MVEs release CXCR4enriched exosome into the extracellular milieu. CXCR4-enriched exosomes can bind to the plasma membrane of the targeting cells. These
recruited CXCR4-enriched exosomes may either fuse directly with the plasma membrane or fuse with delimiting membrane of an endocytic
compartment. Then, released CXCR4 can be delivered into the membrane or cytosol of the targeting cell which contributes to SDF-1𝛼/CXCR4
interaction. In infarcted heart tissue, increased binding of SDF-1𝛼 to CXCR4 activates G-protein-coupled receptor kinases, which activate
a cascade of signaling pathways in cells. Pretreatment of stem/progenitor cells with CXCR4-enriched exosome can reduce MI-induced cell
death and promote angiogenesis through PI3K/Akt signaling pathway activation, thereby enhancing heart function improvement.

cells were reported to stimulate the migration of the endothelial cells [16].
The potential role of CXCR4-enriched exosomes was
demonstrated for the repair of the infarcted heart (Figure 8).
The in vitro studies showed that CXCR4-enriched exosomes
released by MSCCR4 were transferred to cardiomyocytes,
leading to an increase in cardiomyocyte survival under
hypoxic conditions. This was also associated PI3K/Akt signaling pathway activation. In vivo studies demonstrated
that cell sheets pretreated with CXCR4-enriched exosomes
promoted angiogenesis and demonstrated subsequent cardiac function improvement. Evidence was also provided
showing that MSCCR4 enhances the release of proangiogenic
factors and promotes MSC endothelial differentiation under
hypoxic conditions and that cardiac functions improved
when MSCCR4 cell patches were implanted into myocardial
ischemic hearts [17]. A study by Lai et al. also showed that
exosomes secreted by MSC were able to reduce myocardial
ischemia/reperfusion injury [18], which supports the results
of this study. Purified exosomes from bone marrow-derived
MSC were isolated using differential centrifugation and

ExoQuick precipitation to investigate the mechanisms of
paracrine activities of exosomes from CXCR4 overexpressing
MSC. It was found that MSC-derived exosomes had phenotypes similar to those derived from other sources [7, 14].
Interestingly, the expression level of CXCR4 was significantly
higher both in MSCCR4 and ExoCR4 over those of MSCCtrl and
MSCsiCR4 , suggesting that the level of CXCR4 in exosomes
can be enhanced by overexpressing CXCR4 in MSC.
CXCR4 is a G-protein-coupled receptor and can activate
several G-protein-mediated downstream signaling pathways
after stimulation [2, 19]. This is a critical factor involved
in homing, endothelial cell migration, and engraftment of
hematopoietic stem and progenitor cells [2]. One endpoint
of CXCR4 signaling is the activation of transcription factors
[19]. In addition, the SDF-1𝛼/CXCR4 axis was reported to be
critical for activation of PI3K in ischemic cardiomyocytes,
thereby mediating acute cardioprotection [19]. Furthermore,
TUNEL assay revealed that apoptosis in cardiomyocytes
treated with MSCCR4 -derived exosomes was significantly
decreased as compared to control group, whereas this protective effect was abolished by PI3K/Akt inhibitor, LY294002,
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which led us to hypothesize that MSCCR4 -derived exosomes
could promote cardioprotection through the Akt signaling
pathway. Expression of key downstream molecules of the
Akt signaling pathway was examined by Western blot to test
this hypothesis. VEGF signaling pathway plays an essential
role in the vascular homeostasis and the angiogenic cascade
[20]. IGF-1𝛼 itself is a somewhat less efficacious inducer
of angiogenesis as compared with other angiogenic growth
factors such as VEGF. The antiapoptosis activity of IGF-1𝛼
has been attributed to downregulation of cleaved caspase3 [21]. Caspase 3 is a member of the cysteine-aspartic acid
protease (caspase) family and interacts with caspase 8 and
caspase 9. Sequential activation of caspase plays a central
role in the execution phase of cell apoptosis [22]. It is well
proved that MSCCR4 -derived exosomes activate a series of
downstream growth factors, such as IGF-1𝛼 and Akt. Cells
were treated with LY294002, a PI3k/Akt inhibitor, to determine paracrine effects of MSCCR4 -derived exosomes which
were mediated through Akt signaling. Although LY294002
had no effect on IGF-1𝛼 expression, the antiapoptosis effect
as well as tube formation induced from MSCCR4 -derived
exosomes was markedly abolished. These results provided
further evidence supporting our hypothesis that Akt plays
a key role in angiogenic processes. We also observed that
exosomes from MSCCR4 deleting CXCR4 genes by siRNA
did not show cardiac protection effects in vitro as well as
functional recovery of the infarcted heart in vivo (data not
shown), indicating that CXCR4 plays critical role in stem cell
functions.
There are several issues to be addressed before exosomebased therapy is widely used in clinical practice. Therefore,
further efforts need to (1) identify tissue specific exosome
subpopulation; (2) engineer or modify exosome surface
antigen and internal content to incorporate large amounts
of cardioprotective-proteins or microRNAs (miRNAs); (3)
discover the mechanisms of cell uptake; (4) develop efficiency
of targeting strategies; (5) develop cost effective methods to
generate optimum amount patient-derived exosomes.
The results from in vitro studies showing the proangiogenic effects of MSCCR4 -derived exosomes were further
confirmed by in vivo MI model with cell patch system.
Our data indicate that cardiac functions were improved by
transplantation of exosome-treated MSC via increased angiogenesis in the infarcted heart. Moreover, exosomes from MSC
overexpressing CXCR4 showed better efficiency for reducing
left ventricular remodeling and promoting restoration of
heart function after MI, confirming that CXCR4 is a key
factor for angiogenesis and cell survival. Taken together,
this study demonstrated that overexpression of CXCR4 in
MSC would be an effective strategy to enhance the release of
exosomes containing cardioprotective factors.

5. Conclusion
CXCR4-enriched exosomes can be acquired from CXCR4
overexpressing MSC, and treatment with these exosomes can
protect cardiomyocytes from ischemic injury both in vitro
and in vivo. This novel role of CXCR4-enriched exosomes
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on cardiac protection highlights a new perspective into
intercellular mediation of tissue injury after MI. Upregulation
of the Akt signaling pathway contributed to these beneficial
effects, suggesting that CXCR4-enriched exosomes may serve
as an additional therapeutic strategy to promote cell survival
and angiogenesis in ischemic hearts, potentially engendering
a novel approach to the development of biologics for repair of
MI.
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Objectives. Low survival rate of mesenchymal stem cells (MSCs) severely limited the therapeutic efficacy of cell therapy in the
treatment of myocardial infarction (MI). Bcl-xL genetic modification might enhance MSC survival after transplantation. Methods.
Adult rat bone marrow MSCs were modified with human Bcl-xL gene (hBcl-xL-MSCs) or empty vector (vector-MSCs). MSC
apoptosis and paracrine secretions were characterized using flow cytometry, TUNEL, and ELISA in vitro. In vivo, randomized
adult rats with MI received myocardial injections of one of the three reagents: hBcl-xL-MSCs, vector-MSCs, or culture medium.
Histochemistry, TUNEL, and echocardiography were carried out to evaluate cell engraftment, apoptosis, angiogenesis, scar
formation, and cardiac functional recovery. Results. In vitro, cell apoptosis decreased 43%, and vascular endothelial growth factor
(VEGF), insulin-like growth factor-1 (IGF-1), and plate-derived growth factor (PDGF) increased 1.5-, 0.7-, and 1.2-fold, respectively,
in hBcl-xL-MSCs versus wild type and vector-MSCs. In vivo, cell apoptosis decreased 40% and 26% in hBcl-xL-MSC group versus
medium and vector-MSC group, respectively. Similar results were observed in cell engraftment, angiogenesis, scar formation,
and cardiac functional recovery. Conclusions. Genetic modification of MSCs with hBcl-xL gene could be an intriguing strategy
to improve the therapeutic efficacy of cell therapy in the treatment of heart infarction.

1. Introduction
Cell transplantation has emerged as a promising therapeutic approach for the restoration of heart function after
myocardial infarction. Bone marrow mesenchymal stem cells
(MSCs) are self-renewing, multipotent precursors of nonhematopoietic stromal tissues. Under appropriate conditions,
MSCs can be induced to differentiate into multiple cell
lines, which includes osteoblasts, chondrocytes, adipocytes
[1], skeletal muscle cells [2], cardiomyocytes [3], hepatocytes
[4], and neural cells [5]. MSCs were demonstrated to be
able to promote angiogenesis and the survival of ischemic
cardiomyocytes through the paracrine production of various
cytokines [6, 7]. Furthermore, it was shown that MSCs are
immunosuppressive favoring the inhibition of inflammatory
responses and the future fibrosis of the injured heart tissue
[8, 9]. MSCs can be easily isolated from the bone marrow or

adipose tissue and expanded in vitro based on their ability
to adhere to culture dishes. Therefore, MSCs appear to
be an appealing cell source for transplantation therapy in
myocardial infarction.
However, within the first few days after transplantation,
the low survival rate of MSCs incurred from the deleterious
microenvironment of ischemia, inflammatory response, and
proapoptotic factors severely holds back the therapeutic
effects on the cardiomyocytes restoration [3, 10]. Thus, it is
necessary to reinforce MSCs to improve the efficacy of cell
therapy. Evidences have demonstrated that genetic modification of MSCs with survival [11] or antiapoptotic [12] genes can
improve the viability of the transplanted MSCs and results in
a better homing of MSCs into the ischemic microenvironment, thus enhancing the cardiac functional recovery after
acute myocardial infarction.
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Bcl-xL and Bcl-2 are important regulators of cell apoptosis, both of which belong to the Bcl-2 protein family. It was
demonstrated that the adenoviral mediated expression of
human Bcl-xL (hBcl-xL) gene in rat heart can inhibit the
apoptosis of ischemic cardiomyocytes after myocardial
infarction and can prolong the cold preservation time period
for cardiac transplants [13, 14]. And, also, it was reported that
the overexpressed Bcl-2 gene can protect MSCs against apoptosis under hypoxic conditions both in vitro and in vivo and
the transplantation of the Bcl-2 gene engineered MSCs may
improve heart functional recovery after acute myocardial
infarction [12]. Therefore, it is plausible to speculate that the
overexpression of Bcl-xL gene in MSCs might also improve
the viability of the transplanted MSCs and help to restore
heart function after myocardial infarction.
In this study, we overexpressed hBcl-xL gene in adult rat
bone marrow MSCs in order to enhance their survival against
the deteriorative ischemic microenvironment after myocardial infarction. We proposed that genetic modification of
MSCs with hBcl-xL gene could help to improve the viability
of MSCs after transplantation into the ischemic heart and
thereby lead to a better therapeutic effect on acute myocardial
infarction.

