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Abstract. Stem cell therapy is considered a novel treatment 
modality for critical diseases. Adipose tissue is a rich and 
easily accessible source of stem cells. Adipose‑derived stem 
cells (ADSCs) can be expanded ex vivo and possess character‑
istics similar to those derived from the bone marrow. However, 
the quality of ADSCs can be affected by age, underlying 
disease or the lifestyle of individuals. The aim of the present 
study was to explore the association between age and ADSC 
activity, including paracrine and differentiation potential. 
Adipose tissues from young (age <30 years) and elderly (age 
>70 years) groups were obtained, and ADSCs from each group 
were cultured in vitro. The effect of age on ADSC activity 
was investigated in vitro by evaluating the proliferation rate, 
adipo/osteogenic differentiation potential and cytokine profile 
using ELISA. The results revealed that increased age reduced 
cell activity and increased the doubling time of ADSCs, 
without causing profound morphological changes. The para‑
crine action of ADSCs was markedly altered by increased 
age, as demonstrated by reduced expression levels of vascular 
endothelial growth factor, stromal cell‑derived factor‑1α and 
hepatocyte growth factor. Differentiation of ADSCs into 
osteoblasts or adipocytes rarely occurred in the elderly group 
compared with the young group. Overall, these results indicate 

that age may affect the cellular function of ADSCs and should 
be considered prior to ADSC transplantation.

Introduction

Stem cell therapy has been broadly used to treat a variety of 
diseases, including acute/chronic inflammatory and vascular 
diseases (1‑3). The primary sources of stem cells are the bone 
marrow (BM), dental tissue, adipose tissue, and umbilical cord 
blood. BM is considered the primary source of multipotent 
stem cells and thus has been used as an important source of 
stem cells for clinical cellular therapy (4‑8). However, BM stem 
cell culture requires BM aspiration via femoral puncture, an 
invasive procedure that may be both a risk and a burden to 
patients. Additionally, BM stem cell viability ex vivo is influ‑
enced by the patient's unique background (9). Thus, BM stem 
cells from patients with critical illnesses may not be suitable 
for ex vivo culture for transplantation purposes.

Studies have been carried out to investigate adipose 
tissue as an alternative to BM, and adipose‑derived stem 
cells (ADSCs) obtained through minimally invasive proce‑
dures have been found to express stem cell‑specific markers. 
Additionally, these ADSCs have also been found to possess 
the ability for self‑renewal, differentiation into multiple cell 
lineages, and paracrine action, which are similar charac‑
teristics to those observed in BM mesenchymal stem cells 
(BMSCs). Notably, ADSCs have a high rate of repopulation 
in vitro, thereby providing sufficient cell numbers for patient 
use; moreover, as compared to that of BMSCs, the cellular 
activity of ADSC has been reported to be rarely altered by 
the underlying disease condition of the donor. The efficacy of 
ADSCs has been confirmed in the treatment of many disor‑
ders and injuries, including muscle injury, cartilage damage, 
neurodegenerative disorders, and rheumatoid arthritis (10‑13). 
Thus, ADSCs have emerged as a crucial alternative source of 
stem cells.

ADSC transplantation is typically performed using 
autologous stem cells from host adipose tissue; the main 
beneficiary group requiring stem cell therapy is the elderly, 
rather than the young. With aging, the number of inflam‑
matory markers present in the human body also tends to 
increase (14,15) and thus, the elderly are more susceptible to 
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illnesses than the young. Alterations in the immune responsive‑
ness of the elderly can affect their stem cell activity, given that 
stem cells are profoundly injured by changes in physiological 
conditions, such as aging or systemic inflammation. BMSCs 
from the elderly exhibit a reduced differentiation capacity with 
a low level of cytokine production (16‑20). The same has been 
observed for ADSCs, and the reduced cell activity of ADSCs 
can undeniably lead to compromised therapeutic effects (21).

Therefore, donor age is a critical factor in estimating the 
efficacy of stem cell therapy. However, studies on the effect of 
age on ADSC activity remain relatively inconclusive; there‑
fore, this study aimed to address this gap, which is crucial for 
stem cell therapy using ADSCs.

We hypothesized that age affects the cellular activity of 
ADSCs. To verify our hypothesis, we comparatively analyzed 
the essential functions of ADSCs obtained from young and 
elderly donors, by evaluating the cell proliferation rate, 
differentiation potential, and cytokine profile.

