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Summary

There is an increasing recognition that beneficial effects of adipose-derived stem cell (ADSC)
therapy may depend largely on the secretion of multiple growth factors. This study modified
ADSCs with the Bcl-2 gene in order to increase the secretion of growth factors during
oxygen-glucose deprivation (OGD). The phenotypes of human ADSCs that were passaged 4
times were analyzed using flow cytometry. Then, ADSCs were genetically modified with Bcl2 and Bcl-2 gene transduction was verified with Western blotting. Proliferative capacity and
multipotent differentiation properties were evaluated in Bcl-2-modified ADSCs. Secretion
of vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF), and basic
fibroblast growth factor (bFGF) was evaluated using an enzyme-linked immunosorbent
assay (ELISA) during OGD. Human ADSCs that were passaged 4 times expressed stem
cell-associated markers but not a fibroblast marker or a hematopoietic stem cell marker.
The Bcl-2 gene was efficiently transfected into ADSCs; Bcl-2 modification did not affect
the proliferative and multilineage differentiation capacity of ADSCs. In addition, Bcl-2
overexpression enhanced the secretion of VEGF, bFGF, and HGF by 14.47%, 16.9%, and
91%, respectively, compared to ADSCs alone that were deprived of oxygen and glucose.
These data suggest that Bcl-2 overexpression enhances secretion of angiogenic growth factors
by ADSCs deprived of oxygen and glucose.
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1. Introduction
Human adipose-derived stem cells (ADSCs) are adult
pluripotent stem cells. Their use in stem cell therapy
has attracted increasing attention in recent years (1-3).
ADSCs have the potential to differentiate into multiple
lineages, such as bone, cartilage, tendons, nerves, and
fat when cultivated under lineage-specific conditions
(4-5). Compared to bone marrow mesenchymal stem
cells, ADSCs can be easily obtained in large amounts
with less donor site morbidity and discomfort (6-8).
Because of their convenient isolation, high level of autoreproducibility, pluripotentiality, and immunosuppressive
properties, ADSCs are increasingly recognized as a
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promising source of human stem cells for cell therapy.
ADSCs have been used in basic and clinical studies for
the treatment of many diseases (9-13). The therapeutic
mechanism of ADSCs in cell therapy is based on their
ability to directly differentiate into tissue specific cells
as well as the paracrine actions of factors released from
ADSCs (14-16). However, the harsh microenvironment
results in poor viability for transplanted cells, and
this may significantly limit the paracrine capacity of
ADSCs. Therefore, protecting ADSCs from apoptosis
and improving their paracrine function is critical to a
successful therapy based on ADSCs.
The Bcl-2 antiapoptotic protein is a member of the
Bcl-2 family, which plays an important role in regulating
the mitochondrial apoptotic pathway to inhibit cell death
(17). Bcl-2 overexpression can delay the occurrence
of cell death (18). Bcl-2 deficiency leads to a loss of a
death repressor in specific cells (19). As indicated by a
previous study (20), Bcl-2 overexpression significantly
reduces ADSC apoptosis. ADSCs are known to enhance
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the secretion of angiogenic and antiapoptotic factors
under hypoxic conditions (16). The present study sought
to investigate the secretion of growth factors by Bcl-2modified ADSCs under ischemic conditions induced by
oxygen-glucose deprivation (OGD) in an in vitro model.
2. Materials and Methods
2.1. Isolation and culturing of human ADSCs
Samples of human adipose tissue were obtained
from three healthy female donors undergoing thigh
liposuction. Informed consent was obtained from
these donors and the study protocol was approved
by an institutional review board. The aspirated fat
was washed with PBS and then digested with 0.1%
collagenase type I (Gibco, Life Technologies, CA,
USA). The digested tissue was centrifuged to separate
the stromal cell fraction from adipocytes and connective
tissues. The cells were resuspended with complete
Dulbecco's modified Eagle medium (DMEM) (Gibco)
containing 10% fetal bovine serum (Gibco) and 1%
penicillin/streptomycin (Keygentec, Nanjing, China).
The cells were passed through a 200-μm mesh and
then centrifuged. The isolated cells were resuspended
in complete DMEM, placed into 25-cm2 flasks, and
cultured at 37°C in a humidified atmosphere with 5%
CO2. The medium was replaced every 3 days. Cells
were passaged at a ratio of 1:2 per week. Only cells that
were passaged 4 times were used in this study.
2.2. Characterization of human ADSCs
ADSCs were harvested by treatment with 0.25%
trypsin/EDTA (Gibco) and then resuspended at a
total number of 2 × 106 cells in 500 μL PBS. ADSCs
were labeled for 15 min at 4°C with the following
monoclonal antibodies: anti-CD29-FITC (eBioscience,
San Diego, CA, USA), anti-CD34-FITC (BD
Biosciences, San Diego, CA, USA), anti-CD44-PE
(BD Biosciences), anti-CD90-FITC (BD Biosciences),
anti-CD133 (293C3)-PE (Miltenyi Biotec GmbH,
Bergisch Gladbach, Germany), or HLA-DR-FITC (BD
Biosciences). The cells were thoroughly washed with
PBS before analysis. FITC- or PE-labeled mouse IgG
(Biolegend, San Diego, CA, USA) was used as the
isotype control. The cells were then analyzed with a
BDFACSCanto flow cytometer (Becton-Dickinson,
San Jose, CA, USA). Data were analyzed with the Cell
Quest software package (Becton Dickinson, Bedford,
Mass, USA).
2.3. Gene transduction in ADSCs
ADSCs that had been passaged 4 times were seeded in a
six-well plate at 1 × 105 cells/well. At 80% confluence,
the ADSCs were infected with an adenovirus encoding

