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Changes in mesenchymal stem cells
following long-term culture in vitro
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Abstract. Mesenchymal stem cells (MSCs), which can be
isolated from umbilical cords and induced to differentiate into
multiple cell types in vitro, represent an ideal source for cell
and gene therapy. MSCs are typically expanded in culture prior
to their therapeutic application. However, similar to other types
of stem cell, MSCs undergo senescence following a certain
number of cell expansion passages in vitro, and eventually stop
proliferating. The objective of the present study was to measure
the changes that occur over successive passages of MSCs
during long-term in vitro culture, and to detect the effect of
aging on MSC morphology, phenotype, proliferation, cell cycle,
differentiation, intracellular reactive oxygen species (ROS)
levels and gene expression. To understand the importance of
oxidative stress in the aging of adult stem cells, the current
study established a cell model of H,O,-induced MSC premature
senescence. Analysis of the biological characteristics of human
umbilical cord MSCs during replicative and premature senes-
cence revealed the importance of extrinsic factors in the aging
of stem cells, particularly ROS. The findings of the present study
suggest that cellular senescence, a state of irreversible growth
arrest, can be triggered by ROS. Thus, it is important to improve
the extrinsic culture environment of MSCs to retain the pheno-
type of expanded cells and delay the process of senescence prior
to their clinical application.

Introduction

Mesenchymal stem cells (MSCs) are a promising cell source
for use in tissue regeneration and their potential therapeutic
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application has already been investigated in several clinical
trials (1-3). Human MSCs have the ability to differentiate into
different mesodermal cell lineages, including osteocytes, chon-
drocytes, adipocytes, hepatocytes and neurons (4,5). Therefore,
MSCs have important therapeutic potential. Typically, these
cells are expanded prior to their clinical application. However,
MSCs have a limited lifespan in vitro, as do any normal somatic
cells, and there is no precise molecular definition of MSC
long-term culture in vitro. Several studies have demonstrated
that long-term culture of MSCs results in continuous changes
to the cells, including decreased proliferation rate, increased
cell size and different differentiation potentials (6,7). These
problems have hindered the expansion of MSCs for therapeutic
use, causing a major bottleneck in clinical applications. MSCs
have become an attractive therapeutic tool due of their unique
characteristics, including their ability to self-renewal, and ease
of isolation and expansion. MSCs possess a broad spectrum
for regenerative medicine due to their potential to repair tissue
and to differentiate into osteoblasts, chondroblasts, adipocytes
and myoblasts. The transplantation of pluripotent MSCs has
been tested in the treatment of neurological disorders, such
as Parkinson's disease, cerebral infarction, brain injury and
spinal cord injury, bone tissue engineering, cardiovascular
diseases, severe liver damage repair, pulmonary fibrosis and
reduction of bone marrow transplant rejection indicating the
potential for porting applications.

It has been reported that long-term culture of MSCs causes
the cells to undergo replicative senescence with the cell
morphology becoming enlarged and flattened, the development
of prominent nucleoli and cytoplasmic granules, alteration in
the differentiation potential, and shortened telomere length
over progressively increasing passages (8). Additionally,
these senescent cells can be stained by senescence-associated
p-galactosidase (SA-p-gal). It is important, therefore, to
fully understand the biological alterations that occur in these
expanded stem cell populations.

