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Resveratrol (RES) plays a critical role in the fate of cells 
and longevity of animals via activation of the sirtuins1 
(SIRT1) gene. In the present study, we intend to investigate 
whether RES could promote the self-renewal and neural-
lineage differentiation in human umbilical cord derived 
MSCs (hUC-MSCs) in vitro at concentrations ranging from 
0.1 to 10 μM, and whether it exerts the effects by modulat-
ing the SIRT1 signaling. Herein, we demonstrated that RES 
at the concentrations of 0.1, 1 and 2.5 μM could promote 
cell viability and proliferation, mitigate senescence and 
induce expression of SIRT1 and Proliferating Cell Nuclear 
Antigen (PCNA) while inhibit the expression of p53 and 
p16. However, the effects were reversed by 5 and 10 μM of 
RES. Furthermore, RES could promote neural differentia-
tion in a dose-dependent manner as evidenced by mor-
phological changes and expression of neural markers 
(Nestin, βⅢ-tubulin and NSE), as well as pro-neural tran-
scription factors Neurogenin (Ngn)1, Ngn2 and Mash1. 
Taken together, RES exerts a dosage-dependent effect on 
the self-renewal and neural differentiation of hUC-MSCs 
via SIRT1 signaling. The current study provides a new 
strategy to regulate the fate of hUC-MSCs and suggests a 
more favorable in vitro cell culture conditions for hUC-
MSCs-based therapies for some intractable neurological 
disorders. 
 
 
INTRODUCTION 
1 
Mesenchymal stem cells (MSCs) have been spotlighted in the 
neural regenerative medicine (Can and Karahuseyinoglu, 2007). 
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However, MSCs become senescent after consecutively pas-
sage in vitro as evidenced by morphological changes, low self-
renewal and neuronal differentiation rates (Lee et al., 2010). 
Therefore, it is critical to develop favorable culture conditions 
and direct the fate of stem cells for specialized therapy. 

Sirt1 gene is a member of the Sirtuins family which possess 
histone deacetylase activity and plays an important role in 
regulating the aging of cells and neurodegenerative diseases. 
However, the protein level of SIRT1 declines with MSCs pas-
sage in vitro (Chen et al., 2014). Resveratrol (RES, 3, 5, 4, 9-
hydroxystilbene), a natural polyphenol compound abundant in 
grapes, peanuts, blueberries and many other plants (Chen et 
al., 2015; Guo et al., 2014), is an effective activator of Sirt1 
(Ozcan et al., 2015). Numerous in vitro and in vivo studies 
have shown that RES plays a pivotal role in cell proliferation, 
apoptosis, senescence and differentiation, anticancer, neuro-
protection, immunomodulation by regulating SIRT1 signaling 
(Atkins et al., 2014; Simic et al., 2013; Zhang et al., 2015). 
However, the role of RES/SIRT1 on different cells remains 
controversial. Some studies demonstrated that RES could 
enhance cell survival, proliferation and multi-potent progenitor 
capacity, prevent senescence in cultured primary human 
keratinocytes, bone marrow cells and other cell types (Ido et 
al., 2015; Rimmele et al., 2014). Whereas, some other evi-
dences showed that RES could trigger cell cycle arrest, apop-
tosis, senescence and inhibit proliferation of cancer cells 
(Jackson et al., 2016; Zhu et al., 2015) and vascular smooth 
muscle cells (Guo et al., 2014). 

Since the controversial effects of RES on different cells retard 
the research progress and limit its clinical application, this study 
aims to investigate the role of RES in the fate of human umbili-
cal cord derived MSCs (hUC-MSCs) in vitro. We will examine 
the viability, proliferation, cell cycle, apoptosis, senescence, 
neural differentiation, as well as the SIRT1 signaling of hUC-
MSCs exposed to different concentrations of RES. This study 
will enlighten the anti-aging effect of RES and promote the 
application of RES modified hUC-MSCs in neural regeneration, 
contributing to efficient stem-cell based therapy for neural injury 
and neural degenerative disorders. 
 
