
Abstract. – OBJECTIVE: The paracrine effects
of mesenchymal stem cells (MSCs) were weak-
ened during aging. This study explored
whether resveratrol can attenuate senescence
of adipose-derived MSCs (ADMSCs) and
whether Pim-1 is involved in resveratrol’s effect
on paracrine of ADMSCs and insulin secretion
of INS-1 cells.

MATERIALS AND METHODS: CCK-8 assay
and SA-β-gal assay were performed to test the
protective effect of resveratrol on senescent
models. QRT-PCR and western blot analysis were
performed to analyze of senescence- and β-cell
associated genes. QRT-PCR and ELISA analysis
was performed to test telomere length and activi-
ty. Immunofluorescence and ELISA assay were
performed to assess the paracrine effects on pro-
moting insulin secretion of INS-1 cells.

RESULTS: Resveratrol could protect ADMSCs
from H2O2 and D-glucose-induced senescence
and also attenuate senescence in long-term cul-
tured ADMSCs in vitro. In addition, resveratrol
attenuated H2O2 induced higher expression of
senescence-associated genes, including P53,
P21, Cyclin D1, IL-6 and MMP1, but increased
the expression of Sirt1, a well-known anti-senes-
cence gene. Resveratrol significantly enhanced
Pim-1 expression in aging ADMSCs through
PI3K/AKT signal pathway. The conditioned
medium (CM) of ADMSCs enhanced insulin se-
cretion and expression of the key genes for β-
cell function including TFAM, PDX1, GLUT2 and
HNF-1α via Pim-1. INS-1 cells with Pim-1 knock-
down had decreased insulin secretion.

CONCLUSIONS: This study firstly reported
that resveratrol has a protective effect on
senescence of ADMSCs and can preserve the
paracrine effect of the ADMSCs on promoting
insulin secretion of INS-1 cells via Pim-1.
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Therefore, it might be a promising adjuvant
agent for future MSCs based therapy. 
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Introduction 

Type 1 diabetes is a chronic disease character-
ized by destruction of pancreatic islet β-cells and
insufficient insulin secretion. Insulin replacement
is still the main therapy for the patients1. During
the past years, transplantation of mesenchymal
stem cells (MSCs) was tested as a strategy to im-
prove the metabolic profiles in diabetic animal
models2. The transplanted MSCs can transdiffer-
entiate into insulin-producing cells (IPCs) and
exert a therapeutic effect. For example, human
adipose derived MSCs (hADMSCs) can be used
to generate insulin-secreting surrogate β-cells
and show certain effect on controlling of hyper-
glycemia2,3. In addition, the paracrine effect of
the MSCs was also reported as a key mechanism
contributing to the therapeutic effect. MSCs nat-
urally secrete multiple cytokines and growth fac-
tors, promoting the survival of the surrounding
cells. The cytokines and the growth factors, such
as IL-6, M-CSF, IL-10, HGF, TGF-β and PGE2
contribute to preventing apoptosis of injured pan-
creatic β-cells and enhancing regeneration of en-
dogenous progenitor cells via angiogenic, cyto-
protective, anti-inflammatory, mitogenic and an-
ti-apoptotic effects 3-5.

2016; 20: 1203-1213



1204

However, the paracrine effects of MSCs were
weakened during aging, thereby reduce their
therapeutic effect. Therefore, it is quite necessary
to explore how senescence of the MSCs can be
alleviated. Resveratrol (3, 5, 4’-trihydroxystil-
bene) is a natural polyphenolic compound found
in grape skins and various other plants6,7. Previ-
ous studies8-11 found that resveratrol has various
health-benefiting effects, such as anti-inflamma-
tory, anti-oxidative, anti-cancer, anti-aging and
anti-senescence effects. Some recent studies
showed that resveratrol can protect human en-
dothelium from H2O2-induced oxidative stress
and senescence via Sirt1 activation12 and prevent
oxidative stress-induced senescence in cultured
primary human keratinocytes via activating
AMPK-FOXO3 cascade10. Pim-1 has been rec-
ognized as a gene with pro-survival function and
anti-apoptosis effect in MSCs13,14. 

