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Adipose stem cell sheets improved cardiac function in the rat myocardial in-
farction, but did not alter cardiac contractile responses to f-adrenergic stim-
ulation
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ABSTRACT

Adipose stem cells (ASCs) are a source of regenerative cells available for autologous transplanta-
tion to hearts. We compared protective actions of ASC sheets on rat myocardial infarction (MI) in
comparison with those of skeletal myoblast cell sheets. Their effects on infarcted hearts were eval-
uated by biological, histochemical as well as physiological analyses. ASC sheets secreted higher
concentrations of angiogenic factors (HGF, VEGF, and bFGF; P <0.05) under normoxic and hy-
poxic conditions than those of myoblast cell sheets, associated with reduction of cell apoptosis
(P <0.05). Like myoblast cell sheets, ASC sheets improved cardiac function (P <0.05) and de-
creased the plasma level of ANP (P < 0.05) in MI hearts. ASC sheets restored cardiac remodeling
characterized by fibrosis, cardiac hypertrophy and impaired angiogenesis (P < 0.05), which was
associated with increases in angiogenic factors (P < 0.05). In isolated perfused rat hearts, ASC
sheets improved both systolic and diastolic functions, which was comparable to cardiac functions
of myoblast cell sheets, while both cell sheets failed to restore cardiac contractile response to ei-
ther isoproterenol, pimobendan or dibutyryl cAMP. These results indicated that ASC sheets im-
proved cardiac function and remodeling of MI hearts mediated by their paracrine action and this
improvement was comparable to those by myoblast cell sheets.

After myocardial infarction (MI), impaired angio-
genesis induces cardiac remodeling characterized by
cardiac hypertrophy and fibrosis (5). Dysregulation
of cardiac P-adrenergic signaling worsens cardiac

Address correspondence to: Ichiro Hisatome M.D., Ph.D.
Division of Regenerative Medicine and Therapeutics,
Department of Genetic Medicine and Regenerative Ther-
apeutics, Tottori University Graduate School of Medical
Science, 36-1, Nishichou, Yonago 683-8503, Japan

Tel: +81-859-38-6445, Fax: +81-859-38-6440

E-mail: hisatome@med.tottori-u.ac.jp

remodeling and causes terminal heart failure (5).
Although left ventricular assist devices or heart
transplantation after myocardial infarction (MI) are
available for treating patients with terminal heart
failure, these therapeutic strategies are limited to a
small number of patients and are accompanied with
serious complications. Cell-based regenerative medi-
cine could improve blood supply to the damaged
heart, and minimize both the area of infraction and
cardiac remodeling through secretion of several cy-
tokines such as hepatocyte growth factor (HGF) and
vascular endothelial growth factor (VEGF). However,
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there have been several adverse effects on injected
cells such as loss of living cells (2) and arrhythmo-
genesis (7). Tissue engineering using a cell sheet
has been developed to overcome these disadvantag-
es (18). The cell sheet could improve viability of
cells and prolong secretion of several cytokines (8).
At first, skeletal myoblast cell sheets have been re-
ported to improve the cardiac function in patients
with severe heart failure (16). However, collecting
skeletal myoblasts from patients requires invasive
procedures, and it takes a long time to obtain a suf-
ficient number of myoblasts in culture. Thus, an al-
ternative source of stem cells is desirable.

Adipose stem cells (ASCs) are an abundant source
of regenerative cells for autologous cell-transplanta-
tion (22). Furthermore, ASCs secrete multiple angio-
genic growth factors that promote neovascularization
(15), and ASCs transplanted into an ischemic site
improve blood perfusion with increases in tissue
capillary density (9). Thus, ASC sheets may be use-
ful for restoration of cardiac function and remodel-
ing of MI hearts to replace myoblast cell sheets (2),
but it has never tested whether ASC sheets could
improve cardiac function, remodeling, and dysregu-
lation of cardiac B-adrenergic signaling of MI hearts
in comparison with myoblast cell sheets. In the
present report, we studied effects of ASC sheets on
rat MI hearts and compared with those of myoblast
cell sheets. We found that ASC sheets could improve
cardiac function associated with cardiac remodeling
mediated by angiogenic factors like myoblast cell
sheets. However, ASC sheets as well as myoblast
cell sheets did not improve the cardiac contractile
response to PB-adrenergic stimulation.