Materials and methods

Materials. Healthy adipose tissues were provided by the Kyung 
Hee University Medical Center [Total of eight donors (6 male, 
2  female); Seoul, Korea; (IRB# 2016‑12‑022)] with donors' 
written consent. Adipose tissue (2x2 cm) was suspended in saline 
in a 50 ml tube at 4˚C and transferred to the cell culture room. 
ADSC isolation was performed immediately upon arrival to 
the culture room. ADSCs from healthy young individuals were 
purchased from ScienCell Research Laboratories (individuals 
<30 years old). Alizarin Red S powder, Oil Red O solution, form‑
aldehyde solution, and cetylpyridinium chloride were purchased 
from Sigma‑Aldrich; Merck KGaA. Stempro osteogenesis and 
adipogenesis kits, α‑MEM medium, and FBS were purchased 
from Gibco; Thermo Fisher Scientific, Inc. Phosphate‑buffered 
saline, penicillin/streptomycin, and 0.25%  trypsin‑EDTA 
solution were provided by Welgene. Vascular endothelial 
growth factor (VEGF), hepatocyte grow factor (HGF), stromal 
cell‑derived factor‑α (SDF‑1α), transforming growth factor‑β1 
(TGF‑β1), and the bone morphogenetic protein (BMP)‑2 ELISA 
kits were obtained from R&D Systems.

Cell culture. ADSCs were isolated as previously reported (21) 
and cultured in an α‑MEM medium supplemented with 10% 
fetal bovine serum (FBS) and 1% penicillin/streptomycin. The 
culture medium was replaced with fresh medium every other 
day. The ADSCs between 3rd and 5th passages were used 
for all the experiments. Endothelial progenitor cells (EPCs) 
were cultured from BM mononuclear cells (STEMCELL, 
70001.4) in an EGM‑2 medium (Lonza) on fibronectin‑coated 
dishes. The medium was changed every other day and cells in 
passage 2 were used for this study. ADSC was analyzed for 
specific marker expression by FACSCalibur using Cell Quest 
software (version 3.0, BD Biosciences).

WST‑1 assay. The ADSCs (2x104 cells/well) were seeded in a 
96‑well plate and incubated for 24 h. Ten microliters of WST‑1 
solution was added at 10% of the total medium volume, and the 
plate was incubated for 90 min at 37˚C with 5% CO2. Optical 
density values for each well were measured at 450 nm using a 
Versa Max Microplate Reader (Molecular Devices).

Cytokine measurement. The ADSCs (5x105 cells/well) were 
seeded in a 6‑well plate in 2.5 ml of α‑MEM medium. The 
concentrations of VEGF, HGF, SDF‑1α, TGF‑β1 and BMP‑2 
in the conditioned medium were analyzed using ELISA kits 
according to the manufacturer's instructions.

Matrigel tube formation assay. Matrigel (BD Biosciences, 
100 µl) was applied on 48 well‑plates and incubated for 30 min 
at 37˚C. The EPCs (2x104 cells at passage 2) in conditioned 
medium from ADSCs (young or elderly) were added to the 
Matrigel matrix and incubated for 3 h at 37˚C with 5% CO2. 
The effect of ADSC paracrine factors on tube structure was 
observed under a stereomicroscope.

Sample preparation and western blot analysis. Protein lysates 
were quantified and then denatured and electrophoresed using 
sodium dodecyl sulfate‑polyacrylamide gel electrophoresis and 
transferred to a nitrocellulose membrane. After blocking with 
5% skim milk, the membranes were incubated with primary 
antibodies for bone morphogenetic protein receptor  1A 
(BMPR1A) and GAPDH, followed by anti‑immunoglobulin G 
horseradish peroxidase‑conjugated secondary antibody. The 
blots were developed and visualized with ECL (Dogen Bio) 
and analyzed under chemiluminescence using Amersham 
imager 600 (GE Healthcare). Protein expression levels were 
quantified using the ImageJ software.

Osteogenic induction assay. The ADSCs were maintained in 
α‑MEM medium. Osteogenic medium was replaced with the 
fresh medium every three days. At day 20, the cells were fixed 
using 3.7% formaldehyde and stained with Alizarin Red S 
solution (2%, w/w) for 10 min prior to visualization of calcium 
deposition. Alizarin Red S was eluted using cetylpyridinium 
chloride (10%, w/v), and calcium deposition was quantified as 
the absorbance value at 560 nm (Molecular Devices).

