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Bone marrow-derived mesenchymal stem cells (BMSCs) are considered to 

be an attractive cell source for cell therapy in various diseases because of 

their self-renewal and multi-lineage differentiation capacity. However, human 

BMSCs undergo senescence, thus losing their therapeutic properties 

following long-term expansion in vitro. Therefore, a major obstacle of 

BMSCs as a therapeutic modality is to maintain their self-renewal capacity 

and multipotency during their long-term culture in vitro to obtain the cell 

yields required for sufficient numbers of cells enough for clinical application. 

Sirtuin 1 (SIRT1) is known to regulate pluripotent transcription factors to 
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maintain self-renewal and differentiation potential in mouse and human stem 

cells. It has been reported that regulation of SIRT1-mediated SOX2 plays an 

important role in the maintenance of the stemness of human BMSCs. 

Resveratrol (RSV) has been reported to be an activator of SIRT1 in various 

tissues, providing health and anti-aging benefits via its anti-inflammatory 

function and anti-oxidant property in various tissues. However, the effect of 

RSV remains controversial in terms of the maintenance of self-renewal and 

differentiation potential of BMSCs. In this study, it was ellucidated that RSV 

enhanced the proliferation and differentiation potential of BMSCs via the 

SIRT1-SOX2 axis. Accordingly, the culture conditions of BMSCs were 

optimized with RSV treatment during long-term in vitro expansion and 

demonstrated their potential use in clinical approaches using an in vivo model. 

Long-term expanded BMSCs pre-treated with RSV (RSV-MSCs) at late-

passage retained higher self-renewal and multi-lineage differentiation 

capacities than those expanded in the absence of RSV. In the rat calvarial 

defect model, RSV-MSCs showed enhanced bone regeneration effects 

significantly at 8 weeks after transplantation. These results strongly suggest 

that pre-treatment of human BMSCs with RSV has advantages to prevent 

cells from cellular senescence and to improve the therapeutic efficacy of 

MSCs on bone regeneration for clinical application. 

 

 

 

 

 

Key words: BMSCs, stemness, resveratrol, cellular senescence, self-renewal, multi-potency, 

SIRT1, bone regeneration, stem cell therapy 
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I. INTRODUCTION 

 

 Bone marrow-derived mesenchymal stem cells (BMSCs) are promising cell 

sources in regenerative medicine field because they have various therapeutic 

benefits such as differentiation potential, homing effect, and immunomodulation.
1-3

 

Particularly, they have self-renewal and multi-lineage differentiation potential 

(multipotency) abilities to differentiate into bone, adipose, and cartilage.
4-8

 Thus, 

these cells are used to treat various skeletal diseases such as osteogenesis 

imperfecta
9,10

 and osteoarthritis.
11,12

 For clinical application, it is necessary to expand 

these cells into therapeutic doses for several passages in vitro because the cell 

numbers obtained from patients are too small to be applicable in vivo. In addition, 

during in vitro expansion, BMSCs undergo cellular senescence with telomere 

shortening and lose their stem cell characteristics and multi-lineage differentiation 

potential.
13-15

 The loss of stemness during in vitro expansion causes progressive 

reduction of bone mass.
16,17

 Therefore, a major challenge to the therapeutic use of 
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BMSCs is to maintain their self-renewal capacity and multipotency during long-term 

culture in vitro to obtain the cell yields sufficient for clinical application. 

Sirtuin 1 (SIRT1), the NAD
+
-dependent protein deacetylase, plays roles in life 

span, anti-aging, and metabolic homeostasis. In general, SIRT1 contributes to cell 

survival, apoptosis, and cellular senescense in a various cell types.
18,19

 In mouse 

ESCs, SirT1 expresses the p53-mediated decrease of Nanog expression, resulting in 

the maintenance of self-renewal and pluripotent capacities.
20

 Furthermore, SIRT1 

overexpression rescues the suppressed pluripotency in shRNA-mediated Oct4-

silenced human ESCs (hESCs) by preventing p53 activation.
21

 Previous study also 

reported that SIRT1 directly regulates SOX2 by inhibiting its degradation via post-

translational modification.
22

 Unlike OCT4 and NANOG, SOX2 is considered to be 

essential for maintaining not only the pluripotency of hESCs but also the self-

renewal and multipotency of BMSCs.
23-26

 Therefore, SIRT1 is shown to play an 

important role in maintaining the stemness of BMSCs.  

Resveratrol (3,5,4’-hydroxystilbene; RSV) is a phytoalexin produced by plants 

damaged by environmental stress.
27

 RSV has various functions such as anti-

inflammatory and antioxidant properties, which plays crucial roles in aging- and 

cancer-related disease.
27-29

 RSV is a strong activator of SIRT1 and enhances SIRT1-

dependent cellular processes.
30

 Several studies have evaluated the functions of RSV 

in BMSCs. However, the effect of RSV on self-renewal and multipotency of BMSCs 

is controversial. RSV treatment enhances proliferation and differentiation into 

osteoblast
31,32

 and adipocyte,
33

 and prevents cellular senescence and apoptosis.
31

 In 

contrast, long-term exposure to RSV increased the cellular senescence of BMSCs.
31

 

Furthermore, another study reported that RSV negatively regulates adipogenic 

differentiation during osteogenic differentiation of BMSCs.
34

 These controversial 

actions of RSV on MSC self-renewal and differentiation have not been optimized 

because its underlying mechanism remains unclear in BMSCs. In this study, the 

effects of RSV on the self-renewal and differentiation of BMSCs, as well as its 
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regulatory mechanism which depends on SIRT1 activity, were evaluated. Moreover, 

this study describes the potential use of these cells for stem cell-based therapy in a 

rat calvarial defect model. 
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II. MATERIALS AND METHODS  

 

1. Isolation, cultivation, and chemical treatment of BMSCs 

Bone marrow (BM) aspirates were obtained from the posterior iliac crests of six 

adult donors with the approval of the institutional review board (IRB) of the Yonsei 

University College of Medicine and written informed consent was obtained from all 

patients. All methods were performed according to the relevant guidelines and 

regulations of the institution. BMSCs from human BM were selected based on their 

ability to adhere to plastic cell culture dishes, and their characteristics, positive for 

CD90 and CD105, but negative for CD34 and CD45, were confirmed by flow 

cytometry. MSCs were maintained in low-glucose Dulbecco’s modified Eagle’s 

medium (DMEM-LG; Gibco; Grand Island, NY, USA) supplemented with 10% 

Fetal bovine serum (FBS; Gibco) and 1% antibiotic–antimycotic solution 

(Invitrogen) at 37 °C in a 5% CO2 atmosphere.  BMSCs were grown to 80%–90% 

confluence and then harvested by incubation with 0.25% trypsin/EDTA (Invitrogen) 

followed by centrifugation at 1,300 rpm for 3 minutes. Harvested cells were replated 

at a density of 5,000 cells per square centimeter and subcultured when they were 

80%–90% confluent. Trichostatin A (TSA, Sigma Aldrich, St. Louis, MO, USA) 

was used as a histone deaceylase inhibitor at a concentration of 100 nM. To 

optimize the concentration of resveratrol (RSV, Sigma) for SIRT1 activation, the 

study groups were organized into a control group (vehicle) and four experimental 

groups (RSV treatment; 0.1, 1, 5, or 10 μM). 
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2. Senescence-associated-β-galactosidase assay (SA- β-gal assay)  

The SA-β-gal assay was performed using a cellular senescense assay kit 

(Millipore, Temecula, CA, USA) following the manufacturer’s instructions. The 

cells were washed with PBS, and then were fixed for 10 min at room temperature 

with 1X fixing solution. After washing with D.W, cells were stained with prepared 

1X SA-β-gal detection solution over 4h in the dard at 37 °C incubator without CO2. 

The number of cells positive cells was quantified by Image J software, wersion 1.41 

(National Institutes of Health, Bethesda, MA, USA). 

 

3. Colony-forming unit fibroblast (CFU-F) assay  

The cells were seeded at 1 × 10
3
 cells in 100-mm culture dishes, and maintained 

in DMEM-LG supplemented with 20% FBS for 12 days. Subsequently, the cells 

were fixed in a 1:1 acetone/methanol fixative, stained with a 20% crystal violet 

solution (Merck, Darmstadt, Germany) for 30 minutes in the dark, and washed in 

distilled water (D.W). The colony-forming ability of the stained cells was then 

evaluated and counted for three donors. 

