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Evaluation of vertical cell fluidity in a multilayered sheet of skeletal myoblasts
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The procedure for fabricating a multilayered cell sheet has been developed by combining multiple sheets using a thermo-
responsive surface and stamp system. Confocal laser scanning microscopy revealed that the fluidity of a multilayered sheet of
skeletal myoblasts could be estimated as vertical diffusivity and changed upon addition of dermal fibroblasts.

© 2011, The Society for Biotechnology, Japan. All rights reserved.
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Cell sheet engineering is emerging as an advanced technique
for preparing scaffold-free 3-dimensional (3-D) tissue (1), not only
for transplantation but also for in vitro research. A temperature-
responsive poly-N-isopropylacrylamide (PIPAAm) grafted surface can
be used to form a cell sheet without any enzymatic digestion, thereby
which permits to retain an intact extracellular matrix (ECM) (1).
Sasagawa et al. previously constructed a multilayered structure of
skeletal muscle myoblast cells in which prevascular formation by
endothelial migration was observed (2).

Cell migration in 3-D constructs plays an important role in
physiological and pathological phenomena such as embryonic
development, cell alignment, immune reaction, angiogenesis, and
metastasis (3). Understanding the mechanisms of cell migration will
be useful in the design of biomimetic structures and functional
engineered tissues. Although the behaviors of cells on 2-D culture
surfaces have been extensively investigated (4-7), spatial cell
movement in 3-D tissues, especially with regard to vertical migration
inside the tissue, has not been investigated due to the absence of
methods to allow in vitro quantitative and reproducible measure-
ments. In the present study, a five-layered skeletal myoblast sheet
was fabricated as a 3-D model to evaluate vertical cell migration by
confocal laser scanning microscopy and image processing.

Human skeletal muscle myoblasts {HSMMs; Lot. No. 4F1618;
Lonza Walkersville Inc., Walkersville, MD, USA) and human dermal
fibroblasts (HDFs; Lot. No. 6F4296; Lonza Walkersville Inc.) were used
in the experiments. According to procedures described elsewhere
(5, 8}, the subcultures of HSMMs on laminin-coated surfaces were
carried out at 37°C in an atmosphere of 5% CO- in Dulbecco’s modified

* Corresponding author, Tel.: -+ 81 6 6879 7444; fax: +81 6 6879 4246.
E-mail address: kino-oka@bio.eng.osaka-uacip (M. Kino-oka).

Eagle's medium (DMEM; Sigma-Aldrich, St. Louis, MO, USA) contain-
ing 10% fetal bovine serum (FBS; Invitrogen, Grand Island, NY, USA)
and antibiotics (100 U/cm® penicillin G, 0.1 mg/cm® streptomycin,
and 0.25 mg/cm? amphotericin B; Invitrogen).

As shown in Fig. 1A, starter cells harvested from the subcultures
were stained using CellTracker Green™ and CellTracker Orange™
(Invitrogen) to exhibit fluorescently green and orange cells, respec-
tively, according to commercially recommended protocol (5 uM for
15 min for live cell imaging). The stained cells were employed in the
fabrication of the multilayered sheet according to newly developed
procedures as follows. HSMMs were seeded at 2.3 x 10° cells/cm? in
each well (diameter, 1.9 cm?) of 24-well UpCell™ plates (CellSeed,
Tokyo) with a temperature-responsive surface grafted with PIPAAm
and incubated for 24 h at 37°C in 5% CO, to form the monolayer sheet.
The medium depth was set to 2 mm throughout the experiments and
HDFs were mixed into the sheet if needed. For stacking monolayer cell
sheets to form the multilayered cell sheet, a manipulator was
designed as shown in Fig. 1B composed of a stamp, its stand, and a
mold to load the stamp with the gelatin gel. A solution of 7.4% gelatin
was prepared by dissolving gelatin powder (G1890-100G; Sigma-
Aldrich) in 5 mL Hank's balance salt solution (Sigma-Aldrich) and
100 uL of 1 N NaOH solution at 45°C for 30 min. The solution was then
sterilized by filtration through a 0.22-um filter (Millex-GS; Millipore
Co., Billerica, MA, USA) and poured into the silicone molds under
aseptic conditions. The stamps were put onto the molds on ice to
gelation. Finally, the molds were gently removed and the stamps with
the gelatin were ready to be used to stack the cell sheets. To harvest
the monolayer sheet, the stamp with the gelatin gel was overlaid on
the monolayer sheet in a well at 37°C and the temperature was shifted
to 20°C (Fig. 1A). After 30 min, the stamp was lifted together with the
monolayer sheet from the bottom surface of the well. The steps were

1389-1723/$ - see front matter © 2011, The Society for Biotechnology, Japan. All rights reserved.
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FIC. 1. Schematic diagrams showing the five-layered cell sheet fabrication and quantitative diffusivity analysis. (A) Fabrication of the five-layered cell sheet. (B) Preparation of the
manipulator used to harvest the cell sheet. (C) Image processing system calculating the spatial distribution and diffusivity of the green target cells.

then repeated for the sequential harvests of monolayer sheets to form with 0.2 ml/ecm?® FBS for 24 h for the facilitation of the sheet
the multilayer structure on the stamp. The multilayered sheet with attachment to the surface, and the dish was incubated for 2 h at
the gelatin was separated from the stamp and placed on a 35-mm 20°C in 5% CO, without the addition of medium. To remove gelatin,
culture dish (ibidi GmbH, Martinsried, Germany) that was precoated the medium (0.4 mL/cm?) was added, and the temperature was
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shifted to 37°C for 1 h to melt the gelatin and the medium was
changed with a fresh one. In the present study, the fabricated culture
system of a five-layered sheet was used to analyze sheet behaviors.

As a typical culture system, the five-layered sheet consisting of
basal layers (green) and other layers (orange) stained by CellTracker
Green™ and CellTracker Orange™, respectively, was prepared for the
observation of tempo-spatial cell distribution using confocal laser
scanning microscopes (FV10i for time lapse and FV-300 for spatial
distribution; Olympus, Tokyo) with 60x objective lens. To determine
the spatial distribution of the target cells, the green and orange cells
in each layer at 0 and 48 h of incubation were observed and
quantitatively analyzed using image processing (Fig. 1C). The five-
layered sheet was washed twice with phosphate buffered saline (PBS)
and then fixed with 4% paraformaldehyde in PBS (Wako Pure
Chemical Industries, Osaka) overnight. After washing with PBS, at
least eight random positions of each sample were scanned at a 0.6-pm
interval to yield slice images for vertical direction determination. After
intensity threshold values were identified, 8-bit images
(256 x 256 pixels) of both colors in each slice were converted into
binary images, leading to the distinction between colored and non
colored pixels. Here the colored pixels which were derived from green
and orange fluorescent original images denoted the green and orange
pixels, respectively. The number of colored pixels in each slice was
counted. The green and orange pixels in each slice were normalized
using the maximum green and orange pixel values, respectively,
found in all of the slice images. The slice possessing more than 10 % of
the colored pixels was regarded to exist inside cell sheet, from which
the vertical positions at top and bottom of the five-layered sheet, and
the sheet thickness, h, were determined. The ratio of green pixels to
sum of green and orange pixels in each slice was normalized to
determine the distribution of green pixels by dividing into 5 layers.
Here, the normalized distribution of green pixels was assumed to be
equivalent to the green cell distribution in the sheet, recorded by the
frequency of green cells, f¢, in each layer.

