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Abstract Adipose-derived stromal cells (ASCs) are
now recognized as an accessible, abundant, and
reliable stem cells for tissue engineering and regen-
erative medicine. However, ASCs should be expanded
long term in order to harvest higher cell number for
clinical application. In this study, ASCs isolated from
human subcutaneous adipose tissue and senescence
after long-term expansion was evaluated. The results
showed that following in vitro expansion to the 15th
passage, ASCs show changes in morphology (toward
the “fried egg” morphology) and decrease in prolif-
eration potential. Nonetheless, ASCs maintained dif-
ferentiation potential toward osteoblasts,
chondrocytes, and adipocytes. The senescent ASCs
show impaired migration capacity under the same
basal conditions. OXPHOS and glycolysis decreased
slightly in culture from passage 5 to passage 15. ASCs
also showed increased accumulation of beta-galac-
tosidase in culture. Expression of senescence markers
pS3, pl6, and p21 were also increased accompanied
with the increase of passages. Experiment data showed
that ASCs biological characteristics depended and
changed with age. We recommend the use of early-
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passage cells, particularly those before passage 5, for
efficacious therapeutic application of stem cells.
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Introduction

Mesenchymal stromal cells (MSCs) is a pluripotent
stem cell with multi-directional differentiation poten-
tial, self-renewal and high proliferation capacity. At
present, researches are focused on bone marrow
mesenchymal stromal cells (BM-MSCs) (Estrada
et al. 2013). Compared with embryonic stem cells,
BM-MSCs does not involve ethical tissue, but the
harvest of bone marrow may cause damage to donor,
which limits its application (Samih et al. 2018).
Adipose derived mesenchymal stromal cells (ASCs)
have biological characteristics similar to BM-MSCs,
and high amounts of ASCs with minimal invasiveness
are easily accessible (Gimble et al. 2011).There-
fore, ASCs are considered as a perspective tool
in cell therapy and regenerative medicine, becoming
a potential substitute for BM-MSCs (Fraser et al.
2006).ASCs are isolated from liposuction fat for the
first time by Zuk et al. (2001).and cell therapy of ASCs
has been used in several human clinical trials, such as
soft tissue augmentation (Zhou et al. 2011), idiopathic
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pulmonary fibrosis (Tzouvelekis et al. 2013), myocar-
dial ischemia (Murohara et al. 2009), and osteoarthri-
tis (Freitag et al. 2019).

In order to obtain sufficient ASCs for clinical
application, long-term cell expansion are indispens-
able. Primary cells are continuously subcultured
in vitro, which ultimately leads to replicative senes-
cence and eventually die through apoptosis. The
senescence of ASCs which manifests as morpholog-
ical senescence, reduced proliferation and differenti-
ation potential, increased senescence-associated [-
galactosidase (SA-B-Gal) activity, deranged mito-
chondrial metabolism, altered immunoregulation are
found during the cultivation in vitro, which profoundly
affects clinical application (Seok et al. 2020; Eduardo
et al. 2020; Sethe et al. 2006; Boyette and Tuan 2014).
Although a 3D suspension culture system by using
spinner flasks added with microcarrier has been
reported (Carmelo et al. 2015), less is known about
ASCs expansion and senescence. Obtaining mass
production of high-quality ASCs and maintaining the
biological characteristics during expansion has
become an important tissue (Liu et al. 2017a).

The aim of this study was to systematically
investigate the characteristics of senescent ASCs after
long-term expansion in vitro, including cell morphol-
ogy, senescent properties, mult-differentiation poten-
tial, and migration ability, with special emphasis on
their energy metabolism. The results provided new
insight into the extent of aging and limitations of
multiple passages of culture, underlying the replica-
tive senescence related decline of the therapeutic
potential of stem cells.

