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Abstract

Introduction: Adipose-derived stem/stromal cells (ASCs) are considered a promising cell source for therapeutic
angiogenesis because the cells can be prepared following a minimally invasive procedure and because they secrete
a variety of angiogenic cytokines. In the present study, the influence of donor age and passage number on angiogenic
activity of ASC-conditioned media (ASC-CM) was examined.

Methods: Human ASCs (donor age, 5 months to 82 years; n = 10) were cultured, and ASC-CM were collected at
passages 2, 4, and 6. The angiogenic activity of ASC-CM was evaluated with the tube formation assay using a system
in which human umbilical vein endothelial cells (HUVECs) and fibroblasts were co-cultured. The concentrations of
vascular endothelial growth factor-A (VEGF-A) and hepatocyte growth factor (HGF) in each ASC-CM were measured
using an enzyme-linked immunosorbent assay.

Results: A donor age over 60 years affected the proliferative capacity of ASCs at passage 4 and later. ASC-
CM significantly enhanced HUVEC tube formation, and this response was not influenced by donor age. ASC-CM at
passage 6 showed a lower tube formation capacity compared to ASC-CM at passage 4, although the capacity was still
equivalent to the positive control (medium containing10 ng/mL VEGF-A). A donor age over 26 years affected VEGF-A
but not HGF levels in ASC-CM, although we found no direct correlation between VEGF-A/HGF levels and the tube
formation capacity.

Conclusion: Our results demonstrate a passage number-dependent but a donor age-independent decline in the

angiogenic activity of ASC-CM.
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Fraction; VEGF-A: Vascular Endothelial Growth Factor-A.

Introduction

Adipose tissue is composed of a population of multipotent
progenitors, termed adipose-derived stem/stromal cells (ASCs), which
can be isolated and expanded from the stromal vascular fraction (SVF)
of collagenase-digested adipose tissue [1]. The phenotype and functional
properties of ASCs are similar to bone marrow mesenchymal stem cells
(MSCs). Cultured ASCs satisfy the minimal criteria for defining MSCs
as proposed by the International Society of Cell Therapy based on their
phenotype (CD73*, CD90*, CD105%, CD11b/CD14-, CD19/CD73b",
CD34, CD457, HLA-DR"), their plastic-adherent properties, and their
potential to differentiate into multiple lineages including adipogenic,
chondrogenic, and osteogenic lineages [2]. Because adipose tissue is
abundant in most individuals and can be harvested with a less invasive
procedure that required for harvesting bone marrow, ASCs are thought
to be a promising cell source for a variety of cell-based therapies and
tissue engineering [3].

Similar to bone marrow MSCs, ASCs possess angiogenic potential
in vitro and in vivo. Transplantation of ASCs improves recovery of
blood flow in mice and rats following an ischemic vascular injury [4-7].

The therapeutic effect of ASCs in ischemic models is mainly mediated
by the release of a number of angiogenic factors such as vascular
endothelial growth factor-A (VEGF-A) and hepatocyte growth factor
(HGF) [4,6,8,9]. ASCs can be directed to differentiate into vascular
endothelial cells [5,10-12] and smooth muscle-like cells [13,14] and
contribute to repair in ischemic tissue. ASCs also promote mobilization
of bone marrow endothelial progenitors that also participate in
neovascularization [15,16]. Several clinical trials of cell therapies using
ASCs or SVF cells for cardiovascular diseases are ongoing [17].