Adipogenic induction assay. Adipogenesis was induced using 
the Stempro adipogenesis kit following the manufacturer's 
instructions. At day 15, the cells were fixed using 3.7% form‑
aldehyde and stained with Oil Red O solution to evaluate lipid 
droplet formation. Oil Red O was eluted using isopropyl alcohol 
(Daejung, Siheung, Korea), and the absorbance value was 
measured at 490 nm (Molecular Devices).

Statistical analysis. All data are presented as mean ± standard 
deviation (SD) of three independent experiments. Statistical 
analyses of all data were carried out using an unpaired, 
two‑tailed Student's t‑test. P‑values <0.05 were interpreted to 
indicate statistically significant differences (P<0.05, P<0.01, 
P<0.001).

Results

Age reduces the viability and proliferation rate of ADSCs. 
The ADSCs harvested from the young (<30 years) and elderly 
(>70 years) groups were cultured in vitro and analyzed. Cellular 
morphology was not affected by age (Fig. 1A). ADSCs exhib‑
ited a typical shape of fibroblastic cells that sustained over a 
long period in vitro. Specific marker gene expression was also 
not affected by age (Table SI). However, ADSC activity varied 
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considerably depending on age. The viability of ADSCs was 
significantly reduced in the elderly group as compared to that 
in the young group (Fig. 1B). This reduction in cell activity 
also led to an increase in population doubling time (Fig. 1C).

Stem cell transplantation requires a large number of cells, 
approximately 1x108‑1x109, indicating that the ADSCs from 
the elderly require more time to reach the desired cell number 
for transplantation, as compared to those from the young. An 
increase in the time required for cellular expansion is a key 
indicator of cellular senescence or dysfunction. Specifically, 
ADSC viability can be affected by the physiological condition 
of the elderly and may rapidly undergo cellular senescence 
during ex vivo culture. Therefore, ADSCs from the elderly 
may lose their therapeutic efficacy during ex vivo culture.

Paracrine action of ADSCs is altered by age. Paracrine actions of 
stem cells account for the hallmark function of stem cell therapy 
in vivo. Stem cells tend to lose their ability to secret cytokines or 
growth factors due to senescence. Given that transplanted stem 
cells primarily act through paracrine factors, preservation of 
their ability to produce cytokines can be critical in predicting 
their treatment efficacy following transplantation (14).

For screening secreted cytokines, conditioned medium 
from ADSCs was analyzed with cytokine array  (Fig. S1). 
Compared to the ADSCs from the young group, those from 
the old group tended to produce higher levels of inflammatory 
factors and lower levels of angiogenic factors, including HGF 
and VEGF.

Among the identified secretory factors in ADSCs, we 
quantitatively determined the secretion levels of angiogenic 
factors using ELISA. VEGF, HGF, SDF‑1α and TGF‑β are 
involved in vascularization or bone formation, as well as cell 
survival. These represent important factors to consider in stem 
cell transplantation for the treatment of vascular or skeletal 
diseases (22‑25).

Levels of VEGF, HGF, and SDF‑1α were clearly reduced 
in the ADSCs from the elderly group when compared to those 
from the young group (Fig. 2A‑C; VEGF, Young: 6.23±0.23, 
Elderly: 5.09±0.36 pg/ml/µg protein, P<0.001; HGF Young: 
18.22±0.41, Elderly: 3.04±0.15 pg/ml/µg protein, P<0.001; 
SDF‑1α Young: 7.5±0.41, Elderly: 4.1±1.18 pg/ml/µg protein, 
P<0.01). However, TGF‑β production was elevated in the 
ADSCs from the elderly group (Fig.  2D; TGF‑β, Young: 
8.57±0.61, Elderly: 11.71±0.58 pg/ml/µg protein, P<0.001).

The difference in the levels of angiogenic factors produced 
by ADSCs of the young and elderly groups was expected to 
affect angiogenesis in vivo. To determine the effect of soluble 
factors from ADSCs on vessel formation, conditioned medium 
from ADSCs was collected and then applied to EPCs on 
matrigel in vitro (Fig. 2E). As shown in Fig. 2F, the conditioned 
medium from ADSCs from the young group could promote 
tube formation by EPCs much more than that from the ADSCs 
from the elderly group.

These data suggest that age can alter the cytokine secretion 
profile of ADSCs and this may be related to treatment efficacy 
in vivo.