Results and discussion
ASCs changed in shape and proliferation

ASCs are ideal target cells for tissue and genetic
engineering, the clinical application of ASCs have
been widely studied for many diseases (Salem and
Thiemermann 2010). Gimble (Blanc and Mougiaka-
kos 2012) proposed that stem cells must have enough
cells (million to billions) for clinical application. In the
body, the quantity of ASCs is not high. After
separation from the source, cells must be cultured to
provided sufficient number of high-quality cells for
therapeutic purpose (Mosna et al. 2010). Numerous
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studies have shown that the characteristics of ASCs
may alter during prolonged culturing (Hladik et al.
2019; Gu et al. 2016; Truong et al. 2019).

Firstly, the morphology change and proliferation
capacity of ASCs were recorded. ASCs were cultured
and continuously subcultured to passage 5, passage 10,
and passage 15. At passage 5, cells had the character-
istic spindle-shaped, smooth cell surface and grew
regularly. At passage 10, the cells maintained the
characteristic ASCs shape. Some cells were polygo-
nal, became long and flat. Unlike ASCs at passage 5,
almost all ASCs at passage 15 exhibited star-shaped
with pseudopods, and become larger and flatter
(Fig. 1D). As well, morphology change of ASCs from
spindle-shaped to star-shaped at passage 15 were
confirmed by hematoxylin staining (Fig. 1E). In
addition to morphology change, cell growth curve
revealed a slight trend toward decreasing in prolifer-
ation rate accompanied with passage increasing
(Fig. 1A). For further evaluation the self-renewal
capacity of ASCs, we measured and calculated CPDL.
The results showed that CPDL of P5, P10, P15 ASCs
were (8.15 £ 1.48) h, (13.90£2.62) h and
(31.24 £ 3.21) h, respectively. ASCs morphology
and proliferation capacity change was consistent with
report by Wagner et al. (2019), which suggests that
after long time cultivation outside the body, ASCs
increase in size, flattened, and lost their ability to
proliferate.

The cell cycle distribution of ASCs was detected by
FACS analysis. At passage 15, the percentage of Gl
cells was significantly increased up to
(87.86 £ 5.46)%, indicating G1 arrest, compared to
passage 5 (80.26 & 4.28)% and passage 10
(85.33 £ 6.28)%, even though there were no differ-
ence in the percentage of sub-G1 cells among different
passages. Concomitant with this, the percentages of
cells in S populations were reduced from
(12.28 £ 1.86)% (passage 5) to (10.04 + 1.92)%
(passage 10) and (5.5 £ 1.02)% (passage 15), respec-
tively. There were significant difference in the
percentage of S phase cells in different passages
(P < 0.05) (Fig. 1B). An assessment of the percentage
of cells in live, apoptotic, and dead status among the
ASCs, a slight increase in the number of cells in
apoptotic status at the passage 15 compared with the
other 2 passages was observed (Fig. 1C).
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Fig. 1 Characterization of senescent ASCs during long-term
cultivation. A Different passage ASCs growth curve. Cells
growth curve revealed a slight trend toward decreasing in
proliferation capacity accompanied with passage increasing.
B Cell cycle analyzed by FACS analysis. There were significant
difference in the percentage of S phase cells in different
passages (P < 0.05). C Apoptosis was analyzed using a Muse
Cell Analyzer. A slight increase in the number of cells in

Change in trilineage differentiation

Truong et al. (2019); Wagner et al. (2019) report ASCs
retained the potential to differentiate into adipocyte,
osteogensis and chondroblast from passage 5 to
passage 15. However, Seo et al. (2020) reported that
ASC:s lost their self-renewal and multi-differentiation

apoptotic status at the passage 15 compared with the other 2
passages was observed. D Morphological change of ASCs
(magnification, x100). Passage 5 ASCs had spindle-shaped,
smooth cell surface and grew regularly. Passage 10 ASCs were
polygonal, became long and flat. Passage 15 ASCs become
larger and flatter. E HE staining of ASCs (magnifica-
tion, x200). The enlarged cell size was significantly observed
in passage 15 ASCs by HE staining

potent during long time cultivation in vitro. The multi-
lineage differentiation potential of ASCs were neces-
sary to examine undergoing secondary culture. ASCs
were seeded in 6-well plates with homogeneous
density and induced to differentiate into adipocyte,
osteogensis and chondroblast. The results showed that
despite several generations of subculturing (up to
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passage 15), ASCs retained their ability to differen-
tiate into the three specific cell lines. However, at
passage 15, cell density was less than the early
passages and the space between cells increased
remarkably (Fig. 2).The results is inconsistent with
some reports (Baer et al. 2010).