The proliferation and differentiation potential of MSCs/ASCs is
known to be affected by in vitro aging (passage number in culture) [18-
21] and by in vivo aging (donor age) [18,20,22-25]. On the other hand,
limited information is currently available regarding the angiogenic
potential of aged ASCs [26-28]. In the setting of ASC-based therapeutic
angiogenesis, clarification of how in vivo and in vitro aging of cultured
human ASCs affects angiogenic potential is needed, because the
population of patients with cardiovascular diseases is generally elderly,
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and culturing the cells for several passages is commonly needed to obtain
sufficient numbers and purity of cells for transplantation. In the present
study, we examined the influence of donor age and passage number on
angiogenic activity in human ASC-conditioned media (ASC-CM). To
evaluate angiogenic activities, we employed an in vitro tube formation
assay that involves co-culture of human umbilical vein endothelial
cells (HUVECs) with fibroblasts as stromal cells. This co-culture assay
mimics in vivo capillary vessel formation and is reproducible, sensitive,
and permits quantification of the angiogenic activity of substances
including chemical compounds and conditioned media from cells [29].
Our results demonstrated a passage number-dependent but a donor
age-independent decline in the angiogenic activity of ASC-CM.

Materials and Methods

Cell preparation

Samples of human subcutaneous adipose tissue (donor age, 5 months
to 82 years; n = 10) were obtained from patients undergoing surgery at
Nihon University Itabashi Hospital. Patients provided written informed
consent, and the Ethics Committee of Nihon University School of
Medicine approved the study. Preparation of cultured ASCs was done
as described previously [30]. Briefly, approximately 2 g adipose tissue
was minced and digested in 0.1% collagenase solution (Collagenase
type I, Koken, Tokyo, Japan) at 37°C for 1 h with gentle agitation.
After filtration and centrifugation at 135 xg for 3 min, the pellet was
washed with phosphate-buffered saline (PBS) and resuspended in
Dulbeccos modified Eagles medium (DMEM, Invitrogen, Carlsbad,
CA) containing 20% fetal bovine serum (FBS, JRH Bioscience, Lenexa,
KS). The cells (5 x 10°) were incubated at 37°C in 5% CO, in 25-cm?
culture flasks. The medium was replaced every 3-4 days. When the cells
reached 80-90% confluence after 10 to 14 days of culture, the cells were
washed with PBS, detached with 0.05% trypsin-EDTA (Invitrogen),
and reseeded at a density of 1 x 10° cells on a 100-mm dish (passage 1).
The cells were serially subcultured up to passage 8 at a density of 1 x 10°
cells per 100-mm dish. The morphology of the cells at each passage was
evaluated with phase contrast microscopy (Nikon Eclipse TE2000-U,
Nikon, Tokyo, Japan). When the cells did not reach 70% confluence
by 10 days after subculture, no further passaging was performed after
confirming an increase in senescent cells in the culture. The senescent
cells were detected with a senescence p-galactosidase staining kit (Cell
Signaling, Beverly, MA).

In vitro differentiation assay

Differentiation assays for adipocytes, osteoblasts, chondrocytes, and
smooth muscle cells were performed as previously described [30,31] with
minor modifications. Briefly, for adipogenic differentiation, confluent
ASCs were cultured for 14 days in 10% FBS in DMEM supplemented
with 1 puM dexamethasone, 0.5 mM 3-isobutyl-l-methylxanthine
(Sigma-Aldrich, St. Louis, MO), and 5% insulin-transferrin-selenium-X
(Invitrogen). Cells were fixed with 4% paraformaldehyde and stained
with Oil Red O (Sigma-Aldrich) for 20 min. Intracellular accumulation
of neutral lipids was examined with light microscopy (Nikon Eclipse
TE2000-U). For osteogenic differentiation, confluent ASCs were
cultured for 3 weeks in 10% FBS in DMEM supplemented with 100
nM dexamethasone, 10 mM [-glycerophosphate, and 50 pM L-ascorbic
acid (Sigma-Aldrich). Cells were fixed with 4% paraformaldehyde and
then stained for alkaline phosphatase using an alkaline phosphatase
staining kit (Muto Pure Chemicals, Tokyo, Japan). Other cells were
treated with 1% alizarin red S (Sigma-Aldrich) at room temperature for
3 min to visualize calcium precipitation. Stained cells were examined
with light microscopy (Nikon Eclipse TE2000-U). For chondrogenic

