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ABSTRACT

Stem cell therapy has emerged as a new strategy for treatment of ischemic heart disease. Although
umbilical cord-derived mesenchymal stromal cells (UC-MSCs) have been used preferentially in the
acute ischemiamodel, data for the chronic ischemiamodel are lacking. In this study, we investigated
the effect of UC-MSCs originated fromWharton’s jelly in the treatment of chronic myocardial ische-
mia in a porcine model induced by ameroid constrictor. Four weeks after ameroid constrictor place-
ment, the surviving animalswere divided randomly into two groups to undergo saline injection (n = 6)
or UC-MSC transplantation (n = 6) through the left main coronary artery. Two additional intravenous
administrations of UC-MSCs were performed in the following 2weeks to enhance therapeutic effect.
Cardiac function and perfusion were examined just before and at 4 weeks after intracoronary trans-
plantation. The results showed that pigs with UC-MSC transplantation exhibited significantly greater
left ventricular ejection fraction comparedwith control animals (61.3%6 1.3%vs. 50.3%6 2.0%,p< .05).
The systolic thickening fraction in the infarcted left ventricular wall was also improved (41.2%6 3.3%
vs. 46.2%6 2.3%, p < .01). Additionally, the administration of UC-MSCs promoted collateral devel-
opment and myocardial perfusion. The indices of fibrosis and apoptosis were also significantly re-
duced. Immunofluorescence staining showed clusters of CM-DiI-labeled cells in the border zone,
some of which expressed von Willebrand factor. These results suggest that UC-MSC treatment im-
proves left ventricular function, perfusion, and remodeling inaporcinemodelwith chronicmyocardial
ischemia. STEM CELLS TRANSLATIONAL MEDICINE 2016;5:1004–1013

SIGNIFICANCE

Ischemic heart disease is the leading cause of death worldwide. Many patients with chronic myocar-
dial ischemia are not suitable for surgery and have no effective drug treatment; they are called “no-
option”patients. This study finds thatumbilical cord-derivedmesenchymal stromal cells transplanted
by intracoronary delivery combined with two intravenous administrations was safe and could signif-
icantly improve left ventricular function, perfusion, and remodeling in a large-animalmodelof chronic
myocardial ischemia, which provides a new choice for the no-option patients. In addition, this study
used clinical-grade mesenchymal stem cells with delivery and assessment methods commonly used
clinically to facilitate further clinical transformation.

INTRODUCTION

Despite the equipment and techniques that
have been developed for percutaneous coro-
nary intervention and coronary artery bypass
grafting, many patients with chronic ischemic
heart diseases (CHDs) cannot benefit from cardiac
intervention or surgical operation because of se-
vere or diffused occlusion of coronary arteries
[1]. In recent years, many experimental [2, 3] and
clinical findings [4] have suggested the therapeutic

potential of stem cell therapy in ischemic heart dis-
ease, which provides a new option for these pa-
tients. However, most of these studies focus on
acute ischemic heart disease. There are limited
data in stem cell treatment in CHDs.

Among the numerous cell types used in cell
therapy, mesenchymal stem cells (MSCs) is the
most hopeful candidate to be translated from
bench to bedside [5]. Although several preclini-
cal and clinical studies using bone marrow-
derived mesenchymal stem cells (BM-MSCs) have
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shown promising results [6, 7], some reports have suggested
that aging and disease reduce the quantity and quality of stem
cells [8, 9]. In addition, the invasive process of bone marrow
aspiration, the risk of viral contamination, and the limited
availability of bone marrow donors may also limit the applica-
tion of BM-MSCs transplantation [10]. At present, umbilical
cord-derivedmesenchymal stromal cells (UC-MSCs) drawmuch
attention because they can avoid these disadvantages of
BM-MSCs. Until now, many clinical studies used UC-MSCs to
treat graft-versus-host disease [11], cirrhosis [12], or diabetes
mellitus [13]. A recent clinical study usedUC-MSCs to treat acute
myocardial infarction (AMI) and demonstrated that intracoro-
nary delivery of UC-MSCs was safe and could significantly im-
prove myocardial viability and heart function [14]. However,
there are as yet no data about the effect of UC-MSCs on chronic
myocardial ischemia.

In this study, we investigated the possible therapeutic effect
of UC-MSCs originated from Wharton’s jelly in the treatment of
chronic myocardial ischemia in a porcine model. To facilitate
the therapeutic effect, we used a combined cell delivery method
by intracoronary administration combined with two intravenous
infusions.

