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Abstract 

Cell therapy with bone marrow multipotential stromal cells / mesenchymal stem cells (MSCs) 

represents a promising approach in the field of regenerative medicine. Low frequency of MSCs in 

adult bone marrow necessitates ex vivo expansion of MSCs after harvest; however, such a 

manipulation causes cellular senescence with loss of differentiation, proliferative, and therapeutic 

potentials of MSCs.  Hydrogen molecules have been shown to exert organ protective effects 

through selective reduction of hydroxyl radicals. As oxidative stress is one of the key insults 

promoting cell senescence in vivo as well as in vitro, we hypothesized that hydrogen molecules 

prevent senescent process during MSC expansion.  Addition of 3%hydrogen gas enhanced 

preservation of colony forming early progenitor cells within MSC preparation and prolonged the 

in vitro replicative lifespan of MSCs without losing differentiation potentials and paracrine 

capabilities. Interestingly, 3%hydrogen gas treatment did not decrease hydroxyl radical, protein 

carbonyl, and 8-hydroxydeoxyguanosine, suggesting that scavenging hydroxyl radical might not 

be responsible for these effects of hydrogen gas in this study.  
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Introduction 

 Adult bone marrow multipotential stromal cells / mesenchymal stem cells (MSCs) are 

multipotent cells with strong secretory activities of various growth factors. MSC-based cell 

therapy represents a promising approach to promote wound healing and tissue regeneration [1-9].  

 Sufficient number of MSCs retaining their multipotency and paracrine activity is needed for 

successful MSC-based therapeutics [10].  However, the frequency of MSCs declines age-

dependently [11] so that these cells exist only one in 10
5
-10

6
 adult bone marrow mononuclear 

cells[5].  Ex vivo MSC expansion could compensate for low harvest of MSCs; however, such an 

expansion causes cellular senescence with loss of differentiation, proliferative, and therapeutic 

potentials of MSCs [12-14].  

 Hydrogen molecules have been shown to exert organ protective effects in the ischemia-

reperfusion injuries and post-transplant rejections through selective reduction of hydroxyl 

radicals and possibly other unidentified mechanisms [15-18]. As oxidative stress is one of the 

key insults promoting cell senescence in vivo as well as in vitro [19], we hypothesized that 

hydrogen molecules prevent senescent process during ex vivo MSC expansion through anti-

oxidative and cytoprotective effects. The aim of the present study was to test the hypothesis 

through addressing the effects of hydrogen molecules on replicative cell senescence, 

differentiation, and paracrine potentials of MSC. 
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Materials and Methods 

 

Cell Culture 

 Cultured human primary bone marrow MSCs were from Lonza (Basal, Switzerland) for 

donor 1 and from Center for Gene Therapy, Tulane University (New Orleans, LA) for donor 2.  

Donor 1 was a 20 years old female and donor 2 was 19 years old male according to the product 

inserts. FBS was from Atlanta Biologicals (Lawrenceville, GA). MSCs were cultured in MEMα 

supplemented with 17% FBS, 2 mM L-glutamine, 1 mM pyruvate, and 100 μM nonessential 

amino acids. Cell culture media and supplements were all from Invitrogen (Carlsbad, CA) unless 

otherwise stated.  All of the experiments were conducted at 37°C in a humidified air with 5% 

CO2 unless otherwise specified.  

 

Hydrogen gas treatment 

 Hydrogen gas treatment was made by culturing cells in premixed gas (3%H2, 21%O2, 

5%CO2, balance N2) (Praxair, Danbury, CT) in a hypoxia chamber (Stemcell Technologies, 

Vancouver, Canada).  In brief, cell culture dishes or multiwell plates were placed in the chamber 

equipped with airtight seal. Then, the chamber was flushed for 5 min or more with premixed gas 

(20 L/min) according to the manufacture’s instruction. The chamber was flushed with premixed 

gas every 3 days or less to ensure the composition of mixed gas.   

