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Background: Adipose-derived regenerative cells (ADRCs) are a promising source of autologous stem cells for re-
generation and repair of damaged tissue. Herein, we investigated the therapeutic potential of ADRC sheets creat-
ed by a magnetite tissue engineering technology (Mag-TE) for myocardial infarction.
Methods and results: Adipose tissue was obtained fromwild-type (WT)mice and ADRCswere isolated. ADRCs in-
cubated with magnetic nanoparticle-containing liposomes (MCLs) were cultured. MCL-labeled ADRCs were
mixed with a diluted extracellular matrix (ECM) precursor, and a magnet was placed on the reverse side. Mag-
netized ADRCs formed multilayered cell sheets after a 24-h incubation. WT mice were subjected to myocardial
infarction by permanent ligation of the left anterior descending artery. We then transplanted the constructed
ADRC sheet or a cell-free collagen gel sheet, as a control, onto the infarcted myocardium using an Alnico magnet
before skin closure. Cardiac parametersweremeasured by echocardiogram, and angiogenesiswas determined by
tissue capillary density. ADRC sheet-treated mice showed significant improvements in systolic function, infarct

wall thinning, and fibrotic length after myocardial infarction. ADRC sheet implantation also promoted angiogen-
esis in both the infarct area and the border zone inWTmice after myocardial infarction. The angiogenic effects of
ADRC sheets were attributed to an increased expression of VEGF and bFGF mRNA in ischemic hearts.
Conclusions: ADRC sheets created by this Mag-TE method protect the heart against pathological cardiac remod-
eling. Our ADRC sheets have the potential to be a novel regenerative strategy for ischemic heart disease.
© 2014 Elsevier Ireland. Ltd. All rights reserved.
1. Introduction

Cardiovascular diseases, such as myocardial infarction (MI), are
some of the leading causes of death worldwide [1]. Despite current
percutaneous coronary intervention and pharmacological therapies,
which have been shown to limit infarct size and preserve cardiac
function, MI usually causes irreversible damage to heart tissues, such
that mortality and morbidity remain high [2,3]. Therefore, it is
reasonable to develop effective adjunctive therapies for patients with
MI.
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In recent years, stem cell therapy has been anticipated as a new
strategy for regenerative medicine. Zuk and co-workers demonstrated
that adipose tissues contain mesenchymal stem cells (MSCs) termed
adipose-derived regenerative cells (ADRCs) that have the ability
to regenerate various tissues [4]. We have recently shown that
implantation of ADRCs augments revascularization in response to
ischemia [5]. Implantation of ADRCs has also been shown to promote
lymphangiogenesis in a mouse model of lymphedema [6]. Recent
studies have reported improved cardiac function after administrating
ADRCs to treatMI in various animalmodels [7–10]. However, traditional
methods, such as direct myocardium injection, have several disadvan-
tages, including rapid cell loss caused by leakage of the injected cell
suspensions and needle-mediated direct tissue damage [11–13]. Thus,
alternative cell application strategies have been explored.

We recently reported a tissue engineering (TE) strategy, termed the
magnetic force-based TE (Mag-TE) system [14,15]. Magnetite Fe3O4

nanoparticles were first taken up by liposomes, creating magnetic
cationic liposomes (MCLs) with a positive surface charge. MCLs can
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easily contact target cells electrostatically because the cell membrane is
negatively charged. Target cells are thereby magnetized by fusion with
MCLs. Employing this method, we succeeded in creating MSC and iPS
cell sheets, comprised of 10–15 piled-up cells, with an approximately
300 μm thickness [16,17]. Implantation of these sheets augmented
ischemia-induced angiogenesis in amousemodel of hindlimb ischemia.
However, the effects of these multilayered sheets created using ADRCs
on MI have not yet been clarified. Herein, we attempted to construct
multilayered ADRC sheets using the Mag-TE system. Furthermore, we
investigated the therapeutic impacts of ADRC sheets for MI in vivo
using a mouse model.