MATERIALS AND METHODS 
 
Isolation and culture of hUC-MSCs 
hUC-MSCs were isolated as previously described (Ma et al.,  
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2014). The cultured cells were harvested at passage 4 (P4) for 
a typical experiment. The study was approved by the Ethics 
Committees of the First Affiliated Hospital of Zhengzhou Uni-
versity and consented by the donors of umbilical cord. 
 
Identification of hUC-MSCs by flowcytometry 
hUC-MSCs were harvested and washed with ice-cold PBS. 
Cells were labeled with the following antibodies: CD29-PE, 
CD44-FITC, HLA-ABC-FITC, HLA-DR-FITC, CD34-PE, CD45-
PE, CD51-FITC, and CD105-PE (BD Bioscience, USA) before 
analyzed by the FACS Calibur flow cytometer (Becton-Dickinson, 
USA). 
 
Administration of RES 
RES 50 μM stock solution (trans-3,4,5-trihydroxystilbene; 
R5010; Sigma, USA) was suspended in DMSO (Sigma, USA) 
and diluted to specific concentration before use. The final work-
ing concentration of DMSO was less than 0.1% for the in vitro 
experiment. hUC-MSCs were subjected to different doses of 
RES in the following experiments. 
 
CCK-8 assay 
Cell viability was quantitatively determined by a CCK-8 kit 
(Dojindo Molecular Technologies, Japan) according to the 
manufacture’s protocol. Briefly, hUC-MSCs at P4 were plated 
in 96-well plate at a density of 1000 cells/well and cultured in 
100 μM DMEM/F12 with RES (0.1, 1, 2.5, 5, 10, 20, 50 and 
100 μM) for 1, 3, 6, 8, 10 and 12 days, rinsed with PBS and 
incubated in DMEM/F12 with 10 μl CCK-8 for each well for 2 
h at 37°C and the absorbance (OD) of the solution was 
measured by a microplate reader (Bio-Rad, USA) at a wave-
length of 450 nm. 
 
EdU labeling 
To examine the effect of RES on the proliferation rate of hUC-
MSCs, cells at P4 were seeded in 24-well plate (8000 cells/ 
well) for 24 hours to allow for stabilization and then exposed to 
RES (0, 0.1, 1, 2.5, 5 and 10 μM) for 6 days before EdU (Ri-
bobio, China) was added. The EdU labeling duration was de-
termined at 24h according to the average cell-doubling time for 
hUC-MSCs. Images were visualized using fluorescent micro-
scope (Olympus, Japan). The red (EdU-labeled) and blue 
(Hoechst-labeled) cells were counted. 
 
Senesence associated β-galactosidase staining 
hUC-MSCs at P4 were plated at similar density in their respective 
media and cultured for 6 days before senescence-associated β-
galactosidase (SA-β-gal) staining (Beyotime, China). Briefly, 
cells were fixed in 4% (v/v) formaldehyde for 10 min before 
stained with SA-β-gal-staining solution at pH 6.0 for 12 h. The 
SA-β-gal-positive cells exhibited blue color. The number of 
positive cells was counted under a phase-contrast microscope. 
The experiments were carried out in triplicate. 
 
Cell cycle detection 
hUC-MSCs at P4 were incubated with RES (0, 0.1, 1, 2.5, 5 
and 10 μM) for 6 days before propidium iodide (PI) staining 
performed as previously described (Ma et al., 2014).  
 
Cell apoptosis detection 
Cell apoptosis was analyzed by the FITC Annexin V Apoptosis 
Detection Kit I (BD Biosciences, USA) following the manufac-
turer’s instructions. Briefly, hUC-MSCs at P4 were incubated 
with RES (0, 0.1, 1, 2.5, 5 and 10 μM) for 6 days and then col-

lected for FITC- Annexin V and PI staining as previously report-
ed (Zhu et al., 2016). 
 
