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ABSTRACT

Adipose-derived stem cells (AdSCs) have recently been shown to differentiate into cardiovascular
lineage cells. However, little is known about the fat tissue origin-dependent differences in AdSC func-
tion and differentiation potential. AdSC-rich cells were isolated from subcutaneous, visceral, cardiac
(CA), and subscapular adipose tissue frommice and their characteristics analyzed. After four different
AdSC types were cultured with specific differentiation medium, immunocytochemical analysis was
performed for the assessment of differentiation into cardiovascular cells. We then examined the
in vitro differentiation capacity and therapeutic potential of AdSCs in ischemic myocardium using
a mouse myocardial infarction model. The cell density and proliferation activity of CA-derived AdSCs
were significantly increased compared with the other adipose tissue-derived AdSCs. Immunocyto-
chemistry showed thatCA-derivedAdSCshad thehighest appearance rates ofmarkers for endothelial
cells, vascular smoothmuscle cells, and cardiomyocytes among theAdSCs. Systemic transfusionofCA-
derived AdSCs exhibited the highest cardiac functional recovery after myocardial infarction and the
high frequency of the recruitment to ischemic myocardium. Moreover, long-term follow-up of the
recruited CA-derived AdSCs frequently expressed cardiovascular cell markers comparedwith the other
adipose tissue-derived AdSCs. Cardiac adipose tissue could be an ideal source for isolation of therapeu-
tically effective AdSCs for cardiac regeneration in ischemic heart diseases. STEMCELLSTRANSLATIONAL

MEDICINE 2016;5:141–151

SIGNIFICANCE

The present study found that cardiac adipose-derived stemcells have a high potential to differentiate
into cardiovascular lineage cells (i.e., cardiomyocytes, endothelial cells, and vascular smooth muscle
cells) comparedwith stemcells derived fromother adipose tissue such as subcutaneous, visceral, and
subscapular adipose tissue. Notably, only a small number of supracardiac adipose-derived stem cells
that were systemically transplanted sufficiently improved cardiac functional recovery after myocar-
dial infarction, differentiating into cardiovascular cells in the ischemic myocardium. These findings
suggest a new autologous stem cell therapy for patients with myocardial ischemia, especially those
with secondary myocardial ischemia after cardiovascular open chest surgery.

INTRODUCTION

Heart failure resulting from ischemic heart dis-
ease is oneof the leading causesof hospitalization

and reduced quality of life for patients worldwide
[1]. Although advances in the treatment of pa-

tients with myocardial infarction (MI), such as
the development of devices for catheterization,

including drug-eluting stents, have significantly
improved the outcomes, a need for novel thera-

pies remains to reduce mortality further and pre-
vent the deleterious consequences that result

frommyocardial damage. At present, the only ef-
fective treatment for advanced heart failure that

can fully restore cardiac function is heart trans-
plantation. However, only a limitednumberof pa-
tients will be able to receive the therapy owing to
the difficulty of finding appropriate donors and/or
legal restrictions in each country. Recently, nu-
merous investigators have evaluated the applica-
tion of stem/progenitor cells for the treatment of
ischemic heart diseases, including MI, in both an-
imal experiments andhumanclinical trials, and fa-
vorable outcomes have been demonstrated. The
major stem/progenitor cell sources for humanau-
tologous cell transplantation therapy have been
reported to be peripheral blood [2–4] and bone
marrow [4–7] inongoing clinical trials for ischemic
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heart diseases. However, each of the currently used adult stem
cell reservoirs has practical limitations that obstruct their wide-
spread use in treating human disease owing to the requirement
of invasive harvesting procedures or ex vivo manipulation/
expansion techniques.

Adipose tissue consists of mature adipocytes and a mononu-
clear cell fraction termed stromal vascular fraction (SVF). The SVF
is a diverse mixture of cells, including endothelial cells (ECs), vas-
cular smoothmuscle cells (VSMCs), blood cells, andmesenchymal
stem cells (MSCs), that is identical to adipose tissue-derived stem
cells (AdSCs). AdSCs have phenotypic and functional properties
(i.e., multilineage differentiation potential) similar to those of
bonemarrow-derivedMSCs. Of particular relevance, AdSCs have
been reported to differentiate, not only into adipocytes [8], oste-
oblasts [8, 9], chondrocytes [10, 11], pancreatic b-cells [12], he-
patocytes [13], neural cells [14, 15], and myocytes [8], but also
into cardiovascular lineage cells, such as cardiomyocytes (CMs)
[16], ECs [9, 17], and VSMCs [18]. Most importantly for their clin-
ical application, AdSC-enriched SVFs can be isolated in large
quantities by minimally invasive liposuction, with a significantly
higher yield of progenitor cells per volume compared with bone
marrow. The SVF of adipose tissue has the potential to improve
cardiac function after MI by several mechanisms: delivery of car-
diovascular cell replacement, salvage of host cardiomyocytes
through antiapoptotic mechanisms, or stimulation of angiogene-
sis. Similar to bone marrow-derived MSCs, AdSC-enriched SVFs
secrete a number of paracrine factors that are proangiogenic
[19], anti-inflammatory [20, 21], and chemoattractive for stem/
progenitor cells [19] and demonstrate their beneficial effects
on jeopardizedmyocardiumby ischemic insult. Early clinical trials
of autologous AdSC-enriched SVF transplantation therapy for MI
patients are now ongoing in Europe and have shown significant
improvement in cardiac function [22]. However, the favorable
effect of transplanted SVF has been attributed to the paracrine
effect rather than a direct contribution of AdSCs to tissue regen-
eration via transdifferentiation into cardiovascular lineage cells,
as we reported previously [19]. To use AdSCs as a tool for myo-
cardial tissue regeneration therapy, the frequency of AdSC
transdifferentiation into cardiovascular cells should be in-
creased either by manipulation of the inducible culture method
or selection of appropriate adipose tissue to isolate AdSCs that
include a cell populationwith a high differentiation potential for
cardiovascular cells.