Time-lapse observation was conducted of the five-layered sheet
(Supplementary Movie S1). During the early incubation period, the
green cells were observed in the bottom of the sheet, and the active
cellular migration occurred in the horizontal and vertical directions
anywhere in the sheet, revealing the sheet fluidity. The green cells
then migrated toward the upper layers as time elapsed. To understand
the extent of the sheet fluidity, the vertical distribution of green cells
was estimated. Figure 2 shows the histograms of f; at 0 and 48 h. The
fc values in the first and second layers from the bottom surface were
estimated to be fg = 0.82 and 0.17, respectively, and the sheet at 48 h
had a broad distribution of fg, being fo=0.37 in the first layer. In
addition, the fg decreased gradually along the layers from bottom to top,
suggesting the analogy of vertical migration to molecular diffusion.
To quantitatively analyze vertical sheet fluidity, the diffusivity, D, was
determined based on Fick's second law, %{% D%%fg, inwhichfg, t,and i
represent the green cell frequency, incubation time, and sheet thickness,
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FIG. 2. Spatial distributions of the green target cells inside the cell sheet at 0 (A} and
48 h (B). Bars show the standard deviation (3D} (n=3).
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respectively. The Crank-Nicolson finite difference method and least
squares method were applied to calculate the diffusivity using a custom-
made software programmed by LabVIEW (National Instruments,
Austin, TX, USA). The initial condition was that the total ratio of green
cells in the five layers was normalized to unity. The free boundary
condition, ‘('5 =0, is set at both the bottom and the top of the five-
layered sheet. In a practical aspect, the f; distribution data at0 and 48 h
were applied to calculate the apparent vertical diffusivity of green cells,
Do, being D, =0.74 um?/h (Table 1).

To investigate sheet fluidity variation, we incubated five-layered
sheets added with HDFs comprising 25% and 50% of the cell counts
(conditions B and C, respectively). As shown in Table 1, the D, increased
at 25% addition (condition B) compared to that without any HDF addition
(condition A), although the significance level was not sufficient (p<0.06).
In addition, 50% addition (condition C) caused a decreasein D, compared
to that at 25% addition (p<0.05). For further understanding of the role of
HDFs addition, we established the five-layered sheet system composed of
HSMMs or HDFs in basal layer stained by CeliTracker Green™ and the rest
of cells stained by CellTracker Orange™, and estimated the diffusivity
of basal HSMMs or HDFs, Dy or Dy, respectively (Table 1). At 25%
addition, D¢ was estimated to be 2.40 um?/h, being 4 times larger
than Dy . At50% addition, Dy decreased to 0.80 um?/h, although Dy
stayed constant, suggesting that D, depended on HDF migration in the
sheet.

An independent experiment showed that the migration rate of
single HDF is 1.5 times higher than that of single HSMMs in culture
using a conventional T-flask (data not shown). Pittet et al. reported
that HDFs exhibited strong OB-cadherin connection in high-density
culture (9). These results suggest that HDF active migration physically
facilitated the overall fluidity in the sheet at lower HDF addition levels.
It is most likely that higher HDF addition induced strong HDF
intracellular binding in the sheet, and this strong interaction with
lower HDF migration rates resulted in the decline of overall sheet
fluidity.

The inner structural fluidity of cells in 3-D constructs has been
reported in cultured neurospheres {10) and embryoid bodies {11). In
static suspension cultures of mouse neural stem cells, active migration
of single cells caused aggregate formation through intercellular
coalescence, and culture prolongation led to cell division in the
aggregates as well as accidental coalescence between independent
aggregates that formed large spheres in which the location of
distribution of differentiated neurons and glia was observed (12).
Further observation revealed that the large sphere was caused by
spontaneous active migration in aggregates through the live-cell
imaging technique. In addition, Duguay et al. (13) reported that
aggregation using a mixture of E-cad-expressing E8a cell line and P-
cad-expressing LP1 cell line caused spatial habitant isolation of 3-D
spheres via active cell migration and intercellular binding affinity,
leading to autonomous double-layer spheres by different cell types.
These results mean the importance of cell migration in 3-D constructs

TABLE 1. Diffusivities of different target cells from the basal layer in the five-layered cell
sheet at different cellular balance conditions.

Condition HSMMs HDFs Initial Diffusivity {um?/h)
(%) (%) thickness of = = =
sheet, h (um) D¢ Dw Dr
A 100 4} 33.04+54 0.744+023 - -
B 75 25 364454 1574050 0574014 240049
C 50 50 377450 0.6940.12 0544026 0.80+036

Do, Dy, and D¢ are the diffusivities of whole cells, skeletai myoblasts, and dermal
fibroblasts from the basal layer, respectively. HSMMs, human skeletal muscle
myoblasts; HDFs, human dermal fibroblasts. All values were expressed as mean +SD
(n=3}.
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affecting the fate of stem cells as well as spatial habitant isolation of
differentiated cells. In the current study, HDF addition was found to
affect sheet fluidity. Further experiments clarified the localization of
HDFs in five-layered sheets (Oda, M. et al,, Abstr., 10th Congress of the
Japanese Society for Regenerative Medicine, p. 248, 2011). This
finding suggested that the cell sheet fabricated from HMMs and HDFs
exhibited the habitant isolation between them.

Many researchers have paid much attention to tissue mimicry by
using cellular aggregates, which are considered minimized functional
structures. The mimic constructs have broad potential use as trans-
plants in regenerative medicine as well as structural material for
elucidating the dynamic tissue development mechanism. From the
standpoint of analytical techniques, observational convenience of 3-D
constructs is a critical requirement because cellular behaviors such as
migration, division, and communication affect the common mecha-
nisms of tissue development.

In conventional studies, most of the techniques for fabricating cell
aggregates led to spherically shaped constructs through spontaneous
formation by cellular coagulation. In contrast, the current system
applied the plate shape of the multilayered sheet using artificially
designed formation by the assembly of monolayer sheets because the
mimic system using the plate-shaped aggregate has the observational
advantage in the 3-D construct. The plate-shaped aggregates can be
fabricated in various ways using cell sheet engineering technique with
thermo-responsive polymer grafted surface (1), biodegradable peptide
grafted surface (14) or collagenase degradable atelocollagen film (15),
magnetic-force based tissue engineering technique {16}, layer-by-layer
assembly technique with ECM coating cells {17), compressed collagen
sheet (18), vitrified collagen film “vitrigel” { 19), and bioprinting method
(20).

Our system that uses multilayered sheet containing stained target
cells in the basal layer and confocal laser scanning microscopy realizes
clear observation of target cell behaviors in the vertical direction,
enabling monodimensional analysis of vertical cell distribution inside
the sheet. The reduced spatial dimension makes easy to analyze cell
migration, compared to the full 3-D analysis required of spherically
shaped aggregates. Thus, the system developed in the present study
can be a powerful tool for elucidating dynamic phenomena in 3-D
constructs.

Supplementary data to this article can be found online at doi:10.
1016/j.jbiosc.2011.09.001.
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Abstract Myoblast sheet transplantation for cardiac
failure is a promising therapy to enhance cardiac function
via paracrine mechanism. However, their efficacies of
treatment showed a gradual decline. The gene modification
of the implanted myoblast is important in improving the
long-term results of the treatment. Elastin fiber enhances
the extensibility of the infarcted wall and can prevent left
ventricular dilation. We therefore hypothesized that the
elastin gene modification of the implanted myoblast could
strengthen and maintain the long-term improvement effects
of cardiac function. In this study, we evaluated long-term
follow-up benefits of functional myoblast sheets that
secrete elastin in an infarcted model. The animal models
were divided into three groups: a group transplanted with
nontransfected, wild-type, skeletal myoblast-type sheets
(WT-rSkM); group transplanted with myoblast sheets that
secreted elastin fragments (ELN-rSkM); and a control
group (ligation only). Cardiac function was examined by
echocardiography, and cardiac remodeling after infarction
was evaluated by histological examination. The cardiac
function was significantly improved and the left ventricle
end-diastolic dimensions were significantly reduced in the
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ELN-rSkM group. Histological analysis showed that left
ventricular remodeling was attenuated in the ELN-rSkM
group and that elastic fiber was formed in the epicardial
area of ELN-rSkM group. The functionalization of myo-
blast sheet by elastin gene transfer showed the long-term
improvement of cardiac function. Expressed recombinant
elastin fiber prevented the dilation of the left ventricular
chamber after myocardial infarction. The functional myo-
blast sheet transplantation maintained the treatment effect
by the paracrine effect of myoblast and the formed
recombinant elastin.

