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Abstract: Mesenchymal stem cells (MSCs) constitute one of the most powerful tools for therapeutic angiogenesis in
infarcted hearts. However, conventional MSC transplantation approaches result in insufficient therapeutic effects
due to poor retention of graft cells in severe ischemic diseases. Cell sheet technology has been developed as a new
method to prolong graft cell retention even in ischemic tissue. Recently, we demonstrated that hypoxic pretreatment
enhances the therapeutic efficacy of cell sheet implantation in infarcted mouse hearts. In this study, we investi-
gated whether hypoxic pretreatment activates the therapeutic functions of bone marrow-derived MSC (BM-MSC)
sheets and improves cardiac function in rabbit infarcted hearts following autologous transplantation. Production
of vascular endothelial growth factor (VEGF) was increased in BM-MSC monolayer sheets and it peaked at 48 h
under hypoxic culture conditions (2% O,). To examine in vivo effects, preconditioned autologous BM-MSC sheets
were implanted into a rabbit old myocardial infarction model. Implantation of preconditioned BM-MSC sheets ac-
celerated angiogenesis in the peri-infarcted area and decreased the infarcted area, leading to improvement of the
left ventricular function of the infarcted heart. Importantly, the therapeutic efficacy of the preconditioned BM-MSC
sheets was higher than that of standardly cultured sheets. Thus, implantation of autologous preconditioned BM-
MSC sheets is a feasible approach for enhancing therapeutic angiogenesis in chronically infarcted hearts.

Keywords: Old myocardial infarction, cell-based therapy, mesenchymal stem cells, cell sheet, hypoxic precondi-
tioning

Introduction (CDCs) [1-3]. Mesenchymal stem cells (MSCs),

in particular, possess great potential for treat-

Myocardial infarction (M) causes loss of cardi-
ac tissue and impairment of left ventricular
function. Heart transplantation remains the
only curative treatment option for end-stage
heart failure including MI. However, a critical
shortage of donor hearts makes it difficult to
save a large number of patients with heart fail-
ure. Therefore, alternative options to heart
transplantation need to be developed for
patients with severe heart failure. Cell-based
therapy is thought to be a good alternative to
organ transplantation. A variety of cell types
have been proposed as possible candidates
such as bone marrow cells (BMCs), skeletal
myoblasts, and cardiosphere-derived cells

ing end-stage heart failure, since grafted MSCs
secrete several cardioprotective and regenera-
tive healing factors for the failing myocardium
[4]. Indeed, transplantation of MSCs dramati-
cally improved the ventricular functions and
pathological condition of heart failure animal
models [5-7]. Subsequent clinical trials using
MSCs have been conducted on patients with
ischemic heart failure; e.g., the Transendocar-
dial Autologous Cells in Ischemic Heart Failure
Trial (TAC-HFT) and Percutaneous Stem Cell
Injection Delivery Effects on Neomyogenesis
(POSEIDON). These clinical trials have demon-
strated the safety of this therapeutic approach
and that MSC transplantation induces reverse
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remodeling and improves the regional contrac-
tility of the infarcted area [8, 9]. However, the
resulting therapeutic benefits were generally
modest and varied depending on the patients.
It is thought that these limited therapeutic ben-
efits are due to poor retention of the graft cells
in the ischemic heart and in adequate growth
factor secretion [10].

The “cell-sheet” technique has been proposed
as an advanced cell-delivery method for failing
hearts [11]. This technique enables graft cells
to maintain cell surface proteins, cell-cell junc-
tions, and the extracellular matrix, leading to
higher initial retention of donor cells following
transplantation even in ischemic tissues.
Epicardial delivery of cell sheets, including MSC
sheets, significantly improved cardiac functions
in heart failure animal models compared with
conventional cell injection methods [12-14].
The paracrine mechanism is thought to be the
major therapeutic pathway underlying non-car-
diac muscle sheet implantation rather than the
replacement of damaged cardiomyocytes by
graft cells [12, 13].