2. Materials and methods

2.1. Cell culture

C57BL/6J 8–10-week old male mice were obtained from SLC (Nagoya, Japan), and
cared for and used in accordance with the guidelines of the National Institutes of Health.
ADRCs were isolated from inguinal fat pads of these mice as described previously [5].
Under general anesthesiawith pentobarbital sodium (50 mg/kg i.p.), ADRCswere isolated
from inguinal fat pads (0.1–0.2 g) obtained from C57BL/6J mice. Adipose tissues were
minced and digested with 2 mg/mL type I collagenase (Wako, Osaka, Japan) at 37 °C for
45 min. After filtration through a 100 μm filter (BD Falcon, Bedford, MA, USA) to remove
cellular debris, the tissues were centrifuged at 1300 rpm for 5 min. ADRCs were then
suspended in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), and antibiotics (100 U/mL penicillin G, and 100 μg/mL strepto-
mycin) and cultured at 37 °C, 5% CO2.When adherent cells reached confluence, the attached
ADRCswere reseeded in a similarmediumat a concentration of 2.0×103 cells/cm2. Formost
experiments, first and second passages of ADRCs were used.

2.2. Angiogenic factor protein array

Cell lysates from ADRCs cultured for 48 h under normoxic (5% CO2 and 95% air) and
hypoxic (5% O2, 5% CO2 and 90% N2) conditions were tested using a Proteome Profiler
Angiogenesis Array Kit (R&DSystems,Minneapolis,MN, USA). The sampleswere analyzed
according to the manufacturer's instructions. Nitrocellulose membranes, spotted with 53
different angiogenesis related antibodies in duplicate,were incubatedwith each cell lysate
and a cocktail of biotinylated detection antibodies. Any protein-detection antibody
complex present is bound by its cognate-immobilized capture antibody on themembrane.
Following a wash to remove unbound material, streptavidin-horseradish peroxidase and
chemiluminescent detection reagents were added sequentially. The developed film was
further scanned using a Fujifilm Luminescent Image Analyzer LAS-4000 (Fujifilm), and
densitometric analysis was performed on the array image using Image J software
(http://imagej.nih.gov/ij/).

2.3. Differentiation assay

To induce differentiation into smooth muscle cells and endothelial cells (ECs), ADRCs
were cultured in HuMedia SB2 (smooth muscle cell basal medium; Clonetics, San Diego,
CA, USA) supplemented with SD-2 and EBM-2 (EC basal medium; Clonetics) supplement-
ed with EGM-2 MV. At day 14, adherent cells were stained with α-smooth muscle actin
(α-SMA) monoclonal antibody (mAb) (Sigma Aldrich, St. Louis, MO, USA) and anti-
CD31 mAb (Becton Dickinson, Franklin Lakes, NJ, USA). After immunofluorescence
staining, nuclei were stainedwith DAPI (Wako). To induce differentiation into adipocytes,
ADRCs were cultured with an adipogenic differentiation medium comprised of 0.5 mM 3-
isobutyl-1-methylxanthine, 1 μM dexamethasone, 50 μM indomethacin, and 10 μg/mL
insulin in α-MEM. After 2 weeks of differentiation, adipocytes were identified by the
existence of lipid vesicles stained with Oil red O.

2.4. Effects of MCLs on proliferation and differentiation of ADRCs

The toxicity of MCLs against ADRC growth was examined using a previously
published method [14]. Briefly, ADRCs (1 × 105 cells) were seeded into a 60 mm
culture dish with 5 mL of culture medium, containing 100 pg/cell MCLs. Cell number
was counted after 24 h and then cultured for 48 h by the dye-exclusion method with
trypan blue. To induce smooth muscle and adipogenic differentiation of MCL labeled
(+) or unlabeled (−) ADRCs, ADRCs were cultured in Lab-Tek culture slide (Nunc,
Rochester, NY, USA) with the culture medium containing 100 pg/cell MCLs. After
24 h of incubation, the culture mediumwas replacedwith HuMedia SB-2 supplemented
with SD-2, EBM-2 supplemented with EGM-2MV, or adipogenic induction medium. After
2 weeks of differentiation, the cells were stained with α-SMA to detect smooth muscle
differentiation, anti-CD31 to detect endothelial cell differentiation, and Oil red O to detect
adipogenic differentiation.

