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Transplantation of human cardiomyoblast-like cells (hCLCs) from human adipose tissue-derived multi-
lineage progenitor cells improved left ventricular function and survival of rats with myocardial infarction.
Here we examined the effect of intracoronary artery transplantation of human CLCs in a swine model of
chronic heart failure. Twenty-four pigs underwent balloon-occlusion of the first diagonal branch followed

Keywords: ) by reperfusion, with a second balloon-occlusion of the left ascending coronary artery 1 week later fol-
igl}\‘/l‘:fg cardiomyoplasty lowed by reperfusion. Four weeks after the second occlusion/reperfusion, 17 of the 18 surviving animals
s

with severe chronic MI (ejection fraction <35% by echocardiography) were immunosuppressed then ran-
domly assigned to receive either intracoronary artery transplantation of hCLCs hADMPCs or placebo lactic
Ringer’s solution with heparin. Intracoronary artery transplantation was followed by the distribution of
Dil-stained hCLCs into the scarred myocardial milieu. Echocardiography at post-transplant days 4 and
8 weeks showed rescue and maintenance of cardiac function in the hCLCs transplanted group, but not
in the control animals, indicating myocardial functional recovery by hCLCs intracoronary transplantation.
At 8 week post-transplantation, 7 of 8 hCLCs transplanted animals were still alive compared with only 1
of the 5 control (p = 0.0147). Histological studies at week 12 post-transplantation demonstrated engraft-
ment of the pre Dil-stained hCLCs into the scarred myocardium and their expression of human specific
alpha-cardiac actin. Human alpha cardiac actin-positive cells also expressed cardiac nuclear factors;
nkx2.5 and GATA-4. Our results suggest that intracoronary artery transplantation of hCLCs is a potentially
effective therapeutic strategy for future cardiac tissue regeneration.

© 2012 Elsevier Inc. All rights reserved.

Myocardial infarction
Transplantation

1. Introduction Cellular cardiomyoplasty was developed as a new approach to

restore normal heart function, [3,4] using a variety of cell types

End-stage heart failure remains a major cause of death world-
wide, mainly due to myocardial ischemia. Cardiac transplantation
and mechanical support using implantation of the left ventricular
assist system (LVAS) were established as the ultimate means of
support for these patients [1,2]. However, these treatment entities
have certain limitations including donor shortage, rejection, and
LVAS durability, and alternative strategies are needed in such
circumstances.

* Corresponding author at: The Center for Medical Engineering and Informatics,
Osaka University, 2-2 Yamada-oka, Suita, Osaka 565-0879, Japan.
E-mail address: akifumi-matsuyama@umin.ac.jp (A. Matsuyama).

0006-291X/S - see front matter © 2012 Elsevier Inc. All rights reserved.
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[3-5]. Mesenchymal stem cells (MSC) seem particularly advanta-
geous for cellular therapy in general because they are multipotent,
potentially immune privileged [6]. MSC also proliferate rapidly and
differentiate into cardiomyogenic cells [7-10]. MSC can be isolated
from human adipose tissue, which can be resected easily and safely
in most patients [11,12]. In fact, we have reported that adipose tis-
sue-derived multilineage progenitor cells (ADMPCs), which met
the criteria as mesenchymal stem cells [13], can differentiate into
hepatocytes both in vitro and in vivo [14,15]. Recently, we demon-
strated that human cardiomyoblast-like cells (hCLCs) from human
adipose tissue-derived multi-lineage progenitor cells transplanted
into rats with chronic myocardial infarction reversed wall thinning
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in the scarred area with the engrafted cells forming a thick stra-
tum, and that the hCLCs reversed left ventricular dysfunction in
the long term and survival of rats with experimentally-induced
myocardial infarction [16].

The present study is an extension to the above study and was
designed to accelerate the clinical application of hCLCs. Specifi-
cally, we examined in pre-/non-clinical studies the effects of hCLCs
transplantation on cardiac dysfunction and on long-term survival
with swine chronic myocardial infarction model. We also docu-
mented the histological regeneration of damaged myocardium
after transplantation of hCLCs in vivo.

2. Materials and methods
2.1. Adipose tissue

Adipose tissue samples were resected from five human subjects
during plastic surgery (all females, age, 20-60 years) as excess
discards. Ten to 50 g of subcutaneous adipose tissue were collected
from each subject after obtaining of informed consent. The proto-
col was approved by the Review Board for Human Research of
Kobe University Graduate School of Medicine, Osaka University
Graduate School of Medicine and Foundation for Biomedical
Research and Innovation.