Hypoxic preconditioning, induced by a brief epi-
sode of mild and nonlethal reduced oxygen
supply prior to cell transplantation, is known to
reinforce multiple cellular functions of “dissoci-
ated” graft cells, such as angiogenic activity,
oxidative stress resistance, and adhesion
capacity [15-19]. Recently, we reported that
hypoxic preconditioning was applicable not only
for dissociated cells but also for cell sheets;
implantation of preconditioned cardiosphere-
derived cell sheets dramatically improved left
ventricular function in chronically infarcted mo-
use hearts with reduced fibrosis and enhanced
angiogenesis [20]. Based on these results, we
sought to use this simple yet powerful cell
sheet preconditioning protocol in clinical set-
tings. To do so, however, it is first necessary to
determine the therapeutic efficacy of precondi-
tioned sheet implantation in animal models
larger than mice.

Here, we used a pre-clinical old myocardial
infarction rabbit model and autologous MSC
sheets to examine the efficacy of combining
cell sheets and hypoxic preconditioning as a
therapeutic approach for chronically infarcted
hearts.
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Materials and methods
Ethics statement

All animal experiments were approved by the
Institutional Animal Care and Use Committee
(IACUC; No. 31-104) of Yamaguchi University. All
surgeries were performed under general anes-
thesia and all efforts were made to minimize
animal suffering.

Animals

Male New Zealand white rabbits (2.5-3.0 kg
body weight, KBT Oriental) were used for the
animal experiments. Animals were housed in a
regulated environment (22 + 2°C), with a 12-h
light/dark cycle (light cycle was from 08:00 to
20:00).

Isolation of bone marrow-derived mesenchy-
mal stem cells

Rabbits were anesthetized by an intravenous
injection of ketamine (Daiichi Sankyo Proph-
arma, 1 mg/kg) and xylazine (Bayer, 3 mg/kg).
Autologous bone marrow-derived cells (3 ml)
were aspirated from the ilium with a 5-mil
syringe containing 2 ml of heparin [21]. Bone
marrow-derived cells were suspended in
Dulbecco’s Modified Eagle Medium (DMEM,
Thermo Fisher Scientific) containing 10% fetal
bovine serum (FBS, Thermo Fisher Scientific)
and 1% penicillin/streptomycin (Thermo Fisher
Scientific). Following filtration through a 100-
um mesh nylon filter (Corning), bone marrow-
derived cells were seeded onto 10-cm culture
dishes and incubated at 37 °C under 5%
humidified CO,. The mesenchymal population
was isolated based on its ability to adhere to
the culture plates [22]. At 4 days postplating,
non-adherent cells were removed by medium
replacement. Thereafter, the medium was ch-
anged every two days. Once the cells reached
80-90% confluence, they were trypsinized and
further propagated for 2-3 passages.

Differentiation of rabbit BM-MSCs into osteo-
blasts, adipocytes, chondrocytes

The differentiation potential of passage 3 rab-
bit BM-MSCs (rBM-MSCs) into tri-lineages
(osteogenic, adipogenic, and chondrogenic lin-
eages) was examined. Differentiation into tri-
lineages was conducted using commercially
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available standard differentiation induction
media: Advance STEM™ Osteogenic Differenti-
ation Kit (Thermo Fisher Scientific), Mesenchy-
mal Stem Cell Adipogenic Differentiation Me-
dium (PromoCell), and Mesenchymal Stem Cell
Chondrogenic Differentiation Medium (Promo-
Cell) in accordance with the manufacturer’s
protocols. At day 14, lipid droplets were visual-
ized by Oil red O staining; while at day 21, intra-
cellular alkaline phosphatase (ALP) activity and
acidic mucopolysaccharide levels were evalu-
ated using the ALP Assay Kit (Takara Bio) and
the Acidic Mucopolysaccaride Assay Kit (Cosmo
Bio), respectively.

Preparation of rBM-MSC sheets and hypoxic
preconditioning

To develop cell sheets, 6 x 10°rBM-MSCs (pas-
sage 3) were seeded in a 6-well temperature-
responsive culture dish (UpCell®; Cell Seed)
under normoxic conditions (37°C, 20% O,, and
5% CO,). The rBM-MSC sheets on the UpCell®
dishes were then cultured under hypoxic condi-
tions (33°C, 2% 0O,, and 5% CO,) [16-19]. When
the culture temperature was decreased to
20-22°C, the rBM-MSC sheets smoothly
detached from the culture dish and floated up
into the medium as a monolayer cell sheet.