MATERIALS AND METHODS

In vitro study

Engineering of ASC- and myoblast cell-sheets. ASCs
were enzymatically isolated from the inguinal sub-
cutaneous fat tissue of rats and cultured as previous-
ly described (3). Skeletal myoblasts were isolated
from the skeletal muscle of the thigh as described
previously (17). To prepare cell sheets, ASCs (2-3
passage) and myoblasts were cultured on 35-mm
temperature-responsive culture dishes (2 x 10°/cm?)
(UpCell; Cell Seed Inc., Tokyo, Japan) in 37°C in-
cubator. After 24 h, the cultured cells were main-
tained at 20°C for one hour to release the cultured
cells as intact sheets.

Real-time RT-PCR analysis. Cell sheets were incu-
bated under normal (37°C, 5% CO,) or hypoxic
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conditions (<2% O,) for 48 h. Hypoxic conditions
were prepared using a Gaspak system (Becton Dick-
inson, Bedford, MA). Total RNA was extracted from
ASC or myoblast cell sheet using RNeasy Mini kit
(QIAGEN inc., Valencia, CA). Real-time RT-PCR
analysis of HGF, VEGEF, basic-fibroblast growth fac-
tor (bFGF), and B-actin was performed using 1 ug
total RNA employing ABI 7900HT Fast Real-Time
PCR System (Applied Biosystems, Foster City, CA).
mRNA levels were expressed relative to the levels
of B-actin. The primers were designed to span their
genomic regions described elsewhere (3). Same con-
dition of RT-PCR was used to quantify mRNA of
heart tissues as described in in vivo experiments.

Assay of angiogenic factors. Protein levels of angio-
genic factors in the culture medium of cell sheets
were measured with Enzyme-linked immunosorbent
assay (ELISA) kits (Quantikine; R&D, Minneapolis,
MN) for HGF, VEGF, and bFGF.

Apoptosis assay. ASC sheet and myoblast cell sheet
were incubated under hypoxic conditions for 48 h.
Cells were stained by Annexin V-FITC Kit (Miltenyi
Biotec Inc., Auburn, CA) and Annexin V-positive
cells were measured by flow cytometry.

In vivo study
Transplantation of cell sheets to myocardial infarc-
tion model. Adult male syngeneic Lewis rats (200 to
250 g) were obtained from Japan SLC, Inc (Hama-
matsu, Japan), which served as cell donors and re-
cipients. The experimental protocols were approved
by the Institutional Animal Care and Use Commit-
tee, Faculty of Medicine, Tottori University. Acute
MI of rat was created by ligation of the left anterior
descending artery as previously described (6). Seven
days after creation of acute MI, rats were randomly
divided into 3 treatment groups: 1) ASC sheet trans-
plantation (ASC group, n=6); 2) myoblast cell
sheet transplantation (Myoblast group, n = 6); 3) no
cell sheet transplantation (control group, n = 6). The
cell sheet was applied to the surface of the infarcted
area as shown in Fig. S1. Control group underwent
the same operative procedures without a cell sheet.
To trace cells in the transplanted cell sheets, in some
experiments, monolayer cell sheets were stained
with PKH26 red fluorescent cell linker kit (Sigma-
Aldrich Co., St. Louis, MO) for 5 min before cell
seeding.

For quantitative analysis on mRNA of infarcted
hearts, mRNA of cardiac tissue in the border zone
of myocardium and scar at 4 weeks after transplan-
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tation was extracted and subjected to RT-PCR.

Plasma ANP levels. Blood samples were obtained
from the femoral vein before and 4 weeks after cell
sheet transplantation. Plasma ANP was measured by
Rat ANP ELISA Kit (Assaypro, Saint Charles, MO).

Echocardiogram. Cardiac function was evaluated
with echocardiography at 6 days after MI (baseline)
and 2, 4 weeks after cell sheet transplantation using
a 12-MHz transducer (LOGIQ P5J and 12L; GE
Healthcare, Fairfield, CT). Short-axis two-dimen-
sional images at the mid-papillary level of the left
ventricle were stored as digital loops, and the end-
systolic and end-diastolic cavity areas were deter-
mined by tracing the endocardia borders to calculate
the fractional area shortening. Left ventricular inter-
nal diameters at end-systole and end-diastole were
measured between the mitral valve and papillary
muscles to calculate ejection fraction. Anterior wall
thickness was measured at end-diastole phase. All
measurements were made in triplicate and averaged
by two independent experienced examiners in a
blinded fashion.

