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a b s t r a c t

Cellular senescence is characterized by functional decline induced by cumulative damage to DNA, pro-
teins, lipids, and carbohydrates. Previous studies have reported that replicative senescence is caused by
excessive amounts of reactive oxygen species (ROS) produced as a result of aerobic energy metabolism. In
this study, we established human bone marrow mesenchymal stromal cells (hBM-MSCs) in replicative
senescence after culture over a long term to investigate the relationship between ROS levels and stem
cell potential and to determine whether differentiation potential can be restored by antioxidant treat-
ment. Intracellular ROS levels were increased in hBM-MSCs; this was accompanied by a decrease in the
expression of the antioxidant enzymes catalase and superoxide dismutase (SOD)1 and 2 and of phos-
phorylated forkhead box O1 (p-FOXO1) as well as an increase in the expression of p53 and p16, along
with a reduction in differentiation potential. When the antioxidant ascorbic acid was used to eliminate
excess ROS, the levels of antioxidant enzymes (catalase, SOD1 and 2, p-FOXO1, and p53) were partly
restored. Moreover, differentiation into adipocytes and osteocytes was higher in hBM-MSCs treated with
ascorbic acid than in the untreated control cells. These results suggest that the decline in differentiation
potential caused by increased endogenous ROS production during in vitro expansion can be reversed by
treatment with antioxidants such as ascorbic acid.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Human bone marrow mesenchymal stromal cells (hBM-MSCs)
can differentiate into various cell types [1e3], and also act as tro-
phic mediators by secreting growth factors [4,5] that provide pro-
tection against oxidative stress and inflammation. As such, hBM-
MSCs have many potential applications in stem cell medicine.
However, the efficacy of stem cell therapy differs markedly
depending on donor age and health [4,6,7]. To overcome this
obstacle, cells must be enhanced prior to use.
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Primary cell cultures from human tissues have a limited life
span and gradually enter a state of senescence, which is charac-
terized by telomere shortening and a decline in telomerase activity
[8,9], which is known as the Hayflick limit [10,11]. Replicative
senescence is caused by damage to cellular DNA [12], proteins
[13,14], lipids, and carbohydrates induced by an excess of intra-
cellular reactive oxygen species (ROS) that impair DNA repair and
cell signaling and thereby accelerate cellular senescence. Progres-
sive senescence in different types of primary cell cultures can be
blocked by application of antioxidant agents [15,16], and it has
been suggested that removing excess ROS can abolish replicative
senescence.

ROS are by-products of aerobic energy metabolism that regulate
various cellular processes, including proliferation, apoptosis, dif-
ferentiation, and cellular senescence [17,18]. Excessive ROS pro-
duction also suppresses the transcription of genes involved in
cellular differentiation and adhesion and mitochondrial function
[19,20], and induces the upregulation of the tumor suppressor
genes p53, p16, and p21 [21,22]. Thus, ROS are a major cause of
functional decline during typical cellular senescence.
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The antioxidant enzymes superoxide dismutase 1 (SOD1/Cu-
ZnSOD) and 2 (SOD2/MnSOD) are major scavengers of endogenous
ROS [23]. A mutation in the SOD1 gene is associated with familial
amyotrophic lateral sclerosis and impairment of mitochondrial
function [24], while SOD1 deficiency leads to age-related pathol-
ogies [25]. In Drosophila, SOD mutation compromises heart func-
tion as a result of ROS accumulation [26]. In stem cells, forkhead
box (Fox) O proteins regulate ROS production by modulating SOD
and catalase expression [27] in conjunctionwith mutated in ataxia-
telangiectasia (ATM) [28]. This cross-talk with the ATM-p53
pathway converges on p16 to induce stem cell senescence [29].
Thus, cellular senescence is closely associated with antioxidant
enzyme deficiency and the intracellular accumulation of ROS.
However, this has never been examined in hBM-MSCs. In this study,
we investigated the relationship between ROS levels and the dif-
ferentiation potential of hBM-MSCs and tested whether the latter
can be restored by antioxidant treatment.

2. Materials and methods

2.1. hBM-MSC culture

The hBM-MSCs were purchased from Cell Engineering For
Origin (Seoul, Korea). Cells were negative for viral infection and
mycoplasma contamination, and flow cytometric analysis revealed
a CD73þ/CD105þ/CD31� phenotype (data not shown). Cells
(0.9 � 103/cm2) were cultured in Dulbecco's Modified Eagle's me-
dium (DMEM; Gibco, Grand Island, NY, USA) containing 10% fetal
bovine serum (FBS; Hyclone; Logan, Utah, USA), L-glutamine,
penicillin, and streptomycin at 37 �C in a humidified incubator of
95% air and 5% CO2. Cells were subcultured every 5 days, with
medium replacement every 3 days.