Enzyme-linked immunosorbent assay (ELISA)
for VEGF

To assess growth factor production, condi-
tioned medium was collected from the rBM-
MSC sheet cultures at O, 24, 48, 72 h post cul-
ture initiation and ELISA targeted at vascular
endothelial growth factor (VEGF) was per-
formed (human VEGF Quantikine immunoassay
kit; R&D systems).

Western blotting

Rabbit BM-MSC sheets were lysed in radio-
immunoprecipitation (RIPA) buffer containing
protease/phosphatase inhibitor cocktails. Thir-
ty micrograms of protein was subjected to poly-
acrylamide gel electrophoresis and then trans-
ferred onto a polyvinylidene difluoride (PVDF)
membrane. The blotted membranes were reac-
ted with primary antibodies against caspase-7
(Santa Cruz Biotechnology) or B-actin (Santa
Cruz Biotechnology). Proteins were visualized
using HRP substrate (ECL Prime Western Blo-
tting Detection System; GE Healthcare) and
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band intensities were quantified using the
Imagel) software package.

TUNEL assay

Apoptotic cells were detected using the termi-
nal deoxyribonucleotidyl transferase (TDT)-
mediated dUTP-digoxigenin nick end labeling
(TUNEL) assay. MSC sheets were cultivated
under normoxic or hypoxic conditions. Cells
were fixed with 4% paraformaldehyde (Wako),
rinsed with phosphate-buffered saline (PBS),
permeabilized with 0.1% Triton-X/Protein block-
ing solution (Dako-Japan), and then incubated
with a reaction solution (In Situ Cell Death
Detection Kit, Roche). In addition, cells were
stained with 6-diamidino-2-phenylindole (DAPI)
to visualize the nuclei. Immunofluorescence
images were acquired using a BIOREVO micros-
copy system (BZ-9000 Generation Il system;
Keyence).

Tube formation assay

Human umbilical endothelial cells (HUVECSs)
were maintained in EGM2 medium (Lonza). The
HUVECs were then trypsinized, resuspended in
10% FBS/DMEM, and then seeded onto
Matrigel® (Corning)-coated 96-well plates at 2
x 10* cells/well (75 ul). Next, 75 ul of condi-
tioned medium from the rBM-MSC sheets (hypo
or normo) or fresh medium (control) were added
into each of the wells. Images of tube formation
were captured 9 h later and measured using
the Angiogenesis Analyzer for ImageJ software
(National Institutes of Health) [23].

Migration assay

Cardiac fibroblasts were isolated from rabbit
hearts as previously reported [24] and cultured
in Iscove’s modified Dulbecco’s Medium (IMDM,
Thermo Fisher Scientific) containing 10% FBS,
1% penicillin/streptomycin, and 1% non-essen-
tial amino acids (Thermo Fisher Scientific).
Cardiac fibroblasts were seeded into 12-well
cell culture dishes at high confluence. Cells
were scraped with 1000 pl tips to create a
scratch and then further cultured for 12 h in
conditioned medium from rBM-MSC sheets
(hypo or normo) or in fresh medium (control).
Phase contrast images of the scratches were
acquired using a BZX710 All-in-One fluores-
cence microscope (Keyence) at 0 and 12 h post
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Figure 1. Isolation of bone marrow-derived mesenchymal stem cells and differentiation into tri-lineages. (A) Fibro-
blast-like cells at 2 weeks post seeding; scale bar = 500 um (B) Osteogenic, adipogenic, and chondrogenic differ-
entiation of isolated BM-MSCs wasconfirmed by intracellular alkaline phosphatase (ALP) activity (C; n = 9 for each),
intracellular accumulation of lipid droplets (D), and the concentration of acidic mucopolysaccharide (E; n = 5 for

each), respectively. Scale bar = 100 ym.*p < 0.01.

incubation. The wound area was measured
using the BZ-X analyzer software (Keyence).