Neural differentiation  
hUC-MSCs at P4 were incubated with RES (0, 0.1, 1, 2.5, 5 
and 10 μM) for 6 days before neural differentiation induction, 
which was modified on the basis of the protocol previously 
described (Karahuseyinoglu et al., 2007). hUC-MSCs were 
pre-induced for 24 h in DMEM-LG containing 20% fetal bo-
vine serum (FBS), 10 ng/ml basic fibroblast growth factor 
(bFGF, Peprotech, USA) was added for an additional 24 h, 
then incubated in the induction medium for another 24 h: 
DMEM-LG with 2% DMSO (Sigma, USA), 100 μM butylated 
hydroxyanisole (Sigma, USA), 25 mM KCl, 10 μM forskolin, 
5 μg/ml insulin and 1 μM hydrocortisone, followed by neuro-
basal medium, supplemented with 10% FBS, 10 ng/ml epi-
dermal growth factor (Sigma, USA), 10 ng/ml bFGF, 1 × N2 
supplement (Gibco, USA), 1 × B-27 supplement (Gibco, USA), 
and 2 mM L-glutamine (Sigma, USA) for the maintenance of 
differentiation.  
 
Immunofluorence staining 
The 1 × 105 cells were plated on 24-well plate and after rinsing 
with PBS, cells were fixed with 4% paraformaldehyde for 10 
min at room temperature. After blocking with 10% normal goat 
serum, cells were incubated overnight at 4°C with specific anti-
bodies against Nestin (1:50, SantaCruz, USA), βⅢ-tubulin 
(1:100, Cell Signaling Technology, USA) or Neuron Specific 
Enolase (NSE, 1:3,000, Abcam, USA). After rinsing in PBS  
three times, cells were incubated for 1 hour at room tempera-
ture in Cy3-conjugated anti-mouse/-rabbit anti IgG (1:1,000, 
Molecular Probes, USA) for visualization, followed by DAPI 
staining (Biotech, China). Immunofluorescent images were 
visualized with fluorescence microscopy. The negative control 
was incubated with PBS instead of primary antibody, and no 
immunoreactivity was observed.  
 
Quantitative real-time polymerase chain reaction 
(qRT-PCR) 
Total RNA was isolated using Trizol reagent (Invitrogen) accord-
ing to the instructions, and mRNA was reverse transcribed 
using PrimeScript™ RT-PCR Kit (TaKaRa, Japan). qRT-PCR 
were performed on an ABI 7500 real-time PCR system (Ther-
mo Fisher Scientific, USA) using a SYBR Premix Ex Taq™ (Pre-
fect Real Time, Takara, Japan). Glyceral dehyde 3-phosphate 
dehydrogenase (GAPDH) was employed as the internal stand-
ard. Relative expression levels of different genes were calculat-
ed using the 2-∆∆Ct. The sequences of primers for qRT-PCR 
were shown in Table 1. 
 
Western blotting 
Cells were incubated with RES of the indicated concentrations 
above before Western Blotting, which was performed as previ-
ously described (Ma et al., 2014). Primary antibodies (SIRT1, 
1:1000; PCNA, 1:1000; p53,1:1000; p21,1:500; p16,1:500, cell 
signaling technology, USA) were employed.  
 
Statistical analysis 
Data were expressed as mean ± standard deviation (SD). 
Analysis of Variance (ANOVA) followed by LSD test were em-
ployed to determine the significance between different groups. 
p < 0.05 was considered statistically significant. Data were 
representative of three independent experiments. All data anal-
yses were using SPSS 18.0 statistical software. 



Resveratrol Regulates the Fate of hUC-MSCs 
Xinxin Wang et al. 
 