2. Materials and Methods
2.1. Recombinant Lentivirus Construction. To construct the
lentiviral expression vector pLenti6.3-IRES2-EGFP, the coding sequence of internal ribosome entry site- (IRES-)
enhanced green fluorescent protein (EGFP) was inserted into
the XhoI site downstream to the multiclonal site (MCS)
region of pLenti6.3 CMV/V5 DEST (Invitrogen, Carlsbad,
CA, USA). To generate the expression vector pLenti6.3-hBclxL-IRES2-EGFP, the 703 bp PCR product of hBcl-xL cDNA
flanked with an AscI and a PmeI restriction site at the 5 and
the 3 end, respectively, was inserted in frame into the equivalently cut vector pLenti6.3-IRES2-EGFP under the control
of the human cytomegalovirus (CMV) promoter. A Kozak
consensus translation initiation site was added immediately
before the start codon of hBcl-xL coding sequence to further
increase the translation efficiency in eucaryotic cells. In this
vector, the coding region for IRES could lead to the individual
expression of EGFP together with the expression of hBcl-xL
in the transduced cells.
2.2. Cell Transduction. Sprague-Dawley (SD) rat bone marrow MSCs (Cyagen Biotechnology, Guangzhou, China) were
seeded into 6-well plates and cultured in low glucose Dulbecco’s modified eagle medium (DMEM-LG) (Gibco, Grand
Isle, NY, USA) supplemented with 10% fetal bovine serum
(Gibco, Mulgrave, VIC, Australia), 100 U/mL penicillin, and
100 mg/mL streptomycin. When the cells were 50% confluent,
the recombinant lentiviral construction pLenti6.3-hBcl-xLIRES2-EGFP and the empty vector pLenti6.3-IRES2-EGFP
were separately added into the culture medium at MOI =
50. Transductions were carried out for 24 h at 37∘ C; then
the virus-containing medium was aspirated and the cells
were cultured in fresh medium. Stably transduced cells
were selected by adding 1 𝜇g/mL Blasticidin (Calbiochem,
Billerica, MA, USA) into the culture medium.
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2.3. Cell Imaging. 5 × 105 cells from each group of wild type
MSCs, vector-MSC, and hBcl-xL-MSC were seeded into 6well plate and cultured at 37∘ C for 24 hours. Cells were
examined under an IX81 inverted microscope (Olympus,
Tokyo, Japan) and photos were captured using a DP73 CCD
digital camera (Olympus, Tokyo, Japan).
2.4. Western Blot Analysis. Cells were treated with RIPA lysis
buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Triton X100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate,
2 mM sodium pyrophosphate, 25 mM 𝛽-glycerophosphate,
1 mM EDTA, 1 mM Na3 VO4 , and 0.5 𝜇g/mL leupeptin). The
protein concentration of the samples was determined using
Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford,
IL, USA). Proteins were resolved by 10–13% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to 0.22 𝜇m polyvinylidene difluoride (PVDF)
membrane (EMD Millipore, Billerica, MA, USA) and probed
with the first antibodies at 4∘ C overnight and then washed
and incubated with horseradish peroxidase conjugated goat
anti-rabbit IgG (Santa Cruz Biotech, Dallas, TX, USA) for 1
hour at room temperature. Reactive bands were developed
and enhanced by SuperSignal West Pico chemiluminescence detection reagents according to the instructions of
the manufacturer (Thermo Scientific, Rockford, IL, USA).
The first antibodies used were polyclonal rabbit anti-Bcl-xL
antibody (Cell Signaling Tech, Boston, MA, USA), polyclonal
rabbit anti-cleaved caspase-3 antibody (Cell Signaling Tech,
Boston, MA, USA), polyclonal rabbit anti-GAPDH antibody
(Bioworld Tech, St. Louis Park, MN, USA) (loading control),
and polyclonal rabbit anti-𝛽-actin antibody (Bioworld Tech,
St. Louis Park, MN, USA) (loading control).
2.5. Immunophenotypic Characterization. Cells were rinsed
twice with PBS, trypsinized, and centrifuged at 200 ×g for
5 min and then resuspended in 500 mL PBS. Approximately
5 × 105 cells per 100 mL were labeled with primary mouse
antibodies against rat CD29, CD90, CD44, CD34, and CD45
at 4∘ C for 30 min and washed. The labeled cells were analyzed
with a BD FASAria Cell Sorter (Beckton Dickinson, San
Jose, CA, USA). The antibodies used in this experiment
were CD29-FITC, CD90-FITC, CD44-FITC, CD34-FITC,
and CD45-FITC (Beckton Dickinson, San Jose, CA, USA).
Mouse IgG1-FITC (Beckton Dickinson, San Jose, CA, USA)
was used as an isotype control.
2.6. Annexin V/Propidium Iodide (PI) Flow Cytometry Assay.
1 × 106 cells from each group of wild type MSCs, vectorMSC, and hBcl-xL-MSC were seeded into T25 flasks and were
cultured in medium with 200 𝜇M PERDROGEN (H2 O2 )
(Sigma, Santa Clara, CA, USA) at 37∘ C for 4 hours. After
H2 O2 treatment, Annexin V/PI apoptosis assay was performed using Annexin V-FITC Apoptosis Detection Kit I
(Beckton Dickinson, San Jose, CA, USA). Briefly, cells were
collected and washed in phosphate buffered saline (PBS) for
two times and then resuspended in 500 𝜇L Binding Buffer.
The resuspended cells were incubated with Annexin V-FITC
and PI for 15 min and checked with a BD FASAria Cell Sorter
(Beckton Dickinson, San Jose, CA, USA).
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2.7. Enzyme-Linked Immunosorbent Assay (ELISA). MSCs
were cultured in a normoxic condition of 95% air and 5%
carbon dioxide or a hypoxic condition of 95% nitrogen and
5% oxygen at 37∘ C for 24 hours. To assess the secretion
of vascular endothelial growth factor (VEGF), insulin-like
growth factor-1 (IGF-1), and plate-derived growth factor
(PDGF), the conditioned medium was collected from wild
type MSCs, vector-MSCs, and hBcl-xL-MSCs, respectively,
and ELISA was performed using the VEGF Rat ELISA Kit
(Abcam, Cambridge, Cambs, UK), PDGF-AA Rat ELISA Kit
(Abcam, Cambridge, Cambs, UK), and IGF-1 Rat ELISA Kit
(Abnova, Taibei, Taiwan) according to the manufacturers’
protocol. The optic density (OD) value of each sample was
read on an ELX-800 absorbance microplate reader (Biotek,
Winooski, VT, USA) and adjusted with the TMB empty
control. The concentration of each sample was calculated
according to the standard curve.
2.8. Myocardial Infarction and MSC Transplantation. All
animals were treated according to the Guide for the Care
and Use of Laboratory Animals published by the US National
Institutes of Health (NIH publication number 85-23, revised
1996) and all animal protocols were approved by the Animal Care and Use Committee of the General Hospital of
Shenyang Military Area Command, Shenyang, China. Male
SD rats weighing 280 g to 300 g were divided into three
groups (medium group, vector-MSC group, and hBcl-xLMSC group). Rats were anesthetized by intraperitoneal injection with pentobarbital (50 mg/kg), intubated via an endotracheal cannula, and mechanically ventilated. A left lateral
thoracotomy was performed. The proximal portion of LAD
artery was ligated with a 6-0 Prolene (Ethicon, Somerville,
NJ, USA) suture. Immediately after ligation, a pale area was
observed in the front wall of the left ventricle (LV) indicating a successful infarction. Following the ligation, animals
received six subepicardial injections of vector-MSCs or hBclxL-MSCs around the infarction region. For each injection,
1 × 106 cells were suspended in 50 𝜇L culture medium and
injected into the 1.0 mm wide border region surrounding the
infarcted heart muscle (considered to be border zone) with a
31-gauge needle (Beckton Dickinson, San Jose, CA, USA). The
medium group received injections of culture medium into the
same area. The sham group received a left lateral thoracotomy
without LAD ligation. Intramuscular penicillin G benzathine
(100,000 U/kg) was used to prevent infection.
2.9. Determination of Cell Engraftment. One or four weeks
after MSC transplantation, animals were sacrificed and the
hearts were dissected. From each heart, five frozen sections
were prepared crossing the midlevel of the infarcted area.
The sections were all fixed in ice-cold acetone and washed in
PBS. Heart sections made at 1 week after transplantation were
directly mounted with ProLong Gold antifade reagent with
4,6-diamino-2-phenylindole (DAPI) (Invitrogen, Carlsbad,
CA, USA) and the heart sections from the later stage were
stained with polyclonal rabbit anti-Troponin T (TnT) antibody (Cell Signaling Tech, Boston, MA, USA) and Cy3 conjugated goat anti-rabbit IgG (Santa Cruz Biotech, Dallas, TX,
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USA) and then mounted with ProLong Gold antifade reagent
with DAPI (Invitrogen, Carlsbad, CA, USA). All sections
were observed under a FV1000S-SIM/IX81 confocal microscope (Olympus, Tokyo, Japan). For each section, 10 highpower fields (HPF 400x) within the border zone were
randomly selected and digitally photographed. Quantitative
analysis of cell engraftment was performed with cellSens
Entry software (Olympus, Tokyo, Japan). The integral optical
density (IOD) of EGFP signal and total cell number in each
microscopic field were calculated and cell engraftment was
presented as the ratio of IOD and total cell number. An
investigator blinded to the treatment performed the analysis.
2.10. In Vivo TUNEL Assay. Four weeks after MSC transplantation, animals were sacrificed and the hearts were dissected.
Frozen sections were prepared from each heart crossing the
midlevel of the infarcted region. TUNEL assay was performed
as mentioned above and cell nuclei were counterstained with
hematoxylin. For each slide, color images of 10 randomly
chosen high-power fields (HPF 200x) within the border zone
were captured and digitized under a BX53 microscope with a
DP73 CCD digital camera (Olympus, Tokyo, Japan). Images
were analyzed by an investigator who was blinded with
respect to the MSC treatment. TUNEL-positive cells were
defined as cells with clear brown-colored nuclear labeling.
On each image, the total area of the brown-colored nuclei
(areabrown ) and the area of total cell nuclei (areatotal ) were
calculated. The apoptotic index was represented as the ratio
of areabrown and areatotal .
2.11. Evaluation of Capillary Density. For quantification of
capillary density, 4 weeks after MSC transplantation, frozen
sections were made from dissected hearts as mentioned
above and stained with polyclonal rabbit anti-von Willebrand
factor (vWF) antibody (Santa Cruz Biotech, Dallas, TX,
USA) and horseradish peroxidase conjugated goat anti-rabbit
IgG (Santa Cruz Biotech, Dallas, TEX, USA). Cell nuclei
were counterstained with hematoxylin. Microscopic pictures
were captured under a BX53 microscope with a DP73 CCD
digital camera (Olympus, Tokyo, Japan). Capillary density
was analyzed by an investigator who was blinded with respect
to the MSC treatment. Positively stained capillaries were
counted in 10 randomly chosen high-power fields (HPF 400x)
within the border zone in 5 sections per animal. And capillary
density was presented as the average number of vessels per
high-power field.
2.12. Evaluation of Infarction Size. Four weeks after MSC
transplantation, animals were sacrificed and the hearts were
removed. Frozen sections were prepared as mentioned above
and stained with Trichrome-Masson method. In this method,
the collagen fibers were stained in blue color while the cardiac
muscle fibers were shown to be red and the cell nucleus was
black-blue. Scar formation was assessed by the quantitative
analysis of collagen deposition. Image acquisition was performed under a BX53 microscope with a DP73 CCD digital
camera (Olympus, Tokyo, Japan). Three continuous cross
sections on the central level of the scar from each heart were
selected and the collagen deposition was quantified using
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cellSens Entry software (Olympus, Tokyo, Japan). Scar size
was presented as the percentage of the collagen deposition
area to the whole section area of the left ventricle. An investigator blinded to the treatment performed the analysis.
2.13. Echocardiography. Four weeks after MSC transplantation, transthoracic echocardiographic studies were performed on the anesthetized animals. Left ventricle dimension
and function were assessed using a 12 MHz high frequency
liner phased-array transducer (Philips SONOS 5500, Bothell,
WA, USA) by a blinded investigator. Left ventricular end diastolic dimension (LVDd) and systolic dimensions (LVDs) were
derived from two dimensionally targeted M-mode tracings
obtained along the parasternal short-axis view of the left ventricle at the papillary muscle level. Left ventricular ejection
fraction (LVEF) and left ventricular fractional shortening
(LVFS) were calculated. All measurements were performed
and averaged over three consecutive cardiac cycles.
2.14. Statistical Analysis. Data were analyzed using SPSS version 12.0 for Windows (SPSS, Chicago, IL, USA). All values
were presented as mean ± standard deviation (SD). One-way
analysis of variance with Tukey’s post hoc test was used to
compare numeric data among the three experimental groups.
Datasets consisting of two groups were compared with Student’s 𝑡-tests. A level of 𝑃 < 0.05 was considered statistically
significant.

