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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 muscie 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 pum.
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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. hCLGs 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 middie
panel shows that all human aipha-CA-expressing cells were pre-
stained Dil-fluorescent. Dil-prestainad 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 in rats 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 MI in the swine model,
and improved long-term survival rate compared to the control. Qur
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 (hADMPCs) 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 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 (hRADMPCs), 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

© 2012 Moriyama et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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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 VEGE, 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
the reduced/oxidized glutathione ratios and increase in the intracellular ROS levels in hADMPCs treated with BSO. hADMPCs were treated with

1 mM BSO for 16 h, and cellular GSH/GSSG levels (A) or ROS (H,0,) levels (B) were analyzed. (C-G) Induction of neurite outgrowth in PC12 cells
by conditioned medium from BSO-treated hADMPCs. PC12 cells were induced to differentiation by changing medium to differentiation medium
alone (C), CM-BSO (=) (D), CM-BSO (+) (E), or differentiation medium with NGF (50 ng/mL) (F) for 2 days. Scale bars, 200 um. (G) One hundred
individual neurites were measured in each sample using Dynamic Cell Count Analyzer BZ-H1C (Keyence, Osaka, Japan) and average neurite
length was calculated. **, P <001 (Student’s t test). (H) Percentage of neurite-bearing PC12 cells. A cell was scored positive for bearing neurites if
it has a thin neurite extension that is double the length of the cell body diameter. A total of 500-600 cells in each sample were counted. **,
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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 NGE, 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 Smadl/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-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 ImageJ
software.
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signaling pathway in PC12 cells (Figure 2). Akt was 2-
fold activated in both CM-BSO (-) and CM-BSO (+)
treated PC12 cells, but no significant difference between
the 2 groups was observed.

FGF2 and BMP2 are upregulated through p38 MAPK
signaling in hADMPCs exposed to oxidative stress

We next examined which growth factors or cytokines
from BSO-treated hADMPCs were involved in stimulation
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of neurite outgrowth. We found that both mRNA
(Figure 3A and B) and protein (Figure 3C and D) levels
for BMP2 and FGF2 were markedly increased in
hADMPCs treated with BSO. To determine if this upregu-
lation was caused by ROS, all cells were exposed to the
antioxidant N-acetylcysteine (NAC). As we expected,
addition of NAC to BSO-treated hADMPCs reduced the
expression levels of BMP2 and FGF2 to control levels
(Figure 3E and F). As BMP2 together with FGF2 has
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medium alone (cont) or with addition of 1 mM BSO (BSO) was analyzed by ELISA. {E, F} NAC treatment repressed the expression levels of BMP2
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2 days. (G) Representative images of neurite outgrowth in PC12 cells. Scale bars, 200 um. (H) One hundred individual neurites were measured in
each sample using Dynamic Cell Count Analyzer BZ-H1C (Keyence) and average neurite length was calculated. ¥, P <0.05 (Student’s t test). (1, J)
PC12 cells were cultured in CM-BSO (=), CM-BSO (+), or CM-BSO (+) added with recombinant murine Noggin (200 ng/mt). {I) Western blot
analysis of PC12 cells 1 h after CM treatment. Proteins extracted from each sample were resolved by SDS-PAGE, transferred to a membrane, and
probed with anti-phosphorylated Smad1/5/8 (phospho-Smad1/5/8) and anti-Actin. Numbers below blots indicate relative band intensities as
determined by the ImageJ software. (J) Two days after CM treatment, 100 individual neurites in PC12 cells were measured in each sample using
Dynamic Cell Count Analyzer BZ-H1C (Keyence) and average neurite length was calculated. ¥, P <0.05 (Student's t test).
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previously been shown to induce neurite outgrowth in
PC12 cells [26,27], we examined the effect of BMP2 and
FGF2 on neurite outgrowth. We confirmed that PC12
cells did not differentiate effectively by BMP2 treatment
alone, but BMP2 significantly augmented FGF2-induced
neurite outgrowth in PC12 cells (Figure 3G and H), as
previously reported. Moreover, in order to confirm the ef-
fect of BMP2 on neurite outgrowth in PC12 cells, 200 ng/
mL of Noggin, an antagonist of BMP signaling, was added
to CM-BSO(+). Addition of Noggin significantly sup-
pressed the CM-BSO (+)-evoked phosphorylation of
Smad1/5/8 (Figure 3I) and shortened the length of neurite
outgrowth in PC12 cells (Figure 3]).

To address the question of which intracellular signal-
ing pathways are affected by oxidative stress in
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hADMPCs, we focused on MAPK signaling since previ-
ous studies had suggested that accumulation of ROS in
cells led to the activation of Erkl/2, p38, and JNK
MAPK [28,29]. Western blotting revealed that BSO
treatment markedly activated the p38 MAPK pathway;
S$B203580 could inhibit the activation, and U0126 treat-
ment stimulated the activation (Figure 4A). ERK1/2
MAPK was significantly phosphorylated by BSO treat-
ment, and ERK1/2 activation was reduced to the control
level by treatment with U0126 (Figure 4B). In contrast,
JNK activation was not observed in BSO-treated
hADMPCs (Figure 4B). Therefore, we further investi-
gated the relationship between increases in BMP2 and
FGF2 expression and activation of the p38 and ERK1/2
MAPK signaling pathways by oxidative stress. Treatment

+ +
SB203580 UD126

A BSO -
Inhibitor -
phospho-p38
p38
ACTIN
BSO -
B inhibitor -

phospho-ERK1/2

e p4d
b Lepd2

ERK1/2

- P44
«pa2

phospho-JNK|

i |leDpb4
o |€P46
¥

< P54
< p4b

JINK
ACTIN
c BMP2 mRNA
7
E £ s
§ (ORI
'?6 1 wdn o S e P
e, L[ 1
BSC - s s
Inhibitor - SB203580 U0126

Figure 4 BMP2 and FGF2 were upregulated through activation of p38 MAPK. inhibiton of p38 MAPK resulted in the supression of BMP2

D FGFZ mRNA
2
T
1.6 -
E3
® O
52
D = N
o4 % 0.4
o
G , o ¥
BSO - + + +
Inhibitor - - SB203580 UD126

and FGF2 transcripts upregulated by BSO treatment in hADMPCs. hRADMPCs were pre-treated with 10 pM of SB203580, 10 uM of U0126 or 10 uM
of JNK inhibitor Il for 2 h followed by 1 mM BSO treatment for 16 h. The medium was replaced with fresh culture medium and the cells were
cultured for another 2 days. (A) Western blot analysis of p38 MAPK activation in hADMPCs. (B) Western blot analysis of ERK1/2 MAPK, JNK SAPK
activation in hADMPCs. (C, D) Transcription levels of BMP2 (C) and FGF2 (D) were analyzed by g-PCR. The most reliable internal control gene was
determined using the geNorm Software.
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with the p38 MAPK inhibitor SB203580 dramatically
downregulated the expression levels of BMP2 and FGF2
to control levels (Figure 4C and D). In contrast, the
Erkl/2 MAPK inhibitor U0126 had no effect on FGF2
expression levels and led to a slight increase in BMP2
expression (Figure 4C and D).