2.2. Senescence-associated b-galactosidase (SA-b-gal) staining

SA-b-gal staining was carried out using the Senescence b-
Galactosidase Staining kit (Cell Signaling Technology, Danvers, MA,
USA) according to the manufacturer's instructions. Cells were
seeded in 6-well plates at a density of 1 � 104 cells/well and
incubated until confluence was reached. Cells were washed with
phosphate-buffered saline (PBS) and fixed with 2% formaldehyde
and 0.2% glutaraldehyde in distilled water for 15 min at room
temperature, then washed twice with PBS containing 1 mM MgCl2
(pH 7.2) and stained overnight in b-galactosidase staining solution
containing 1 mg/ml X-gal, 5 mM K3Fe[CN]6, 5 mM K4Fe[CN]6, 2 mM
MgCl2, 40 mM citric acid/sodium phosphate (pH 6.0), and 150 mM
NaCl in distilled water at 37 �Cwithout CO2. Staining was visualized
by lightmicroscopy (Nikon Eclipse TS100; Tokyo, Japan) and images
were acquired with a Canon i-Solution IMTcam3 digital camera
(Tokyo, Japan).

2.3. Immunoblot analysis

Total protein was extracted from hBM-MSCs of different pas-
sages with 400 ml radioimmunoprecipitation buffer containing
phenylmethylsulfonyl fluoride, sodium orthovanadate, and prote-
ase inhibitor cocktail (Santa Cruz Biotechnology, Dallas, Texas, USA)
for 30 min at 4 �C and centrifuged at 16,000 � g for 20 min. Protein
samples were then analyzed by immunoblotting with antibodies
against catalase (1:500), SOD1 (1:500), SOD2 (1:5000), FOXO1
(1:500), p-FOXO1 (1:1000), p53 (1:500), p16 (1:500), and b-actin
(1:5000), followed by the appropriate horseradish peroxidase-
conjugated secondary antibodies (Jackson ImmunoResearch Labo-
ratories, West Grove, PA, USA).
2.4. Detection of intracellular ROS

Intracellular ROS levels were measured using the cell permeable
substrate 20,70-dichlorofluorescin diacetate (DCFH-DA; Sigma-
eAldrich, St. Louis, MO, USA), which is converted to the detectable
fluorescent product 20,70-dichlorodihydrofluorescein. hBM-MSCs
were treated with ascorbic acid or left untreated for 2 days at
37 �C, followed by incubationwith 20 mMDCFH-DA at 37 �C for 1 h.
After washing with PBS, cells were fixed with 4% paraformaldehyde
for 10 min and mounted with 4,6-diamidino-2-phenylindole-con-
taining mounting medium (ProLong Gold Antifade Reagent; Mo-
lecular Probes, Eugene, OR, USA). Cells were visualized by
fluorescence microscopy with an Eclipse 80Ti microscope and im-
ages were acquired with a DS-Rl1 digital camera (Nikon).

2.5. 3(4,5-Dimethylthiazol-2-yl-)2,5-diphenyltetrazolium bromide
(MTT) assay

The toxicity of ascorbic acid was evaluated with the MTT assay
(SigmaeAldrich) according to the manufacturer's instructions.
Briefly, 8 � 103 cells were seeded in 96-well plates. The following
day, cells were incubated with 0e2000 mM ascorbic acid for 2 days
and then assayed.

2.6. Osteocyte and adipocyte differentiation

The potential for ascorbic acid-treated passage (P)-17 hBM-
MSCs to differentiate into osteocytes and adipocytes was evalu-
ated as previously described [30,31]. For osteogenic differentiation,
cells were cultured for 14 days with osteogenic medium consisting
of DMEM (Gibco) with 10% FBS, 100 nM dexamethasone (Cayman
Chemical, Ann Arbor, Michigan, USA), 100 mM L-ascorbic acid (Sig-
maeAldrich), and 10 mM b-glycerophosphate (SigmaeAldrich).
The medium was replaced every 3 days. To assess the efficiency of
osteogenic differentiation, cells were fixed in 4% paraformaldehyde
for 15 min, and then stained with 1% Alizarin Red S for 20 min at
room temperature, with staining solution prepared by dissolving
1mg Alizarin Red S powder (SigmaeAldrich) in 1ml distilled water.
For adipogenic differentiation, cells were seeded in 24-well plates
and incubated for 14 days with adipogenic medium composed of
DMEM, 10% FBS, 500 mM 3-isobutyl-1-methylxanthin (Cayman
Chemical), 1 mM dexamethasone, 100 mM indomethacin (Cayman
Chemical), and 10 mg/ml insulin (Tocris Bioscience, Bristol, UK).
Differentiated cells were identified by staining with Oil Red O (0.7 g
Oil Red O powder in 200 ml of 100% isopropanol). Cells were
washed with PBS and fixed with 4% paraformaldehyde for 15 min.
After washing twicewith distilled water, cells were stained with Oil
Red O for 10 min at room temperature, and visualized by micro-
scopy with an Eclipse TS100 microscope. Images were captured
with an i-Solution IMTcam3 digital camera.