2.2. Isolation of hADMPCs and preparation of hCLCs

Human adipose tissue-derived multi-lineage progenitor cells
(hADMPCs) were prepared as described previously [13-17]. After
passaging 5 to 6 times, the hADMPCs were replated and treated
with 0.1% dimethyl sulfoxide (DMSO) (Cryoserve, GE Healthcare
Biosciences, Uppsala, Sweden) for 48 h.

2.3. Reverse transcriptase—-polymerase chain reaction

Total RNA was isolated from hADMPCs and cardiomyoblasts
using an RNAeasy kit (Qiagen, Hilden, Germany). After treatment

1*halloning to D1 (#9)

with DNase, cDNA was synthesized from 500 ng total RNA using
Superscript III reverse transcriptase RNase H minus (Invitrogen,
Carlsbad, CA). Real-time PCR was performed using the ABI
Prism 7900 Sequence Detection System (Applied Biosystems,
Foster City, CA). 20X Assays-on-Demand™ Gene Expression Assay
Mix for nkx2.5 (Hs00231763_m1), islet-1 (Hs00158126_m1),
GATA-4 (Hs00171403_m1), alpha-cardiac actin (Hs01109515_m),
cardiac troponin I (Hs00165957_m1), myosin light chain (MLC)
(Hs00166405_m1), myosin heavy chain (MHC) (Hs00411908_m1)
and glyceraldehyde-3-phosphate  dehydrogenase (GAPDH)
(Hs99999905_m1) were obtained from Applied Biosystems. Taq-
Man® Universal PCR Master Mix, No AmpErase® UNG (2X), was
also purchased from Applied Biosystems. Reactions were per-
formed in quadruplicate and the mRNA levels were normalized rel-
ative to human GAPDH expression. Then the fold-inductions of
hCLCs were compared to hADMPCs.

2.4. Animal model of myocardial infarction and cell transplantation

Five weeks before transplantation, the first diagonal branch
(D1; #9) of the coronary arteries of 24 pigs (8-week-old female,
30.5 + 0.7 kg, mean * standard error of the mean) was balloon-oc-
cluded for 60 min followed by reperfusion, (Fig. 1A). One week la-
ter, the left ascending coronary artery of the same animals was
balloon-occluded just proximal of the first septal branch diver-
gence (#6), followed by reperfusion (Fig. 1A). To rescue the better
baseline survivals and to obtain severe old myocardial infarction
swine model, two separate reperfused infarcts one week apart
were performed. From 5 days before cell transplantation to the
end of the experiment, the swine received tacrolimus as an immu-
nosuppressant (0.1 mg/kg/day intramuscularly) (Fig. 1B) as previ-
ously reported [18] with modification. Four weeks after the
second occlusion/reperfusion (day 0), we examined 17 animals
with chronic severe MI (ejection fraction <35% by echocardiogra-
phy) of only 18 survivors. The tacrolimus-immunosuppressed
chronic MI swine were randomly assigned to receive intracoronary
transplantation of hCLCs (3 x 10° cells/mL concentration of cell

2" halloning to LAD (#6)

B Ballooning Transplantation Sacrifice
-Sday | Tacrolimus 0.1mg i.m. [ kg / day |
| = '.
-v? : Oday 4w 8w 12w
Echocardiogram t 1‘ T T

Fig. 1. Study protocol and angiographic demonstration of transient coronary artery occlusion. (A) Five weeks before transplantation, the first diagonal branch (D1; #9) of the
coronary arteries was balloon-occluded followed by reperfusion (a, arrowhead). One week later, the left ascending coronary artery of the same animals was balloon-occluded
just proximal of the first septal branch divergence (#6), followed by reperfusion (b, arrowhead). (B) From 5 days before cell transplantation to the end of the experiment, the
swine received tacrolimus as an immunosuppressant. At day 0, 17 animals with chronic severe MI were applied for the experiment.
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Table 1
Cardiocytic induction of hCLCs.