In clinical settings, autologousAdSC-enriched SVF transplan-
tation has already been performed in mammoplasty after mas-
tectomy to treat breast cancer [23, 24] and in breast implants in
plastic surgery [25], with favorable outcomes. Because of the
simple surgical procedure, subcutaneous adipose tissue col-
lected by liposuction has been frequently used for AdSC isola-
tion in most cases. However, no investigation has proved that,
of the different organ-derived adipose tissues, subcutaneous
adipose tissue is the best source of AdSCs for the treatment
of cardiovascular diseases. We therefore tested the hypothesis
that AdSCs derived from cardiac adipose tissue might exhibit
high transdifferentiation potential to cardiovascular lineage
cells compared with a variety of organ-derived adipose tissues.
In the present study, mouse AdSCs were isolated from four dif-
ferent adipose tissues of subcutaneous, visceral, subscapular,
and cardiac fat tissues and their stem/progenitor characteristics
as a source of cardiovascular tissue regeneration in vitro and in
vivo were examined.

MATERIALS AND METHODS

Adipose Tissue Harvesting and AdSC Isolation

The institutional animal care and use committee of Osaka Medical
College approved all the following research protocols (approval
ID, 22030), including surgical procedures and animal care. C57BL/
6N (Shimizu Laboratory Supplies, Kyoto, Japan, http://www.
shimizu-ls.co.jp) and B6.129S7-Gt(ROSA)26Sor/J (The Jackson
Laboratory, Bar Harbor,ME, http://www.jax.com)malemice (aged
16–20 weeks) were sacrificed under anesthesia with pentobarbital
(200 mg/kg i.p.). Adipose tissue was harvested from inguinal, ab-
dominal, supracardiac (para-aortic root), and subscapular regions
and used in all experiments as subcutaneous white adipose tissue
(SC), visceralwhiteadipose tissue (VL), cardiacbrownadipose tissue
(CA), and subscapular brown adipose tissue (SS), respectively.

AdSCs were isolated from each adipose tissue as previously
described with minor modifications [26]. In brief, adipose tissue
was washed in phosphate-buffered saline (PBS) and minced, fol-
lowed by digestion in 5 ml of type I collagenase (1 mg/ml in 1%
bovine serumalbumin [BSA]/Hanks’balanced saline solution; Life
Technologies Japan, Tokyo, Japan, http://www.lifetechnologies.
com) for 40 minutes at 37°C using a gentleMACS Dissociator
(Miltenyi Biotec K.K., Tokyo, Japan, http://www.miltenyibiotec.
com) according to the manufacturer’s instructions. The digested
tissue was filtered through a 40-mm cell strainer (BD Falcon,
Tokyo, Japan, http://www.bdbiosciences.com) and centrifuged
at 450g for 10 minutes. The supernatant containing adipocytes
and debris was discarded. Pelleted cells were suspended with
5 mmol/l EDTA/PBS and layered over an equal volume of 1.083
g/ml Histopaque 1083 solution (Sigma-Aldrich Japan K.K., Tokyo,
Japan, http://www.sigmaaldrich.com). After centrifugation at 900g
for 30 minutes, mononuclear cells (MNCs) were collected from
the gradient interface, and the number of trypan blue-unstained
cells sized 5–30 mm was measured by a conventional cytometer
(LUNA; Logos Biosystems, Inc., Annandale, VA). The MNCs were
used as a freshly isolated AdSC-containing SVF for the exper-
iments. Because thenumber ofMNCs varies depending on the tis-
sue volume, the density of MNCs in each adipose tissue was
calculated by dividing the absolute number of MNCs by the
weight of the tissues, and the AdSC-rich cellularity was assessed.

AdSC Culture for Differentiation to Cardiovascular Cells

Fleshly isolated AdSCs were cultured in 10% fetal bovine serum
(FBS)/Dulbecco’smodified Eagle’smedium (DMEM)-F12 contain-
ing antibiotics on plastic dishes at a density of 104/cm2 under con-
ditions of 5% CO2 and 37°C. After 7 days in culture, adherent cells
(AdSCs) were harvested by trypsinization for 5 minutes at 37°C
and pipetting. For expansion, the cells were further cultured in
MesenPRO RS medium (Life Technologies Japan) at a density of
5 3 103 per cm2 under 5% O2 and 37°C conditions for 5 days.
The adherent AdSCs were then cultured for cardiovascular differ-
entiation under specific culture conditions, as previously de-
scribed, with minor modifications. In brief, the adherent AdSCs
were cultured under conditions of 5% CO2 and 37°C in (a) 10%
FBS/DMEM supplemented with transforming growth factor-b
(2 ng/ml) for vascular smooth muscle cell differentiation [18,
27]; (b) 2% FBS/DMEM supplemented with EGM-2 BulletKit con-
taining human fibroblast growth factor, humanvascular endothe-
lial growth factor, human insulin-like growth factor, ascorbic acid,
human epidermal growth factor, heparin, and insulin transferrin
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for endothelial differentiation [17, 28]; and (c) 10% FBS/DMEM-
F12 supplemented with phorbol myristate acetate (2 nmol/l) for
24 hours, followed by MethoCult medium (StemCell Technologies
Inc., Vancouver, BC, Canada, http://www.stemcell.com) for cardio-
myocyte differentiation for 7 days [16, 29]. The cells were fixed
with 2% paraformaldehyde (PFA)/PBS for 10 minutes at room tem-
perature (RT), followed by PBS washing, and examined under a
fluorescencemicroscope (modelBZ-8000; Keyence,Osaka, Japan,
http://www.keyence.com) after immunofluorescent staining.