Cellular senescence is induced by intrinsic and extrinsic
factors (9,10). With numerous passages, cell senescence can be
triggered by replicative exhaustion, DNA damage and telomere
shortening. Increasing evidence indicates that the continuous
accumulation of intracellular reactive oxygen species (ROS)
is a major initiating factor of replicative senescence (11,12).
Furthermore, extrinsic stresses, such as oxidative stress, may
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affect intrinsic factors, and subsequently lead to DNA damage
accumulation and telomere shortening. In addition to replicative
senescence, premature senescence is another model of in vitro
senescence. Premature senescence is induced by various extrinsic
factors, including hydrogen peroxide, ionizing radiation, high
glucose, D-galactose, high oxygen and old rat serum (13-15). In
addition, human fibroblasts undergo premature senescence when
cultured in 8-methoxypsoralen/ultraviolet A conditions (16).
Zhang et al (14) reported that old rat serum induced the senes-
cence of adult MSCs, and inhibited their proliferation and
survival. Apurinic/apyrimidinic endonuclease 1/redox factor-1
(APE1/Ref-1) is a redox factor for transcription factors that alters
trinucleotide stores, which are vital to energy metabolism, via
regulation of DNA repair processes and transcription factors,
including P53 (17). P21, a cyclin-dependent kinase inhibitor, is
a major transcriptional target of P53. It was originally identified
as a gene that inhibits DNA synthesis and promotes cell cycle
arrest (18). Further analysis demonstrated that senescence of
numerous cell lines was correlated with the upregulation of P21
and P53 (19). Thus, establishing an optimized microenviron-
ment for the culture and expansion of MSCs that preserves their
properties and prolongs their lifespan is imperative (20-23).

Cellular senescence is a complex process and the sequence
of its molecular mechanisms is thus far unknown. Sharpless
and DePinho (24) proposed that humans grow old due to stem
cell aging as a result of mechanisms designed to suppress the
development of cancer. Thus, it may be important to deter-
mine how individuals grow old and how cancer develops via
investigation of the process of stem cell aging. The current
study compares several biological characteristics of human
umbilical cord MSCs (hucMSCs) during long-term in vitro
expansion for passages 4, 11 and 17 (P4, P11 and P17). In addi-
tion, the present study established an H,0,-induced premature
senescence model to examine MSC senescence.

Materials and methods

Isolation and culture of hucMSCs. The experimental
protocol was approved by Jiangsu University ethics
committee (Zhenjiang, China). Fresh umbilical cords were
collected in March 2015, immediately after birth from
healthy donors at the First People's Hospital of Zhenjiang
(Zhenjiang, China). The umbilical cords were rinsed twice
in phosphate-buffered saline (PBS) until the cord blood
was cleared. The blood vessels were removed from each
cord, then the remaining tissue was cut into 1-mm? pieces,
and suspended in low-glucose Dulbecco's modified Eagle's
medium (L-DMEM; Gibco; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) containing 10% fetal bovine serum
(FBS; Thermo Fisher Scientific, Inc.), 1% penicillin and
1% streptomycin (Beyotime Institute of Biotechnology,
Haimen, China). All cultures were incubated at 37°C with
an atmosphere of 5% CO, in a humidified chamber. The
medium was changed every 3 days after initial plating. When
well-developed colonies of fibroblast-like cells reached
70-80% confluence, the cells were trypsinized with 0.25%
trypsin-EDTA (Thermo Fisher Scientific, Inc.) and passaged
into new culture flasks for further expansion. To establish
a cell model of H,0,-induced MSC premature senescence,
early passage (P4) hucMSCs were treated with H,O, at
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different concentrations (0, 200, 400, 600 and 800 M) for
2 h. The stimulus was then removed and cells were further
incubated in fresh medium for 48 h.

Flow cytometry.Todetermine the phenotypes of hucMSCs, fluo-
rescein isothiocyanate (FITC)- or phycoerythrin (PE)-labeled
mouse monoclonal antibodies against human leukocyte
antigen (HLA)-DR, cluster of differentiation (CD)105, CD34,
CD29,CD90 and CD44 (1:10; BD Biosciences, Franklin Lakes,
NJ, USA; cat. nos. 555811, 560839, 348053, 555443, 555596
and 555479, respectively) were used. Briefly, at P4, MSCs
were trypsinized, washed twice with PBS and stained with
the monoclonal antibodies, according to the manufacturer's
protocol. Mouse monoclonal PE-immunoglobulin G1 (IgG1)
and FITC-IgG1 (BD Biosciences; cat. nos. 555574 and 555573,
respectively) were used as isotype controls. The stained
cells were analyzed using the FACSAria flow cytometer(BD
Biosciences).