2.5. Construction of ADRC sheets

ADRC sheets were constructed by combining the Mag-TE and extracellular matrix
(ECM)-based techniques, using our previously published method [17,18]. Briefly, the
collagen solution was prepared by mixing type I collagen (Nitta Gelatin, Osaka, Japan),
10× Medium 199, neutralization buffer (0.05 N NaOH), and FBS at a volume ratio of
7:1:1:1. An MCL-labeled ADRC suspension (5 × 105 cells in 50 μL) was mixed with an
ECM precursor solution composed of 85 μL of collagen solution and 15 μL of Matrigel
basement matrix (BD Biosciences, San Jose, CA, USA). The final concentration of type I
collagen was adjusted to 0.5 mg/mL. Subsequently, the mixture (150 μL) was placed in a
well of a 24-well ultra-low attachment plate, in which cloning rings (diameter, 5 mm;
height, 10 mm; Asahi Glass Co., Ltd., Tokyo, Japan) were placed at the center of each
well. Immediately thereafter, a magnet was placed underneath the wells to accumulate
MCL-labeled ADRCs at the bottom of the culture. After the formation of cell layers, excess
ECM precursor on top of the cell layer was carefully aspirated using a micropipette. The
procedure was conducted under cold conditions. The remaining ECM within the cell
layer was then hardened by incubation for 1 h at 37 °C. Culture medium was then
added to each well.

2.6. Mouse model of myocardial infarction

We used 8–10week old C57BL/6J malemice. MIwas produced under anesthesia with
sodium pentobarbital (30 mg/kg, i.p.) and the mice were ventilated with a volume-
regulated respirator. This MI model was created by ligation of the left anterior descending
artery with an 8–0 ethylone suture (n = 50). Some animals received a sham opera-
tion (n = 5). Mice were randomly divided into 2 groups: ADRC sheets transplanted
(n = 25) and cell-free collagen gel sheet transplanted as a control (n = 25). ADRC
sheets or collagen gel sheets were placed on the surface of the infarcted myocardium
after 1 min of coronary occlusion and 15 min after transplantation, the chest was
closed with a simple interrupted 5–0 ethylone suture. In some experiments, ADRCs
labeled or unlabeled with MCLs (5 × 105 cells/50 μL in PBS) were transplanted into
5 sites in the ischemic heart by a needle injection (n = 25 for each group).

2.7. Assessment of cardiac function

Tomeasure left ventricular (LV) wall thickness and chamber dimensions, an echocar-
diography was performed with an Acuson Sequioa C512 machine with a 15L8 probe
(Siemens, Munich, Germany) [19]. After obtaining a good quality 2-dimensional image,
M-mode images of the LV dimension and wall thickness were measured.

2.8. Histological analysis

For histological evaluation, ADRC sheetswerewashedwith phosphate buffered saline,
fixed in 4% paraformaldehyde, and embedded in paraffin. Thin (5 μm) sections were
stained with hematoxylin and eosin. At day 14 after surgery, mice were euthanized with
an overdose of anesthetics and hearts were harvested, fixed in 4% paraformaldehyde,
and embedded in paraffin. Sections (5 μm) were cut and stained with Masson trichrome
(Sigma Aldrich). The area of fibrosis was quantitatively analyzedwith NIH Image software
(National Institute ofHealth ServiceBranch, rsb.info.nih.gov/nih-image/). Fivemicrometer
frozen sections were prepared and stained for anti-CD31mAb to detect capillary ECs. The
number of capillary ECs was counted using fluorescence microscopy (200×). Five fields
from 3 different samples, harvested from each animal, were randomly selected for the
capillary density analysis.

To examine the extent of apoptosis, sections from frozen tissue sampleswere subject-
ed to terminal deoxynucleotidyl transferase (TdT)-mediated in situ fluorescein-
conjugated dUTP nick end-labeling (TUNEL) assay using the in situ Cell Death Detection
Kit (Roche Diagnostics, Indianapolis, IN, USA). Nuclei were counterstained with DAPI.
The number of apoptotic cells was counted and expressed as the percentage of the total
number of nuclei in the sections.

To detect the in vivo differentiation of transplanted ADRC sheets within the host
tissues, frozen serial sections were stained with anti-CD140b mAb for pericytes, anti-
CD31 mAb for endothelial differentiation, and cardiac troponin T for myocardial
differentiation.