Measurement of cardiac function in isolated per-
fused hearts. Rat hearts were isolated and applied to
Langendorff apparatus. The left ventricle (LV) pres-
sure, LV end-diastolic pressure, LV dP/dt,, ., LV dP/
dt..., and E_,. (slope of the end-systolic pressure-
volume relation) were measured (14). To estimate
the effects of f-adrenergic stimulation, the following
agents were used; isoproterenol hydrochloride (TO-
KYO CHEMICAL INDUSTRY Co., LTD, Tokyo,
Japan), pimobendan (Abcam plc, Cambridge, UK),
and dibutyryl cyclic-AMP (Santa Cruz Biotechnolo-
gy, Inc., Texas) were purchased.

Pathological study. At 4 weeks after transplantation,
hearts were dissected, and embedded in either paraf-
fin after 10% formalin fixation or OCT compound
(Tissue-Tek; Sakura Finetek Japan Co., Ltd, Tokyo,
Japan) for frozen sections. The paraffin sections
were used for staining with hematoxylin-eosin, Pic-
rosirius-red, and Periodic acid-Schiff (PAS). Picro-
sirius-red stain was performed to detect interstitial
fibrosis, and PAS stain was performed to assess car-
diac hypertrophy in the remote area (4). Transverse
sections were obtained from lateral wall, posterior
wall, and septum. Three randomly selected fields
per section (n =9 per animal) were analyzed by mi-
croscope (Eclipse-TE200; Nikon, Tokyo, Japan).
Each field was scanned and digital images were an-
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alyzed by software (Adobe Photoshop and Imagel).
The frozen sections were stained with an antibody
against von Willebrand Factor (Abcam plc) to detect
capillary vessels in the border zone between myo-
cardium and scar. Five randomly selected fields of
transverse sections per animal were analyzed. The
number of vessels was counted by light microscopy.
The number of capillary vessels in each field was
averaged and expressed as the capillary density.

To evaluate the tropomyosin-positive cardiac myo-
cytes, fixed hearts were stained with anti-tropomyo-
sin mouse monoclonal antibody (clone CH1, Sigma).
Alexa Flulor 546-labeled goat anti-mouse IgG (Mo-
lecular Probes) was used as secondary antibodies.

Data analysis

All data are expressed as mean + SE. An unpaired
Student ¢ test was performed to compare 2 groups.
One-way analysis of variance (ANOVA) was used
for multiple group comparisons. A probability value
of <0.05 was considered significant.

RESULTS

ASC sheets produced more angiogenic factors than
myoblast cell sheets under normoxic and hypoxic
conditions to reduce apoptosis

Fig. 1A shows mRNA levels of angiogenic factors
in ASC and myoblast cell sheets under normoxic
and hypoxic condition. mRNA levels of HGF, VEGF,
and bFGF were significantly higher in ASC sheets
than those in myoblast cell sheets under both condi-
tions. Fig. 1B shows concentrations of angiogenic
factors in the culture media of ASC and myoblast
cell sheets under normoxic and hypoxic condition.
Under normoxic condition, the protein levels of
HGF and VEGF were significantly higher in the cul-
ture medium of ASC sheets than those of myoblast
cell sheets, while there was no significant difference
in the protein levels of bFGF between them. Under
hypoxic conditions, the protein levels of HGF, VEGEF,
and bFGF were significantly higher in the culture
medium of ASC sheets than those of myoblast cell
sheets. The number of annexin V-positive apoptotic
cells was significantly less in ASC sheets (n = 6;
2.3+0.2%, P<0.05) than those in myoblast cell
sheets (n = 6; 5.8 + 0.8%) as shown in Fig. S2.