 

420  Mol. Cells http://molcells.org 

 

 

Table 1. Sequences of primers for qRT-PCR 

Gene Sequence bp 

Ngn1 5′-CCAAAGACTTGCTCCACACA-3′ (F) 164 

5′-CTTTAAAGCTCCCGCTTCCT-3′ (R) 

Ngn2 5′-CCTGGAAACCATCTCACTTCA-3′ (F) 81 

5′-TACCCAAAGCCAAGAAATGC-3′ (R) 

Mash1 5′-CCAGTTGTACTTCAGCACC-3′ (F) 73 

5′-TGCCACTTTGAGTTTGGAC-3′ (R) 

SIRT1 5′-GAGATAACCTTCTGTTCGGTGATGAA-3′ (F) 194 

5′-CGGCAATAAATCTTTAAGAATTGTTCG-3′ (R)

PCNA 5′-GTAGTAAAGATGCCTTCTGGTG-3′ (F) 190 

5′-TCTCTATGGTAACAGCTTCCTC-3′ (R) 

p53 5′-CCGCAGTCAGATCCTAGCG-3′ (F) 118 

5′-AATCATCCATTGCTTGGGACG-3′ (R) 

p21 5′-CCTGTCACTGTCTTGTACCCT-3′ (F) 130 

5′-GCGTTTGGAGTGGTAGAAATCT-3′ (R) 

p16 5′-CTTGCCTGGAAAGATACCG-3′ (F) 94 

5′-CCCTCCTCTTTCTTCCTCC-3′ (R) 

GAPDH 5′-ACCCACTCCTCCACCTTTGA-3′ (F) 125 

5′-CTGTTGCTGTAGCCAAATTCGT-3′ (R) 
 
RESULTS 
 
Morphologic and phenotypic characteristics of cultured  
hUC-MSCs 
hUC-MSCs grew out from the Wharton’s jelly 7-10 days after 
isolation, and displayed a monolayer of bipolar spindle-like or 
fibroblast-like morphology with a whirlpool-like array. However, 
the cells underwent morphological changes and became flat, 
swollen and irregular as the passage number increased (Figs. 
1A-1F). Flow cytometry revealed that hUC-MSCs were positive 
for stromal matrix markers (CD44, CD105), integrin markers 
(CD29, CD51), and HLA-ABC, while negative for hematopoietic 
lineage markers (CD34, CD45) and HLA-DR (data not shown). 
 
Effects of RES on the viability of hUC-MSCs  
We found that RES exhibited a dose-dependent promoting 
effect on the viability of hUC-MSCs at a concentration of 0.1, 1 
and 2.5 μM after incubating for 6 days (p < 0.05, Fig. 2). How-
ever, cell viability was inhibited after 6 days incubation of 5 and 
10 μM RES (p < 0.05), and in the presence of 20, 50 and 100 
μM RES, cell viability was significantly reduced beginning at the 
first day of RES stimulation (p < 0.05). Our results showed that 
RES exerted a dose-and time-dependent effect on the viability 
of hUC-MSCs (Fig. 2). The hUC-MSCs were pretreated with 
0.1, 1, 2.5, 5 and 10 μM RES for 6 days in the subsequent 
experiments. 
 
Effects of RES on the proliferation rate of hUC-MSCs  
The effect of RES on cell proliferation was analyzed by EdU 
staining at different concentrations and time points. As shown in 
Figs. 3A and 3B, 0.1, 1 and 2.5 μM RES significantly increased 
the percentages of EdU-labeling cells, compared with the con-
trol. However, the proliferation of hUC-MSCs was significantly 
inhibited when cells were challenged with 5 and 10 μM RES (p 
< 0.05), which confirmed the CCK-8 results of cell viability. 
Therefore, the results demonstrated that there was a dosage 
enhancing effect of (0.1, 1 and 2.5 μM) RES on the proliferation 
rate of hUC-MSCs, culminating at 2.5 μM. 

 
A            B             C 

 
 
 
 
D            E             F 

 
 
 
 
Fig. 1. The morphologic characteristics of hUC-MSC. (A) primary 
cells (P0); (B) P1; (C) P3 (D) P9; (E) P11; (F) P15. Arrow: Wharton 
jelly. Scale bars = 50 μm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. RSE exerts dosage- and duration-dependent effect on the 
viability of hUC-MSCs. Cells were plated at equal density before 
challenged with different concentrations (0.1, 1, 2.5, 5, 10, 20, 50 
and 100 μM) of RES, the OD450 values of the CCK-8 test assay 
were detected after RES incubation for 1, 3, 6, 8, 10 and 12 days 
respectively. The error bars represent standard deviation (SD, tripli-
cates in each treatment condition). Compared with the CON, the 
OD450 is significantly increased in the 0.1, 1 and 2.5 μM RES groups 
6 days later, in contrast, the OD450 significantly decreased 6 days 
later in the 5, 10 μM RES groups, and 1 day later in the 20, 50 and 
100 μM RES groups. CON: cells without RES incubation. *p < 0.05 
vs. CON. 
 