MATERIALS AND METHODS

This studywas conducted according to theGuide for the Care and
Use of Laboratory Animals published by the National Institutes of
Health, and all experiments were performed in accordance with
the Helsinki Declaration. The animals were obtained from the In-
stitute of Zoology, ChineseAcademyof Sciences andwerehoused
at the Bei Jing Tong He Sheng Tai Institute of Comparative Med-
icine. The experimental protocol was approved by the Animal
Care and Use Committee of the Bei Jing Tong He Sheng Tai Insti-
tute of Comparative Medicine.

Study Design

The summary of the study design is shown in Figure 1A. A total of
15 female pigs, weighing between 30 and 35 kg, underwent
open-chest surgery, followed by placement of an ameroid con-
strictor to induce ischemia (day 0, Fig. 1A). Four weeks after sur-
gery, pigs were randomly assigned into two groups: a control
group and a cell transplantation group. All pigs underwent func-
tional measurements including electrocardiogram, echocardi-
ography, coronary angiography, and single photon emission
computed tomography (SPECT). UC-MSCs (cell transplantation
group, 30 3 106 in 15 ml of sterile saline) or saline (control
group, 15ml of sterile saline)were infused into the leftmain cor-
onary artery by coronary angiography. Later, at the fifth and
sixth week after surgery, UC-MSCs (cell transplantation group,
30 3 106 in 30 ml of sterile saline) or saline (control group,
30ml of sterile saline) were infused intravenously twice through
an ear vein catheter. Eight weeks after surgery, all pigs under-
went functional measurements again before being humanely
killed for histopathologic analyses of the hearts.

Chronic Ischemia Model

Pigswere preanesthetized by an intramuscular injection of ket-
amine (25 mg/kg) and diazepam (1 mg/kg) [15]. After endotra-
cheal intubation, inhalation anesthesia was maintained with
isoflurane (0%–5%) and oxygen. The endotracheal tube was

connected to a volume-controlled mechanical ventilator. The
pig underwent a left thoracotomy, and the pericardium was
dissected to expose the left circumflex coronary artery (LCX).
An ameroid constrictor (2.5 mm; Research Instruments NW,
Lebanon, OR, http://researchinstrumentsnw.com) was placed
around the proximal portion of the artery (Fig. 1B), the pericar-
dium was closed, and the thoracotomy was closed after the air
had been evacuated from the thoracic cavity. After surgery, the
animals were treated with 3.23 106 U benzylpenicillin sodium
by an intramuscular injection for 3 consecutive days.

Cell Preparation

Human umbilical cord was aseptically collected from cesarean
section following approval of the informed consent guidelines
by the Ethical Review Board of the Affiliated Hospital of Acad-
emy of Military Medical Sciences. Written informed consent
was obtained from the puerpera. UC-MSCs were prepared
and expanded as previously described [16]. The umbilical cord
Wharton’s jelly tissue was digested by hyaluronidase (Sigma-
Aldrich, St. Louis, MO, http://www.sigmaaldrich.com) and
Amnion/UC Collagenase (Sigma-Aldrich). Then the digestion
was centrifuged and washed with phosphate-buffered saline
(PBS). Finally, the cells were suspended in FasGrow medium
(Bai Le Tong, Beijing, People’s Republic of China) and were incu-
bated at 37°C in humidified 95% air and 5% CO2. Cells were sub-
cultured once they attained 80% confluence. UC-MSCs in
passage 5 were used for experiments.

To characterize UC-MSCs, the cultured cells were differenti-
ated along adipogenic, osteogenic, and chondrogenic lineages
as previously described [17] and analyzed by flow cytometry
for MSC markers [18]. For flow-cytometric analysis, the cells
were stained with antibodies against CD29, CD34, CD44,
CD45, CD73, CD90, CD105, HLA-ABC, and HLA-DR, which were
conjugated with fluorescein isothiocyanate, phycoerythrin,
and peridinin-chlorophyll-protein Complex (BD Biosciences,
San Jose, CA, http://www.bdbiosciences.com).

Before implantation into animal models, the UC-MSCs were la-
beledwith the cross-linkablemembrane dye CM-Dil (Thermo Fisher
Scientific Life Sciences, Waltham, MA, http://www.thermofisher.
com) according to the manufacturer’s protocol and finally filtered
with a 70-mm cell strainer.