2.7. Quantitative real-time (qRT)-PCR

hBM-MSCs were treated with 500 mM ascorbic acid or left un-
treated, and total RNA was extracted using RNAiso reagent (Takara
Bio; Otsu, Japan) according to the manufacturer's instructions. The
Primescript II 1st Strand cDNA Synthesis kit (Takara Bio) was used
to reverse transcribe 3 mg of RNA using 5 mM of oligo(dT) primers,
1 mM each dNTP, and the supplied buffer. First-strand cDNA was
amplified using the Power SYBR Green PCR master mix (Applied
Biosystems, Foster City, CA, USA) with gene-specific primers for
human adiponectin, fatty acid binding protein (FABP)4, alkaline
phosphatase (AP), runt-related transcription factor (RUNX)2,matrilin,
musashi, nestin, or b-actin. The cycling parameters were as follows:
95 �C for 10min, followed by 40 cycles at 95 �C for 15 s and 60 �C for



S.-G. Jeong, G.-W. Cho / Biochemical and Biophysical Research Communications 460 (2015) 971e976 973
1 min. Primers were synthesized by GenoTech (Daejeon, South
Korea) and Integrated DNA Technologies, Coralville, IA, USA); se-
quences are listed in Supplemental Table S1.

2.8. Statistical analysis

Data are presented as mean ± standard deviation of the mean of
three or more independent experiments. Statistical comparisons
between groups were made with an independent t test. P values
<0.05 were considered statistically significant.

3. Results

3.1. Long-term hBM-MSC cultures undergo replicative senescence

Replicative senescence in hBM-MSCs cultured over a long term
was characterizedwith the SA-b-gal assay. The number of SA-b-gal-
positive cells increased with the number of passages, from 29% at P-
7 to 81% at P-17 (P < 0.05, n ¼ 3; Fig. 1A, B). Moreover, the
expression of the senescence marker p16 was higher at P-14 and
at �17 than at P-7 (Fig. 1C).

3.2. Endogenous ROS levels are increased in long-term hBM-MSC
cultures

To evaluate differences between early and late passage hBM-
MSCs, endogenous ROS levels were measured by enzyme-linked
immunosorbent assay of DCFH-DA-stained cells. ROS levels
increased with passage (P < 0.01, n ¼ 6; Fig. 2A, B). An immunoblot
analysis with antibodies against p53, catalase, SOD1, SOD2, and
Fig. 1. Replicative senescence in long-term hBM-MSC cultures. (A) The activity of b-
galactosidase increased with the number of passages. SA-b-gal-positive cells are visible
by a blue color. (B) Quantitative analysis of senescent cells. (C) Expression of the
senescence protein p16 from P-7, -14, and �17 hBM-MSCs was detected by immuno-
blotting, with b-actin used as a loading control. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
FOXO1, which are associated with ROS modulation, revealed that
the level of p53dwhich functions as a gatekeeper against ROS
damagedwas increased, whereas the levels of the antioxidant
proteins SOD1, SOD2, and catalase were decreased in P-17 hBM-
MSCs. The phosphorylation of the ROS-responsive transcription
factor FOXO1 was similarly decreased (Fig. 2C), suggesting that
excess intracellular ROS accumulation accompanies the reduction
in antioxidant enzyme levels in long-term cultures of hBM-MSCs.