 

Hypoxia treatment 

 Hypoxic treatment was made by culturing cells in premixed gas (1%O2, 5%CO2, balance N2) 

(Praxair, Danbury, CT) in a hypoxia chamber (Stemcell Technologies, Vancouver, Canada) in a 

similar way to hydrogen gas treatment described previously.    
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Colony formation assay  

 Total of 500 cells was seeded in 100 mm culture dish and culture in 14 days as indicated. To 

exclude the possibility that hydrogen gas exposure affects MSC colony formation through 

altering adherence efficiency of MSC to plastic, MSCs were allowed to adhere to plastic after 

seeding for 24 h before initiation of hydrogen gas treatment.  Upon completion of the indicated 

treatment, the formed colonies were rinsed with PBS twice to dislodge the dead cells and debris, 

then fixed and stained by 5% crystal violet in methanol. The number of colony formation (> 2 

mm diameter) was enumerated manually by three independent researchers. The results were 

given as a colony count per 1000 seeded cells.  

 

Osteogenic differentiation   

 Osteogenic differentiation was induced as previously described [3]. In brief, MSCs were 

seeded at 3 × 10
4
 cells per 6-well and cultured in Osteogenic differentiation medium containing 

dexamethasone, ascorbate, and β-glycerophosphate (Lonza, Basal, Switzerland) for 7 days. 

Osteogenic differentiation was evaluated by the induction of alkaline phosphatase expression, an 

early stage of osteogenic differentiation of MSC [20]. Intracellular alkaline phosphatase enzyme 

activity was detected by using quantitative colorimetric assay kit (BioAssay Systems, Hayward, 

CA) as well as by histochemical staining with StemTAG™ Alkaline Phosphatase Staining kit 

(Cell Biolab, San Diego, CA), according to manufactures’ protocols.  

 

Adipogenic differentiation 
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 Adipogenic differentiation was induced as previously described after slight modifications [3]. 

In brief, MSCs were seeded at 1 × 10
6
 cells per 6-well and cultured in Adipogenic differentiation 

induction medium for 2-3 days followed by Adipogenic differentiation maintenance medium for 

2 days in 1-2 cycles, as manufacture’s instruction (Lonza, Basal, Switzerland). Adipogenic 

differentiation was evaluated by staining intracellular lipid droplets by Oil Red O and by 

induction of adipogenic marker peroxisome proliferation-activated receptor  (PPAR) transcript 

[3; 5].  

 

Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)    

 The level of mRNA transcripts was assessed by two-step qRT-PCR. In brief, after isolation 

of total RNA with TRIzol plus (Invitrogen, Carlsbad, CA), cDNA was synthesized with High 

Capacity RNA-to-DNA kit (Applied Biosystems, Foster City, CA). Then, cDNA was mixed with 

Taqman® Universal Master Mix and each Taqman® gene-specific probe/primers (Applied 

Biosystems) and subject to the Taqman® PCR universal thermal cycling conditions defined by 

Applied Biosystems: 95°C for 10 min and then, 40 cycles of two-temperature PCR at 95°C for 

15 s for denaturing, 60°C for 1 min for annealing and extension. 7900MT (Applied Biosystem) 

was used as a quantitative real-time PCR thermal cycler.   

 Taqman® probe/primers were used for p16
INK4A 

or cyclin-dependent kinase inhibitor 2A 

(Hs00923894_m1), PPAR (Hs01115513_m1), indoleamine 2,3-dioxygenase-1 

(IDO)(Hs00984148_m1), and human ribosomal protein, large, P0 (RPLPO) (housekeeping gene) 

(4333761F)(Applied Biosystems). All PCR primers were designed to span intron(s) to 

discriminate cDNA amplicons from genomic amplicons. Comparative Ct method was utilized to 

assess the levels of each mRNA transcript relative to that level of RPLPO mRNA transcript.  
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Proliferation Assay   

 MSCs were seeded in 6-well plate at the density of 50 cells/cm
2
 (480 cells/well) in regular 

medium containing 17%FBS. Cell culture medium was changed every 3-4 days. Live cell counts 

were determined by manual enumeration of cells excluding trypan blue in the indicated timing, 

and the 480 live cells were seeded for the next round of experiment. The same process was 

repeated 3 times during 56 or 58-day experiments (Figs. 1C and 1D). Population doubling was 

calculated based upon those cell counts.  