Rabbit old myocardial infarction model and
sheet implantation

A 24-gauge intravenous catheter was inserted
into the marginal ear vein for anesthetics.
Rabbits were anesthetized using intravenous
injections of ketamine (1 mg/kg) and xylazine
(3 mg/kg). Rabbits were intubated with an
endotracheal tube (3.0 mm ID) and mechani-
cally ventilated (rate 30/min, tidal volume 20
ml/kg) with 1 I/min oxygen and 1 I/min nitrous
oxide. Repeated injections of ketamine and
xylazine were administered as required to main-
tain a deep level of anesthesia. The rabbits
were placed on a warm blanket; the chest was
opened through the fourth left intercostal
space and the left anterior descending artery
(LAD) was ligated with 5-0 PROLENE® (Ethicon).
An antibiotic (gentamicin, 2.5 mg/kg) was ad-
ministered both pre- and postoperatively [21].
At 4 weeks post surgery, rabbits were subject-
ed to echocardiography and those showing
inappropriate left ventricular ejection fraction
(LVEF; >60% or < 40%) were excluded from the
study.
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Rabbit BM-MSC sheets were placed on Sepra-
film® (Sanofi US), which is used to prevent adhe-
sion post surgery, and then carefully implanted
onto the heart surface to cover the infarct and
surrounding border areas [20]. Seprafiim®
alone was implanted onto Ml hearts in the con-
trol group. Rabbits were sacrificed at 4 weeks
post sheet implantation and the hearts were
harvested for histological analysis.

Echocardiography

Transthoracic echocardiography was assessed
during pretreatment (4 weeks post LAD liga-
tion) and 28 days post sheet implantation using
Vivid i (GE Medical Systems) under intravenous
anesthesia with pentobarbital sodium (20 mg/
kg). LVEF and left ventricular fractional shorten-
ing (LVFS) were measured with the M-mode.

Histological analysis

Harvested hearts were fixed with 10% formalin
overnight at room temperature. Following par-
affin embedding, tissue sections (3 ym thick-
ness) were prepared for histological analysis.
Masson’s trichrome staining was performed to
assess cardiac fibrosis in the infarcted hearts.

Am J Transl Res 2016;8(5):2222-2233
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Figure 2. Hypoxic preconditioning enhances VEGF secretion from rBM-MSC sheets. A. Rabbit BM-MSC sheets were
cultivated under hypoxic conditions (2% oxygen) for 24, 48, and 72 h and the concentration of VEGF in the condi-
tioned medium was measured by ELISA; *p < 0.05. MSC sheets secreted the highest level of VEGF under hypoxic
culture conditions (2% oxygen) at 48 h. (n = 5 for each groups). B. Hypoxic preconditioning does not cause an
apoptotic response in rBM-MSC sheets; cleaved Caspase 7 was undetectable in cultured rBM-MSC sheets. C. No
significant differences in the number of TUNEL-positive cells were observed between normoxic and hypoxic condi-
tions. The arrowhead indicates the TUNEL-positive cell; scale bar = 50 um. (n = 4 for each).

The images were taken using a BIOREVO
microscopy system and calculated using a BZ-1|
analyzer (Keyence). The infarcted area in the
left ventricle was measured and compared
between the groups. The heart sections were
also stained with Dyelight 488-conjugated
Tomato-Lectin (Vector Laboratories) to assess
capillary density, which was calculated as the
number of positively stained capillary vessels
in 10 randomly selected fields in the peri-infarct
area.

Statistical analysis

All values are expressed as mean + SD. Stati-
stical comparison between two groups was
conducted using the student’s unpaired t-test.
Statistical analysis was performed using Stata
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12.1 (Lightstone Corp). P-values < 0.05 or 0.01
were considered statistically significant.