the enhanced green fluorescent protein gene (Ad/
EGFP) at different multiplicities of infection (MOI
= 0, 100, 200, and 500). At 48 h post-transduction,
the transduction efficiency of the EGFP gene was
examined under a fluorescence microscope (ZEISS,
Germany) and with flow cytometry. The optimal MOI
was used for Bcl-2 gene delivery into ADSCs. ADSCs
without gene transduction and those transfected with
adenovirus carrying Bcl-2 (Ad/Bcl-2) or adenovirus
alone were termed "ADSCs", "Bcl-2-ADSCs", and
"vector-ADSCs", respectively. Levels of Bcl-2 protein
expression were evaluated using Western blotting.
2.4. Measurement of doubling time
ADSCs, vector-ADSCs, and Bcl-2-ADSCs were seeded
at a density of 1 × 104 cells per cm2 in six-well plates
and incubated until they reached their logarithmic
growth phase. The cells were then harvested at
intervals of 48 h and counted with a cell counting plate.
Doubling time was calculated according to a formula
from a previous study (21). Doubling time = 48 h/log2
(N2/N1), where N1 is the first cell count and N2 is the
cell count 48 h later.
2.5. Differentiation of genetically modified human
ADSCs
To induce adipogenic differentiation, Bcl-2-ADSCs
were seeded onto plates at 1 × 104 cells/cm2 in complete
DMEM. After culturing for 24 h, the medium was
changed to adipogenic induction medium using an
Adipogenesis Differentiation Kit (Gibco) and the cells
were cultured for 14 days. Then, Oil Red O staining was
used to observe oil droplets in the cytoplasm of cells.
For chondrogenic differentiation, 5-μL droplets of Bcl2-ADSCs in complete DMEM (1 × 107 cells/mL) were
seeded onto plates. After culturing for 48 h, the medium
was changed to chondrogenic induction medium
using a Chondrogenesis Differentiation Kit (Gibco).
Chondrogenic differentiation was induced for 14 days.
Chondrogenic differentiation was assessed using Alcian
Blue staining. For osteogenic differentiation, Bcl2-ADSCs (5 × 10 3/cm 2) were seeded onto plates in
complete DMEM. After culturing for 48 h, the medium
was changed to osteogenic induction medium using an
Osteogenesis Differentiation Kit (Gibco) and cells were
cultured for 24 days. The cells were then stained with a
1% Alizarin Red S solution.
2.6. Western blotting
Equal amounts of denatured proteins were loaded
into each lane of a gel. After electrophoresis, the
resolved proteins were transferred onto a nitrocellulose
membrane. The membrane was blocked with PBS
containing 0.2% Tween 20 and 5% skim milk for 2 h
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at room temperature and then incubated with an antihuman Bcl-2 antibody (Keygentec) overnight at 4°C.
The membrane was subsequently incubated with a
horseradish peroxidase-conjugated secondary antibody,
and specific bands were detected with an ECL kit
(Keygentec).
2.7. Oxygen-glucose deprivation
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according to flow cytometry. Representative GFP
expression is shown in Figure 2A. Based on these
results, the transduction efficiency reached its maximum
at a MOI of 200 (Figure 2B). After transduction, Bcl2-ADSCs and vector-ADSCs were morphologically
indistinguishable from ADSCs. Thus, an optimal MOI of
200 was chosen for subsequent experiments. Detectable
protein expression of Bcl-2 was observed in Bcl-2-