MKK6-mediated activation of p38 MAPK increases BMP2
and FGF2 expression in hADMPCs

To further confirm the involvement of p38 MAPK in
the regulation of BMP2 and FGF2, hADMPCs were
transduced with a lentiviral vector expressing constitu-
tively active MKKé6 (MKK6 (glu)) [30] from an EFlx
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promoter. As shown in Figure 5A, lentiviral transduction
of MKK®6 (glu) led to expression of Flag-tagged MKK6
(glu) in hADMPCs. Moreover, the expression of MKK6
(glu) resulted in activation of p38 MAPK as expected
[30] (Figure 5A), and upregulation of BMP2 and FGF2
expression (Figure 5B-E).

NF-kB is not activated in hADMPCs exposed to oxidative
stress

It has been reported that NF-xB directly binds to the
BMP2 promoter to induce its expression [31], and
MSK1, a downstream molecule of p38 MAPK, is
involved in NF-xB transactivation [32]. Therefore, we
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hypothesized that p38 MAPK-mediated activation of
NF-«B might contribute to elevated expression of BMP2
mRNA. To confirm this hypothesis, transcriptional acti-

vation of NF-xB was examined by measuring luciferase -

activity driven by the synthetic NF-«B response element.
We found that transcriptional activity of NF-«xB was not
stimulated by BSO treatment (Figure 6A), and immuno-
cytochemical analysis also revealed that NF-xB was not
activated (nuclear localization of NF-kB/p65 was rarely
observed) in BSO-treated hADMPCs (Figure 6B). These
results suggested that elevated expression of BMP2
mRNA is not mediated by NF-kB signaling.

Our current data thus demonstrate the crucial role of
ROS, via activation of the p38 MAPK signaling pathway,
in regulating expression levels of the neurotrophic fac-
tors BMP2 and FGF2 in hADMPCs. The overall model
that we propose, based upon our findings, is shown in
Figure 7.
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Figure 6 Transcriptional activity of NF-kB was not stimulated
by oxidative stress. hADMPCs were transfected with pNF-kB-Luc
and were treated with 10 pM of $S8203580 or 0.1% DMSO for 2 h
followed by addition of 1T mM of BSO. After 24 h, the medium was
changed to fresh medium and cells were cultured for an additional
2 days. (A) The activity of NF-kB was measured by the intensity of
luciferase activity driven from a minimal promoter containing
tandem repeats of the NFkB transcriptional response element. Data
shown represent the average of 3 independent experiments. (B)
Immunocytochemical analysis against NF-kB/p65 (green). Blue
staining represents nuclear staining by DAPL. Note that nuclear
localization of NF-kB/p65 (white arrowhead) is only observed in

| hADMPCs treated with 20 ng/mL of TNF-a.
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Oxidative
stress

ROS '.

Figure 7 Model of this study. A schematic illustration of the
results of this study is shown. Oxidative stress by BSO treatment in
hADMPCs results in p38 MAPK activation, which then leads to BMP2
and FGF2 expression and secretion. The secreted factors then bind
to the receptors on PC12 cells, facilitating neural differentiation in
these cells.

Discussion

In this study, we investigated the effect of oxidative
stress in hADMPCs on the induction of neuronal differ-
entiation. Such mechanisms may explain how adminis-
tration of hADMPCs to neurodegenerative lesions
enhances endogenous repair mechanisms via neurogen-
esis of endogenous neural progenitor and stem cells.
Damaged tissues, such as the brain tissue of patients
who have suffered from ischemic stroke, are subject to
inflammation and the generation of reactive oxygen spe-
cies (ROS) [17,18]. Our data demonstrated that
hADMPCs, when exposed to oxidative stress, facilitate
neuronal differentiation in rat pheochromocytoma cell
line PC12 cells by upregulation of fibroblast growth fac-
tor 2 (FGF2) and bone morphogenetic protein 2 (BMP2)
secretion through p38 MAPK activation.

Our results show that BMP2 and FGF2 were upregu-
lated in hADMPCs when exposed to buthionine sulfoxi-
mine (BSO), a glutathione-synthesis inhibitor that leads
to oxidative stress. These findings may have therapeutic
implications in neurodegenerative diseases. We con-
cluded that BMP2 and FGF2 secreted from hADMPCs
that had been exposed to oxidative stress were the main
inducers of neurite outgrowth in PC12 cells. Erk1/2 and
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Smadl/5/8 were significantly activated in these cells
(Figure 2), while other growth factors known to induce
neurite outgrowth in PC12 cells such as nerve growth
factor (NGF) and vascular endothelial growth factor
(VEGF) were not observed to be upregulated by BSO
treatment (data not shown). We confirmed that BMP2
enhanced the effect that FGF2 had on the differentiation
of PC12 cells (Figure 3), supporting our idea that
hADMPCs under oxidative stress conditions secrete
BMP2 and FGF2 and that this contributes to neuronal
differentiation. Consistent with our conclusions, it has
been reported that BMP2, via activation of a Smad sig-
naling pathway, facilitated FGF2-induced neuronal dif-
ferentiation in PC12 cells [26,27]. However, since
hADMPCs have been reported to secrete many growth
factor including NGF, VEGE, HGE, and IGF [11,15,33],
we cannot exclude the possibility that BMP2 and FGF2
are acting cooperatively with these growth factors to fa-
cilitate neurite outgrowth in PC12 cells. Thus, the pre-
cise molecular mechanisms of induction of PC12
differentiation and the precise expression profiles in
BSO-treated hADMPCs need to be further investigated.

Recently, BMP signaling through Smad1/5/8 has been
reported to contribute to neurite outgrowth in dorsal
root ganglion neurons both in vitro and in vivo [34,35].
Moreover, BMP2 has been shown to have neurotrophic
effects on midbrain dopaminergic neurons [36], ventral
mesencephalic neurons [37], mouse embryonic striatal
neurons [38], and nitrergic and catecholaminergic en-
teric neurons [39]. Moreover, FGF2 is trophic for neu-
rons, glias, and endothelial cells in the central nervous
system. FGF2 also prevents downregulation of the anti-
apoptotic protein Bcl-2 in ischemic brain tissue and lim-
its excitotoxic damage to the brain through an activin-
dependent mechanism [40]. These findings are consist-
ent with our hypothesis that hADMPCs secret BMP2
and FGF2 to induce neurogenesis in neurodegenerative
lesions in response to oxidative stress.