Measurement of Cardiac Function by Echocardiography

To assess myocardial function, an echocardiogram was per-
formed theday beforeUC-MSC transplantation and4weeks after
transplantation (immediately before sacrifice) by using anM7 ul-
trasound system (Mindray Medical Systems, Shenzhen, People’s
Republic of China, http://www.mindray.com) equipped with
2.0–3.6 MHz phased array transducers [19]. Left ventricular
(LV) end systolic volume (ESV) and LV end diastolic volume
(EDV)were obtained by using the Simpson double-planemethod,
and ejection fraction (EF) was calculated as follows: EF (%) =
(EDV2 ESV)/EDV3 100. B-mode (two-dimensional) images were
acquired in the LV long-axis view at themiddle level of the papillary
muscle. LV end-diastolic diameter, LV end-systolic diameter, and
infarctwall thicknessweremeasuredfromB-modeimages.Electro-
cardiography was performed at the same time. R-R was measured
from the electrocardiogram. Heart rate (HR) was calculated as
follows: HR (bpm) = 60/(R-R interval).
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Perfusion Assessment With
99mTc-Methoxyisobutylisonitrile

Myocardial perfusion was evaluated by SPECT imaging immediately
before UC-MSC transplantation and 4 weeks after transplantation.
Rest-SPECTwasperformed60minutes after an intravenous injection
of all of the 555MBq 99mTc-Methoxyisobutylisonitrile (China Institute
of Atomic Energy, Beijing, People’s Republic of China, http://
www.ciae.ac.cn). Gated SPECT was performed with a double-
head g-camera (Symbia T2; Siemens Medical Solutions, Malvern,
PA, http://usa.healthcare.siemens.com). Semiquantitative visual
interpretationwas performedbyusing a 20-segmentmodel. Each
segment was scored using a 5-point scale as follows: 0 = normal,
1 = equivocal, 2 = moderate, 3 = severe reduction of radioisotope
uptake, and 4 = apparent absence of detectable tracer uptake in a
segment [20]. Thus, total scores of MIBI uptake were automatically
calculated on the rest images. A summed rest score (SRS) was
obtained by adding the scores of 20 segments of images. To assess
thechange inmyocardialperfusion,a summeddifferencescore (SDS)
wascalculatedbysubtractingpost-treatmentSRSfrompretreatment
SRS based on Quantitative Perfusion SPECT (QPS) software results.
The extent of myocardial perfusion abnormalities (percent) was
expressed relative to the LV based on polar maps.

Collateral Vessel Assessment With
Coronary Angiography

Selective coronary angiography was performed after administra-
tion of a 3,000-IU intravenous bolus of heparin. Coronary artery
stenosis was estimated visually by two independent observers
who were blinded to pig identity and clinical information. Collat-
eral vessels were graded according to the Rentrop classification:

0 = no filling of any collateral vessels, 1 = filling of side branches of
the artery to be perfused by collateral vessels without visualiza-
tion of the epicardial segment, 2 = partial filling of the epicardial
artery by collateral vessels, and 3 = complete filling of the epicar-
dial artery by collateral vessels [21].

Cell Implantation

Intracoronary Delivery

Four weeks after implanting the ameroid constrictor, pigs were
anesthetized, and the right femoral artery was cannulated under
fluoroscopic guidance. A 6F guiding catheter (Medtronic, Minne-
apolis, MN, http://www.medtronic.com) was used to engage the
ostiumof the left coronary artery. Either 303 106 humanUC-MSCs
in 15 ml of sterile saline or control solution without cells was in-
jected slowly into the coronary artery within 5 min.

Intravenous Infusion

At the fifth and sixth weeks, two additional intravenous adminis-
trations of UC-MSCs were performed. The UC-MSCs (303 106) in
30ml of normal saline were infused into an ear vein catheter at a
rate of 2–3 ml/minute. Pigs in the control group were injected
with 30 ml of saline at the same time point.

Myocardial Histopathological and Quantitative
Polymerase Chain Reaction Analysis

After excision of the heart, the LV was isolated and cut into eight
slices from the apex to the base [18]. The sliceswere embedded in
paraffin or optimal cutting temperature compound (OCT) for fur-
ther histopathological analysis, including hematoxylin and eosin,

Figure1. Studydesignandporcinemodel preparationof chronicmyocardial ischemia. (A):Studydesign. (B):Anameroid constrictorwasplaced
around the left circumflex artery (LCX) to create a porcine model of chronic myocardial ischemia. (C): Four weeks after the implantation of the
ameroid constrictor, left coronary angiography images showed complete occlusion of the LCX. Abbreviations: LAD, left anterior descending
artery; UC-MSCs, umbilical cord-derived mesenchymal stromal cells.
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Masson’s Trichrome, von Willebrand factor (vWF) immunostain-
ing, and terminal deoxynucleotide transferase-mediated (dUTP)
nick end-labeling (TUNEL) assay.