 

Quantitation of secreted growth factors, cytokine, and bioactive mediator 

 After rinsing with PBS, MSCs were cultured in 0.1%BSA-containing serum free medium for 

24 h during the indicated treatments. The conditioned media were collected and the secreted 

VEGF, hepatocyte growth factor (HGF), basic fibroblast growth factor (bFGF), stromal cell-

derived factor-1 (SDF-1), prostaglandin E2 (PGE2), and interleukin-6 (IL-6) were measured by 

quantitative ELISA kits according to each manufactures’ instructions (R&D Systems, 

Minneapolis, MN)(Cayman Chemical, Ann Arbor, MI).  The readouts were adjusted per 1 × 10
6
 

cells.  

 

β-galactosidase staining 

Senescence-associated β-galactosidase (SA-β-gal) activity was detected histochemically by 

using Senescence β-Galactosidase Staining Kit according to the product insert (Cell Signaling 

Technology, Danvers, MA).  SA-β-gal positive cells were counted manually under microscope 

and expressed per 100 total cells.  
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Determination of intracellular reactive oxygen species (ROS) 

 The levels of intracellular ROS production were determined using 3-(p-hydroxyphenyl) 

fluorescein (HPF) (Invitrogen, Carlsbad, CA).  Briefly, cell suspension (5×10
5
 cells/ml) in PBS 

with 5%FBS was made after indicated treatment, and incubated with 5 µM HPF for 30 min at 

37°C.  All buffers and reagents were pre-equilibrated with the same mixed gas used in the 

treatment to prevent ROS production during preparation of cell suspension and incubation with 

HPF. The fluorochrome-loaded cells were excited using a 488 nm argon-ion laser and the 

fluorescent emission from HPF was recorded at 515-540 nm. Data were collected using BD 

FACSCalibur flowcytometry (BD Bioscience, Franklin Lakes, NJ) from at least 10000 cells, and 

average signal strength was calculated per cell.    

  

Determination of oxidative damages 

 Oxidative DNA damage was assessed through quantitation of 8-hydroxydeoxyguanosine (8-

OHdG) within cellular DNA by using OxiSelect™ Oxidative DNA Damage ELISA kit (Cell 

Biolab). Protein carbonylation, the irreversible and unrepairable oxidative damage of protein 

[21], was evaluated through quantitation of protein carbonyls within protein lysates in Laemmli 

buffer by using OxiSelect™ Protein Carbonyl ELISA kit (Cell Biolab).  

 

Statistical Analysis 

All experiments were performed in duplicate or triplicate. Data were analyzed using student 

t-tests. Significance was set at P < 0.05 or more stringent as noted in the text and figure legends.  
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The data of multiple observations were provided as mean ± SEM for at least three separate 

experiments unless stated otherwise. 
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Results 

Hydrogen gas treatment preserves colony forming early progenitors within MSCs 

population and prolongs replicative lifespan of MSCs in vitro 

 One of the prominent characteristics of MSC is their ability to produce colonies after seeded at 

low density [6; 22]. MSC populations are shown to be heterogeneous in vitro, containing both 

colony forming early progenitors or rapidly self-renewing (RS) cells and mature/senescent cells 

[12; 23; 24]. Preservation of the colony forming early progenitors is critical during ex vivo MSC 

expansion for successful MSC-based therapeutics, which can be assessed easily by colony 

forming assay[12; 22; 25].  Hydrogen gas treatment increased colony formation of MSCs, 

suggesting that early progenitor fraction of MSCs is better preserved with hydrogen gas treatment 

(Figs. 1A and B).   

 Prolongation of replicative lifespan is another important mechanism to promote ex vivo MSC 

expansion. Oxidative stress is regarded one of the main mechanisms limiting replicative lifespan 

through accelerating senescent process[19]. Hydrogen gas treatment prolonged replicative 

lifespan of culture MSCs obtained from two independent donors (Figs. 1C and D).     

SA-β-gal is a well-known marker widely used to identify senescent cells [26]. p16
INK4A

 

expression has been shown to elevate in senescent MSCs [27]. Hydrogen gas delayed cellular 

senescence process, as it lowered the number of MSCs expressing SA-β-gal and the overall 

transcript level of p16
INK4A

 at day 58 of culture (Figs. 1E-G).  

 

Hydrogen gas treatment preserves differentiation potentials of MSCs 

Multidifferentiation potential of MSC is another indispensible feature for MSC-based 

therapeutics and tissue engineering, and it should be preserved during ex vivo MSC expansion. 
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Osteogenic and adipogenic differentiations are two major differentiation fates for MSC [3-5]. 