As it has been shown that ROS activate ERKs, JNKs,
and p38 MAPKs [28,29], we examined the MAPK signal-
ing pathway in hADMPCs exposed to oxidative stress and
found that BSO treatment resulted in significant activation
of ERK1/2 and p38 MAPK. Intriguingly, addition of
SB203580, a specific inhibitor of p38 MAPK, but not the
ERK inhibitor U0126, suppressed BMP2 and FGF2 expres-
sion in BSO-treated hADMPCs to control levels (Figure 4),
suggesting that p38 MAPK was contributing to upregula-
tion of BMP2 and FGF2 in hADMPCs when exposed to
oxidative stress. Moreover, lentiviral transduction of the
constitutively active form of MKK6, a MAPKK that select-
ively activates p38 MAPK isoforms [30], resulted in upre-
gulation of BMP2 and FGF2 and this also demonstrated
the crucial role of the p38 MAPK cascade in the regula-
tion of BMP2 and FGF2. In primary human endothelial
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cells, p38-dependent regulation of BMP2 expression was
reported previously. Viemann et al. [41] investigated the
genes that were induced by inflammatory stimulation with
tumor necrosis factor « (TNF-a) and classified these genes
into 2 categories based on whether they were regulated in
an NF-xB-dependent or p38 MAPK-dependent manner.
Consistent with our findings, they found that significant
induction of BMP2 expression by TNF-a was markedly
suppressed by SB202190, an inhibitor of p38 MAPK.
These results support the hypothesis that activation of the
p38 MAPK pathway in hADMPCs in response to inflam-
mation surrounding neurodegenerative lesions leads to in-
duction of BMP2 and FGF2, which in turn support
regeneration of neuronal cells.

It has been known that NF-«B directly binds to the
BMP2 promoter to induce its expression [31], and
MSK1, a downstream molecule of p38 MAPK, is
involved in NF-«xB transactivation [32]. However, we did
not observe an elevation of NF-«B transcriptional activ-
ity in hADMPCs when they were exposed to oxidative
stress (Figure 6). The mechanism of p38-dependent
regulation of gene expression is not completely under-
stood, and the precise mechanism by which p38 MAPK
regulates the expression of BMP2 and FGF2 remains to
be determined.

In this study, we also found that suppression of ERK1/2
MAPK by U0126 in BSO-treated hADMPCs resulted in
slight activation of p38 MAPK (Figure 4A). Consistent
with this, the expression level of BMP2 mRNA was also
upregulated when cells exposed to oxidative stress were
pretreated with U0126 (Figure 4C). Previously, “seesaw
cross-talk” between ERK and p38 MAPK signaling has
been reported; i.e., the MEK inhibitor caused a decrease in
the phosphorylation level of ERK and an increase in that
of p38, whereas the p38 inhibitor had the opposite effect
[42-44]. We did not investigate the phosphorylation of
ERK1/2 in SB203580-treated hADMPCs, but it may be
possible that seesaw cross-talk also occurs in our system.

Conclusions

In summary, the results obtained in this study have
demonstrated the potential use of hADMPCs for the
treatment of neurodegenerative diseases such as ische-
mic stroke, Parkinson’s disease, Alzheimer’s disease, and
spinal cord injury, in which the transplanted hADMPCs
might be exposed to oxidative stress. Moreover, the p38-
dependent modulation of BMP2 and FGF2 expression
observed in this study is expected to be a new thera-
peutic target for neurodegenerative disorders.

Materials and methods

Adipose tissue samples

Subcutaneous adipose tissue samples (10-50 g, each)
were resected during plastic surgery in 5 females (age,
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20-60 years) as excess discards. The study protocol
was approved by the Review Board for Human Research of
Kobe University Graduate School of Medicine, Foundation
for Biomedical Research and Innovation and Kinki
University Pharmaceutical Research and Technology
Institute (reference number: 10-005). Each subject
provided a signed informed consent.

Cell culture

PC12 cells were obtained from the Health Science Re-
search Resources Bank (Osaka, Japan) and maintained in
RPMI1640 media supplemented with 10% heat-inactivated
horse serum and 5% fetal bovine serum. For differenti-
ation, the cells were plated in 6-well culture plates coated
with collagen type I (Nitta Gelatin, Osaka, Japan) and the
medium was replaced with differentiation medium
(RPMI1640 supplemented with 1% horse serum and 0.5%
fetal bovine serum) or conditioned medium from
hADMPCs. NGF (50 ng/mL), BMP2 (40 ng/mL) or FGF2
(5 ng/mL) were added to the differentiation medium. Re-
combinant murine Noggin (200 ng/mL: PeproTech, NJ,
USA) was added to conditioned medium from BSO-
treated hADMPCs. hADMPCs were isolated as previously
reported [4-6,45,46] and maintained in a medium contain-
ing 60% DMEM-low glucose, 40% MCDB-201 medium
(Sigma Aldrich, St. Louis, MO, USA), 1x insulin-
transferrin-selenium (Gibco Invitrogen, NY, USA), 1 nM
dexamethasone (Sigma Aldrich), 100 mM ascorbic acid 2-
phosphate (Wako, Osaka, Japan), 10 ng/mL epidermal
growth factor (PeproTech), and 5% fetal bovine serum.
The cells were plated to a density of 5x 10% cells/cm® on
fibronectin-coated dishes, and the medium was replaced
every 2 days.

Preparation of conditioned medium from hADMPCs

Two days after plating, hADMPCs were treated with
BSO (concentrations used were varied in each experi-
ment and are indicated in the results and figure legends)
for 16 h. The medium was replaced with fresh culture
medium for 2 days followed by replacement with PC12
cell differentiation medium. After 2 more days, the
medium was removed for use as conditioned medium.
For preparation of the conditioned medium from
hADMPCs in which one of the three, p38, Erkl/2, or
JNK MAPK, was inhibited, hADMPCs were pretreated
with 10 pM SB203580 (Promega, WI, USA), 10 pM
U0126 (Promega), or 10 pM JNK inhibitor II (EMD4
Bioscience, CA, USA), respectively, for 2 h and subse-
quently treated with 1 mM BSO.