ADSCs, vector-ADSCs, and Bcl-2-ADSCs were seeded
at a density of 2.5 × 105 cells per well on three six-well
plates in complete DMEM and then cultured for 24 h.
OGD was then performed as described previously (22).
Briefly, cells were cultured in glucose-free DMEM
(Gibco) and exposed to hypoxic conditions in an
airtight chamber with 95% N2 and 5% CO2 at 37°C.
2.8. Determination of levels of growth factors
Cells were cultured and either deprived of oxygen and
glucose or not deprived of oxygen and glucose for up
to 48 h. The conditioned media with the three groups of
cells (ADSCs, vector-ADSCs, and Bcl-2-ADSCs) were
collected to evaluate the levels of vascular endothelial
growth factor (VEGF), hepatocyte growth factor (HGF),
and basic fibroblast growth factor (bFGF) using a
human VEGF enzyme immunoassay kit (Keygentec),
human bFGF (Keygentec), or human HGF enzyme
immunoassay kit (Keygentec) in accordance with the
manufacturer's protocol.

Figure 1. Representative data on the immunophenotypes
of human ADSCs that were passaged 4 times. Fluorescenceactivated cell sorter analysis indicating the expression of
selected surface molecules. (A) CD29; (B) CD34; (C)
CD44; (D) CD90; (G and H) Control cells labeled with nonimmunoreactive isotype control antibodies. ADSCs expressed
the stem cell-associated markers CD29, CD44, and CD90 and
did not express CD34, the fibroblast marker HLA-DR, or the
hematopoietic stem cell marker CD133.

2.9. Statistical analysis
Data are expressed as mean ± S.D. Statistical analyses
were performed using the statistical software SPSS
(version 13.0; IBM, USA). Differences among the
3 groups of cells (ADSCs, vector-ADSCs, and Bcl2-ADSCs) were compared using one-way ANOVA.
Comparisons between 2 groups were performed with
an unpaired Student's t test. A value of p < 0.05 was
considered statistically significant.
3. Results and Discussion
3.1. Characterization of human ADSCs
Flow cytometric analysis indicated that ADSCs
expressed stem cell-associated markers CD29, CD44,
and CD90 but lacked expression of CD34, the fibroblast
marker HLA-DR, and the hematopoietic stem cell
marker CD133 (Figure 1).
3.2. Bcl-2 overexpression in genetically modified human
ADSCs
At MOIs of 0, 100, 200, and 500, Ad/EGFP transduction
efficiency was 0, 49%, 80%, and 80.5%, respectively,

Figure 2. Transduction of ADSCs with an adenoviral vector.
(A) Representative photomicrograph of ADSCs transfected
with Ad/EGFP. Fluorescence-activated cell sorter analysis
indicating the transduction efficiency of EGFP-transfected
ADSCs (B) compared to untransfected ADSCs (C). (D)
Representative western blots showing overexpression of Bcl-2
protein in Bcl-2-ADSCs, which remained at a high level for 14
days post-transduction. GAPDH served as the loading control.
Scale bar = 100 μm.
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ADSCs as early as 24 h and that level of expression
remained high as of day 14 (Figure 2C). In contrast,
weak expression of Bcl-2 was detected in vector-ADSCs
24 h post-transduction and in ADSCs, indicating a low
level of endogenous Bcl-2 protein in ADSCs.
3.3. Bcl-2-modified human ADSCs retained their
proliferative and multipotent capacity
ADSCs, vector-ADSCs, and Bcl-2-ADSCs had
comparable doubling times (Figure 3A). Bcl-2-ADSCs
differentiated into adipocytes, as indicated by Oil
Red O staining (Figure 3B, left). Chondrocytes were
apparent according to staining with Alcian Blue (Figure
3B, center), and osteoblasts were apparent according to
Alizarin Red S staining (Figure 3B, right).

