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ABSTRACT

Adipose-derived stem cells (ADSCs) are a very attractive cell source for regenerative and reconstruc-
tive medicine. Although ADSCs have already been used in cardiovascular disease and cosmetic
surgery, they have not yet been used in gastroenterological surgery. In this study, we clarified the
utility of the combined application of ADSCs and resected intraperitoneal fatty tissues as a sealant
for the pelvic dead space that sometimes causes severe and fatal complications in colorectal and
gynecological surgeries. In pelvic dead spacemodelmice,mouseADSCs efficientlymaintained trans-
planted intraperitoneal fatty tissues without any incidence of adhesion to surrounding organs. In
vivo and in vitro analyses revealed that transplanted ADSCs differentiated into endothelial cells by
expressing the angiogenic factors vascular endothelial growth factor and hepatocyte growth factor.
Mouse and human ADSCs contained a CD45−CD34� subset possessing high colony formation and
sphere formation abilities. In addition, the CD45−CD34� subset consisted of two characteristic sub-
sets: the CD34�CD90� angiogenic subset and the CD34�CD90− adipogenic subset. Grafts of human
ADSCswith fat transplanted intomicewere efficientlymaintained formore than 12monthswithout
volume reductions. A comparative study of graft maintenance efficacy between cultured human
ADSCs and freshly isolated ADSCs indicated that the cultivation of ADSCs decreased their graft
maintenance ability. These findings suggested that the angiogenic and adipogenic subsets act in
coordination with each other and are essential for efficient graft maintenance. STEM CELLS
TRANSLATIONAL MEDICINE 2012;1:803–810

INTRODUCTION

Adipose-derived stem cells (ADSCs) are a very at-
tractive cell source for regenerative and recon-
structive medicine because they are technically
easy to collect and it is easy to obtain a high num-
ber of ADSCs compared with bone marrow stem
cells [1–3]. Recently, ADSCs have been applied in
functional reconstruction of cardiovascular dis-
ease [4] based on their multidifferentiation, an-
giogenic, and angiogenesis-inducing properties
[5–9]. In cosmetic surgery, ADSCs have been also
used for augmentation mammoplasty because
they can efficiently maintain transplanted fatty
tissues [10–12]. In contrast, ADSCs have not yet
been well applied in gastroenterological surgery.
In this study, we focused on the graft mainte-
nance ability of ADSCs for the reconstruction of
pelvic defects caused during gastroenterological
surgery and, in particular, pelvic surgery. Insuffi-
cient management of the pelvic cavity some-
times induces infection, inflammation, and ileus.
In these complications, severe inflammation
of the pelvic dead space develops [13, 14],

particularly in the large pelvic dead space formed
by radical surgery in colorectal and gynecological
surgeries. This may result in fetal complications
because it causes severe infection, sepsis, and
disseminated intravascular coagulation [15, 16].
To prevent the occurrence of complications fol-
lowing pelvic surgery, it is necessary to manage
the surgically formed pelvic cavity. To this end,
various surgical techniques have been devel-
oped, including the use of pedicled flaps and
omentopexy [17–21]. However, there are prob-
lems associated with these surgical procedures,
for example, difficulties in surgical techniques,
graft atrophy, high surgical stress, lowered qual-
ity of life of the patient, long operation time, and
graft length. If resected intraperitoneal fatty tis-
sues are available as a cement for pelvic defects
and if the transplant can be efficiently main-
tained by cotransplantationwith ADSCs, it will be
a powerful tool for pelvic surgery. In theoperative
procedures, fatty tissues are very easy to collect
andanabundant numberofADSCs canalsobeeas-
ily collected from subcutaneous fat pads. Although
a combination of ADSCswith subcutaneous fat has
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beenalreadyapplied inbreast reconstructionandcosmetic surgery,
no study has clarified the availability of resected intraperitoneal fat
pads with ADSCs as a cement for pelvic defects.

In this study, we aimed to clarify the utility of ADSCs and
resected intraperitoneal fat pads for pelvic cavity repair using a
mouse model. We also aimed to clarify the graft maintenance
mechanism of ADSCs by in vivo and in vitro analyses. For future
clinical applications, using human ADSCs, we aimed to assess the
efficiency of transplant maintenance based on the preparation
of ADSCs (cultured or freshly isolated).