Measurement of GSH/GSSG ratio

Ratios of reduced glutathione (GSH) to oxidized glutathi-
one (GSSG) were measured using the GSH/GSSG-Glo
assay kit (Promega) following the manufacturer’s protocol.
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Measurement of reactive oxygen species production

Cells were harvested and incubated with 10 uM 5-(and-
6)-chloromethyl-2',7 ' -dichlorodihydrofluorescein diace-
tate, acetyl ester (CM-H,DCFDA). The amount of intra-
cellular ROS production was proportional to green
fluorescence, as analyzed with a Guava easyCyte 8HT
flow cytometer (Millipore) using an argon laser at
488 nm and a 525/30 nm band pass filter, and dead cells
were excluded with the LIVE/DEAD fixable far red dead
cell stain kit (Invitrogen).

Western blot analysis

Cells were washed with ice-cold phosphate-buffered sa-
line and lysed with M-PER Mammalian Protein Extraction
Reagent (Thermo Scientific Pierce, IL, USA) follow-
ing the manufacturer’s instructions. Equal amounts
of proteins were separated by sodium dodecylsulfate
polyacrylamide gel electrophoresis (SDS-PAGE), trans-
ferred to polyvinylidene fluoride (PVDF) membranes
(Immobilon-P; Millipore, MA, USA), and probed with
antibodies against phospho-Erk1/2 (#4370), Erkl/2
(#4695), phospho-38 (#9215), p38 (#9212), phospho-
Smad1/5/8 (#9511), phospho-Akt (#4060), Akt (#4691),
phospho-JNK (#9251), JNK (#9258) (all from Cell Signaling
Technology, MA, USA) and actin (Millipore). Horseradish
peroxidase (HRP)-conjugated anti-rabbit and anti-mouse
secondary antibodies (Cell Signaling Technology, Danvers,
MA, USA) were used as probes and immunoreactive
bands were visualized with the Immobilon Western
Chemiluminescent HRP substrate (Millipore). The band
intensity was measured using Image] software.

RNA extraction, cDNA generation, and quantitative
polymerase chain reaction (q-PCR)

Total RNA was extracted using the RNeasy Mini Kit
(Qiagen, Hilden, Germany) following the manufacturer’s
instructions. ¢cDNA was generated from 1 upg of total
RNA using the Verso ¢cDNA Synthesis Kit (Thermo
Scientific) and purified with the MinElute PCR Purification
Kit (Qiagen). Q-PCR analysis was carried out using
the SsoFast EvaGreen supermix (Bio-Rad, CA, USA)
according to the manufacturer’s protocols. The rela-
tive expression value of each gene was calculated
using a AACt method and the most reliable internal
control gene was determined using the geNorm Software
(http://medgen.ugent.be/~jvdesomp/genorm/). Details of
the primers used in these experiments are available
on request.

Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) was per-
formed using the Quantikine BMP-2 Immunoassay Sys-
tem and Quantikine FGF-2 Immunoassay System (R&D
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Systems, MN, USA) following the manufacturer’s

protocols.

Plasmid construction and lentivirus production
Flag-tagged MKK6 (glu) [30] was provided by Addgene
(pcDNA3-Flag MKK6 (glu); Addgene plasmid 13518).
Flag-tagged MKK6 (glu) was cloned into a pENTRI11
vector (Invitrogen). An iresGFP fragment was subse-
quently cloned into the plasmid to produce the entry
vector pPENTR11-MKK6 (glu)-iresGFP. The entry vector
and CSII-EF-RfA (kindly provided by Dr. Miyoshi,
RIKEN BioResource Center, Tsukuba, Japan) were incu-
bated with LR clonase II enzyme mix (Invitrogen) to
generate CSII-EF-MKK6 (glu)-iresGFP. The resultant
plasmid was mixed with packaging plasmids (pCAG-
HIVg/p and pCMV-VSVG-RSV-Rev, kindly provided by
Dr. Miyoshi) and transfected into 293 T cells. The super-
natant medium, which contained lentiviral vectors, was
collected 2 days after transduction and concentrated by
centrifugation (6000 G, 15 h, 4°C).

Luciferase assay

hADMPCs were transfected with pGL4.74 (Promega)
and either pTAL-Luc or pNF-xB-Luc by TransIT-2020
(TaKaRa-Bio). The cells were then treated with 10 M of
S$B203580 or 0.1% DMSO for 2 h followed by addition
of 1 mM of BSO. After 24 h, the medium was changed
to fresh medium and cells were cultured for an add-
itional 2 days. The activity of NF-kB was measured using
the Dual Luciferases Assay System (Promega) according
to the manufacturer’s protocol.

Immunocytochemistry

hADMPCs were fixed with 4% paraformaldehyde in PBS
for 10 min at 4°C and then washed 3 times in PBS.
Blocking was performed with PBSMT (PBS containing
0.1% Triton X-100, 2% Skim Milk) for 1 h at room
temperature. The cells were then incubated with rabbit
monoclonal antibody against NF-xB p65 (Cell Signaling;
#8242; 1/100 dilution) overnight at 4°C. After washing
with PBS, cells were incubated with Alexa 488 conju-
gated anti-rabbit IgG (Invitrogen; 1/1000 dilution) for
1 h. The cells were counterstained with 4'-6-diamidino-
2-phenylindole (DAPI) (Invitrogen) to identify cellular
nuclei.
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Abstract: Adipose tissue-derived cell sources are attractive for regenerative medicine due to the easy and safe accessibil-
ity of adipose tissue, lack of ethical issues, and their availability in large quantities. We have developed an isolation
method for distinct stem cells, and named the cells adipose tissue-derived multilineage progenitor cells (ADMPC).
ADMPC have higher potential for differentiation into adipocytic, osteocytic, and chondrocytic progeny than the widely
reported adipose tissue-derived stromal/stem cells (ADSC). ADMPC can also differentiate into hepatocyte-like clusters in
vitro by induction with the hepatogenic cytokines, hepatocyte growth factor, oncostatin M, and basic fibroblast growth
factor. In vivo, ADMPC were reprogrammed in situ into hepatocyte-like cells that corrected the metabolic defect in hyper-
lipidemic Watanabe rabbits after transplantation via the portal vein. Such cells are potentially useful in regenerative medi-

cine as sources for in situ stem cell therapy.

Keywords: adipose tissue, ADMPC, in sifu stem cell therapy, in situ reprogramming, in situ differentiation, ADSC, ADMSC,

ASC.