Hydrogen gas treatment did not induce either osteogenic or adipogenic differentiations, and it did 

not alter both differentiations induced by osteogenic and adipogenic differentiation media 

respectively (Fig 2).  

 

Hydrogen gas treatment preserves paracrine potentials of MSCs 

 MSC transplantation was shown to promote angiogenesis and tissue regeneration through its 

strong paracrine capability of various growth factors such as VEGF, bFGF, or HGF[7; 28]. MSCs 

were also shown to exert anti-inflammatory or immunomodulatory effects through paracrine 

mechanisms [29; 30]. Thus, it is critically important to evaluate the effects of hydrogen gas 

treatment on MSC paracrine profile. 

 Hydrogen gas treatment increased the secretion of bFGF and HGF, whereas it decreased VEGF 

secretion (Figs. 3A-C).  SDF-1 is a chemokine which attracts stem/progenitor cells to regenerating 

tissues [31; 32], and SDF-1-mediated recruitment of stem/progenitor cells is believed to be one of 

the mechanisms in MSC-mediated angiogenesis [33]. SDF-1 secretion from MSCs was unaltered 

by hydrogen gas treatment (Fig 3D).  IL-6 is a pro-inflammatory cytokine, but at the same time, it 

was also shown to play a key role in self-renewal of undifferentiated MSCs in vitro [34]. IL-6 

secretion was decreased by hydrogen gas treatment (Fig 3E).   

 PGE2 and IDO are the ones of the main molecules mediating anti-immunologic and anti-

inflammatory effects of MSCs [30].  Interferon-γ (IFN-γ) was shown to enhance 

immunosuppressive property of MSC through up-regulation of IDO [35; 36]. Although hydrogen 

gas treatment decreased the PGE2 secretion, it increased IDO expression in MSCs; however, such 
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an effect was not apparent in the presence of IFN-γ, presumably due to extremely strong induction 

of IDO by IFN-γ (Figs. 3F-I).  

 

Hydrogen gas might exert these effects without scavenging hydroxyl radicals  

 Hydrogen molecule was initially shown to exert anti-oxidant effect through selectively 

reducing hydroxyl radical, the most powerful ROS in the body [18]; however, the involvements 

of other unknown mechanisms have been suggested for hydrogen-associated cytoprotective 

effects [37].   

 We chose 3% as a concentration of hydrogen gas because of serious and realistic concerns 

about flammability of hydrogen gas over 4.6%; however, 3% is much lower than the one used in 

the initial study describing hydroxyl radical scavenging effects by hydrogen molecule[18].  

Interestingly, 3%hydrogen gas did not reduce the fluorescent intensity of HPF, whereas 1%O2 

decreased it (Fig. 4A).  Moreover, it did not decrease the levels of protein carbonyls and 8-

OHdG, whereas 1%O2 decreased both of them (Figs. 4B and 4C). These data suggested that anti-

oxidant effect might not be responsible for these hydrogen gas-mediated effects in this study.  
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Discussion 

 Oxidative stress is one of the major insults accelerating cell senescence in vivo as well as in 

vitro [19]. Reduction of oxidative stress by lowering oxygen tension or adding antioxidant such 

as vitamin C or N-acetylcysteine has been shown to prolong replicative lifespan of human cells 

including MSCs in vitro[38-41]. Hydrogen molecule was shown to exert anti-oxidant effect 

through selectively reducing hydroxyl radical, the most powerful ROS in the body [18], and 

indeed, hydrogen gas prolonged the in vitro replicative lifespan of MSCs without losing 

differentiation potentials and paracrine capabilities.  Hydrogen gas treatment also enhanced 

preservation of colony-forming early progenitor cells within MSC preparation. 

 However, 3%hydrogen gas treatment did not decrease hydroxyl radical, protein oxidative 

carbonylation and 8-OHdG (Fig 4). The apparent mechanism is unclear at this moment, but it 

indicates that 3% hydrogen gas might be too low to scavenge hydroxyl radical, but still adequate 

to enhance MSC expansion ex vivo. Indeed, the involvement of the unknown mechanisms has 

previously been suggested[37], which is consistent with our data.   