3.3. Treatment with ascorbic acid restores antioxidant enzyme
levels in hBM-MSCs

Excess ROS in P-17 hBM-MSCs were quenched by treatment for
2 days with the antioxidant agent ascorbic acid [27]. ROS levels
were measured by DCFH-DA staining and enzyme-linked immu-
nosorbent assay. Ascorbic acid concentrations of 500e2000 mM
decreased ROS levels (P < 0.005, n ¼ 7; Fig. 3A). In the SA-b-gal
assay, fewer b-gal-positive cells were observed upon treatment
with 500 mM ascorbic acid relative to untreated cells (Fig. 3B, upper
panel). Similar results were obtained by immunoblot analysis of
p16 expression (Fig. 3B, lower panel). Cellular toxicity was not
observed for ascorbic acid concentrations below 500 mM; however,
concentrations of 1000�2000 mMwere toxic, as determined by the
MTT assay (P < 0.05, n ¼ 5; Fig. 3C).

To examine the effect of depleting ROS from long-term cultures,
P-17 hBM-MSCs were treated with 500 mM ascorbic acid and the
expression of antioxidant enzymes was measured by immuno-
blotting. Catalase, SOD1 and 2, and p-FOXO1 levels were reduced in
P-17 as compared to P-7 hBM-MSCs, whereas the levels were
increased by ascorbic acid treatment (Fig. 3D, P-17/AA). Moreover,
the expression of the senescence-related protein p53 was down-
regulated in P-17 ascorbic acid-treated relative to untreated hBM-
MSCs (Fig. 3D). These data indicate that ascorbic acid suppresses
excessive ROS generation and partially restores the expression of
antioxidant enzymes in long-term cultures of hBM-MSCs.

3.4. Restoration of hBM-MSC differentiation potential by ascorbic
acid

hBM-MSCs can differentiate into diverse cell types, including
osteocytes and adipocytes [2]. To determine whether antioxidant
treatment can restore the differentiation potential of hBM-MSCs
cultured over a long term, the expression of tissue-specific pro-
genitor marker genesdincluding adiponectin and FABP4 (adipo-
cytes); AP and RUNX2 (osteocytes); matrilin (chondrocytes);
musashi and nestin (neurons)din P-17 hBM-MSCswasmeasured by
qRT-PCR. The expression of all marker genes was downregulated in
hBM-MSCs at P-17 as compared to P-7; however, levels in ascorbic
acid-treated P-17 hBM-MSCs were comparable to those of un-
treated P-7 hBM-MSCs (P < 0.05 or P < 0.005, n ¼ 4; Fig. 4A). To
confirm these findings, untreated and ascorbic acid-treated P-17
hBM-MSCs were stimulated to differentiate into osteocytes and
adipocytes. Differentiation potential relative to P-7 cells was
reduced in untreated but similar in ascorbic acid-treated hBM-
MSCs (Fig. 4B). These results suggest that the decline in differen-
tiation potential caused by excess ROS can be restored by ascorbic
acid treatment.

4. Discussion

States of cellular senescence and associated functional decline
can undermine the efficacy of stem cell therapy [7,32]. The risks are
increased when cells are expanded in long-term cultures that
accumulate ROS [10,11]. In the present study, we established a long-
term culture of hBM-MSCs in replicative senescence and examined



Fig. 2. ROS production is increased in long-term hBM-MSC cultures. (A) Endogenous ROS levels (green) were evaluated in hBM-MSCs stained with DCFH-DA by fluorescence
microscopy. Nuclei were stained with 4,6-diamidino-2-phenylindole (blue). (B) Quantitative analysis of ROS level by enzyme-linked immunosorbent assay of DCFH-DA-stained cells.
(C) Total protein was extracted from P-7, P-14, and P-17 hBM-MSC, and p53, catalase, SOD1, SOD2, FoxO1, and p-FoxO1 expression was assessed by immunoblotting, with b-actin
used as a loading control. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the relationship between ROS levels and stem cell potential. As
expected, the expression of senescence markers increased whereas
the potential for differentiation was reduced with the number of
passages.

Steady-state, intracellular ROS generation has many beneficial
effects, such as enhancing cell proliferation and migration [33];
Fig. 3. Modulation of excess ROS and antioxidant enzyme expression by ascorbic acid. (A) Int
ascorbic acid (upper panel) and quantified by enzyme-linked immunosorbent assay of DCFH
P-17 and ascorbic acid-treated P-17 cells (upper panel); p16 protein expression was detected
was evaluated with the MTT assay. (D) Untreated P-7 and -17 and ascorbic acid (AA)-treate
expression by immunoblotting. b-actin was used as a loading control for immunoblotting e
however, an excess of ROS can lead to the degradation of DNA,
proteins, and lipids, which can in turn block gene expression and
induce apoptosis [34,35], and can also perturb stem cell differ-
entiation [36,37]. Here, we found that ROS accumulated during
hBM-MSC expansion, leading to a decrease in differentiation
potential.
racellular ROS was detected in P-17 hBM-MSCs treated with indicated concentrations of
-DA-stained cells (lower panel). (B) SA-b-gal activity was assessed in untreated P-7 and
by immunoblotting (lower panel). (C) Cell viability in ascorbic acid-treated hBM-MSCs
d P-17 hBM-MSCS were examined for catalase, SOD1, SOD2, FoxO1, p-FoxO1, and p53
xperiments.