1. INTRODUCTION

The recent finding of differentiation-capable adult
somatic stem cells holds great promise for regenerative
medicine [1]. Extensive research is also ongoing into
mesenchymal stem cells (MSC), found in human bone
marrow, scalp tissue, placenta, umbilical cord matrix, and
various fetal tissues [2-6]. Among these MSC sources,
adipose tissue is particularly attractive for regenerative
medicine because the tissues can be easily and safely
accessed, are free of any ethical issues, and are available in
large amounts. Many investigators have also reported that
the cells derived from adipose tissue (adipose tissue-derived
stromal/stem cells [ADSC], also referred to as adipose
- tissue-derived mesenchymal stem cells [ADMSC]) could
differentiate into various cell types in vitro including
chondrocytes, osteoblasts, adipocytes, myocytes, neuronal
cells, and hepatocytes [1-4]. ADSC are considered as a
colony-forming cell-rich fraction of adherent cells, which
can attach to plastic culture dishes after isolation of the
stromal vascular fraction (SVF), and thereafter be expanded
and maintained in monolayer cultures as a heterogeneous
population [7]. However, although ADSC can differentiate
into various cell types in vitro, their self-renewal potency
decreases significantly with passaging making = them
unsuitable for regenerative medicine applications.
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In this review, we describe a novel population of adipose
tissue-derived stem cells with higher differentiation potential
than other well-reported adipose tissue-derived cells; we
named these adipose tissue-derived multi-lineage progenitor
cells (ADMPC). ADMPC could differentiate into hepato-
cyte-like cells in vitro, and in the hepatic environment in
vivo. These in situ reprogrammed cells successfully cor-
rected the metabolic defect in diseased animals, indicating
that such in situ reprogramming could be applied for regen-
erative medicine as “in situ stem cell therapy”.

2. MATERIALS AND METHODS
2.1. Adipose Tissues '

Adipose tissues were resected from five human subjects
as excess discards during plastic surgery (females, age, 20-
60 years). Ten to fifty grams of subcutaneous adipose tissue
were collected from each subject. All subjects provided in-
formed consent and the Review Board for Human Research
of Kobe University Graduate School of Medicine and Foun-
dation for Biomedical Research and Innovation approved the
study protocol.

2.2. Isolation of ADMPC

Human ADMPC (hADMPC) were prepared as described
previously [8-13]. Briefly, the resected adipose tissue was
minced and then digested at 37°C for 1 h in Hank’s balanced
salt solution (HBSS, GIBCO Invitrogen, Grand Island, NY)
containing 0.075% collagenase type II (Sigma Aldrich, St.
Louis, MO). Digests were filtered through a cell strainer (BD
Bioscience, San Jose, CA) and centrifuged at 800 x g for 10

©2012 Bentham Science Publishers
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min. Red blood cells were excluded using density gradient
centrifugation with Lymphoprep (d = 1.077; Nacalai Tesque,
Kyoto, Japan), and the remaining cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM, GIBCO Invitro-
gen) with 10% defined fetal bovine serum (FBS, GIBCO
Invitrogen) for 24 h at 37°C. Following incubation, the ad-
herent cells were washed extensively and then treated with
0.2 g/l ethylenediaminetetraacetate (EDTA) solution
(Nacalai Tesque). The resulting susyended cells were re-
plated at a density of 10,000 cells/cm” on human fibronectin
(FN)-coated dishes (AGC, Tokyo, Japan) in Stem Cell Me-
dium (Nipro, Osaka, Japan) containing 1 x insulin-transferrin
selenium (ITS, GIBCO Invitrogen.), 1 nM dexamethasone
(Sigma Aldrich), 100 uM ascorbic acid 2-phosphate (Sigma
Aldrich), 10 ng/m] epidermal growth factor (EGF, PeproTec,
Rocky Hill, NJ), and 5% FBS. After passaging 5 to 6 times
in the same medium, the ADMPC were ready for use in ex-
periments. ADSC were isolated and cultured as reported by
Zuk etal. [7].

2.3. Adipocytic, Osteocytic, and
Differentiation Procedure

Chondrocytic

For adipocytic differentiation, cells were cultured in Dif-
ferentiation Medium (Zen-Bio, Research Triangle Park, NC)
[14]. After three days, half of the medium was replaced with
Adipocyte Medium (Zen-Bio) and this was repeated every
two days. Five days after differentiation, adipocytes were
identified by intracellular lipid droplets observed micro-
scopically after Oil Red O staining. In brief, cultures were
fixed in Baker’s formal calcium, washed in 60% isopro-
panol, and stained with double-filtered Oil Red O solution to
identify lipid accumulation. To determine the lipid content,
Oil-Red O was extracted from the differentiated cells with
isopropanol and absorbance of the contents was evaluated.
Osteocytic differentiation was induced by culturing the cells
in DMEM containing 10 nM dexamethasone, 50 mg/dl
ascorbic acid 2-phosphate, 10 mM beta-glycerophosphate
(Sigma Aldrich), and 10% FBS. Differentiation was evalu-
ated by Alizarin red staining and alkaline phosphatase (AL-
Pase) activity as described previously [15]. For Alizarin red
staining, the cells were washed three times and fixed with
dehydrated ethanol. After fixation, the cells were stained
with 1% Alizarin red S in 0.1% NH4OH (ph 6.5) for 5 min-
utes, and then washed with H,O. ALPase activity per cell
was calculated based on the amount of DNA. For chondro-
cytic differentiation, ADMPC were trypsinized and 2 x 10°
cells were centrifuged at 400 x g for 10 minutes. The result-
ing pellets were cultured in chondrogenic medium (a-MEM
supplemented with 10 ng/ml transforming growth factor
(TGF)-B, 10 nM dexamethasone, 100 (WM ascorbate, and 10
ul/ml 100 x ITS Solution) for 14 days [8]. The osteogenic
differentiation was assessed by Alcian Blue staining,
whereby nuclear counterstaining with Weigert’s hematoxylin
was followed by 0.5% Alcian Blue 8GX, which binds pro-
teoglycan-rich cartilage matrix.

2.4. Differentiation of Hepatocyte-Like Cell Clusters

The differentiation procedure consisted of three stages. In
stage I, ADMSC were cultured and expanded in medium I
for three to four passages. In stage 11, the cells were dissoci-
ated with trypsin-EDTA and the resulting single cells were
suspended i medium II (80% knockout-DMEM [GIBCO
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Invitrogen], 20% defined FBS, 1 mM glutamine, and 1%
nonessential amino acids [both from GIBCO Invitrogen]).
The suspension was placed in an ultralow-attachment culture
dish (Hydrocell; CellSeed, Tokyo, Japan), and the cells self-
aggregated into cell clusters within 1 day. The cell clusters
were then cultured for an additional 2 days. In stage III, after
washing extensively with PBS, 2-day-old cell clusters (aver-
age of 1000 cells each) were cultured on a Hydrocell dish for
4 weeks in medium III (60% DMEM-low glucose, 40%
MCDB-201, 1 nM dexamethasone, 100 mM ascorbic acid,
10 ng/ml EGF, basic fibroblast growth factor [bFGF, Pepro-
tech, Rocky Hill, NJ], hepatocyte growth factor [HGF,
Peprotech], and oncostatin M [OSM]). Finally, 0.1% di-
methyl sulfoxide (DMSO; Nacalai Tesque) was added on the
10th day after induction of differentiation.