3. Results
3.1. EGFP and hBcl-xL Expressed in Genetically Modified Rat
MSCs. For the tracing of the genetically modified MSCs,
we constructed expression vectors pLenti6.3-IRES2-EGFP
and pLenti6.3-hBcl-xL-IRES2-EGFP (Figure 1(a)), where the
individual expression of EGFP served as a tracking marker for
the modified MSCs. To evaluate the expression of EGFP, wild
type MSCs, vector-MSCs, and hBcl-xL-MSCs were seeded
in a 6-well plate and cultured for 24 hours. Strong signals
of EGFP were detected in vector-MSCs and hBcl-xL-MSCs
while no signal was detected in wild type MSCs (Figures
1(b)–1(g)). Western blot analysis showed that the expression
level of hBcl-xL in hBcl-xL-MSCs was remarkably higher
than those in vector-MSCs and wild type MSCs (Figure 1(h)),
which indicates the low level of endogenous expression of
hBcl-xL in MSCs. Our results showed that both hBcl-xLMSCs and vector-MSCs were successfully marked with EGFP,
and hBcl-xL-MSCs were successfully modified with hBcl-xL.
3.2. Immunophenotypic Characterization of Genetically Modified Rat MSCs. The surface marker expressions of the genetically modified bone marrow MSCs were identified by FCM
analysis. It was shown that CD29, CD90, and CD44 were
highly expressed in MSCs (Figures 2(b)–2(d)) while the markers for hematopoietic stem cells, CD34 (Figure 2(e)) and
CD45 (Figure 2(f)), were not expressed. These expression
patterns of the surface markers were similar to those of the primary cultured MSCs (see Supplementary Figure 1 in Supplementary Material available online at http://dx.doi.org/10.1155/
2015/176409). This indicates that the genetic manipulation
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in this study did not alter the cell fate of the modified bone
marrow mesenchymal stem cells.
3.3. Bcl-xL Modification Protected MSCs against Apoptosis
In Vitro. To examine the antiapoptotic ability of hBcl-xL
modified MSCs in vitro, wild type MSCs, vector-MSCs, and
hBcl-xL-MSCs were treated with 200 𝜇M H2 O2 for 4 hours.
Annexin V-FITC/(propidium iodide) PI apoptosisassay was
carried out to evaluate cell apoptosis (Figures 3(a) and 3(b)).
The results showed that the apoptotic rate of hBcl-xL-MSCs
was significantly lower than those of wild type MSCs and
vector-MSCs (10% ± 0.82% versus 21% ± 0.37% and 21% ±
0.13%, resp., 𝑛 = 3, 𝑃 < 0.05). These results demonstrated
that hBcl-xL modification could protect MSCs against apoptosis under hypoxic conditions. We expected that hBcl-xL
modification could also protect MSCs from apoptosis after
transplantation into the infarcted myocardium.
3.4. Bcl-xL Modification Upregulated Angiogenic Cytokines in
MSCs. Angiogenesis is a potential mechanism responsible
for the therapeutic effect of MSC transplantation. We examined the MSC paracrine secretion of angiogenic cytokines
VEGF, IGF-1, and PDGF. Wild type MSCs, vector-MSCs,
and hBcl-xL-MSCs were cultured under either normoxic or
hypoxic conditions for 24 hours. Cytokine secretions were
examined by enzyme-linked immunosorbent assay (ELISA).
The results showed that, under normoxic condition, the
secretions of VEGF, IGF-1, and PDGF from hBcl-xL-MSCs
were all significantly increased compared with wild type
MSCs and vector-MSCs (increment: 1.5–1.9-fold for VEGF,
0.7-0.8-fold for IGF-1, and 1.2-1.3-fold for PDGF, 𝑛 = 3, 𝑃 <
0.05) (Figures 4(a)–4(c), normoxic). In response to hypoxia,
angiogenic cytokine secretions were upregulated in all the
three groups. The hypoxia-induced cytokine secretions of
hBcl-xL-MSCs were much higher than those from wild type
MSCs and vector-MSCs (increment: 0.6-0.7-fold for VEGF,
0.5-fold for IGF-1, and 1.1–1.3-fold for PDGF, 𝑛 = 3, 𝑃 < 0.05)
(Figures 4(a)–4(c), hypoxic). These results suggested that
hBcl-xL genetic modification could substantially enhance the
angiogenic ability of MSCs, which may improve angiogenesis
in the ischemic myocardium after MSC transplantation.
3.5. Bcl-xL Modification Increased the Engraftment of MSCs
into Ischemic Myocardium. To evaluate the engraftment of
MSCs into the ischemic heart muscle after transplantation,
rat left anterior descending artery ligation models were established. Immediately after ligation, for each animal, totally, 6 ×
106 vector-MSCs or hBcl-xL-MSCs in culture medium were
injected into the border zone of the infarcted myocardium.
The medium group received injections of culture medium
into the same area. The evaluation of MSC engraftment was
carried out at 1 week and 4 weeks after cell transplantation.
Frozen sections were made from the dissected hearts crossing
the midlevel of the infarcted area. Figures 5(a)–5(n) showed
representative images of the grafted MSCs in the hearts of rats
sacrificed 1 week (Figures 5(a)–5(f)) or 4 weeks (Figures 5(g)–
5(n)) following vector-MSCs (Figures 5(a)–5(c) and 5(g)–
5(j)) or hBcl-xL-MSCs (Figures 5(d)–5(f) and 5(k)–5(n))
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Figure 1: Expressions of EGFP and hBcl-xL in rat bone marrow MSCs. (a) Schematic representation of the coding regions of the viral vectors
pLenti6.3-IRES-EGFP and pLenti6.3-hBcl-xL-IRES-EGFP. In vector pLenti6.3-hBcl-xL-IRES-EGFP, the insertion of IRES could lead to the
individual expression of EGFP together with the expression of hBcl-xL in the transduced cells. All expressions were driven by CMV promoter.
((b)–(g)) Expressions of EGFP in wild type MSCs ((b) and (c)), vector-MSCs ((d) and (e)), and hBcl-xL-MSCs ((f) and (g)). (h) Western blot
analysis of the expressions of hBcl-xL in MSCs, vector-MSCs, and hBcl-xL-MSCs. Data are representative of three independent experiments.
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Figure 2: The surface marker expression of genetically modified rat MSCs. The expressions of selected surface markers of the modified MSCs
were analyzed by flow cytometry. Mouse IgG1 was used as an isotype control (a); in the genetically modified MSCs, CD29, CD90, and CD44
were highly expressed ((b)–(d)) while the markers for hematopoietic stem cells, CD34 and CD45, were not expressed ((e) and (f)).

transplantation. Cell nuclei were stained with DAPI (Figures 5(a), 5(d), 5(g), and 5(k)). The grafted MSCs were
detected by EGFP signals (Figures 5(b), 5(e), 5(h), and 5(l)).
Because of the cytoplasmic distribution of EGFP, it appeared
as irregular patches that spread around or colocalized with
the DAPI signals (squared areas in Figures 5(c), 5(f), 5(j),
and 5(n)). To show the myocardial engraftment of MSCs, the
heart sections prepared 4 weeks after cell injection were also
stained with anti-Troponin T (TnT) antibody, a marker for
cardiomyocyte (Figures 5(i) and 5(m)). In each microscopic
field, integral optical density (IOD) of EGFP signal was calculated. MSC engraftment was represented as the ratio of IOD
and the total cell number (Figure 5(o)). The results showed
that, at both 1 week and 4 weeks after cell transplantation,
the number of grafted MSCs in the hBcl-xL-MSC group
was significantly increased comparing with the vector-MSC
group (increment: 21.3% at 1 week and 13.2% at 4 weeks,

𝑛 = 6, 𝑃 < 0.01) (Figure 5(o)). These results suggested that
hBcl-xL genetic modification could significantly increase the
engraftment of MSCs after transplantation.
3.6. Bcl-xL Modification Protected MSCs against Apoptosis In
Vivo. The increase in MSC engraftment into the ischemic
myocardium suggested an antiapoptotic effect of hBcl-xL
modification of MSCs in vivo. To assess the cellular protective
effects of hBcl-xL modification of MSCs, 4 weeks after cell
transplantation, animals were sacrificed and heart frozen sections were prepared as mentioned above. TUNEL assay was
performed and the results showed that, in the border zone of
the infarcted myocardium, the apoptotic rate in the hBcl-xLMSC group was significantly lower than those of the medium
group and the vector-MSC group (31% ± 1.4% versus 52% ±
1.8% and 42% ± 2.2%, resp., 𝑛 = 6, 𝑃 < 0.001) (Figure 6).
These results demonstrated that the hBcl-xL modification
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Figure 3: Antiapoptotic effect of hBcl-xL-MSCs in vitro. (a) Annexin V-FITC/PI apoptosisassay of wild type MSCs, vector-MSCs, and hBclxL-MSCs. Cells were seeded into T25 flasks and were cultured in medium with 200 𝜇M H2 O2 at 37∘ C for 4 hours. The resuspended cells were
incubated with Annexin V-FITC and PI for 15 min and checked with a BD FASAria Cell Sorter. (b) The apoptotic rate was presented as mean
± SD (𝑛 = 3, ∗ 𝑃 < 0.05). PI: propidium iodide.

could protect MSCs against apoptosis after transplantation
into the infarcted myocardium. And the surviving MSCs
could surely protect the surrounding infarcted myocardium
from further damage, which was favorable for the recovery of
heart function.
3.7. Bcl-xL Modified MSCs Promoted Angiogenesis and Prevented Scar Formation in Infarcted Heart. The above in vitro
data showed that the hypoxia-induced cytokine secretions
from hBcl-xL-MSCs were much higher than those from wild
type MSCs and vector-MSCs. Thus, we expected that hBclxL genetic modification of MSCs could improve angiogenesis

in the ischemic myocardium after MSC transplantation. To
evaluate the angiogenic capacity of the hBcl-xL modified
MSCs, 4 weeks after MSC transplantation, capillary density
was determined in the border zone of the infarcted heart
muscle by von Willebrand factor (vWF) staining (Figures
7(a)–7(c)). The results showed that the capillary densities
in vector-MSC and hBcl-xL-MSC groups were significantly
higher than in the medium group (23.7 ± 1.5 and 31 ± 1.0
versus 13 ± 1.1, vessels per HPF, 𝑛 = 6, 𝑃 < 0.001) (Figure 7(g)). And, also, the capillary density in hBcl-xL-MSC
group was 31% higher than in vector-MSC group (𝑛 = 6,
𝑃 < 0.01). These results demonstrated that the hBcl-xL
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Figure 4: Upregulation of angiogenic cytokines in hBcl-xL-MSCs. ((a)–(c)) Evaluation of the paracrine secretion of VEGF (a), IGF-1 (b),
and PDGF (c) by wild type MSCs (pale grey bar), vector-MSCs (dark grey bar), and hBcl-xL-MSCs (black bar). Cells were cultured under
either normoxic or hypoxic conditions for 24 hours and the conditioned medium was collected for ELISA. Concentration values are mean ±
SD (𝑛 = 3, ∗ 𝑃 < 0.001). VEGF: vascular endothelial growth factor; IGF-1: insulin-like growth factor-1; PDGF: plate-derived growth factor.

modification could significantly enhance the angiogenic
capability of MSCs in vivo and thus effectively promote the
revascularization of the ischemic heart muscle.
Scar formation which resulted from transmural myocardial infarction was a consistent outcome of the animal model

of LAD ligation. Extensive collagen deposition was the basis
for scar formation. In our animal models, 4 weeks after MSC
transplantation, heart sections were stained with TrichromeMasson method to assess scar formation (Figures 7(d)–7(f)).
In this method, the collagen fibers were stained in blue color
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Figure 6: Antiapoptotic effect of hBcl-xL-MSCs in vivo. ((a)–(c)) TUNEL assay was performed at 4 weeks after transplantation of medium
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(𝑛 = 6, ∗ 𝑃 < 0.001). TUNEL: terminal deoxynucleotidyl transferase-mediated dUTP end labeling. Scale bar represents 50 𝜇m.

while the cardiac muscle fibers were stained red and the cell
nucleus was black-blue. Scar formation was analyzed by the
quantitative assessment of collagen deposition (Figure 7(h)).
Compared with medium group (21.1% ± 1.1%), both vectorMSC and hBcl-xL-MSC group exhibited smaller scar size
(15.1% ± 1.42% and 11.07% ± 1.05%, resp., 𝑛 = 6, 𝑃 < 0.01).
And, also, the collagen deposition in hBcl-xL-MSC group
was 26.7% lower than in vector-MSC group (𝑃 < 0.05).
The results suggested that hBcl-xL modified MSCs could
efficiently prevent scar formation in infarcted heart muscle.
3.8. Bcl-xL Modified MSCs Promoted Functional Recovery
of Infarcted Heart. To evaluate the extent of heart functional recovery, 4 weeks after MSC transplantation, transthoracic echocardiographic studies were performed on the
anesthetized animals (Table 1). Compared with the sham
group, contractile function was impaired in all the other
three groups after heart infarction. The transplantation of
both vector-MSCs and hBcl-xL-MSCs into the infarcted
myocardium could improve left ventricular function. However, the level of heart functional restoration in hBcl-xL-MSC
group was much higher than in vector-MSC group.

4. Discussion
MSCs derived from adult bone marrow have emerged as
a promising cell source for the cell therapy of myocardial
infarction. However, the low survival rate of the grafted
MSCs severely holds back the therapeutic efficacy of cell
transplantation aiming at cardiomyocytes restoration. In this
study, we demonstrated that hBcl-xL genetic modification
could enhance the survival and the biological functions of
MSCs both in vitro and in vivo. Under hypoxic conditions,
hBcl-xL modification could protect MSCs against apoptosis
and promote the secretions of VEGF, IGF-1, and PDGF. In
the LAD ligation animal model, hBcl-xL modification significantly increased the survival rate and the engraftment of
MSCs after transplantation. And the transplantation of hBclxL-MSCs efficiently prevented scar formation and improved
the recovery of heart function after myocardial infarction.
These observations were in agreement with the previously
published data that the expression of hBcl-xL in rat heart
can inhibit the apoptosis of ischemic cardiomyocytes after
myocardial infarction and can prolong the cold preservation
time period for cardiac transplants [13, 14]. The present study
revealed that genetic modification of MSCs with hBcl-xL
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Figure 7: hBcl-xL-MSCs promoted angiogenesis and prevented scar formation in infarcted heart. ((a)–(c)) Evaluation of capillary density by
von Willebrand factor staining at 4 weeks after transplantation of medium (a), vector-MSCs (b), or hBcl-xL-MSCs (c). ((d)–(f)) Assessment
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Table 1: Echocardiography at 4 weeks after MSC transplantation.