Angiogenesis Evaluation

Angiogenesis was evaluated in paraffin-embedded sections
immunostained for vWF by using 3,3,N-diaminobenzidine tetra-
hydrochloride as a chromogen. Briefly, paraffin sections were
cut into 5-mm-thick sections for immunohistochemical staining.
Microvessels were identified by using a rabbit anti-vWF (Dako,
Carpinteria, CA, http://www.dako.com) antibody. Microvessels
positively stained by vWF were calculated from randomly se-
lected microscopic fields by using computer-assisted morphom-
etry. Capillary density was the average number of microvessels
in 16 fields under 3400 magnification [2].

Apoptosis Assay

Apoptosis was evaluated by using the TUNEL assay kit (Roche,
Indianapolis, IN, http://www.roche.com). The TUNEL-positive

cells were counted in 16 different microscopic fields (under
3400 magnification) of at least four different sections for each
animal. The percentage of apoptotic cells in the total number
of cells examined was termed the apoptotic index [15].

Collagen Determination

To determine collagen volume fraction (CVF), four Masson’s Tri-
chrome staining sections were used for every animal, and three
lowpower fieldswere randomly selected in each section. The col-
lagen volume was analyzed by using Image-Pro Plus 6.0 software
(Media Cybernetics, Rockville,MD, http://www.mediacy.com) by
an independent investigator, who classified them according to
the previously reported criteria. CVF was calculated as the area
occupied by collagens divided by the total area [2].

Cell Implantation and Differentiation

Myocardial samples were snap-frozen in liquid nitrogen
with Tissue-Tek OCT compound (Sakura, Tokyo, Japan, http://

Figure 2. Characterization of human umbilical cord-derived mesenchymal stromal cells (UC-MSCs). (A): Representative flow cytometry his-
tograms of humanUC-MSCs. (B):HumanUC-MSCs are positive for CD29, CD44, CD73, CD90, CD105, andHLA-ABC, and negative for CD34, CD45,
and HLA-DR. Scale bars = 200 mm. Abbreviations: APC, allophycocyanin; FITC, fluorescein isothiocyanate; PE, phycoerythrin; PerCP, peridinin-
chlorophyll-protein complex.
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www.sakura-finetek.com) and were cut into 5-mm-thick slices.
Before staining, frozen sections were fixed for 10 min in cold ace-
tone. The sectionswere then incubatedwith antibodies at 4°C over-
night against cardiac troponin I (cTn-I; 1:100; Abcam, Cambridge,
MA, http://www.abcam.com), connexin-43 (Cx-43; l:100; Abcam),
or vWF (l:100; Dako). After washing with PBS, Alexa 488-labeled
IgG (green color; Thermo Fisher Scientific Life Sciences; 1:200 dilu-
tion) was added and incubated for 1 h at room temperature. Cell
nucleus was counterstained with Hoechst 33258.

Quantitative mRNA Expression Analysis for Cytokines

The polymerase chain reaction (PCR) primers were as follows: vas-
cularendothelialgrowth factor (VEGF), forward59-GAGTACCCCGAT-
GAGATCGAGT-39 and reverse 59-GCTCATCTCTCCTATGTGCTGG-39;
angiopoietin (Ang), forward 59-CGCGCCGCTCGACTAT-39
and reverse 59-CATGATATTCTCCAGCACTTGCA-39; and glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH), forward
59-CTGGCAAAGTGGACATTGTCGCCATC-39 and reverse 59-
TTGCCGTGGGTGGAATCATACTGGAAC-39. PCR amplification

was performed on an Applied Biosystems StepOnePlus
Real-Time PCR system (Applied Biosystems, Foster City, CA,
http://www.appliedbiosystems.com) as follows: 10 minutes
of initial denaturation at 95°C followed by 40 cycles of 15 sec-
onds of denaturation at 95°C, and 30 seconds of annealing/
extension at 60°C. Each sample was analyzed in duplicate.
Analysis of relative quantification was performed as previ-
ously described [22].