 

4. Osteogenic and adipogenic differentiation 

BMSCs were seeded at 80% density of cells/well in 12-well plates. To determine 

the differentiation ability for each lineage, I used alizarin red S for osteogenic 

differentiation at day 12, and oil red O for adipogenic differentiation at day 14. To 

perform the alizarin red S staining, the cells were fixed in ice-clod 70% ethanol at 30 
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min and then washed with D.W. After that, 1ml of prepared 2% alizarin red S 

solution (wt/vol) (Sigma) was added, then incubated at 4 °C for 30 min. For 

quantitative analysis, absorbance was measured at 595 nm following destaining with 

10% cetylpyridinium chloride monohydrate (Sigma) for 20 min. For determining 

lipid droplets by oil red O, after being fixed in 10% neutral buffered formalin 

(Sigma), 1ml 0.18% oil red O solution (Sigma) was incubated for 30 min, and was 

quantified with measuring at absorbance 500nm after destaining with 100% 

isopropanol for 30 min. 

 

 

5. Western blotting 

BMSCs were lysed in passive lysis buffer (Promega, Madison, WI, USA). 

Protein concentrations were determined using the Bio-Rad Protein Assay (Bio-Rad 

Laboratories, Inc., Hercules, CA, USA) and 30 mg of protein was analyzed by 10% 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Sigma). 

Transferred membranes were blocked with 5% skim milk (BD, Sparks, MD, USA) 

or 5% BSA (Sigma) for 1 h at room temperature. The membranes were incubated 

for about 10 h with antibodies against SIRT1 (Santa Cruz Biotechnology, Dallas, 

TX, USA), SOX2 (Abcam, Cambridge, UK), and GAPDH (Research Diagnostics, 

Flanders, NJ, USA) which served as a loading control. Protein was confirmed in 

triplicate. 
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6. Immunocytochemistry 

BMSCs were seeded at 2,000 cells/cm2 on 4-well glass chamber slides (Nalge 

Nunc International, Rochester, NY, USA), and the cells were incubated in a 5% 

CO2 incubator at 37 °C overnight. After an incubation, the cells were washed with 

PBS followed by fixation with 4% paraformaldehyde (Sigma) for 30 min. 

Permeabilization was accomplished with 1% Triton X-100 in PBS for 10 min 

followed by blocking for 1 h with 3% bovine serum albumin (BSA) in PBS. The 

cells were incubated with a 1:100 dilution of primary antibodies against SIRT1 

(Santa Cruz), SOX2 (Abcam) and BrdU (Santa Cruz) for 12 hours at 4°C. After 

washing three times with PBS, the cells were incubated with fluorescein 

isothiocyanate- and propidium iodide (PI)-conjugated secondary antibodies (Santa 

Cruz) in a 1 : 5000 dilution in 1% BSA-containing PBS for 1 h at room temperature 

in the dark. The nuclei were stained with 4,6-diamidino-2-phenyindole (DAPI, 

Sigma) and then examined using a Zeiss LSM780 scanning laser confocal 

microscope (Zen 2011; Carl Zeiss MicroImaging GmBH, Jena, Germany). 

 

7. RNA interference 

ON-TARGETplus SmartPool siRNAs for SOX2 (L-011778) were purchased 

from Dharmacon (Boulder, CO, USA). Scramble and SIRT1 (siRNA No. 1137490) 

siRNAs were purchased from Bioneer, Inc. (Daejeon, South Korea, 

http://sirna.bioneer.co.kr/). The scramble-sense siRNA targeted the sequence 5’-

CCUACGCCACCAAUUUCGU-3’, and the scramble-antisense siRNA targeted the 
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sequence 5’- ACGAAAUUGGUGGCGUAGG-3’. Briefly, early-passage BM-

MSCs were plated to obtain 70%–80% confluence in six-well plates and transfected 

with 100 nM of SOX2, SIRT1, or a scrambled (negative control) siRNA using 

Lipofectamine 2000 (Invitrogen). After 6 hours of transfection, fresh medium was 

exchanged. 

 

8. Alkaline phosphatase (ALP) staining 

After fixation in a 2:3 citrate buffer/acetone fixative, BMSCs transfected with 

siRNA targeting SIRT1 or SOX2 were stained for alkaline phosphatase (ALP) using 

an alkaline staining solution mixed with fast violet B salt (Sigma) in naphthol AS-

MX phosphate alkaline solution (Sigma) for 30 minutes in the dark. After washing 

in DW, cells were stained in Mayer’s hematoxylin solution (Sigma) for 5 minutes 

and then rinsed in tap water. 

 

9. Quantitative real-time polymerase chain reaction (qRT-PCR) 

Total RNA was isolated using an RNeasy kit (Qiagen, Valencia, CA, USA) 

according to the manufacturer’s instructions. One microgram of total RNA was 

reverse-transcribed using an Omniscript kit (Qiagen). Primer sets were validated and 

purchased from Bioneer). The primer sets used were as follows: GAPDH (P267613), 

SIRT1 (P293039), SOX2 (P200205), cyclin A (CCNA, P212796), cyclin D (CCND, 

P298560), cyclin-dependent kinase 2 (CDK2, P136765), NANOG (P255522), and 

cyclin E (CCNE, P220201). The primers for OCT4, which are no validated were 
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designed as follows: OCT4, 5’-GCAAGCCCTCATTTCACCA-3’ (Sense) and 5’-

GCCCATCACC TCCACCAC-3’ (Antisense). Mean cycle threshold values from 

triplicate (n = 3) measurements were used to calculate gene expression, with 

normalization to GAPDH as internal control. 

 

10. Immunoprecipitation 

Cell lysates from BMSCs were prepared using a nondenaturing lysis buffer (20 

mM Tris-HCl [pH 8], 137 mM NaCl, 0.5% Nonidet P40 with 2 mM EDTA [pH 8.0], 

1 mM phenylmethylsulfonyl fluoride, and protease inhibitor). The lysates were 

incubated with fresh protein A/G agarose beads (Santa Cruz Biotechnology) and the 

antibodies (GFP [Santa Cruz Biotechnology], SOX2 [Abcam], acetylated lysine 

[Cell Signaling Technology, Danvers, MA, USA], and ubiquitin [Santa Cruz 

Biotechnology]). Beads conjugated with the lysates and antibodies were collected by 

centrifugation and washed three times with the nondenaturing lysis buffer. The 

complexes were released from the beads by boiling in 2× SDS sample buffer. The 

prepared proteins were resolved using 10% SDS-PAGE and then transferred to 

nitrocellulose membranes. The membrane was blocked in 5% skim milk for 1 hour 

and then incubated with antibodies against SIRT1 (1:1,000) or SOX2 (1:1,000) for 

12 hours. This procedure was followed by incubation with a horseradish peroxidase-

conjugated secondary antibody for 1 hour. Chemiluminescence was detected using 

an ECL system (GE Healthcare, Fairfield, USA). 
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11. Lentiviral shRNA infection 

To produce lentiviruses expressing SIRT1 shRNA, 3 × 10
6
 HEK293FT cells were 

seeded in 100-mm culture dishes, and then transfected with shRNA lentiviral 

particles (Sigma) and lentiviral vectors using Lipofectamine 2000 (Invitrogen, 

Carlsbad, CA, USA). After 6 h, HEK-293FT cells were maintained in DMEM-LG 

supplemented with 10% FBS for 2 days. Then, the supernatant fractions were 

collected and filtered using a syringe filter with a 0.45-mm pore. For lentivirus 

infection, 5 × 10
4
 EP-MSCs per well were seeded in 6-well plates, followed by 

exposure to virus-containing supernatants. Lentivirus-infected MSCs were selected 

using puromycin (10 mg/ml) (Sigma) 24 h later. Information of each lentiviral vector 

is as follows: shCont: pLKO.1-puro (SHC001, Sigma), shSIRT1-1: pLKO.1-puro-

shSIRT1-1 (TCRN0000229630, Sigma) with targeting sequence: 5’-

CCGGCAGGTCAAGGGATGGTATTTACTCGAGTAAATACCATCCCTTGACC

TGTTTTTG-3’, shSIRT1-2: pLKO.1-puro-shSIRT1-2 (TCRN0000218734, Sigma) 

with targeting sequence: 5’-GTACCGGCATGAAGTGCCTCAGATATTACTCGA 

GTAATATCTGAGGCACTTCATGTTTTTG-3’ 

 

12. Cell proliferation assay 

Cell proliferation was examined using an EZ-Cytox Kit (Daeil Lab Service, 

Seoul, Korea). The BMSCs were seeded in 12-well culture plates at a density of 2 × 

10
4
 cells per well. The cells were maintained in DMEM-LG for 7 days, and the cell 

culture media were replaced once a day during cell viability assay periods. After 
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washing cells in PBS, 20 μl of EZ-Cytox (tetrazolium salts) solution was added to 

each well and incubated at 37 °C for 3 h. After incubation, the conditioned medium 

was transferred to 96-well plates. The absorbance was measured at 450 nm. All 

samples were tested in triplicate (n =5). 