 
 
Effects of RES on the senescence of hUC-MSCs 
As shown in Figs. 3C and 3D, there were significantly less SA-
β-gal positive cells in the 0.1, 1 and 2.5 μM RES treated groups 
(p < 0.05),whereas, significantly more cells stained positive for 
SA-β-gal activity in the 5 or 10 μM RES groups (p < 0.05). The-
se results indicated that 0.1, 1 and 2.5 μM RES inhibited se-
nescence, whereas 5 and 10 μM RES accelerated senescence, 
with the most effective anti-senescence detected at 2.5 μM 
RES. 
 
Effects of RES on the cell cycle of hUC-MSCs 
Flow cytometry was used to detect the increased percentages 
of cells in S and G2/M phases (Fig. 3E). There was a reduction 
in the percentage in G0/G1 phase in hUC-MSCs treated with 0.1, 
1 and 2.5 μM RES. However, there was no significant differ-
ence when compared with the control (p < 0.05). At a concen-
tration of 5 and 10 μM RES there was a significant arrest in the 
S phase, with concomitant decrease in the percentage of cells 
in G0/G1 phase (p < 0.05, Fig. 3E). 
 
Effects of RES on the apoptosis of hUC-MSCs 
Flow cytometric detection of Annexin-V-FITC in / Propidium 
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Fig. 3. RSE exerts concentration-dependent effect on the proliferation, senescence, cell cycle and apoptosis rate of hUC-MSCs. hUC-MSCs 
were pre-incubated with RES (0.1, 1, 2.5, 5 and 10 μM) for 6 days before the detections. (A) Cells were exposed to EdU for 24 h and then 
fixed and stained. Images were taken using UV/Blue dual filter, and cells labeled with EdU were Red. Scale bar = 100 μm. (B) The percentage 
of EdU-labeled (proliferating) cells vs. total cells. (C) The SA-β-gal-positive cells exhibited blue color (indicated by arrows) under phase-contact 
microscope. Scale bar = 50 μm. (D) Column represents percentage of senescent cells vs. total cells based on the photos taken in each group. 
(E) RES increases the percentage of S-phase cells in a dosage-dependent manner. Stacked columns represent the relative distribution of 
cells in S, G2/M or (S+G2/M) phase detected by Flow cytometry. (F) Annexin V FITC / PI staining of the hUC-MSCs showed no significant 
change of apoptotic and necrotic cells in the 0.1, 1 and 2.5 μM RES treated group (p > 0.05), while 5 and 10 μM RES treatment resulted in 
significantly less AnnexinV FITC- / PI- cells, with concomitant higher percentages of AnnexinV FITC+/PI-, AnnexinV FITC+/PI+, and AnnexinV 
FITC-/PI+ cells (p < 0.05). Results were from three independent experiments. Error bars represent SD. CON: cells without RES incubation. *p 
< 0.05 vs. CON. 
 
 
 
iodide (PI)staining revealed a dose-dependent downward trend 
in the percentages of apoptotic and necrotic cells among the 
RES (0.1, 1 and 2.5 μM) treatment groups (Fig. 3F), although 
there was no significant difference when compared with the 
control (p > 0.05). 5 and 10 μM RES resulted in significantly 
lower percentage of Annexin V FITC-/PI- normal cells, with a 
concomitant higher percentages of Annexin V FITC+/PI-, An-

nexin V FITC+/PI+ and Annexin V FITC-/PI+ cells (p < 0.05), 
indicating more apoptosis, necrotic and dead cells than the 
control group (Fig. 3F) . 
 