MATERIALS AND METHODS

Animals
Wild-type (C57BL/6J) and nude mice (BALB-nu) were obtained
from CLEA Japan (Tokyo, Japan, http://www.clea-japan.com).
Adult green fluorescent protein (GFP) transgenic mice (C57/6-Tg
[CAG-EGFP] C14-Y01-FM131Osb)were a gift fromMasaruOkabe
(OsakaUniversity, Osaka, Japan). All protocols were approved by
the institutional animal care and use committees of Osaka Uni-
versity and Kyushu University.

ADSC Isolation
After themicewere anesthetizedwith tribromoethanol, adipose
tissue was resected from inguinal fat pads, cut into fine pieces,
and placed in phosphate-buffered saline (PBS) containing antibi-
otic/antimycotic agents (Sigma-Aldrich, St. Louis, MO, http://
www.sigmaaldrich.com). Adipose tissue was then placed in Dul-
becco’s modified Eagle’s medium (DMEM; Sigma-Aldrich)
containing 1mg/ml collagenase II (Sigma-Aldrich) and antibiotic/
antimycotic agents and incubated at 37°C for 60 minutes with
gentle agitation. The digested tissue was filtered through a ster-
ile 70-�m nylon mesh, centrifuged at 400g for 5 minutes, and
resuspended. This washing process was repeated twice.

Human ADSCs were isolated from five human lipoaspirate
samples using the same methods described above. All the hu-
man samples (remaining lipoaspirate materials for reconstruc-
tive surgery)were obtained after informed consent and approval
of the ethics boards of Osaka University and Kyushu University.

Mouse Model and Cell Transplantation
A pelvic dead space mouse model was established as described
below. After anesthetizing the C57BL/6J mice, traditional lapa-
rotomy was performed. The greater omentum of mice is dimin-
utive; therefore, peritesticular fat pads were used. To prepare
free fat grafts, bilateral peritesticular fat pads were resected and
cut into 5-mm pieces. To construct the abdominal dead space,
organs were manipulated into the upper abdomen and fixed
with suturing, and then resected fat pads were grafted into the
constructed abdominal dead spacewith (n� 20) orwithout (n�
20) 1 � 106 ADSCs suspended in 1 ml of PBS. Grafts were re-
sected on days 3, 7, 14, and 21 (n � 5 in each arm and on each
day) after transplantation and were then weighed.

To trace ADSCs in vivo, ADSCs were isolated from GFP trans-
genicmice. Following this, 1� 106 cells of ADSCs fromGFP trans-
genicmicewere suspended in 1ml of PBS andwere reinoculated
intowild-typeC57BL/6Jmicewith resected and cut peritesticular
fat pads (n� 9; sacrificed on days 3, 7, and 21; threemice each).

To assess the cellular characteristics of human ADSCs, 5 �
105 cells of freshly isolated ADSCs or cultured ADSCs were inoc-

ulated with 1 ml of lipoaspirate. Human ADSCs were cultured in
DMEMwith 10% fetal bovine serum (FBS; Thermo Shandon Inc.,
Pittsburgh, PA, http://www.thermo.com) for 1 month and then
used for transplantation. As a control, PBSwasmixedwith 1ml of
lipoaspirate instead of humanADSCs. The sizes of the transplants
weremeasured 12months after transplantation andwere calcu-
lated as follows: size of transplant (mm3) � a � b/2, where a �
the long axis and b � the short axis.

Flow Cytometry Analysis
To identify and characterize mouse ADSCs, the following anti-
bodies were used: Brilliant Violet 570-conjugated anti-mouse
CD45 (clone 30-F11; BioLegend, San Diego, CA, http://www.
biolegend.com), fluorescein isothiocyanate (FITC)-conjugated
anti-mouse CD34 (clone RAM34; eBioscience, San Diego, CA,
http://www.ebioscience.com), phycoerythrin (PE)-conjugated
anti-mouse CD31 (clone 390; eBioscience), and allophycocyanin
(APC)-conjugated anti-mouse CD90.2 (clone 53–2.1; eBiosci-
ence). To identify and characterize human ADSCs, the following
antibodies were used: FITC-conjugated anti-human CD45
(clone HI30; BD Pharmingen, San Diego, CA, http://www.
bdbiosciences.com), PE-conjugated anti-human CD31 (clone
WM59; BD Pharmingen), and APC-conjugated anti-human CD34
(clone 581; BD Pharmingen). Doublet cells were eliminated using
forward scatter-height/forward scatter-width and side scatter-
height/side scatter-width. Dead and damaged cells were elimi-
natedwith 7-aminoactinomycinD (BDPharmingen). Isotype con-
trols (BD Biosciences, San Diego, CA, http://www.bdbiosciences.
com) were used for each antibody. Fc receptor (FcR) blocking
was performed using an FcR blocking reagent (Miltenyi Biotec,
Cologne, Germany, http://www.miltenyi-biotec.com). The cells
were analyzed and isolated using a fluorescence-activated cell
sorter (FACSAria; Becton, Dickinson and Company, Franklin
Lakes, NJ, http://www.bd.com), and data were analyzed with
Diva software (Becton Dickinson).