Morphological observation of hucMSCs. The cell surface
morphology of hucMSCs was analyzed using scanning elec-
tron microscopy (SEM; Hitachi S-3400N; Hitachi, Ltd., Tokyo,
Japan) at P4, P11 and P17. Cells were seeded in 6-well plates
and the media was removed following 3 days of culture. The
cells were washed with PBS and fixed with 2.5% glutaralde-
hyde (Sangon Biotech Co., Ltd., Shanghai, China) for 1 h. The
cells were then rinsed with distilled water and dehydrated with
a series of ethanol gradients starting at 30% and increasing
to 50, 70, 80, 90, 95 and 100% (v/v). Subsequently, the cells
were air-dried overnight at room temperature in a fume hood.
The cells were gold-coated and cell morphology was analyzed
using SEM.

To image the cell nuclei, cells were cultured at a compa-
rable density on coverslips in 6-well plates. They were washed
with PBS, fixed for 15 min with 4% formaldehyde (Sangon
Biotech Co., Ltd.) and washed with PBS 3 times. DNA was
visualized with 4'6-diamidino-2-phenylindole (1 mg/ml)
(Beyotime Institute of Biotechnology) by fluorescence micros-
copy (Molecular Devices, LLC, Sunnyvale, CA, USA).

Cell proliferation assay. Assessment of the proliferative
ability of hucMSCs was performed using a 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT;
AMRESCO LLC, Solon, OH, USA) assay at P4, P11 and
P17. The cells were seeded in 96-well plates at a density of
1,000 cells per well. At days 1,2,3,4,5,6 and 7, MTT (20 ul)
was added to each well for 4 h. When the reaction was termi-
nated, the medium was discarded and 150 ul dimethylsulfoxide
(Sigma-Aldrich, St. Louis, MO, USA) was added to each well.
Following uniform oscillation for 10 min to fully dissolve the
purple formazan crystals, the absorbance values were deter-
mined at 490 nm with a spectrophotometer (FLX800; BioTek
Instruments, Inc., Winooski, VT, USA).

SA-f-gal staining. SA-B-gal activity was analyzed in different
passages (P4, P11 and P17) of hucMSCs using a SA-B-gal
staining kit (Beyotime Institute of Biotechnology), according
to the manufacturer's protocol. In brief, the cells were cultured
to comparable densities on coverslips in 24-well plates and
washed with PBS, fixed for 15 min with 4% formaldehyde
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and washed with PBS. Subsequently, the cells were incubated
overnight at 37°C in a CO,-free chamber with freshly prepared
SA-p-gal stain solution. SA-f-gal-positive cells exhibited
a blue color; the number of positive cells was counted for
every 200 cells in randomly selected fields of view using light
microscopy (TE300; Nikon Corporation, Tokyo, Japan).

Cell cycle analysis. Cells at P4, P11 and P17 were collected,
washed twice with PBS and stained with propidium iodide
(Sigma-Aldrich) for 30 min in dark conditions. The stained
cells were analyzed by flow cytometry (FACSAria; BD
Biosciences).

Generation of conditioned media (CM) for hucMSC migra-
tion assay. To prepare CM, 8x10* hucMSCs of P4, P11 and P17
were plated on 6-well culture plates with 10% FBS L-DMEM
and allowed to adhere overnight at 37°C with 5% CO, atmo-
sphere. The following day, the media was removed, the cells
were washed twice with PBS and then re-incubated with 1.5 ml
serum-free culture media. After 12 h, the CM was collected,
centrifuged for 5 min at 447 x g to remove cell debris and
passed through a 0.45-pm filter (Sigma-Aldrich). CM aliquots
were frozen at -20°C until analysis (not exceeding 2 weeks).

P4 MSCs (4x10%) in 200 pl serum-free L-DMEM were
plated in the upper chambers and 600 yl undiluted CM with
10% FBS was added to the lower chambers. After 10 h of incu-
bation, the cells were fixed with 4% formaldehyde for 30 min.
The cells that remained on the membrane of the upper chamber
were removed with cotton swabs and migrating cells were
stained with crystal violet (Sigma-Aldrich). Four low-power
fields (x100) were randomly selected in each chamber to
observe the cells and the number of stained migrated cells on
each image was counted.