2.5. DiO or Dil Labeling of LDL

Human LDL (density 1.019-1.063 g/ml) was isolated by
sequential ultracentrifugation from normolipidemic donors,
dialyzed against saline-EDTA, and then sterilized by filtra-
tion through a 0.2-pum filter. Lipoproteins were labeled with
DiO or Dil (Sigma) by incubating the LDL in 0.5% bovine
serum albumin (BSA)/PBS with 100 ml DiO or Dil in
DMSO (3 mg/ml) for 8 h at 37°C. The lipoproteins were
then dialyzed against PBS and filtered before use.

2.6. Cell Transplantation and Immunosuppression

The protocols for cell transplantation and immunosup-
pression were described previously [12]. In brief, WHHL
rabbits (8-week-old, purchased from Kitayamalabes, Ina,
Nagano, Japan) were anesthetized with 50 mg/kg pentobarbi-
tal. An incision distal and parallel to the lower end of the
ribcage was made, followed by a peritoneal incision and in-
fusion of the ADMPC or control into the portal vein. The
immunosuppression regimen consisted of the following: 1)
intramuscular injection of 6 mg/kg/day cyclosporin A daily
from the day before surgery to sacrifice, ii) intramuscular
injection of 0.05 mg/kg/day rapamycin daily from the day
before surgery to sacrifice, iii) methylprednisolone at 3
mg/kg/day (day -1 to 7), followed by tapering to 2
mg/kg/day (day 8 to 14), | mg/kg/day (day 15 to 21), and 0.5
mg/kg/day (day 22 to the time at sacrifice), iv) intravenous
injection of 20 mg/kg/day cyclophosphamide at days 0, 2, 5,
and 7, and, v) intramuscular injection of 2.5 mg/kg/day gan-
ciclovir to avoid viral infection in the immunocompromised
host.

2.7. Immunohistochemical Staining of WHHL Rabbit
Liver Sections

The WHHL livers were harvested and fixed immediately
with 10% formalin. They were placed into optimal cutting
temperature (OCT) compound (Sakura Finetechnical), frozen
immediately, and then sectioned at 7 um-thickness. The sec-
tions were incubated with blocking solution (Blocking one;
Nacalai Tesque) for 1 h, and then incubated with rabbit anti-
human albumin antibody (MBL, Nagoya, Japan) or mouse
anti-human CD90 antibody followed by Alexa Fluor 488-
labeled goat anti-rabbit IgG or Alexa Fluor 546-labeled goat
anti-mouse IgG (Molecular Probes, Eugene, OR). The
stained sections were examined with a BioZero laser scan-
ning microscope (Keyence, Osaka, Japan).
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Table 1. Differences Between ADMPC and ADSC of their Differentiation / Proliferation Abilities

Okura et al.

Differentiation Abilities

Proliferation Abilities

Self-Aggregation Properties | EDTA-Sensitiveness Aft
Adipocytic Osteocytic Chondrocytic Aftel: er.
Reseeding Passaging
ADMPC + + ++ ++ ++ + ++
ADSC - + + + ++ ++

2.8. PCR Analysis of WHHL Rabbit Liver for Human
Liver-Specific Genes

Total RNAs of WHHL rabbit liver, hADMPC, and hu-
man hepatocytes were isolated using an RNAeasy kit
(Qiagen, Valencia, CA). After treatment with DNase, the
cDNAs were synthesized using Superscript 111 RNase H-
minus Reverse Transcriptase (Invitrogen). Real-time PCR
was performed using the ABI Prism 7900 Sequence Detec-
tion System (Applied Biosystems, Foster City, CA). 20X
Assays-on-Demand™ Gene Expression Assay Mix for hu-
man alpha-1-antitrypsin (hAAT1) (Hs01097800 ml), hu-
man albumin (Hs00609411 ml), human Factor 9, human
GATA4 (Hs00171403_m1), human hepatocyte nuclear fac-
tor 3beta (HNF-3beta) (Hs00232764 ml), human LDL re-
ceptor (Hs00181192 ml), and human glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (Hs99999905_ml)
were obtained from Applied Biosystems. It was confirmed
that our human detectors and rabbit detectors did not cross-
react with the other species. TagMan® Universal PCR Master
Mix and No AmpErase® UNG (2X) were also purchased
from Applied Biosystems. Reactions were performed in
quadruplicate and the mRNA levels were normalized relative
to human GAPDH expression. To confirm that hADMPC
differentiated into hepatocytes in vivo, the cells were tested
by quantitative PCR before transplantation using human
primary hepatocytes (Invitrogen, Lot number; HuP81) as
controls.

2.9. Assay for Lipid Profiling

Serum samples were obtained from nonfasting rabbits be-
fore and after transplantation. Serum total cholesterol was
measured in each sample using assay kits from Wako Pure
Chemical Industries (Osaka, Japan). Serum lipoproteins were
analyzed by an on-line dual enzymatic method for simulta-
neous quantification of cholesterol and triglycerides by high-
performance liquid chromatography at Skylight Biotech
(Akita, Japan), according to the described procedure [21].

2.10. Clearance of **I-LDL from Rabbit Serum

WHHL rabbits (8 weeks old) were anesthetized with pen-
tobarbital (50 mg/kg). The peritoneum was incised and
hADMPC (high-dose; 3 x 107 cells/rabbit, n = 2, low-dose; 5
x 108 cells/rabbit, n = 2) suspended in 3 ml of HBSS (20°C)
(n = 5) or 3 ml of control (n =2) were infused into the portal
vein via an 18-gauge Angiocath™ (BD, UT). Eight weeks
later, the animals were tested by the LDL turnover assay.
121 labeled human LDL (BT-913R, Biomedical Technolo-
gies, Stoughton, MA) was delivered via the marginal ear
vein of the WHHL rabbits. Blood was collected from the
opposite ear after injection at 5 min, 1 h, 2h, 4 h, 6 h, and 28

h. '*I-labeled apolipoprotein B-containing LDL was precipi-
tated with 20% trichloroacetic acid (Wako Pure Chemical
Industries) (serum; 320 pl, 100% w/v TCA 80 ul), and then
the precipitants were applied for counting.

2.11. Statistical Analysis and Ethical Considerations

All animal studies described in this report were approved
by Kobe University Graduate School of Medicine and Foun-
dation for Biomedical Research and Innovation. Values were
expressed as mean = SEM. Differences between mean values
of treated and untreated groups were evaluated using the
Student’s t-test. A P value less than 0.05 was considered
statistically significant. All statistical analyses were per-
formed using the SPSS Statistics 17.0 package (SPSS Inc.,
Chicago, IL).