In Vitro Assays
To assess angiogenic activity, a tube formation assay was per-
formed using the Clonetics Aortic Endothelial Cell System (Lonza,
Walkersville, MD, http://www.lonza.com) and the BD BioCoat
Angiogenesis System (BD Biosciences), according to the manu-
facturers’ instructions. Adipocyte differentiation was induced
using NH AdipoDiff Medium (Miltenyi Biotec), according to the
manufacturer’s instructions. For the sphere formation assay, 1�
105 cells were seeded onto six-well ultralow-attachment culture
dishes (Corning Life Sciences, Acton, MA, http://www.corning.
com/lifesciences) and cultured in mTeSR1 basal medium (Stem-
Cell Technologies, Vancouver, Canada, http://www.stemcell.
com). For the colony formation assay, 1� 105 cells were seeded
onto six-well plates and cultured in DMEM with 10% FBS. The
cells were cultured at 37°C in a humidified atmosphere contain-
ing 5% CO2.

Immunohistochemical Analysis
The grafted fat pads were excised, fixed in formalin, and embed-
ded in paraffin. After blocking, the 4-�m-thick sections were in-
cubated with rat anti-mouse CD31-specific antibody (clone
DIA310; Dianova, Hamburg, Germany, http://www.dianova.
com) or human von Willebrand factor (vWF)-specific antibody
(clone VW28–1; GenWay Biotech, San Diego, CA, http://www.
genwaybio.com). Following this, the sections were incubated
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with horseradish peroxidase-conjugated secondary antibody
(Bethyl Inc.,Montgomery, TX, http://www.bethyl.com) and then
visualized with 0.02% diaminobenzidine (Sigma-Aldrich). After
washing, the sections were counterstained with hematoxylin.
Control tissue sections without primary antibody were prepared
in a similar manner. Ten random microscopic fields (high-power
field; �400) were examined to calculate the number of CD31�

cells. To identify the origin of endothelial cells, GFP-positive cells
were assessed using rat anti-CD31 and rabbit anti-GFP specific
antibodies (MBL International Corp., Woburn, MA, http://www.
mblintl.com). Alexa Fluor 488-conjugated goat anti-rat IgG (Invit-
rogen, Carlsbad, CA, http://www.invitrogen.com) and Alexa
Fluor 594-conjugated goat anti-rabbit IgG (Invitrogen)were used
as secondary antibodies. The sections were mounted using anti-
fade reagent with 4�,6-diamidino-2-phenylindole (Invitrogen)
and then visualized using a fluorescence microscope (BZ-9000;
Keyence, Chicago, IL, http://www.keyence.com).

RNA Extraction and Reverse Transcription Polymerase
Chain Reaction
Total RNAwas isolated using amodified acid guanidiniumphenol
chloroformprocedure. cDNAwas synthesized using randomhex-
amer primers and Moloney murine leukemia virus reverse tran-
scriptase (SS-III; Invitrogen). Real-time polymerase chain reac-
tion (PCR) amplification was performed in the LightCycler 480
System (Roche Applied Science, Penzburg, Germany, https://
www.roche-applied-science.com) using the LightCycler 480
Probes Master Kit (Roche Applied Science), according to the
manufacturer’s instructions. To confirm RNA quality, the �-actin
gene (ACTB; NM_007393.3) served as an internal control. The
PCR primers used for amplification were as follows: vascular en-
dothelial growth factor (VEGF), 5�-gttagagccctggtcctcct-3� and
5�-cacccaggggttctactgag-3�; hepatocyte growth factor (HGF),
5�-caccccttgggagtattgtg-3� and 5�-gggacatcagtctcattcacag-3�;
and ACTB, 5�-ctaaggccaaccgtgaaaag-3� and 5�-accagaggcata-
cagggaca-3�.