differentiation, cells were seeded at a density of 2 x 10° cells per pellet
in 15-cm? conical tubes. Cells were centrifuged at 300 xg for 3 min to
collect cells at the bottom of each tube, facilitating the formation of a cell
pellet. Cells were maintained at 37°C with 5% CO, in NH ChondroDiff
medium (Miltenyi Biotec, Bergish Gladbach, Germany) for 21 days.
The medium was replaced every 3-4 days. After photography under
a stereomicroscope (VB-7000, Keyence, Osaka, Japan), the pellets
were fixed, paraffin embedded, and sectioned at 5 um thickness. The
sections were fixed in 4% paraformaldehyde, permeabilized in 0.2%
Triton X-100, blocked with normal goat serum, and incubated with
mouse monoclonal anti-human aggrecan antibody (1:100, MAB19310,
Chemicon, Temecula, CA) at 4°C overnight, followed by Alexa 594 goat
anti-mouse IgG antibody (1:500, Invitrogen). After staining the nuclei
with Hoechst 33342, the samples were examined using a confocal laser
scanning microscope (Olympus FluoView FV10i, Olympus, Tokyo,
Japan). For smooth muscle cell differentiation, 5 x 10* cells were seeded
on 35-mm dishes and incubated with 5% FBS in DMEM supplemented
with 5 ng/mL transforming growth factor-pl (R&D Systems,
Minneapolis, MN) for 7 days. Cells were fixed in 4% paraformaldehyde,
permeabilized in 0.2% Triton X-100, blocked with normal goat serum,
and incubated with mouse monoclonal anti-human X-smooth muscle
actin (ASMA) antibody (1:200, DakoCytomation, Glostrup, Denmark)
followed by Alexa 594 goat anti-mouse IgG antibody (1:500). After
staining nuclei with Hoechst 33342, the samples were examined using
an immunofluorescence microscope (Nikon Eclipse TE 2000-U).

Preparation of ASC-CM

ASCs at passages 2, 4, and 6 were cultured on 100-mm dishes until
they reached confluence. The cells were then washed once with PBS,
the medium was replaced with 5 mL of 5% FBS in DMEM, and cells
were cultured for a further 72 h at 37°C in 5% CO, in air. Conditioned
medium was collected and centrifuged at 300 xg for 10 min, and then
the medium was filtered through a 0.45-um filter and cryopreserved at
-80°C in a deep freezer. Immediately prior to use, samples were rapidly
thawed in a 37°C water bath.

Tube formation assay

ASC-CM-induced HUVEC tube formation capacity was evaluated
using an Angiogenesis kit (Kurabo, Osaka, Japan) according to the
manufacturer’s instructions. HUVECs were co-cultured with human
fibroblasts in 24-well plates with ASC-CM diluted 1:1 with the assay
medium (Kurabo). A 1:1 mixture of 5% FBS in DMEM and the assay
medium was used as a negative control, and the negative control medium
supplemented with 10 ng/mL VEGF-A (R&D Systems) was used as a
positive control. The medium was replaced every 3 days. After 11 days
of culture, cells were fixed with 70% ethanol, blocked with 1% bovine
serum albumin in PBS, incubated with mouse monoclonal anti-human
CD31 antibody (1:4000, Kurabo) at 37°C for 1 h, and then incubated
with alkaline phosphatase-conjugated goat anti-mouse IgG (1:500,
Kurabo) at 37°C for 1 h. Immunoreactivity was visualized using nitro
blue tetrazolium chloride and 5-bromo-4-chloro-3-indoly-phosphate.
Stained samples were examined with light microscopy (Nikon Eclipse
TE2000-U) under a 4x objective lens, and three random fields in each
well were photographed. The total tube length and total tube area in
three fields/well were quantified using Angiogenesis Image Analyzer
software (Ver. 2.04, Kurabo). Each sample was tested in triplicate wells.

Enzyme-linked immunosorbent assay (ELISA)

The concentrations of VEGF-A, HGE and fibroblast growth factor-2
(FGF-2) in ASC-CM were determined with ELISA according to the
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manufacturer's protocol (R&D Systems). Absorbance at 450 nm was
read using a microplate reader (Model680XR, Bio-Rad Laboratories,
Hercules, CA). Each sample was tested in triplicate wells.