 Hydrogen gas treatment did not diminish paracrine activity of MSCs; still, it altered the 

paracrine profiles (Fig. 3). For example, hydrogen gas treatment increased both bFGF and HGF 

secretions whereas it decreased VEGF secretion.  Hydrogen gas treatment increased the IDO 

expression, whereas it decreased PGE2. The net effects of hydrogen gas treatment on the MSC-

mediated angiogenic and anti-inflammatory/immunomodulatory actions are uncertain based on 

these data alone. The effects of hydrogen gas treatment appeared reversible, though some 

residual effects of hydrogen gas was still observed 5 days after it was discontinued (Fig. 3), 

suggesting that pretreatment of MSCs with hydrogen gas might still be effective after MSC 

transplantation in vivo.  
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 In conclusion, we demonstrate that hydrogen gas treatment enhances preservation of colony 

forming early progenitor cells within MSC preparation and prolongs the in vitro replicative 

lifespan of MSCs without losing differentiation potentials and paracrine capabilities. Hydroxyl 

radical scavenging effects might not be responsible for these effects of 3%hydrogen gas.  
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Figure legends 

Fig. 1. (A and B) Effects of H2 exposure on MSC colony formation. Five hundred cells were 

seeded in 10 cm dish and the number of formed colonies was counted in day 14. [*p<0.05 to 

control (Ctrl) condition in (B)].  In (A), shown are representative images of MSC colony 

formation in the presence and absence of H2. (C and D) Effects of H2 exposure on the replicative 

lifespan of MSC from donor 1 (C) and donor 2 (D). [**p<1 × 10
5
,
 
*p< 1 × 10

3
 to control (Ctrl) 

condition in (C) and (D), respectively].  (E-G) Effects of H2 exposure on the induction of 

p16
INK4A

 transcript by quantitative RT-PCR in (E) and SA-β-gal activity in (F) in donor 

1.[*p<0.005 to control (Ctrl) in (E) and (F)].  In (G), shown are representative images of SA-β-gal 

staining of MSCs at day 58. Each photograph is 550 μm square. 

 

Fig. 2.  Effects of H2 exposure on the osteogenic and adipogenic differentiation of  MSCs. (A, C, 

and E) Effects of H2 exposure on osteogenic differentiation of MSCs. Cells were cultured in 

regular medium (Reg) or osteogenic medium (Osteo) in the presence and absence of H2 for 7 

days, and an early phase of osteogenic differentiation was evaluated by histochemical staining of 

alkaline phosphatase macroscopically in (A) and microscopically in (C) and biochemical 

quantitation of alkaline phosphatase activity in (E).  [*p<1 × 10
6
 , #p<1 × 10

6 
to regular medium 

control of each respective condition in (E)].  (B, D, and F) Effects of H2 exposure on adipogenic 

differentiation of MSCs.  (B and D) Effects of H2 exposure on adipogenic differentiation of 

MSCs. Cells were cultured in regular medium (Reg) or 2 cycles of adipogenic stimulations 

(Adipo) in the presence and absence of H2, and an adipogenic differentiation was evaluated with 

Oil Red O staining of intracellular lipid droplets macroscopically (B) and microscopically (D) 

and with mRNA transcript levels of PPAR by quantitative RT-PCR (F).  [*p<0.005, #p<0.01
 
to 
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regular medium control of each respective condition in (F)]. Each photograph is 550 μm square 

in (E) and (F).  

 

Fig. 3. Effects of H2 exposure on the secretion of bFGF (A), HGF (B), VEGF (C), SDF-1 (D), 

IL-6 (E), PGE2 (F and G), and IDO (H and I) from MSCs. For H2(+) group, cells were incubated 

with H2 for 4 days before collection of conditioned media.  For H2 pretreatment (preTx) group, 

cells were incubated with H2 for 4 days, and then cultured for additional 4 days without H2 

before collection of conditioned media. The levels of growth factors and cytokines in the serum-

starved conditioned media were determined by ELISA.  The levels of IDO mRNA transcript 

relative to RPLPO transcripts (housekeeping gene) were by quantitative RT-PCR (H and I).  The 

levels of PGE2 and IDO were determined in the presence (G and I) and absence (F and H) of 20 

ng/mL interferon-γ (INF-γ). P-values were given in each figure.  