Statistical Analysis
Statistical analysis was performed using JMP software v.8.0.1
(SAS Institute Japan Ltd., Tokyo, Japan, http://www.sas.com/
offices/asiapacific/japan/). All data are presented as means �
SD, and two-group comparisons were performed using the two-
tailed Student’s t-test. A p value �.05 was considered statisti-
cally significant.

RESULTS

ADSCs Promote Graft Survival in a Mouse Model
A mouse model was established to assess whether ADSCs pos-
sess positive effects on themaintenance of transplanted adipose
tissues. In this model, bilateral peritesticular fat pads were re-
sected to construct the pelvic cavity, and the intestinal tract was
sutured to the retroperitoneal fascia to prevent it from dropping
into the formed cavity. Following this, the resected fat padswere
returned into the constructed pelvic defect with or without 1 �
106 cells of ADSCs (n � 20 each) suspended in 1 ml of PBS (Fig.
1A). After 21 days, the mice were sacrificed to assess the trans-
plants. In the control mice, atrophic change of the transplant,
hemorrhagic ascites formation in the intraperitoneal space, and
adhesion of intraperitoneal tissues were observed by abdominal

laparotomy. In contrast to control mice, the grafts in ADSC-
treated mice showed a vivid image with surface neovasculariza-
tion and showed no ascites or adhesion (Fig. 1B). Microscopic
analysis of the grafts showed hemorrhagic necrosis with infiltra-
tion of inflammatory cells in the control group, whereas healthy
fat tissue construction was observed in the grafts of the ADSC-
treated group (Fig. 1C).

To quantify the engraftment efficacy, the mice were sacri-
ficed on days 3, 7, 14, and 21 after transplantation, and the grafts
were then weighed (n � 5 in each arm and on each day). The
weight ratios (weight of engraft/weight of implanted fat pad) of the
transplants were significantly higher in the ADSC-treated group
than in the control group on days 14 and 21 (p� .05) (Fig. 1D).

ADSCs Promote Angiogenesis
The grafts in the ADSC-treated group showed higher neovascu-
larization; therefore, we focused on angiogenesis to clarify the
reason why ADSCs induce positive effects on transplant mainte-
nance. Immunohistochemical analysis for the endothelial
marker CD31 was performed to assess graft vascularity. The
number of CD31� lumen formations was obviously higher in
the ADSC-treated group (Fig. 2A). For definite assessments, the
transitive number of CD31� lumen formations was counted
on days 3, 7, 14, and 21 after transplantation (n � 5 in each
arm and on each day). This value was significantly higher in
the ADSC-treated group on days 3, 7, and 14 when compared
with that in the control group (p � .05); however, it was not
significant on day 21 (p � .78) (Fig. 2B). This may be because
of the increased relative number of blood vessels for higher
atrophy of the grafts in the control group at 21 days after
transplantation. To assess angiogenic activity, VEGF expres-
sion was measured by quantitative reverse transcription PCR,
which showed that VEGF mRNA was significantly higher in the
ADSC-treated group on days 3 and 7 after transplantation
(p � .05) (Fig. 2C). In addition, expression of HGF, an angio-
genic and wound-healing factor, was also significantly higher
in the ADSC-treated group on days 3 and 7 (p� .05) compared
with that in the control group (Fig. 2D). Expression of interfer-
on-�, tumor necrosis factor-�, and interleukin-6 did not differ
significantly between the groups (data not shown).

Next, GFP-positive ADSCs were traced to assess whether
ADSCs differentiate into endothelial cells to form vascular struc-
tures (n � 9; sacrificed on days 3, 7, and 21; three mice each). In
vivo time course analysis of GFP-positive cells revealed that GFP-
positive cells formed cellular clusters with CD31 expression on
day 7 and then morphologically changed to vascular structures
on day 21 (Fig. 2E).