In this study, we investigated whether resvera-
trol can attenuate senescence of ADMSCs and
whether Pim-1 is involved in resveratrol’s effect
on paracrine of ADMSCs and insulin secretion
of INS-1 cells.

Materials and Methods 

Cell Culture 
Rat insulinoma cell (INS-1) was purchased

from Biohermes (Shanghai, China) and grown in
RPMI 1640 medium supplemented with 10%
FBS, 5.6 mM glucose, 25 mM HEPES, 2 mM L-
glutamine, 50 μM β-mercaptoethanol, 100 U/ml
penicillin, and 100 μg/ml streptomycin. Human
ADMSCs were purchased from Invitrogen
(R7788-110, Carlsbad, CA, USA) and cultured
using the prepackaged MesenPRO RS™ Medi-
um. All cells were cultured in an incubator with a
humidified atmosphere and 5% CO2 at 37°C.
ADMSCs in passages 2-20 were used for experi-
ments in this study, as described throughout the
text. To collect condition medium (CM) from
ADMSCs, 1 × 106 cells at the indicating passage
were cultivated in 6-well plates with serum-free
essential medium. 24 h after cultivation, CM
were collected. 

Cell Senescent Models
Two models of senescent ADMSCs including

reagent-induced senescent ADMSCs and natural
senescent ADMSCs were used in this study. To
generate reagent-induced senescent ADMSCs,
1.5×103 passage 4 AMDSCs were treated with 25
μM H2O2 or 5 mg/mL D-glucose. 

Cell Transfection
Three candidate si-Pim-1 sequences were syn-

thesized and purchased from RiBoBio (Shanghai,
China). ADMSCs at indicating passage or INS-1
cells were transfected with 100 nM Pim-1 siR-
NAs using Hiperfect transfection reagent (QIA-
GEN, GmbH, Hilden, Germany) according to
manufacturer’s instruction. The effect of Pim-1
knockdown was verified 48 h after transfection
using qRT-PCR and Western blot analysis. The
siRNA sequence with the highest suppressing ef-
fect was used for following studies. 

ADMSCs Preparation for Cell Viability 
Assay

To examine the protective effect of resveratrol
on the viability of reagent induced senescent
ADMSCs, passage 4 AMDSCs were treated with
25 μM H2O2 or 5 mg/mL D-glucose alone or co-
administrated with 50 μM resveratrol up to 72 h.
To examine the protective effect of resveratrol
on the viability of natural senescent ADMSCs,
ADMSCs at indicating passage were treated with
50 μM resveratrol for 48 h. 

AMDSCs Preparation for SA-β-gal 
Assay, qRT-PCR, ELISA Assay and 
Western blot Analysis 

PI3K inhibitor LY294002 was purchased from
EnoGene (New York, NY, USA). To prepare
reagent-induced senescent ADMSCs for these
assays, passage 4 AMDSCs with or without Pim-
1 knockdown were treated with 25 μM H2O2 or 5
mg/mL D-glucose alone or co-administrated with
50 μM resveratrol with or without the presence
of 20 μM LY294002 for 48 h. To prepare natural
senescent ADMSCs for these assays, ADMSCs
at indicating passage (P2, P10, P15 and P20)
were treated with 50 μM resveratrol alone with
co-administrated with 20 μM LY294002 for 48
h. P15 or P20 ADMSCs with or without Pim-1
knockdown were treated with 50 μM resveratrol
alone with co-administrated with 20 μM
LY294002 for 48 h. Then, the cells were subject-
ed to SA-β-gal assay, qRT-PCR and western blot
analysis.

INS-1 Cell Treatment 
INS-1 cells were treated with CMs collected

from AMDSCs at indicating passage and with in-
dicating treatment for 48 h. INS-1 cells treated
with CMs from P20 ADMSCs with or without
Pim-1 knockdown were additionally treated with
50 μM resveratrol. Then, these cells were sub-
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jected to immunofluorescence assay and ELISA
assay of insulin secretion, as well as qRT-PCR
analysis of β-cell associated genes. INS-1 cells
with Pim-1 knockdown were treated with 50 μM
resveratrol for 48 h. Then these cells were sub-
jected to ELISA assay of insulin secretion.