2.9. Real time RT-PCR analysis

Total RNA was isolated using Trizol (Invitrogen, Carlsbad, CA, USA) from ischemic
hearts at days 7 and 14. Reverse transcription was performed with 1 μg of RNA, random
primers, and MMLV reverse transcriptase (ReverTra Ace-α TOYOBO, Osaka, Japan).
Quantitative real-time PCR was performedwith the LightCyclerT System (Roche Diagnos-
tics, Basel, Switzerland) and QuantiTect SYBR Green PCR kit. The primer sequences used
are: VEGF-A: sense, 5′-CAGGCTGCTGTAACGATGAA-3′, and antisense, 5′-AATGCTTTCTCC
GCTCTGAA-3′, bFGF: sense, 5′-AGCGGCTCTACTGCAAGAAC-3′, and antisense, 5′-GCCGTC
CATCTTCCTTCATA-3′, GAPDH: sense, 5′-ACCCAGAAGACTGTGGATGG-3′, and antisense,
5′-CACATTGGGGGTAGGAACAC-3′.

2.10. Statistical analysis

The data are presented asmeans± SEM values. Comparisons between 2 groups were
made using Student's t test. Statistical analysis formultiple comparisons among the groups
was performed using one-way ANOVA (Fig. 3G). Survival rates were compared using
Kaplan–Meier curves and the log-rank test (Fig. 3B). Statistically significant differences
were considered at p b 0.05.

http://imagej.nih.gov/ij/


Fig. 1.Characterization of culturedADRCsmagnetically labeledwithMCLs. (A) Inclusion ofMCLs did not affect thegrowthof ADRCs. Open circles,MCL-unlabeledADRCs; solid circles,MCL-
labeledADRCs (100 pg/cells). (B) In vitro differentiation assay. CulturedADRCs labeled or unlabeledwithMCLswere induced to differentiate into smoothmuscle cells, ECs, and adipocytes.
Inclusion of magnetic particles within ADRCs did not alter smooth muscle cell or adipocyte differentiation potential. EC differentiation was not confirmed by immunostaining with anti-
CD31antibody. Smoothmuscle cell differentiationwas confirmed by stainingwith anti-α-SMA antibody (green), counterstainedwith DAPI (blue). Adipogenic differentiatedADRC stained
with Oil red O. Scale bar: 50 μm. The expression of angiogenic cytokines in ADRCs cultured under normoxic and hypoxic conditions. Representative immunoblots (C) and quantitative
analysis of relative changes in various angiogenic factors (D).
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3. Results

3.1. Characterization of cultured ADRCs

First, we assessed the characteristics of ADRCs magnetically labeled
with MCLs. The inclusion of MCLs (100 pg/cells) in the medium did
not affect the growth rate of ADRCs (Fig. 1A). Smooth muscle cells and
adipocytes, but not ECs, were induced from ADRCs labeled or unlabeled
with MCLs. Immunofluorescence analysis revealed that α-SMA+

smooth muscle cells and Oil Red O+ adipocytes, but not CD31+ ECs,
were selectively induced from ADRCs, regardless of the presence or
absence of labeling with MCLs (Fig. 1B). Thus, the incorporation of
magnetic particles within the cells did not alter their phenotypes.

We next examined the expression of angiogenic cytokines using the
Proteome Profiler array under conditions of normoxia or hypoxia.
Representative immunoblots are presented in Fig. 1C. In culture,
ADRCs labeled with MCLs expressed multiple angiogenic factors under
normoxic or hypoxic conditions. Of note, hypoxia significantly increased
the expression of bFGF and VEGF (Fig. 1D).

3.2. Construction of ADRC sheets by combining Mag-TE and ECM precursor
embedding systems

Mouse ADRC sheets were constructed using the Mag-TE and ECM
precursor embedding systems in combination. Fig. 2A presents a
macroscopic en face view of ADRC sheet constructed on an ultra-low-
attachment culture plate. The ADRC sheet was brown, the color of
magnetite Fe3O4 nanoparticles. The sheet was nearly circular with a
diameter of 5 mm. Hematoxylin and eosin staining showed that ADRC
sheets had a “reticular pattern structure” comprised of pile-ups of
10–15 layered cells with an approximately 300 μm thickness (Fig. 2B).
Also, virtually no TUNEL positive-apoptotic cells were observed after
the initiation of the sheet construction (Fig. 2C). Thus, we succeeded
in creating ADRC sheets by combining the Mag-TE and ECM precursor
embedding systems.