Keywords Myocardial infarction - Cell transplantation -
Remodeling - Elastin - Gene expression

Introduction

In recent years, myocardial regeneration therapy using cell
transplantation has been examined for the treatment of
heart failure [1-3]. In the several cell sources such as
smooth muscle cells and bone marrow-derived cells,
transplantation of skeletal myoblasts have achieved better
therapeutic effects [4-6]. The therapeutic effect of the
myoblast sheet is considered to be mediated by the pro-
duction of paracrine effectors that locally stimulate the
injured myocardium [7, 8]. However, autologous skeletal
myoblast transplantation by means of the injection method
has some disadvantages, including the loss of transplanted
cells, inadequate survival of grafted cells, and arrhyth-
mogenicity [9, 10]. We therefore investigated a novel cell
transplantation technique using cell sheets grown in tem-
perature-responsive dishes [8, 11] as a means of over-
coming these problems. We have previously shown that
transplantation of autologous skeletal myoblast sheets is
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superior to direct myocardial injection in cell therapy of
heart failure in studies on both small and large animals
[12-14]. Furthermore, beneficial results of the implanta-
tion of a layered myoblast sheet in comparison with a
single-layered sheet included a greater improvement in
cardiac function, fewer fibrosis, and less hypertrophy
[15].And, when layered myoblast sheets were transplanted
onto the infarcted area, the amount of elastic fiber
increased in the implanted area with expression of trop-
oelastin mRNA. The relative expression of rat tropoelastin
mRNA increased in a dose-dependent fashion [15]. We
therefore hypothesize that the expression of elastin is a
contributory factor in the therapeutic effects of myoblast
sheets and that the overexpression of elastin could
strengthen these effects.

When we followed up the cardiac function after myo-
blast sheet transplantation until 8 weeks after sheet trans-
plantation, the efficacies of the sheet transplantation
showed a gradual decline. The modification of the
implanted myoblast is very important in improving the
long-term results of the treatment. In curing cardiac dis-
ease, the necrotic myocardium is replaced by collagen
fiber, and elasticity is lost in the scarred area. As a result,
the diastolic performance of the left ventricle (V) declines
with time [16, 17]. Therefore, we hypothesized that elastin
secreted from the implanted myoblast sheets might gener-
ate elasticity in the infarcted area. Additionally, by trans-
plantation of the sheets to the epicardium, we hoped that a
layer of elastic fiber would be formed and inhibit dilatation
of the LV chamber, conferring a guard ring effect. Because
the lifespan of elastin fibers is in the region of years, the
cardiac function might be stabilized in the long term. At
present, myocardial regeneration therapy using cell trans-
plantation combined with elastin is hardly ever performed
in the case of serious heart failure, and approaches to
therapy of cardiac disease with elastin have not been
reported besides the reports by Mizuno et al. Mizuno and
co-workers reported that injection of elastin gene-trans-
fected COS7 cells into an infarcted heart improved its
performance[ 18, 19]. The COS7 cell is an endothelial cell
from the African green monkey kidney, and endothelial
cells alone do not improve the function of the LV after
myocardial damage. Because we used myoblasts, which
can themselves affect cardiac function and remodeling,
additional therapeutic effects might be expected. We have
expected that the paracrine function by myoblast will have
a curative effect in the early stage, and the guard ring
function of the recombinant elastin will inhibit the LV
chamber dilation in the late stage.

In the present study, we constructed functional skeletal
myoblast sheets that secrete elastin and examined their
effects in improving cardiac function and the remodeling in
rats with myocardial infarction (MI).
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Materials and methods
Isolation of skeletal myoblasts

Myoblasts were isolated from the skeletal muscle of the
tibialis anterior from three-week-old male Lewis rats. After
the removal of connective tissues, such as tendons and
fibrous tissue, the muscles were minced and enzymatically
dissociated with 0.2 % collagenase type II (Worthington
Biochemical Corp., Lakewood, NJ, USA) and trypsin for
30 min at 37 °C. The enzymatic reaction was arrested by
addition of Dulbecco’s modified Eagle’s medium (DMEM)
(Nihonseiyaku, Tokyo, Japan) containing 20 % fetal
bovine serum (FBS) (Biowest, Miami, FL, USA), and the
cells were collected by centrifugation. The cells were
suspended in culture medium composed of DMEM with
20 % FBS and 1 % antibiotic-antimycotic solution
(Invitrogen Life Technologies). After being pre-plated
twice, nonadherent cells were then plated on a Matrigel
(Becton—Dickinson Bioscience)-coated dish and incubated
at 37 °C, 5 % CO,. The purity of the culture was evaluated
by immunofluorescence imaging. The isolated cells fixed
with 4 % paraformaldehyde were incubated with anti-
desmin antibody (Sigma, St. Louis, MO, USA) and fol-
lowed by incubation with fluorescein isothiocyanate
[FITC; 2-(3,6-dihydroxy-9H-xanthen-9-yl)-5-isothiocyanato-
benzoic acid] conjugated anti-rabbit secondary antibody
(GE Healthcare, Piscataway, NJ, USA). The nuclei were
stained with 4',6-diamino-2-phenylindole (DAPI; Invitro-
gen Life Technologies) and the fluorescent signals were
detected by fluorescence microscopy (ECLIPSE E600,
Nikon, Tokyo, Japan).

Animal ethics

This animal experiment was approved by the Animal Care
Committee of Osaka University graduate school of medi-
cine. Humane animal care was used in compliance with the
Principals of Laboratory Animal Care formulated by the
National Society for Medical Research, and the Guide for
the Care and Use of Laboratory Animals prepared by
the Institute of Laboratory Animal Resource and published
by the National Institute of Health (NIH publication
No.85-23, revised 1996).

Animal model

Eight-week old female F344/NJcl-rnu/rnu rats were used as
recipients. The rats were anesthetized with isoflurane (2 %,
0.2 ml/min) by inhalation. They were then intubated, and
respirator served to maintain ventilation during surgery.
The adequacy of anesthesia was monitored by electrocar-
diogram and pulse rate. MI was produced by ligation of the
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Fig. 1 Characteristics of isolated myoblasts and expression of elastin
in isolated myoblasts. a Isolated skeletal myoblasts (passage 2) (left-
hand side) and its immunofluorescent staining (right-hand side)
(green desmin, blue nucleus scale bar 100 pm). High-purity skeletal
myoblasts can therefore be isolated. b The rat skeletal myoblast
(rSkM) sheet (left). Staining by hematoxylin and eosin of a cross
section of the rSkM sheet (right, scale bar 50 pm). ¢ View showing