Statistical Analysis

The datawere expressed as themean6 SEM. Comparisons of se-
rial measurements in two groups were performed with two-way
repeated measures analysis of variance (time and group). Post-
treatment versus pretreatment and UC-MSC versus control com-
parisons were performed by using paired and unpaired Student’s
t tests. A value of p, .05 was considered statistically significant.
All analyses were performed by using SPSS software version 19.0
(IBM, Armonk, NY, http://www.ibm.com).

RESULTS

Fourweeks after ameroid constrictor placement, 12 pigs survived
(80%) and had total LCX occlusion (Fig. 1C). During the period of
the following study, no severe events, including malignant ar-
rhythmias, bleeding, embolization, or hemodynamic deteriora-
tion, were observed, and the animals were in good condition.

Characterization of UC-MSCs

As shown in Figure 2A, UC-MSCs revealed the uniform expression
of CD29, CD44, CD73, CD90, CD105, andHLA-ABC, but not of CD34,
CD45, and HLA-DR. After multiple passages, the pluripotency of
UC-MSCs was confirmed by the capacity to differentiate into adi-
pogenic, osteogenic, and chondrogenic lineages in vitro (Fig. 2B).

UC-MSC Transplantation Improved LV Remodeling
and Function

TheHR and the echocardiographic parameterswere similar in the
control andUC-MSC group at pretreatment. At the 28-day follow-
up, the HR increased significantly in the control group (p, .01),
whereas in the UC-MSC group, there were no significant changes
(Table 1). LV end diastolic volume (p , .01) and LV end systolic
volume (p , .05) increased significantly in the control group
when compared with pretreatment, whereas EDV and ESV in
theUC-MSC groupwas almost unchanged (Table 1); this indicates
that after UC-MSC transplantation, LV remodelingwas alleviated.

TheEFassessedbyechocardiographydidnot significantly differ
between the two groups at pretreatment. However, after 4 weeks,
it decreased in the control group by 5.2%6 2.5% but improved by
5.2%61.7% in theUC-MSCgroup (p, .01) (Fig. 3A). The changeof
the EF between the pretreatment and post treatment was statisti-
cally significantly different between the two groups (p, .01). Sim-
ilarly, the LV fractional shortening also increased significantly in the
UC-MSCgroup (Table1). These findings indicatethatUC-MSCtrans-
plantation improved global LV systolic function.

The systolic thickening fraction in the infarcted wall (WThF) was
similar in the control and UC-MSC groups before treatment. After
treatment, however, it improved significantly in the UC-MSC group
(p , .01) (Fig. 3B). WThF changes between the pretreatment and
post-treatment was significantly different between the two groups
(p, .01), indicating improved regional systolic function.

Table 1. Heart rate and echocardiography data before and after
treatment

Indexes Control (n = 6) UC-MSC (n = 6)

HR, bpm

Pretreatment 61.006 12.77 57.836 7.60

Post-treatment 73.836 14.29a 60.836 10.38

IWTd, cm

Pretreatment 0.696 0.06 0.746 0.04

Post-treatment 0.766 0.06a 0.826 0.04b

IWTs, cm

Pretreatment 0.996 0.07 1.056 0.06

Post-treatment 1.066 0.08b 1.206 0.04a,c

LVEDD, mm

Pretreatment 4.126 0.18 4.106 0.20

Post-treatment 4.336 0.14b 4.256 0.16

LVESD, mm

Pretreatment 2.736 0.20 2.856 0.16

Post-treatment 3.056 0.16b 2.786 0.10c

LVFS, %

Pretreatment 33.576 4.72 30.476 2.07

Post-treatment 29.636 2.96 34.436 3.10b,d

LVEDV, ml

Pretreatment 55.626 5.72 54.276 4.48

Post-treatment 62.526 6.84a 56.336 6.03

LVESV, ml

Pretreatment 24.576 3.11 23.836 2.66

Post-treatment 30.976 3.41b 21.876 3.49c

Values are means 6 SEM.
ap , .01 vs. pretreatment (paired t test).
bp, .05 vs. pretreatment (paired t test).
cp, .01 vs. control group (unpaired t test).
dp, .05 vs. control group (unpaired t test).
Abbreviations: bpm, beats perminute; HR, heart rate; IWTd, infarctwall
thickness in diastole; IWTs, infarct wall thickness in systole; LVEDD, left
ventricular end diastolic diameter; LVESD, left ventricular end systolic
diameter; LVFS, left ventricular fractional shortening; LVEDV, left
ventricular end diastolic volume; LVESV, left ventricular end systolic
volume; UC-MSC, umbilical cord-derived mesenchymal stromal cell.
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UC-MSCs Transplantation Increased Myocardial
Perfusion and Collateral Vessels

The alteration of myocardial perfusion was reflected by SDS,
whichwas calculated by subtracting post-treatment SRS from pre-
treatment SRS based on QPS software results. Four weeks after
treatment, SDS showed a significant improvement in the trans-
plantation group compared with the control group (p , .05)
(Fig. 4A), indicating that treatment with UC-MSC therapy signifi-
cantly increased myocardial blood flow.