3.3. Transplantation of ADRC sheets improved cardiac remodeling after
myocardial infarction

We examined the effects of in vivo implantation of an ADRC sheet on
cardiac remodeling after MI. A neodymium magnet under the culture
plate was removed. Then, an Alnico magnet covered with a hydrophilic
PVDF filmwas positioned on the surface of the culture medium. A sheet
was placed on the surface of the infarcted myocardium. After 15 min,
sheets were tightly attached to the heart surface (Fig. 3A). The skin
was closed with a simple interrupted 5–0 suture after the cell sheet
placement.
Fig. 2. Construction of ADRC sheets by combining Mag-TE and ECM precursor embedding s
attachment plate using the Mag-TE and ECM embedding system. (B) Bright field microscopi
cells were virtually absent at 24 h after sheet construction.
Body weights (BW) did not differ between the ADRC sheet and
control (collagen gel) groups at 4 weeks after MI or sham operation.
No significant difference in heart rate was observed among the
experimental groups. Systolic blood pressure was significantly
decreased in both the ADRC sheet and the control group 4 weeks after
MI compared to the sham-operated mice, but the difference between
the ADRC sheet and control groups did not reach statistical significance
(data not shown). All sham-operation mice survived and appeared
healthy during the follow-upperiod.Mortality afterMIwas significantly
lower in the ADRC sheet group than in the control group (Fig. 3B).

At 28 days after surgery, cardiac functionwas assessed by echocardi-
ography. Fig. 3C shows representativeM-mode echocardiograms for the
ADRC sheet and control groups at 28 days after sham operation or MI.
Echocardiographic measurements revealed that the decreases in LVFS
and LVEF following MI were improved by ADRC sheet implantation
(Fig. 3D and E). No difference in LVFS or LVEF was detected between
the sham-operated, ADRC sheet, and control groups. Furthermore, we
assessed the effect of ADRC transplantation by a needle injection on
cardiac remodeling after MI to compare it to that of transplanted
ADRC sheet. ADRCs labeled or unlabeled with MCLs (5 × 105 cells/
50 μL in PBS) were transplanted into 5 sites in the ischemic heart by a
needle injection. Implantation of ADRC by a needle injection did not
affect mortality and LV systolic function after MI (Fig. 3B–E).

Hearts were also processed for histological analyses. Masson
trichrome staining revealed that interstitial fibrosis in the LVmyocardi-
um was increased following MI (Fig. 3F and G). This increase in the
extent of cardiac fibrosis was significantly inhibited by ADRC sheet
implantation (Fig. 3F and G). Implantation of ADRC labeled or unlabeled
withMCLs by a needle injection had no effect on the LV interstitialfibro-
sis after MI (Fig. 3F and G). There was no significant difference in LV
interstitial fibrosis after sham operation between the ADRC sheet and
control groups. Collectively, these data show that ADRC transplantation
can reduce MI-induced LV remodeling.
3.4. Modulation of myocardial capillary density and apoptosis with ADRC
sheet transplantation