Figure 3. Doubling time and differentiation capacity of
Bcl-2-ADSCs. (A) The rate of cell proliferation by ADSCs,
vector-ADSCs, and Bcl-2-ADSCs was determined, and their
doubling times were determined. There were no significant
differences in the doubling time of ADSCs, vector-ADSCs,
and Bcl-2-ADSCs. Bcl-2-ADSCs were cultured in adipogenic,
chondrogenic, and osteogenic medium. (B) Adipogenic
differentiation. Staining with Oil Red O. (C) Chondrogenic
differentiation. Staining with Alcian Blue. (D) Osteogenic
differentiation. Staining with Alizarin Red S. Values are
presented as the mean ± S.D. Scale bar = 50 μm.

3.4. Bcl-2-modified human ADSCs upregulated growth
factors while deprived of oxygen and glucose
During deprivation of oxygen and glucose, Bcl-2ADSCs secreted a significantly higher level of VEGF
than ADSCs alone (720.83 ± 90.02 versus 629.67 ±
20.45 pg/mL, p < 0.05) or than vector-ADSCs (622.50
± 17.82 pg/mL, p < 0.05). Bcl-2-ADSCs secreted a
significantly higher level of bFGF than ADSCs alone
(383.83 ± 13.86 versus 328.33 ± 4.32 pg/mL, p < 0.05)
or than vector-ADSCs (332.50 ± 4.85 pg/mL, p < 0.05).
Bcl-2-ADSCs secreted a significantly higher level
of HGF than ADSCs alone (3943.80 ± 260.78 versus
2064.70 ± 387.16 pg/mL, p < 0.05) or than vectorADSCs (1952.00 ± 128.54 pg/mL, p < 0.05). Bcl-2ADSCs secreted a 14.47% higher level of VEGF, a
16.9% higher level of bFGF, and a 91% higher level
of HGF compared to ADSCs alone that were cultured
while deprived of oxygen and glucose. There were no
significant differences in the levels of these three factors
in ADSCs and vector-ADSCs deprived of oxygen and
glucose (p > 0.05). The levels of VEGF and HGF were
higher during deprivation of oxygen and glucose than
during normal culturing (p < 0.001). However, the level
of bFGF during deprivation of oxygen and glucose was
comparable to that during normal culturing. There were
no significant differences in the levels of these three
factors in ADSCs, vector-ADSCs, and Bcl-2-ADSCs
during normal culturing (Figure 4).
Use of cell-based therapy to treat a number of diseases
is a rapidly developing trend in tissue engineering and
regenerative medicine. Availability of appropriate cell
types remains a crucial issue for therapeutic efficacy
and safety. There are several different types of stem
cells that have been considered. Although embryonic
stem cells have the greatest regenerative potential,
their use is limited by ethical reasons, potential
tumorigenicity, and immunological rejection (23). Use
of endothelial progenitor cells from peripheral blood
and bone marrow is hampered by expensive procedures
of isolation and difficulties in obtaining a sufficient