 

13. Cell cycle analysis 

The vehicle (EtOH) or RSV pre-treated MSCS (RSV-MSCs) were harvested by 

incubation with 0.25% trypsin ⁄ EDTA and washed twice in PBS. Cells from each 

group (1 × 10
6
) were fixed in ice-cold 70% ethanol for 30 min, stained with 50 µg ⁄ 

ml propidium iodide (PI; Sigma) containing 100 µg ⁄ ml RNase A (Sigma) for 15 

min at 4 oC, and then analysed by FACS Calibur instrumentation (Becton Dickinson 

Instrument, San Jose, CA, USA) to detect cell cycle distribution. All samples used 

were tested in triplicate (n = 3). 

 

14. Rat calvarial defects 

Twelve-week-old male Sprague-Dawley rats were anesthetized by an 

intraperitoneal injection of Zoretile (30 mg/kg body weight) and Rumpon (10 mg/kg 

body weight). After shaving the hair on the head, a longitudinal incision was made 

in the skull, and then critical-size calvarial bone defect with a diameter of 8 mm 

were created using a trephine bur. The defects were irrigated with saline, and MSCs 

(1 x 10
6
/defect) mixed with fibrin glue were implanted into the defects, followed by 

suturing of soft tissue. For pain relief, rats received a subcutaneous injection of 
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Metacam (meloxicam, 0.2mg/kg) At postoperative 4-8 weeks, all rats tested were 

sacrificed and the skull was harvested for micro (µ) CT and histological analysis (n 

= 10 per group). 

 

15. MicroCT (µCT) analysis 

After fixation in 10% formalin at 5 days, the skulls were scanned with a high-

resolution microcomputed tomography [µCT (Skyscan1076)] for quantitatively 

evaluating the calvarial bone regeneration at the defect site. The imagery was 

reconstructed and analyzed using NRecon v1.6.6.0 and CTAn v1.13.2.1, 

respectively. The three-dimensional model visualization software CTVol v2.0 was 

used to analyze the calvarial bone regeneration. The settings for the X-ray source 

were 70 kVp voltage and 140 mA current, and a 0.5-mm-thick aluminum filter was 

used for beam induration. The pixel size was 18 mm, the exposure time was 1475 

ms, and the rotation step was 0.5o, with a complete rotation over 360 
o
. 

 

16. Histological analysis and immunohistochemistry 

The skulls were fixed for 1 week in 10% formalin, and the formalin-fixed 

specimens were embedded in paraffin. The paraffin-embedded sections were 

deparaffinized, rehydrated, and washed three times with PBS, and then the sections 

were used to evaluate tissue repair in the damaged regions. The tissue samples were 

sliced at a thickness of 4 µm and stained with hematoxylin-eosin (HE) to observe the 

new bone formation and incubated with human anti-vimentin (Santa Cruz, 1:100 
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dilution) to confirm whether the regenerated bone tissue were derived from human 

origin. Human vimentin was detected with a secondary goat anti-mouse IgG-HRP 

(GenDEPOT, TX, USA) and 3,3′-diaminobenzidine (DAB) (Vactor Laboratories, 

CA, USA). The stained samples were observed using a VS120 virtual microscope 

(Olympus, Tokyo, Japan), and images of the sample were analyzed by the OlyVIA 

2.5 program (Olympus). 

 

17. Statistical analysis 

Statistical analysis for the difference between three or more groups was 

performed using one-way analysis of variance (ANOVA), and Student’s t-tests for 

two differences were performed. The data are presented as mean ± standard 

deviation (S.D.). All experiments were conducted in triplicates. GraphPad PRISM 

Software (version 6.0) was used for statistical analysis. Values of p < 0.05 were 

considered statistically significant. 
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Ⅲ. RESULTS 

 

1. Expression patterns of SOX2 and SIRT1 protein during prolonged cell 

passage of BMSCs 

First, I investigated cellular senescence of BMSCs during prolonged cell passage. 

Senescence associated-β-gal (SA-β-gal) activity gradually increased from early- to 

late-passage (P3 - P7) in BMSCs (Fig. 1A). In contrast, the colony-forming abilities 

significantly decreased from P3 to P7 (Fig. 1B). Also, both osteogenic and 

adipogenic differentiation potential were remarkably reduced in late-passage 

compared to early-passage (EP) in BMSCs (Fig. 1C). SOX2 is a key regulator in 

maintenance of the self-renewal and multipotency in BMSCs.
23-26

 Therefore, I 

examined the protein pattern of SIRT1 on the stemness during prolonged cell 

passage compared to SOX2. Western blot analysis revealed an association between 

SIRT1 and SOX2 (Fig. 2A). SIRT1 and SOX2 were abundantly expressed in EP-

BMSCs, but nucleus or cytosol in BMSCs and if that colocalization is maintained 

during prolonged cell passage. I observed that both SIRT1 and SOX2 were located 

in the nucleus of BMMSCs and the proteins in the nucleus were not observed in 

late-passage BM-MSCs (P7) (Fig. 2B).  
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Figure 1. The change of phenotype in cellular senescence, self-renewal, and 

multipotency during prolonged cell passage. (A) SA-β-gal staining was performed 

in BMSCs from passage 3 to passage 7 (upper panel). SA-β-gal positive cells were 

quantitated by Image J (n = 3, in triplicate) (lower panel). ***, p < 0.001 compared 

with BMSCs at passage 3. (B) Colony-forming abilities were compared using CV 

staining (upper panel). The colony number was counted by three observers (n = 3, in 

triplicate) (lower panel). ***, p < 0.001 compared with BMSCs at passage 3. (C) 

Alizarin red s staining and (D) oil red o staining was conducted to determine their 
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osteogenic and adipogenic differentiation potential in early- and late-passage 

BMSCs. 
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Figure 2. Expression of SOX2 and SIRT1 during prolonged cell passage. (A) 

Western blot analysis was performed to observe the protein level of SIRT1 and 

SOX2 during prolonged cell passage of BMSCs (left panel). Protein level was 

quantified with Image J in triplicate (right panel). **, p < 0.01, ***, p < 0.001 

compared with BMSCs at passage 3. (B) An immunocytochemistry assay was 

performed in BMSCs with anti-SOX2 and SIRT1 antibodies. Corresponding 

secondary antibodies were tagged to visualize SOX2 (fluorescein isothiocyanate) 

and SIRT1 (phycoerythrin) proteins. Scale bar = 20 μm. 
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2. Correlative functions between SOX2 and SIRT1 knockdown on the self-

renewal and multipotency of BMSCs. 

To evaluate their roles in BMSCs, I examined the functions of SIRT1 RNA 

interference on the self-renewal and differentiation potentials of EP-BMSCs 

compared to SOX2 knockdown. Western blot analysis demonstrated that siRNAs 

targeting SIRT1 or SOX2 were functioning effectively in BMSCs (Fig. 3A). I then 

observed the colony-forming abilities in siSIRT1 or siSOX2 transfected BMSCs. 

The results revealed that RNA interference of SIRT1 or SOX2 significantly 

decreased the number of colony-forming cells compared to cells transfected with 

scrambled control siRNA (Fig. 3B). Next, I tested the potential of siRNA-transfected 

MSCs to differentiate into the osteogenic and adipogenic lineages. At day 6 of 

osteogenic stimuli, a weak ALP activity was observed in BMSCs transfected with 

siRNAs targeting SIRT1 or SOX2 compared to control siRNA-transfected cells (Fig. 

3C, upper). In BMSCs that were fully differentiated into the osteogenic lineage, the 

cells transfected with siRNA targeting SIRT1 or SOX2 were not stained with 

alizarin red S, an indicator for mineralization, unlike control siRNA-transfected cells 

(Fig. 3C, lower). BMSCs transfected with siRNAs targeting SIRT1 or SOX2 did not 

show lipid droplet formation as was seen in control siRNA-transfected cells (Fig. 

3D). These results indicate that SIRT1 and SOX2 have similar functions in BMSCs. 
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Figure 3. The correlative function of SOX2 and SIRT1 on the self-renewal and 

multipotency of BMSCs. (A) Early-passage BMSCs were transfected with RNA 

interference targeting SOX2, SIRT1 or scrambled sequences. The efficiency of 

SOX2 and SIRT1 knockdown was confirmed by western blot. (B) Colony-forming 

capacities were compared using crystal violet (CV) staining in BMSCs transfected 

with siRNAs targeting SOX2, SIRT1, or scrambled sequences (left panel). The 

number of colony-forming cells was counted by three observers (right panel, in 

triplicate). *, p < 0.05 compared with control BMSCs. (C) After induction of 

osteogenic differentiation, ALP staining was performed to determine the extent of 

the initial differentiation at day 6 (upper panel). Alizarin red S staining was 
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performed to detect mineralization at day 12 (lower panel). For quantitative analysis 

of alizarin red s staining, absorbance was measured at 595 nm following destaining 

with 10% cetylpyridinium for 30 minutes. *, p < 0.05 compared with control 

BMSCs. (D) At 14 days after adipogenic differentiation, oil red o staining was 

performed to determine the extent of lipid drop formation at day 12 (upper panel). 