Results

Isolation of bone marrow-derived mesenchy-
mal stem cells and differentiation into tri-
lineages

Rabbit bone marrow-derived mesenchymal st-
em cells (rBM-MSCs) were isolated based on
their ability to adhere to the culture plates [22].
Colonies of spindle-shaped MSCs attached
to the surface of cell culture dish were observed
at day 4 post seeding. These spindle-shaped
MSCs reached 80-90% confluence at 2 weeks
post seeding (Figure 1A) and the expression
of CD44, a cell surface marker for rabbit

Am J Transl Res 2016;8(5):2222-2233
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Figure 3. Hypoxic preconditioning enhances the angiogenic activity of rBM-MSC sheets. Human umbilical vascular
endothelial cells (HUVECs) were cultured in fresh medium or in conditioned medium (CM) from rBM-MSC sheets
(Normoxia or Hypoxia). The number of junctions in the field was counted at 10 x microscopic magnification; scale
bar = 500 ym. (n = 3 for each groups). B. The anti-fibrotic activity of preconditioned cell sheets was analyzed us-
ing the scratch assay. Confluent rabbit cardiac fibroblasts were scraped to create a scratch approximately 1.2-mm
in size and cells were then further cultivated in conditioned medium for 12 h. Wound closure was measured and
compared between the experimental groups. Cells were virtually colored in yellow to visualize the wound closure
area; scale bar = 500 pym. (n = 6 for each groups). Normo CM; conditioned medium from normo sheet. Hypo CM;
conditioned medium from hypo sheet. *p < 0.01, **p < 0.05.

BM-MSCs [25], was confirmed in the isolated
cells (Figure 1B).

BM-MSCs have the capacity to differentiate
into osteoblasts, adipocytes, and chondrocyte
lineages [4]. Therefore, we examined the multi-
potency of the isolated rBM-MSCs to determine
their quality. Under osteogenic differentiation
conditions, the rBM-MSCs exhibited higher
alkaline-phosphatase (ALP) activity at day 21
compared to the untreated rBM-MSC controls
(b < 0.01, Figure 1B), indicating that the rBM-
MSCs possess osteogenic differentiation pot-
ential. Next, we examined the adipogenic differ-
entiation capacity of isolated rBM-MSCs; the
rBM-MSCs were cultivated under adipogenic
differentiation conditions and then stained with
Oil Red O to visualize lipid droplets. Lipid-rich
vacuole formation was confirmed in the culture
at 2 weeks post adipogenic induction, demon-
strating the adipogenic potential of the rBM-
MSCs (Figure 1C). Finally, the rBM-MSCs were
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also cultured under chondrogenic differentia-
tion conditions; following 3 weeks of differenti-
ation, the level of acidic mucopolysaccharide, a
marker for chondrogenic differentiation, was
significantly higher in the differentiation group
than the untreated control, demonstrating the
chondrogenic potential of the rBM-MSCs (p <
0.01, Figure 1D). Based on these results, we
determined that the rBM-MSCs could be used
for further experiments because of their typi-
cal MSC cellular characteristics.

Hypoxic preconditioning accelerates secretion
of vascular endothelial growth factor (VEGF) in
BM-MSC sheets

Previously, we demonstrated that VEGF expre-
ssion in roughly isolated bone marrow-derived
cells, including MSCs, was increased by pre-
incubation under hypoxia and peaked at 24 h
of culturing [26]. In this study, we examined
whether hypoxic treatment reinforced the func-

Am J Transl Res 2016;8(5):2222-2233



Autologous implantation of preconditioned cell sheets

A Detached Sheet on B Echo
rBM-MSC Sheet Seprafilm® Sheet implantation
BM isolation
LAD ligation HypC Echo
Y Y Y
-28d -2d Day 0 28d
C
25 =0.0005
e 20 1 p =0.001
20 - p=0.033
15 1
151 p=o0.0019
£ 10. 1 3 101  p=0.0028
TR ~ I
L E 5
= 9] >
< 0 Control < 5 Control
Normo Hypo Normo Hypo
-5 Sheet  Sheet 54 Sheet  Sheet
-10 10

Figure 4. Implantation of rBM-MSC sheet onto the old myocardial infarction (OMI) heart. A. Rabbit BM-MSC sheets-
were detached from temperature-responsive culture dishes incubated at < 20°C and the rBM-MSC sheets were
thenplaced on Seprafilm® for delivery to the heart (arrowhead). B. Protocol for sheet implantation onto rabbit OMI. C.
Cardiac performance was improved by preconditioned sheet implantation. The change in LVEF (deltaLVEF) and LVFS
(deltalLVFS) at 4 weeks post sheet implantation compared to pre-implantation was measured by echocardiograms