Fig. 4. Differentiation potential of hBM-MSCs is restored by ascorbic acid. (A) The
expression of progenitor marker genes in untreated P-7 and -17 and ascorbic acid (AA)-
treated P-17 hBM-MSCS was evaluated by qRT-PCR. (B) Differentiation into adipocytes
(upper panels) and osteocytes (lower panels) was assessed by staining with Oil Red O
and Alizarin Red S, respectively.
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The antioxidant enzymes SOD1, SOD2, and catalase are key
regulators of ROS level [23], with SOD expression regulated by p53
and FOXO1 [38]. In the present study, SOD1, SOD2, and catalase
expression was downregulated at P-14 and -17; this was accom-
panied by a decrease in FOXO1 phosphorylation. Based on these
findings, we suggest that increased levels of ROS in long-term hBM-
MSCs cultures alter the expression of antioxidant enzymes, further
stimulating the production of intracellular ROS.

We tested whether the increase in ROS levels caused by long-
term culture of hBM-MSCs could be reversed by treatment with
ascorbic acid, a widely used antioxidant [39,40]. We found that a 2-
day treatment with 500 mM ascorbic acid reduced endogenous ROS
in P-17 hBM-MSCs and restored the expression of catalase, SOD1,
SOD2, p-FOXO1, and p53. Differentiation potential was likewise
restored by the treatment, as evidenced by the increase in
expression of various progenitor cell-specific markers and
enhanced differentiation into adipocytes and osteocytes. These
results suggest that scavenging excess intracellular ROS using an-
tioxidants can prevent the functional decline of stem cells resulting
from replicative senescence.

In this study, we determined that the increased ROS levels and
reduced antioxidant enzyme expression in long-term cultures of
hBM-MSCs could be partly reversed by ascorbic acid treatment.
This indicates that elevated ROS production likely plays a crucial
role in the progression of replicative senescence, and that reducing
the levels during long-term expansion may yield stem cells of a
higher quality, thereby improving the therapeutic efficacy of stem
cell therapy.
Conflict of interest

The authors declare no conflict of interest.
Acknowledgments

This work was supported by grants from the Korea Healthcare
Technology R&D Project from the Ministry of Health, Welfare &
Family Affairs of the Republic of Korea (A120203); the Basic Science
Research Program of the National Research Foundation of Korea
(NRF) funded by the Ministry of Education, Science and Technology
(NRF-2010-0010431); and the Marine Biotechnology Program
(PJT200669) funded by the Ministry of Oceans and Fisheries of
Korea.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.bbrc.2015.03.136.

Transparency document

Transparency document related to this article can be found
online at http://dx.doi.org/10.1016/j.bbrc.2015.03.136.

References

[1] A.I. Caplan, Adult mesenchymal stem cells for tissue engineering versus
regenerative medicine, J. Cell. Physiol. 213 (2007) 341e347.

[2] M.F. Pittenger, A.M. Mackay, S.C. Beck, R.K. Jaiswal, R. Douglas, J.D. Mosca,
M.A. Moorman, D.W. Simonetti, S. Craig, D.R. Marshak, Multilineage potential
of adult human mesenchymal stem cells, Science 284 (1999) 143e147.

[3] S.G. Jeong, T. Ohn, S.H. Kim, G.W. Cho, Valproic acid promotes neuronal dif-
ferentiation by induction of neuroprogenitors in human bone-marrow
mesenchymal stromal cells, Neurosci. Lett. 554 (2013) 22e27.

[4] G.W. Cho, M.Y. Noh, H.Y. Kim, S.H. Koh, K.S. Kim, S.H. Kim, Bone marrow-
derived stromal cells from amyotrophic lateral sclerosis patients have
diminished stem cell capacity, Stem Cells Dev. 19 (2010) 1035e1042.

[5] A. Nagai, W.K. Kim, H.J. Lee, H.S. Jeong, K.S. Kim, S.H. Hong, I.H. Park, S.U. Kim,
Multilineage potential of stable human mesenchymal stem cell line derived
from fetal marrow, PLoS One 2 (2007) e1272.