Age weakens the differentiation potential of ADSCs. We 
have proven that age can influence cell repopulation rate and 
cytokine secretion. This suggests that age may disrupt the 

differentiation potential of ADSCs. To test this, we induced 
adipogenesis and osteogenesis in ADSCs from the young and 
elderly groups and compared their differentiation potential.

Osteogenic induction of ADSCs was carried out for 
20  days and calcium deposition was then assessed using 
Alizarin Red S staining (Fig. 3A and B). This corroborated 
the impairment of the osteogenic potential of ADSCs from the 
elderly group.

Osteogenesis is driven by BMP‑2 signaling, emphasizing 
the role of BMP signaling in osteogenesis (26). The level of 
BMP‑2 secreted from ADSCs was not influenced by age 
(Fig. 3C). Next, the expression of BMP receptor 1A (BMPR1A; 
receptor for BMP‑2) was determined, revealing that the ADSCs 
from the elderly group have reduced BMPR1A expression as 
compared to that of the ADSCs from the young group (Fig. 3C). 
This suggests that ADSCs from the elderly might have a weak 
response to exogenous BMP‑2 due to poor expression of its 
receptor, which can contribute to poor osteogenesis.

In addition to osteogenesis, we also verified the adipogenic 
potential of ADSCs by culturing the ADSCs in adipogenic 
media for two weeks and then staining cellular lipid droplets 
using Oil Red O (Fig. 4). ADSCs from the elderly group showed 
a significant reduction in adipogenic potential compared to 
that of the young group.

Figure 1. Effect of age on the cellular activity of ADSCs. (A) ADSCs were 
isolated from adipose tissue from the young and elderly and cultured in vitro. 
Light microscopy images of cell morphology. Cellular morphology was 
compared using light microscopy images. Scale bar, 100 µm. (B) A water 
soluble tetrazolium salts‑1 assay was performed to compare cellular activity 
of ADSCs. (C) Population doubling time of ADSCs. Data are presented 
as the mean ± SD of at least three replicates for each group. **P<0.01 and 
***P<0.001. ADSCs, adipose‑derived stem cells.
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Collectively, the differentiation potential of ADSCs 
from the elderly group was clearly impaired, regardless of 
the specific cell type polarization. This overall depletion in 
the differentiation potential of ADSCs in the elderly group 
may be caused by alterations in paracrine action or receptor 
expression, given that cell differentiation is induced by specific 
growth factors.

Discussion

Stem cell therapy remains a revolutionary and novel treat‑
ment modality with considerable potential to become one of 
the most important breakthroughs of medical science (19,27). 
The global stem cell therapy market is highly competitive, 
and growth in this market is further fueled by the increasing 
number of scientific research activities utilizing the therapeutic 
potency of stem cells for medical treatment.

BMSCs are the most actively utilized cell type for trans‑
plantation, and their therapeutic effect on various chronic 
diseases is evidenced by treatment outcomes, such as 

suppression of inflammation or enhancement of tissue growth 
to promote regeneration. However, depending on the under‑
lying disease condition of a given patient, BMSCs may not be 
viable due to the risk of access or poor cell viability. Adipose 
tissue has been actively investigated as a promising treatment 
for incurable disorders (10‑13). ADSC therapy exhibits thera‑
peutic effects on neurodegenerative disorders, cardiac injuries, 
and cutaneous damage. Thus, ADSCs are undoubtedly a novel 
clinical therapeutic agent. To validate the efficacy of ADSC 
therapy, the cellular function of ADSCs should be analyzed 
prior to transplantation, and this standard should be considered 
as a quality control.

This study explored the effect of age on the cellular activity 
of ADSCs. Although ADSCs have inherent self‑renewal 
capacity and exhibit paracrine action in vivo, these functions 
were expected to be altered by the donor's age. Previous reports 
have explored the relationship between aging and ADSC 
activity (28‑31). However, these studies mainly focused on 
the effect of aging on the efficacy and differentiation of stem 
cells in non‑clinical settings and determined the expression 

Figure 2. Effect of age on the paracrine potential of ADSCs. ADSCs were cultured and the culture medium was collected for the quantification of cytokines. 
Quantification for (A) VEGF, (B) HGF, (C) SDF‑1α and (D) TGF‑β was performed using ELISA. (E) Experimental scheme for Matrigel assay with EPC. 
Conditioned medium of ADSC was treated with EPCs on Matrigel. (F) Representative images for tube formation. Data are presented as the mean ± SD of 
at least three replicates for each group. Scale bar, 100 µm. **P<0.01 and ***P<0.001. ADSCs, adipose‑derived stem cells; HGF, hepatocyte growth factor; 
SDF‑1α, stromal cell‑derived factor‑1α; TGF‑β, transforming growth factor‑β; VEGF, vascular endothelial growth factor; EPC, endothelial progenitor cell.
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of paracrine factors at the transcriptional level. Although this 
work provided important insights, it was limited.