ADSCs Contain Adipogenic and Angiogenic
Characterized Cell Fractions
To clarify and characterize the cell fractions that constitute
ADSCs, multicolor flow cytometry analysis was performed (Fig.
3A). Analysis with CD45 revealed that ADSCs were divided
into CD45� and CD45� fractions and these were further divided
into CD90� and CD90� fractions. Regardless of CD90 expression,
CD45� cell fractions could not be maintained in vitro (Fig. 3B).
CD45� cells were further analyzed with CD34, CD90, and CD31.
In the CD45� cell fraction, a small number of CD31� cells (�25%)
was identified, which were suggested to be endothelial cells.
Because CD31� vascular endothelial cells arose from CD31�

GFP� cells in vitro (Fig. 2E) and the CD31� cell fraction could not
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be maintained in vitro (data not shown), the CD31� cell fraction
was further analyzed with CD34 and CD90 to clarify the origin of
CD31� cells. CD45� andCD31� cellswere constructed by CD34�

and CD34� cell components, and the CD34� cell componentwas
divided into CD34�CD90� and CD34�CD90� cell fractions (Fig.
3A). To assess cellular proliferative capacity and angiogenic ac-
tivity, a colony formation assay and Matrigel (BD Biosciences)
tube formation assay were performed in isolated CD45�CD31�

CD34�CD90� andCD45�CD31�CD34�CD90� cell fractions. The
colony formation assay revealed that both these cell fractions
formed colonies and that there was no significant difference be-
tween colony formation activity of the cell fractions (Fig. 3B).
Interestingly, in contrast to the CD45�CD31� CD34�CD90� cell
fraction, which showed low tube formation activity, theMatrigel
tube formation assay revealed high tube formation activity in the
CD45�CD31�CD34� CD90� cell fraction (Fig. 3B).

To characterize the cellular function of the CD45�

CD31�CD34�CD90� cell fraction, adipose differentiation activ-
ity was assessed. Phase contrast microscopy of adipocyte induc-
tion showed that the CD45�CD31�CD34�CD90� cell fraction
contained a large amount of lipid droplet-like structures com-
pared with the CD45�CD31�CD34�CD90� cell fraction, which
resulted in higher adipose differentiation activity of the

CD45�CD31�CD34�CD90� cell fraction (Fig. 3C). Next, to assess
stem cell activity, a sphere formation assay was performed. In-
terestingly, both CD45� CD31�CD34�CD90� and CD45�CD31�

CD34�CD90� cell fractions efficiently formed spheres (Fig. 3C).
Taken together, these findings indicate that ADSCs contain at
least two characteristic stem cell-like fractions that possess an-
giogenic and adipogenic properties. These analyses were per-
formed in triplicate from four independently sacrificedmice, and
compatible data were obtained.

Human ADSCs Support Transplant Survival
To assess whether human ADSCs share similar properties with
mouse ADSCs, human ADSCs were isolated from subcutaneous
fat pads and their cellular propertieswere analyzed. Flow cytom-
etry analysis of five human ADSC samples revealed cell surface
marker expression similar to that of mouse ADSCs, which con-
tained CD45� and CD45� cells. In CD45� cells, the existence of
CD34�CD31� (43.40� 12.79%), CD34�CD31� (11.99� 5.41%),
and CD34�CD45� (25.73 � 11.52%) cells was confirmed (Fig.
4A). Although the number of CD45�CD34�CD31� cells was
higher in human ADSCs than that in mouse ADSCs (11.99 �
5.41% in human vs. 4.25 � 2.41% in mouse), CD45�

CD34�CD31� cells could not actually be identified in human

Figure 1. ADSCs maintain intraperitoneal fat grafts in the pelvic dead space mouse model. (A): Bilateral peritesticular fat pads
(arrowheads in the left panel) were resected, and the intestinal tract was sutured to the retroperitoneal fascia to form the pelvic cavity
(arrowheads in the middle panel). The peritesticular fat pads were cut into 5-mm sections and then transplanted into the constructed
peritoneal dead space with or without ADSCs (arrowheads in the right panel). (B):Macroscopic findings of pelvis in mice transplanted
with graft treated with phosphate-buffered saline (PBS) control or with ADSCs. The graft showed atrophic features with adhesion to the
peritoneum and colon (blue arrowheads) in control mice, whereas it showed vivid features with neovascularization (black arrowheads)
without adhesion to the peritoneum and colon in ADSC-treated mice. (C): Hematoxylin and eosin staining of resected graft transplanted
with PBS control or with ADSCs. The right panels show high-magnification figures. Scale bars� 100 �m. (D): Graft volume rate (resected
fat weight/transplanted fat weight) of PBS control and ADSC-treated groups on days 3, 7, 14, and 21 after transplantation. Abbreviation:
ADSC, adipose-derived stem cell.
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ADSCs (4.12 � 2.85% in mouse). An in vitro assay indicated that
CD45�CD34� cells but not CD45�CD34� cells formed colonies
and spheres (Fig. 4B), suggesting that CD34� cells in a CD45�

fraction possess stem cell activity also in humanADSCs. To assess
whether human ADSCs contribute to long-term graft survival,
5 � 105 cells of freshly isolated ADSCs (fADSCs) were added to 1
ml of human lipoaspirate and then transplanted in nude mice
(n � 3 from independent patients). PBS was used as a control. The
mice inoculated with ADSCs showed efficient engraftment of
the transplants with the control mice 6 months after trans-
plantation (Fig. 4C). To assess whether cultured ADSCs (cAD-
SCs) also possess a high maintenance effect on the trans-
plants, each volume of engrafted transplants of fADSCs,
cADSCs, and PBS controls was measured 6 months after trans-
plantation. Interestingly, transplant volumes were highly re-
tained in the fADSC-treated mice compared with those in the
cADSC-treated and control mice (Fig. 4D). Immunohistochem-
ical staining for human vWF in resected specimens from the
control and fADSC-treated mice revealed high angiogenic ac-
tivity of fADSCs (Fig. 4E).

DISCUSSION

ADSCs are very attractive biomaterials for tissue engineering.
Actually, numerous studies focusing on clinical applications have
reported the usability of ADSCs in regenerative and reconstruc-
tion medicine [22–27]. In this study, we focused on the use of
ADSCs in gastroenterological surgery, and particularly in pelvic

surgery, in which omentum flaps have been used to correct pel-
vic defects [28, 29]. Despite the availability of the greater omen-
tum as a patch and cement to correct tissue defects, it is not
sufficient to correct pelvic defects because feeder vessels that
supply adequate blood flow to the flap are sometimes too short
to reach the pelvic cavity. In addition, the volume of the greater
omentum is sometimes not sufficient to correct pelvic defects. It
is difficult to use intraperitoneal fatty tissue as a cement for the
pelvic dead space; however, if resected intraperitoneal fatty tis-
sue can be maintained efficiently, it will be the most attractive
biomaterial for tissue engineering in pelvic reconstruction. Dur-
ing gastroenterological surgery, it is very easy to collect intraperi-
toneal fatty tissues. In this study, ADSCs efficiently maintained
resected intraperitoneal fat pads in vivo. The histopathological
findings of isolated grafts fromcontrolmice showednecrotic and
atrophic changes, suggesting ischemic necrosis. Immunohisto-
chemical analysis of isolated grafts for CD31 showed increased
CD31� capillary formation in grafts with ADSCs. Tracing analysis
of GFP� cells showed that GFP� cells formed cellular clusters
that morphologically changed to capillaries expressing CD31,
suggesting that the majority of CD31� capillaries in grafts were
derived from donor mice cells. Immunohistochemical analysis of
isolated human xenografts frommice for vWF also indicated that
neovessels were derived from donor cells. Although it has been
reported that ADSCs promote mobilization of circulating endo-
thelial progenitor cells for neovascularization [30] by synthesis
and secretion of multiple cytokines that affect angiogenesis [31,