[6] W. Fan, K. Cheng, X. Qin, K.H. Narsinh, S. Wang, S. Hu, Y. Wang, Y. Chen,
J.C. Wu, L. Xiong, F. Cao, mTORC1 and mTORC2 play different roles in the
functional survival of transplanted adipose-derived stromal cells in hind limb
ischemic mice via regulating inflammation in vivo, Stem Cells 31 (2013)
203e214.

[7] S.M. Chambers, C.A. Shaw, C. Gatza, C.J. Fisk, L.A. Donehower, M.A. Goodell,
Aging hematopoietic stem cells decline in function and exhibit epigenetic
dysregulation, PLoS Biol. 5 (2007) e201.

[8] C.B. Harley, A.B. Futcher, C.W. Greider, Telomeres shorten during ageing of
human fibroblasts, Nature 345 (1990) 458e460.

[9] R.C. Allsopp, H. Vaziri, C. Patterson, S. Goldstein, E.V. Younglai, A.B. Futcher,
C.W. Greider, C.B. Harley, Telomere length predicts replicative capacity of
human fibroblasts, Proc. Natl. Acad. Sci. U. S. A. 89 (1992) 10114e10118.

[10] L. Hayflick, The limited in vitro lifetime of human diploid cell strains, Exp. Cell.
Res. 37 (1965) 614e636.

[11] L. Hayflick, P.S. Moorhead, The serial cultivation of human diploid cell strains,
Exp. Cell. Res. 25 (1961) 585e621.

[12] R.W. Hart, R.B. Setlow, Correlation between deoxyribonucleic acid excision-
repair and life-span in a number of mammalian species, Proc. Natl. Acad.
Sci. U. S. A. 71 (1974) 2169e2173.

[13] K.A. Rodriguez, M. Gaczynska, P.A. Osmulski, Molecular mechanisms of pro-
teasome plasticity in aging, Mech. Ageing Dev. 131 (2010) 144e155.

[14] H. Koga, S. Kaushik, A.M. Cuervo, Protein homeostasis and aging: the impor-
tance of exquisite quality control, Ageing Res. Rev. 10 (2011) 205e215.

[15] Y. Kondo, H. Masutomi, Y. Noda, Y. Ozawa, K. Takahashi, S. Handa,
N. Maruyama, T. Shimizu, A. Ishigami, Senescence marker protein-30/
superoxide dismutase 1 double knockout mice exhibit increased oxidative
stress and hepatic steatosis, FEBS Open Bio 4 (2014) 522e532.

[16] A.T. Ludlow, E.E. Spangenburg, E.R. Chin, W.H. Cheng, S.M. Roth, Telomeres
shorten in response to oxidative stress in mouse skeletal muscle fibers,
J. Gerontol. A Biol. Sci. Med. Sci. 69 (2014) 821e830.

[17] J.R. Hoidal, Reactive oxygen species and cell signaling, Am. J. Respir. Cell. Mol.
Biol. 25 (2001) 661e663.

[18] K. Irani, Oxidant signaling in vascular cell growth, death, and survival : a re-
view of the roles of reactive oxygen species in smooth muscle and endothelial
cell mitogenic and apoptotic signaling, Circ. Res. 87 (2000) 179e183.

[19] P. Chiarugi, F. Buricchi, Protein tyrosine phosphorylation and reversible
oxidation: two cross- talking posttranslation modifications, Antioxid. Redox
Signal 9 (2007) 1e24.

[20] S. Geissler, M. Textor, J. Kuhnisch, D. Konnig, O. Klein, A. Ode, T. Pfitzner,
J. Adjaye, G. Kasper, G.N. Duda, Functional comparison of chronological and

http://dx.doi.org/10.1016/j.bbrc.2015.03.136
http://dx.doi.org/10.1016/j.bbrc.2015.03.136
http://dx.doi.org/10.1016/j.bbrc.2015.03.136
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref1
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref1
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref1
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref2
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref2
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref2
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref2
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref3
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref3
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref3
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref3
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref4
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref4
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref4
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref4
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref5
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref5
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref5
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref6
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref6
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref6
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref6
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref6
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref6
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref7
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref7
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref7
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref8
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref8
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref8
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref9
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref9
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref9
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref9
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref10
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref10
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref10
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref11
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref11
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref11
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref12
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref12
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref12
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref12
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref13
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref13
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref13
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref14
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref14
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref14
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref15
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref15
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref15
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref15
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref15
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref16
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref16
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref16
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref16
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref17
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref17
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref17
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref18
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref18
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref18
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref18
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref19
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref19
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref19
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref19
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref20
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref20


S.-G. Jeong, G.-W. Cho / Biochemical and Biophysical Research Communications 460 (2015) 971e976976
in vitro aging: differential role of the cytoskeleton and mitochondria in
mesenchymal stromal cells, PLoS One 7 (2012) e52700.