ROS detection. To detect the accumulation of intracellular
ROS in hucMSCs, a ROS assay kit (Beyotime Institute of
Biotechnology) was used. Following culture to different
passages (P4, P11 and P17), the cells were washed 3 times in
serum-free medium and incubated in a final concentration of
10 mM dihydrodichlorofluorescein diacetate (H2DCFDA)
at 37°C for 25 min. The media was then removed and cells
were washed 3 times with serum-free medium. The cells were
observed using a fluorescence microscope (TE300; Nikon
Corporation).

To quantify the ROS level, the H2DCFDA fluorescence
intensity of the cells was detected by flow cytometry. Briefly,
5x10* cells were collected and resuspended in a final concen-
tration of 10 mM H2DCFDA with serum-free medium. After
25 min incubation at 37°C, cells were washed with serum-free
medium 3 times and resuspended in PBS, then placed on ice
for immediate detection using a FACScan flow cytometer
(BD Biosciences) with excitation at 488 nm and emission at
525 nm.

HucMSC differentiation assays. HuicMSCs at P4, P11 and
P17 were cultured in a medium containing either osteogenic
(50 mM ascorbate-phosphate, 10 mM f-glycerophosphate and
0.1 mM dexamethasone) or adipogenic (1 mM dexamethasone,
10 mM insulin, 0.5 mM isobutyl-methylxanthine and 200 mM
indomethacin) reagents (Sigma-Aldrich) at 5% CO, at 37°.
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After 2 weeks of culturing, osteogenic differentiation was
assessed by the examination of neutrophil alkaline phospha-
tase with Alizarin Red dye (Sigma-Aldrich). After 3 weeks of
culturing, adipogenic differentiation was detected via intra-
cellular lipid vesicles; the cells were stained with Oil Red-O
(Cyagen, Guangzhou, China) to detect lipids using an inverted
microscope (TE300; Nikon Corporation).

Reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA was isolated using TRIzol reagent (Invitrogen;
Thermo Fisher Scientific, Inc.), according to the manufac-
turer's instructions. Reverse transcription was conducted
using Moloney murine leukemia virus reverse transcriptase
(Promega, USA) and the obtained cDNA was subjected to
PCR. PCR was performed using 1 ug of cDNA sample with
0.3 U of Taq polymerase (CinnaGen Co., Tehran, Iran), 200 uM
dNTPs, 10 pM of each primer, reaction buffer and MgCl2
(Takara Bio, Inc., Otsu, Japan) in a 25-ul volume. PCR amplifi-
cation was performed for 35 cycles using an ABI 2720 thermal
cycler (Applied Biosystems; Thermo Fisher Scientific, Inc.).
The cycling conditions were: 94°C for 30 sec, 60°C (primer)
for 30 sec, 72°C for 30 sec and a final extension at 72°C for
10 min. The PCR products were separated on a 1.5% agarose
gel, stained with ethidium bromide (Thermo Fisher Scientific,
Inc.) and visualized under UV light using the GeneGenius
bio-imaging system (Syngene, MD, USA). Primers were as
follows: APE1/Ref-1, F 5-GCTTCGAGCCTGGATTAAGA-3'
and R 5"TCATCGCCTATGCCGTAAGA-3"; P21, F 5'-CTA
CCTCAGGCAGCTCAAG-3' and R, 5'-AGCCTCTACTGC
CACCATC-3% P53, F 5“TCTGTGACTTGCACGTACTC-3'
and R 5-TGTAGTGGATGGTGGTACAG-3'; B-actin,
F 5'-CACGAAACTACCTTCAACTC-3' and R 5'-CATACT
CCTGCTTGCTGATC-3". The primers were produced by
Shanghai Bio-Engineering Company (Shanghai, China).