Cell Viability and SA-ß-gal Assay
Cell viability at indicating time point was deter-

mined using WST-8 assay using Cell Counting
Kit-8 (CCK-8; Dojindo, Gaithersburg, MD, USA)
according to manufacturer’s instruction. Cell
senescence was measured by detection of SA-ß-
gal activity using the Senescence Detection Kit
(ab65351, Abcam, Cambridge, MA, USA) accord-
ing to manufacturer’s protocol.

QRT-PCR Analysis of Senescence- and 
β-cell Associated Genes and 
Telomere length

Total RNAs of the cells were extracted using
Trizol Reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instruction. The
first strand cDNA was reversely transcribed us-

ing the RevertAid first strand cDNA synthesis kit
(Fermentas, Ontario, Canada) according to man-
ufacturer’s instructions. The expression of senes-
cent related genes and β-islet cells associated
genes were detected by using the gene-specific
primers (Table I) and SYBR® Green PCR Master
Mix (Applied Biosystems, Foster City, CA,
USA). GAPDH was used as the endogenous con-
trol gene. All qRT-PCR analysis was performed
using an ABI Prism 7500 (Applied Biosystems,
Foster City, CA, USA). 

DNA of the ADMSCs was extracted by using
the QIAamp DNA mini kit (Qiagen, Valencia,
CA, USA). The relative length of telomere of
the ADMSCs at the indicated passage was mea-
sured using qRT-PCR, according to Cawthon’s
method15. This method measures the ratio of
telomere repeat copy (T) and a single gene copy-
albumin (S) in experimental DNA samples and
reference DNA samples separately, assuming
that both genes have similar amplification effi-
ciency. The relative T/S ratios are proportional
to average telomere length. Primers for telomere
and albumin followed the author’s recommenda-
tion15. 

Gene Primer Sequences

SIRT1 F: 5’- CAGACCCTCAAGCCATGTTT-3’
R: 5’-GATCCTTTGGATTCCTGAAA-3′

P53 F: 5’-GTTCCGAGAGCTGAATGAGG-3’
R: 5’-TCTGAGTCAGGCCCTTCTGT-3′

P21 F: 5’-AGGCACCGAGGCACTCAGAG-3’
R: 5’-AGTGGTAGAAATCTGTCATGCTG-3′

Cyclin D1 F: 5’- AAGGAGATTGTGCCATCCATGC-3’
R: 5’- CGGCTCTTCTTCAGGGGCTCC-3′

IL-6 F: 5’-GGCACTGGCAGAAAACAACC-3’
R: 5’-GCAAGTCTCCTCATTGAATCC-3′

PIM1 F: 5’-CAACAGTGGGGAAGAGTGAC-3’
R: 5’- TGCTGGACACCTATGAGAAGAA-3′

TFAM F: 5’- GCGCTCCCCCTTCAGTTTTG 3’
R: 5’- GTTTTTGCATCTGGGTTCTGAGC -3′

GLUT2 F: 5’-ATTGCTCCAACCGCTCTCA-3’
R: 5’- CTGAAGGATGGCTCGCACACC-3′

PDX-1 F: 5’- GGCTTAACCTAAACGCCACA-3’
R: 5’-AGAGTCCCAGAGGCAGACCT-3′

HNF-1α F: 5'-TTTTTCAAGCAGTAGGAATTGGA-3'
R: 5'-GTGATGTAGTAGCTGCATGATCG-3'

Table I. Primer Sequences for qRT-PCR.