Statistical analysis

All data are presented as the mean + SD. One-way analysis of
variance (ANOVA) and Tukey’s multiple comparison tests were used to
compare the tube length and tube area of different donors. Friedman’s
ANOVA and the Wilcoxon signed ranks test were used to compare the
tube length and tube area of different cell passages. The Mann-Whitney
U test was used to compare VEGF-A levels between the groups.
Statistical analysis was performed using JMP (version 8, SAS Institute
Japan, Tokyo, Japan). p < 0.05 was considered statistically significant.

Results

Preparation and properties of cultured human ASCs

We first prepared cultured ASCs from SVF cells of collagenase-
digested human adipose tissue. Preparation of ASCs was successful
for all donors we examined (n = 10). Cultured ASCs at first passage

exhibited spindle-shaped morphology with high proliferative activity
(Figure 1A). The cells showed the ability to differentiate into adipocytes
(Figure 1B), osteoblasts (Figure 1C and D), chondrocytes (Figure 1E and
F), and smooth muscle-like cells (Figure 1G) when they were cultured
in appropriate culture conditions. Immunophenotypic analysis revealed
that ASCs expressed stromal cell markers for CD73, CD90, and CD105,
and did not express the hematopoietic markers CD45, CD34, CD14,
CD19, and HLA-DR (data not shown). These immunophenotypic and
multilineage differentiation properties of the cells corresponded to the
minimum definition of ASCs as described previously [2].

Donor age- and passage number-dependent changes in
morphology and proliferative capacity of ASCs

ASCs obtained from each donor were subcultured, and changes in
cell morphology and proliferative capacity were examined. Up to passage
3, all ASC cultures exhibited spindle-shaped morphology and high
proliferative capacity with a population doubling time of <72 h. Thus,
cells reached confluence within 7 days after seeding. At passage 4, ASCs
from donors aged 60 years and 82 years became enlarged and showed
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Figure 1: Characteristics of human adipose-derived stem cells (ASCs).

Cultured ASCs were prepared from stromal vascular fraction cells isolated from collagenase-digested human subcutaneous adipose tissue. The cells were analyzed
for their multilineage differentiation potential in vitro. (A) Morphology of ASCs at first passage. (B) Cells were cultured in adipogenic differentiation medium for 2 weeks
and stained with Oil red O. (C and D) Cells were cultured in osteogenic differentiation medium for 3 weeks and stained for alkaline phosphatase (ALP) (C) and alizarin
red S (D). (E and F) Cells were seeded in 15-cm?® conical tubes and cultured in chondrogenic differentiation medium for 3 weeks. Formed micromass pellets were
photographed (E). The micromass pellets were sectioned and stained for aggrecan (F). (G) Cells were cultured in smooth muscle cell differentiation medium for 1 week
and stained for a-smooth muscle actin (ASMA). Nuclei were stained with Hoechst 33342 (Hoechst). Scale bar: 200 pymin A, B, C, D, F, and G; 1 mm in E.
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flattened morphology, although ASCs from donors aged 5 months and
1 year retained their spindle-shaped morphology (Figure 2A). The
flattened cells then lost their proliferative potential and could not be
subcultured. In ASCs from elderly donors aged more than 60 years, 40%
(2/5) and 20% (1/5) of samples could be subcultured up to passages 4
and 6, respectively, and no samples could be maintained up to passage 8
(Figure 2B). In ASCs from young donors aged 26 years or less, 100% (5/5)
of samples could be subcultured up to passage 6, and 80% (4/5) of samples
could be maintained up to passage 8 (Figure 2B). When the ASC cultures
were divided into two groups, the age <26 years group and the age 260
years group (n = 5 per group), the frequency of cultures that could be

passaged up to passage 4 in the age =60 years group was significantly
lower (p < 0.05) than that in the age <26 years group (chi-square test).
These results suggest that a donor age over 60 years influenced the
proliferative capacity of ASCs at passage 4 and later. Because 60% (6/10)
of ASC cultures became senescent by passage 8, ASC-CM at passages 2,
4, and 6 were used for the HUVEC tube formation assay and ELISA to
evaluate their angiogenic potential (Figure 2B, arrows).