For quantitative analysis of oil red o staining, the absorbance was detected at 500 

nm following destaining with 100% isopropanol for 30 minutes (lower panel). Scale 

bar in the upper panel = 200 μm. Scale bar in the lower panel = 30 μm. *, p < 0.05 

compared with control BMSCs. 

  



23 

 

3. The effect of RSV on self-renewal and differentiation potential in BMSCs. 

To confirm whether SIRT1 activity affects the self-renewal and differentiation 

potentials of MSCs, resveratrol (RSV) was used to increase SIRT1 activity because 

RSV is a well-known activator of SIRT1 and it enhances SIRT1-dependent cellular 

processes.
35

 For detection of cytotoxicity of RSV, I examined viability in BMSCs 

after RSV treatment from 0.1 to 10 μM. BMSCs treated with up to 1 μM RSV were 

observed to be viable for 7 days, whereas cell proliferation decreased in BMSCs 

treated with over 5 μM at that day (Fig. 4). Therefore, I performed the colony-

forming unit fibroblast, qPCR, and differentiation assays with BMSCs treated with 

0.1 or 1 μM RSV. After being treated with 0.1 or 1 μM RSV for 12 days, BMSCs 

exhibited an increase in total colony number in a dose-dependent manner (Fig. 5A). 

In qRT-PCR results, I confirmed that the mRNA expression for cell cycle-related 

genes (CCNA, CCND, and CDK2) was increased by RSV treatment in EP-BMSCs 

(Fig. 5B). Consequently, RSV-treated BMSCs displayed an enhanced ability to form 

colonies with the increased cell cycle-related gene expression in all cases relative to 

untreated BMSCs, resulting in an increase in the self-renewal capacity of BMSCs. In 

an osteogenic differentiation assay, the RSV-treated BMSCs displayed enhanced 

ALP activities at the initial stage (day 5) of differentiation and higher calcium 

deposition rates than untreated BMSCs at the late stage (day 10) of differentiation, 

in a dose-dependent manner (Fig. 6A). Furthermore, RSV treatment enhanced the 

formation of lipid droplets in BM-MSCs treated with 0.1 or 1 μM RSV compared to 

untreated BM-MSCs, in a dose-dependent manner (Fig. 6B). These results show that 
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RSV-mediated SIRT1 activation increases the self-renewal and multilineage 

differentiation potentials of BMSCs. 
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Figure 4. The cytotoxicity test for determination of the treatment concentration 

of RSV in BMSCs. For 7 days, BMSCs were cultured with RSV in a dose-

dependent manner. Cell viability was measured using an EZ-Cytox cell viability kit 

(n = 3, in triplicate). **, p < 0.01, *** p < 0.001 compared with control (RSV 0). 
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Figure 5. The effect of RSV on self-renewal ability in BMSCs. (A) The colony 

forming abilities were confirmed by CV staining in EP-BMSCs treated with 0.1 or 1 

μM RSV (left panel), and then the number of colony-forming cells was counted by 

three observers, respectively (right panel, n = 3, in triplicate). *, p < 0.05 compared 

with control BMSCs (RSV 0). (B) The mRNA expressions of CCNA, CCND, and 

CDK2 following treatment with 0.1 or 1 μM RSV were investigated in EP-BMSCs 

with qRT-PCR. *, p < 0.05 compared with control BMSCs (RSV 0). 
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Figure 6. The effect of RSV on multipotency in BMSCs. (A) At day 5, ALP 

staining was performed to determine the extent of osteogenic differentiation at initial 

stage (upper panel). Alizarin red s staining was performed to detect calcium 

deposition at day 10 (lower panel). For quantitative analysis of alizarin red S 

staining, absorbance was measured at 595 nm following destaining with 10% 

cetylpyridinium for 20 minutes. *, p < 0.05 compared with control BMSCs (RSV 0). 

(B): Oil red o staining was performed to determine the formation of the lipid drop at 

day 14 (left panel). For quantitative analysis of oil red o staining, the absorbance 
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was measured at 500 nm following destaining with 100% isopropanol for 30 

minutes (right panel). Scale bar in the upper panel = 200 μm. Scale bar in the lower 

panel = 30 μm. *, p < 0.05 compared with control BMSCs (RSV 0). 
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4. Suppression of SOX2 mediated by deacetylase inhibition in BMSCs 

To reveal the regulatory mechanism of the positive effects of RSV on MSC 

stemness, I confirmed whether SOX2 is regulated by SIRT1 deacetaylase activity. It 

has been reported that the acetylation at lysine residue in SOX2 induces 

ubiquitination in both ESCs and BMSCs,
22,36

 and TSA, an inhibitor of histone 

deacetylase (HDACs), triggers these processes,
37

 thus resulting in proteosomal 

degradation of SOX2. The protein of SOX2 decreased and exported to cytosol in 

SIRT1 knockdown (Fig. 7A and 7B). TSA treatment also induced the nuclear export 

and proteasomal degradation of SOX2, although SIRT1 expressed (Fig. 7A and 7B). 

Therefore, deacetylase activity of SIRT1 is crucial for SOX2 regulation.  
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Figure 7. Suppression of SOX2 mediated by deacetylase inhibition in BMSCs. 

(A) Protein level of SOX2 was confirmed using western blot in BMSCs transfected 

with siSIRT1 or treated with TSA (left panel). Quantitative analysis was performed 

using image J software in triplicate (right panel). *, p < 0.05 compared with control 

Cont. (B) Immunofluorescence was performed to observe the nuclear export of 

SOX2 following SIRT1 knockdown or TSA treatment in SOX2-overexpressing 

BMSCs in the presence of MG132 (n = 3). The nucleus was stained with DAPI and 

the images were obtained using confocal microscopy. Red arrowhead indicates the 

translocation of SOX2 protein from the nucleus to the cytoplasm. Scale bar = 50 μm. 
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5. The effect of RSV on the SOX2 suppression in BMSCs. 

Furthermore, I examined whether RSV could rescue the TSA-mediated SOX2 

repression in BMSCs. As expected, I confirmed that TSA could induce the decrease 

of SOX2 protein in EP-BMSCs (decreased to 71% + 12%). In EP-BMSCs, TSA-

mediated SOX2 repression was slightly rescued to 35% by 0.1 or 1 μM RSV, 

whereas 1 μM RSV fully rescued the decrease of SOX2 induced by TSA treatment 

(Fig. 8A). These results indicate that RSV may be a strong candidate to maintain 

SOX2 by increasing SIRT1 activity in BMSCs. Next, I investigated the acetylation 

and ubiquitination of SOX2 in TSA-treated BMSCs using IP. The results revealed 

that 0.1 or 1 μM RSV treatment suppressed the TSA-mediated acetylation and 

ubiquitination of endogenous SOX2 in EP-BMSCs (Fig. 8B). Based on these results, 

I selected 1 μM RSV as the most suitable concentration that could enhance the 

stemness of BMSCs in this study. Taken together, these results suggest that RSV-

mediated SIRT1 activation enhances the self-renewal and multilineage 

differentiation potentials of BMSCs by stabilizing protein levels of SOX2 via 

suppressing the acetylation of SOX2, thus preventing its proteosomal degradation. 

Furthermore, to confirm whether the effect of RSV on SOX2 regulation is mediated 

by SIRT1, I treated 1 μM RSV in EP-BMSCs transfected with siRNA targeting 

SIRT1. SIRT1 knockdown decreased the protein level of SOX2 in EP-BMSCs, but 

RSV treatment did not reverse SOX2 suppression (Fig. 9A). Moreover, IP showed 

that acetylation and ubiquitination of SOX2 was induced by SIRT1 knockdown, and 

SOX2 suppression was not rescued by RSV treatment (Fig. 9B). These results 



32 

 

demonstrated that SIRT1 is important for SOX2 regulation mediated by RSV.  
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Figure 8. The effects of RSV on TSA-mediated SOX2 suppression in BMSCs. 

(A) EP-BMSCs were treated with 100 nM TSA in the presence or absence of 0.1 or 

1 μM RSV. After 24 hours, western blot analysis was performed to observe the 

changes of the SIRT1 and SOX2 proteins. Each experiment was performed with 

three donors (left panel). The densities for each band were measured with Image J 
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software (right panel). *, p < 0.05 compared with control BMSCs. (B) IP and 

western blot analysis was conducted in the presence of MG132 in EP-BMSCs. 