 

Fig. 4. Effects of H2 or hypoxia (1%O2) on the generation of intracellular reactive oxygen species 

(ROS) (A), 8-OHdG (B), and protein carbonyls (C). MSCs were cultured in the presence of H2 

or under hypoxic condition for 10 days prior to assays.  Intracellular ROS levels were determined 

using fluorescent intensity of HPF by flowcytometry. The levels of 8-OHdG and protein 

carbonyls were determined by ELISA. [*p<0.005 (A), *p<0.05 (B and C)
 
to 20%O2 condition in 

each graph.].  

 



ACCEPTED MANUSCRIPT 

References 

 

[1] K. Tamama, H. Kawasaki, and A. Wells, Epidermal growth factor (EGF) treatment on 

multipotential stromal cells (MSCs). Possible enhancement of therapeutic potential of 

MSC. J Biomed Biotechnol 2010 (2010) 795385. 

[2] K. Tamama, C.K. Sen, and A. Wells, Differentiation of bone marrow mesenchymal stem 

cells into the smooth muscle lineage by blocking ERK/MAPK signaling pathway. Stem 

Cells Dev 17 (2008) 897-908. 

[3] K. Tamama, V.H. Fan, L.G. Griffith, H.C. Blair, and A. Wells, Epidermal growth factor as a 

candidate for ex vivo expansion of bone marrow-derived mesenchymal stem cells. Stem 

Cells 24 (2006) 686-695. 

[4] D.J. Prockop, Marrow stromal cells as stem cells for nonhematopoietic tissues. Science 276 

(1997) 71-74. 

[5] 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, and D.R. Marshak, Multilineage potential of adult 

human mesenchymal stem cells. Science 284 (1999) 143-147. 

[6] A.J. Friedenstein, J.F. Gorskaja, and N.N. Kulagina, Fibroblast precursors in normal and 

irradiated mouse hematopoietic organs. Exp Hematol 4 (1976) 267-274. 

[7] T. Kinnaird, E. Stabile, M.S. Burnett, and S.E. Epstein, Bone marrow-derived cells for 

enhancing collateral development: mechanisms, animal data, and initial clinical 

experiences. Circ Res 95 (2004) 354-363. 

[8] M.F. Pittenger, and B.J. Martin, Mesenchymal stem cells and their potential as cardiac 

therapeutics. Circ Res 95 (2004) 9-20. 



ACCEPTED MANUSCRIPT 

[9] Y. Wu, L. Chen, P.G. Scott, and E.E. Tredget, Mesenchymal stem cells enhance wound 

healing through differentiation and angiogenesis. Stem Cells 25 (2007) 2648-2659. 

[10] V. Falanga, S. Iwamoto, M. Chartier, T. Yufit, J. Butmarc, N. Kouttab, D. Shrayer, and P. 

Carson, Autologous bone marrow-derived cultured mesenchymal stem cells delivered in 

a fibrin spray accelerate healing in murine and human cutaneous wounds. Tissue Eng 13 

(2007) 1299-1312. 

[11] A.I. Caplan, Why are MSCs therapeutic? New data: new insight. J Pathol 217 (2009) 318-

324. 

[12] D.C. Colter, R. Class, C.M. DiGirolamo, and D.J. Prockop, Rapid expansion of recycling 

stem cells in cultures of plastic-adherent cells from human bone marrow. Proc Natl Acad 

Sci U S A 97 (2000) 3213-3218. 

[13] P.R. Crisostomo, M. Wang, G.M. Wairiuko, E.D. Morrell, A.M. Terrell, P. Seshadri, U.H. 

Nam, and D.R. Meldrum, High passage number of stem cells adversely affects stem cell 

activation and myocardial protection. Shock 26 (2006) 575-580. 

[14] V.D. Roobrouck, F. Ulloa-Montoya, and C.M. Verfaillie, Self-renewal and differentiation 

capacity of young and aged stem cells. Exp Cell Res 314 (2008) 1937-1944. 

[15] B.M. Buchholz, D.J. Kaczorowski, R. Sugimoto, R. Yang, Y. Wang, T.R. Billiar, K.R. 

McCurry, A.J. Bauer, and A. Nakao, Hydrogen inhalation ameliorates oxidative stress in 

transplantation induced intestinal graft injury. Am J Transplant 8 (2008) 2015-2024. 