3. RESULTS AND DISCUSSION

3.1. Self-Aggregation Properties and EDTA-Sensitivity of
ADMPC

In the ADMPC isolation procedure were shown in Fig.
(1A) (cited from reference 12 with modification). First, we
removed contaminating red blood cells using density gradi-
ent centrifugation after digestion of adipose tissue to obtain
the stromal vascular fraction (SVF). After 24-hour culture of
the SVF (Fig. 1Aa), adherent cells were treated with EDTA
solution and the suspended cells were collected. Finally,
these cells were re-plated on human FN-coated dishes (Fig.
1Ab) and cultured (Fig. 1Ac). Within 2—-3 passages after the
initial plating of the primary culture, ADMPC appeared as a
monolayer of large flat cells (25-30 um in diameter). As the
cells approached confluence, they became spindle-shaped,
resembling fibroblasts (Fig. 1Ad). We next analyzed the
mRNA expression levels of islet-1 and nkx2.5 in the two
types of cells. Islet-1 is a marker of undifferentiated cells and
progenitors of cardiomyocytes, hepatocytes and pancreatic B
cells, and nkx2.5 is a marker of progenitors of cardiomyo-
cytes. As shown in Fig. (1B), islet-1 and nkx2.5 were ex-
pressed in ADMPC, but not in ADSC. No or faint staining
was noted for GATA-4, myosin light chain, alpha cardiac
actin, and myosin heavy chain expression in both ADMPC
and ADSC. On the other hand, flowcytometric analysis
showed no significant different pattern in their cell surface
markers between ADMPC and ADSC.

3.2. Adipocytic, Osteocytic and Chondrocytic Differentia-
tion

In the next step, we assessed whether the adipocytic, os-
teocytic, and chondrocytic differentiation potentials of
ADMPC were higher than those of ADSC (Table 1). Adipo-
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Fig. (1). Characters of ADMPC (A) Morphological characteristics of ADMPC. The cells obtained from adipose tissue were seeded and incu- -
bated for 24 h (a). Following incubation, the adherent cells were treated with EDTA solution, and the resulting suspended cells were re-
plated at a density of 10,000 cells/cm? on human fibronectin (FN)-coated dishes (BD BioCoat) (b and c). Within 2-3 passages after the initial
plating of the primary culture, ADMPC appeared as a monolayer of large flat cells (25-30 pm in diameter). As the cells approached conflu-
ence, they assumed a more spindle-shaped, fibroblastic morphology (d). Calibration bars = 500 pm (a, ¢ and d) and 200 um (b). Cited from
reference 12 with modification. (B) Comparison of mRNA expression of markers of undifferentiated cells on ADMPC and ADSC. Islet-1, a
marker of undifferentiated cells and progenitors of cardiomyocytes, hepatocytes, and pancreatic B cells, and nkx2.5, a transcription factor
known to mark cardiomyocyte differentiation, were expressed in ADMPC, but not ADSC. GATA-4, a myosin light chain protein, o-cardiac
actin, and myosin heavy chain protein were absent or only faintly stained in both cell types. Human heart mRNA was used as the control in
these experiments. (C) Differences in the differentiation potentials between ADMPC and ADSC. (a) Morphological comparison of the adi-
pogenic differentiafion potential of ADMPC and ADSC. The cells were cultured in Differentiation Medium. After three days, half of the
medium was replaced with adipocyte medium and this was repeated every two days. Five days after differentiation, the lipid contents of dif-
ferentiated adipocytes were confirmed by Oil Red O staining. The lipid contents of differentiated adipocytes were confirmed by Oil Red O
extraction. hADMPC showed higher lipid contents than hADSC. Data are mean + SEM of triplicate experiments. (b) Morphological com-
parison of osteogenic differentiation potential of ADMPC and ADSC. At 7 or 18 days after osteogenic differentiation, the cells were stained
with Alizarin red S for mineralized nodules. ADMPC showed higher osteogenic differentiation potential than ADSC. even days after os-
teogenic differentiation, the cells were assayed for alkaline phosphatase (APase) activity. AP activity per cell was calculated based on the
amount of DNA. hADMPC showed higher APase activity than hADSC. Data are mean + SEM of triplicate experiments. (¢} Comparison of
chondrogenic differentiation potential between ADMPC and ADSC. Extracellular matrices of differentiated ADMPC and ADSC into chon-
drocytes were visualized with Alcian Blue staining.

cytic differentiation was induced by culture with the Differ-
entiation Medium containing 1-methyl-3-isobutylxanthine,
dexamethasone, and insulin. Induction was confirmed by the
accumulation of intracellular lipid droplets that could be
stained with Oil Red O. The results showed higher levels of
adipocytic induction for ADMPC than ADSC (Fig. 1Ca).
Next, osteocytic induction was examined by Alizarin red S
staining (Fig. 1Cb). After a 7-day induction for osteocytic
differentiation, ADMPC only were stained with Alizarin red
S. ADSC were stained after an 18-day induction, but their
staining intensity lagged behind that of ADMPC (Fig. 1Cb).
Third, the chondrocytic differentiation potential of ADMPC
and ADSC was compared. As shown in Fig. (1Cc¢), ADMPC

showed more intense Alcian Blue staining than ADSC, sug-
gesting higher chondrocytic induction for ADMPC than
ADSC. The self-aggregation properties of ADMPC might
introduce their higher chondrocytic induction than
ADSC. These results indicated that ADMPC have higher
differentiation potentials than ADSC.

3.3. In Vitro Differentiation of ADMPC into Hepatocytes

To obtain hepatocyte-like cell clusters, we have estab-
lished a three-step method (Fig. 2A). Immunofluorescence
staining (Fig. 2B) showed albumin- and alpha-1-antitrypsin-
expressing cells among the differentiated ADMPC (cited
from reference 10 with modification). The ability to secrete
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Fig (2). (A) General outline of the three-stage differentiation protocol. Stage I: growth of hADMSCs. Stage II: formation of cell clusters by
culture in low osmotic medium on ultralow-attachment culture dishes. Stage III: growth factor stimulation of cell cluster cultures with bFGF,
HGF, and OSM. DMSO was added on the 10th day after induction. (B) Immunofluorescence staining for ALB (left) and AAT (right) in dif-
ferentiated ADMPC clusters. Scale bar, 100 mm. (C) Urea synthesis by differentiated ADMPC clusters after incubation with 5 mM NH,CL
Urea synthesis per cell was calculated based on the amount of DNA. Data are mean+SEM of triplicate experiments. (D) CYP enzyme activ-
ity in differentiated ADMPC clusters, as determined by hydroxylation of 7-benzyloxy-4-trifluoromethyo-coumarin to HFC. Before incuba-
tion with 100 mM, cells were cultured in the absence (non-stimulation) or presence (stimulation) of 10 mM rifampicin. CYP activity per cell
was calculated based on the amount of DNA. Data are mean+SEM of triplicate experiments. (E) Low-density lipoprotein uptake by differen-
tiated ADMPC clusters. Samples were examined by confocal laser scanning microscopy. Scale bar, 100 mm. (F) Glycogen storage in differ-
entiated ADMPC clusters, as determined by PAS staining. hALB, human ALB; SEM, standard error of the mean; HFC, 7-hydroxy-4-
trifluoromethyl-coumarin; PAS, periodic acid-Schiff’s; Dil, 1,10-dioctadecyl-3,3,30,30-tetramethylindocarbocyanine; DAPI, 40,6-
diamidino-2-phenylindole.