Selective left coronary angiography was performed to evalu-
ate collateral development before and after transplantation. The
mean value of the Rentrop score of collateral development to the
LCX territory at pretreatment was similar in the control and UC-
MSC groups. After UC-MSC transplantation, Rentrop scoring was
significantly improved (1.36 0.2 vs. 2.66 0.2, p, .01) but not in
the control group (1.36 0.2 vs. 1.86 0.2, p. .05). The change in
the Rentrop score was significantly greater in the UC-MSC group
than in the control group (p, .05) (Fig. 4B). The results indicated
that UC-MSCs promoted the collateral development.

UC-MSC Transplantation Promoted Angiogenesis,
Reduced Apoptosis, and Fibrosis

Immunohistochemical staining of vWF was performed to identify
capillaries in the border areas 4weeks after cell transplantation. Cap-
illarydensitywas significantlygreater in theUC-MSCgroupthan in the
control group (p, .01) (Fig. 5A), indicating promoted angiogenesis.

TUNEL staining indicated that the number of apoptotic cells
in the border area was significantly reduced in the UC-MSC group
(1364cellsper100cells) comparedwith thecontrol group(2463
cells per 100 cells) (p, .001; Fig. 5B). This indicates that UC-MSC
transplantation inhibited apoptosis of myocardial cells.

CVF evaluated by using the Masson’s Trichrome-stained sec-
tions showed significantly less fibrosis in thehearts fromtheMSC-
treated pigs than those from the control (44.6%6 3.1% vs. 23.1%
6 2.0%, p , .01, Fig. 5C). These findings indicate that UC-MSC
transplantation reduced fibrosis.

Engraftment and Differentiation of UC-MSCs

Before implantation into animal models, UC-MSCswere labeledwith
CM-Dil. At the end of the experiment, the engraftment and differen-
tiation of the transplanted UC-MSCs were assessed under a fluores-
cent microscope. CM-Dil-positive cells were found in border areas,
and a small number of them expressed endothelial marker vWF
(Fig. 6A). However, the expression of the cardiomyocyte-specific
marker cTnI or Cx43 was not observed (data not shown).

UC-MSC Transplantation Enhanced Expression of
Proangiogenic Cytokines

To examine whether the factors related to angiogenesis con-
tributed to the neovascularization in the treated myocar-
dium, we determined the gene expression levels of VEGF and
Ang relative to GAPDH by quantitative reverse-transcription

Figure 3. Echocardiography assessment of global and regional LV function before and after UC-MSC therapy. (A): Time course changes in LVEF
immediately before and 4 weeks after treatment. (B): Time course changes in the infarct wall thickening fraction. Left: Control group (n = 6).
Middle: UC-MSC infusion group (n = 6). Right: differences between pretreatment and after 4 weeks. Data aremeans6 SEM. p, p, .05; pp, p,
.01. Abbreviations: LVEF, left ventricular ejection fraction; Post Tx, post treatment; Pre Tx, pretreatment; UC-MSC, umbilical cord-derived mes-
enchymal stromal cell; WThF, infarct wall thickening fraction.
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polymerase chain reaction analysis. The VEGF and Ang levels
were significantly higher in the UC-MSC-treated hearts (p ,
.05; Fig. 6B). These findings indicated that transplanted hu-
manUC-MSCsmay enhance neovascularization partly through
paracrine effect.

DISCUSSION

This is the first study to evaluate the feasibility and effectiveness of
UC-MSCs for cellular cardiomyoplasty in a large animal model of
chronic cardiac ischemia thatclosely reproduces thecurrentclinical
proceduralmanagement ofmyocardial infarction, including instru-
mentation used in humans. Fourweeks after intracoronary admin-
istration combined with two subsequent intravenous injections of
UC-MSCs, LVperfusion, function, and remodeling were substan-
tially improved. Histologically, UC-MSC transplantation sig-
nificantly decreased fibrosis and apoptosis and enhanced
neovascularization. None of the animals in our cohort devel-
oped fatal arrhythmias or suffered from sudden death. This
study demonstrated that UC-MSCs were feasible and effec-
tive for the treatment of CHD.