Statistical analysis. All data are expressed as the mean =+ stan-
dard deviation. Statistical analysis was performed using
GraphPad Prism software (version 5; GraphPad Software, Inc.,
La Jolla, CA, USA). All experiments were replicated 3 times.
Analysis of variance was used to analyze variance among all
groups, and Student's t-test was performed to compare experi-
mental and relative control groups. P<0.05 was considered to
indicate a statistically significant difference.

Results

Morphology and cell surface characteristics of hucMSCs
in primary culture. Following the initial 7 days of primary
culture, hucMSCs adhered to the plastic surface of the culture
flasks and presented as a small population of single cells with
spindle-like shape. On day 10 after initial plating, the cells
exhibited long spindle-shaped fibroblastic cells, they had began
to form colonies and were confluent (Fig. 1A). At P4, hucMSCs
were positively stained with CD29, CD90, CD44 and CD105,
but were negative for the hematopoietic lineage markers CD34
and HLA-DR, as measured by fluorescence-activated cell
sorting (FACS) analysis (Fig. 1B).

Changes in hucMSCs during long-term in vitro culture.
HucMSCs from the same donors were characterized by their
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Figure 1. Isolation and identification of human umbilical cord mesenchymal stem cells (hucMSCs). (A) Primary cells at passage 0 (magnification, x40).
(B) Surface markers identified by fluorescence-activated cell sorting analysis at passage 4. IgG indicates isotypes. HucMSCs are positive for CD29, CD90,
CD44 and CD105, but negative for CD34 and HLA-DR. IgG, immunoglobulin G; PE, phycoerythrin; FITC, fluorescein isothiocyanate; CD, cluster of dif-

ferentiation; HLA-DR, human leukocyte antigen-DR.
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Figure 2. Characterization of long-term cultured human umbilical cord mesenchymal stem cells (hucMSCs). (A) Ultrastructure of cell membrane of
long-term cultured hucMSCs detected by scanning electron microscopy (magnification, x2,000). (B) Cell nuclei visualized by 4'6-diamidino-2-phenylindole
staining. Senescence-associated heterochromatic foci formation is present in the nucleus of senescent P17 hucMSCs compared with the nuclei of P4 and P11
(x200 magnification). (C) Growth curve for long-term cultured hucMSCs detected by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2-H-tetrazolium bromide
assay. (D) Representative images (magnification, x100) and (E) quantification of senescent hucMSCs, as detected by SA-B-gal staining. ‘P<0.05 vs. P4. P,

passage; SA-B-gal, senescence-associated 3-galactosidase.

morphology, growth, SA-f-gal activity and differentiation
capacity. The present study observed morphological changes
during long-term culture of hucMSCs by analyzing the
cell membrane and nucleus. The ultrastructure of the cell
membrane was observed under SEM (Fig. 2A). Cells at P4 were
spindle-like, plump, stereoscopic and exhibited a large popula-
tion of uniformly distributed vimineous microvilli. However, at
the middle and late phases of the culture (P11 and P17, respec-
tively), huceMSCs became flatter, broader and had numerous

large pseudopods, often with multiple secondary bifurcations.
Furthermore, the number and length of microvilli was decreased
during the late phases, particularly at P17. The current study also
used immunofluorescence to observe changes to the cell nuclei
(Fig. 2B). At P4, the chromatin distribution in the nuclei was
homogeneous and the nucleus size was uniform. Compared with
P4, the nuclei at P11 and P17 were swollen, and chromatin was
localized into a small area termed the senescence-associated
heterochromatic foci (SAHF). It was concluded that both the
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Figure 3. Effects of long-term in vitro culture on the cell cycle and microenvironment of human umbilical cord mesenchymal stem cells (hucMSCs). (A) Cell
cycle distribution of hucMSCs at various passages determined by fluorescence-activated cell sorting analysis. (B) HucMSC cell migration assay using hucMSC
conditioned media (crystal violet staining; magnification x100). (C) Quantification of migrated cells. "P<0.05, “P<0.01 vs. P4. n=4. P, passage.
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Figure 4. In vitro differentiation of human umbilical cord mesenchymal stem cells (hucMSCs). (A) HucMSCs were differentiated into adipocytes for 21 days.
Fat accumulation was visualized by Oil Red-O staining (magnification, x200). (B) HucMSCs were differentiated into osteoblasts for 14 days. Osteogenic
differentiation was visualized by Alizarin Red staining (magnification, x100). P, passage.

nuclei and the cell membranes of hucMSCs had undergone
changes during the long-term in vitro culture.