Fold induction

Mean SE
nkx2.5 249 1.02
islet-1 1.32 0.36
GATA-4 6.84 1.47
Alpha-Cardiac actin 1.46 0.22
Cardiac troponin [ 2.36 0.47
Myosin light chain 1.89 0.49
Myosin heavy chain 109.89 6.13

suspension, 1 mlL/kg cell suspension was transplanted.) (n=8),
hADMPCs (3 x 10° cells/mL concentration of cell suspension,
1 mL/kg cell suspension was transplanted.) (n = 4), or placebo lactic
Ringer’s solution with heparin (n =5), at 4 weeks after the second
occlusion/reperfusion. Transplantation procedure was performed
as following, the transarterial catheter was placed in the left coro-
nary artery, and then the cell-suspensions or placebo control solu-
tions were transplanted into LAD (#6). The Osaka University
Graduate School of Medicine Standing Committee on Animals ap-
proved all experimental protocols.

2.5. Assessment of swine cardiac function and histological analysis

Cardiac ultrasound studies were performed before cell-trans-
plantation and at 4, 8 and 12 weeks after transplantation using a

A

control

hCLC-
transplanted

hADMPC-
transplanted

%00 hCLC-
90 4o 1 || transplanted
gg‘ - o K-
60 - - hADMPC- |
30 - | § transplanted |
40 S
[} p=0.0147
30 e i g control Hazard ratio=0.108
20 = % Cl
18 1 i f 0.013 to 0.6254)
0 20 40 60 80 100
day

VIVID 7 system (GE Healthcare Biosciences, Uppsala, Sweden)
and the data at the day transplantation, 4- and 8-week-after trans-
plantation were applied for the statistical analysis. The studies
were shown as M-mode with short axis view observed from left
fifth intracostal space.

For histological analysis, the swine hearts were dissected out at
the end of the experiment and immediately fixed overnight in 4%
paraformaldehyde and processed for embedding in paraffin wax.
Sections were cut at 3-pm thickness, deparaffinized and then rehy-
drated through a graded ethanol series into distilled water. The
sections were then immersed in Target Retrieval Solution (Dako,
Glostrup, Denmark) and boiled, followed by cooling at room tem-
perature for 20 min. Sections were incubated overnight with 10%
blocking solution (Nacalai tesque) in TBS-T, and then in a humidity
chamber for 16 h at 4 °C with mouse monoclonal antibodies to hu-
man alpha-cardiac actin (American Research Products., Belmont,
MA), human myosin heavy chain (MHC) (mouse monoclonal
anti-human myosin heavy chain cardiac antibody, Cat: 05-833.,
Upstate, NY) and CD34 (ab81289 [EP373Y], Abcom) diluted in
blocking solution, followed by Alexa Fluor 488-labeled anti- 1gG
(Molecular Probes, Eugene, OR) with counter DAPI-staining. Hema-
toxylin and eosin stain, Masson trichrome stain and Sirius red stain
were also performed. The stained all slides were viewed on a Bio-
Zero laser scanning microscope (Keyence, Osaka, Japan). The
scarred area percentages of the middle portion and apex side of
LV were calculated by area stained blue with Masson'’s trichrome
staining/total of 10 each independent sections using software Dy-
namic Cell Count (Keyence, Osaka, Japan).
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Fig. 2. Effects of hCLCs transplantation on cardiac function and survival rate. (A) In the hCLCs transplanted group, M-mode echocardiography showed improved wall motion
within 4 weeks of transplantation. In contrast, worsening of the wall motion was noted in the mock-transplanted control swine. (B) Anterior wall thickness (AWT), ventricular
ejection fraction (EF) and fractional shortening (FS) improved significantly in the hCLCs transplanted group, as confirmed by echocardiography. In the hCLCs transplanted
swine, cardiac functions were recovered from transplantation to the end of the study. In the hADMPCs transplanted swine, cardiac functions were maintained from
transplantation to the end of the study. In contrast, worsening of these cardiac function parameters was noted after mock-transplantation. The left ventricular diastolic
dimension (LVDd) was maintained during the course of the experiment in hCLCs transplanted swine, but increased in the control groups. Posterior wall thickness (PWT) and
left ventricular mass (LVM) showed no significant difference in the groups. Solid lines and squares indicated the transplanted group and the dashed lines and open squares
indicated the control group. The symbol # indicated p <0.01 hCLCs -transplanted vs control and indicated p <0.01 hADMPC-transplanted vs control, respectively. Bars
indicated mean + standard error of the mean (SEM). (C) Effect of hCLCs transplantation (n = 8), AADMPCs transplantation (n = 4) and lactic Ringer’s solution injection (n = 5) on
long-term survival rates of swine. Kaplan-Meier survival curve analysis demonstrated significant difference in the survival rates between the hCLCs group and the lactic

Ringer’s solution group.
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2.6. Statistical analysis

Longitudinal changes between groups were tested with the use
of mixed-model repeated-measures analysis of variance, with
adjustment for baseline values. When the overall P value for the
main effect of group or time, or interaction between group and time
was less than 0.05, the post hoc multiple comparisons with the use
of the single-step adjustment method as implemented by Hothorn
et al. were performed [19]. Survival curves were constructed by the
Kaplan-Meier method and survival among groups was compared
using the Log-Rank test (StatMate IIl for Windows, Atoms, Tokyo).