[21] M.S. Jung, D.H. Jin, H.D. Chae, S. Kang, S.C. Kim, Y.J. Bang, T.S. Choi, K.S. Choi,
D.Y. Shin, Bcl-xL and E1B-19K proteins inhibit p53-induced irreversible
growth arrest and senescence by preventing reactive oxygen species-
dependent p38 activation, J. Biol. Chem. 279 (2004) 17765e17771.

[22] S. Macip, M. Igarashi, L. Fang, A. Chen, Z.Q. Pan, S.W. Lee, S.A. Aaronson, In-
hibition of p21- mediated ROS accumulation can rescue p21-induced senes-
cence, EMBO J. 21 (2002) 2180e2188.

[23] F. Johnson, C. Giulivi, Superoxide dismutases and their impact upon human
health, Mol. Asp. Med. 26 (2005) 340e352.

[24] P. Vehvilainen, J. Koistinaho, G. Gundars, Mechanisms of mutant SOD1
induced mitochondrial toxicity in amyotrophic lateral sclerosis, Front. Cell.
Neurosci. 8 (2014) 126.

[25] K. Watanabe, S. Shibuya, Y. Ozawa, H. Nojiri, N. Izuo, K. Yokote, T. Shimizu,
Superoxide dismutase 1 loss disturbs intracellular redox signaling, resulting in
global age-related pathological changes, Biomed. Res. Int. 2014 (2014)
140165.

[26] N. Piazza, M. Hayes, I. Martin, A. Duttaroy, M. Grotewiel, R. Wessells, Multiple
measures of functionality exhibit progressive decline in a parallel, stochastic
fashion in Drosophila Sod2 null mutants, Biogerontology 10 (2009) 637e648.

[27] Z. Tothova, R. Kollipara, B.J. Huntly, B.H. Lee, D.H. Castrillon, D.E. Cullen,
E.P. McDowell, S. Lazo- Kallanian, I.R. Williams, C. Sears, S.A. Armstrong,
E. Passegue, R.A. DePinho, D.G. Gilliland, FoxOs are critical mediators of he-
matopoietic stem cell resistance to physiologic oxidative stress, Cell 128
(2007) 325e339.

[28] S. Yalcin, X. Zhang, J.P. Luciano, S.K. Mungamuri, D. Marinkovic, C. Vercherat,
A. Sarkar, M. Grisotto, R. Taneja, S. Ghaffari, Foxo3 is essential for the regu-
lation of ataxia telangiectasia mutated and oxidative stress-mediated ho-
meostasis of hematopoietic stem cells, J. Biol. Chem. 283 (2008)
25692e25705.

[29] L. Shao, H. Li, S.K. Pazhanisamy, A. Meng, Y. Wang, D. Zhou, Reactive oxygen
species and hematopoietic stem cell senescence, Int. J. Hematol. 94 (2011)
24e32.

[30] B.H. Lee, Z. Tothova, R.L. Levine, K. Anderson, N. Buza-Vidas, D.E. Cullen,
E.P. McDowell, J. Adelsperger, S. Frohling, B.J. Huntly, M. Beran, S.E. Jacobsen,
D.G. Gilliland, FLT3 mutations confer enhanced proliferation and survival
properties to multipotent progenitors in a murine model of chronic myelo-
monocytic leukemia, Cancer Cell. 12 (2007) 367e380.

[31] Z. Tothova, T. Mercher, FoxO: stress or eternal life, Med. Sci. Paris. 23 (2007)
466e467.

[32] W. Wagner, S. Bork, P. Horn, D. Krunic, T. Walenda, A. Diehlmann, V. Benes,
J. Blake, F.X. Huber, V. Eckstein, P. Boukamp, A.D. Ho, Aging and replicative
senescence have related effects on human stem and progenitor cells, PLoS One
4 (2009) e5846.