Subsequently, the current study analyzed the growth
characteristics of hucMSCs during long-term in vitro culture.
The proliferation rate of hucMSCs was measured at P4, P11
and P17 by MTT assay (Fig. 2C). The hucMSC proliferation
rate in the early and middle phases exhibited an S-shaped
growth curve, with a minor decrease in proliferation rate in
the middle phase compared with the early phase. However,
when reaching P17, the hucMSC proliferation rate was
significantly decreased compared with the early phase cells
(P<0.05). The shape of long-term growth curves differed
considerably between passages, with almost a straight line
exhibited during the late phase of hucMSC culture.

Additionally, the current study detected SA-f3-gal activity
at the 3 passages (Fig. 2D). The number of senescent cells were
increased during the middle and late phase, compared with the
early phase (P<0.05; Fig. 2E). The results of the current study
indicate that hucMSCs undergo replicative senescence during
long-term in vitro culture.

Considering the functional implications of changes to growth
characteristics during multiple passages, the present study
analyzed the cell cycle status of hucMSCs. The cell cycle distri-
bution at different passages was determined by FACS analysis.
Single-variable histograms of DNA provided data measuring
the percentages of cells in the GO/G1, S and G2/M phases of
the cell cycle. As presented in Fig. 3A, hueMSCs demonstrated
a progressive increase in the frequency of cells in GO/G1 phase
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Figure 5. Effects of long-term expansion on intracellular reactive oxygen species (ROS) levels and mRNA expression in human umbilical cord mesenchymal
stem cells. (A) Fluorescence microscopy identified more ROS-stained cells in the middle or late phase (P11 or P17) (dihydrodichlorofluorescein diacetate
staining). (B and C) Quantification of intracellular ROS levels was performed by fluorescence-activated cell sorting (FACS) analysis of stained cells to obtain
mean fluorescence intensity. “P<0.05 vs. P4. (D) Reverse transcription-polymerase chain reaction analysis of the expression of P21, P53 and APE1/Ref-1.
B-actin was used as an internal control. “P<0.05, “P<0.01 vs. P4. P, passage; APE1/Ref-1, apurinic/apyrimidinic endonuclease 1/redox factor-1.

during long-term in vitro culture. Cell cycle analysis of P17
revealed an obvious increase in the number of cells in the
GO0/G1 phase and a reduction of S-phase cells compared with P4
and P11. The current study did not observe the development of
polyploidy in hucMSCs throughout the long-term culture.

CM was collected from P4, P11 and P17 cells, and used
as the medium in the lower chamber during a cell migration
assay. In the P4 and P11 CM groups, obvious migration of
cells was observed, whereas few migrated cells were observed
in the P17 CM group. Cell counting demonstrated that the
migration of cells in the P17 CM group (19+3.4 cells/100 field)
was significantly reduced compared with the P4 and P11
groups (77+£3.9 and 62+4.3 cells/field, respectively; P<0.01;
Fig. 3B and C). The results indicated that senescent hucMSCs
may secrete toxic factors into the microenvironment that
inhibit hucMSC migration and are harmful to neighboring
cells.

Long-term culturing of hucMSCs impairs the capacity to
differentiate in vitro. In order to observe the differentiation
potential of hucMSCs at P4, P11 and P17, the cells were
induced to differentiate into adipocytes or osteocytes, as
measured by positive staining of Oil Red-O (Fig. 4A) and
Alizarin Red (Fig. 4B), respectively. Based on visual assess-
ment of the extent of Oil Red O-positive lipid inclusions, it
was determined that the adipogenic differentiation capacity
of hucMSCs was decreased at P11 and P17 compared with at
P4. Similarly, the capability of osteogenic differentiation of
hucMSCs was decreased at P11 and P17 compared with at P4.