Cell Proliferation Assay

The adherent AdSCs (53 104 cells per well) were seeded on 8-well
chamber glass slides (Nalgene Nunc, Rochester, NY, http://www.
thermoscientific.com) cultured inMesenPRO RSmedium (Life Tech-
nologies Japan) in the presence of 5-bromo-29-deoxyuridine (BrdU;
10 mmol/l; Sigma-Aldrich Japan K.K.) for 24 hours at 37°C under a
5%O2condition.After immunocytostainingwith anti-BrdUantibody
(1:100; BD Pharmingen, San Diego, CA, http://www.bdbiosciences.
com) as described below, the BrdU-positive cells in each chamber
were counted at five different high power fields (HPFs;3200). Pro-
liferation activity was evaluated using the BrdU labeling index calcu-
lated as a BrdU-positive percentage to the total cell number.

Fluorescent Immunocytochemistry for AdSC
Differentiation Assay

The adherent cells were fixed with 2% PFA/PBS for 10minutes at
RT, followed by PBS washing, and permeabilized by incubation
with 0.1%TritonX-100/PBS solution for 5minutes at RT. The sam-
ples were blocked in antibody dilution buffer, 2% BSA/PBS, for 1
hour at RT. After removal of the blocking solution, primary
antibodies/markers were added: anti-CD31 (1:100; Abcam, Cam-
bridge, MA, http://www.abcam.com) and fluorescein-labeled
griffonia simplicifolia lectin 1, isolectin B4 (Vector Laboratories,
Burlingame, CA, http://www.vectorlabs.com) for ECs; anti-
SM22 antibody (1:100; Abcam) and anti-calponin (1:200; Abcam)
forVSMCs; andGATA4 (SantaCruzBiotechnology, Santa Cruz, CA,
http://www.scbt.com) and cardiac troponinT (ThermoFisher Sci-
entific, Fremont, CA, http://www.thermofisher.com) for CMs in
antibody dilution buffer at 4°C overnight. After washing with
PBS, the cells were incubated with secondary antibodies pre-
paredat 1:500 in antibody dilutionbuffer: Alexa Fluor 488donkey
anti-goat IgG, Alexa Fluor 488 goat anti-rabbit IgG, and Alexa
Fluor 488 goat anti-rat IgG (Jackson ImmunoResearch Laborato-
ries, Inc.,WestGrove, PA,http://www.jacksonimmuno.com) for 30
minutes at RT. After the secondary antibodies were removed and
the cells had been washed with PBS, nuclear counter staining
was performed by incubation with 49,6-diamidino-2-phenylindole
(DAPI) solution (1 mg/ml in PBS; Sigma-Aldrich Japan K.K.) for 10
minutes at RT. The sample slides were covered by a coverslip with
mounting medium (ImmunoBioScience, Mukilteo, WA, http://
www.immunobioscience.com), followed by sealingwith nail varnish
before evaluation under a fluorescence microscope (model BZ8000;
Keyence). The antigen (marker for differentiation)-positive cells in
eachchamberwerecounted in fivedifferentHPFs (3200), anddiffer-
entiation activity was evaluated by comparing the antigen-positive
cell percentage to the total DAPI-positive cell number.

Fluorescence-Activated Cell Sorting Analysis

Fleshly isolated AdSCs were incubated with 0.5% BSA in PBS
containing fluorescence (allophycocyanin [APC]/fluorescein

isothiocyanate [FITC]/phycoerythrin [PE])-conjugated monoclo-
nal antibodies against CD90 (Abcam), CD44 (eBioscience,
San Diego, CA, http://www.ebioscience.com), Sca-1, platelet-
derived growth factor receptor-b (PDGFR-b; BioLegend, SanDiego,

Figure 1. Comparisonof cell density, proliferation, andsurfacemarkers
amongAdSCs from four different adipose tissues. (A, B):MNCswere iso-
lated from four different adipose tissues (SC, VL, CA, SS), followed by
7 days of culture to obtain adherent AdSCs. The densities in freshly iso-
latedMNCs (A) and culturedAdSCs (B) fromeach sourceweremeasured
and compared among the AdSCs from the four different adipose tissues.
(C): The positivity of BrdU in AdSCs was assessed by immunocytochem-
istry. p, p, .05; pp, p, .01; NS, not significant vs. SC. All experiments
were performed in triplicate and statistically analyzed. Abbreviations:
AdSCs, adipose-derived stem cells; BrdU, 5-bromo-29-deoxyuridine;
CA, cardiac brown adipose tissue;MNCs, mononuclear cells; NS, not sig-
nificant; SC, subcutaneous white adipose tissue; SS, subscapular brown
adipose tissue; VL, visceral white adipose tissue.