left anterior descending coronary artery (LAD). When the
baseline cardiac function was measured by echocardiog-
raphy two weeks after the ligation, we monitored the
depression of the left ventricular anterior wall movement.
And, at the time of sheet transplantation, we macroscopi-
cally confirmed the scar area which spread from ligated
portion toward cardiac apex, and implanted the myoblast
sheets on the scar region without use of suture. The rats
were divided into three groups: (1) a WT-rSkM group
(implanted with three nontransfected wild-type myoblast
sheets, n = 6), (2) an ELN-rSkM group (implanted with
three myoblast sheets that secreted elastin fragments,
n = 8), and (3) a control group (re-opened the chest at
2 weeks when other two groups were implanted with
myoblast sheets, n = 6). The implanted sheets adhere to
myocardium immediately and don’t fall off after closing
the chest because the cell sheets maintain the cell-cell and
cell-extracellular matrix (ECM) adhesion. After detach-
ment from the temperature-responsive dish, each sheet was
picked up individually and applied to surface of the heart.
So that the sheet could be spread, the folded areas were

elastin

GAPDH

WT

48 hr after transfection 72 by after transfection

mo

cs

the frame format of the constructed rat tropoelastin gene. d Determi-
nation of lentiviral transduction efficiency (scale bar 100 pm).
e, f Assessment of expression of the recombinant elastin by
RT-PCR and western blotting. The secreted recombinant elastin
protein was detected in the culture medium of rSkM cells infected
with ELN/pCS-CG, whereas no elastin expression was detected in
control cells

gently stoked with wet, round tip forceps. After confir-
mation of the adherence of the implanted sheets, sub-
sequent sheets were applied by the same technique.

Elastin overexpression and transfection

Lentiviral vector which includes the cDNA of the fragment
(from 1,201 to 1,800 bp) of rat tropoelastin (ELN/pCS-CG)
was constructed (Fig. ic). And the isolated rSkM were
transfected with incubation for 48 h in the presence of
ELN/pCS-CG and 8 pg/ml polybrene (Sigma). Expression
of the recombinant elastin gene was examined by RT-PCR
and Western blotting after 5 days.

Reverse transcription-polymerase chain reaction assay

After 5 days of transduction, the cells were lysed with
Sepasol (Nacalai Tesque, Kyoto, Japan), and the total RNA
was isolated. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as an internal control.
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The following primer sequences were used for PCR:
elastin fragment (333 bp): 5'-GGTGCACTGCCAGGTGC
AGTACCA-3' (forward) and 5-AGCGTAATCTGGAAC
ATCGTATGG-3 (reverse) rat GAPDH (393 bp): 5'-ACT
GGCGTCTTCACCACCAT-3' (forward) and 5-AGTGA
GCTTCCCGTTCAGCT-3/(reverse)

Western blotting assay

The culture medium was collected and centrifuged, and
supernatants were used for the assays. Each sample was
subjected to electrophoresis on polyacrylamide gels and
then electro transferred to a polyvinylidene fluoride trans-
fer membrane (Millipore, Billerica, MA, USA). After
blocking (5 % nonfat milk), the membrane was probed
with a primary antibody against HA tag (Santa Cruz Bio-
technology, California, USA). The membranes were incu-
bated with anti-rabbit IgG-linked horseradish peroxidase
(GE Health care) and then exposed to SuperSignal
West Femto (Thermo Fisher Scientific Inc, Waltham,
MA, USA).

Sheet production

Four days after lentivirus transduction, 3 x 10° infected
myoblasts were placed on a 35-mm temperature-responsive
culture dish (UpCell; Cellsheed, Tokyo, Japan) and incu-
bated. After 16 h, the cell sheets were detached at room
temperature for 30 min (Fig. 1b).

Measurement of cardiac function

The cardiac function of the treated rats was monitored by
echocardiography 2, 4, 6, and 8 weeks after sheet
implantation. The measurements were performed by using
a SONOS 5500 sonograph (Agilent Technologies, Palo
Alto, Calif) with a 12-MHz transducer. The rats were
anesthetized with isoflurane (2 %, 0.2 ml/min) by inhala-
tion, as mentioned above. The hearts were visualized as
short-axis two-dimensional images at the level of the
papillary muscles. The LV-end systolic area, the LV-end
diastolic area, and the L'V dimensions at end-systole and
end-diastole (LVIDd and LVIDs, respectively) were
determined. On the basis of these results, the ejection
fraction (EF), fractional shortening (FS), end-diastolic
volume (EDV), and end-systolic volume (ESV) were cal-
culated as follows.

(1) LVEF (%) = (LVDd>*~LVDs*)/LVDd®> x 100 (%).
(2) LV % FS = [(LVDd—LVDs)/LVDd] x 100 (%).
(3) EDV = LVIDd® x (0.98 x LVIDd + 5.90) (ml).
(4) ESV = LVIDs® x (1.14 x LVIDs + 4.18) (ml).
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Heart weight/body weight ratio

The rats’ body weights were measured 8 weeks after sheet
transplantation. And then, the rats were anesthetized with
intraperitoneal pentobarbital (300 mg/kg) and heparin
(150 U), and their hearts were rapidly removed. The
weights of the removed hearts were also measured and the
ratio of the heart weight (mg) to the body weight (g) (HW/
BW) was calculated.

Histological analyses

LV myocardium species were obtained 8 weeks after sheet
implantation. The fixed sample was embedded in paraffin.
The LV chamber diameter and the anterior wall thickness
were measured for sections stained with Hematoxylin—
Eosin (HE). Infarcted wall thickness, posterior wall thick-
ness, and LV chamber diameter were measured with the
scale loupe. Sirius red stain was used to detect the fibrosis.
The fibrosis was evaluated from the fibrotic ratio in the
infarct border region at a magnification of 200x. Periodic
acid-Schiff staining for cardiomyocyte hypertrophy was
also performed. Cardiomyocytes (n = 100) at 400x mag-
nification were randomly selected in border and remote
area of the infarct, and their minor axes across the nucleus
were measured. To label vascular endothelial cells so that
blood vessels could be counted, we performed immuno-
histochemical staining for Von Willebrand factor antigen.
Paraffin sections were deparaffinized in xylene, dehydrated
in graded ethanol mixtures, and processed for antigen
retrieval by autoclaving in 0.01-M citrate buffer. Endoge-
nous peroxidase was blocked by immersing the sections in
methanol containing 3 % hydrogen peroxide. After
blocking with 5 % BSA, the sections were incubated with
primary antibody against Von Willebrand Factor (rabbit-
polyclonal; DAKO, Glostrup, Denmark). The sections were
incubated with a biotinylated anti-rabbit IgG antibody
(DAKO) and further incubated with a peroxidase-conju-
gated streptavidin (GE Health Care). Visualization was
performed using biphenyl-3,3’,4,4'-tetramine (DAB) solu-
tion (Sigma). Twenty different fields at 400x magnifica-
tion were randomly selected, and the number of the stained
vascular endothelial cells in each field was counted under a
light microscope. The distribution of elastin fibers was
evaluated by means of Victoria blue-HE staining or elastica
van Gieson staining.

Expression of elastin and matrix metalloproteinase
in myocardial tissue

The samples of myocardial tissue removed 8 weeks after
sheet transplantation were divided into infarction, border,
and remote areas. Each sample was homogenized in SDS
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buffer and centrifuged, and the supernatants were used for
assays by Western blotting, as previously described. The
primary antibodies used were rabbit polyclonal anti-elastin
(Acris Antibodies GmbH, Herford, Germany), rabbit
polyclonal anti-matrix metalloproteinase 1 (anti-MMP-1)
(LifeSpan Biosciences Inc., Seattle, WA, USA), mouse
monoclonal anti-matrix metalloproteinase 2 (anti-MMP-2)
(Daiichi Fine Chemical Co., Ltd., Toyama, Japan), and
mouse monoclonal anti-muscle actin (Dako). We quanti-
fied the density of the bands of elastin, MMP-1, and MMP-
2 using o-tubulin of each lane as a standard.

Statistical analyses

Data are presented as the mean = standard error of mean
(SEM). The cardiac function was analyzed by repeated
measurement ANOVA for differences across the whole
time course and one-way ANOVA, whereas the Tukey—
Kramer post hoc test was used to examine for significant
differences at each time point.