Note: TC: total cholesterol; TG: triglyceride; LDL-C: low-density lipoprotein cholesterol; HDL-C: high-density lipoprotein

cholesterol; BNP: brain sodium peptide; Group A: anterior/high lateral wall wall myocardial infarction; Group B: inferior/pos-

terior wall myocardial infarction; Group C: right ventricle myocardial infarction; Group D: control group.
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ELISA Analysis of Telomere Activity 
and Insulin Expression

Telomerase activity in cell lysates was deter-
mined using the TeloTAGGG Telomerase PCR
ELISA (Roche Diagnostics, Rotkreuz, Switzer-
land) according to the manufacturer’s instruc-
tions. Briefly, 1×104 cells were used per mea-
surement and absorbance at 450 nm were nor-
malized to a standard cell lysate supplied with
the kit. For INS-1 assays, after indicating treat-
ment, the medium was removed and cells were
washed three times with warm Krebs buffer.
Then, the cells were incubated with Krebs solu-
tion for one hour at 37°C and, at the end of incu-
bation, cells were stimulated with Krebs solution
supplemented with a 20 mM glucose for 30 min
at 37°C. Then, the supernatants were collected
and insulin secretion was measured using a com-
mercially available human insulin ELISA kit
(Mercodia AB, Uppsala, Sweden), according to
manufacturer’s specifications.

Western Blot Analysis 
Cells were lysed using a lysis buffer (Bey-

otime, Shanghai, China) and protein concentra-
tions of the lysates were measured by BCA pro-
tein assay kit (Beyotime, Shanghai, China). The
lysates were separated on 10% SDS-PAGE and
then transferred to a PVDF membrane. After
blocking with 5% nonfat dry milk, the mem-
branes were incubated with primary antibodies
(anti-Pim-1, 1:1000, ab117110; anti-AKT,
1:2000, ab185633; anti-phosphorylated AKT,
ab18206, 1:1000, Abcam, Cambridge, MA,
USA) overnight at 4 °C. Membranes were
washed and incubated with corresponding HRP-
labeled secondary antibodies. The blot signals
were visualized using the ECL Western blotting
substrate (Promega, Madison, WI, USA). The
signal intensity was quantified using ImageQuant
5.2 (GE Healthcare, Piscataway, NJ, USA). To
clearly demonstrate the difference, the relative
gray-scale value of target protein vs. GAPDH of
the control group was set as 1.

Immunofluorescence Assay
INS-1 cells after indicating treatments were

fixed for 20 min in fresh 4% paraformaldehyde
solution (Sigma-Aldrich, St. Louis, MO, USA)
and washed three times with phosphate buffered
saline (PBS). Then the cells were permeabilized
using PBS containing 0.5% Triton-X 100 (Sig-
ma-Aldrich) for 1 hour and blocked using PBS
supplemented with 4% bovine serum albmin

(BSA) and 0.3% Triton-X 100 for another hour.
Cells were incubated with anti-insulin (1:100,
ab7842, Abcam) over night at 4°C. Cells were
then washed three times with PBS and incubated
with secondary antibodies for 1 hour at room
temperature. After washing, nuclei were stained
in PBS containing 1 μg/ml Hoechst 33342 (Sig-
ma-Aldrich). Digital images were obtained using
an Olympus IX71 inverted microscope (Olym-
pus, Tokyo, Japan).

Statistical Analysis 
Data analysis was performed using SPSS

17.0 (SPSS Inc., Chicago, IL, USA). Data were
represented as mean ± standard deviation (SD).
Group difference was assessed using Student’s
t-test. p<0.05 was considered as statistically sig-
nificant. * and # indicate p<0.05, while ** and
## indicate p<0.01.

Results 

Resveratrol Protects ADMSCs from H2O2

and D-glucose Induced Senescence 
in vitro

By performing CCK-8 analysis of cell prolifer-
ation, we found that resveratrol substantially
counteracted the H2O2 (Figure 1A) or D-glucose
(Figure 1D) induced suppression of cell prolifera-
tion. In addition, co-administration with resvera-
trol also reduced the ratio of β-gal positive cells
induced by H2O2 (Figure 1B) or D-glucose (Fig-
ure 1E), suggesting a potential protective effect of
resveratrol on senescence. To continue to study
the effects of resveratrol on senescence, the ex-
pression of senescence-associated genes were de-
tected using qRT-PCR. Results showed that H2O2

(Figure 1C) or D-glucose (Figure 1F) significant-
ly decreased Sirt1 expression, but increased the
expression of P53, P21, Cyclin D1 and IL-6, the
key genes modulating apoptosis16. Supplementa-
tion of resveratrol significantly weakened these
effects (Figure 1C and F). These results suggest
that resveratrol protects ADMSCs from H2O2 and
D-glucose induced senescence in vitro.