Group
Sham
Medium
Vector-MSC
hBcl-xL-MSC
∗
Δ

LVDd (mm)
4.57 ± 0.03
6.87 ± 0.03
6.66 ± 0.04∗
5.99 ± 0.01∗Δ

LVDs (mm)
2.34 ± 0.04
5.06 ± 0.07
4.81 ± 0.03∗
3.89 ± 0.04∗Δ

LVEF (%)
82.95 ± 0.95
44.79 ± 0.25
47.22 ± 0.09∗
59.60 ± 0.30∗Δ

LVFS (%)
48.80 ± 0.10
26.35 ± 0.35
27.78 ± 0.39∗
35.06 ± 0.11∗Δ

Differences of statistical significance versus medium group, 𝑛 = 6, 𝑃 < 0.01.
Differences of statistical significance versus vector-MSC group, 𝑛 = 6, 𝑃 < 0.01.

gene could be an intriguing strategy to improve the viability of
MSCs after implantation into the ischemic heart and thereby
lead to a better therapeutic outcome for the treatment of
myocardial infarction.
The precise underlying mechanisms of the hBcl-xL-MSCs
mediated functional recovery of infarcted heart are unclear.
It was showed that the in situ survival rate of the implanted
cells was closely related to the therapeutic efficacy of MSCs
[12]. Previous studies demonstrated that the low survival
rate of MSCs after transplantation into infarcted hearts was
caused by multiple factors including the lack of oxygen,
nutrients, and survival factors, the inflammatory reaction,
the host immune rejection, the existence of proapoptotic
and cytotoxic factors, and the ischemia-reperfusion (I/R)
damage which resulted from repeated ischemia [3, 10, 15, 16].
Recently, it was reported that Fas-Fas Ligand (FasL) interactions between host ischemic myocardial cells and implanted
MSCs are responsible for activating cell death signaling
in implanted MSCs [17]. The inhibition of this interaction
could downregulate the expressions of proapoptotic proteins including caspase-8, caspase-3, Bax, and cytochromec and improve cell survival and restore heart function [17].
These observations suggested that both Fas-dependent and
mitochondria-dependent apoptotic pathways were involved
in the death of implanted MSCs in infarcted heart. It was
demonstrated that Bcl-xL plays important antiapoptotic roles
in both external and internal apoptosis pathways. Bcl-xL can
bind with Bax to prevent the release of cytochrome-c from
mitochondria and then to prevent the downstream activation
of caspases [18]. Also, Fas and tumor necrosis factor receptor
induced apoptosis could be inhibited by overexpression of
Bcl-xL [19, 20]. These data support a model in which the BclxL modification promotes functional restoration of infarcted
hearts by increasing the survival rate of implanted MSCs
through the inhibition of Fas- and mitochondria-dependent
apoptosis pathways. Further studies need to be performed to
address this hypothesis.
As a type of multipotent stem cell, MSCs can be induced
to differentiate into various cell lines including cardiomyocytes [3] and endothelial cells [12, 21]. However, several
evidences have showed that, instead of the transdifferentiation of MSCs into cardiomyocytes or endothelial cells, the
paracrine of survival and angiogenic factors by MSCs played
the main role in the cure of heart infarction by MSC transplantation [12, 16, 22]. It was reported that the grafted MSCs
could secrete various kinds of growth factors, cytokines, and
chemokines, such as VEGF, IGF, PDGF, hepatocyte growth
factor (HGF), stromal cell-derived factor-1 (SDF-1), basic

fibroblast growth factor (bFGF), and interleukine-1 (IL-1)
[12, 23–25]. These factors have been showed to contribute to
the functional improvement of infarcted hearts by promoting
angiogenesis and cell survival and preventing myocardium
remodeling [23, 25–28]. In our study, overexpression of hBclxL significantly increased the secretions of VEGF, IGF-1, and
PDGF by rat bone marrow MSCs under hypoxic condition.
This finding was concordant with the previously reported
data that the overexpressed Bcl-2 gene could upregulate the
secretion of VEGF in implanted MSCs and improve heart
functional recovery after acute myocardial infarction [12].
These data suggested that the cardioprotective effects of hBclxL-MSCs could be at least partly attributed to the high level
of paracrine factor expressions.
The mechanism underlying the hBcl-xL mediated upregulation of cytokine secretion by MSCs was not clear. Our
study and previous data [25] confirmed that, as a major
pathological condition in ischemic hearts, hypoxia could
enhance the expressions of VEGF and other cytokines in
MSCs. It was reported that Bcl-2 overexpression could
effectively enhance the stability of hypoxia-induced VEGF
mRNA [29]. And treating melanoma cells with a Bcl-2/Bcl-xL
bispecific antisense oligonucleotide resulted in a reduction of
hypoxia-induced VEGF secretion [30]. These data indicated
that Bcl-2 and Bcl-xL play roles in the regulation of hypoxiainduced cytokine secretion.
Hypoxia-induced cytokine secretion was demonstrated
to be mediated by a heterodimeric basic helix-loop-helix
transcription factor, hypoxia-inducible factor (HIF) [31]. Hypoxia could induce HIF expression by inhibiting its ubiquitination and degradation [32]. HIF plays a pivotal role in
responses to ischemia. HIF-1 could upregulate angiogenic cytokine expression through the phosphatidylinositol 3-kinase
(PI3K)/mitogen activated protein kinase (MAPK) signaling
pathway [33]. In addition, HIF-1 could reverse hypoxiainduced cell apoptosis by upregulating Bcl-2 expression
[31]. And HIF-1 directly regulated Bcl-xL transcription by
binding to a hypoxia-responsive element (HRE) in the BclxL promoter [34]. On the contrary, Bcl-2 overexpression
increased the protein level and the VEGF-promoter binding
activity of HIF-1 [29]. Here, we speculated that Bcl-xL works
synergistically with HIF by forming a positive feedback loop
in the cellular responses to hypoxia. Further studies are
needed to clarify this hypothesis.
Taken together, our study confirmed that Bcl-xL genetic
modification could enhance the survival and the hypoxiainduced cytokine secretion in engrafted MSCs and thereby promote the functional recovery of infarcted heart.
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Transplantation of Bcl-xL engineered MSCs may provide an
effective approach in the treatment of heart infarction.
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The poor survival rate of transplanted stem cells in ischemic myocardium has limited their therapeutic efficacy. Curcumin has potent
antioxidant property. This study investigates whether prior curcumin treatment protects stem cells from oxidative stress injury and
improves myocardial recovery following cells transplantation. Autologous Sprague-Dawley rat adipose derived mesenchymal stem
cells (ADSCs) were pretreated with or without curcumin. The hydrogen peroxide/serum deprivation (H2 O2 /SD) medium was used
to mimic the ischemic condition in vitro. Cytoprotective effects of curcumin on ADSCs were evaluated. Curcumin pretreatment
significantly increased cell viability and VEGF secretion, and decreased cell injury and apoptosis via regulation of PTEN/Akt/p53
and HO-1 signal proteins expression. The therapeutic potential of ADSCs implantation was investigated in myocardial ischemiareperfusion injury (IRI) model. Transplantation of curcumin pretreated ADSCs not only resulted in better heart function, higher
cells retention, and smaller infarct size, but also decreased myocardial apoptosis, promoted neovascularization, and increased
VEGF level in ischemic myocardium. Together, priming of ADSCs with curcumin improved tolerance to oxidative stress injury
and resulted in enhancement of their therapeutic potential of ADSCs for myocardial repair. Curcumin pretreatment is a promising
adjuvant strategy for stem cells transplantation in myocardial restoration.

1. Introduction
Myocardial infarction (MI) remains the leading cause of
morbidity and mortality worldwide. The prognosis of MI is
usually attributable to the extent of myocardial ischemiareperfusion injury (IRI). The optimal treatment strategy for
IRI is timely and effective reperfused ischemic myocardium.
However, the reperfusion of acute ischemic myocardium
can lead to myocardial stunning or even necrosis [1, 2].
The endogenous myocardial regenerative capacity is too
poor to replenish a lot of dead cardiomyocytes after MI
[3]. Despite advances in therapeutic intervention, including

antiplatelet and antithrombotic agents and primary percutaneous coronary intervention technology, there is still no
effective therapeutic method for ameliorating myocardial
IRI.
Cellular cardiomyoplasty has emerged as a novel potential therapeutic modality to repair damaged myocardium.
Bone marrow mesenchymal stem cells (BMSCs) have been
reported to improve cardiac function and decrease fibrosis
[4, 5]. It is well-known that BMSCs play the cardioprotective
roles mainly through paracrine, differentiation into specialized cardiac cell lineages, and recruitment of endogenous
stem cells [6, 7]. Since adipose derived mesenchymal stem
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cells (ADSCs) have proven to be abundant, easy to isolate
and obtain repeatedly, minimally invasive properties and
particularly grow old later than BMSCs, ADSCs have been
an appealing cell source in regenerative medicine [8–10].
However, very low survival rate of transplanted cells is an
impediment of successful heart cell therapy [11]. Although
the underlying mechanisms remain undefined, the mediators
of myocardial reperfusion injury, including oxidative stress,
inflammation, are responsible for massive cell death [12–14].
Thus, it is imperative to enhance cell survival for cardiac
regeneration in IRI myocardium.
Pharmacologically pretreatment has shown to be a
rational approach in reinforcing the cells to withstand the
ischemia and reperfusion injury environment [15, 16]. Curcumin is a naturally occurring yellow agent extracted from
the spice turmeric that has been reported to exhibit potent
antioxidant, anti-inflammatory properties [17, 18]. It has
been reported that curcumin possesses the characteristic of
the intracellular ROS protection and free radical-scavenging
activity [19]. Curcumin can also protect against myocardial
reperfusion damage by attenuation of oxidant stress [20].
Moreover, curcumin can induce heme oxygenase-1 (HO-1)
expression in rat BMSCs [21]. Furthermore, recent study
showed that BMSCs therapy and curcumin posttreatment
synergistically improve recovery from spinal cord injury
[22]. Thus, we hypothesize that pretreatment of ADSCs
with curcumin could enhance antiapoptosis activity, promote
angiogenesis, and improve cardiac function in myocardial
IRI.
In this study, we investigated whether pretreatment
of ADSCs with curcumin protected ADSCs from H2 O2 induced injury, elaborating the potential antiapoptotic effect.
Furthermore, to confirm the therapeutic applicability of curcumin pretreated ADSCs, we explored the role of curcumin
pretreated ADSCs transplantation in promoting myocardial
repair secondary to cardiac IRI injury.