To assess the significance of the differences between
individual groups for other data, statistical comparisons
were performed by an unpaired Student’s ¢ test. A value of
P < 0.05 was considered statistically significant.

Results
Isolation of rat skeletal myoblasts

To confirm that the isolated cells from the skeletal muscle
were myoblasts, we performed immunofluorescent staining
with anti-Desmin antibody. Fluorescence microscopy
studies showed that more than 80 % of the isolated cells
were desmin-positive (Fig. 1a). High-purity skeletal myo-
blasts can therefore be isolated.

e CORLEOE
e W SKM
e ELN-rSKM

25 T T
baseline 2weeks

E]

4weeks Bweeks Sweeks

Fig. 2 Left ventricular function after myoblast sheet transplantation
by echocardiography (a EF ejection fraction, b % FS % fractional
shortening) Echocardiography showed a significant improvement in
LVEF and % FS in the WT-rSkM and ELN-rSkM groups in
comparison with the control group 2, 4, 6, or 8 weeks after

mRNA expression and elastin secretion in rat skeletal
myoblasts

The efficiency of infection of the rSkM was >70 %
(Fig. 1d). The expression of elastin mRNA was recognized
in rSkM infected with ELN/pCS-CG (Fig. ie), whereas
expression of elastin was not detected in noninfected rSkM
(WT) or control cells infected with the empty vector
(mock). The secreted recombinant elastin protein was
detected in the culture medium of rSkM cells infected with
ELN/pCS-CG, whereas no elastin expression was detected
in the control cells (Fig. 1f).

Elastin-expressing myoblast sheets enhance ventricular
function after MI

There was no difference in echocardiographic parameters
such as LVEF or %FS between the groups before sheet
transplantation. Echocardiography showed a significant
improvement in LVEF and %FS in the WT-rSkM and
ELN-rSkM groups in comparison with the control group 2,
4, 6, or 8 weeks after implantation (P < 0.01). In addition,
the values of LVEF and %FS in the ELN-rSkM group 2, 6,
and 8 weeks after implantation were significantly improved
in comparison with that of the WT-rSkM group (2 and
6 weeks; P < 0.05; 8 weeks; P < 0.01) (Figs. 2a, b).

The evaluation of LVIDd and LVIDs over time showed
the inhibition of dilation in all measure points in the ELN-
rSkM group relative to the control and WT-rSkM groups.
And, especially at late points, 6 and 8 weeks after
implantation, they were significantly attenuated in the
ELN-rSkM group compared with the control group
(LVIDd: 8 weeks P < 0.05, LVIDs: 6 weeks P < 0.05,
8 weeks P < 0.01) (Table {). The values of EDV and ESV
in the ELN-rSkM group were also smaller than the control

and WT-rSkKM groups in all measure points. The
%FS
B 22
] * *T * * T
20 ' *x * ;rI
13 - xR
$ R . ) * %
g 15 e -1-
144 «»M“_‘j }“
e GoONNOl v“""“\y};(
12 ~ == WT.rSkM
e ELN-rSKM
10

) 1 i H 1
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implantation. In addition, the values of LVEF and %FS in the
ELN-rSkM group 2, 6, and 8 weeks after implantation were
significantly improved in comparison with that of the WT-rSkM
group **P < 0.01 versus control. 1P < 0.05, {P < 0.01 versus WT-
rSkM
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Fig. 3 Victoria blue-HE stained section of LV a control, b WT-
rSkM, ¢ ELN-rSkM (x 10, scale bar 1,000 pum, blue: elastic fiber).
The occurrence of thinning of the infarcted wall in the control group

and the WT-rSkM group, whereas its thickness was maintained in the
ELN-rSkM group

Table 1 The assessments of LVIDd, LVIDs, EDV, and ESV over time by echocardiography

Baseline 2 weeks 4 weeks 6 weeks 8 weeks

LVIDd

Control 0.73 + 0.08 0.77 £ 0.07 0.81 + 0.05 0.86 £+ 0.05 0.88 £ 0.04

WT-rSkM 0.72 £ 0.08 0.77 & 0.03 0.79 + 0.04 0.83 4+ 0.05 0.85 + 0.04

ELN-rSkM 0.71 £ 0.09 0.73 £+ 0.08 0.77 £ 0.06 0.80 + 0.05 0.80 £ 0.06*
LVIDs

Control 0.60 + 0.06 0.65 £ 0.06 0.69 + 0.04 0.74 £ 0.05 0.76 + 0.04

WT-rSkM 0.61 £ 0.07 0.63 = 0.03 0.67 £+ 0.05 0.70 £ 0.04 0.72 £ 0.03

ELN-rSkM 0.59 £ 0.07 0.59 £+ 0.07 0.63 £ 0.05 0.67 £ 0.05* 0.67 £ 0.06**
EDV

Control 2.60 + 0.78 3.05 £ 091 3.59 + 0.66 4.29 £ 0.70 4.57 4+ 0.59

WT-rSkM 2.54 + 0.74 3.11 £ 0.32 333+ 054 3.86 + 0.71 4.07 £ 0.61

ELN-rSkM 245 £+ 0.84 2.68 £+ 0.92 3.19 £ 0.74 348 +0.73 3.50 + 0.86*
ESV

Control 1.07 £ 0.30 1.40 + 0.38 1.67 £ 0.31 2.06 + 0.44 223 +0.35

WT-rSkM 1.13 +£ 0.32 1.25 £ 0.16 1.50 £ 0.34 1.69 + 0.30 1.86 &+ 0.26

ELN-rSkM 1.01 £ 0.35 1.01 £ 0.37 1.26 £ 0.30 1.49 £ 0.33* 1.50 £ 0.32%*

* P < 0.05, ** P < 0.01 versus control of each measure point

enlargement of EDV was also significantly attenuated in
the ELN-rSkM group compared with the control group
eight weeks after implantation (P < 0.05) (Table 1). The
ESV showed a significant decrease in the ELN-rSkM group
compared with the control group at both six and eight
weeks after implantation (6 weeks P < 0.05, 8 weeks
P < 0.01) (Table 1).

The decline of heart weight/body weight ratio

To evaluate the degree of cardiac hypertrophy, we used the
HW/BW ratio as an indicator. HW/BW showed a signifi-
cant decrease in the ELN-rSkM group compared with the
control and WT-rSkM groups (P < 0.01 versus control,
P < 0.05 versus WT-rSkM) (Table 2).
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Myoblast sheets secreting elastin exert therapeutic
effects on injured myocardium

Victoria blue-HE stained sections demonstrated the
occurrence of thinning of the infarcted wall in the control
group and the WT-rSkM group, whereas its thickness was
maintained in the ELN-rSkM group (Fig. 3; Table 3). A
statistical analysis showed that the diameter of the LV
chamber was smaller in the ELN-rSkM than in the control
or WT-rSkM groups (P < 0.05) (Table 3), and that the
thickness of the infarcted wall in the ELN-rSkM group was
significantly greater than that in the control or WT-rSkM
groups (P < 0.01) (Table 3). The values of the LV cham-
ber diameter/posterior wall thickness were significantly
decreased in the ELN-rSkM group compared with the
control group and WT-rSkM group (P < 0.01) (Table 3).
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Table 2 The heart weight/body weight (HW/BW) ratio at 8 weeks

after sheet transplantation

Body weight Heart weight HW/BW

(BW) () (HW) (mg)
Control 184.97 £7.94 76333 £553 4.3 £0.17
WT-rSkM 184.19 £ 9.01  705.00 &+ 5.61  3.83 & 0.34*
ELN-rSkM  190.88 == 8.08  677.50 £ 4.77  3.55 4 0.20%*7