Ubiquitin, acetylated-lysine, and SOX2 were immunoprecipitated using antibodies 

targeting each protein followed by western blot analysis using an anti-SOX2 

antibody in triplicate (n = 3). 
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Figure 9. The effect of RSV on SOX2 suppression mediated by SIRT1 

knockdown in BMSCs. (A) EP-BMSCs were transfected with siRNA targaeting 

SIRT1 in the presence or absence of 1 μM RSV. After 24 hours, western blot analysis 

was performed to observe the changes of the SIRT1 and SOX2 proteins. Each 

experiment was performed with three donors (left panel). The densities for each 

band were measured with image J software (right panel). *, p < 0.05 compared with 

control BMSCs. (B): IP and western blot analysis was conducted in the presence of 

MG132 in EP-BMSCs. Ubiquitin, acetylated-lysine, and SOX2 were 

immunoprecipitated using antibodies targeting each protein followed by western blot 

analysis using an anti-SOX2 antibody in triplicate (n = 3). 
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6. Importance of RSV-mediated SIRT1-SOX2 axis on the stemness of BMSCs 

Next, I confirmed that the SIRT1-SOX2 axis by RSV treatment plays an 

important role in maintaining the stemness of BMSCs. Treatment with 1 μM RSV 

enhanced colony-forming abilities, but RNA interference of SOX2 significantly 

decreased the number of colony-forming cells in spite of the presence of 1 μM RSV 

(Fig. 10A). In the qPCR results for cell-cycle-related genes, mRNA expression of 

cell cycle-related genes (CCNA, CCND, and CDK2) increased by 1 μM RSV 

treatment was reverted to the basal level (Fig. 10B). In differentiation assays, the 

osteogenic and adipogenic potentials enhanced by 1 μM RSV treatment were 

significantly decreased through RNA interference of SOX2 in BMSCs (Fig. 11A 

and 11B). These results strongly indicate that the RSV regulates the self-renewal 

and multipotency of BMSCs through SIRT1-SOX2 axis, suggesting that RSV could 

be useful for clinical therapeutic application (Fig. 12). 
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Figure 10. Importance of the SIRT1-SOX2 axis in the self-renewal capacity and 

cell cycle-related gene expressions in BMSCs. (A) Colony forming ability was 

confirmed by CV staining in BMSCs treated with 1 μM RSV in the presence or 

absence of siRNA targeting SOX2 (left panel), and then colony number was counted 

by three observers (right panel, n = 3, in triplicate). *, p < 0.05 compared with 1 μM 

RSV-treated BMSCs. (B) The gene expressions of CCNA, CCND, CDK2 following 

transfection with RNA interference of SOX2 were investigated in RSV-treated 

BMSCs using qRT-PCR. The expression of each gene was normalized to GAPDH 

expression. The experiments were performed in triplicate. *, p < 0.05 compared with 

1 μM RSV-treated BMSCs.  
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Figure 11. Importance of SIRT1-SOX2 axis in the multipotency of BMSCs. (A) 

At 5 days after induction of osteogenic differentiation, ALP staining was performed 

to determine osteogenic differentiation potential at initial stage in BMSCs treated 1 

μM RSV in the presence or absence of SOX2 interference (left upper panel). 

Alizarin red s staining was conducted for mineral deposition at day 10 (left lower 

panel). For quantitative analysis of alizarin red s staining, absorbance was measured 

at 595 nm following destaining with 10% cetylpyridinium for 30 minutes (right 

panel). *, p < 0.05 compared with 1 μM RSV-treated BMSCs. (B) At 14 days after 
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induction of adipogenic differentiation, oil red o staining was performed to 

determine the formation of lipid droplet (left panel). For quantitative analysis of oil 

red O staining, the absorbance was measured at 500 nm following destaining with 

100% isopropanol for 30 minutes (right penel). Scale bar in the upper panel = 200 

μm. Scale bar in the lower panel = 30 μm. *, p < 0.05 compared with 1 μM RSV-

treated BMSCs. 
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Figure 12. The regulatory mechanism of the RSV-mediated SIRT1-SOX2 axis 

on the maintenance of stemness in BMSCs.  
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7. Different effects of RSV on the stemness in early passage (EP) and late 

passage (LP) of BMSCs  

For application of RSV to in vitro MSC expansion, I investigated the effect of 1 

μM RSV treatment on maintenance of stemness in BMSCs at early- (EP) or late-

passage (LP) BMSCs. Because it has been reported that overexpression of Sirt1 

rejuvenates aged rat MSCs and improved therapeutic effect in a rat myocardial 

infarction model,
38

 I expected that the decreased self-renewal and differentiation 

potential of LP-BMSCs can be reactivated by RSV treatment. I first investigated the 

effect of resveratrol on cellular senescence of EP- and LP-BMSCs by measuring 

SA-β-gal activity. I did not observe SA-β-gal-stained cells in either EtOH (Vehicle)-

treated or RSV-treated EP-BMSCs. SA-β-gal activity significantly increased in LP-

BMSCs compared with that in EP-BMSCs treated with either Vehlicle or with RSV. 

Unexpectedly, SA-β-gal activity increased more significantly in LP-BMSCs treated 

with RSV compared to with vehicle (Fig. 13A). Next, to confirm if RSV has 

different effects on the self-renewal potential and multipotency between EP- or LP-

BMSCs, the CFU-F assay was performed. The results showed that RSV enhanced 

the colony-forming ability of EP-BMSCs, but not of LP-BMSCs (Fig. 13B). 

Similarly, the osteogenic and adipogenic differentiation potential of EP-BMSCs 

were increased in RSV-treated EP-BMSCs, but not in LP-BMSCs (Fig. 14A and 

14B). These results indicate that RSV had no effects in prolonged cultures of LP-

BMSCs. These different effects of RSV between EP- and LP-BMSCs may have 

been dependent on the presence of SIRT1. Western blot analysis showed that RSV 
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did not affect the protein levels of SIRT1 in EP-BMSCs, whereas SIRT1 was not 

detected in LP-BMSCs treated with Vehicle or RSV (Fig. 15A). 
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Figure 13. The effect of RSV on the senescence and colony-forming ability in 

EP- and LP-BMSCs. (A) SA-β-gal staining was performed in EP-BMSCs and LP-

BMSCs in the presence or absence of 1 μM RSV (upper panel). Quantitative 

analysis was conducted by image J (n = 3, in triplicate) (lower panel). *, p < 0.05 

compared with LP-BMSCs. (B) Colony forming ability was confirmed by CV 

staining (upper panel). The number of colony-forming cells was counted by three 

observers (n = 3, in triplicate) (lower panel). *, p < 0.05 compared with EP-BMSCs. 
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Figure 14. The effect of RSV on multipotency in EP- and LP-BMSCs. (A) 

Alizarin red S staining was performed to detect mineral deposition (upper panel). 

For quantitative analysis, absorbance was measured at 595 nm following destaining 

with 10% cetylpyridinium for 30 min (lower panel). *, p < 0.05 compared with EP-

BMSCs. (B) Oil red O staining was performed to detect lipid droplets (upper panel) 

and was quantified with Image J in triplicate (lower panel). Scale bar = 60 μm *, p < 

0.05 compared with EP-MSCs. 
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Figure 15. The effect of RSV on the protein level of SIRT1 in EP- and LP-

BMSCs. (A) Protein levels of SIRT1 were quantified with western blot analysis. 