Improvement of cardiac function and remodeling by
ASC is comparable to myoblast cell sheets

Fig. 2A shows effects of ASC and myoblast cell
sheets on fractional area shortening of MI hearts at
2 and 4 weeks after their transplantation. Both
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Fig. 1 Comparison of expression levels of angiogenic factors between ASC and myoblast cell sheets under normoxia and

hypoxia conditions. A Comparison of mMRNA levels of angiogenic factors between ASC and myoblast cell sheets under nor-
moxia and hypoxia conditions. Semi-quantitative RT-PCR analysis of HGF, VEGF, and bFGF mRNA expression levels, which
are expressed as the ratio to 3-actin mRNA for copy number of each mRNA. *, P<0.05 ASCs vs. myoblasts. B Compari-
son of protein levels of secreted angiogenic factors between ASC and myoblast cell sheets under normoxia and hypoxia
conditions. Concentrations of HGF, VEGF, and bFGF in culture medium were measured by ELISA assay. *, P<0.05 ASC

sheet vs. myoblast sheet.

sheets significantly improved their values on 2 and
4 weeks after their transplantation. Both the ejection
fraction and anterior wall thickness had the same
trend as the fractional area shortening as shown in
Fig. 2B and C. Two weeks after cell sheet transplan-
tation, ASC and myoblast cell sheets were con-
firmed to exist on the infarcted areas as layers
(Fig. S3). Along with the improvement of cardiac
function, the plasma level of ANP was significantly
reduced by transplantation of either sheet after 4
weeks (Fig. 2D). Tropomyosin-positive cardiac cells
were not observed in ASC sheets on MI heart but
were detected in the intact region of MI heart, ex-
cluding the possibility of cardiac differentiation of
ASCs (data not shown). Fig. 3A shows effects of
ASC and myoblast cell sheets on fibrosis in the re-
mote zone. ASC and myoblast cell sheets signifi-

cantly improved cardiac fibrosis after 4 weeks in
comparison with control group, while there were not
significant differences between two transplantation
groups. Fig. 3B shows effects of cell sheets on the
diameter of cardiomyocytes in the remote zone of
MI hearts. ASC and myoblast cell sheets attenuated
cardiac hypertrophy after 4 weeks in comparison
with control group, while there were not significant
differences between them. Fig. 3C shows effects of
cell sheets on the capillary density in the border
zone of MI. ASC and myoblast cell sheets signifi-
cantly increased the capillary density of MI hearts
after 4 weeks in comparison with control group,
while there were not significant differences between
them. Fig. 3D shows effects of cell sheets on pro-
duction of angiogenic factors at the border zone of
MI hearts. ASC cell sheets significantly increased
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Fig.2 Comparison of cardiac function and plasma ANP of MI heart transplanted with ASC or myoblast cell sheets to
those without cell sheets. A—C Fractional area shortening, ejection fraction and anterior wall thickness of MI heart trans-
planted with ASC sheets or myoblast cell sheets are compared to untreated heart at baseline, 2 and 4 weeks after trans-
plantation (n=6, each group). * denotes P<0.05 vs. control. D Changes in plasma ANP levels of rats with Ml hearts
transplanted with ASC sheets or myoblast cell sheets are compared to control rats at baseline and 4 weeks after cell sheet
transplantation. (n = 6, each group). * denotes P < 0.05 vs. control

mRNA levels of both HGF and VEGF with trend of
increases in bFGF after 4 weeks in comparison with
control group, although myoblast cell sheets signifi-
cantly increased HGF alone.

ASC and myoblast cell sheets improved cardiac func-
tion but failed to alter cardiac contractile responses
to f-adrenergic stimulation of MI hearts ex-vivo

Fig. 4A shows effects of transplantation of ASC and
myoblast cell sheets on the parameters of cardiac
function of MI hearts evaluated by Langendorff
techniques. Both cell sheets significantly improved
systolic cardiac function expressed by LV dP/dt,,,
and E, ., as well as diastolic cardiac function ex-
pressed by LV dP/dt,,, without changes in heart rate
(HR) in comparison with control group. Fig. 4B
showed effects of either B-adrenergic stimulation
treated with isoproterenol, pimobendan or dibutyryl