(n =5 for each group).

tions of the rBM-MSC sheet as well as bone
marrow-derived cells. Cell sheets composed of
rBM-MSCs were developed in temperature-
responsive cell culture dishes and then cul-
tured under low oxygen conditions (2% O,;
hypoxia) for 24, 48, and 72 h. In contrast to
bone marrow-derived cells, rBM-MSC sheets
exhibited different reactivity to hypoxic treat-
ment and VEGF levels reached their peak at 48
h, not 24 h (Figure 2A). These results suggest
that the appropriate hypoxic culture conditions
should be determined for all cell types and
structures. Importantly, extended exposure to
hypoxia did not induce apoptosis in the rBM-
MSC sheets, as determined by the expression
of cleaved caspase and TUNEL (Figure 2B, 2C).
Taken together, these results indicate that the
appropriate culturing period for rBM-MSC
sheets is 48 h under hypoxia.

Next, we investigated whether hypoxic precon-
ditioning enhanced the angiogenic activity of
the rBM-MSC sheet using the tube formation
assay. Human umbilical vascular endothelial
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cells (HUVECs) were cultured in conditioned
media (CM) from preconditioned (hypo) or non-
preconditioned (normo) rBM-MSC sheets and
tube formation was then analyzed after 9 h.
Human endothelial cell tube formation was
increased with CMs from both normo and hypo
sheets. Interestingly, hypo CMs induced higher
human endothelial cell tube formation than
normo CM (Figure 3A). These results suggest
that hypoxic preconditioning augments the
angiogenic activity of rBM-MSC sheets in addi-
tion to increasing VEGF production.

We further examined whether hypoxic treat-
ment enhances the anti-fibrotic activity of rBM-
MSC sheets. Primary rabbit cardiac fibroblasts
were seeded onto cell culture dishes and
scratches were created in confluent cultures.
Next, the cells were cultured in conditioned
medium from rBM-MSC sheets (normo or hypo)
or in fresh medium; 12 h later, cardiac fibro-
blast migration was inhibited in the conditioned
hypo rBM-MSC sheet medium, suggesting that
hypoxic preconditioning enhances both the

Am J Transl Res 2016;8(5):2222-2233
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Figure 5. Implantation of autologous hypoxia-primed rBM-MSC sheets reduced the infarcted area and promoted an-
giogenesis. A. Representative macroscopic images of Masson'’s trichrome-stained heart tissue (right three panels).
The infarcted area in the preconditioned sheet group (hypo sheet) was markedly reduced compared to the normo
sheet and control groups (n = 5 for each group). B. Lectin* capillaries (arrowheads) in the peri-infarcted area were
evaluated at 4 weeks post sheet implantation. Implantation of preconditioned rBM-MSC sheets accelerated angio-
genesis in infarcted hearts. The capillary density in the peri-infarcted area was measured within the 200-um square

(white box); (n = 5 for each group).

angiogenic and anti-fibrotic activity of rBM-MSC
sheets (Figure 3B).

Functional recovery of failing heart following
preconditioned cell-sheet implantation

To evaluate the in vivo therapeutic effects of
preconditioned BM-MSC sheets, autologous
preconditioned rBM-MSC sheets were impla-
nted onto chronically infarcted hearts. In this
experiment, the autologous rBM-MSC sheets
were preconditioned under hypoxia 2 days prior
to sheet delivery (Figure 4A); rBM-MSC sheets
detached from cell culture dishes were placed
on Seprafilm® for delivery to the heart (Figure
4B).

Echocardiography was performed immediately
prior to and on day 28 post sheet implantation
to determine the change ratio of left ventricular
ejection fraction (LVEF) and left ventricular frac-
tioning shortening (LVFS) (Figure 4A). Implan-
tation of autologous BM-MSC sheets signifi-
cantly improved both LVEF and LVFS compared
to the non-sheet delivered control (Figure 4C).
In particular, implantation of hypo sheets res-

2229

ulted in greater improvement of the left ventri-
cle than normo sheets, indicating that hypoxic
preconditioning enhanced the therapeutic effi-
cacy of BM-MSC sheets for old myocardial
infarction.