Each experiment was confirmed in three donors, and the representative data are from 

a 75-year-old female donor.  
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8. The effects of RSV on self-renewal and multipotency in SIRT1-deficient EP-

BMSCs 

 To determine if the different effects of RSV on EP- and LP-BMSCs are 

dependent on the presence of SIRT1, we infected EP-MSCs with shRNA vectors 

targeting SIRT1. Efficiency of the shRNA targeting SIRT1 (shSIRT1) was confirmed 

by western blot and qPCR analyses (Fig. 16A). As expected, the cellular senescence 

of EP-MSCs was induced after infection with shSIRT1, with resveratrol 

significantly increasing this effect (Fig. 16B). The colony-forming ability of SIRT1-

deficient EP-BMSCs was low, and RSV completely blocked this colony-forming 

ability. However, RSV enhanced the colony-forming ability of EP-BMSCs infected 

with shCont (Fig. 17A), which has been described previously (Fig 5A). Osteogenic 

and adipogenic differentiation potential also decreased after treatment with RSV in 

SIRT1-deficient EP-BMSCs, whereas the differentiation potential of control EP-

BMSCs increased after RSV treatment (Fig. 17A and 17B). These results indicate 

that the different effects of resveratrol on EP- and LP-BMSCs may be dependent on 

the presence of SIRT1. 
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Figure 16. The effects of RSV on cellular senescence in SIRT1-deficient EP-

BMSCs. (A) Western blot analysis was performed to confirm the decrease of SIRT1 

protein levels in SIRT1-knockdown EP-MSCs (upper panel). The mRNA expression 

of SIRT1 was investigated with quantitative reverse transcriptase polymerase chain 

reaction (qRT-PCR) (lower panel). Each experiment was confirmed in three donors, 

and the representative data are from a 33-year-old male donor. *, p < 0.05 compared 

with shCont. (B) SA-β-gal staining was performed to determine the extent of 

senescence in shCont- or shSIRT1-infected EP-MSCs after treatment with vehicle or 

RSV (1 μM) for 12 h (upper panel). SA-b-gal positive cells were quantitated by 

ImageJ (n = 3, in triplicate) (lowerpanel). *, p < 0.05 compared with vehicle.  
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Figure 17. The effects of RSV on self-renewal and multipotency in SIRT1-

deficient EP-BMSCs. (A) CV staining was performed to examine the colony-

forming ability (left panel). The colony number was counted by three observers (n = 

3, in triplicate) (right panel). *, p < 0.05 compared with vehicle. (B) Alizarin red s 

staining was performed in shCont- or shSIRT1-infected EP-MSCs after treatment 

with vehicle or RSV (upper panel). For quantitative analysis, absorbance was 

measured at 595 nm (lower panel). *, p < 0.05 compared with vehicle. (C) Oil red o 
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staining was performed to detect lipid droplets in shCont- or shSIRT1-infected EP-

MSCs after treatment with vehicle or RSV (upper panel), and was quantified with 

image J in triplicate (lower panel). Scale bar = 60 μm. *, p < 0.05 compared with 

vehicle.  
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9. Establishment of sufficient cell numbers of BMSCs for therapeutic 

application by RSV 

Based on above results, I consistently treated RSV in EP-BMSCs at passage 0 

(P0) which did express SIRT1 during in vitro long-term expansion. To evaluate 

whether sustained treatment of RSV can expand a number of BMSCs faster, we 

seeded 5 × 10
2
 cells of BMSCs (P0) on each plate in the absence or presence of 1 

μM RSV, and counted the cells every week. In the absence of RSV, the cell number 

reached over 1 × 10
7
 at 6 weeks, whereas in the presence of RSV, the cell number 

reached around 1 × 10
7
 at 4 weeks. Indeed, at 6 weeks, the cell number of BMSCs 

cultured in the presence of RSV (5.82 ± 0.92) was about four times higher than that 

of BMSCs cultured in the absence of RSV (1.31 ± 0.29) (Fig. 18A). To use of MSCs 

for skeletal disease and tissue engineering in clinic, transplantation of at least 1 × 10
7
 

cells of BMSCs for bone- or cartilage-related disease showed significant 

improvement in tissue regeneration (Table 1). This result indicates that BMSCs 

proliferated faster in the presence of RSV compared to the vehicle control, allowing 

the number of BMSCs required for the treatment of skeletal diseases to be obtained 

after a shorter time in culture. 
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Figure 18. Establishment of sufficient cell numbers of BMSCs for therapeutic 

application by RSV. (A) The numbers of BMSCs between 1–6 weeks of expansion 

in the absence or presence of RSV (n = 3 donors, in triplicate). 
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Table 1. Therapeutic use of mesenchymal stem cells (MSCs) in skeletal disease 

and tissue regeneration 

 

 

Disease 

 

 

Cell type 

 

Therapeutic 

dose 

 

 

Outcome 

 

 

Reference 

 

Cartilage  

defect 

 

BMSCs 
 

5 × 10
6 
cells 

Improved but subchondral 

irregularities emerged 

 

Wakitani et al. 

(2004) 39. 

 

ADSCs 
 

1 × 10
8 
cells 

 

 

Improved 
 

Jo et al. (2014)40. 

 

Osteoarthritis 

(OA) 

 

ADSCs 
 

3.9 × 10
6 
cells 

 

Not significant 
Kim et al. 

(2015)41. 
 

BMSCs 
 

8 × 10
6 
cells 

 

 

Slightly improved 
Davatchi et al. 

(2011)42. 

 

 

BMSCs 

 

1.3 × 10
7 
cells 

Better in histological 

grading but not significant 

in clinical improvement 

 

Wakitani et al. 

(2002)43. 

 

BMSCs 
 

4 × 10
7 
cells 

 

 

Improved 
Vega et al. 

(2015)44. 

 

Osteogenesis 

imperfecta 

(OI) 

 

FMSCs 
 

6 × 10
6 
cells 

 

 

Improved 

 

Le Blanc et al. 

(2005)45. 

 

 

BMSCs 

 

5.5 - 6.2 × 10
8 

cells 
 

 

Improved 

 

Horwitz et al. 

(2001)46. 

 

Bone defect  

(Fracture) 

 

 

BMSCs 

 

2.8 – 16 × 10
6 

cells 
 

 

Improved 

 

Faundez et al. 

(2006)47. 

 

BMSCs 
 

2 × 10
7 
cells 

 

 

Improved 
Marcacci et al. 

(2007) 48. 

 

BMSCs 
 

1 × 10
8 
cells 

Improved and restored 

limb function 

 

Ng et al. (2014) 
49. 

Abbreviations : BMSCs; Bone marrow-derived MSCs, ADSCs; Adipose-derived 

MSCs, FMSCs; Fetal-derived MSCs. 
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10. The effect of RSV on proliferation during in vitro long-term expansion of 

BMSCs treated with RSV 

Based on these data, I compared the self-renewal and proliferation capacities of 

BMSCs that had been cultured with or without RSV at passage 7 (P7), which is the 

time point when the minimum cell number for clinical use (1 × 10
7
 cells) was 

obtained in the cultures without RSV. Next, after the isolation of fresh BMSCs, I 

expanded the cells beyond passage 6 in the absence or presence of RSV and then 

performed all experiments without RSV (Fig. 19A). To assess proliferation 

capacities of the expanded BMSCs, proliferation assays were conducted. At P7, 

RSV-MSCs showed enhanced proliferation abilities compared to vehicle control-

treated BMSCs (MSCs) (Fig. 19B). To examine the mechanisms underlying the 

enhanced proliferation ability of RSV-MSCs, a cell cycle analysis was performed by 

flow cytometry. The cell populations of BMSCs in the S and G2/M phases were 

smaller than those of RSV-MSCs (Fig. 20A). The expression of the cell cycle-related 

genes CCNA, CCND, CDK2, and CCNE, which are associated with the S phase,
50,51

 

was higher in RSV-MSCs compared to MSCs (Fig. 20B). Moreover, an 

immunofluorescence analysis showed that the proportion of bromodeoxyuridine 

(BrdU)-positive cells was higher in RSV-MSCs than in MSCs, indicating that there 

were more proliferating cells undergoing division in RSV-MSCs than in MSCs (Fig. 

20C). These results suggest that the long-term cultivation of BMSCs with RSV 

enhances their proliferation ability owing to an increased fraction of the cells being 

distributed in the S phase. 
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Figure 19. The effect of RSV on proliferation of BMSCs during in vitro long-

term expansion. (A) Schematic protocol of the experimental plan. P0, passage 0; P7, 

passage 7. (B) A proliferation assay was performed in triplicate (n = 3). *, p < 0.05 

compared with MSC. 
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Figure 20. The effect of RSV on the cell cycle of BMSCs. (A) The proportion of 

cells in each cell cycle phase was evaluated by flow cytometry with propidium 

iodide staining (n = 3, in triplicate). **, p < 0.01 compared with MSC. (B) The 

mRNA expression levels of CCNA, CCND, CDK2, and CCNE were analyzed by 

quantitative real-time polymerase chain reaction (qRT-PCR) in triplicate (n = 3). *, p 

< 0.05 compared with MSC. (C) Immunocytochemistry was performed to observe 
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the bromodeoxyuridine-positive cell portion. Nuclei were stained with 4′,6-

diamidino-2-phenylindole and the images were captured using confocal microscopy. 

Scale bar = 100 µm. *, p < 0.05 compared to MSC. 
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11. RSV-mediated suppression of cellular aging during long-term cultivation of 

BMSCs 

Next, I investigate whether RSV-MSCs could delay cellular senescence and 

retain their stemness during long-term expansion over multiple passages. I expanded 

the cells every 5-7 days from up to P7 and compared their MSC characteristics (Fig. 