urea was about 12-fold higher for differentiated ADMPC rifampicin for 3 days. In contrast, no increase in CYP activ-
incubated with NH4Cl, compared with stage I undifferenti- ity was induced in undifferentiated ADMPC under this con-
ated ADMPC, and as high as that of HepG2 cells (Fig. 2C). dition. We also assessed LDL uptake by differentiated
Nonfluorescent 7-benzyl-trifluoromethyl coumarin (BFC) is ADMPC clusters by incubating differentiated ADMPC with
metabolized mainly by the cytochrome P450 (CYP) 3A fam- Dil-LDL (Fig. 2E). Dil-LDL was markedly incorporated
ily of enzymes and converted to the fluorescent 7-hydroxy-4- into the cytosol of differentiated ADMPC. Another function
trifluoromethylcoumarin (HFC). The concentration of HFC of hepatocytes is glycogen production (glyconeogenesis),

in the supernatant was measured after incubation with 100 and PAS staining showed glycogen storage in differentiated
mM BFC. CYP activity in differentiated ADMPC clusters ADMPC (Fig. 2F). These results suggest that hepatogenic
was 40-fold higher than in undifferentiated ADMPC (Fig. cytokines and floating culture could mimic the liver micro-

2D). In addition, CYP activity in differentiated ADMPC environment and promote the differentiation of ADMPC into
clusters increased 2-2.5-fold following preincubation with hepatocyte-like cells in vitro.
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Fig (3). (A) Localization of transplanted hADMSCs in the WHHL liver. One week after transplantation of DiO-labeled hADMSCs via
the portal vein, the WHHL rabbit liver was examined histologically. The DiO-labeled cells were localized in the portal area and dispersed in
a centrilobular direction, resembling the mature innate hepatocytes. Bars = 200 pm (upper panels) and 100 pm (lower panels). (B)
Immunochistochemical identification of human hepatocytic marker cells in liver sections of WHHL rabbits after ADMPC transplantation.
Twelve weeks after ADMPC transplantation, human albumin-, human alpha-1-antitrypsin-, human bile salt export pump (BSEP)-, and LDL-
receptor-positive cells were dispersed within the peri-venous regions of the liver parenchyma, where they made contact with and integrated
among the host cells with cell-cell interactions between ADMPC-derived cells and diseased hepatocytes. Bar = 100 pm. (C) Differentiation
of transplanted ADMPC into hepatocyte-like cells. Twelve weeks after transplantation, nearly all the human CD90-positive cells expressed
human albumin, indicating that the major proportion of transplanted ADMPC could differentiate into hepatocyte-like cells (left panel: human
CD90; middle panel: human albumin; right panel: merge). Arrows indicate human CD90 and human albumin double-positive cells; arrow-
heads indicate human CD90-positive/human albumin-negative cells. (D) Human hepatic gene expression in WHHL rabbit liver after
ADMPC transplantation. RNA was prepared from WHHL rabbit livers 12 weeks after ADMPC transplantation. We examined expressions of
the following hepatic markers by quantitative real time-polymerase chain reaction (RT-PCR) using the Assays-on-Demand Gene Expression
Assay Mix: human alpha-1-antitrypsin, human albumin, human factor IX, human GATA-binding protein 4 (GATA-4), human hepatocyte
nuclear factor 3 (HNF-3) beta, and human LDL-receptor. The livers of the control WHHL rabbits (saline, n = 3) were negative for all tested
human hepatic genes. The mRNA levels were normalized based on human glyceraldehyde-3-phosphate dehydrogenase as a housekeeping
gene and data are expressed as mean=SEM of triplicate experiments. The livers of ADMPC-recipient WHHL rabbits (n = 3) were positive
for all tested human hepatic genes, which showed expression levels similar to those of human primary hepatocytes, but not ADMPC per se.
Data are mean = SEM.

3.4. In Situ Reprogramming of ADMPC into Hepatocytes and to assess the efficacy of differentiation, we colocalized
. . human CD90 and human albumin. As shown in Fig. (3C),

Or}e week aﬁe{f transplantation of hADMPC via th? pot- nearly all human CD90-positive cells expressed human al-

tal vein, we examined whether the cells reside or not in the bumin, indicating that about 80% or more of transplanted
liver after transplantation. As shown in Fig. (3A), DiO- ADMPC differentiated into human albumin-positive hepato-
fluorescent labeled-hADMPC resided and distributed in the cyte-like cells at 12 weeks after transplantation. Next, to
portal area, and morphologically resembled innate hepato- confirm the differentiation of ADMPC into hepatocytes i

cytes. N§xt, we shoulq egarnine the recruitment of these ce1.15 vivo, the expression of hepatocyte markers was analyzed by
directly into the rabbit liver and the success of hepatocytic quantitative RT-PCR. WHHL rabbit liver that was trans-

differentiation. For this purpose, we measured human-  ;1onieq with ADMPC expressed higher levels of human-
specific hepatocytic proteins and their hepatic functions (Fig. specific alpha-1-antitrypsin, albumin, and coagulation factor
3, cited from reference 12 with modification). Human albu- IX than control ADMPC (Fig. 3D). The expression levels of
min-, alpha-1-antitrypsin-, bile salt export pump-, and LDL- 100 GATA-4, human hepatocyte nuclear factor 3 beta,
receptor-posttive cells were dispersed within peri-venous and LDL-receptor were also higher in the WHHL rabbit liver
regions of the liver parenchyma, whe%'e they had contgcted than in the ADMPC untransplanted liver (Fig. 3D). These
and integrated among the host cells (Fig. 3B). We also iden- results verified that ADMPC per se could differentiate into

tified conserved cell-cell interactions between ADMPC-

: ) ; ; mature hepatocytes in vivo.
derived and diseased hepatocytes. To confirm this finding patocyt