2. Methods
2.1. Chemical Reagent. Curcumin was purchased from
Biomol (AG-CN2-0059-M010).
2.2. Animals. The animal experiments were conformed to the
Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (NIH Publication,
8th Edition, 2011) and approved by the Institutional Animal
Care and Use Committee (IACUC) of the General Hospital of
Chinese People’s Liberation Amy. Sprague-Dawley (SD) rats
(200–250 g) were purchased from the Experimental Animal
Center, the General Hospital of Chinese People’s Liberation
Amy. Rats were maintained under controlled conditions
(12 hrs light/dark cycle) with ad libitum access to water and
food.
2.3. Isolation, Expansion, and Characterization of ADSCs.
Isolation and expansion of ADSCs were performed as
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previously described [23, 24]. Autologous ADSCs were isolated from inguinal subcutaneous adipose tissue of SpragueDawley male rat. Briefly, adipose tissue was rinsed with
sterile phosphate-buffered saline (PBS), finely minced, and
enzymatically dissociated with composite of 0.1% collagenase
I (sigma) and 0.05% trypsin (sigma) in serum-free alphamodified Eagle’s medium (𝛼-MEM, Gibco, USA) for 45–60
minutes at 37∘ C with gentle agitation. Then an equal volume
of 𝛼-MEM/10% fetal bovine serum (FBS, Gibco) was added
to neutralize enzymes. The mixture was filtered through a
sterile 75 𝜇m nylon mesh to discard undigested debris. The
digested tissue was centrifuged at 600 g for 5 minutes. The
supernatant containing adipocytes and debris was removed.
The cell pellet was resuspended in 𝛼-MEM supplemented
with 10% FBS. The collected primary adipose tissue derived
stem cells were plated in 10 cm culture plates. The dishes
were maintained at 37∘ C, 5% CO2 incubator and the media
were replaced every 2-3 days. The cells were monitored for
confluence every day. When cells reached 80% confluence,
the medium was removed and adherent cells were detached
with 0.25% trypsin/0.04% EDTA (v/v 1 : 1) for 2 minutes and
seeded at a ratio of 1 : 3. Cultures were passaged every 3-4
days and used for experiments from passage 3 to passage
5.
To assay the phenotype of cultured cells, surface protein
markers CD34, CD31, CD45, CD90, CD105, and CD29 were
assessed by fluorescence-activated cell sorting (FACS) (BD
accrri C6). Briefly, cultured adherent cells isolated from
adipose tissue were harvested and washed with cell staining
buffer (Biolegend). Aliquots containing 1 × 106 cells were
incubated for 20 min at room temperature with mouse monoclonal primary antibodies to rat CD34 (Santa Cruz), CD31
(clone WM-51), CD45 (Biolgend), CD90 (Biolgend), and
CD105 (Biolgend). Then the cells were washed in PBS with
2% FBS. For unlabeled antibodies, fluorescent-conjugated
secondary antibodies were added at room temperature. Then
cells were incubated for another 20 min. Finally, the cells
were washed in cell staining buffer twice, and the samples
were analyzed by FACS. Isotype-identical antibodies served
as controls.
2.4. Viability Assay of ADSCs. The cell viability was evaluated
after exposure to 100 𝜇M hydrogen peroxide (H2 O2 ) for 12 h
by trypan blue exclusion method: the proportion of viable
cells = (the number of trypan blue dye negative cells/the total
number of cells) × 100%.
2.5. Assay of LDH Release and Caspase-3 Activity. The ADSCs
were pretreated with 10 𝜇M curcumin for 24 h [21]. Then,
the cells were collected after being incubated with or without 100 𝜇M H2 O2 /serum deprivation (SD) for 12 h [23].
Cytotoxicity was evaluated in the cell supernatants through
lactate dehydrogenase assay according to the manufacturer’s
instructions (Sigma-Aldrich, USA). To analyze caspase-3
activity, caspase-3 activity was measured in 96-well plates by
using a caspase-3 activity assay kit (Cell signaling) according
to the manufacturer’s protocol.
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2.6. Determination of ADSCs Apoptosis. Apoptosis was measured using an Annexin V/PI assay kit (Biolegend, San Diego,
CA, USA) according to the manufacturer’s instructions.
The percentages of apoptotic cells were evaluated by flow
cytometry (BD, Franklin Lakes, USA).
2.7. Western Blot. Protein samples were acquired from
ADSCs and whole heart homogenates (𝑛 = 5/group, randomly) as reported previously [23, 24]. Proteins were isolated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to a polyvinylidene
difluoride (PVDF) membrane. The membranes were blocked
with 5% nonfat milk for 2 h at room temperature and then
incubated overnight at 4∘ C with antibodies against phosphoAkt (p-Akt), Akt, HO-1, cleaved-caspase-3, caspase-3 and
𝛽-actin (Cell Signaling Technology), VEGF, PTEN, and
p53 (Santa Cruz). The membrane was subsequently washed
with TBST and incubated with secondary antibodies against
horseradish peroxidase-conjugated (Cell Signaling Technology). After washing with TBST, bands were detected by
enhanced chemiluminescence substrate (Applygen). Staining
was quantified by scanning densitometry. The experiment
was repeated 5 times.
2.8. Enzyme-Linked Immunosorbent Assay (ELISA). To ascertain whether curcumin pretreatment results in an increase
in angiogenic humoral factor (vascular endothelial growth
factor, VEGF) release from ADSCs, cells were collected after
being pretreated with or without curcumin for 24 hours. The
level of VEGF in culture medium supernatant was detected
by VEGF ELISA kits (Sigma-Aldrich, USA) according to
the manufacturer recommended protocol. All samples and
standards were conducted in duplicate.
2.9. ADSCs Labeling, Myocardial I/R Injury Model, and ADSCs
Delivery. Before autologous transplantation, the Vybrant
CM-Dil cell-labeling solution (Invitrogen, USA) (50 𝜇g/mL)
was added to growth media of ADSCs for 30 minutes according to the manufacturer’s procedures, which can uniformly
label attached culture cells.
Rats were randomly divided into the 3 groups of 24
animals each in a blind study: (1) PBS group (PBS); (2)
ADSCs transplanted group (ADSCs); (3) curcumin pretreated ADSCs transplanted group (Cur-ADSCs). Autologous ADSCs were isolated from inguinal subcutaneous
adipose tissue in transplanted groups before establishing IRI
model.
IRI model was established by the ligation of the left
coronary artery (LAD) according to a method reported
previously with minor revision [25]. Rats were intraperitoneally anesthetized with pentobarbital (65 mg/kg). The tracheal incubation and ventilator assisted ventilation had been
performed. Electrocardiogram was maintained to monitor
ischemia and arrhythmia during the ischemia/reperfusion
surgery. After the left 4/5th intercostals chest region was
opened, the LAD was identified and gently ligated with a 6.0
prolene suture. Successful ischemia was assessed by visual
myocardial blanching and the widening of QRS complex
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and typical ST segment elevation in electrocardiograph.
The ligature was removed after 60 min and reperfusion
ascertained visually. Finally, the opened thorax was closed.
During the surgical procedures, the depth of anaesthesia was
monitored by using absence of the pedal withdrawal reflex,
slow constant breathing, and no response to surgical manipulation. Buprenorphine was intraperitoneally administered
before and after the surgery (0.05 mg/kg). None of rats died
at the end of the experiment.
One week after LAD ligation, rats chest was reopened
and total of 4 × 106 ADSCs in 100 𝜇L PBS were separately
injected into three different foci in the ADSCs transplanted
group (33.3 𝜇L/site). Two administration sites were in the
peri-infarct regions and one was within the infarct area.
100 𝜇L PBS alone was administered to PBS-treated rats.
2.10. Echocardiography. Serial echocardiographic measurements were assessed in all rats prior to surgery at baseline and
28 days after cell transplantation. Animals (𝑛 = 6/group) were
anaesthetized using 1.5–2.0% isoflurane, followed by function assessment with 14.0 MHz Ultrasound imaging System
(Acuson, Germany). Both two-dimensional images and Mmode interrogation were obtained to evaluate left ventricular
systolic and diastolic function. The left-ventricular enddiastolic diameter (LVEDD) and left-ventricular end-systolic
diameter (LVESD) were measured. LV fractional shortening
(FS) and LV ejection fraction (EF) were calculated as follows:
FS(%) = [(LVEDD − LVESD)/LVEDD] × 100; EF(%) =
[(EDD3 − ESD3 )/EDD3 ] × 100. The images captured at the
end of cardiac systole and diastole were used to measure LV
end-systolic volume (ESV) and end-diastolic volume (EDV).
All parameters measurement was averaged based on at least
3 consecutive cardiac cycles.
2.11. Histology. The rats were euthanized after 7 days of transplantation (𝑛 = 18/group) for cell retention, 2,3,5-triphenyltetrazolium chloride (TTC) staining, and TUNEL assay. At
the end of the experiments (𝑛 = 6/Group), immunohistochemistry was used to assess microvessel density. After being
injected an overdose of sodium pentobarbital in compliance
with above guidelines, hearts were quickly removed, fixed
in 4% paraformaldehyde, embedded into O.C.T compound,
quickly frozen in −80∘ C, and then processed for cryosectioning (4 𝜇m thickness). Ten sections were prepared at 10
different transversal levels at the site of tissue necrosis, equally
distributed from base to apex.
To analyze the retention of ADSCs in ischemic myocardium (𝑛 = 6/Group), the sections were stained with an
anti-cTnI antibody. Cell retention was investigated by
identification of Dil staining expression under fluorescent
microscopy. The numbers of Dil+ cells and DAPI in each slide
were calculated. The data were exhibited as the percentage of
Dil+ /DAPI.
2.12. In Situ Myocardial Apoptosis Assay. The immunofluorescent measurement of apoptotic cells was examined as
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reported previously [24, 26]. Briefly, myocardial frozen sections were analyzed using terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining according
to the manufacturer’s instructions (MEBSTAIN Apoptosis kit
II; Takara). The color images were captured randomly at high
magnification and digitized by using a camera connected
to an Olympus microscope. For each heart sample, 50 high
resolution fields (10 sections at different transversal levels,
5 fields for each section) were chosen and counted in a
blinded manner. The cells with clear nuclear labeling were
characterized as TUNEL positive cells.

ADSCs in the curcumin pretreatment group compared with
the ADSCs alone group (Figure 1(b); 𝑃 < 0.05). Similarly, curcumin pretreated ADSCs were significant protected
against H2 O2 , as evidenced by reduction in LDH leakage as
compared with the control group (Figure 1(c); 𝑃 < 0.05). The
curcumin pretreated ADSCs showed lower apoptosis than
H2 O2 -treated ADSCs (Figures 1(d) and 1(e); 𝑃 < 0.05).
Likewise, caspase-3 activity was reduced in ADSCs subjected
to H2 O2 , while pretreatment of ADSCs with curcumin indicated a marked enhancement in cellular caspase-3 activity
(Figure 1(f); 𝑃 < 0.05).

2.13. Assessment of Infarct Size. Cardiac infarct size was
measured by TTC staining method as reported previously
[27]. Briefly, TTC staining was used to evaluate cardiac
viability and to confirm the infarct size. The tissue sections
were incubated in a 1% TTC (Sigma) solution (pH 7.4) for
20 minutes at 37∘ C. The sections were fixed in 10% PBS
formalin solution for overnight at 2–8∘ C. Viable tissue stained
by TTC showed a deep red color, and TTC-negative pale area
is considered as infarct area. The size of MI was calculated as
a percentage of the sectional region of the infarct tissue of the
left ventricle to the sectional area of the whole left ventricle.
The images of each TTC-stained tissue slice were captured by
a digital camera.

3.3. Curcumin Pretreatment Regulates PTEN/Akt/p53 and
HO-1 Signaling Proteins and Enhances Paracrine Factor
Release. The changes in prosurvival and proapoptotic molecules expression of several candidate proteins were evaluated
after with or without H2 O2 by Western blotting. Although
the expression of survival-related p-Akt and HO-1 markedly
decreased in ADSCs group compared to in control group,
their levels were rescued in curcumin pretreatment group
(Figures 2(a), 2(c), and 2(e); 𝑃 < 0.05). As Akt signaling
molecules are associated to the proapoptotic protein, such
as PTEN, p53, and caspase-3, we found that H2 O2 treatment significantly increased the PTEN, p53, and caspase-3
expression in ADSCs, which was reversed partly by curcumin
pretreatment (Figures 2(a), 2(b), 2(d), and 2(f); 𝑃 < 0.05).
In addition, the VEGF production of ADSCs increased after
pretreatment with curcumin compared to the control group
(Figure 3; 𝑃 < 0.05).

2.14. Measurement of Capillary Density. Capillary density
was analyzed in the slice stained with anti-vWF antibody
(1 : 200, Sigma). Cryosections were fixed with acetone for
30 minutes and endogenous peroxidase was quenched with
3% H2 O2 . After blocking with 2% normal goat serum, slices
were incubated with the anti-vWF antibody at 4∘ C overnight.
Then, FITC-conjugated IgG were incubated for 2 hours
at room temperature before imaging under laser confocal
microscope (FV1000, Olympus). The number of capillaries
was calculated in five randomly chosen high magnification
fields.
2.15. Statistical Analysis. Data are expressed as mean ± SD.
Statistics were analyzed with 17.0 SPSS software. Statistical
difference between two groups was determined by Student’s 𝑡test. Results for more than two groups were estimated by oneway ANOVA with least significant difference test. 𝑃 < 0.05
was regarded as significant difference.