Nagata, Ii, Kohbayashi et al. 143

www.StemCellsTM.com ©AlphaMed Press 2016

 by Janko M
rkovacki on February 20, 2016

http://stem
cellstm

.alpham
edpress.org/

D
ow

nloaded from
 

http://www.stemcell.com
http://www.keyence.com
http://www.thermoscientific.com
http://www.thermoscientific.com
http://www.bdbiosciences.com
http://www.bdbiosciences.com
http://www.abcam.com
http://www.vectorlabs.com
http://www.scbt.com
http://www.thermofisher.com
http://www.jacksonimmuno.com
http://www.immunobioscience.com
http://www.immunobioscience.com
http://www.ebioscience.com
http://stemcellstm.alphamedpress.org/


CA, http://www.biolegend.com), c-kit, CD45, CD34, CD31, and
CD105 (BD Pharmingen) (1:100 for each antibody) for 30minutes
on ice. The cells stained with APC/FITC/PE-conjugated rat anti-
mouse IgG 2ck, IgG2a, and IgG2bk (BioLegend) were used as
negative controls. The cells were washed with PBS and fixed
with 0.5% PFA/PBS for 15 minutes at RT. The samples were an-
alyzed using a fluorescence-activated cell sorting (FACS) sys-
tem (Cell Analyzer EC800, Sony, Tokyo, Japan) according to
the manufacturer’s instructions. The analyses were run in trip-
licate, and the representative data are presented in the results
section. The density of MNCs in each adipose tissue was also
calculated by dividing the number ofMNCs by theweight of tis-
sues and considered as AdSC density.

Surgical Procedure and AdSC Transfusion Study

Male mice (C57BL6/N, 12–16 weeks old) were anesthetized with
an intraperitoneal injection of 400 mg/kg 2,2,2-tribromoethanol
(Avertin; Sigma-Aldrich JapanK.K.).MIwas inducedby ligating the
left anterior descending (LAD) coronary artery at a distal site to
achieve a 100% survival rate after surgery, and AdSC transfusion
was performed as described previously [30]. In brief, the mice
were splenectomized to prevent homing of the transfused AdSCs
to the spleen. Seven days later, the MI induction procedure was
performed, as described previously [31].

For assessment of SC-, VL-, CA-, and SS-derived AdSC recruit-
ment to ischemic myocardium, 104 of DiI-labeled freshly isolated
MNCs were injected to wild-type (WT) mice via a tail vein 3 days
after MI surgery. The mice were sacrificed 7 days after cell injec-
tion, and the hearts were harvested for histological analysis.
Transfused AdSCs were visualized in red and examined in the sec-
tioned heart samples using fluorescent microscopy.

For assessment of the therapeutic effect of AdSCs on MI
and long-term follow-up of recruited AdSCs to the ischemic

myocardium, SC- or CA-derived AdSCs (5 3 104) of genetically
labeled with lacZ transgene isolated from wild-type and
B6.129S7-Gt(ROSA)26Sor/J mice (The Jackson Laboratories), re-
spectively, were injected intoWTmice via a tail vein 3 days after
MI surgery. Cardiac function was sequentially evaluated by
echocardiography (Nemio 30; ToshibaMedical Systems, Tochigi,
Japan, http://www.toshiba-medical.co.jp) with the following
parameters in the left ventricle (LV): changes in ejection fraction
(ΔEF), fractional shortening (ΔFS), left ventricular end-systolic
dimension (ΔLVD), and left ventricular end-diastolic dimension
(ΔLVDd) before, 1 day, and 2, 4, or 6 weeks after MI induction.
The mice were sacrificed 6 weeks after MI surgery, and the
hearts were harvested for histological analysis.

Morphometric Evaluation of Capillary Density and
Infarct Size

The vascularity of the ischemic myocardium was assessed by in
situ fluorescent staining using the endothelial cell-specificmarker
FITC-conjugated BS1-lectin (Vector Laboratories) 6 weeks after
MI, as described previously [32]. In brief, after anesthesia, BS1-
lectin (0.1mg permouse) was injected by direct cardiac puncture
systemically. Tenminutes later, themice were sacrificed, and the
heartswere removedandperfusedwithPBS, followedby4%PFA/
PBS through the right carotid artery retrogradely. Theheartswere
fixed for 6 hours in 4% PFA/PBS followed by overnight incubation
in 20% sucrose/PBS. The tissues were embedded in O.C.T. com-
pound (Sakura FineTek, Tokyo, Japan, http://www.sakura.com)
and sectioned at 0.5 mm just below the LAD ligation level at a
5-mm thickness, as described previously [31].