Figure 4. VEGF, HGF, and bFGF secretion by ADSCs, vector-ADSCs, and Bcl-2-ADSCs while deprived of oxygen and
glucose or not deprived of oxygen and glucose. (A-C) After incubation for 48 h, the secretion of VEGF, HGF, and bFGF by
cells that were not deprived of oxygen and glucose and cells that were deprived of oxygen and glucose (n = 8 in each group) in
conditioned medium was measured using ELISA. VEGF, HGF, and bFGF concentrations are presented as the mean ± S.D
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amount of cells. In addition, in vitro cell expansion
over multiple passages increases the potential risk of
malignancies and chromosomal abnormalities. The
harvesting of bone marrow to obtain mesenchymal
stromal cells is an invasive and painful procedure.
ADSCs have the advantages of easy availability from
subcutaneous adipose tissue in large quantities with
minimal donor site morbidity and simple collection
procedures compared to those for other types of stem
cells. Therapy based on ADSCs has emerged as a novel
approach to treat a wide range of medical conditions.
Thus, ADSCs appear to be favorable candidates for
practical stem cell-based therapy.
ADSCs play important roles in cell therapy through
multidifferentiation as well as through secretion of
growth factors. There is an increasing recognition that
the benefits of cell therapy may be mostly attributed to
the secretion of multiple complementary growth factors
(24-26). Numerous studies have examined the paracrine
mechanism of ADSCs. In vitro, ADSCs can secrete
a variety of angiogenic, antiapoptotic, and mitogenic
factors, including VEGF, HGF, bFGF, and transforming
growth factor-β. Furthermore, the secretion of these
growth factors is significantly enhanced when ADSCs
are exposed to hypoxic conditions (16,27). These
growth factors possess angiogenic potential and work
collaboratively (15,28,29). Angiogenesis involves
activation, migration, and proliferation of endothelial
cells and is regulated by certain growth factors. These
growth factors promote therapeutic angiogenesis,
possibly by the combination of direct effects of some
growth factors on endothelial cells and indirect effects,
including paracrine upregulation of other growth
factors (30). However, marrow-derived mesenchymal
stromal cells have a poor survival once implanted
and exposed to ischemic conditions; previous studies
revealed that only a small amount of grafted cells
had survived in situ 4 days after injection (31-33).
Therefore, ADSC-based therapy may be hindered by
low cell survival rates. Previous findings have indicated
that Bcl-2 overexpression significantly reduces ADSC
apoptosis under harsh conditions (20). Using Bcl-2
overexpression to protect ADSCs from apoptosis would
establish a good foundation for the paracrine function
of ADSCs.
In the present study, flow cytometric analyses
revealed that ADSCs that were passaged 4 times
expressed the stem cell-associated surface markers
CD29, CD44, and CD90 but not the fibroblast marker
HLA-DR or the hematopoietic stem cell marker
CD133. A point worth mentioning is that ADSCs that
were passaged 4 times did not express CD34. The
expression profiles coincided with those in previous
studies (21,34,35). Expression of CD34 and CD34 by
ADSCs declined with additional passages. Western
blotting indicated that the exogenous Bcl-2 gene was
efficiently transferred into ADSCs and resulted in a
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high of Bcl-2 expression at the protein level. ADSCs
that were genetically modified with Bcl-2 retained
their differentiation and proliferative capacity. Bcl2 overexpression significantly increased the secretion
of growth factors when the cells were cultured while
deprived of oxygen and glucose. The present study,
to the extent known, is the first to find that Bcl-2ADSCs release higher levels of multiple growth
factors, such as VEGF, bFGF, and HGF, than do vectorADSCs and ADSCs alone while deprived of oxygen
and glucose. Previous studies have indicated that the
use of single angiogenic growth factors to strengthen
neovascularization in patients with atherosclerotic
disease results in only modest success (36,37).
Angiogenesis and collateral growth are likely to require
multiple growth factors acting in concert (38,39). The
present study provides the first direct evidence that
Bcl-2 upregulation enhances the potential secretion of
growth factors by ADSCs under ischemic conditions.
Bcl-2 modification has the advantage of enhancing
the levels of a variety of growth factors instead of a
single factor when cells are exposed to an ischemic
environment early on. Bcl-2-modifid ADSCs can
secrete a range of angiogenic growth factors that act in
a synergistic manner to promote angiogenesis. This is
highly preferable to the increased expression of a single
angiogenic factor. The underlying mechanism by which
Bcl-2 upregulation enhances the potential secretion of
growth factors by ADSCs under ischemic conditions
needs to be studied.
In conclusion, the present results indicated that Bcl2 genetically modified ADSCs retain their proliferative
and multilineage differentiation potential. In addition,
Bcl-2 upregulation via gene transduction significantly
enhanced the levels of paracrine factors secreted by
ADSCs under ischemic conditions. These findings
provide an experimental basis on which to enhance the
potential secretion of growth factors by ADSCs under
ischemic conditions.
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