3. Results
3.1. Phenotypes of Isolated ADSCs. The surface proteins of
adherent cultured ADSCs were analyzed by flow cytometry.
After the three passages, most of these ADSCs expressed
CD90 and CD105. In contrast, little expression of the
hematopoietic and endothelial markers, including CD31,
CD34, and CD45, was observed (Figure 1(a)).
3.2. Cytoprotective Effects of Curcumin Pretreatment on
ADSCs. The effects of pretreatment with curcumin on the
viability, cytotoxicity, and injury of ADSCs were evaluated.
The trypan blue measurement showed better survival of

3.4. Injection of Curcumin Pretreated ADSCs Improves Cardiac
Function. Cardiac function was assessed by echocardiogram
at baseline and day 28 after transplantation. We observed a
significant decrease in the EF and FS at day 28 after transplantation, which demonstrated that the rats MI model was performed successfully. EF and FS were significantly increased in
transplantation of ADSCs and Cur-ADSCs groups compared
with PBS group. Moreover, the best EF and FS were obtained
for hearts with transplanted Cur-ADSCs (Figures 4(a) and
4(b); 𝑃 < 0.05). Additionally, ESVs were markedly reduced in
ADSCs and Cur-ADSCs groups compared to the PBS group
(Figure 4(c); 𝑃 < 0.05). However, the LV EDVs showed
no significant difference among the 3 groups (Figure 4(d);
𝑃 < 0.05). These results unambiguously demonstrated that
curcumin pretreated ADSCs transplantation had a beneficial
effect on cardiac function in MI hearts.
3.5. Curcumin Pretreatment Facilitates the Survival and Retention of Transplanted ADSCs. The survival and retention of
ADSCs were confirmed by calculating the ratio of Dil+ /DAPI
at 1 week after injection. The Dil+ cells could be noticed in
the Cur-ADSCs group (Figure 5(a)). The ratio of Dil+ /DAPI
in Cur-ADSCs group significantly increased compared to that
in the ADSCs alone group (24.3 ± 3.5% versus 13.6 ± 2.7%;
𝑃 < 0.05). The result showed that curcumin could markedly
facilitate the retention and survival of transplanted cells in
infarct myocardium.
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Figure 2: Effects of curcumin pretreatment on PTEN/Akt/p53 and HO-1 signaling proteins expression. (a) Representative Western blots of
PTEN, p-Akt, Akt, p53, HO-1, cleave-caspase-3, caspase-3, and 𝛽-actin. ((b)–(f)) Quantitative analysis of PTEN, p-Akt, Akt, p53, HO-1, and
cleave-caspase-3. The results showed that curcumin pretreatment significantly increased the expression of p-Akt and HO-1 and reduced the
PTEN, p53, and cleave-caspase-3 expression (𝑃 < 0.05). ∗ 𝑃 < 0.05.

3.6. Curcumin Pretreated ADSCs Implantation Reduces
Fibrotic Area. 7 days after transplantation, a significant
decrease in left ventricle infarct area was observed in
ADSCs group compared with the PBS treated control group
(28.3 ± 1.8% versus 39.2 ± 2.3%, 𝑃 < 0.05) (Figure 5(b)).
Furthermore, infarct size was notably smaller in Cur-ADSCs
group compared to that in the PBS group (19.8 ± 2.0% versus
39.2 ± 2.3%, 𝑃 < 0.05) (Figure 5(b)). These results revealed
that curcumin pretreatment has the protective effects on
myocardial remodeling.
3.7. Curcumin Pretreated ADSCs Significantly Inhibit Myocardial Apoptosis. The incidence of apoptotic cells in the periinfarct area of PBS treated rats was 182.3 ± 24.1/mm2 , which

was significantly decreased to 135.2 ± 17.6/mm2 in ADSCs
group (Figure 5(c); 𝑃 < 0.05). Rats implanted with CurADSCs exhibited even further reduction in the percentage
of TUNEL positive cells (91.2 ± 15.1/mm2 ; 𝑃 < 0.05)
(Figure 5(c)).
3.8. Curcumin Pretreatment Increases Angiogenesis and VEGF
Expression Level in Postischemic Myocardium. Immunohistochemical tissue sections showed that implantation of ADSCs
significantly enhanced vascular density when compared to
PBS treated group (𝑃 < 0.05, Figure 6(a)). The microvessel
density of Cur-ADSCs treated hearts was further improved
compared to that of rats receiving ADSCs injection (𝑃 <
0.05, Figure 6(a)). The quantitative results suggested that
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A significant production of VEGF from ADSCs pretreated by
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control (𝑃 < 0.05). ∗ 𝑃 < 0.05 versus ADSCs.

curcumin pretreatment could enhance the neovascularization in response to ADSCs transplantation.
Western blotting revealed that a significant upregulation
in VEGF level was observed in ADSCs group and CurADSCs group compared to that in PBS group (𝑃 < 0.05,
Figure 6(b)). Notably, highest rise was seen in Cur-ADSCs
group (𝑃 < 0.05, Figure 6(b)). The results indicated that
curcumin pretreatment enhances angiogenesis in ischemic
myocardium which is related to VEGF signal.

4. Discussion
The present study demonstrated the major findings were
as follows. (1) Curcumin pretreatment markedly enhanced
ADSCs antiapoptotic ability and preserved their viability
in vitro, in part, by inhibition of PTEN, p53 and, caspase3 signaling proteins and activation of Akt and HO-1 signaling proteins, which possessed proapoptosis and prosurvival function, respectively. (2) Curcumin pretreatment
augmented ADSCs production of VEGF, which contributed
to neovessels formation and improving cells survival. (3) Curcumin pretreatment improved cardiac function, enhanced
cells engraftment, reduced infarct size, and promoted neovascularization in peri-infarct area.
One of the major challenges in cells transplantation
therapy is the problem of poor survival in the harsh
microenvironment of the ischemic myocardium. One mechanism which may be responsible for massive loss of donor
ADSCs is the serious oxidative stress conditions in ischemic
milieu. In view of the fact that ROS had been reported to
adversely influence stem cell functional properties and result
in detachment-induced apoptosis [28, 29], it is imperative to

attenuate the extent of injected cells apoptosis in infarcted
heart. Pretreatment is a promising protective approach with
stem cell engraftment [11]. In this study, we utilized H2 O2
to mimic ROS microenvironment and found that ADSCs
can be pretreated by curcumin to reduce their apoptosis and enhance viability in vitro. Previous study showed
that curcumin can attenuate H2 O2 -induced endothelial cell
oxidative stress injury. It is also reported that curcumin can
protect myocardium from reperfusion injury by attenuation
of oxidant stress and mitochondrial dysfunction [20]. Thus,
cellular oxidative stress, which can influence ADSCs survival
and viability, could be ameliorated in part by curcumin.
The PTEN/Akt pathway had been proven to play a pivotal
role in regulating cell apoptosis and angiogenesis [30, 31].
It is widely known that PTEN remains the major negative
regulator of Akt signaling [32]. Recent studies had reported
that phosphoinositide 3-kinase [PI3K]/Akt and HO-1 are
associated with the regulation of stem cell fate [21, 33].
For example, the PI3K/Akt pathway has been shown to be
involved in maintaining embryonic stem cell (ESC) pluripotency [34]. Additionally, p53 is implicated in protecting cells
from oxidative stress insult [35]. Particularly, curcumin was
reported to modulate PTEN/AKT/p53 axis to exhibit its
protective effects in MCF-7 breast cancer cells [36]. And
curcumin was also found to increase HO-1 expression of
rat bone marrow-MSCs [21]. In the present study, our data
demonstrated that the cytoprotective effects of curcumin pretreatment were dependent on part phosphorylation of Akt,
increasing expression of HO-1, inhibition of PTEN, p53, and
caspase-3 expression. Moreover, the variation tendency of
caspase-3, as a downstream proapoptotic protein, is opposite
to that of Akt and HO-1. These results lay the foundation
for enhancement of cells retention and survival, which is
confirmed in vivo experiment.
Another major effect of our experiments in vitro was
that curcumin pretreatment can significantly promote VEGF
secretion in ADSCs. In parallel to the improved paracrine
result, the data in vivo showed that capillary densities were
markedly enhanced in the curcumin pretreated cell group.
It is well-known that VEGF, as a potent angiogenic factor,
plays an important role in regulation of angiogenesis and
that it also is implicated in the initiation of new blood
vessel formation [37]. In addition, our data suggested that
curcumin pretreated cell transplantation obviously decreased
the myocardial apoptosis. That is similar to the report that
VEGF can inhibit various cellular apoptosis and improve
their survival [38]. We also found that ADSCs pretreated
with curcumin significantly improved cardiac function and
decreased myocardial fibrosis in the infarct heart. Similarly,
VEGF was reported to exert a significantly negative effect
on ischemic cardiac remodeling [39]. Thus, it is possible
that curcumin pretreatment may play an important part
in apoptotic ADSCs and ischemic myocardium through
antioxidant activity and paracrine antiapoptotic cytokine,
VEGF.
In this study, ADSC therapy led to an increase in LV
function and a reduction in end-systolic volume but did not
significantly affect end-diastolic volume, suggesting that the
primary mechanism of effect with ADSC delivery may be at
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Figure 4: Echocardiographic assessment of cardiac function. ((a)-(b)) EF and FS were highest in the Cur-ADSCs group compared with
PBS control and ADSCs groups (𝑃 < 0.05). (c) ESV was significantly improved in the Cur-ADSCs group compared with PBS control and
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the level of acute injury and improved contractility, versus
chronic LV remodeling. Since more precise assessments of
chronic remodeling were not performed, including cardiac
and cardiomyocyte hypertrophy and remote region fibrosis, it
is difficult to assess whether ADSC therapy directly impacted
remodeling. The reduction in infarct size at 7d after transplant
may be associated with an early reduction in scar expansion
and/or secondary cell death.

5. Conclusion
The present study demonstrated that curcumin effectively
protects the ADSCs from oxidative stress via regulation of
PTEN/Akt/p53 and HO-1 signal proteins and promotes the
VEGF release from ADSCs, which facilitated enhancement
of cardiac function, improvement of cells retention, modification of the ischemic microenvironment, and decrease of
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fibrosis in MI hearts. Autologous ADSCs therapy adjuvant
with curcumin pretreatment is a promising therapeutic strategy for myocardial restoration.
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The potentialities to apply mesenchymal stem cells (MSCs) in regenerative medicine have been extensively studied over the last
decades. In the cardiovascular disease (CVD) field, MSCs-based therapy is the subject of great expectations. Its therapeutic potential
has been already shown in several preclinical models and both the safety and efficacy of MSCs-based therapy are being evaluated
in humans. It is now clear that the predominant mechanism by which MSCs participate in heart tissue repair is through a paracrine
activity. Via the production of a multitude of trophic factors endowed with different properties, MSCs can reduce tissue injury,
protect tissue from further adverse effects, and enhance tissue repair. The present review discusses the current understanding of the
MSCs secretome as a therapy for treatment of CVD. We provide insights into the possible employment of the MSCs secretome and
their released extracellular vesicles as novel approaches for cardiac regeneration that would have certain advantages over injection
of living cells.

1. Introduction
Cardiovascular diseases (CVD), which are the leading cause
of morbidity and mortality worldwide, account for approximately 30% of all deaths, with nearly half resulting from
myocardial infarction (MI) [1]. Unlike some other organs,
the heart has a limited ability to regenerate, and dysfunction
resulting from significant cardiomyocyte loss under pathophysiological conditions, such as MI, can lead to heart failure
(HF). Unfortunately, even with the advance in pharmacological therapies and improvements in mechanical support
devices, for patients with end-stage HF, heart transplantation
remains the main alternative, but the limited availability of
donor organs renders it insufficient.
Adult mesenchymal stem or stromal cells (MSCs) are
nonhematopoietic cells capable of self-renewal and multilineage differentiation into various tissues of mesodermal
origin. They could reside in virtually all postnatal organs
and vascularized tissues [2], but they are mainly found in
bone marrow (BM-MSCs), where they constitute 0.001%–
0.01% of the bone marrow cells. Upon isolation, MSCs are a
heterogeneous cell population characterized by their capacity
to adhere to plastic, develop as fibroblast colony-formingunits, and differentiate into three cell lineages: osteocytes,

chondrocytes, and adipocytes. After in vitro culture expansion, they are positive for the cell surface markers CD73,
CD90, and CD105 and negative for CD11b, CD14, CD34,
CD45, and human leukocyte antigen- (HLA-) DR [3]. Due
to their multipotency and paracrine effect, MSCs are ideal
candidates for regenerative medicine and immunotherapy
[4].
In the present review we will discuss the literature regarding application of MSCs for cardiac regeneration, presenting
a concise summary about cell-based therapy followed by a
deeper analysis of MSCs paracrine effects via secreted factors
and extracellular vesicle release.