Forcapillarydensitymeasurement, thecapillarieswererecognized
under a fluorescence microscope as tubular structures positive for
FITC-BS1-lectin ingreen.Theywereevaluatedbymorphometricexam-
ination of three randomly selected fields in the bilateral ischemic

Figure 2. Smoothmuscle cell differentiation in AdSCs from four different adipose tissues by fluorescent immunocytochemistry. (A): To assess
which source for AdSCs could differentiate to smooth muscle cells, the cells were stained with anti-calponin (green) and anti-SM22 (red) an-
tibodies. Nuclei were stained with DAPI (blue). (B, C): The rate of calponin-positive (B) and SM22-positive (C) cells was compared among AdSCs
from four different adipose tissues. p, p, .05; ppp, p, .001; NS, not significant vs. SC. All experiments were performed in triplicate and sta-
tistically analyzed. Abbreviations: AdSCs, adipose-derived stem cells; CA, cardiac brown adipose tissue; DAPI, 49,6-diamidino-2-phenylindole;
NS, not significant; SC, subcutaneous white adipose tissue; SS, subscapular brown adipose tissue; VL, visceral white adipose tissue.
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border zone from segments of the LVmyocardium survived following
LAD occlusion. To assess the severity of myocardial fibrosis/damage,
Massontrichromestainingwasperformedwith frozensections ineach
tissue block. The stained sections were measured and calculated for
theaverage ratioof fibrosis area (blue) to the entire LV area (percent-
age of fibrosis area), average ratio of scarred perimeter to the entire

LVcircumference(percentageofscar length),andtheaverageratioof
the reduced LVwall thickness in the scarred area to the intact LVwall
thickness fromthreedifferentsites ineachwall (percentageofLVwall
thinning) using NIH ImageJ, version 1.42q, software (NIH, Bethesda,
MD, http://www.imagej.nih.gov) and Adobe Photoshop CS4 (Adobe
Systems, San Jose, CA, http://www.adobe.com) software.

Figure 3. Endothelial differentiation in AdSCs from four different adipose tissues by fluorescent immunocytochemistry. (A): To assess which
source of AdSCs could differentiate into endothelial cells, the cells were stainedwith anti-ILB4 (green) and anti-CD31 (red) antibodies. Nuclei were
stainedwithDAPI (blue). (B, C):The rateof ILB4-positive (B)andCD31-positive (C) cellswas comparedamong theAdSCs fromfourdifferent adipose
tissues. p, p, .05; pp, p, .01; ppp, p, .001; NS, not significant vs. SC. All experiments were performed in triplicate and statistically analyzed.
Abbreviations: AdSCs, adipose-derived stem cells; CA, cardiac brown adipose tissue; DAPI, 49,6-diamidino-2-phenylindole; ILB4, isolectin-B4; NS,
not significant; SC, subcutaneous white adipose tissue; SS, subscapular brown adipose tissue; VL, visceral white adipose tissue.

Figure 4. Cardiomyocyte differentiation in AdSCs from four different adipose tissues by fluorescent immunocytochemistry. (A): To assess
which source for AdSCs could differentiate into cardiomyocytes, the cells were stained with anti-cTnT (green) and anti-GATA4 (red) antibodies.
Nuclei were stained with DAPI (blue). (B, C): The rate of cTnT-positive (B) and GATA4-positive (C) cells was compared among AdSCs from four
different adipose tissues. p, p, .05; NS, not significant vs. SC. All experiments were performed in triplicate and statistically analyzed. Abbre-
viations: AdSCs, adipose-derived stem cells; CA, cardiac brown adipose tissue; cTn-T, cardiac troponin T; DAPI, 49,6-diamidino-2-phenylindole;
NS, not significant; SC, subcutaneous white adipose tissue; SS, subscapular brown adipose tissue; VL, visceral white adipose tissue.
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Fluorescent Immunohistochemistry

The hearts of the MI-induced mice were harvested at a prede-
termined timepoint after surgery and prepared for frozen tissue
sectioning after fixation with 4% PFA/PBS. Double fluorescent
immunostaining was performed with an antibody against
b-galactosidase (b-gal; 1:500; MP Biomedicals, Santa Ana, CA,
http://www.mpbio.com) to detect LacZ gene expressing exoge-
nously infused AdSCs and FITC-isolectin-B4 (ILB4; 1:100;

Vector Laboratories) for the detection of endothelial cells and

with an antibody against vascular smooth muscle (SM) a-actin

(1:500; Abcam, Tokyo, Japan) for detection of VSMCs ora-sarcomeric

actinin (1:200; Abcam, Tokyo, Japan)/cardiac troponin T

(1:200; Thermo Fisher Scientific K.K., Yokohama, Japan) for the de-
tection of cardiomyocytes. Normal mouse IgG or rabbit IgG were
served as negative controls. Nuclei were counterstained with DAPI
(Sigma-Aldrich JapanK.K.), and the sectionsweremounted in aque-
ousmountingmedium.The imageswereexaminedunder a fluores-
cent microscope (BZ8000; Keyence, Osaka, Japan). The number of
b-gal/ILB4-positive capillaries, b-gal/SM a-actin-positive VSMCs,
and b-gal/a-sarcomeric actinin or cardiac troponin-positive cardi-
omyocytes were counted in bilateral peri-infarct areas in HPF
(3200) and averaged for the assessment of AdSC cardiovascular
transdifferentiation frequency in ischemic myocardium.

Statistical Analysis

All values arepresentedasthemean6SEM.Statisticalanalyseswere
performed with commercially available software (GraphPad Prism;
MDF, Co., Inc., Tokyo, Japan, http://www.mdf-soft.com/english). A
comparison between two groups was tested using the
Mann-WhitneyU test, andthoseamongmultiplegroupsweretested
for significance via analysis of variance followed by post hoc testing
with a Tukey procedure; p , .05 was considered statistically
significant.