ASC passage number affects ASC-CM-induced HUVEC tube
formation

We next examined the effects of ASC-CM on HUVEC tube formation.

Donor age Sex Passage
o 1 2 3 4 > 6 r 8

5M male I I I >
™ male >
1Y male v v v >
1Y male v v v g
26Y male v v v =
60Y  female v 18
71Y female v v 1S
75Y#1 male v v v 1S
75Y#2 female v 1S
82y female v 1S

indicate periods at which conditioned media were collected for analysis.

Figure 2: Effect of donor age and passage number on cell morphology and proliferative capacity in cultured ASCs.
(A) Photomicrographs show the morphology of cultured ASCs at passage 4 prepared from donors aged 5 months (5 M), 1 year (1Y), 60 years (60 Y), and 82 years (82
Y). Scale bar: 200 pm. (B) Proliferative capacity of cultured ASCs from each individual during the passaging of cells is shown. S indicates cellular senescence. Arrows
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We employed a commercially available HUVEC tube formation assay kit
in which HUVEC:s are co-cultured with fibroblasts as feeder cells [32,33].
We confirmed that medium containing VEGF-A induced HUVEC tube-
like structures (Figure 3A, PC), whereas unconditioned medium did not
induce apparent tube-like structures, especially those with a tube length
over 200 pm (Figure 3A, NC). Incubation with ASC-CM clearly induced

HUVEC tube-like structures, similar to the VEGF-A-stimulated positive
control, regardless of donor age (Figure 3A) and passage number (Figure
3B). Quantitative analysis revealed that the total tube length and total
tube area induced by ASC-CM at passages 2 and 4 were equivalent or
higher compared to the VEGF-A-stimulated positive control (Figure 4).
The actual values for the tube length and tube area varied among ASC-

Figure 3: ASC-conditioned media (ASC-CM) enhanced human umbilical vein endothelial cell (HUVEC) tube formation.

Conditioned media were collected from cultured ASCs at passages 2, 4, and 6 from donors of different ages and used in a HUVEC tube formation assay. After 11
days of culture, HUVEC tube-like structures were visualized with CD31 immunostaining and photographed. (A) Representative photomicrographs of HUVEC tube-like
structures in cultures treated with ASC-CM from passage 2 from donors aged 5 months (5M), 7 months (7M), 1 year (1Y), 11 years (11Y), 26 years (26Y), 60 years
(60Y), 71 years (71Y), 75 years (75Y), and 82 years (82Y). Unconditioned medium was the negative control (NC), and medium containing 10 ng/ml VEGF-A was the
positive control (PC). (B) Representative photomicrographs of HUVEC tube-like structures in cultures treated with ASC-CM from passage (P)2, 4, and 6 from donors

aged 26 years (26Y). Scale bar: 200 ym.
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Figure 4: Effect of donor age and passage number on the angiogenic potential of ASC-CM in the HUVEC tube formation assay.

Conditioned media were collected from cultured ASCs at passages 2, 4, and 6 from donors of different ages and used in the HUVEC tube formation assay. After 11
days of culture, HUVEC tube-like structures were visualized with CD31 immunostaining and photographed. Unconditioned medium was the negative control (NC), and
medium containing 10 ng/ml VEGF-A was the positive control (PC). Total tube length and total tube area in three random fields were quantified. Data shown are the
mean + SD of results from triplicate dishes. *p < 0.05 vs NC, *p < 0.05 vs PC (One-way ANOVA and Tukey’s multiple comparison test).