* P < 0.05, % P < 0.01 versus control, T P < 0.05 versus WT-rSkM

Table 3 The thickness of infarcted wall and posterior wall and LV
chamber

Control WT-rSkM ELN-rSkM

LV chamber 4.55 £ 0.52 440 4+ 045 3.81 & 0.52%F
diameter (mm)

Infarcted wall 0.47 £ 0.13  0.49 £ 0.09 0.63 £ 0.13
thickness (mm)

Posterior wall 1.82 £ 0.19 1.75 £ 0.27 1.78 £ 0.19
thickness (mm)

% Anterior wall 2640 £ 2.96 27.76 4+ 2.08 35.88. &+ 2.29%*]
thickness

LV chamber 2.50 £ 0.16  2.51 £ 0.18 2.14 £ 0.16%%}
diameter/
posterior wall
thickness

% Anterior wall thickness = infarcted wall thickness/posterior wall
thickness x100 * P < 0.05, ** P < 0.05, P <0.01 versus con-
trol, T P < 0.05, { P < 0.01 versus WT-rSkM

There were no significant differences between the control
and WT-rSkM groups on these indexes.

In the border area, staining with picrosirius red showed
the presence of a significant reduction of fibrosis in the
ELN-rSkM group in comparison with the control and WT-
rSkM groups (P < 0.01) [Figs. 4A(a)—(c), B(a)]. Periodic
acid—Schiff staining showed that the diameters of the
cardiomyocytes in the ELN-rSkM group were significantly
smaller than those in the control or WT-rSkM groups
(P < 0.01) [Figs. 4A(d)-(f), B(b)].

The vascular density was significantly increased in the
WT-rSkM and ELN-rSkM groups compared with the
control group (P < 0.01), but there were no significant
differences between the WT-rSkM and ELN-rSkM groups
[Figs. 4A(g)-(i), B(c)]. Fibrosis, cell size, and vascular
density were not different in the remote area among three
groups.

Increase in the distribution of elastic fibers in epicardial
area of implanted area

Victoria blue-HE and Elastica van Gieson stained sections
showed that the numbers of elastic fibers were increased in

the ELN-rSkM group [Figs. 3c, SA(c), B(f)]. Recombinant
elastin was widely detected throughout the scar area and
border zone in the epicardial area of the ELN-rSkM group,
and when it was examined at a higher magnification
(x200), it was found to form long wavy structures
[Fig. 5B(f)]. The layers of formed elastin fiber would have
showed the guard ring effect and depressed the dilation of
LV chamber. In contrast, it was scarce in the control and
WT-rSkM groups [Figs. 3a, b, 5A(a), (b), B(d), (e)].

The alteration of expression of matrix
metalloproteinase 1 and 2 by recombinant elastin

The expression of recombinant elastin was only recognized
in infarcted areas of the ELN-rSkM group [Fig. 6A, B(a)].
The expression of MMP-1 was increased in border areas of
the ELN-rSkM group compared with that in the control and
WT-rSkM groups [Fig. 6A, B(b)]. In the control group,
expression of MMP-2 was detected in infarcted, border,
and remote areas, whereas in the WT-rSkM group,
although it was detected in the infarcted area, there was
little expression in border and remote areas. In the ELN-
rSkM group, expression of MMP-2 was barely detectable
in any area [Fig. 6A, B(c)].

Discussion

Elastin is a major insoluble ECM component. The elastic
fiber provides elasticity and extensibility to tissue. Elastin
fibers consist of a core of tropoelastin together with
crosslinked proteins, including microfibril and fibrillin [20-
24]. Elastin contains two major repeated peptide sequen-
ces: the pentapeptide Gly-Val-Gly-Val-Pro (GVGVP) and
the hexapeptide Val-Gly-Val-Ala-Pro-Gly (VGVAPG).
GVGVP has elasticity properties, whereas VGVAPG lacks
elasticity, but does induce proliferation and migration of
fibroblasts and smooth muscle cells [25-28]. It would have
been preferable to express the full length of the elastin
gene, but rat tropoelastin cDNA (2,595 bp) is a difficult
protein to express, and when we attempted to express the
full-length protein, we were unable to do so. We therefore
chose a 600-bp (1,201-1,800 bps) segment of the rat
tropoelastin. The elastic and resilient properties of elastin
are located within this fragment [20].

The cell sheets are generated on and removed from
special dishes that are coated with a temperature-respon-
sive polymer, poly [N-isopropylacrylamide], that changes
from hydrophobic to hydrophilic when the temperature is
lowered without destroying the cell-cell or cell-ECM
adhesions in the cell sheet. Typical cell harvests by means
of enzymatic digestion therefore result in the disruption of
both adhesive proteins and membrane receptors. The
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Fig. 4 Histological evaluations of LV remodeling after infarction.
A Sirius-red stained myocardium of the infarcted border zone
a control, b WT-rSkM ¢ ELN-rSkM (%200, scale bar 100 pm);
periodic acid-Schiff staining of cardiomyocyte of infarcted border
zone: d control, e WT-rSkM, f ELN-rSkM (%400, scale bar 50 pm);
and section of infarcted border zone stained with antibody against
Von Willebrand factor: g control, 2 WT-rSkM, i ELN-rSkM (%200,

greatest advantage of this technique is that the sheet is
made only of cells, and the cells produce the ECM without
requiring an artificial scaffold. The myoblast sheet has a
high ability to integrate with area of infarction through the
adhesion factors, such as integrina7 1 and a-dystroglycan,
which is expressing on the surface of myoblasts and
therefore doesn’t fall off after closing the chest.

In this study, we treated hearts, in which MI had been
previously induced, by implantation of myoblast sheets that
secreted elastin fragments, and we observed continuous
improvements in cardiac function and in attenuation of
cardiac remodeling. Histological assessment of the ELN-
rSkM group showed that elastic fiber was present in both
the scarred area and in border zones, whereas this effect
was not observed in the control group or the WT-rSkM
group. So the accumulation of elastin fibers would be the
result of construction of tropoelastin secreted from the
transplanted myoblasts.
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scale bar 100 pm). B Quantitative estimation of histological study
results: a %fibrosis, b cell size, ¢ vascular density. Histological
analysis showed that left ventricular remodeling such as fibrosis and
cardiomyocyte hypertrophy were attenuated in the ELN-rSkM group
compared with the control and WT-rSkm groups. **P < 0.01 versus
control. TP < 0.05, 1P < 0.01 versus WT-rSkM. Filled bar border
area, bar remote area

The dramatic improvements in the left ventricular dia-
stolic and systolic performance in the ELN-rSkM group
might be attributable to the formation of elastin fibers in
the infarcted region. Accumulation of elastin fibers
improved the left ventricular wall movement. The assess-
ments of LVIDd and LVIDs over time showed the con-
tinuous depression of dilation of inside diameter in ELN-
rSkM group, especially at late points, 6 and 8 weeks after
sheet implantation. It is especially noteworthy that the
LVIDd in the ELN-rSkM were significantly attenuated
8 weeks after sheet implantation. The myoblast sheets were
transplanted into the epicardium and the layers of elastic
fiber should have formed epicardial area. Therefore, their
guard ring effects might have significantly prevented the
outward dilation of the LV chamber in the late stage. And
the values of the L'V chamber diameter/posterior wall
thickness in the ELN-rSkM were significantly smaller than
the control and WT-rSkM.
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Control

Fig. 5 Elastin distributions in the infarcted area by elastica van
Gieson staining and immunohistochemical staining using an antibody
against elastin [A (a control, b WT-rSkM, ¢ ELN-rSkM, a-c, %20,
scale bar 500 um), B (d control, ¢ WT-rSkM, f ELN-rSkM,