3. Results
3.1. Cardiocytic commitment of hRADMPCs into hCLCs

The potential for hADMPCs to commit into CLCs was evaluated
from the mRNA expression of several cardiocytic markers by quan-
titative reverse transcriptase-PCR before and after DMSO induc-
tion, as follows: islet-1 is a cardiac stem cell marker; nkx2.5 and
GATA-4 are transcription factors required for subsequent cardiac
differentiation; and alpha-cardiac actin, myosin light chain (MLC),
and myosin heavy chain (MHC) are markers of cardiocytic commit-
ment (Table 1). After induction, hADMPCs expressed all markers
with increment, indicating that hADMPCs could be successfully
committed into cells of the cardiac lineage, hCLCs.

hcLe
A a control transplanted

HE | MT | SR

b p<0.0005 p<0.01
100 4 R
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middle portion apex
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3.2. Effects of hCLCs transplantation on cardiac function and survival
rate

Cardiac function was assessed by echocardiography. Four weeks
after intracoronay transplantation of hCLCs, wall motion was im-
proved but not in the placebo group (Fig. 2A). The wall motion of
control swine worsened at 12 weeks after transplantation, while
the improved motion was maintained after the hCLCs transplant
(Fig. 2A). In the early post-transplantation period, there was no sig-
nificant difference in left ventricular diastolic dimension (LVDd)
between hCLCs -transplanted swine and the control. During the
course of the study, LVDd exacerbated gradually in the control
swine while it did not change significantly in the transplant swine
(Fig. 2B). Likewise, the left ventricular ejection fraction (EF) and
fractional shortening (FS) improved in the implanted group, but
not in control swine (Fig. 2B). After hCLCs transplantation via left
anterior descending (#6), the anterior wall thickness improved in
the implanted group, but not in control swine. These results indi-
cate that intracoronary transplantation of hCLCs resulted in recov-
ery of cardiac function.

The Kaplan-Meier survival curves showed higher long-term
survival rates for the hCLCs transplanted group than the control
(Fig. 2C). Notably, only 1 of 8 swine died after transplantation of
hCLCs. Survival at 12 weeks after transplantation was significantly
higher in the hCLCs group (87.5%) than the control group (20%, 1 of
5) (Log-rank test: p = 0.0147. Hazard ratio = 0.108: 95% CI 0.013 to
0.625). These results suggest that transplantation of hCLCs

hADMPC
fransplanted

HE MT

Fig. 3. Effects of hCLCs transplanted via coronary artery on cardiac structure. (A) (a) Photomicrographs of representative myocardial sections of the scarred area stained with
hematoxylin/eosin (HE), Masson trichrome (MT) and Sirius red (SR) in the hCLCs-, hADMPC-transplantation and mock-transplanted control groups. Transplantation of hCLCs
improved myocardial wall thickness in the infarcted myocardium and resulted in the development of new cardiac muscles on the surface. Bars = 500 pm. HE; hematoxylin
and eosin staining, MT; Masson trichrome staining, and SR; Sirius red staining. (b) The scarred area percentages of the middle portion and apex side of LV. The scarred area
percentages of hCLCs-, hADMPC-transplantation and control groups were calculated by area stained blue with Masson’s trichrome staining /total of 10 independent sections.
The error bar indicated SEM. (B) Photomicrographs of representative myocardial sections of apical side of the anterior wall stained with HE (a), MT (b), SR (c) or phase contrast
merge image of neighboring sections stained with anti-human alpha-cardiac actin (hCA; green), and DAPI as counter staining (d). In the HE-, MT-, and SR-stained sections,
cardiac muscles were distributed on the scarred areas, and some parts of these muscles expressed human alpha-cardiac actin (green). Bars = 500 pm. LAD; left anterior