Change in migration ability

In the clinical application of ASCs transplantation, the
tissue repairing process is also affected by the capacity
of ASCs to migrate to the injured organ (Liu et al.
2017b). Martha et al. found that, compared with young
BM-MSCs, the migration capacity and soluble factors
expression of aged BM-MSCs were significantly
reduced (Arango-Rodriguez et al. 2015). The migra-
tion ability of ASCs were detected by scratch test and

Osteoblast

Fig. 2 Trilineage differentiation capacity of ASCs in vitro
(magnification, x100). Over 15 passages of subculture, ASCs
have retained the ability to differentiate into adipocyte,
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Chondroblast

transwell system (Cardenes et al. 2018). The results of
the scratch test showed that the migration ability of
ASCs was significantly decreased with culture time
(Fig. 3A). Furthermore, the transwell assay revealed
that the number of migratory cells of passage 15 was
remarkably reduced compared to passage 5 and 10
within 24 h (Fig. 3B). Therefore, we conclude that the
senescent ASCs show an impaired migration capabil-
ity under the same basal conditions. With sequential
passages, the proliferation and migration potential of
ASCs decreases greatly, which will affect the efficacy
of stem cell therapy (Lee et al. 2018).

Adipocyte

osteogensis and chondroblast. Passage 15 cell density was less
than the early passages and the space between cells increased
remarkably
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Fig. 3 The migration ability of ASCs (magnification, x 100).
A Images from the scratch wound migration assay. Healing due
to the cellular migration of ASCs was observed over a period of
24 h following scratch wounding. The results showed that the
migration ability of ASCs was significantly decreased with

OXPHOS and glycolysis impaired at senescence
ASCs

After determining that proliferation capacity is altered
with cultivation time, we next detected whether ASCs
metabolism is impacted during long-term expansion.
We measured both OCR and ECAR to evaluate
mitochondrial oxidative phosphorylation function and
cellular glycolysis function under baseline and
stressed (stimulated to maximize energy production)
conditions (Figs. 4A, 5A). For baseline OCR and
spare respiratory capacity revealed that within passage
15, passage 15 had moderately lower baseline OCR
and spare respiratory capacity when compared to
passage 5 and 10 (P < 0.05) (Fig. 4B). We observed
that passage 15 had a significantly lowed maximal

culture time. B Representative images of cell migration using a
transwell assay. The transwell assay revealed that the number of
migratory cells of passage 15 was remarkably reduced
compared to passage 5 and 10 within 24 h

respiration and ATP production when compared to
passage 5 and passage 10 (P < 0.05) (Fig. 4C). For
glycolysis, the results displays that passage 15 had
lower glycolysis and glycolytic capacity compared to
passage 5 and 10 (P < 0.05).Glycolytic reserve was
not significantly different between passage 5, 10 and
15 ASCs (Fig. 5B). The results showed that early
ASCs had a significantly greater OCR metabolic
potential, suggesting senescent ASCs used less of
OXPHOS capacity during expansion. The results is
consistent with others reports (Ji et al. 2019). Results
from our study suggest that ASCs glycolysis function
was maintained, however there was slightly reduced in
passage 15 ASCs.
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Fig. 4 Oxygen-consumption rate (OCR) indicates lower
oxidative metabolism in senescence ASCs. A The curve of
different passage ASCs mitochondrial stress test. B Passage 5,
10 and 15 ASCs basal respiration and spare respiratory capacity.
Passage 15 ASCs had moderately lower baseline OCR and spare
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Fig. 5 Extracellular acidification rate (ECAR) indicates lower
glycolysis in senescence ASCs. A The curve of different passage
ASCs glycolysis stress test. B Passage 5, 10 and 15 ASCs

respiratory capacity when compared to passage 5 and 10
(P < 0.05). C Passage 5, 10 and 15 ASCs maximal respiration
and ATP production. Passage 15 had a significantly lowed
maximal respiration and ATP production when compared to
passage 5 and passage 10 (P < 0.05)
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glycolysis, glycolytic capacity and glycolytic reserve. Passage
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Elevated cell senescence with increasing passages