[16] J.S. Cardinal, J. Zhan, Y. Wang, R. Sugimoto, A. Tsung, K.R. McCurry, T.R. Billiar, and A. 

Nakao, Oral hydrogen water prevents chronic allograft nephropathy in rats. Kidney Int 77 

(2010) 101-109. 



ACCEPTED MANUSCRIPT 

[17] K. Hayashida, M. Sano, I. Ohsawa, K. Shinmura, K. Tamaki, K. Kimura, J. Endo, T. 

Katayama, A. Kawamura, S. Kohsaka, S. Makino, S. Ohta, S. Ogawa, and K. Fukuda, 

Inhalation of hydrogen gas reduces infarct size in the rat model of myocardial ischemia-

reperfusion injury. Biochem Biophys Res Commun 373 (2008) 30-35. 

[18] I. Ohsawa, M. Ishikawa, K. Takahashi, M. Watanabe, K. Nishimaki, K. Yamagata, K. 

Katsura, Y. Katayama, S. Asoh, and S. Ohta, Hydrogen acts as a therapeutic antioxidant 

by selectively reducing cytotoxic oxygen radicals. Nat Med 13 (2007) 688-694. 

[19] J. Campisi, From cells to organisms: can we learn about aging from cells in culture? Exp 

Gerontol 36 (2001) 607-618. 

[20] N. Jaiswal, S.E. Haynesworth, A.I. Caplan, and S.P. Bruder, Osteogenic differentiation of 

purified, culture-expanded human mesenchymal stem cells in vitro. J Cell Biochem 64 

(1997) 295-312. 

[21] T. Nystrom, Role of oxidative carbonylation in protein quality control and senescence. 

EMBO J 24 (2005) 1311-1317. 

[22] R. Pochampally, Colony forming unit assays for MSCs. Methods Mol Biol 449 (2008) 83-

91. 

[23] D.C. Colter, I. Sekiya, and D.J. Prockop, Identification of a subpopulation of rapidly self-

renewing and multipotential adult stem cells in colonies of human marrow stromal cells. 

Proc Natl Acad Sci U S A 98 (2001) 7841-7845. 

[24] I. Sekiya, B.L. Larson, J.R. Smith, R. Pochampally, J.G. Cui, and D.J. Prockop, Expansion 

of human adult stem cells from bone marrow stroma: conditions that maximize the yields 

of early progenitors and evaluate their quality. Stem Cells 20 (2002) 530-541. 



ACCEPTED MANUSCRIPT 

[25] J.R. Smith, R. Pochampally, A. Perry, S.C. Hsu, and D.J. Prockop, Isolation of a highly 

clonogenic and multipotential subfraction of adult stem cells from bone marrow stroma. 

Stem Cells 22 (2004) 823-831. 

[26] G.P. Dimri, X. Lee, G. Basile, M. Acosta, G. Scott, C. Roskelley, E.E. Medrano, M. 

Linskens, I. Rubelj, O. Pereira-Smith, and et al., A biomarker that identifies senescent 

human cells in culture and in aging skin in vivo. Proc Natl Acad Sci U S A 92 (1995) 

9363-9367. 

[27] K.R. Shibata, T. Aoyama, Y. Shima, K. Fukiage, S. Otsuka, M. Furu, Y. Kohno, K. Ito, S. 

Fujibayashi, M. Neo, T. Nakayama, T. Nakamura, and J. Toguchida, Expression of the 

p16INK4A gene is associated closely with senescence of human mesenchymal stem cells 

and is potentially silenced by DNA methylation during in vitro expansion. Stem Cells 25 

(2007) 2371-2382. 

[28] L. Chen, E.E. Tredget, P.Y. Wu, and Y. Wu, Paracrine factors of mesenchymal stem cells 

recruit macrophages and endothelial lineage cells and enhance wound healing. PLoS 

ONE 3 (2008) e1886. 

[29] S.S. Iyer, and M. Rojas, Anti-inflammatory effects of mesenchymal stem cells: novel 

concept for future therapies. Expert Opin Biol Ther 8 (2008) 569-581. 

[30] A. Uccelli, L. Moretta, and V. Pistoia, Mesenchymal stem cells in health and disease. Nat 

Rev Immunol 8 (2008) 726-736. 