Capillary status was evaluated by histological analysis of CD31-
positive cells in both the peri-infarct and remote areas of themyocardi-
um (Fig. 4A). Capillary density in the peri-infarct area was significantly
increased in the ADRC sheet group compared to the control group at
2 weeks after MI, whereas there was no significant difference in the
capillary density in the remote area after MI between the ADRC sheet
and control groups. There was no significant difference in the capillary
density at 2 weeks after sham-operation in the remote area after MI
between theADRC sheet and control groups. No differencewasdetected
in the capillary density at 2 weeks after sham-operation between the
ystems. (A) Bright-field photographs of the ADRC sheets constructed on an ultra-low-
c photograph of HE-stained cross sections of ADRC sheets. (C) TUNEL positive-apoptotic
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Fig. 3. (A) ADRC sheets were tightly attached to the heart surface at 15 min after transplantation. (B) Kaplan–Meier survival curves after 4 weeks of follow-up. Mice were divided into 6
groups as follows: The sham-collagen gel group received the cell-free collagen gel sheet placed on the surface of the myocardium after sham-operation. The sham-ADRC sheet group (5
× 105 cells/sheet) received the ADRC sheet placed on the surface of the myocardium after sham-operation. The collagen gel group received the cell-free collagen gel sheet placed on the
surface of the infarcted myocardium after MI. The ADRC sheet group (5 × 105 cells/sheet) received the ADRC sheet placed on the surface of the infarcted myocardium after MI. The ADRC
(MCL−) group (5× 105 cells/mice) received theADRCs unlabeledwithMCLs by a needle injection afterMI. TheADRC (MCL+)group (5× 105 cells/mice) received theADRCs labeledwith
MCLs by a needle injection after MI (n= 25 for each group). (C–E) Analysis of cardiac function by echocardiography 28 days after operation. (C) RepresentativeM-mode echocardiogram
for the sham-collagen gel, sham-ADRC sheet, collagen gel, ADRC sheet, ADRC (MCL−), and ADRC (MCL+) groups. (D and E) Quantitative analysis of left ventricular fractional shortening
(LVFS) and left ventricular ejection fraction (LVEF). (F) Cardiac fibrosis area was visualized byMasson trichrome staining. (G) Quantitative analysis of cardiac fibrosis area (n= 5 for each
group). Scale bar: 1 mm.
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Fig. 4.Quantitative analysis of capillary density and apoptotic cells in ischemic hearts. (A) Microscopic photographs of capillary density in both the peri-infarct areas and the remote areas
at day 14 after surgery. Capillaries were immunostainedwith anti-CD31 antibody. (B) TUNEL staining images of ischemic hearts at 14 days after transplantation (arrows: TUNEL-positive
cells, scale bar: 50 μm).
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sham-operatedADRCsheet andcontrol groups. To investigate the extent
of apoptosis, TUNEL staining was performed on histological sections
from the peri-infarct and remote areas in the different experimental
groups (Fig. 4B). Quantitative analysis showed a significantly lower
proportion of TUNEL-positive cells in the peri-infarct area of the heart
in the ADRC sheet group compared to that of the control group. There
was no significant difference in the frequency of apoptotic cells in the
remote area after MI between the ADRC sheet and control groups. Few
or no TUNEL-positive cells were detectable in the heart of sham-
operated mice.
3.5. ADRC sheet transplantation increased VEGF and bFGF expression in
ischemic myocardium

Because angiogenic cytokines play an important role in the regula-
tion of coronary angiogenesis, we assessed the cardiac expressions of
VEGF and bFGF at days 7 and 14 after MI by real-time PCR. Coronary
ligation significantly increased cardiac VEGF and bFGF mRNA expres-
sion in the control group at day 7, but the increases in VEGF and bFGF
in the heart following MI were significantly greater in the ADRC sheet
group (Fig. 5A and B). There was no significant difference in the cardiac
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Fig. 5. Angiogenic cytokine expressions in ischemic hearts at days 7 and 14 after surgery.
The mRNA expression of VEGF (A) and bFGF (B) was determined by real-time RT-PCR in
the collagen gel and ADRC sheet groups (n = 5 for each group).
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expression of VEGF and bFGF at day 14 after sham-operation or MI
between the ADRC sheet and control groups.

3.6. Location of ADRC sheet after transplantation

We examined the cell types that implanted ADRCs differentiated
into. A large number of newly-formed capillary and mature blood
vessels invaded the ADRC sheet at 14 days after transplantation. Immu-
nofluorescence staining revealed that some of the implanted ADRCs
resided near vascular structures and capillaries stained with CD31
(Fig. 6A). These cells were positive for CD 140b, a pericyte marker
(Fig. 6A). In addition, implanted ADRCs did not co-stain positively for
troponin T. Thus, implanted ADRCs might contribute, at least to a
limited extent, to vascular formation as pericytes in the chronic phase
(Fig. 6B).

4. Discussion

In the present study, we successfully created multi-layered ADRC
sheets by combining a TE modality, termed the Mag-TE system, and
the ECM precursor embedding system. This sheet was engrafted into
ischemic hearts. Transplantation of ADRC sheets protected against
adverse cardiac remodeling following MI.