RESULTS

Cardiac Adipose Tissue Contains Increased Numbers of
AdSCs With High Proliferation Activity

The MNCs were isolated from four different adipose tissues fol-
lowed by 7 days of culture to obtain adherent AdSCs.We assessed
thecell densitybycounting thenumberofMNCs/AdSCswith tissue
weights in each adipose tissue (supplemental online Table 4). The
cell density of the freshly isolatedMNCswas significantly higher in
the CAadipose tissue than that in the SC, VL, and SS adipose tissues
(Fig. 1A). As expected, the number/density in unit tissue weight of
adherentAdSCsderived fromCAadiposetissuewasalsosignificantly
higher than that in SC, VL, and SS adipose tissues (Fig. 1B). We next
evaluated the proliferation activity of adherent AdSCs usingBrdU in-
corporation assay. The positivity of BrdU in the CA and SS adipose
tissue (supplemental onlineFig. 2)was significantly greater than that
in the SC and VL adipose tissue. No significant difference was seen
between the SC and VL adipose tissue or between the CA and SS ad-
ipose tissue (Fig. 1C). These findings suggest thatAdSCs are enriched
in cardiac adipose tissue exhibiting high proliferation activity.

Immunophenotypic Characterization of AdSCs Isolated
From Four Different Adipose Tissues

We assessed the expression of cell surface markers for stem cell
(Sca-1 and c-Kit), endothelial (CD31), vascular smooth muscle cell
(PDGFR-b), hematopoietic (CD45 and CD34), and mesenchymal
(CD90, CD44, and CD105) lineages in freshly isolated MNCs from
four different adipose tissues harvested from three mice per each
adipose tissue and the7-day-culturedAdSCs by FACS analysis.Most
of all MNCs from all four adipose tissues expressed CD45 but not
CD105, CD34, c-Kit, or PDGFR-b, regardlessof the adipose tissueor-
igin. A relatively greater number of CD44- and Sca-1-positive cells
were observed in VL and SC, respectively. Only CA-derived AdSCs
included fewer numbers of CD31-positive cells compared with

Figure 5. Echocardiographic assessment of cardiac function after myocardial infarction with AdSC transfusion. The cardiac functional param-
eters inmicewere assessed by echocardiography. The EF (A), FS (B), LVDd (C), and LVD (D) before and after treatment (14, 28, and 42days)were
measured, and the changes in each parameter (DEF,DFS,DLVDd, andDLVD) were statistically analyzed. p, p, .05; pp, p, .01; ppp, p, .001;
pppp, p, .0001; NS, not significant vs. PBS. Abbreviations:D, change; AdSCs, adipose-derived stem cells; CA, cardiac brown adipose tissue; EF,
ejection fraction; FS, fractional shortening; LVD, left ventricular end-systolic dimension; LVDd, left ventricular end-diastolic dimension; NS, not
significant; PBS, phosphate-buffered saline; SC, subcutaneous white adipose tissue.
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the other three adipose tissues, suggesting that vascularity is
low in CA compared with the other tissues (supplemental
online Table 1; supplemental online Fig. 3). In cultured AdSCs,
only VL-derived AdSCs had a low percentage of Sca-1 and a high
percentage of CD45, exhibiting characteristics unlike those of
MSCs. The other three AdSCs demonstrated a similar expression
pattern (high rates of CD44 and Sca-1). However, unlike in human
AdSCs, CD90- or CD105-positive cells were few or none, respec-
tively (supplemental online Table 2; supplemental online Fig. 3).

Cardiac AdSCs Exhibit High Differentiation Capacity for
Cardiovascular Cells

We assessed the transdifferentiation capacity of AdSCs toward
cardiovascular lineage cells using markers of ILB4/CD31 for ECs,
markers of calponin/SM22 for VSMCs, and markers of cardiac

troponin T (cTnT)/GATA4 forCMs.Althoughno significant difference
was found in the percentages of SM22- and calponin-positive cells
(Fig. 2), which was attributed to VSMC differentiation from AdSCs
among the four adipose tissues, the cardiac AdSCs exhibited a signif-
icant increase in the percentages of ILB4- and CD31-positive cells
(Fig. 3) and cTnT- and GATA4-positive cells (Fig. 4), attributed to
the endothelial and cardiac differentiation, respectively.

Cardiac AdSC Transplantation Exhibited Therapeutic
Efficacy for Myocardial Infarction

First, we evaluated the recruitment potential of freshly isolated DiI-
labeledAdSC-richMNCs(AdSCs,104permouse, i.v.) to ischemicmyo-
cardium (supplemental online Fig. 4A). The frequencies of SC-, VL-,
and CA-derived AdSC recruitment were significantly greater than
the frequency of SS-derived AdSC recruitment (supplemental