Increased levels of intracellular ROS and senescence markers
during the long-term culture of hucMSCs. To investigate the
levels of intracellular ROS during long-term culture, a fluores-
cence protocol using H2DCFDA was performed on P4, P11
and P17 hucMSCs. As presented in Fig. 5A, the green fluores-
cence was more intense in P11 and P17 hucMSCs compared
with P4 hucMSCs. This suggests that hucMSCs exhibit low

intracellular ROS levels during the early phases; but the levels
increase in the middle and late phases. To quantify the ROS
levels, fluorescence intensity was detected by flow cytometry
(Fig. 5B and C). The mean fluorescence intensity (MFI) of
P11 and P17 were increased compared with at P4. The MFI
was increased by 3-fold in P17 hucMSCs and by 2-fold in
P11 hucMSCs compared with P4 hucMSCs. Thus, hucMSCs
exhibited higher intracellular ROS levels at later passages
during the long-term culture (P<0.05; Fig. 5C).

To further investigate the association between senescence
and oxidative stress, the current study analyzed the mRNA
expression of P53, P21 and APEI1/Ref-1 in different phases of
hucMSC culture. In agreement with a previous study (19), telo-
meric foci containing multiple DNA damage response factors
were assembled in a subset of senescent cells and signaled
through ATM to p53, upregulating p21 and causing G1 phase
arrest. As demonstrated in Fig. 5D, compared with the early
passages, P21, P53 and APE1/Ref-1 mRNA levels were signifi-
cantly increased in the middle and late phases.

Establishing a cell model of H,O,-induced MSC premature
senescence. Early passage hucMSCs were treated with H,0,
at different concentrations (0, 200, 400, 600 and 800 M)
for 2 h. The stimulus was then removed and cells were
further incubated in fresh medium for 48 h. The effect of
H,0, treatment on the cell cycle in P4 hueMSCs was analyzed
(Fig. 6A). FACS analysis demonstrated that, with increasing
concentrations of H,0O,, the number of hucMSCs in the
GO/G1 fraction progressively increased, and treatment with
600 uM H,0, significantly promoted cell cycle arrest in the
GO0/G1 phase (Fig. 6; P=0.036).

Following H,O, treatment, the number of apoptotic cells did
not markedly increase, however, the hucMSCs became larger
and flatter. Staining of hucMSCs with SA-f-gal indicated that
hucMSCs were subjected to senescence following H,O, stimu-
lation (Fig. 6B). In the five H,O,-treated groups, the proportion
of premature senescence cells, as measured by SA-f-gal
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expression level of APE1/Ref-1, P53 and P21 in premature senescent hucMSCs. “P<0.05, “P<0.01 vs. 0 ymol/I treatment. SA-B-gal, senescence-associated
p-galactosidase; APE1/Ref-1, apurinic/apyrimidinic endonuclease 1/redox factor-1.

staining, increased progressively with increasing concentra-
tions of H,0, (8.17, 13.33, 22.33, 52.17 and 50%; Fig. 6C).
This indicates that H,O, promotes senescence of early passage
hucMSCs in a concentration-dependent manner. However, the
dose of 800 uM H,0, exhibited a slight cytotoxic effect, with
viable cells exhibiting poor adherence when washed with PBS.
Hence, we propose that a dose of 600 xM H,0, is suitable to
establish a model of aging in hucMSCs. Additionally, treatment
of P4 hucMSCs with 600 uM H,0, caused them to become
larger and flatter, and the cells appeared to be morphologically
indistinguishable from replicative senescent cells (P11 or P17).
The expression levels of P53, P21 and APE1/Ref-1 are
upregulated in replicative senescence and premature senes-
cence. P53 (P>0.05) and P21 (P<0.05) mRNA expression
levels were also increased following H,O, treatment (Fig. 6D).
However, at the higher concentrations of H,0, (600 and
800 M), the expression level of P53 was reduced. The current
study interpreted that excessive stimulation of oxidation may
decrease the activities of P53 or even inactivate it. Additionally,
exposure to H,O, for 2 h resulted in dose-dependent increased
expression levels of APE1/Ref-1 and P21 mRNA in the prema-
ture senescence hucMSCs (P<0.05; Fig. 6D). This indicates that
oxidative stress is important in regulating MSC senescence.