descending.
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Fig. 4. hCLCs survive in situ. (A) (a) In situ survivals of the fluorescent Dil-prestained hCLCs into cardiomyocytes at 12-week- after transplantation. Note the presence of
human alpha-CA positive cardiac muscle bundles or cells and that almost all cells exhibit Dil-fluorescence. Only minor part of Dil-positive cells did not express human alpha-
CA (arrowheads). Dil-prestained cells were also positive for human myosin heavy chain (lower panel). (b) Survivals of hCLCs outside of vessel capillaries. The vessel capillaries
were stained with anti-CD34 antibody and localization of Dil-positive cells were examined using fluoromicroscpy. Dil-positive cells exist outside of vessel capillaries which
were stained with anti-CD34 antibody (B) Co-expression of human alpha-CA (green) and Nkx2.5 (purple) (a) or GATA-4 (purple) (b) in the nuclei of human alpha-CA positive
cells. (C) Typical expression patterns of human alpha-CA on the cells. Human alpha-CA exhibited a brush pattern in oval cells (a), a spot pattern in cell-to-cell contact areas
(b), as a sarcomeric structure beneath around the cell surface (c), and in a pattern resembling cardiomyocytes (d). Bars =20 pm.
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improves long-term survival rate of swine with heart failure
induced by chronic myocardial infarction.

3.3. Effects of hCLCs transplantation on cardiac structure

Twelve weeks after transplantation, the treated swine were sac-
rificed and cardiac tissues prepared for histological examination
for further analysis of cardiac structure and delineate the differ-
ence between hCLCs transplanted animals and controls (Fig. 3).
Hematoxylin/eosin, Masson’s trichrome and Sirius red staining
showed the presence of a thin layer of cardiac muscles and massive
fibrosis in the scarred anterior left ventricular wall of the control
and hADMPCs transplanted swine (Fig. 3Aa). In contrast, the same
staining techniques in hCLCs -transplanted swine showed signifi-
cant thickening of the infarcted myocardium and layers of cardio-
myocytes on the anterior ventricular wall (Fig. 3Aa). Next, to
confirm the hCLCs could rescue from the fibrosis on cardiac struc-
ture, the scarred area percentages of the middle portion and apex
side of LV were calculated. As shown in Fig. 3Ab, the percentage
of scarred area of hCLCs -transplantation heart reduced compared
to the control swine heart and hADMPC-transplanted one in both
middle portion of LV and apex side.

3.4. hCLCs integrated in situ with the cardiac milieu

The in situ differentiation capacity of the implanted hCLCs into
cardiomyocytes after grafting onto the scarred myocardium was
assessed by immunohistochemical staining for human alpha-CA
(Fig. 3B). Thin layers of cardiomyocytes were noted on the
scarred myocardium by hematoxylin and eosin staining and
Masson trichrome staining. Furthermore, clusters of human
alpha-CA-positive cells were identified on the scarred myocardium
(Fig. 3B; Green, arrowhead), indicating that hCLCs might integrate
in situ with the cardiac milieu.

To confirm that the transplanted hCLCs survived in situ, we
chased the fluorescent Dil-prestained hCLCs in situ 12 weeks after
transplantation using histochemical technique. The top panel of
Fig. 4Aa shows human alpha-CA positive cardiac muscle bundle
and almost all cells of the bundle were Dil-fluorescent. The middle
panel shows that all human alpha-CA-expressing cells were pre-
stained Dil-fluorescent. Dil-prestained cells were also positive for
human myosin heavy chain (Fig. 4Aa lower panel). On the other
hand, Dil-positive cells exist outside of vessel capillaries which
were stained with anti-CD34 antibody (Fig. 4Ab). Since cardiomyo-
cytes are known to express the nuclear transcriptional factors:
Nkx2.5 and GATA-4, we examined the expression of these mole-
cules on human alpha-CA positive cells. The nuclei of human al-
pha-CA positive cells (green) expressed Nkx2.5 (purple) (Fig. 4Ba)
and those of human alpha-CA positive cells (green) expressed
GATA-4 (purple) (Fig. 4Bb), adding further confirmation that hCLCs
might differentiate into cardiac marker positive cells.

The expression patterns of human alpha-CA on the cells were
presented in Fig. 4C. The first pattern of human alpha-CA expres-
sion was the brushed pattern in oval-shaped cells (Fig. 4Ca).
Alpha-CA also showed a spot pattern in the cell-to-cell contact
areas (Fig. 4Cb). Resident alpha-CA-like immunoreactivity also ap-
peared as sarcomeric structure beneath and around the cell surface
(Fig. 4Cc). The fourth pattern of alpha-CA was cardiomyocyte
structure-like pattern (Fig. 4Cd). These results indicate that hCLCs
survive in situ and integrate into the cardiac milieu.