Effects of RES on the neural differentiation of hUC-MSCs 
hUC-MSCs underwent neuronal differentiation by a multi-step 
protocol. Most differentiated hUC-MSCs demonstrated neural 
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Fig. 4. RES stimulates neuronal lineage differentiation of hUC-MSCs. (A) Representative images of neural differentiation of hUC-MSCs pre-
incubated with /without different doses of RES. Arrow: neuronal-shaped cells. Scale bar =100 μm. (B) Quantitation of the neuronal differentiat-
ed rate by counting the neuronal-shaped cells and total cells. The results were presented as the mean ± SD derived from three samples. (C) 
Representative immunofluorescence pictures of the expression of Nestin, βIII-tubulin and NSE (Red) in the hUC-MSCs with different RES 
treatment. Nuclei were counterstained with DAPI (blue). Scale bar =100 μm. (D) Percentages of cells positive for specific neural markers (Nes-
tin/βIII-tubulin/NSE) vs. Total cells detected by immunofluorescence. (E) The relative gene expression of Ngn1, Ngn2 and Mash1 in the differ-
ent groups, which normalized by the housekeeping gene GAPDH. Data are presented as the mean ± SD derived from three independent 
experiments. Abbreviations: MSC: hUC-MSCs without neural induction. d-MSCs: hUC-MSCs underwent general neural differentiation induc-
tion without RES pre-incubation. *p < 0.05 vs. CON. 
 
 
 
appearance with retracted cell body, refractive karyon, protrud-
ed dendrites and axons after neural induction (Fig. 4A), while 
hUC-MSCs without induction retained long fusiform shape. 
RES pre-incubation facilitated the neural differentiation of hUC-
MSCs in all concentrations (Fig. 4A). There were more neu-
ronal-shaped cells in RES-pretreated hUC-MSCs than that 
without pretreatment, especially at the concentration of 2.5, 5 
and 10 μM (p < 0.05, Fig. 4B). Immunoflurorescence of hUC-
MSCs without neural induction detected low expression of Nes-

tin, βIII-tubulin and NSE. Pre-treated with 0.1,1, 2.5, 5 and 10 
μM RES before neural induction reduced the expression of 
Nestin, while up-regulated the expression of βIII-tubulin and 
NSE in a dose-depended manner (Figs. 4C and 4D). 
 
RES regulates the expression of proneural transcription 
factors in hUC-MSCs 
The qRT-PCR analysis revealed that after neural differentiation, 
the expression of Neurogenin1 (Ngn1) was decreased, while 
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Fig. 5. RES regulates the gene and protein
expression of SIRT1, PCNA, p53, p21, and
p16. (A) qRT-PCR results of the mRNA level
of SIRT1, PCNA, p53, p21 and p16 in RES
treated cells was normalized by housekeep-
ing gene GAPDH correspondingly and
quantified relative to that of the control. Data
shown are the mean values of three repeats.
Error bars represent standard deviation. *p <
0.05 vs. CON. (B) Western blot results of the
expression of SIRT1, PCNA, p53, p21, p16
and internal control β-actin. 

A                                    B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ngn2 and Mash1 were increased (p < 0.05), and the effect was 
enhanced by RES in a dose-enhancing manner (Fig. 4E). The-
se data indicate that 2.5, 5 and 10 μM RES significantly pro-
motes the neuronal differentiation of hUC-MSCs by regulating 
Ngn1, Ngn2 and Mash1 (p < 0.05). 
 