Finally, the senescence of ASCs at different passages
was examined using SA-f-gal staining. SA-B-gal
activity is the most commonly used biomarker for
the identification of senescent cells. The senescent
status of ASCs were confirmed by the SA-fB-gal
staining assay showing an increased activity of the
lysosomal [-galactosidase specifically in senescent
cells. Many senescent ASCs, which were large and flat
in shape and showed aquamarine in cytoplasm after
SA-B-gal staining. We observed a significant increase
in SA-B-gal-positive cells with increasing culture time
(Fig. 6A). At passage 15, SA-B-gal-positive cells were
increased up to (52.4 £ 5.8)%, compared to passage
5(3.8 & 0.8)% and passage 10 (15.3 & 1.2)%, there
were significantly difference (P < 0.05) (Fig. 6B).
The results were similar to the results of Legzdina
et al. (2016). To evaluate senescence at the molecular

60

40

%SA-B-gal-posotive cells

level, we also monitored the level of cellular senes-
cence-related proteins p53, p21 and pl6 at different
passages. The senescence markers p53, p16, and p21
were also increased accompanied with the increase of
passage (Fig. 6C). This result suggests that ASCs are
replicative senescence during in vitro amplification.

Experimental section
Isolation and primary culture of ASCs

The fat tissue was obtained from healthy patients
undergoing abdominal surgery (age range of
22-27 years; n =3). All patients provided written
informed consent for research use of tissues and for
publication. Ethical approval was also obtained from
the Research Ethics Committee of the First Clinical
Hospital of Jilin University.

Ps

Fig. 6 Characterization of ASCs replicative senescence.
A Representative images of SA-B-gal -positive ASCs at
different passages (magnification, x200). Many senescent
ASCs, which were large and flat in shape and showed
aquamarine in cytoplasm after SA-B-gal staining. B Percentage
of SA-b-gal-positive ASCs at different passages. The results

P13
P5 P10 P15

showed a significant increase in SA-B-gal-positive cells with
increasing culture time. C Representative images of western
blot for p53, p21 and p16 protein levels of different passage
ASCs sample. The senescence markers p53, p16, and p21 were
increased accompanied with the increase of passage
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ASCs were isolated and cultured as previously
described (Iyyanki et al. 2015).The fat tissue was
washed 3 times with phosphate-buffered saline (PBS),
and digested with 0.1% (w/v) type I collagenase
(Sigma-Aldrich, St Louis, MO, USA) at 37 °C for
45 min with gentle agitation. Undigested tissues and
unneeded oils were filtered out using a screen mesh
followed by centrifugation at 1500 rpm for 5 min, and
the final pellet was resuspended in complete culture
media consisting of Dulbecco’s modified Eagle’s
medium(DMEM, Gibco, USA), 10% fetal bovine
serum(FBS, HyClone, South, Logan, UT, USA), and
0.1% penicillin (Cyagen Biosciences, Guangzhou,
China). Finally, cells were plated at a density of
1.5 x 10° cells/cm?® for culture in fresh complete
medium in a humidified 37 °C incubator with 5%
CO,. Forty-eight hours after isolation, unattached cells
were washed off, and the medium was changed every
3 days.

ASCs expansion

ASCs samples from primary culture were subcultured
with Trypsin/EDTA, 0.25% (Corning, NY, USA), and
then cultured in complete medium at 37 °C in a
humidified atmosphere set at 5% CO,. The cells were
passaged when cell density reached 90% confluency
(up to passage 15). To analyze the characteristics of
in vitro senescent ASCs during long-term cultivation,
we compared differences in various biological char-
acterization related to senescence at passages 5, 10 and
15.