[31] I. Petit, D. Jin, and S. Rafii, The SDF-1-CXCR4 signaling pathway: a molecular hub 

modulating neo-angiogenesis. Trends Immunol 28 (2007) 299-307. 

[32] K. Stellos, and M. Gawaz, Platelets and stromal cell-derived factor-1 in progenitor cell 

recruitment. Semin Thromb Hemost 33 (2007) 159-164. 



ACCEPTED MANUSCRIPT 

[33] H. Haider, S. Jiang, N.M. Idris, and M. Ashraf, IGF-1-overexpressing mesenchymal stem 

cells accelerate bone marrow stem cell mobilization via paracrine activation of SDF-

1alpha/CXCR4 signaling to promote myocardial repair. Circ Res 103 (2008) 1300-1308. 

[34] K.L. Pricola, N.Z. Kuhn, H. Haleem-Smith, Y. Song, and R.S. Tuan, Interleukin-6 

maintains bone marrow-derived mesenchymal stem cell stemness by an ERK1/2-

dependent mechanism. J Cell Biochem 108 (2009) 577-588. 

[35] M. Krampera, L. Cosmi, R. Angeli, A. Pasini, F. Liotta, A. Andreini, V. Santarlasci, B. 

Mazzinghi, G. Pizzolo, F. Vinante, P. Romagnani, E. Maggi, S. Romagnani, and F. 

Annunziato, Role for interferon-gamma in the immunomodulatory activity of human 

bone marrow mesenchymal stem cells. Stem Cells 24 (2006) 386-398. 

[36] J.M. Ryan, F. Barry, J.M. Murphy, and B.P. Mahon, Interferon-gamma does not break, but 

promotes the immunosuppressive capacity of adult human mesenchymal stem cells. Clin 

Exp Immunol 149 (2007) 353-363. 

[37] K.C. Wood, and M.T. Gladwin, The hydrogen highway to reperfusion therapy. Nat Med 13 

(2007) 673-674. 

[38] G. Kashino, S. Kodama, Y. Nakayama, K. Suzuki, K. Fukase, M. Goto, and M. Watanabe, 

Relief of oxidative stress by ascorbic acid delays cellular senescence of normal human 

and Werner syndrome fibroblast cells. Free Radic Biol Med 35 (2003) 438-443. 

[39] C. Fehrer, R. Brunauer, G. Laschober, H. Unterluggauer, S. Reitinger, F. Kloss, C. Gully, R. 

Gassner, and G. Lepperdinger, Reduced oxygen tension attenuates differentiation 

capacity of human mesenchymal stem cells and prolongs their lifespan. Aging Cell 6 

(2007) 745-757. 



ACCEPTED MANUSCRIPT 

[40] T.M. Lin, J.L. Tsai, S.D. Lin, C.S. Lai, and C.C. Chang, Accelerated growth and prolonged 

lifespan of adipose tissue-derived human mesenchymal stem cells in a medium using 

reduced calcium and antioxidants. Stem Cells Dev 14 (2005) 92-102. 

[41] Y. Jin, T. Kato, M. Furu, A. Nasu, Y. Kajita, H. Mitsui, M. Ueda, T. Aoyama, T. Nakayama, 

T. Nakamura, and J. Toguchida, Mesenchymal stem cells cultured under hypoxia escape 

from senescence via down-regulation of p16 and extracellular signal regulated kinase. 

Biochem Biophys Res Commun 391 (2010) 1471-1476. 

 

 



ACCEPTED MANUSCRIPT 

http://ees.elsevier.com/bbrc/download.aspx?id=984468&guid=9f55cb3c-6fec-43d9-9c37-3fd0f051544c&scheme=1


ACCEPTED MANUSCRIPT 

http://ees.elsevier.com/bbrc/download.aspx?id=984469&guid=04534753-5bf7-43a4-91b6-d9012006828c&scheme=1


ACCEPTED MANUSCRIPT 

http://ees.elsevier.com/bbrc/download.aspx?id=984470&guid=9a8b8078-1423-47f8-a2e8-d86b8529e3e9&scheme=1


ACCEPTED MANUSCRIPT 

http://ees.elsevier.com/bbrc/download.aspx?id=984471&guid=7fcbf5c4-b9af-49f2-aa4a-9c6e989cb4e7&scheme=1