14 60
12 50
E10 %
2 S 40
X —
s 3
58 3
(9] [
g g %
EQ 2
I ]
° S 20
o
Fa
) 10
0 0

P2 P4 P6

-@ 5M
-F= 7M
-pe 1Y
oo 11Y
oo o 26Y
—©— 75Y

P2 P4 P6

Figure 5: Changes in the tube formation capacity of ASC-CM according to passage number.
Using six donor-derived ASC-CM samples that were serially collected at passages 2, 4, and 6 (P2, P4, and P6), changes in the ASC-CM-induced tube formation capacity
were compared for each passage. Data shown are the mean + SD of results from triplicate dishes. *p < 0.05 (Friedman's ANOVA and Wilcoxon signed-rank test).

CM samples, and no clear correlation with donor age was observed.
ASC-CM at passage 6 showed a tendency toward a decrease in total
tube length and total tube area compared to ASC-CM at passages 2 or 4,
although the values were still equivalent to the positive control (Figure
4). Passage-associated changes in the tube formation capacity of CM
from six donor-derived cultures of ASCs that could be subcultured up to

passage 6 are shown in Figure 5. We found that both the tube length and
tube area induced by ASC-CM at passage 6 were significantly (p < 0.05)
smaller than those induced by ASC-CM at passage 4 (Figure 5). These
results suggest that ASC-CM possess significant tube formation capacity
regardless of the donor age, although the capacity was decreased when
the ASCs reached passage 6.
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Figure 6: Effect of donor age and passage number on the concentration of angiogenic factors in ASC-CM.

Conditioned media were collected from cultured ASCs at passages 2, 4, and 6 from donors of different ages. The expression levels of vascular endothelial growth factor-A
(VEGF-A) and hepatocyte growth factor (HGF) in ASC-CM were measured with ELISA. (A) The concentrations of VEGF-A and HGF in each sample are shown. Data
shown are the mean % SD of results from triplicate dishes. nd indicates not detectable. (B) The samples were divided into two groups: donor age 226 years and donor age
<11 years. The levels of VEGF-A were compared between the two groups at each passage. Data shown are the mean * SD. *p < 0.05 (Mann-Whitney U test).

Donor age affects VEGF-A secretion by ASCs

Previous studies demonstrated that angiogenic factors such as
VEGF-A [34], FGF-2 [35], and HGF [36] promote HUVEC tube
formation. We next evaluated the concentration of these angiogenic
factors in ASC-CM using ELISA. Considerable levels of VEGF-A and
HGF were detected in ASC-CM in unstimulated conditions (Figure
6A), whereas FGF-2 was undetectable in most samples of ASC-CM
(<10 pg/mL, data not shown). At passage 2, the VEGF-A levels tended
to decrease in a donor age-dependent manner (Figure 6A). A similar
tendency was observed in ASC-CM at passages 4 and 6. When the
samples were divided into two groups based on the donor age of 26
years as a cut-off point, the VEGF-A levels were significantly lower (p <
0.05) at passages 2, 4, and 6 in the age >26 years group compared to the
age <11 years group (Figure 6B). On the other hand, HGF levels in ASC-

CM varied greatly among the samples, and we found no correlation
between HGF levels and donor age or passage number. Relatively high
HGEF levels (>1 ng/mL) were found even in ASC-CM obtained from the
oldest donor (75 years old) at the latest passage (passage 6), suggesting
that donor age and passage number did not affect HGF secretion by
ASCs. Correlation analysis revealed that neither the VEGF-A nor the
HGEF level correlated with the tube formation capacity in ASC-CM.
These results suggest that donor age affects VEGF-A secretion but
not HGF secretion in ASCs, and that no significant relationship exists
between levels of these angiogenic factors and the tube formation
capacity.