Autologous implantation of preconditioned
BM-MSC sheets reduces the infarcted area
and induces angiogenesis

Histological changes in the infarcted hearts
caused by preconditioned BM-MSC sheets
were evaluated post implantation. At 4 weeks
post sheet implantation, the infarcted hearts
were collected to assess the effects of sheet
implantation on the infarcted area and new
vessel formation. Masson’s trichrome staining
was performed to quantify the infarct size in
the left ventricle (LV). The infarct size in the LVs
was significantly reduced in sheet-delivered
groups in contrast to the large infarcts identi-
fied in the non-sheet delivered control group
(Figure 5A). Next, we assessed the effect of
MSC sheet implantation on new vessel forma-
tion in infarcted hearts. A greater number of
vessels was observed in the peri-infarcted myo-

Am J Transl Res 2016;8(5):2222-2233
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cardium in sheet delivered groups (normo and
hypo sheet) than in the non-sheet delivered
control group. Furthermore, vessel formation
was significantly increased in the precondi-
tioned BM-MSC sheet group compared to the
normo sheet group (Figure 5B), indicating that
preconditioned BM-MSC sheets exhibited high-
er angiogenic activity in infarcted hearts, con-
sistent with the results of the in vitro tube for-
mation assay (Figure 3).

Discussion

Recently, we demonstrated the versatility of
hypoxic preconditioning of cell sheets and its
therapeutic effects on infarcted hearts [20].
However, these results were obtained using a
small animal model; the therapeutic applicabil-
ity of the hypoxic reinforcement of cell sheets
for clinical use was needed to be confirmed in
larger animal models. Therefore, we used mid-
size animals to determine whether implanta-
tion of autologous preconditioned cell sheets
improves the left ventricular function of chroni-
cally infarcted hearts.

BM-MSCs possess great potential for curing
ischemic heart diseases, since engrafted MSCs
are able to secrete various biological factors
including VEGF, platelet-derived growth factor
(PDGF), matrix metalloproteinases (MMPs),
and stem cell-derived factor (SDF). These
secreted factors promote angiogenesis, remod-
eling of the extracellular matrix, and recruit-
ment of stem cells [27, 28]. Consistent with our
previous study, rabbit BM-MSC sheets were
stimulated by hypoxic preconditioning, result-
ing in up-regulation of VEGF. The therapeutic
benefit of cell sheet VEGF up-regulation for
heart failure is further confirmed by a recent
study demonstrating that virus-mediated VEGF
overexpression enhanced the therapeutic effi-
cacy of rabbit MSC sheet implantation in
infarcted hearts [29]. However, genetic thera-
pies such as these bear the risk of tumorigen-
esis and immune-response post implantation,
concerns which necessitate biosafety mea-
sures. In contrast, hypoxic preconditioning nat-
urally enhances VEGF expression in cell sheets
without any apparent cellular damage. Taken
together, these findings indicate that hypoxic
preconditioning is a much more feasible
approach for reinforcing the angiogenic activity
of cell sheets compared to genetic modification
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techniques. The enhancement of anti-fibrotic
activity further promotes the use of hypoxic
preconditioning of cell sheets; autologous im-
plantation of preconditioned BM-MSC sheets
resulted in enhanced therapeutic angiogene-
sis, reduced fibrosis, and improvement of left
ventricular function of rabbit infarcted hearts.