c-AMP on the HR, systolic blood pressure (sBP),
dP/dt,,, and dP/dt,;, in MI hearts transplanted with
ASC (ASC group) or myoblast cell sheets (Myoblast
group) as well as in MI hearts without cell sheets
(control group), comparing with those of sham oper-
ation (sham group). In sham group, either isoprotere-
nol (1 uM), pimobendan (1 uM) or dibutyryl c-AMP
(200 uM) significantly increased all of HR, sBP, dP/
dt,.., and dP/dt,.,. MI hearts in control group
showed the significantly impaired responses of all of
HR, sBP, dP/dt,,,, and dP/dt,,, to treatment with ei-
ther isoproterenol, pimobendan or dibutyryl c-AMP
in comparison with those of sham group. Like con-
trol group, either ASC or myoblast cell sheet group
did not improve the response of HR, sBP, dP/dt,,,,,
and dP/dt,, to treatment with either isoproterenol,
pimobendan, or dibutyryl c-AMP.
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Fig. 3 Comparison of cardiac remodeling parameters in Ml hearts transplanted with ASC sheets or myoblast cell sheets to
those of untreated hearts. A The extent of interstitial fibrosis in the remote zone of Ml hearts transplanted with ASC sheets
or myoblast cell sheets comparing to untreated hearts. Summary of the prevalence of the interstitial fibrosis in the remote
zone of MI hearts (n =5 independent experiments). Insets: Representative pictures of the interstitial fibrosis in remote zone
of MI hearts transplanted with either ASC sheets, myoblast cell sheets or without cell sheets (control). Picrosirius-red stain
was performed to detect interstitial fibrosis. Scale bar =100 ym. B The cardiac cell diameter in remote zones of M| hearts
transplanted with ASC sheets or myoblast cell sheets comparing to untreated hearts. Summary data on the diameter of the
cardiac myocytes in the remote zone of MI hearts (n =5 independent experiments). Insets: Representative pictures of car-
diomyocytes in the remote zones of MI hearts transplanted with either ASC sheets, myoblast cell sheets or without cell
sheets. PAS stain was performed to assess cardiac hypertrophy in the remote area. Scale bar=100 ym. C The capillary
density in border zones of MI hearts transplanted with ASC sheets or myoblast cell sheets comparing to untreated hearts.
Summary of the numbers of vVWF-positive vessels in border zone of myocardium in Ml hearts (n =5 independent experi-
ments). The average of number of capillary vessels stained with an antibody against VWF was expressed as the capillary
density in 5 randomly selected fields per animal. Insets: Representative pictures of capillary vessels stained with an anti-
body against VWF in the border zone of myocardium in MI hearts transplanted with either ASC sheets, myoblast cell sheets
or without cell sheets. Scale bar=100 um. D mRNA levels of angiogenic factors in border zone of Ml hearts transplanted
with ASC sheets or myoblast cell sheets comparing to untreated hearts (control). Real-time RT-PCR analysis of HGF,
VEGF, and bFGF mRNA expression levels, which are expressed as the ratio to (S-actin mRNA for copy numbers of each
mRNA. *, P<0.05 vs. control. Each data of three groups were obtained from 6 independent experiments.

ing after MI, since ASC sheets attenuated cardiac fi-
brosis as well as cardiac hypertrophy. We found that
ASC sheets improved cardiac function associated  ASC sheets increased mRNA levels of VEGF and
with reduction of ANP levels in MI, indicating their ~ HGF in the border area of MI in vivo, which were
protective action on damaged hearts. This could be  associated with increases of capillary density in the
attributable to their suppression of cardiac remodel- ~ MI hearts. VEGF is widely accepted as one of the

DISCUSSION
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Fig.4 Comparison of the parameters of cardiac systolic and diastolic functions of MI hearts transplanted with ASC sheets
or myoblast cell sheets to untreated hearts estimated by Langendorff techniques in the absence and presence of S-adren-
ergic stimulants. A Comparison of heart rate (HR), dP/dt,.,, dP/dt,;, and E,. of Ml hearts transplanted with ASC sheets or
myoblast cell sheets to untreated hearts (control) (n =5 independent experiments). * denotes P < 0.05 vs. control. B Effects
of isoproterenol (1 uM), pimobendan (1 pM) and dibutyryl cAMP (200 uM) on HR, sBP, dP/dt.., and dP/dt,, of infarcted
hearts transplanted with ASC sheets, myoblast cell sheets, or untreated hearts (control) in comparison with sham operated
hearts (normal). (n = 5; each group). * denotes P < 0.05 vs. control.

critical factors that promote angiogenesis and inhibit
cell apoptosis (11). HGF has been reported to en-
hance angiogenesis by stimulating migration and
proliferation of endothelial cells and inhibiting their
apoptosis (21). Cultured ASCs secreted both HGF
and VEGF as reported previously (12). Both HGF
and VEGF secreted by ASC sheets may play a piv-
otal role for angiogenesis and inhibition of cell apop-
tosis in MI hearts.