Cell proliferation

The proliferation and growth efficiency of ASCs were
determined by MTS assay and cumulative population
doubling level (CPDL) assay. MTS assay is a colori-
metric assay with 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-
zolium (MTS) (Promega, Madison, WI, USA) follow-
ing the manufacturer’s instructions. In brief, MSCs
was seeded into 96-well plate (4 x 10°cells/well)
(Corning, NY, USA) and cultured for 1, 2, 34, 5,
6,7 days, then 20 uL. of MTS solution was added to
each well and incubated for 4 h at 37 °C. The
absorbance was measured by an Epoch microplate
spectrophotometer (Biotek, VT, USA) at 490 nm.
CPDL assay (Seo et al. 2021) using the formula
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CPDL = In (Nf/Ni) In2, where Ni is the initial seeding
cell number, Nf'is the final harvest cell numbers, and In
is the natural log. Each assay was performed in three
replicate wells for each condition.

Cell cycle assays

Cell cycle analysis kit (Beyotime Institute of Biotech-
nology, Beijing, China) was used for cell cycle
following the manufacturer’s instructions. In brief,
1 x 10° ASCs were centrifuged and washed with PBS
for three times, then fixed in 70% ice cold ethanol at —
20 °C overnight. Cells were resuspended in 1 ml cold
PBS containing RNase (50 pg/ml), then stained with
propidium iodide (PI; 5 pg/ml) for 30 min at room
temperature in the dark. The cell cycle was analyzed
using BD FACS Vantage SE Cell Sorter (BD
Bioscience Pharmingen, San Diego, CA, USA).

Apoptosis assay

A Muse Cell Analyzer was used for apoptosis studies
using the Muse Annexin V& Dead Cell Assay. Cells
were harvested, washed with PBS for three times, and
incubated with Annexin V binding buffer according to
the manufacturer’s instructions. The percentage of
normal, apoptotic, and necrotic cells was analyzed
with Muse Cell Analyzer (Millipore, Billerica, MA,
USA).

Assessment of trillineage differentiation

The adipocyte, osteogensis and chondroblast differ-
entiation capabilities of ASCs were performed using
Oricell adipogenesis differentiation kit (Cyagen Bio-
science, China), Oricell chondrogenic differentiation
kit (Cyagen Bioscience, China) and Oricell Osteo-
genic Differentiation kit (Cyagen Bioscience, China),
respectively. ASCs were cultured in 6-well plates
(Corning, NY, USA) and were supplemented with
respective differentiation medium upon reaching 90%
confluent. The inductive medium was changed every
3 days for 21 days. For adipogenic induction, lipid
droplets were detected by Oil Red O (Sigma-Aldrich)
staining. For osteogenesis differentiation, cells were
detected by Alkaline phosphatase staining, (Cyagen
Bioscience, China) following the manufacture instruc-
tions, whereas for chondroblast differentiation, cells
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were stained with Safranin O (Cyagen Bioscience,
China).

ASCs migration ability assays

A scratch test and a transwell assay were used to
determine the change in the migration ability of
MSCs. The scratch test were performed according to
previously reported (Liang et al. 2007). Briefly,
5 x 10° cells were seeded into the 6-well plates
(Corning, NY, USA). After 24 h, cell scratches were
made with a 200-pL pipette tip, and residual cells were
washed with PBS for three times. DMEM containing
1% FBS was used to culture cells for 24 h. The healing
condition of the cells were photographed by Olympus
CKX41 microscope. Transwell assays were performed
using an 8-pm pore size transwell chamber in 24-well
plates (Corning, NY, USA). Cells were plated in the
upper chamber of the transwell at a density of
2.5 x 10° cells/mL, cultured with DMEM containing
1% FBS. At the same time, DMEM containing 20%
FBS was added in the lower chamber. After 24 h,
migrated cells appeared in the lower side of the
transwell membrane and were fixed with 4% neutral
formaldehyde 30 min and stained with 0.1% crystal
violet.