Figure 2. ADSCs differentiate into CD31� endothelial vascular cells. (A): Immunohistochemical staining for CD31. Sections from
ADSC-treated mice contained abundant stromal structures with CD31� vascular formation (black arrowheads) compared with those
from controlmice. Scalebars�100�m. (B):NumbersofCD31� capillary structures in sectionsobtained fromcontrol andADSC-treatedmice.Bars
indicate �SD. (C): Semiquantitative analysis of VEGF mRNA expression in resected grafts from control and ADSC-treated mice. Bars indicate�SD.
(D): Semiquantitative analysis of HGF mRNA expression in resected grafts from control and ADSC-treated mice. Bars indicate �SD. (E): Tracing
analysis forGFP-positivecells (green)ondays3,7,and21after transplantation.ADSCswere isolated fromGFPtransgenicmice.Sectionswerestained
for CD31 (red) and nuclei for DAPI (blue). Abbreviations: ADSC, adipose-derived stem cell; DAPI, 4�,6-diamidino-2-phenylindole; GFP, green fluores-
cent protein; HGF, hepatocyte growth factor; VEGF, vascular endothelial growth factor.
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32], our study indicated that, at least inside the graft, a small
subset of ADSCs plays key roles in neovascularization. Actually,
ADSCs contain a CD45�CD31�CD34�CD90� angiogenic subset
that possesses sphere formation and tube formation abilities in
vitro [33]. In this study, we identified higher VEGF and HGF ex-
pression in grafts with ADSCs than that in controls, suggesting
that the CD45�CD31�CD34�CD90� cell fraction produces an-
giogenic cytokines for tissue repair and graft maintenance [33].
Interestingly, ADSCs also contain a CD45�CD31�CD34�CD90�

adipogenic subset that possesses high colony and sphere forma-
tion abilities but low tube formation ability. Considering that
angiogenic ADSCs promote angiogenesis and that adipogenic
ADSCs supply adipocytes, it is suggested that ADSCs maintain
transplants by cooperation of angiogenic and adipogenic sub-
sets. In addition,macroscopic findings by laparotomy showed no
apparent adhesion in ADSC-treated mice, suggesting that ADSCs
suppress inflammatory reactions as reported previously [34–
37]. In gastroenterological surgery, intestinal obstruction caused
by adhesion after anoperative procedure is amajor complication
that decreases the quality of life of patients, and sometimes, an
additional surgery is required to relieve the obstruction. These
findings imply the availability of ADSCs for prevention of adhe-
sion in gastroenterological surgery. Of course, for a definitive
conclusion, it is necessary to assess immunological factors in a
non-immune-deficient animal model.

For the clinical application of ADSCs toward regeneration
and reconstruction medicine, it is necessary to perform efficient

isolation of ADSCs with high purities and yields. In this study, we
used subcutaneous fat pads as a source for isolation of ADSCs
because we could not obtain a high number of ADSCs from intra-
peritoneal fatty tissues. Actually, the number of CD45�

CD34� ADSCs isolated from the greater omentum was about
twofold less than that isolated from subcutaneous fatty tissue
(data not shown), which is compatible with a previous report
[38]. If cultivated ADSCs retain potency in tissue repair equiva-
lent to that possessed by freshly isolated ADSCs, they would be a
powerful alternative option to freshly isolated ADSCs because it
is very easy to cultivate these cells, increase cell numbers, and
prepare cells before clinical application. Unfortunately, culti-
vated ADSCs showed reduced graft maintenance ability com-
pared with freshly isolated ADSCs in this study. Although CD34
expression reportedly diminishes during culture [39], the cellular
characteristics of cultured ADSCs may be somewhat different
from those of freshly isolated ADSCs.

CONCLUSION

In this study, we clarified the availability of ADSCs in gastroenter-
ological surgery, and particularly in pelvic surgery. Of course, it is
necessary to assess whether ADSCs affect the frequency of can-
cer recurrence after radical surgery [40–42]. Previous findings
have revealed that the expression of reactive oxygen species in
ADSCs is only slightly retained [43], suggesting that ADSCs

Figure 3. Adipose-derived stem cells (ADSCs) constructed from angiogenic and adipogenic subsets. (A): Flow cytometry analysis of mouse
ADSCs. CD45� cells were analyzed for CD34, CD90, and CD31. The CD45�CD31�CD34� subpopulations were further analyzed for CD90. (B):
Colony formation and tube formation assays of freshly isolated CD45�CD31�CD34�CD90� and CD45�CD31�CD34�CD90� mouse ADSC
subsets. Scale bars� 100�m. (C):Adipocyte differentiation and sphere formation activities of freshly isolated ADSC subsets. Scale bars� 100
�m.
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possess chemo-radio resistance [44, 45]. Grafts with ADSCs
can be expected to prevent surrounding tissues from radia-
tion damage as a biomaterial spacing device in case of radio-
therapy for rectal cancer recurrence. Nonetheless, for clinical
application of ADSCs in pelvic surgery for colorectal cancer,
there are several problems that must be solved, and further
studies will be required.
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