[33] J.H. Kim, S.G. Park, S.Y. Song, J.K. Kim, J.H. Sung, Reactive oxygen species-
responsive miR-210 regulates proliferation and migration of adipose-
derived stem cells via PTPN2, Cell. Death Dis. 4 (2013) e588.

[34] H.S. Lee, C.Y. Hwang, S.Y. Shin, K.S. Kwon, K.H. Cho, MLK3 is part of a feedback
mechanism that regulates different cellular responses to reactive oxygen
species, Sci. Signal 7 (2014) ra52.

[35] H. Song, M.J. Cha, B.W. Song, I.K. Kim, W. Chang, S. Lim, E.J. Choi, O. Ham,
S.Y. Lee, N. Chung, Y. Jang, K.C. Hwang, Reactive oxygen species inhibit
adhesion of mesenchymal stem cells implanted into ischemic myocardium via
interference of focal adhesion complex, Stem Cells 28 (2010) 555e563.

[36] C. Fehrer, G. Laschober, G. Lepperdinger, Aging of murine mesenchymal stem
cells, Ann. N. Y. Acad. Sci. 1067 (2006) 235e242.

[37] E. Owusu-Ansah, U. Banerjee, Reactive oxygen species prime Drosophila
haematopoietic progenitors for differentiation, Nature 461 (2009) 537e541.

[38] S.P. Hussain, P. Amstad, P. He, A. Robles, S. Lupold, I. Kaneko, M. Ichimiya,
S. Sengupta, L. Mechanic, S. Okamura, L.J. Hofseth, M. Moake, M. Nagashima,
K.S. Forrester, C.C. Harris, p53-induced up-regulation of MnSOD and GPx but
not catalase increases oxidative stress and apoptosis, Cancer Res. 64 (2004)
2350e2356.

[39] Y. Liu, P. Li, K. Liu, Q. He, S. Han, X. Sun, T. Li, L. Shen, Timely inhibition of notch
signaling by DAPT promotes cardiac differentiation of murine pluripotent
stem cells, PLoS One 9 (2014) e109588.

[40] V.H. Guaiquil, J.C. Vera, D.W. Golde, Mechanism of vitamin C inhibition of cell
death induced by oxidative stress in glutathione-depleted HL-60 cells, J. Biol.
Chem. 276 (2001) 40955e40961.

http://refhub.elsevier.com/S0006-291X(15)00602-6/sref20
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref20
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref21
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref21
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref21
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref21
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref21
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref22
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref22
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref22
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref22
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref23
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref23
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref23
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref24
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref24
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref24
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref25
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref25
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref25
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref25
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref26
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref26
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref26
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref26
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref27
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref27
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref27
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref27
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref27
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref27
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref28
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref28
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref28
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref28
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref28
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref28
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref29
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref29
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref29
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref29
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref30
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref30
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref30
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref30
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref30
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref30
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref31
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref31
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref31
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref32
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref32
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref32
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref32
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref33
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref33
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref33
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref34
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref34
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref34
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref35
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref35
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref35
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref35
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref35
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref36
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref36
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref36
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref37
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref37
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref37
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref38
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref38
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref38
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref38
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref38
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref38
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref39
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref39
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref39
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref40
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref40
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref40
http://refhub.elsevier.com/S0006-291X(15)00602-6/sref40

	Endogenous ROS levels are increased in replicative senescence in human bone marrow mesenchymal stromal cells
	1. Introduction
	2. Materials and methods
	2.1. hBM-MSC culture
	2.2. Senescence-associated β-galactosidase (SA-β-gal) staining
	2.3. Immunoblot analysis
	2.4. Detection of intracellular ROS
	2.5. 3(4,5-Dimethylthiazol-2-yl-)2,5-diphenyltetrazolium bromide (MTT) assay
	2.6. Osteocyte and adipocyte differentiation
	2.7. Quantitative real-time (qRT)-PCR
	2.8. Statistical analysis

	3. Results
	3.1. Long-term hBM-MSC cultures undergo replicative senescence
	3.2. Endogenous ROS levels are increased in long-term hBM-MSC cultures
	3.3. Treatment with ascorbic acid restores antioxidant enzyme levels in hBM-MSCs
	3.4. Restoration of hBM-MSC differentiation potential by ascorbic acid

	4. Discussion
	Conflict of interest
	Acknowledgments
	Appendix A. Supplementary data
	Transparency document
	References