A Control

WT-rSkM

ELN-rskm

d-f %200, scale bar 100 pm)]. Recombinant elastin was widely
detected throughout the scar area and border zone in the epicardial
area of the ELN-rSkM group
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Fig. 6 Expression of elastin, matrix metalloproteinase 1 (MMP-1),
and matrix metalloproteinase 2 (MMP-2) examined by western
blotting. A A representative result of Elastin, MMP-1, and MMP-2
protein expression. B Quantitation of western blotting of Elastin,
MMP-1, and MMP-2 expression normalized by the correspond-
ing muscle actin expressing levels. a Elastin, b MMP-1, ¢ MMP-2
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recombinant elastin was only recognized in infarcted areas of the
ELN-rSkM group. The expression of MMP-1 was increased in border
areas of the ELN-rSkM group, and the expression of MMP-2 was
barely detectable in any area of the ELN-rSkM group compared with
that in the control and WT-rSkM groups
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Most of the transplanted myoblasts drop out until
4 weeks after sheet transplantation. As a result, cardiac
functions such as EF and %FS in the WT-rSkM group was
markedly depressed 4 weeks after sheet transplantation. In
contrast, because the lifespan of elastin fibers can be
measured in years, the elastin fiber that was formed
remained after dropout of the transplanted cells and it
produced a long-term improvement in cardiac function and
attenuation of remodeling. The early therapeutic effects
after elastin-secreted myoblast sheets implantation would
have been resulted from paracrine growth factors such as
VEGF and HGF by myoblasts transplantation, and the late
effects have been caused by the guard ring function of the
formed elastin fibers.

Additionally, owing to the widespread distribution of
recombinant elastin fibers in the border zone, adverse
impacts on the uninjured myocardium and their exercise
quantity were reduced, and consequently, cardiac remod-
eling processes, such as fibrosis and cardiomyocyte
hypertrophy, were attenuated.

Our study would have been significantly strengthened if
we had a longer follow-up period. However, a previous
study [15] has shown that the cardiac functions such as EF
and %FS have been markedly depressed between 4 and
8 weeks after autologous myoblast sheet transplantation.
Therefore, in the present study, we have assessed the car-
diac function and histological change such as left ventric-
ular remodeling and deposition of elastic fiber over time up
to 8 weeks after sheet implantation.

The ECM exerts an influence on cellular movement and
cross-interactions, and elastin is a major structural com-
ponent of the extracellular matrix. The ratio of collagen to
elastin in tissue is involved in a variety of clinical condi-
tions, and both MMP and tissue inhibitor of metallopro-
teinase (TIMP) modulate this ratio. In curing ischemic
cardiac disease, the necrotic myocardium is replaced by
collagen fiber, especially type I and type III collagen, and
elasticity is lost in the scarred area. There are also a few
reports that the elastin-derived hexapeptide VGVAPG
stimulates the expression of MMP-1 [29-31]. In the present
study, we have shown that an increase in MMP-1 expres-
sion occurs in the infarcted area of the ELN-rSkM group at
8 weeks after sheet transplantation. This suggests that the
recombinant elastin secreted from the myoblasts increased
the expression of MMP-1. Increased expression of MMP-1,
which mainly decomposes collagen types I and III, inhibits
fibrosis and improves cardiac function [32]. The depression
of fibrosis in the ELN-rSkM group could, therefore, be due
to an increase in MMP-1 expression by recombinant elastin
and upregulation of collagen degradation by MMP-1.
Furthermore, in cardiac infarction, the degradation prod-
ucts of collagen, laminin, and fibronectin generated by the
activity of MMP-2 stimulate macrophage migration in the
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infarcted myocardium [33]. The macrophages that migrate
into the infarcted tissue are involved in inflammation and in
the healing process as a result of their phagocytosis func-
tion, promoting cardiac fibrosis and regulating LV
remodeling [34]. Furthermore, inhibition of MMP2 activity
suppresses LV remodeling after infarction and improves
the survival rate after an acute MI. In this study, the levels
of expression of MMP-2 in the ELN-rSkM group were
decreased in comparison with those in the control group
and the WT-rSkM group 8 weeks after implantation. The
change in expression levels of MMP-2 by recombinant
elastin might therefore repress LV remodeling resulting
from ECM degradation of MMP-2. The newly formed
elastin fibers might themselves alter the composition of the
ECM and affect the expression of MMPs, resulting in
inhibition of remodeling of the infarcted heart.

Previous researchers have demonstrated that cardiac
disease therapy with myoblast sheets can effect improve-
ments in cardiac function. This study identified elastin,
produced in a myoblast sheet transfected with the elastin
gene, as a factor that might improve the therapeutic effect
of myoblast sheets and thereby improve cardiac function in
an ongoing manner. However, further research regarding
the number of cells and secretion volume is necessary.

Because autologous myoblast sheet transplantation had
shown no adverse effects in either preclinical or clinical
tests, it seems feasible to adopt this cell transplantation for
gene modification. And, the sheet transplantation can be
applied to treatment of serious heart failure, and it gives
minimal damage to heart muscle compared with cell
injections. And, the myoblast sheet transplantation has no
worries of tumorigenesis which occurs during the trans-
plantation of embryo-stem cell or induced pluripotent stem
cell. Furthermore, the present study used a lentivirus vector
to transfect the elastin gene into primary rat skeletal
myoblasts. Attempts to use nonviral transfection tech-
niques did not result in expression of elastin protein. We
also examined the muscle cell lines such as smooth muscle
cell and skeletal muscle cell, as carriers of the elastin gene,
but in the cell line, only the virus vector expressed elastin.
For clinical applications, further research will be necessary
to identify new methods of gene transfection that do not
require the use of a virus vector. The past clinical trials
indicate the efficacy of myoblast sheet transplantation, and
the gene modification of the implanted myoblast is also
expected to improve the long-term results of the treatment
in the clinical application.

In summary, we have shown that the implantation of
elastin-secreting myoblast sheets continuously improved
cardiac function, and inhibited cardiac remodeling and
dilation of the LV chamber. The functional myoblast sheets
to which the elastin gene was transfected improved the
long-term treatment result. The recombinant elastin fibers
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were formed in the epicardial area so that dilation of the
left ventricular chamber after MI was prevented. The early
therapeutic effects after elastin-secreted myoblast sheets
implantation would have been resulted from paracrine
growth factor by transplanted myoblasts, and the late
effects have been caused by the guard ring function of the
formed elastin fibers. The therapeutic effect of myoblast
sheets can be further enhanced by gene therapy using
elastin.
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Human adipose tissue-derived multilineage
progenitor cells exposed to oxidative stress
induce neurite outgrowth in PC12 cells through
p38 MAPK signaling
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Abstract

pheochromocytoma cell line (PC12).

Background: Adipose tissues contain populations of pluripotent mesenchymal stem cells that also secrete various
cytokines and growth factors to support repair of damaged tissues. In this study, we examined the role of oxidative
stress on human adipose-derived multilineage progenitor cells (RADMPCs) in neurite outgrowth in cells of the rat

Results: We found that glutathione depletion in hADMPCs, caused by treatment with buthionine sulfoximine (BSO),
resulted in the promotion of neurite outgrowth in PC12 cells through upregulation of bone morphogenetic protein
2 (BMP2) and fibroblast growth factor 2 (FGF2) transcription in, and secretion from, hADMPCs. Addition of N-
acetylcysteine, a precursor of the intracellular antioxidant glutathione, suppressed the BSO-mediated upregulation
of BMP2 and FGF2. Moreover, BSO treatment caused phosphorylation of p38 MAPK in hADMPCs. Inhibition of p38
MAPK was sufficient to suppress BMP2 and FGF2 expression, while this expression was significantly upregulated by
overexpression of a constitutively active form of MKK6, which is an upstream molecule from p38 MAPK.