4. Discussion

There are several advantages to intracoronay transplantation of
hCLCs for regeneration therapy. First, the source of adipose-derived

cells is easily and safely accessible and large quantities of the cells
can be obtained without serious ethical issues. Second, hCLCs can
survive in vivo within the myocardial milieu. Finally, the recon-
struction of a thick myocardial wall rescued cardiac dysfunction
after chronic myocardial infarction and improved long-term sur-
vival in our swine model.

The choice of cell source is critical for realizing success in cellu-
lar therapy [19,20]. The adipose tissue is easily and safely accessi-
ble without serious ethical issues, and the cells can be obtained in
large quantities since liposuction surgeries yield from 100 ml to
>3 L of lipoaspirate tissue [21]. In the literature, isolation of cells
from adipose tissue was first described by Bjorntorp et al. [22]. This
procedure was then modified for the isolation of cells from human
adipose tissue specimens [23-25]. In this context, Zuk et al. [11]
reported the presence of cells with properties resembling those
of mesenchymal stem cells resident in adipose tissue and they
renamed the cell populations as adipose tissue-derived stromal/
stem cells (ADSC). Recently, we have reported hADMPC as a novel
cell population in human adipose tissue and indicated that these
cells have stem cell features resembling mesenchymal stem cells
including their ability to differentiate into cardiomyocytes in rat
infracted cardiac milieu, into hepatocytes in rabbit hepatic milieu
in situ, and into clusters of islet-like cells and hepatocytes in vitro
[13-16]. Based on the above advantages, hADMPCs represent a
potentially promising source of cells for cellular therapy, including
patients with severe heart failure.

While the differentiation of ADSCs in vitro has been reported [26],
only a few studies reported their differentiation into cardiomyo-
cytes in vivo [27-29]. In one study, rat ADSCs were isolated and
grown in intact monolayer sheets using temperature-responsive
culture dishes. Placement of the rat ADSC sheets onto scarred myo-
cardium inrats reduced the scarring and enhanced cardiac structure
and function. Histological analysis demonstrated that the engrafted
rat ADSC sheets grew to form a thickened layer that included newly
formed vessels and few cardiomyocytes. In this context, Gimble et al.
[20] suggested that hADSCs might secrete angiogenic factors. In our
previous study, hCLCs survived within the rat myocardial milieu
in vivo, as indicated by immunohistological results, suggesting that
the newly developed myocardium could augment cardiac function.

As indicated in this study, transplantation of the hCLCs via the
coronary artery resulted in the development of a new thick myocar-
dial tissue, rescued cardiac dysfunction after Ml in the swine model,
and improved long-term survival rate compared to the control. Our
findings suggest that hCLCs can be engrafted and survive within the
myocardial infarct milieu, acquire phenotypic markers consistent
with cardiomyocytic lineages, and have a positive impact on struc-
tural and functional endpoints. These are desirable outcomes for
cardiac function and survival. Despite these encouraging results,
much progress is needed to realize the hope of cell therapies for
myocardial damage. First, delivery of the cell number to patients
should be optimized for each given disease. Second, the risk-benefit
based approach should be considered in the infracted or affected
tissues after transplantation. Finally, the value and impact of hCLCs
-transplantation should be confirmed in Investigational New Drug
approval before embarking on clinical trials and applications.

In conclusion, we showed that the hCLCs were successfully en-
grafted into the scarred myocardium. The hCLCs -transplantation
via the coronary artery also resulted in recovery of cardiac function
and improved survival rate. Thus, transplantation of hCLCs in heart
patients is a potentially effective therapeutic strategy for cardiac
tissue regeneration within a few years.
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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: Our 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 hRADMPCs 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, hAADMPCs 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 hRADMPCs
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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Figure 1 Conditioned medium from hADMPCs exposed to oxidative stress induces neurite outgrowth in PC12 cells. (A, B) Decrease of
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individual neurites were measured in each sample using Dynamic Cell Count Analyzer BZ-H1C (Keyence, Osaka, Japan) and average neurite
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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 PCI12 cells. As
expected, addition of NGF significantly induced neurite
outgrowth in the PC12 cells (Figure 1F, G, H). hRADMPCs,
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, Erk1/2
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 Erk1/2 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-BSO (-}, CM-BSO (+), or
differentiation medium 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.