Discussion

In the present study, we used 10 samples from donors ranging

J Stem Cell Res Ther
ISSN: 2157-7633 JSCRT, an open access journal

Volume 5 + Issue 9 + 1000307



Citation: Nakamura T, Kazama T, Nagaoka Y, Inamo Y, Mugishima H, et al. (2015) Influence of Donor Age and Passage Number on Angiogenic
Activity in Human Adipose-Derived Stem Cell-Conditioned Media. J Stem Cell Res Ther 5: 307. doi:10.4172/2157-7633.1000307

Page 8 of 10

in age from 5 months to 82 years, and we found that donor age
influenced the proliferative capacity of cultured ASCs at passage 4
and later. The results are in agreement with previous studies showing
an age-associated decline in proliferative and clonogenic capacities in
human bone marrow MSCs [37,38] and human ASCs [24,39,40]. The
expression of the senescence-related genes p16™** and CHK1 increases
with age in human ASCs [24]. Bone marrow MSCs from patients aged
over 40 years show increased levels of reactive oxygen species (ROS)
and nitric oxide (NO) and impaired stress responses [37]. In mice,
aged ASCs also exhibit increases in ROS and NO production and a
decrease in the antioxidative defense enzyme glutathione peroxide with
significant telomere shortening [26]. Our study results using 10% FBS
in DMEM as a growth medium imply that ASCs can be cultured until
passage 6 for clinical applications. On the other hand, a recent study
[41] demonstrated that the age effect on human ASC proliferation and
survival was not significant until at least passage 9 when the cells were
cultured in K-NAC medium, a modified medium that enhances ASC
growth [42]. Optimization of the culture medium may facilitate long-
term ASC culture.

With ELISA, we found that the VEGF-A levels in ASC-CM from
donors aged >26 years were significantly lower than those from donors
aged <11 years and that the VEGF-A levels were independent of the
passage number. These data may result from an increased production
of VEGF-A from ASCs in children in the growth period, since VEGF-A
accounts for most of the angiogenic activity during adipose tissue
development. A similar donor age-dependent decline in VEGF levels
has been reported in mouse and rat bone marrow MSCs [18,43] and
mouse ASCs [26]. A recent study using human bone marrow MSCs
and ASCs demonstrated donor age-associated changes in micro-
RNAs, which regulate expression of several genes and cellular function
[23,24]. Further studies are needed to identify the essential molecules,
including micro-RNAs, that regulate biological age-dependent VEGF-A
expression.

Our results showed that the basal secretion level of HGF from
ASCs varied and was independent of donor age and passage number.
Although ASCs constitutively secrete HGF in vitro [6,44], whether
donor age and passage number affect HGF secretion in ASCs is
debatable. In mouse ASCs, the level of secreted HGF increases with age
despite a decrease in VEGF [26]. In human ASCs, basal levels of HGF
in ASCs from donors >60 years of age are similar to levels in young
ASCs from donors <35 years of age, although inducible expression of
HGF by macrophage-CM is impaired in ASCs from older donors [45].
In human amnion MSCs, the expression levels of HGF do not change
after serial passages, although the levels of VEGF and FGF-2 decrease
in a passage number-dependent manner [46]. Further experiments will
be required to determine the responsible factors that regulate HGF
secretion in ASCs.

Angiogenesis involves the proliferation, migration, and remodeling
of endothelial cells during the process of tube formation. HUVECs offer
an important in vitro model for studying all three of these processes
[47]. The in vitro tube formation assay based on co-culture of HUVECs
with fibroblasts provides a more physiological environment in which
tubules grow on a matrix naturally laid down by the fibroblasts in the
assay, resulting in the formation of capillary tube-like structures [32,33].
In the co-culture assay, our data showed that ASC-CM significantly
induced HUVEC tube formation, consistent with previous studies using
this assay [8] and the matrigel assay [26,48]. We also demonstrated that
the ASC-CM-induced tube formation capacity was decreased when the
ASC passage number reached passage 6. Interestingly, in contrast to

the proliferative capacity data in aged ASCs, the decreased capacity of
tube formation was independent of ASC donor age. To our knowledge,
this is the first study reporting a passage number-dependent but donor
age-independent decline in angiogenic activity in ASC-CM. VEGF-A
[34], HGF [36], and FGF-2 [35] stimulate the formation of tube-like
structures in this assay system. As shown in Fig. 6, neither VEGF-A nor
HGEF levels in ASC-CM were influenced by the ASC passage number,
at least up to passage 6. In addition, FGF-2 levels in ASC-CM were
almost undetectable. These findings imply that other factors may play
a role in the passage number-dependent angiogenic activity in ASC-
CM. Chemokines such as CXCL8 [49] and proteolytic enzymes such
as matrix metalloproteinases 3 and 9 [7] stimulate tube formation in
HUVECs. Further studies are needed to determine the concentrations
of these chemokines/enzymes in ASC-CM and the relationship with
passage number.