Seahorse analysis of mitochondrial respiration
and glycolysis

The seahorse bioscience extracellular flux analyzer
(Seahorse Bioscience, Billerica, MA, USA) was used
to monitor OCR (oxygen consumption rate) and
extracellular acidification rate (ECAR) to detect
cellular OXPHOS and glycolysis. Experiments were
performed according to the manufacturer’s instruc-
tions. OCR and ECAR were measured using Seahorse
XF Cell Mito Stress Test Kit and Seahorse XF
Glycolysis Stress Test Kit, respectively. Briefly, cells
were seeded in a Seahorse XF cell culture microplate
at a density of 1.5x10* per well. For OCR, oligomy-
cin, the reversible inhibitor of oxidative phosphoryla-
tion FCCP (p-trifluoromethoxy carbonyl cyanide
phenylhydrazone), and the mitochondrial complex I
inhibitor rotenone plus the mitochondrial complex IIT
inhibitor antimycin A (Rote/AA) were sequentially
injected; and for ECAR, after baseline measurements,
glucose, the oxidative phosphorylation inhibitor
oligomycin, and the glycolytic inhibitor 2-DG were

sequentially injected into each well at indicated time
points. According to the OCR value, the basic
respiration, maximum respiration, respiration capacity
and ATP production (ATP production) were analyzed.
According to the ECAR value, the glycolysis, gly-
colytic capacity and glycolytic reserve were analyzed.
OCR and ECAR were normalized according to cell
number (1 x 104).

SA-B-galactosidase assays

5 x 10° cells were seeded in a 6-well plate in
triplicates. After 48 h, senescence-associated B-galac-
tosidase (SA-B-gal) staining was performed using a -
galactosidase Staining Kit (Beyotime, Shanghai,
China) according to the manufacturer’s instructions.
Briefly, ASCs were washed with PBS and fixed using
the fixative solution for half an hour at room temper-
ature and then incubated at 37 °C overnight with the
SA-f-gal staining solution. The senescent ASCs
stained with blue were photographed by Olympus
CKX41 microscope. The percentage was calculated
from five different view fields of each sample in three
independent experiments.

Western blotting

The proteins of different passage ASCs were extracted
and the concentrations measured. A total of 15 ng
protein from each sample was loaded, electrophoresed
on 12.5% SDS-PAGE gels and then transferred to a
PVDF membrane. Membranes were sequentially
incubated with the following antibodies at 4 °C
overnight at an appropriate dilution (1:1000): mouse
anti-P53(Pab240, SC-99, Santa Cruz Biotech, CA,
USA), anti-P21 (F5, SC-6246,Santa Cruz Biotech,
CA, USA), anti-P16 (F-12, SC-1661, Santa Cruz
Biotech, CA, USA),and anti-B-actin (SC-137179,
Santa Cruz Biotech, CA, USA). Subsequently the
membrane was washed with TBST for 0.5 h and then
incubated with horseradish peroxidase-conjugated
secondary antibodies (1: 2000; Santa Cruz Biotech,
CA, USA) at room temperature for one hour. Specific
complexes were visualized using Electro-Chemi-Lu-
minescence (ECL) detection kit (Tanon Biotech,
Shanghai, China) following the manufacturer’s
instructions.
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Data analysis

Data are presented as mean + standard deviation
(SD). For quantitative analysis of the differences
among the mean values between the groups, data were
analyzed using one-way analysis of variance
(ANOVA) with Turkey’s post hoc multiple compar-
ison test through GraphPad Prism software. All
experiments were performed at least in triplicate. A
value of P < 0.05 was considered statistically
significant.

Conclusion

In the present study, we confirmed the changes in the
characteristics of ASCs that occurred with long-term
cultivation in medium containing FBS in vitro. We
observed a continuous decrease in the self-renewal
ability, migration capacity, mitochondrial OXPHOS
function, and glycolysis function of these cells over
subsequent passages during in vitro culture, significant
differences in the expression of cellular senescence-
related proteins p53, p21 and p16, which commenced
at passage 10 and passage 15. Culture medium is the
key to the efficiency and safety of ASCs and needs to
be able to maintain the phenotype, function and gene
stability of ASCs after continuous subculture. Clinical
gra7de ASCs requires safety products to replace FBS,
such as human serum, platelet lysate or chemically
defined GMP medium. We are observing the changes
in the biological characteristics of ASCs after long-
term in medium containing human serum in vitro.
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