2. Mesenchymal Stem Cells Participate in
Cardiac Repair via Different Mechanisms
Cell-based cardiac repair offers the promise of rebuilding
the injured heart [5]. Mobilization of cells with endogenous
cardiac regenerative potentials, as occurs after injury to other
organs like skeletal muscle and liver, would represent the
ideal strategy to restore cardiac function after MI. Indeed,
there is emerging evidence for a certain level of cardiomyocyte turnover in the mammalian heart. Several types of
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cardiac resident stem cells (CSCs) and cardiac progenitor
cells (CPCs) were isolated and identified in the adult heart,
including c-Kit+ and Sca1+ cells [6]. In general, it has been
proposed that CSCs can differentiate into the three major
heart lineages: myocardial, smooth muscle, and epithelial
cells [7]. The search for CPCs and CSCs that can readily
differentiate within damaged tissue and differentiate into
functioning cardiomyocytes continues with success [8].
Meanwhile, regenerative therapy using bone marrowderived mononuclear cells (BM-MNCs) and MSCs has
shown considerable promise. Between 2002 and 2005 the
first stem-cell-based clinical trials for MI initiated using
unfractionated and highly heterogeneous adult BM-MNCs.
Despite initial positive results indicating safety of BMMNCs transplantation and some beneficial effects on heart
function, subsequent overall analysis of these first-generation
trials revealed several inconsistencies possibly due to the
differences in trial design, outcome evaluation, and cell
isolation, thereby preventing general conclusions [9] and
sending researchers back to the bench to elucidate strategies
to overcome these limitations [10]. Recent clinical trials have
utilized more homogenous BM-MSCs populations that were
isolated and expanded in culture. Among them, the first
clinical trial for acute MI using human adult MSCs (hMSCs)
was a randomized, double-blind, placebo-controlled, doseescalation study of intravenous cell injection that provided
pivotal safety and provisional efficacy data [11].
In order to contribute to cardiovascular repair, in vitro
expanded MSCs can act through different mechanisms.
MSCs can transdifferentiate into cardiomyocytes, as seen
in a study employing female pigs which underwent experimental acute MI and 3 days later received transendocardial
injections of allogeneic male bone marrow-derived MSCs;
cell engraftment and differentiation into cardiomyocytes
and vascular structures were documented [12]. However,
another work showed that there was no evident engraftment
of hMSCs in murine infarcted hearts few weeks after MI
[13]. Accordingly, only about 2% of the administered MSCs
remained localized in the normal pig heart 2 weeks after
coronary infusion and no evidence was obtained indicating
MSC differentiation to cardiomyocytes [14]. In conclusion,
MSCs transdifferentiation into contractile cardiomyocytes
seems to be inefficient [15] and to occur only in the presence
of native cardiomyocytes [16–18].
Another possible mechanism is fusion of MSCs with
native cells, even though this phenomenon was very infrequently observed, ruling out any substantial involvement in
MSCs-mediated cardiomyocyte regeneration [16, 19].
MSCs-induced stimulation of endogenous CSCs
via direct cell-cell interaction [16] and MSCs-dependent
paracrine signaling [17, 20] remain two other possible cardiac
regeneration mechanisms. There is still significant debate
about whether MSCs need to engraft at the target site of
injury or can exert their effects systemically. Cell engraftment
might increase the potential for cell-cell contact besides
increasing the release of immunomodulatory and trophic
factors in situ. However, the ischemic microenvironment is
characterized by oxidative stress and inflammation, hostile
conditions that pose a serious problem for MSCs survival.
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Experiments in small animals have shown that MSCs do
not persist well inside the graft environment and if there is
or no incorporation into the host tissue, most of the cells
are lost within a month [18]. Failure of MSCs attachment
in the ischemic microenvironment might be exacerbated
by reactive oxygen species- (ROS-) dependent inhibition of
cell adhesion to the extracellular matrix (ECM) components
[21], an event that could hinder the physical interaction of
MSCs with endogenous CSCs.
Thus, a more likely explanation for MSCs-mediated
cardiovascular repair is via exocytosis of a complex secretome
made up of growth factors, cytokines, and other signaling
molecules in the form of both released factors and extracellular vesicles [22], which may generate a microenvironment
suitable to support regenerative processes, induce angiogenesis, and protect against further tissue death [23].
The proposal that the paracrine activity of MSCs would
be central for their therapeutic efficacy is supported by recent
preclinical studies demonstrating improved cardiac function
upon infusion of cytokines or conditioned medium (CM)
in the absence of cell transplantation. Figure 1 summarizes
some of the most characterized aspects of cardioprotection
in which MSCs secretome has been involved, and they will
be extended in the following section.

3. Secretome-Based Therapeutic
Efficacy of Mesenchymal Stem Cells for
Cardiovascular Disease
3.1. Released Factors: Cytokines and Growth Factors
3.1.1. Cardiac Tissue Preservation and Remodelling. The first
studies implying paracrine activity of MSCs as central to their
cardiac therapeutic efficacy date back almost ten years ago
and evidenced trophic, prosurvival, and antiapoptotic effects
(Figure 1).
Among other studies, Takahashi and colleagues assessed
that MSCs-derived cytokines were able to preserve myocardial contractile capacity, inhibit apoptosis of cardiomyocytes,
and allow the formation of new vessels in damaged tissues
[24]. Gnecchi et al. demonstrated that MSCs overexpressing
Akt gene (Akt-MSCs) exposed to hypoxia produced a CM
that was able to prevent death of isolated adult rat ventricular myocytes, as documented by reduced morphologic
evidence of necrosis or apoptosis and attenuated release of
Caspase 3. Moreover, the same CM significantly reduced
infarct size in a rodent infarct model [25]. In the specific
context of MI, Iso et al. [13] compared the gene expression
profiles of cultured hMSCs with those of freshly isolated
CD133+ bone marrow stem cells recently being evaluated
as a candidate cell population for treating MI in patients
[26]. To clarify the implications of the array data, authors
ran ELISAs for several protective secreted factors on serumfree CM from the hMSCs donor used to treat the infarcted
mice [13]. Results showed that cultured hMSCs expressed
mRNAs for antiapoptotic and matrix-mediating factors, the
majority of them expressed to a greater extent in hMSCs
than in freshly isolated CD133+ cells [13]. In particular,
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Figure 1: The broad repertoire of MSCs secretome has considerable potential for the treatment of CVD. In the context of myocardial protection,
potential therapeutic mechanisms established by MSCs secretome include tissue preservation, angiogenesis, beneficial cardiac remodeling,
anti-inflammatory responses, and finally promotion of endogenous regeneration of the heart. CPCs: cardiac progenitor cells; CSCs: cardiac
stem cells; ECs: endothelial cells; ECM: extracellular matrix.

expression of IL-6 and LIF family members was 40–200-fold
higher. Several mRNAs for matrix-mediating factors, such
as matrix metalloproteinase- (MMP-) 2 and inhibitors such
as (TIMP)-1,2 and matricellular proteins (Thrombospondin1 and Tenascin C), were also highly expressed in hMSCs [15].
Overall, the results of microarray analyses demonstrated that
cultured hMSCs expressed mRNAs for a variety of secreted
factors that may be cardioprotective and separative [13].
Follow-up functional genomics studies then revealed that
Secreted Frizzled Related Protein 2 (Sfrp2), a member of
the Wnt signaling pathway, was significantly upregulated in
Akt-MSCs-CM compared to control MSCs and its attenuation by siRNA silencing abrogated Akt-MSCs-mediated
cytoprotective effects [27]. Further studies indicated that a
novel secreted protein, hypoxic induced Akt regulated stem
cell factor (HASF), upregulated in Akt-MSCs subjected to
normoxia or hypoxia, may mediate survival effects in isolated
hypoxic cardiomyocytes via PKC-𝜀 signaling by blocking
activation of mitochondrial death channels [28].
In another study it was shown that ablation of TNF receptor 1 (TNFR1) but not TNFR2 in mouse MSCs enhanced protection following their infusion in the injured myocardium
and correlated with reduced levels of ventricular TNF-𝛼.
Based on this evidence it was postulated that MSCs paracrine
effects and associated cardioprotection are likely mediated
by TNFR2 [29]. Furthermore, using a swine model of acute
MI, Nguyen et al. have shown that intracoronary injection
of concentrated MSCs-derived growth factors significantly
reduced cardiac troponin-T elevation and improved echocardiographic parameters [30].

overexpression increased both MSCs survival and their
angiogenic potential in the injured myocardium [55]. In
particular, rat BM-MSCs (rMSCs) transduced with GATA4 demonstrated increased secretion of proangiogenic factors
and, when transplanted in infarcted rat hearts, these cells
were able to increase blood vessel formation and decrease
infarct size [55]. Furthermore, murine BM-MSCs infected
with the proangiogenic miR-126 showed enhanced expression of the notch ligand delta-like (Dll)-4, with subsequent increased secretion of angiogenic factors and higher
resistance to hypoxia. When these cells were injected in
a murine MI model they displayed increased survival in
the injured tissue, thereby improving cardiac function and
microvessel density [56]. Finally, Timmers et al. collected
hMSCs secretions using a clinically compliant protocol and
intravenous treatment with this CM of a swine model of MI
was found to increase capillary density and preserve cardiac
function, probably by increasing myocardial perfusion [57].
When authors began to evaluate the gene expression profiles
for proteins produced by cultured hMSCs and implicated as
potential angiogenic/arteriogenic factors, secreted cysteinerich protein 61 (Cyr61) was found to be a key molecule for the
observed effects according to immunodepletion experiments
[35]. This protein was also abundantly expressed in the
cellular proteome of murine MSCs as shown by Liquid
Chromatography Mass Spectrometry (LC-MS)/MS, western
blot, and immunofluorescence [35]. These findings suggest
that Cyr 61 has a key role and contribution in promoting
angiogenesis, during regeneration and repair of injured tissues [35].

3.1.2. Angiogenesis. Transplanted MSCs can release soluble
factors contributing to neoangiogenesis inside the heart
(Figure 1). Accordingly, Li et al. demonstrated that GATA-4