An unexpected finding was that the donor age of ASCs did not
affect ASC-CM-induced tube formation, although VEGF-A levels
declined in a donor age-dependent manner. A previous study showed
that a linear dose-response relationship exists between the VEGF-A
concentration and the tube formation potency in the co-culture assay
in which concentrations of 10 ng/mL VEGF-A and 1 ng/mL FGF-2 are
required for maximum response [29]. Our data demonstrated that the
tube formation capacity of ASC-CM, even at passage 6, was equivalent
or higher than that of medium containing 10 ng/mL VEGF-A as positive
control (see Figure 4). These findings suggest that factors other than
VEGF-A in ASC-CM compensated adequately for the tube formation
potential in the assay. Another possibility is that ASC-CM-derived
factors indirectly promoted HUVEC tube formation by stimulating
the fibroblasts in the co-culture. A previous study demonstrated that
exogenous administration of VEGF does not critically affect HUVEC
network formation, whereas fibroblast-derived paracrine factors
provide a sufficient level of VEGF that is potentially required for the
network formation [50]. The role of fibroblasts in response to ASC-CM
during HUVEC tube formation requires further study.

Our study has several limitations. First, the number of donors
was relatively small for drawing statistically significant conclusions. In
particular, samples from donors aged 26-60 years are lacking. Second,
underlying diseases in ASC donors were not considered in the present
study. Several studies suggest that the number and functional activities
of MSCs may be impaired in cells from patients with diseases such as
diabetes and osteoporosis [27,51,52]. Third, the angiogenic potential of
ASC-CM was evaluated only in the unstimulated condition. Because
expression of angiogenic factors is regulated by various stimuli such
as hypoxia [26,44,53], mRNA expression and protein secretion of
angiogenic factors in primed or stimulated ASCs will need to be
examined. Fourth, whether the results from the co-culture assay
correlate with the angiogenic potential of ASC-CM in vivo is unclear.
The effect of aged ASC transplantation on recovery of blood flow
in the ischemic animal model will need to be tested. Aged recipient
endothelial cells and stromal cells may influence the angiogenic activity
in the case of autologous ASC transplantation.

Our data provide some useful information about ASC-based
therapy against ischemic diseases. First, ASCs should be prepared and
transplanted within passage 4, because donor age affects the proliferative
capacity of ASCs at passage 4 and later, and the tube formation capacity
of ASC-CM is retained at passage 4 but is decreased later. Second, ASCs
prepared from elderly patients can be clinically used for therapeutic
angiogenesis, because donor age does not affect the tube formation
capacity of ASC-CM. Third, it is possible that the expression level of
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VEGF-A or HGF in ASC-CM cannot predict the clinical outcome of
ASC-based therapy, because no significant relationship exists between
levels of these angiogenic factors and the tube formation capacity.

Conclusions

The donor age influenced the proliferative capacity of cultured
ASCs at passage 4 and later. In the HUVEC tube formation assay
using a system in which fibroblasts were co-cultured, the donor age
did not affect the ASC-CM-induced tube formation capacity, although
the passage number (passage 6) decreased the capacity. A donor age
over 26 years influenced VEGF-A but not HGF levels in ASC-CM,
although no direct correlation between VEGF-A/HGF levels and the
tube formation capacity was observed. These data provide insight into
possible clinical application of autologous ASCs or ASC-CM therapy in
elderly patients with ischemic disease. Autologous transplantation of
ASC:s for therapeutic angiogenesis in elderly patients may be effective if
low passage-number cells can be prepared.
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