Among the numerous stem, progenitor, and mature cells
that work beneficially in cardiac repair, MSCs could be the op-
timal cell type to be used clinically because of their safety and
availability. Althoughmost studies applied BM-MSCs, UC-MSCs
were considered to be an ideal alternative to BM-MSCs because
of its unique characters such as: (a) the extraction process
(i.e., absence of invasiveness and high efficiency), (b) high cell
yield, and (c) the short doubling time, enabling quick attainment
of the abundant cell numbers required for clinical use while
maintaining a safe profile. At present, there are a lot of exper-
imental and clinical studies in using UC-MSCs in many kinds of
diseases [11–13]. However, in heart disease, the studies are lim-
ited to AMI. Latifpour et al. subepicardially transplanted human
umbilical cord mesenchymal cells (hUCMs) and 5-azacytidine-
treated hUCMs to a rabbit model of AMI. After 30 days, they
found that the EF and percentage of fractional shortening im-
proved significantly in cell-receiving animals, and the amount
of scar tissue was significantly reduced [23]. Zhang et al. report-
ed that UC-MSCs can improve ventricular remodeling and func-
tion in a porcine model of AMI [24]. Recently, a clinical trial
evaluated the effect of UC-MSCs in AMI and found that LVEF

Figure4. Myocardial perfusion and collateral development assessedby coronary angiography and 99mTc-Methoxyisobutylisonitrile single pho-
ton emission computed tomography. (A): Representative images of myocardial perfusion before and after treatment and the improvement of
myocardial perfusion after transplantation of UC-MSCs or normal saline (left). Right: The difference between post-treatment and pretreatment
was comparedby summed rest perfusion score. (B):Representative left coronary angiographic images before andafter treatment (arrows show
collaterals). Well-developed collaterals to the left circumflex artery were observed after the UC-MSC treatment (left). Right: Change in Rentrop
score of collateral development in the control and UC-MSC-infusion groups. Data are means6 SEM. p, p, .05 versus control group (unpaired
t test). Abbreviations: Post Tx, post treatment; Pre Tx, pretreatment; SDS, summed difference score; UC-MSC, umbilical cord-derived mesen-
chymal stromal cell.
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increased and LVESV and LVEDV decreased significantly [14].
However, until now, there has been no report about the use
of UC-MSCs in the treatment of chronic heart ischemia. In this
study, we delivered UC-MSCs by intracoronary administration
combined with two subsequent intravenous administrations
and found that LV perfusion, function and remodelingwere sub-
stantially improved. Because UC-MSCs are isolated from med-
ical waste without ethical controversy, are easily expanded to
the large numbers of cells required for transplantation within
a short period of time, and can be administered to patients
at any time without immunological rejection, they have the

potential to be a convenient and preferable stem cell source
for cardiac therapy and may be used as an “off-the-shelf” strat-
egy for allogeneic transfer.

To date, threemain routes of cell delivery are used [25], in-
cluding (a) intramyocardial, (b) intracoronary, and (c) intrave-
nous. Each delivery technique has its own risks and benefits.
Direct intramyocardial injection directly targets the injured
myocardium but requires complicated devices and operating
skills. Percutaneous coronary cell delivery is less invasive and
demonstrates the most frequent application route in the clin-
ical setting. Until now, controversy existed about whether

Figure 5. Assessment of angiogenesis, apoptosis, and fibrosis. (A): Representative images of the vWF-stained sections of the control and UC-
MSC transplantation groups (left). Right: Quantification of vWF-positive capillaries in the border areas. Scale bars = 100mm. (B):Representative
images showed decreased apoptosis in the UC-MSC group (left). Right: The percentage of apoptotic cells in the total number of cells examined
was termed the apoptotic index. Scale bars = 100 mm. (C): Representative Masson’s Trichrome-stained myocardial sections (left). Right: The
morphometric analysis shows amarked reduction in fibrosis, a lower CVF in the UC-MSC group. Scale bars = 500mm. pp, p, .01 versus control
group (unpaired t test). Abbreviations: CVF, collagen volume fraction; HPF, high power field; UC-MSC, umbilical cord-derived mesenchymal
stromal cell; vWF, von Willebrand factor.
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intramyocardial or intracoronary administration was superior
[26–28]. Some studies have shown that systemic intravenous
administration of cells could hardly home to the heart because
of thepulmonary first-pass effect.However, other studies declared
that intravenous delivery of MSCs could limit infarct size and im-
prove LV function, which could be a result of the trapped cells in
the lung secreting TSG6, which is beneficial for revascularization
of a damaged heart [29]. Until now, the overwhelming majority
ofstemcell treatmentstudies inheartdiseaseusedasingledelivery
method. Sürder et al. hypothesized that a combined cell-delivery
approach (intramyocardial and intracoronary) is safe and effective
[30]. In this study, we combined intracoronary delivery with mul-
tiple intravenous infusions. The results showed that the cardiac
function improved, the perfusion increased, and ventricular
remodeling was alleviated, thus demonstrating the efficiency of
the combined delivery methods. Both intracoronary delivery and
intravenous infusion are convenient in clinical practice, but
whether the combination of both is more superior than one alone
still needs further examination.