3.1.3. Immunomodulation. The functional ability of MSCs
to modulate the immune system seems to play a role in
almost all the effects attributed to these cells via three major
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mechanisms: cell-to-cell contact, production of inhibitory
molecules, and induction of regulatory T-cells [58]. MSCs
have been shown to suppress inflammatory reactions in a
variety of different disease states or damaged tissues [17,
59–61] and, interestingly, the proposed mechanisms seem
to be specific for the cause of inflammation. In the case
of a mouse model of induced asthma, for example, MSCs
suppressed Th2-mediated inflammation in a manner that
involved TGF-beta secretion and the activation of IL-4- and
IL-13-induced STAT6 pathway [59], while in the environment
set by interstitial lung disease, inflammation was suppressed
by MSCs through mechanisms involving TNF-alpha and
IL1R [60].
In a mouse model of acute MI inflammation was suppressed through MSCs-dependent production of the antiinflammatory factor TNF-𝛼-induced protein 6 (TNAIP6 or
TSG-6); in particular, this molecule was associated with suppression of the excessive inflammatory response consequent
to permanent ligation of the anterior descending coronary
artery (LAD), decrease of the proteolytic damage to the heart
and the subsequent fibrotic scarring, and increase in cardiac
function [17].
3.1.4. Cardiac Endogenous Regeneration. Another recognized
effect of MSCs secretome is the promotion of a regenerative
microenvironment inside the injured tissue (Figure 1), with
direct evidence from studies on MSCs-CM [26, 35, 58]. To
date, several disease models have been used, among them
chronic kidney disease [61], lung [62], and liver injury [63],
demonstrating that MSCs-CM alone is sufficient to mediate
long lasting therapeutic effects.
In the CVD concern, there is strong evidence that MSCs
secrete trophic factors that induce in vitro proliferation of
endogenous CPCs. For example, Nakanishi et al. highlighted
that rMSCs-CM promoted proliferation and migration of
isolated CPCs and prevented their apoptosis when subjected
to hypoxia and serum starvation. Furthermore, conditioned
CPCs also showed upregulated expression of cardiomyocyterelated genes such as beta-myosin heavy chain (beta-MHC)
and atrial natriuretic peptide (ANP) [64]. Another study
using a hamster model of HF demonstrated a novel noninvasive therapeutic regimen via the direct delivery of MSCs
into the skeletal muscle bed [40]. Intramuscularly injected
MSCs or CM significantly improved ventricular function
1 month after their administration; myocyte regeneration
was evidenced by an approximately twofold increase in
the expression of cell cycle markers (Ki67 and phosphohistone H3) and an approximately 13% reduction in mean
myocyte diameter. Finally, increased circulating levels of
hepatocyte growth factor (HGF), leukemia inhibitory factor
(LIF), and macrophage colony-stimulating factor (M-CSF)
were associated with the mobilization of c-Kit+ , CD31+ ,
and CD133+ progenitor cells and a subsequent increase
in myocardial c-Kit+ cells [40]. In addition, MSCs secrete
mobilizing factors such as HGF, LIF, SDF-1, SCF, and VECadherin and, thus, the transplanted MSCs secretome could
also be beneficial for mobilization and homing of host MSCs
[40].
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3.2. Extracellular Vesicles. Extracellular vesicles (EVs) is a
term recently proposed by György et al. [65] to describe
membrane-limited cellular components, discernible by their
size and composition and released by several cell types.
Current research has focused principally on microvesicles
(MVs) and exosomes, although other vesicular structures
can be secreted, among them microparticles and apoptotic
bodies [65]. MVs, initially described in blood [66], have a size
between 100 nm and 1 𝜇m and derive from the detachment
of cytoplasmic protrusions with a process that depends on
the increase of intracellular calcium concentration and subsequent enzyme activation (e.g., calpain) and cytoskeleton reorganization. MVs expose high amounts of phosphatidylserine
and specific protein markers, such as integrins, selectins, or
CD40 ligand [67]. On the other hand, exosomes have a size
ranging between 30 and 100 nm and originate upon fusion of
multivesicular endosomes with the plasma membrane. These
vesicles are released by exocytosis [68] by most cell types
including immune cells [69, 70], cancer cells [71], and MSCs
[72]. Their membranes may expose unique proteins that
reflect their cellular source, besides being rich in tetraspanins
(CD9, CD63, and CD81) and heat-shock proteins. Notably,
exosomes can contain numerous proteins and lipids as well
as messenger RNA (mRNA) and microRNAs (miRNAs)
responsible for intercellular signaling.
A recent systematic review on animal studies of various
kinds of injury highlighted that MSC-derived MVs are
strongly associated with improved organ function [73]. Initial
demonstrations came from models of renal disease, where
MVs were shown to protect the kidney from toxic injury
by producing factors that limited apoptosis and enhanced
proliferation of endogenous tubular cells [74]. In the context
of CVD, recent studies suggest that the therapeutic effect of
MSCs-derived paracrine action is in large part due to secreted
EVs [75] and exosomes seem to be principally involved in
these effects, as reported by the majority of the literature
data in this concern. In particular, in 2007 Timmers et al.
highlighted that the CM of human embryonic stem cellderived MSCs injected in a porcine model of myocardial I/R
was able to limit infarct size and improve systolic function via
probable reduction of TGF-𝛽 signaling and apoptosis [76].
Further fractionation analyses then revealed that marked
cardioprotection was mediated by CM components with a
size between 100 and 220 nm [76]. Subsequent works from the
same group showed that highly purified exosomes isolated
from CM of the same MSCs had a hydrodynamic radius
of 55–65 nm and induced significant cardioprotection when
injected in a murine MI model [77]. Notably, this effect was
mediated by intact but not lysed exosomes, with specific
increase of ATP levels, Akt and GSK-3𝛽 phosphorylation and
reduction of oxidative stress, phosphorylation of c-Jun, and
inflammatory response in the reperfused myocardium [51].
Besides promising results, however these works do not
underline the precise effectors that mediate protection in
the heart. In this concern, it has been shown that exosomes
can also deliver nucleic acids, like microRNAs (miRNAs). A
recent study showed that preconditioned murine BM-MSCs
released exosomes enriched with miR-22. These vesicles
were highly internalized by cocultured cardiomyocytes and
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prevented their apoptosis via interaction of miR-22 with
methyl CpG binding protein 2 (Mecp2). Finally, delivery of
these enriched exosomes into mice subjected to MI led to
marked reduction of fibrosis [46]. Furthermore, exosomes
derived by rMSCs transduced with GATA-4 contained high
levels of several miRNAs, among them miR-221 and miR19a; interestingly, these EVs were able to reduce apoptosis of
ischemic cardiomyocytes via miR-221-dependent inhibition
of p53-upregulated modulator of apoptosis (PUMA), a subclass of the Bcl-2 protein family [53], but also via miR-19aassociated inhibition of PTEN that resulted in activation of
Akt and ERK pathways [45].
Altogether, these data support the assumption that MSCdependent paracrine function inside the heart might be due
not only to freely released soluble factors, but also to secreted
exosomes that can deliver a large amount of peptides or other
molecules protecting them from eventual degradation and
facilitating their uptake inside cells. According to previous
findings correlating exosome internalization with microenvironmental/intracellular acidity [78], it was proposed that
a mechanism of MSC-derived exosome delivery might be
favoured by low pH typical of ischemic cardiomyocytes
[72]. Furthermore, several authors suggested that MSCsexosomes therapy could be more attractive than direct cell
transplantation to treat CVDs, due to avoided surgeryassociated injury or risk of cell differentiation into other cell
types, such as osteoblast or adipocytes or even tumor-like
cells. However, further studies will be needed to elucidate
the specific signaling molecules delivered by exosomes that
subsequently elicit protective mechanisms in the injured
myocardium [28, 72].

4. Secretome Proteomic Profiling
4.1. Released Factors. Due to these encouraging preclinical
results, the MSCs-CM has become a subject of intensive
proteomic profiling, in order to identify the released factors
that might be applicable in regenerative medicine. Analysis of
MSCs secretome was recently enabled mainly for the extensive development in protein separation techniques, mass
spectrometry, immunological methods, and bioinformatics
[79]. The in vivo secretome profiling, relying on the analysis of
body fluids or the interstitial solution that directly surrounds
the cells, would seem to most accurately reflect cell secretions in their native microenvironment. In such an in vivo
approach, capillary microdialysis devices or ultrafiltration
probes can be used to collect body fluids [80]. Unfortunately,
MSCs represent only a small subpopulation among the
various cell types within the tissue; thus the analysis of their
secretome inside body fluids or tissue explants is extremely
difficult. Hence, studies of MSCs secretions are currently
performed under in vitro conditions via collection of media
conditioned by cells mostly for 12–48 h of culture [79].
Since 2003, when the first proteomic analysis of human
BM-MSCs secretory counterpart was undertaken [81],
more than 30 additional studies have been published,
showing the growing interest in the MSCs secretome. These
studies have identified numerous candidate modulators
for paracrine effects and cell-mediated/inflammatory
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suppression (Table 1). Sarojini et al. published a study in
which secretome derived from mouse stem cell cultures
stimulated chemotaxis of human fibroblasts [34]. 19 secreted
proteins, including ECM structural proteins, collagen
processing enzymes, pigment epithelium-derived factor
(PEDF), and cystatin C, were identified. Interestingly,
PEDF was recognized as one of the most abundant
proteins in the CM; immunodepletion and reconstitution
experiments further revealed that this protein was the
predominant chemoattractant for fibroblasts [34]. Many
studies identified secretion of proangiogenic factors,
including Adrenomedullin [13], Cyr61 [35], and IL-1 [39],
and LV remodelling attenuation was observed through
secretion of factors promoting either vasculogenesis [31, 82]
or endothelial tube formation [33]. Other MSCs secreted
factors promoted mobilization of cardiac stem/progenitor
cells [13, 38] or BM-derived progenitor cells [32, 40];
specifically, Secreted Frizzled Related Protein (SFRP
2) promoted MSC self-renewal and survival [41, 42].
Cardiomyocytes survival improvement was mediated by
at least four different secreted factors [13, 36, 37]. Finally,
anti-inflammatory factors like soluble TNFR1 [43] and
TSG-6 [17] were identified (Table 1).
4.2. Extracellular Vesicles. Isolation of EVs relies on their
purification from supernatants of cells grown in absence of
serum [83] through ultracentrifugation [84], ultrafiltration
[85], or immunoprecipitation technologies using antibody
loaded magnetic cell beads [86]. To date, several thousand
proteins and RNAs have been described in EVs purified from
various cell types or biological fluids (see Table 1 for a selection of such molecules specifically engaged in cardiovascular
repair). These studies allowed the identification of a common
set of components, mainly associated with the biogenesis or
structure of vesicles or proteins specific for the cell origin or
physiopathological status (for review, see [87]).
EVs from MSCs specifically express CD13, CD29, CD44,
CD73, and CD105 [50, 88, 89] and other surface molecules
that are characteristic of the tissue origin [90]. MSCs-EVs
also contain nucleic acids, both mRNA and noncoding
RNA. The mRNAs present in EVs are representative of the
multiple differentiation and functional properties of MSCs,
including transcripts related to several different cell functions
such as the control of transcription, cell proliferation, and
immune regulation [74, 90]. Among the noncoding RNAs
contained in released MSCs-EVs there are selected patterns
of miRNAs [91, 92], small noncoding RNAs that regulate
gene expression posttranscriptionally by targeting specific
mRNAs. Interestingly, these miRNAs could be subsequently
transferred to target cells [91, 93] and were functionally
active, as evidenced from their ability to downregulate
proteins targeted by selected transferred miRNAs [91, 93–
95]. Gene ontology analysis of the molecules targeted by
the highly expressed miRNAs in MSCs-derived EVs revealed
genes involved in multiorgan development, cell survival, and
differentiation [91].
More recently, Lai et al. [47] focused on the proteome of exosomes to identify candidate proteins or protein
complexes that could drive their therapeutic efficacy in
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Table 1: Summary of molecules released by MSCs, via either direct secretion or exosomes and microvesicles, and their diverse beneficial
effects in cardiovascular repair. The table includes relevant studies demonstrating specific molecule expression/secretion by MSCs and their
respective effects.
Way of secretion Molecule
Adrenomedullin
Angiogenin
Basic fibroblast growth factor (bFGF, FGF-2)
CXCL12
Cystatin C
Cysteine-rich angiogenic inducer (Cyr61)
Dickkopf-related proteins (Dkk)
ECM structural proteins
Hepatocyte growth factor (HGF)
Hypoxic induced Akt regulated stem cell factor
(HASF)
Direct secretion

Insulin-like growth factor (IGF)
Interleukin-1 (IL-1)
Interleukin-6 (IL-6)
Leukemia inhibitory factor (LIF)
Pigment epithelium-derived factor (PEDF)
Placental growth factor (PLGF)
Secreted Frizzled Related Protein (SFRP 2)
Soluble TNFR1 (sTNFR1)
Stem cell-derived factor (SDF-1)
TNF-𝛼 stimulated gene-6 (TSG-6)
Vascular endothelial growth factor (VEGF)
miR-19a
miR22
20S proteasome subunits (PMSA 1-7)

Exosomes

Unknown
Unknown
Unknown
Unknown
Unknown

Microvesicles

miR221
Unknown

ameliorating myocardial I/R injury in a mouse model of
MI. Clustering of these proteins according to their functions
had suggested that MSCs exosomes have the potential to
drive many biological processes, an observation consistent
with the reported efficacy of MSCs in treating a myriad
of diseases encompassing as cardiovascular (e.g., acute
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cellular processes such as communication, structure and
mechanics, inflammation, exosome biogenesis, tissue repair,
and metabolism [96].
In some studies the specific exosome-contained molecules able to mediate the protective effects on myocardium were
identified: miR-19a promoted the cardioprotective Akt/ERK
signaling [45], miR22 reduced apoptosis and improved
ischemic injury [46], and 20S proteasome subunits exerted
cardioprotection through degradation of misfolded proteins
[47] (Table 1). In other cases, angiogenesis promotion [48–
50], oxidative stress inhibition [51], and hypoxic signal
pathway inhibition [52] were recognized as cardioprotective
functions contained in MSCs exosomes, yet the responsible
molecules have not been identified yet (Table 1).
Finally, MSCs microvesicles were found to improve cardiomyocytes survival through miR221 [53] and to increase
endothelial cell proliferation and blood flow recovery [54]
(Table 1).

5. Conclusions
Regenerative medicine is a subject of great expectations
and gives rise to enormous hopes for patients who display
severe forms of diseases without effective treatment. In the
CVD field, MSCs-based therapy might be an advantageous
alternative to current approaches and in the last decade, its
potential has been demonstrated in numerous preclinical
studies and it is being evaluated in clinics with promising
results. Interestingly, the potential of MSCs to contribute
to tissue repair has been found largely dependent on their
secretory capacity (Figure 1) rather than their differentiation
capacity. Thus far research has mostly focused on the secretion of cytokines and growth factors by MSCs. However,
recent data suggests that the therapeutic effect of MSCs
secretome can be partly due to secreted EVs, which can
mirror the phenotype of their parent cells.
Therefore, the employment of cell-derived secretome to
replace stem cells transplantation is of enormous interest.
While MSCs are considered relatively safe, the development
of therapeutic strategies that may avoid administration of
living stem cells will attenuate the safety concerns relative
to cell origin and immunocompatibility issues. A secretomebased approach should also minimise biological variability,
allow precise dosing, and thus lead to the development of safe
and effective therapeutic strategies with possibly predictable
outcomes. Another advantage is the possibility of avoiding
the lung barrier, one of the major obstacles for systemic
administration of MSCs. Finally, given that patients with
HF are at an increased surgical risk, the development of a
noninvasive therapeutic approach looks very appealing.
In this perspective, the possibility of harnessing the MSCs
secretome (both soluble factors and EVs) would have certain
advantages over administration of a single factor that cannot
mimic the actions of MSCs. Several questions have however
to be addressed before clinical use can be considered.
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