Figure 6. Cardiacmorphometric analysis aftermyocardial infarctionwith AdSC transfusion. (A):Mouse cardiac cross-sections of control group
(PBS), SC-AdSC-treated group, and CA-AdSC-treated group through infarcted myocardium 42 days after surgery were assessed by Masson’s
trichrome staining. The percentage of the mouse LV fibrotic area (B) and LV fibrosis length (C) were measured. (D, E): Mouse cardiac cross-
sections were stained with an anti-BS-1 lectin antibody and the endothelial cell marker (green), and the capillary densities were compared
among the PBS, SC-AdSC, and CA-AdSC groups. p, p , .05; pp, p , .01; ppp, p , .001; NS, not significant vs. PBS. Abbreviations: AdSCs, adi-
pose-derived stem cells; CA, cardiac brown adipose tissue and CA-AdSC group; HPF, high power field; LV, left ventricle; NS, not significant; PBS,
phosphate-buffered saline; SC, subcutaneous white adipose tissue and SC-AdSC group.
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Figure 7. Immunohistological assessment of ischemicmyocardiumwith recruitedb-gal expressing AdSCs.Mouse cardiac cross-sections of SC-
AdSC-treated group and CA-AdSC-treated group through infarcted myocardium 42 days after surgery were stained with b-gal costained with
ILB4, an endothelial cell marker (green) (A), SM-a-actin, a smooth muscle cell marker (green) (B), and a cardiac myocyte marker (green) (C).
Arrows indicate the positive cells, where ILB4 (A), SM-a actin (B), and a-Sarc-actinin (C)was costained with b-gal. The double-positive cells for
b-gal and ILB4,b-gal and SM-a actin, andb-gal anda-Sarc-actinin were quantified and expressed as the number ofb-gal+ capillary (D), number
of b-gal+ arteriole (E), and number of b-gal+ CMs (F), respectively. p, p, .05; pp, p, .01 vs. SC-AdSCs. Abbreviations: a-Sarc-Actinin, a-sarco-
meric actinin; AdSCs, adipose-derived stem cells;b-gal,b-galactosidase; CA, cardiac brown adipose tissue; HPF, high power field; ILB4, isolectin-
B4; SC, subcutaneous white adipose tissue; SM-a actin, smooth muscle a-actin.
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online Fig. 4B). Double immunofluorescent staining demonstrated
that both recruited SC- and CA-AdSCs differentiated into ILB4-/SM-
a-actin-positive vascular lineage cells (supplemental online Fig. 4C,
4D), and only CA-AdSCs could differentiate into cTnT-positive
cardiomyocytes by day 7 after cell transfusion (supplemental
online Fig. 4E). The quantitative analysis for the cardiovascular
differentiation (supplemental online Fig. 4F) also allowed us to
focus on CA- and SC-AdSCs, excluding VL- and SS-AdSCs in the
next series of experiments. Next, we compared the therapeutic
efficacy of CA-AdSCs with that of SC-AdSCs, both are easy to ob-
tain compared with VL- and SS-AdSCs and commonly used for
autologous AdSC transplantation in clinical settings. Consistent
with the results in previous studies, SC-AdSC transplantation sig-
nificantly improved cardiac functions, which was assessed by
the changes in the echocardiographic parameters, DEF, DFS,
DLVDd, and DLVDs. Notably, further significant cardiac func-
tional recovery by CA-AdSC transplantation was observed com-
pared with that by SC-AdSC transplantation (Fig. 5). The
histological analysis also revealed significant reductions in the
infarct area, assessed by the fibrosis length in the cross-
sectional LV area treatedwithCA-AdSCtransplantationcompared
with PBS (control) and SC-AdSC transplantation (Fig. 6A–6C). The
immunofluorescent staining (Fig. 6D) exhibited a significant in-
crease in capillary density in the ischemic border zone of the LV
in both the SC- and CA-AdSC groups compared with the control
group; however, no significant difference was found in the SC-
and CA-AdSC groups (Fig. 6E).

Recruited Cardiac AdSCs Differentiated Into
Cardiovascular Cells in Ischemic Myocardium

Finally, we examined the infarct heart samples transplanted with
SC- versus CA-AdSCs isolated frommice constitutively expressing
the lacZ gene in whole cells to assess whether the transplanted
AdSCs contributed to cardiac tissue regeneration. The cardiovas-
cular cell differentiation of the transplantedAdSCs in the ischemic
myocardium was evaluated using double immunofluorescent
staining for b-gal, a transcript of the lacZ gene, and ILB4 for ECs
(Fig. 7A), SM-a-actin for VSMCs (Fig. 7B), anda-sarcomeric actinin
for CM (Fig. 7C). The numbers of the ILB4/b-gal, SM-a-actin/b-gal,
and a-sarcomeric actinin/b-gal double-positive cells were signifi-
cantly greater in the CA-AdSC group than in the SC-AdSC group
(Fig. 7D–7F), suggesting that the recruited CA-AdSCs frequently
differentiate into cardiovascular cells in ischemic myocardium
compared with the recruited SC-AdSCs. Because we did not per-
form sex-mismatched fluorescent in situ hybridization analysis,
we could not distinguish cell fusion and transdifferentiation of
the recruited AdSCs scientifically; however, a recent report did
not find that the recruited human adipose-derived MNCs and
AdSCs fused with host mouse cells [26].

DISCUSSION

In thepresent study,wehavedemonstrated that bothMNCs and
AdSCs isolated from cardiac adipose tissue (CA-AdSCs) have a
prominent potential for differentiation into cardiovascular cells,
in particular, ECs and CMs, compared with those isolated from
adipose tissue in other organs. ECs are amajor component of the
capillaries for angiogenesis, and CMs are essential in the myo-
cardium for cardiac functionality. These cellular differentiation
potentials of AdSCs are therefore important for cardiac tissue
regeneration. Our in vivo data have indicated the superior

therapeutic efficacy of CA-AdSCs in myocardial infarction, con-
tributing to cardiovascular regeneration by transdifferentiation,
but, probably, not by cell fusion [26], into ECs, VSMCs, and CMs
in ischemic myocardium compared with SC-AdSCs. In recent
ongoing clinical studies, freshly isolated MNCs (SVF) from
subcutaneous adipose tissue have been frequently used as
adipose-derived regenerative cells, exhibiting favorable outcomes
in ischemic cardiovascular diseases. Nevertheless, both freshly iso-
lated MNCs (SVF) and cultured AdSCs have been shown to have a
similar therapeutic potential in acute myocardial infarction [26].