Interestingly, ASC sheets expressed significantly
higher mRNA and protein levels of HGF, VEGEF,
and bFGF than myoblast cell sheets under hypoxic
condition, associated with the less prevalence of cell
apoptosis in ASC sheets than myoblast cell sheets.
bFGF also augments neovascularization and inhibits
cellular apoptosis (3, 21). Since preventing apopto-
sis of transplanted cells leads to improvement of

cell survival and ventricular function (13), ASC
sheets were expected to have a higher tolerance for
ischemia and hypoxia than myoblast cell sheets,
when they were transplanted into MI hearts. How-
ever, in in vivo study, there were not any significant
differences in restoration of cardiac function and
cardiac remodeling between ASC and myoblast cell
sheets, suggesting that secretion of higher concen-
tration of angiogenic factors from ASC sheets might
not overcome the benefit of myoblast cell sheets
(20). Myoblast cell sheets have been reported to
minimize myocardial injury and improve cardiac
function (18) through the several mechanisms such
as paracrine effects of cytokines, hematopoietic stem
cell recruitment, relief of myocytes stretching, and
formation of myotubules due to their differentiation
(10). In the present study, paracrine effects of myo-
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blast sheets were less than those of ASC sheets, thus
relief of myocytes stretching and formation of myo-
tubules due to their differentiation in myoblast cell
sheets might compensate for the secretion of higher
concentration of angiogenic factors in ASC sheets.

The most prominent findings were that ASC
sheets improved systolic and diastolic functions of
MI hearts under an ex-vivo condition like myoblast
cell sheets. Since it has been reported that myoblasts
maintain the potential of regenerating skeletal mus-
cle during periods of stress, it suggests that myotu-
bules could directly contribute to improvement of
cardiac contraction (19). ASC sheets also improved
systolic and diastolic functions of the MI hearts
without their differentiation to cardiac myocytes.
These results indicated that paracrine effects, espe-
cially, these of VEGF secreted from ASC sheets
could be responsible for improvement of the cardiac
contraction, since VEGF-dependent angiogenesis has
been reported to contribute to cardiac contractile re-
serve after MI (13).

Unfortunately, ASC as well as myoblast cell
sheets failed to restore cardiac contractile responses
to B-adrenergic stimulation. Cardiac remodeling
and the heart failure lead to B-adrenoceptor down-
regulation as well as desensitization/uncoupling of
B-adrenoceptor (5). This impaired B-adrenergic sig-
naling is reported to be due to either 1) reduced
B-receptors in MI hearts, 2) impaired adenylate cy-
clase activity to reduce cAMP production, or 3) im-
paired protein kinase A (PKA) downstream effects
(1). In the present study, isoproterenol, pimobendan,
and dibutyryl c-AMP did not restore cardiac con-
tractile response to P-adrenergic stimulation, indicat-
ing that cell sheets could not improve impaired
PKA-mediated downstream effects of B-adrenergic
stimulation. Further investigation might be necessary
to elucidate this mechanism. Although ASC sheets
improved cardiac function and remodeling after MI
through secretion of angiogenic factors, ASC cell
sheets did not improve their -adrenoceptor down-
regulation and their desensitization of MI hearts like
myoblast cell sheets. Thus, combination of pharma-
cological intervention to restore P-adrenoceptor
down-regulation/desensitization with ASC sheets
might be necessary to improve cardiac function af-
ter MI hearts.
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Fig. S1 Representative pictures of
cell sheet harvesting and its transplan-
tation. (A) Cell sheet removed from
temperature responsive culture dish.
(B) Cell sheet before transplantation.
(C) Cell sheet on the MI heart.
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Fig. S2 Prevalence of apoptosis marker protein, annexin V
expression in cells of ASC (n =6) and myoblast cell sheets Fig. S3 Representative pictures of the PKH stained trans-
(n=6) under hypoxic conditions. * denotes P<0.05 ASC planted cell sheet (red signal) at 2 weeks after transplanta-
vs. myoblast sheets. tion.