Conclusions: Qur results clearly suggest that glutathione depletion, followed by accumulation of reactive oxygen
species, stimulates the activation of p38 MAPK and subsequent expression of BMP2 and FGF2 in hADMPCs. Thus,
transplantation of hADMPCs into neurodegenerative lesions such as stroke and Parkinson’s disease, in which the
transplanted hADMPCs are exposed to oxidative stress, can be the basis for simple and safe therapies.

Keywords: Human adipose-derived multilineage progenitor cells, Adult stem cells, Reactive oxygen species, p38
MAPK, Neurite outgrowth, BMP2, FGF2, Neurodegenerative disorders

Background

Mesenchymal stem cells (MSCs) are pluripotent stem
cells that can differentiate into various types of cells
[1-6]. These cells have been isolated from bone marrow
[1], umbilical cord blood [2], and adipose tissue [3-6]
and can be easily obtained and expanded ex vivo under
appropriate culture conditions. Thus, MSCs are an at-
tractive material for cell therapy and tissue engineering.
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Human adipose tissue-derived mesenchymal stem cells,
also referred to as human adipose tissue-derived multili-
neage progenitor cells (hADMPCs), are especially advan-
tageous because they can be easily and safely obtained
from lipoaspirates, and the ethical issues surrounding
other sources of stem cells can be avoided [4-6]. More-
over, hADMPCs have more pluripotent properties for re-
generative medical applications than other stem cells,
since these cells have been reported to have the ability
to migrate to the injured area and differentiate into
hepatocytes [4], cardiomyoblasts [5], pancreatic cells [7],
and neuronal cells [8-10]. In addition, it is known that
hADMPCs secrete a wide variety of cytokines and
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growth factors necessary for tissue regeneration includ-
ing nerve growth factor (NGF), brain-derived neuro-
trophic factor (BDNF), fibroblast growth factors (FGFs),
vascular endothelial growth factor (VEGF) and hepato-
cyte growth factor (HGF) {11-14].

Recently, several groups have reported that hADMPCs
facilitate neurological recovery in experimental models
of stroke [9,10,15] and Parkinson’s disease [16]. Despite
the superiority of hADMPCs over other stem cells, the
potential use of hADMPCs for the treatment of these
neurodegenerative disorders has not been fully investi-
gated. It has been reported that administration of
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hADMPCs in animal models of acute ischemic stroke
markedly decreased brain infarct size, improved neuro-
logical function by enhancing angiogenesis and neuro-
genesis, and showed anti-inflammatory and anti-
apoptotic effects [9,10]. These effects were due in part to
increased secretion levels of VEGF, HGF and bFGF
under hypoxic conditions [13], indicating the role of
hADMPCs in reducing the severity of hypoxia-ischemic
lesions.
In addition to hypoxic stress, ischemic lesions are gen-
erally subject to inflammation, which leads to the gener-
ation of reactive oxygen species (ROS) [17,18]. ROS are
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generated as a natural byproduct of normal aerobic me-
tabolism, and mitochondrial respiration, together with
oxidative enzymes such as plasma membrane oxidase, is
considered to be the major intracellular source of ROS
production [19]. Although appropriate levels of ROS
play an important role in several physiological processes,
oxidative damage initiated by excessive ROS causes
many pathological conditions including inflammation,
atherosclerosis, aging, and cancer. Neuronal cells are es-
pecially vulnerable to oxidative stress, and numerous
studies have examined the crucial roles of oxidative
stress in neurodegenerative disorders such as stroke
[17,18], Alzheimer’s disease [20,21], and Parkinson’s dis-
ease [22,23]. In these diseases, microglia, the macro-
phages of the central nervous system (CNS), are
activated in response to a local inflammation [24] and
generate large amounts of reactive oxygen and nitrogen
species, thereby exposing nearby neurons to stress
[18,25]. Thus, the influence of oxidative stress generated
by neurodegenerative lesion on hADMPCs needs to be
further studied.

In this study, we examined the role of oxidative stress
on hADMPCs in neurite outgrowth in cells of the rat
pheochromocytoma cell line (PC12). Upon treatment
with buthionine sulfoximine (BSO), an inhibitor of the
rate-limiting enzyme in the synthesis of glutathione,
hADMPCs accumulated ROS, which resulted in the
upregulation of expression levels of the neurotrophic
factors BMP2 and FGF2. Our present data thus provide
new insights into understanding the mechanism of how
hADMPCs exposed to oxidative stress contribute to
neurogenesis, and this may explain the effects of stem
cell transplantation therapy with hADMPCs in treating
ischemic stroke.

Results

hADMPCs exposed to oxidative stress stimulate neurite
outgrowth in PC12 cells

hADMPCs were treated with 1 mM BSO for 24 h; a group
of hADMPCs that were not given any treatment was used
as the control group. As shown in Figure 1A and B, BSO
treatment resulted in significant reduction of intracellular
reduced glutathione levels, followed by accumulation of
intracellular reactive oxygen species (ROS) in hADMPCs.
To investigate whether accumulation of ROS affects secre-
tion of cytokines from hADMPCs, conditioned medium
from BSO-treated (CM-BSO (+)) or BSO-untreated (CM-
BSO (-)) hADMPCs was added to PC12 cells. As
expected, addition of NGF significantly induced neurite
outgrowth in the PC12 cells (Figure 1F, G, H). hADMPCs,
like other mesenchymal stem cells derived from bone
marrow or adipose tissue, may secrete many cytokines in-
cluding NGF, BDNF and FGF2, and this may account for
the slight induction of neurite outgrowth seen in the CM-
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BSO (-) treated cells (Figure 1D, G, H). In contrast,
the number and length of neurite outgrowth of PC12
cells in CM-BSO (+) (Figure 1E) was markedly enhanced
compared with those in CM-BSO (-) (Figure 1D, E, G, H).

Conditioned medium from BSO-treated hADMPCs
activates Erk1/2 MAPK and Smad signaling in PC12 cells
To investigate which intracellular signaling pathways
were involved in the neurite outgrowth of PC12 cells in
CM-BSO (+), we used western blotting to determine the
phosphorylation levels of Erkl/2 MAPK, p38 MAPK,
Smad1/5/8 and Akt in PC12 cells in various culture con-
ditions. NGF significantly activated Erk1/2 MAPK and
Akt signaling pathway (Figure 2). In contrast, Erkl/2
MAPK was not activated in PC12 cells exposed to CM-
BSO (-), while an increase in phosphorylated Smad1/5/8
was observed. Interestingly, CM-BSO (+) treatment led
to both a significant increase in Smad1/5/8 phosphoryl-
ation levels as well as activation of the Erkl/2 MAPK
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Figure 2 Erk1/2 MAPK and Smad1/5/8 are activated in PC12
cells cultured in conditioned medium from BSO-treated
hADMPCs. Western blot analysis of PC12 cells cultured in
differentiation medium alone {cont), CM-BSC (=), CM-BSO (+), or
differentiation mediurn with NGF (50 ng/mL) for 1 h. Proteins
extracted from each cell culture were resolved by SDS-PAGE,
transferred to a membrane, and probed with anti-phosphorylated
Erk1/2 (phospho Erk1/2), anti-Erk1/2, anti-phosphorylated p38
{phospho p38), anti-p38, anti-phosphorylated Smad1/5/8 (phospho
Smad1/5/8), anti-phosphorylated Akt (phospho Ark) and anti-Akt.
Actin was analyzed as an internal control. Numbers below blots
indicate relative band intensities as determined by the Image)

software.
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