Although the detailed molecular mechanism
underlying the enhancement of angiogenic
activity by hypoxic preconditioning in rBM-MSC
sheets is not fully understood, our results indi-
cate that the extracellular regulated kinase
(Erk)-mediated pathway was activated in rBM-
MSC sheets by hypoxic preconditioning (Figure
S1). Since the Erk-mediated signaling pathway
regulates hypoxia-inducible factor (HIF) depen-
dent VEGF induction under hypoxic conditions
[30], hypoxic preconditioning may augment the
angiogenic activity of rBM-MSC sheets through
the Erk-mediated pathway. However, we have
also previously shown that hypoxic precondi-
tioning activates the phosphoinositide 3-kinase
(PI3K)/Akt pathway to accelerate VEGF expres-
sion in human CDC sheets [20]. Interestingly,
Akt phosphorylation was not increased in rBM-
MSC sheets in response to hypoxic stimulation
(Figure S1). These results suggest that multiple
pathways are involved in the induction of VEGF
expression in different cell types under hypox-
ia.Additional experiments are required to eluci-
date the precise molecular mechanisms of
hypoxic preconditioning of cell sheets. Precon-
ditioning also enhanced the anti-fibrotic activity
of rBM-MSC sheets and actually improved fibro-
sis in chronically infarcted hearts. Recent stud-
ies have proposed a possible mechanism by
which hypoxia-induced leptin enhances the
anti-fibrotic activity of MSCs by blocking both
the Smad2 and MRTF-A -mediated signaling
pathways [1, 31]. Although we did not examine
leptin expression and leptin-mediated inhibi-
tion of fibrosis in this study, it is possible that
hypoxic preconditioning accelerates leptin
expression and enhances the anti-fibrotic activ-
ity of  BM-MSC sheets. Endoglin, which antago-
nizes the TGF-B signaling pathway, is another
potential secreted anti-fibrotic factor since the
endoglin promoter region contains the hypoxia
response element [32]. However, the results of
our preliminary study showed that expression
of the endoglin gene was not increased in pre-
conditioned rBM-MSC sheets, suggesting that
endoglin is not essential for rBM-MSC sheets to
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inhibit fibrosis of infarcted hearts (data not
shown).

The present study using an autologous implan-
tation model with larger animals clearly demon-
strates the feasibility of transient hypoxic st-
imulation of cell sheets and its therapeutic po-
tential for patients with heart failure. However,
the viability of allogeneic transplantation of pre-
conditioned cell sheets for treatment of myo-
cardial infarction will need to be assessed prior
to implementing this technique in clinical set-
tings. Although autologous therapy is a practi-
cal technique for treating heart failure, signifi-
cant technical, economic, and timing constr-
aints remain. For example, the preparation of
autologous BM-MSC sheets requires several
weeks; therefore, autologous sheet therapy is
not appropriate for patients with acute heart
failure. The POSEIDON randomized study con-
ducted on patients with myocardial infarction
demonstrated the safety of allogeneic BM-MSC
transplantation with a low rate of immune rejec-
tion of the graft cells [6]. The results of the cur-
rent study indicate that implantation of alloge-
neic preconditioned cell sheets can be used for
treating patients with heart failure, producing
better therapeutic results than transplantation
of BM-MSCs in clinical settings.

In conclusion, using a mid-size heart failure ani-
mal model we have demonstrated that autolo-
gous BM-MSC sheets improve contractile func-
tion in rabbit infarcted hearts. Importantly,
VEGF secretion in BM-MSC sheets was incre-
ased by hypoxic preconditioning without con-
siderable damage to the cell sheet, resulting in
functional improvement of left ventricle post
implantation with enhanced angiogenesis and
reduced fibrosis in the infarcted hearts. Alth-
ough the precise therapeutic mechanisms
underlying the preconditioned MSC sheets
remain unclear, enhanced angiogenic activity
might affect cardiac regeneration in chronically
infarcted hearts. Thus, hypoxic preconditioning
can enhance therapeutic capacity not only in
dissociated cells but also in cell sheets; there-
fore this technique is applicable for reinforcing
cell sheets. Future studies will be aimed at
applying this protocol to early phase trials on
healthy volunteers. Ultimately, we hope that
preconditioned autologous BM-MSC sheets will
be used to improve the LV function and condi-
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tion of end-stage heart failure patients in the
near future.
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Figure S1. Hypoxic preconditioning accelerates the Erk-mediated pathway in rabbit BM-MSC sheets but not the Akt-
mediated pathway. Rabbit BM-MSC sheets were incubated in hypoxic condition for 48 hours, and then Western blot
analysis for Erk and Akt-mediated signaling pathway was performed. Phosphorylated Erk was significantly increased
in preconditioned BM-MSC sheets (left), whereas phospho-Akt level showed no significant difference in groups be-
tween Normo and Hypo (right). (n = 5).