RES regulates SIRT1 signaling of hUC-MSCs 
To explore the molecular mechanism of RES on the cell viability, 
proliferation, cell cycle, apoptosis and senescence of hUC-
MSCs, we examined the expression of critical genes involved in 
those biological processes by qRT-PCR and Western Blot, 
including SIRT1, PCNA, p53, p21, and p16. As indicated in Fig. 
5A, the expression of SIRT1 and PCNA in hUC-MSCs were 
significantly increased by 0.1, 1 or 2.5 μM RES (p < 0.05), while 
inhibited by 5 or 10 μM RES (p < 0.05). On the contrary, the 
expression of p53 and p16 were inhibited by 0.1, 1 or 2.5 μM 
RES (p < 0.05) and enhanced by 5 or 10 μM RES (p < 0.05). 
However, p21 underwent no significant change with RES 
treatment in the present study (p > 0.05). The protein expres-
sion detected by Western blot (Fig. 5B) was consistent with 
those of the qRT-PCR. Since SIRT1 is a critical player in anti-
aging, p53, p21 and p16 are involved in apoptosis and cell 
cycle inhibition (Luo et al., 2001; Zhang et al., 2011) and PCNA 
is a S-phase cell marker (Mikula-Pietrasik et al., 2012), our 
results indicated that 0.1, 1 and 2.5 μM RES promotesed cell 
survival, proliferation and suppresses aging by stimulating SIRT 
and PCNA, while inhibiting p53 and p16 in vitro. Whereas, the 
S-phase cycle arrest and senescence induced by 5 and 10 μM 
RES were associated with a decrease of SIRT1 and PCNA 
while increase of p53 and p16. 
 
DISCUSSION 
 
Regulating the self-renewal and lineage commitment of stem 
cells is the key factor in regenerative medicine. Studies have 
shown that RES promotes the survival of adipose-derived 
mesenchymal stem cells (Pinarli et al., 2013), enhance the 
proliferation and osteoblastic differentiation of human bone 
marrow-derived mesenchymal stem cells (Dai et al., 2007) and 
direct the neuronal differentiation of human bone marrow mes-
enchymal stem cells (Joe et al., 2015). However, some re-
searchers argued that RES inhibited the proliferation of neural 
progenitor cells (Park et al., 2012), negatively regulated the 
neurogenic potential of neural precursors (Saharan et al., 2013). 
These results suggested that RES might play different or even 
opposite role in different cell type under specific milieu. Since 
hUC-MSCs are promising candidate for some intractable dis-
eases, it is essential to gain better understanding of the effect of 
RES on hUC-MSCs development.  

The present study revealed that incubation with 0.1, 1 and 
2.5 μM RES for 6 days in vitro facilitated the self-renewal of 
hUC-MSCs by enhancing cell viability and proliferation, mitigat-
ing senescence. Whereas, 5 and 10 μM RES inhibited self-
renewal of hUC-MSCs by reducing cell viability and proliferation, 
increasing senescence and apoptosis and leading to cell cycle 
arrest in S and/or G2/M phase. In parallel with previous research-
es (Mikula-Pietrasik et al., 2012; Yuan et al., 2012), we suggest 
that RES exerts opposite effect on the self-renewal of hUC-MSCs 
through different regulation of cell viability, proliferation, senes-
cence, cell cycle and apoptosis in a dose-dependent manner. 
This study shed light on the hypothesis that the destiny of stem 
cells could be directed by RES and provide theoretical and tech-
nical basis for further development of regenerative medicine. 

In addition, we found that hUC-MSCs expressed low level of 
Nestin, βIII-tubulin and NSE, indicators of multi-potent neural 
stem cell, pre-mature neuron and mature neurons respectively 
(Heng et al., 2014), suggesting the neural differentiation poten-
tial of hUC-MSCs. RES could facilitate neural-lineage develop-
ment of hUC-MSCs in a dose-dependent manner, as evi-
denced by morphological characters and up-regulated expres-
sion of βIII-tubulin and NSE with down-regulated Nestin. Simul-
taneously, the expression of proneural basic helix loop helix 
(bHLH) transcription factors, Ngn1, Ngn2 and Mash1 changed. 
Ngn1 was significantly down-regulated, while Ngn2 and Mash1 
were up-regulated in the differentiated hUC-MSCs, and that 
could be further enhanced by pre-incubation with 2.5, 5 and 10 
μM RES. In light with previous studies, Ngn1 is a proneural 
bHLH transcription factor expressed in newly committed neu-
ronal progenitors and immature neurons and plays an essential 
role in neurogenesis. It is expressed at a high level in the early 
stage and decreased in the late stage of neuronal differentiation 
of MSCs (Cardozo et al., 2012). Ngn2 and Mash1 are activator-
type bHLH genes essential for neuronal fate determination 
(Cardozo et al., 2012; Yu et al., 2013). This study reveals that 
RES facilitates neuronal differentiation through induction of 
proneural transcription factor genes in hUC-MSCs, and sug-
gests that RES pretreatment of hUC-MSCs might be beneficial 
to stem cell based therapy for neural system injury or diseases. 