In humans, mesenchymal stem cells originate from a variety of
organs (i.e., bone marrow, adipose tissue, placenta, amnion, amni-
otic fluid, and cord blood). AdSCs have been characterizedwith pos-
itive cell surface markers of CD90, CD44, CD29, and CD105 and
negative cell surface markers of CD45 and CD31 [33]. Regarding
CD34 expression in human AdSCs, it has been reported to vary,
depending on the isolation or culture method [34]. In addition to
the marker expression pattern in human AdSCs, Sca-1 has been de-
scribed as an additional marker inmouse AdSCs [35, 36]. Consistent
withprevious reports, ourdatahave indicated an increasedpercent-
age of Sca-1-positive cells in mouse AdSCs after culturing. However,
we detected only a reduced percentage of CD90-positive (,10%)
and a few CD105-positive (,1%) cells even in culture conditions
(supplemental online Tables 1, 2). The discrepancy between thepre-
vious reports andourdatamight havebeenbecauseof the following
reasons: (a) CD90 expression generally increases after successive
passages [35] and is high when AdSCs are isolated from lymph
node-containing adipose tissue [36]; (b) CD105 expression canbe af-
fectedbytrypsin,dependingonthetypeand/oractivity [37] in trypsi-
nized AdSCs for FACS analysis; and (c) the variability of antibody
specificity/function to recognize cell surface antigen in each report.

Regardless of the variation in cell surface antigen expression
to identify or characterize AdSCs, SC-AdSCs, specifically, have
been shown to have a therapeutic effect on cardiac functional re-
covery after myocardial infarction in experimental animal mod-
els. Previous studies have demonstrated a favorable effect of
SC-AdSCs, along with an indirect paracrine mechanism [19, 38,
39] by which angiogenesis/neovascularization including bone
marrow-derivedendothelial progenitor cell recruitment to ischemic
myocardium [19] is promoted, on improved cardiac functional
recovery, rather than a direct contribution by the transplanted
SC-AdSCs to tissue regeneration. In contrast, our study has demon-
strated a therapeutic effect of CA-AdSCs on MI via a direct con-
tribution to the ischemicmyocardiumand transdifferentiation to, at
least inpart, CMs,ECs, andVSMCs, inaddition to theparacrineeffect
(Fig. 7). Although a very recent similar study [40] also demonstrated
the superior therapeutic effect of pericardiacAdSCs on cardiac func-
tional recoveryand tissue regeneration comparedwith that of sub-
cutaneous AdSCs in a rat MI model, only a few transplanted
or intramuscularly injected pericardiac AdSCs (53 105 at the center
of infarctedwall)wereengraftedintheischemicmyocardium28days
after surgery. This suggests that the transplanted cardiac AdSCs
could not survive in acute ischemic and inflammatory conditions
without differentiation into cardiovascular cells. In order to over-
come the problems in the previous study, we systemically injected
CA-AdSCs via a tail vein inmice 3 days afterMI induction. In this set-
ting, the systemically infused cells were recruited to the myocardial
ischemic border zone, where ischemia and inflammation is not se-
vere. These AdSCs could survive even 28 days after surgery.

Most of thepreviousmouse studies appliedSC-AdSCs at doses
of 5 3 105 to 5 3 106 in the coronary artery ligation-induced
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MI model in a cardiac intramuscular fashion (supplemental online
Table 3). In contrast, our approach of only 104 of CA-AdSCs with
intravenous infusion significantly improved cardiac functional re-
covery after MI, which might be attributed to (a) prevention of
the injected AdSCs homing to the spleen and (b) altered postin-
farction myocardial inflammation by the splenectomy. This is a
study limitation and apotential bias of our study. Another distinct
point of our study was the source of AdSCs from supracardiac
brown adipose tissue (supplemental online Fig. 1) but not from
pericardial white adipose tissue [41]. Although the differences
and similarity of white and brown adipose tissue-derived stem
cells has been investigated [42] (supplemental online Table 5),
not only the difference in adipose tissue type (white vs. brown)
but also theoriginof fat tissue (i.e., cardiacorigin)mightbeacritical
factor in determining the therapeutic effect on MI and cell fate in
ischemic myocardium.

CONCLUSION

CA-AdSCs tend to differentiate into cardiovascular lineage cells
(i.e., cardiomyocytes, endothelial cells, and vascular smoothmuscle
cells) compared with other (SC, VL, and SS) adipose tissue-derived
stem cells. A small number of systemically transplanted CA-AdSCs

sufficiently improved cardiac functional recovery afterMI by differ-
entiating into cardiovascular cells in ischemicmyocardium.Because
supracardiac brownadipose tissuealso existsbelow the thymus in a
region free of major vessels in human [43], the strategy for cardiac
regeneration with CA-AdSCs might give rise to a new autologous
stemcell therapy for patientswithmyocardial ischemia. Cardiac ad-
ipose tissue can be easily harvested during open chest coronary by-
pass graft surgery or other cardiovascular procedures, and patients
will be able to use their own AdSCs with the cell bank system after
cell culture expansion to treat future recurrent ischemic heart
disease.
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