Discussion

Human MSCs have been isolated from various tissues and are
a potential stem cell source for use in regenerative medicine.

Typically, stem cell numbers are limited and it is necessary
to expand their populations in vitro prior to clinical use. In
order to examine the characteristics and safety of long-term
cultured hucMSCs, the current study evaluated the effects
of long-term culture on hucMSC proliferation, phenotype,
differentiation, intracellular ROS levels, cell cycle status and
senescence-associated gene expression levels. In addition, with
the aim to highlight the mechanisms that may cause oxidative
stress and promote senescence, the present study established
a cell model of H,0,-induced hucMSC premature senescence
to analyze the associations between changes in the microenvi-
ronment and the process of aging (15,25).

The present results indicate that hucMSCs undergo
replicative senescence during long-term culture in vitro, as
demonstrated by the altered cell proliferation curve, peculiar
cell morphology, cell cycle arrest in GO/G1 and increased
SA-B-gal activity, which are known markers of senescence.
The current study observed that senescence occurred following
a cumulative number of passages, ranging between P4 and P17.
Additionally, hucMSCs expanded continuously for <30 days
and maintained the normal spindle shape under the culture
conditions, without demonstrating increased SA-f3-gal activity.
Consistent with these findings, SAHF were observed in the late
phases of hucMSC culture. SAHF is a specific heterochromatic
structure accumulating in the nucleus in the form of punctate
foci (26,27). By contrast, the chromatin distribution during the
early phases of culture was homogeneous. The middle phase
may be an interim period of cellular senescence.
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Numerous studies have reported the differentiation of MSCs
upon replicative senescence (28-31), however, the underlying
regulatory mechanism is still controversial. Wagner et al (30)
demonstrated that the propensity for osteogenic differentiation
of MSCs increased and adipogenic differentiation potential
decreased during in vitro senescence. Kim et al (28) reported
that the adipogenic and osteogenic differentiation capacity of
MSCs were decreased at >30 population doublings.

Oxidative stress is one of the major factors that accelerates
cell senescence in vivo and in vitro (32,33). The current study
observed that the generation of ROS in hucMSCs increased
during long-term in vitro culture. The environment in which
cellular senescence evolved is replete with extrinsic hazards
and the pace of senescence may be affected by the culture
conditions (10,34). H,O, treatment of early phase hucMSCs
provides a useful experimental model to analyze the mecha-
nisms of senescence-associated changes (35-37). The results of
the current study demonstrate that exogenous stress or oxidative
damage cause changes in gene expression levels, contributing
to certain changes observed in replicative senescence. It was
also observed that the accumulation of intracellular ROS in
senescent hucMSCs was accompanied by the upregulation
of P21 and P53 mRNA levels. APE1/Ref-1 is able to activate
transcription factors associated with the cellular response
to various stresses against oxidative DNA damage (38).
Similarly, in the present study, the mRNA expression levels
of APE1/Ref-1 were elevated in senescent hucMSCs. These
results indicate that the P53/P21 pathway may be the primary
mediator of hucMSCs aging, and APE1/Ref-1 may be impor-
tant in the processes of replicative and premature senescence.

In conclusion, the data indicate that long-term in vitro
culture and extrinsic control, particularly oxidative stress
pressure, are crucial in the regulation of stem cell aging.
Thus, the quality of MSCs preparations should be carefully
controlled prior to clinical application. Further research will
be necessary to understand the mechanisms that regulate the
replicative senescence of stem cells and how to ensure they
remain in the early, normal phase during long-term culture.
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