21). SA-β-gal staining showed that RSV-MSCs did not become senescent during 

long-term cultivation periods, whereas SA-β-gal gradually increased from P1 to P7 

in control MSCs (Fig. 22A). When MSCs are senescent, the morphology exhibits an 

enlarged shape and increased cell size,
52,53

 resulting in loss of MSC characteristics. 

To confirm whether RSV treatment inhibits these phenomena, I observed cell 

morphology in RSV-MSCs at both passage 1 (P1) and passage 7 (P7) compared to 

MSCs. The shape of both MSCs and RSV-MSCs at P1 was spindle shape in small 

size. After long-term expansion, MSCs at P7 showed enlarged shape, whereas RSV-

MSCs at P7 exhibited small and spindle shape (Fig. 22B). Furthermore, to analyze 

the cell population of MSCs in small size and granularity, the cells were classified 

into FSC and SSC via flow cytometry. Population of cells with small cell size and 

granularity was gated in red color, based on MSCs at early passage (90.1 + 1.7%; 

Q4 region). The percentage of cells gated in red was higher in RSV-MSCs at P7 

(76.8 + 6.6%) than in MSCs at P7 (48.4 + 9.4%) (Fig. 22C). These results indicate 

that RSV treatment prevents cellular senescence during prolonged cell passage. 
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Figure 21. The schematic overview of experimental methods for self-renewal 

and multipotency assessment of BMSCs. Comparision of self-renewal and 

multipotency of BMSCs in the presence or absence of RSV between P1 and P7.  
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Figure 22. Suppression of cellular senescence of BMSCs treated by RSV during 

long-term expansion in vitro. (A) The effects of RSV during long-term passaging 

of EP-BMSCs were examined with SA-β-gal staining (upper panel), and quantitated 

with Image J (n = 3, in triplicate) (lower panel). *, p < 0.05 compared with vehicle. 

(B) Cell morphology of BMSCs during long-term expansion as indicated (left panel). 

Scale bar = 200 µm (left panel) or 60 µm (right panel). (C) Cell populations of 

MSCs at early passage or P7 and RSV-MSC at P7 were classified into different 

groups based on their forward scatter and side scatter measurements via flow 

cytometry. The gate in a red color indicates a small-sized cell population in the 
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early-passage MSCs, which was defined as the standard morphology for BMSCs 

(left panel). The percentage of BMSCs gated in red was quantified in triplicate (right 

panel). *, p < 0.05 compared with MSC (P7). **, p < 0.01 compared with EP (P0). 
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12. The maintenance of self-renewal capacity and multipotency in BMSCs 

treated with RSV after in vitro long-term expansion 

To confirm whether sustained treatment of RSV can keep MSCs from losing 

their self-renewal and multipotency, I performed colony forming unit-fibroblast 

(CFU-F) assay and induced osteogenic and adipogenic differentiation. RSV-MSCs 

retained their colony-forming abilities compared to MSCs at P7 (Fig. 23A). In 

addition, RSV-MSCs maintained the osteogenic and adipogenic differentiation 

potential after 7 passages. Osteogenic potential was high in both MSCs (P1) and 

RSV-MSCs (P1), but it substantially decreased in MSCs (P7), whereas RSV-MSCs 

(P7) still maintained the osteogenic potential (Fig. 23B). RSV-MSCs also 

maintained the adipogenic potential during long-term expansion, although the 

number of lipid droplet-positive cells slightly decreased from P1 to P7 (Fig 23C). 

These results indicate that RSV-MSCs retain their differentiation potential during in 

vivo expansion over multiple passages. 
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Figure 23. The maintenance of self-renewal and multipotency in BMSCs treated 

with RSV during long-term expansion in vitro. (A) BMSCs was expanded from 

P1 to P7 in absence or presence of RSV. CV staining was performed to examine the 

colony-forming ability (left panel). The colony number was counted by three 

observers (n = 3, in triplicate) (right panel). *, p < 0.05 compared with vehicle (P7). 

(D) Alizarin red s staining was performed to detect mineralization at 12 days after 
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induction of osteogenic differentiation (left panel). For quantitative analysis, 

absorbance was measured at 595 nm (right panel). *, p < 0.05 compared with 

vehicle (P7).  (E) Oil red o staining was performed to detect lipid droplets after 

induction of adipogenic differentiation (left panel), and was quantified with image J 

in triplicate (right panel). Scale bar = 60 μm. *, p < 0.05 compared with vehicle (P7). 
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13. Enhanced bone regeneration of BMSCs treated with RSV in a rat calvarial 

defect model 

To demonstrate that RSV-MSCs have enhanced ability to form bone for clinical 

application in tissue engineering, we investigated the regenerative potential of RSV-

MSCs transplanted in rat calvarial defect model. Critical size calvarial defects (8mm 

diameter) were created and covered with fibrin glue mixed with the cells. At 4 

weeks after implantation, micro-computed tomography analysis showed that bone 

regeneration slightly increased in both MSCs and RSV-MSCs, whereas there was no 

significance in between MSCs and RSV-MSCs. Surprisingly, 8 weeks post-surgery, 

RSV-MSCs showed dramatically enhanced bone regeneration displayed by a better 

bone volume filled with mineralized bone compared to MSCs (Fig. 24A). Moreover, 

representative images of HE staining showed new bone formation of MSC-

transplanted section on the calvarial bone, but fibrous connective tissue without any 

bone graft at control site. At 8 weeks post transplantation, the bone bridge almost 

filled with the defect in RSV-MSC, whereas partial regenerated bone was observed 

in MSCs (Fig. 24B). To confirm whether newly regenerated bone is derived from 

MSCs implanted in vivo, we performed immunohistochemistry using antibody 

against human specific vimentin, a marker of mesenchymally-derived cells because 

transplanted MSCs was of human origin.
54

 Positive staining for human vimentin 

exhibited that newly regenerated bone was originated in the implanted human MSCs 

(Fig. 25A). These data suggest that RSV-MSCs can be applied for stem cell therapy 

in tissue engineering (Fig. 26). 



65 

 

 

Figure 24. Enhancement of bone regeneration in RSV-MSCs on a rat calvarial 

defect model. (A) Critical-sized calvarial defects (8-mm diameter) in rats were 

covered with a fibrin glue, except for the defect control treatment. Four or eight 

weeks after implantation, bone regeneration was measured by micro-computed 

tomography. A representative image is shown (left panel). This graph shows the 

bone volume per mm
3
 (right panel) (n = 10). *, p < 0.05, **, p < 0.01, ***, p < 0.001 

compared to defect. #, p < 0.05 compared to MSC. (B) Hematoxylin and eosin 

staining was performed to observe new bone formation. The arrows show the edges 
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of the host bone and the line with asterisks indicates the newly regenerated bone 

(left panel). Scale bar in the upper panel = 500 μm. Scale bar in lower panel = 100 

μm. Quantitative analysis of H&E staining (8 weeks) was performed using image J 

software (n = 3, in triplicate). The percentage of new bone was normalized to the 

defect area (right panel). *, p < 0.05 compared with MSC. 
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Figure 25. Immunohistochemistry of human vimentin in a rat calvarial defect 

model. (A) To confirm whether the newly regenerated bone was derived from a 

human origin, immunohistochemistry was performed using antibodies specific to 

human vimentin which has no cross-reactivity between rat and human. The arrows 

indicate tissue derived from a human origin. Scale bar = 100 μm. 
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Figure 26. Pharmacological application of RSV to MSC expansion in vitro for 

maintenance of the stemness in BMSCs. During long-term expansion in vitro, 

RSV inhibits cellular senescence and maintains the stemness of BMSCs. 

Transplantation of RSV-MSCs could enhance therapeutic efficiency on bone 

regeneration. 

 

 

 

 

 

 

 

 



69 

 

Ⅳ. DISCUSSION 

BMSCs are word-widely used for skeletal tissue engineering, but they lose 

characteristics of stem cells during in vitro expansion which is necessary to obtain a 

number of cells for disease therapy.
13-15

 For this, it is important for MSCs to 

maintain their stem cell features during long-term expansion. Here, I report 

possibility that MSCs expanded with RSV can be cell sources for stem cell therapy 

in tissue engineering by providing their efficacy in vivo as well as in vitro for 

clinical application. Furthermore, it has a lot of benefits to use RSV for MSC culture: 

the fast acquisition of cells, easy treatment into cells, high efficacy of differentiation, 

and no genotoxicity. These results can eliminate major obstacles for clinical 

application using MSCs in tissue regeneration. 