It has been reported that themechanisms ofMSC action on
myocardial regeneration may arise from their direct transdif-
ferentiation into cardiac cell lineages, paracrine actions via cy-
tokine secretion, niche optimization for residential cardiac
stem cells, or inflammatory control [31]. In this work, we ob-
served transplanted cells in the ischemic heart; however, im-
munohistochemical analysis revealed that only a small number
of the implanted cells differentiated into endothelial cells.
Although transdifferentiation into cardiomyocytes has been
reported previously with BM-MSCs [32], no cardiomyocyte dif-
ferentiation of the transplanted cells was observed in this
study. Therefore, we speculate that the therapeutic effect of
UC-MSCs may be essentially exerted through a paracrine
mechanism. We detected the increase of VEGF and Ang mRNA

in the border zone of the ischemic heart, which indicated that
the angiogenesis may contribute to the therapeutic effect of
UC-MSC transplantation.

CONCLUSION

This is the first study to provide evidence that intracoronary de-
livery combined with multiple intravenous infusions of UC-MSCs
improves LV function, perfusion, and remodeling in a large animal
model of chronic myocardial ischemia. In the present study, we
observed neither tumor nor teratoma formation in human
UC-MSC-transplanted animals, and no sustained ventricular ar-
rhythmia or anaphylaxis was observed. Because these cells can
be isolated frommedical waste, expanded, banked, and adminis-
tered to patients at any time without immunological rejection,
humanUC-MSCsmight be an ideal cell source for cardiac cell ther-
apy and hold promise as an off-the-shelf product.
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25 Templin C, Lüscher TF, Landmesser U.

Cell-based cardiovascular repair and regenera-
tion in acute myocardial infarction and chronic
ischemic cardiomyopathy-current status and
future developments. Int J Dev Biol 2011;55:
407–417.
26 Perin EC, Silva GV, Assad JA et al.

Comparison of intracoronary and transen-
docardial delivery of allogeneic mesenchy-
mal cells in a caninemodel of acutemyocardial
infarction. J Mol Cell Cardiol 2008;44:486–
495.
27 Freyman T, Polin G, Osman H et al. A

quantitative, randomized study evaluating
threemethods of mesenchymal stem cell deliv-
ery following myocardial infarction. Eur Heart J
2006;27:1114–1122.
28 van der Spoel TI, Vrijsen KR, Koudstaal S

et al. Transendocardial cell injection is not su-
perior to intracoronary infusion in a porcine
model of ischaemic cardiomyopathy: A study
on delivery efficiency. J Cell Mol Med 2012;
16:2768–2776.
29 Lee RH, Pulin AA, Seo MJ et al. Intra-

venous hMSCs improve myocardial infarc-
tion in mice because cells embolized in
lung are activated to secrete the anti-
inflammatory protein TSG-6. Cell Stem Cell
2009;5:54–63.
30 Sürder D, RadrizzaniM, Turchetto L et al.

Combined delivery of bone marrow-derived
mononuclear cells in chronic ischemic heart dis-
ease: Rationale and study design. Clin Cardiol
2013;36:435–441.
31 Chou SH, Lin SZ, Kuo WW et al. Mesen-

chymal stem cell insights: Prospects in cardio-
vascular therapy. Cell Transplant 2014;23:
513–529.
32 Quevedo HC, Hatzistergos KE, Oskouei

BN et al. Allogeneic mesenchymal stem cells
restore cardiac function in chronic ischemic
cardiomyopathy via trilineage differentiating
capacity. Proc Natl Acad Sci USA 2009;106:
14022–14027.

Liu, Huang, Sun et al. 1013

www.StemCellsTM.com ©AlphaMed Press 2016