We sought to elucidate the mechanistic basis for these ob-
servations and found that RES could regulate the SIRT1 signal-
ing in the hUC-MSCs, which was closely related with cell self-
renewal (Liu et al., 2012), senescence (Chen et al., 2014; 
Rehan et al., 2014), apoptosis (Godoy et al., 2014) and neural 
differentiation (Hisahara et al., 2008). Consisted with previous 
studies (Rathbone et al., 2009), the expression of PCNA, a 
marker of S-phase to detect the DNA duplication and cell prolif-
eration, was closely related with SIRT1. The up-regulated ex-
pression of SIRT1 and PCNA after 0.1, 1 and 2.5 μM RES 
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treatment was the underlying mechanism for the cell prolifera-
tion boost. Moreover, it was revealed that the activity and half-
life of p53 could be reduced by SIRT1, and result in increase in 
cell survival and decrease in cell apoptosis under various DNA-
damaging conditions (Hubbard and Sinclair, 2014). Additionally, 
in line with the report (Chen et al., 2014) that the level of p16 
was up-regulated with decreased SIRT1 expression and con-
tribute to cell senescence and cell cycle arrest (da Luz et al., 
2012; Vassallo et al., 2014), the impressed expression of SIRT1 
in hUC-MSCs by 5 and 10 μM RES, along with the enhanced 
p53 and p16 result in cell senescence, cell cycle arrest and 
apoptosis. Taken together, the effect of RES on the fate of hUC-
MSCs is mediated, at least in part, by Sirt1 signaling. However, 
it is also important to note that, gene expression could be regu-
lated by various factors in a complex way, and the specific roles 
of SIRT1 may depend on the SIRT1 level, activity, subcellular 
localization, promoter occupancy and predominant substrates 
of SIRT1 in the specific microenvironment of different cells (da 
Luz et al., 2012). Therefore, the controversy in different litera-
tures regarding the effects of RES and SIRT1 could be ex-
plained by the response of specific tissues and cells (Chen et 
al., 2014; Kumazaki et al., 2013; Marambaud et al., 2005; 
Saharan et al., 2013) and caution should be taken before es-
tablishing links between SIRT1 activation and neural protection. 
Moreover, it is provoking to study the cross-talk between SIRT1 
signaling and many other signaling pathways, such as the 
Wnt/β-catenin, PI3K/AKT (Tsai et al., 2013), ER-ERK1/2 (Dai et 
al., 2007), ER/NO/cGMP (Song et al., 2006), etc. 

Herein, we suggest future studies on the electrophysiology of 
the neural-like cells, which would further confirm the effects of 
RES on the function of the neural differentiated hUC-MSCs. 
Effects of prolonged RES exposure also need to be explored in 
order to analyze the duration-dependent effect of RES on the 
biology of hUC-MSCs. Moreover, researches on animals mod-
els are warranted to facilitate the clinical application of RES pre-
modified hUC-MSCs in treating Alzheimer’ s disease, Parkin-
son, stroke, trauma induced brain injury and other neuro-
degenerative and neural injury disorders. 
 
CONCLUSION 
 
The present study indicates that RES exerts concentration-
dependent effects on the fate of hUC-MSCs in vitro by regulat-
ing cell viability, proliferation, senescence, cell cycle, apoptosis 
and neural-lineage differentiation through activation of SIRT1 
signaling. It highlights the promising application of RES in 
MSCs-based therapy in neuro-regenerative medicine and en-
courages further exploration on the role of RES in the devel-
opment of stem cells to meet specific purposes in scientific 
research and clinical application. 
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