 RSV is expected to play a crucial role in cancer- and aging-related human 

disease.
27,28,55

 Recently, it has been reported that RSV could promote proliferation 

and osteogenic differentiation
32,56,57

 and inhibit adipogenic differentiation of BMSCs 

through upregulation of a variety of pathways such as Wnt, Runx2, and MAPK 

signaling.
34,58

 This study revealed that RSV-mediated SIRT1 activation could 

increase both the osteogenic and adipogenic differentiation potentials, including the 

self-renewal ability of BMSCs (Fig. 6). Also, I used 1 μM RSV because RSV at the 

concentration of 5-10 μM showed cytotoxicity in BMSCs. Peltz et al. observed that 

RSV exerts dosage- and duration-dependent effects on cellular senescence, and the 

multi-lineage differentiation potential of human MSCs.
31

 They showed that RSV at a 

high dose (10 μM) suppresses adipogenic differentiation during short-term exposure, 
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but promotes adipogenic potential at a low dose (0.1–1 μM) when the cells were 

exposed during prolonged periods. In addition, they explained that 5 μM of RSV 

could increase proliferation and multipotency during short-term exposure, whereas it 

also could induce a risk of cell death for a long-term exposure. Therefore, they 

suggest that 5-10 μM treatment of RSV may have negative effects on the cell growth 

and differentiation potential of human MSCs. In coincidence with these report, I also 

observed that a high-dose of RSV (10 or 100 μM) inhibited proliferation, the 

colony-forming capacity and multipotency (data not shown). These phenomena 

would be due to cytotoxicity of RSV at a high-dose in BMSCs. It has been also 

reported that RSV treatment at a moderate concentration (5-10 μM) enhanced the 

reprogramming efficacy in induced pluripotent stem cells (iPSCs), but a higher dose 

of RSV over 20 μM induced cytotoxicity.
59

 Taken together, this study suggests that 

in vitro expansion with RSV in BMSC should be performed after selecting 

optimized dose (0.1 or 1 μM) of RSV because high concentration of RSV over 1 μM 

can cause cellular senescence and suppress self-renewal capacity in BMSCs, thus 

resulting in cytotoxicity. 

 Although it is a well-known SIRT1 activator, RSV also regulates diverse other 

proteins and signaling pathways in addition to SIRT1.
60

 In adipocytes, RSV 

modulates the PI3K/AKT and MAPK/ERK pathways in a SIRT1-independent 

fashion, thus reducing the number and lipid accumulation of the adipocytes.
61

 In 

addition, RSV was reported to induce cancer cell death via the ERK1/2-P53 axis.
62

 It 

has been reported that the PI3K/AKT and ERK signaling pathways upregulate 
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RUNX2 expression, finally resulting in tooth development and regeneration,
63

 which 

means that these signaling pathways are also involved in bone regeneration. In other 

words, the enhanced bone regeneration capacity of RSV-MSCs could be associated 

with the regulation of other proteins and pathways by RSV in addition to its effect 

on SIRT1. In the present study, I did not confirm whether RSV treatment regulates 

other pathways such as PI3K, AKT, and ERK during the osteogenic differentiation 

of BMSCs. However, I revealed that the osteogenic differentiation potential of 

BMSCs treated with RSV was abolished in SIRT1-deficient cells. Moreover, I 

confirmed that RSV treatment can retain SOX2 in nucleus, maintaining stemness in 

BMSCs, but not in SIRT1-deficient BMSCs. Taken together, the effects of RSV on 

maintaining stemness of BMSCs rely on the presence of SIRT1. 

MSCs from adult tissues have been used for cartilage regeneration as well as 

bone because they also have chondrogenic differentiation capacity.
5,8

 For this, it is 

important that MSCs not only lose their differentiation potential with expansion but 

also prevent chondrogenic hypertrophy, a process where bone formation occurs in 

cartilage tissue, eventually resulting in endochondral ossification,
64

 during after 

chondrogenic differentiation of MSCs. As shown in Table 1, it is essential to obtain 

any mount of MSCs for cartilage repair in clinic. Therefore, there have been tries to 

expand MSCs fast using a variety of growth factors in vitro.
65-67

 Currently, it was 

reported that combination with both WNT3A and FGF2 synergistically promoted 

proliferation and chondrogenic potential of MSCs during in vitro expansion, and 

hypertrophic maturation was controlled by treatment of IWP2 which inhibits WNT 
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signaling during induction of condrogenic differentiation, suggesting combination 

with WNT3A and FGF2 can be used in the clinical application of MSCs for 

cartilage repair.
67

 I observed that RSV pre-treatment also enhances chondrogenic 

differentiation of MSCs during chondrogenesis due to their maintenance of stemness 

during long-tern cultivation (data not shown), indicating that pre-treatment of RSV 

is also useful in MSC-based therapy for cartilage regeneration. However, more 

comprehensive approaches are needed to confirm whether RSV pre-treatment can 

inhibit endochondral ossification after chondrogenesis of MSCs both in vitro and in 

vivo. 

Comprehensively, this study demonstrates that sustained treatment of RSV can 

enhance proliferation of MSCs, and maintain differentiation potential via SIRT1-

SOX2 axis during long-term in vitro expansion. Also, transplantation of BMSCs 

pre-treated with RSV improves bone regeneration in rat calvarial defect, suggesting 

its possibility of regenerative medicine for bone therapy. Although we transplanted 

BMSCs mixed with fibrin glue for MSC delivery in vivo, it may facilitate more 

effective tissue regeneration to examine alternative materials which provide the best 

environments for cell adherence, differentiation into bone, and effective delivery.  
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Ⅴ. CONCLUSION   

 This study described the effects of RSV and its regulatory mechanism in the 

maintenance of the self-renewal capacity and multipotency of human BMSCs 

through the SIRT1-SOX2 axis. It also suggests that RSV can be effectively applied 

to early passage BMSCs cultures, whereas parameters such as cell passage and 

SIRT1 expression must be taken into consideration before applying RSV to late 

passage BMSCs. Furthermore, transplantation of BMSCs cultured with RSV for 

long periods enhanced bone regeneration in a rat calvarial defect model. It indicates 

that pharmacological application of RSV to stem cell-based therapy could be 

strategy to improve bone regeneration in tissue engineering. 
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ABSTRACT (in Korean) 

 

골수 유래 중간엽 줄기세포의 자가 증식 및 다분화능 유지에 있어 

SIRT1-SOX2 축을 통한 레스베라트롤의 역할 및 골 재생을 위한 

약학적 적용 

 

<지도교수 이 진 우> 

 

연세대학교 대학원 의과학과 

 

최 유 림 

  

인간 골수 유래 중간엽 줄기세포는 자가 증식능력과 골, 지방, 연골 

등의 세포로 분화 가능한 다분화능을 가지고 있어 재생 의학 분야에 

원천이 되는 세포이다. 하지만 체외배양 시 중간엽 줄기세포는 노화되며 

자가 증식 및 다분화능을 잃어버린다. 따라서 이를 억제하기 위한 연구가 

필요한 실정이다. 본 연구에서는 중간엽 줄기세포의 특성을 유지시키는데 

핵심 전사 인자인 SOX2 를 조절하고자 하였다. SIRT1 은 장수유전자로 

알려져 있고 노화를 억제하며 세포 생존률을 증가시키는 것으로 알려져 

있으며, 최근 SOX2 상위에서 후성유전학적 조절 (Epigenetic 
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regulation)을 통해 SOX2 프로테아좀-단백질 분해 (proteasomal 

degradation)를 억제하는 것이 밝혀졌다. 따라서 SIRT1 의 활성을 

증가시기 위해 본 연구에서는 SIRT1 활성 인자인 레스베라트롤을 

이용하였다. 레스베라트롤을 단기간 처리하였을 때 중간엽 줄기세포의 

자가 증식 및 다분화능이 증가하였고, 이러한 레스베라트롤의 조절 

메커니즘이 SIRT1 의 활성과 그 하위 SOX2 단백질 조절을 통한 것 임을 

밝혔다. 이를 체외 배양에 이용하기 위해서 골수 유래 중간엽 줄기세포 

장기간 배양 시, 레스베라트롤을 지속적으로 처리하였다. 장기 배양 시, 

노화로 인해 감소된 자가 증식력 및 다분화능이 레스베라트롤에 의해 

유지되는 것을 확인하였다. 또한 랫드 두개골 결손 모델에서, 

레스베라트롤이 지속적으로 처리된 중간엽 줄기세포를 골 결손부에 

이식하였을 때 골 재생이 더 향상된 것을 관찰하였다. 이를 통해 골수 

유래 중간엽 줄기세포 체외 배양 시, 레스베라트롤을 지속적으로 처리할 

경우 줄기세포 특성을 유지하며, 이를 세포 치료제에 이용할 경우, 치료 

효능이 효과적임을 증명하였다.  

 

 

 

핵심되는 말: 골수 유래 중간엽 줄기세포, 세포 노화, 자가 증식력, 

다분화능, SIRT1, 레스베라트롤, 두개골 결손, 줄기세포 

치료 
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