In this study, ADSCs from the elderly group showed low 
activity and repopulation rate compared to those from the 

Figure 4. Effect of age on the adipogenic differentiation potential of ADSCs. (A) Adipogenic induction of ADSCs was performed over a period of 15 days. 
ADSCs were seeded at a density of 5x105 cells/well, and the medium was replaced with a fresh medium every 3 days. Following induction, cells were fixed 
and stained using Oil Red O. Scale bar, 100 µm. (B) Quantification of adipocytes stained with Oil Red O. Data are presented as the mean ± SD of at least three 
replicates for each group. ***P<0.001. ADSCs, adipose‑derived stem cells.

Figure 3. Effect of age on the osteogenic differentiation potential of ADSCs. (A) Osteogenic induction was performed for 20 days. ADSCs from the young or 
elderly were seeded, and the medium was replaced with fresh medium every 3 days. ADSCs were fixed after osteogenic induction and stained using Alizarin 
red S. Calcium deposition was observed as red color of Alizarin red S solution. Scale bar, 100 µm. (B) Alizarin red was quantified. (C) Measurement of BMP‑2 
in conditioned medium was carried out using an ELISA. (D) Expression levels of BMPR1A in ADSCs were determined by western blotting. Data are presented 
as the mean ± SD of at least three replicate wells for each group. **P<0.01 and ***P<0.001. ADSCs, adipose‑derived stem cells; BMP‑2, bone morphogenetic 
protein 2; NS, not significant; BMPR1A, bone morphogenetic protein receptor 1A.
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young group. The levels of cytokine secretion were also quite 
different in the young group compared to those in the elderly. 
Notably, the production of angiogenic factors, including 
VEGF, SDF‑1α, and HGF, was reduced in the ADSCs from the 
elderly group. These differences indicate that stem cell therapy 
using ADSCs from the elderly may not provide the expected 
paracrine action and cannot survive in vivo.

This low repopulation rate and weakened paracrine 
potential may lead to the impairment of the differentiation 
potential of stem cells. We found that ADSCs from the elderly 
group had a poor differentiation potential when polarized into 
osteoblasts or adipocytes, whereas ADSCs from the young 
group showed a prompt response to differentiation stimuli. 
This difference might be attributed to the altered expression of 
ligands/receptors in ADSCs due to aging.

Aging is a complex physiological process in the human 
body that encompasses a wide spectrum of biological processes, 
including oxidative stress, chronic inflammation, and cellular 
senescence. This complex physiological environment can affect 
stem cell viability. From a clinical perspective, ADSC therapy 
is often used in older patients. Many previous trials have relent‑
lessly aimed to improve the stem cell proliferation rate to achieve 
the desired cell number for transplantation purposes, but have 
overlooked the aspects of paracrine action or differentiation 
capacity. ADSCs from the elderly with chronic inflamma‑
tion were found to secrete higher levels of pro‑inflammatory 
cytokines compared to those from the young. Particularly, 
the ADSCs with altered cytokine profiles may predispose the 
recipients to certain risks and thus ADSC activity should be 
examined in the elderly, prior to transplantation.

Taken together, with the above‑mentioned information on 
the relationship between age and the cellular activity of ADSCs 
prior to transplantation, we can prepare additional procedures to 
augment the function of ADSCs derived from elderly patients.

Aging is accompanied by chronic diseases and stem 
cell therapy is chiefly applied in aged patients; therefore, we 
could not ignore the effect of diseases in age‑mediated stem 
cell impairment. As such, the study of the complex response 
from elderly patients may be practically meaningful in clinical 
settings.

This study demonstrated that a donor's age affects the prolif‑
erative activity, paracrine action, and differentiation potential 
of ADSCs. Evaluation of the cellular activity of ADSCs based 
on age will be helpful for the development of ADSCs as a 
cellular therapeutic agent in stem cell therapy (Fig. 5). The 
relationship between specific background diseases and stem 
cell activity will be explored in future studies.
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