We previously reported that transplantation of MCL-labeled cell
sheets promoted angiogenesis more effectively than conventional
direct-injection of cell suspensions using MSCs and iPS cells [16,
17]. It takes only 24 h to create these cell sheets. Furthermore, we
can construct a variety of cell sheets, such as cardiomyocytes,
keratinocytes, and hepatocytes, employing this Mag-TE technology
[14,15,20,21]. Recently, we succeeded in creating stem cell sheets
using MSCs or iPS cells. The transplanted MSC and iPS cell sheets
were engrafted into skeletal muscles of mice and stimulated angio-
genesis in response to limb ischemia [16,17]. In the present study,
ADRC sheets, created using the same method, were constructed
and engrafted into heart tissue. Collectively, our methodology, the
Mag-TE and ECM embedding system, has been shown to be
extremely useful and convenient, suggesting that these methods
provide a modality applicable to various fields of regenerative
medicine.

Agents that promote angiogenesis have been shown to be beneficial
for cardiac remodeling after myocardial ischemia. In fact, a number of
clinical trials have supported the efficacy of therapeutic angiogenesis
by cell transplantation for MI [22–25]. Previously, implantation of
ADRCs was shown to promote angiogenesis in response to ischemia
[5,26]. In the present study, implantation of ADRC sheets resulted in
improved cardiac function that was associated with an increase in
myocardial capillaries.

One of the major mechanisms underlying improved cardiac func-
tion might be the release of angiogenic cytokines from ADRC sheets.
ADRCs not only can differentiate into mesenchymal tissues, but also
can secrete multiple angiogenic growth factors, such as VEGF and
bFGF [26,27]. Implantation of monolayer adipose-derived MSC
sheets reportedly repaired scarred myocardium after MI through
paracrine effects triggering angiogenesis [28]. We also found that
implantation of ADRCs induced angiogenesis not via direct differen-
tiation into ECs, but by releasing cytokines in a mouse model of hind
limb ischemia [5]. We and other groups have shown that ADRCs dif-
ferentiated into pericytes but not ECs in vitro and in vivo [8,29]. Con-
sistent with these observations, our present data indicate that
implanted ADRCs contribute to vascular formation as pericytes, but
not as ECs or cardiac myocytes. ADRCs labeled with MCLs highly
expressed VEGF and bFGF under hypoxic conditions. In addition, im-
plantation of our ADRC sheets increased VEGF and bFGF mRNA
levels in ischemic hearts, although these factors could not be
assessed at the protein level. The reason why the differentiation
from ADRC to endothelial cells did not occur during the observation
period remains unknown. Collectively, the ability of ADRC sheets to
stimulate the release of angiogenic growth factors may contribute to
themaintenance of myocardial capillary density in response tomyo-
cardial ischemia, resulting in the preservation of cardiac function.
Further studies may be required to understand the precise mecha-
nisms underlying the secretion of angiogenic cytokines by ADRC
therapy and to test the dose–response relationship for ADRC sheets
in our animal models.

Finally, ADRC sheets were placed on the surface of the infarcted
myocardium after 1 min of coronary occlusion in the present study.
Timing of sheet implantation after coronary occlusion could be related
to a decrease of ischemic damage or a decrease of adverse remodeling.
Thus, additional experimental studies will be required to assess the
cardiac remodeling following ADRC sheet implantation at various time
points in animal models.

In conclusion, ADRC sheets created by this Mag-TE method protect
against adverse cardiac remodeling following MI. The favorable effects
of ADRC sheets are associated with maintenance of capillary density
via the angiogenic paracrine actions of cytokines. Our ADRC sheets
may become a novel regenerative medicine strategy for ischemic
heart disease in the future.
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Fig. 6. In vivo differentiation of grafted ADRC sheetswithin host ischemic hearts. (A) A fraction ofMCL-labeled ADRCs appeared to be incorporated into perivascular regions (arrows). Red:
CD31; green: CD140b; blue: DAPI. (B) In contrast, no transplanted ADRCs were confirmed to have differentiated into cardiomyocytes. Red: troponin T; blue: DAPI. Scale bar: 50 μm.
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