Resveratrol Exerts Anti-senescence 
Effects on long-term cultured ADMSCs 
in vitro

Since resveratrol has protective effects on H2O2

and D-glucose induced senescence, we further ex-
plored whether it has anti-senescence effects on
aging cells. With the increasing of passage num-
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ber, the ADMSCs showed a lower proliferation
rate (Figure 2A) and a higher senescent rate (Fig-
ure 2B). Administration of resveratrol partly re-
versed these trends (Figure 2A and B). Then, we
examined the telomere length and activity, two
indicators of senescence. QRT-PCR showed that
the telomere length (Figure 2C) and activity (Fig-
ure 2D) decreased with the increasing of passage
number. Administration of resveratrol significant-
ly slowed these processes (Figure 2C and D).
Then, we quantified the change of senescence-as-
sociated genes in the ADMSCs with different
passage numbers and how resveratrol affected the
changes. With the increasing of passage number,
the cells had decreased Sirt1 expression and in-
creased expression of P53, P21, Cyclin D1, IL-6
and MMP1 (Figure 2E). Although supplementa-
tion of resveratrol could not reverse these
changes, it slowed them (Figure 2E). 

Resveratrol Reverses the Downregulation
of Pim-1 Expression at Both mRNA 
and Protein Level Through PI3k/AkT 
Signal pathway.

Since resveratrol exerts a strong anti-senes-
cence effect on ADMSCs, we decided to study
the underlying mechanism. Pim-1 is a gene main-
ly involved in cell cycle progression and apopto-

sis. One recent study found senescent characteris-
tics, such as decrease in proliferation, telomere
length, survival, and increased expression of
senescent markers of human cardiac progenitor
cells (hCPCs) are ameliorated by Pim-1 kinase17.
In this study we observed that resveratrol signifi-
cantly promoted Pim-1 expression at both mRNA
and protein levels in aging ADMSCs, in conjunc-
tion with increased p-AKT and unchanged AKT
(Figure 3A and B). However, this effect was
largely abrogated by LY294002, a PI3K inhibitor.
LY294002 significantly reduced p-AKT and Pim-
1 expression (Figure 3A and B). Similarly, in
H2O2 (Figure 3 C and D) and D-glucose (Figure 3
E and F) induced senescent models, resveratrol
partly restored Pim-1 expression, with increased
p-AKT and unchanged AKT. LY294002 signifi-
cantly decreased the effect of resveratrol. 

The Anti-Senescence Function of 
Resveratrol can be Partially Abrogated 
by knockdown of Endogenous Pim-1

Through screening of three candidate Pim-1
siRNA in passage 4 ADMSCs, we identified two
siRNAs with relatively high suppressing effect
(Figure 4 A and B). Knockdown of endogenous
Pim-1, similar as LY294002 substantially abro-
gated resveratrol’s effect on reducing H2O2 (Fig-

Figure 1. Resveratrol protects ADMSCs from H2O2 and D-glucose induced senescence in vitro. (A-D) CCK-8 analysis was
performed to measure the cell viability of ADMSCs treated with H2O2 (A) and D-glucose (D) or co-administrated with 50 μM
resveratrol for 72 h. (B-E) 25 μM H2O2 (B) and 5 g/L D-glucose (E) induced senescent cells for 48 h were evaluated by the
number of SA-β-gal-positive cells in randomized three microscopic field. (C-F) Senescence-associated genes expression levels
of ADMSCs were detected using Quantitative RT-PCR method. Values are means ± SD of 3 independent experiments with
each performed in triplicate. *p<0.05, **p<0.01 vs. control, #p<0.05, ##p<0.01 vs. H2O2 or D-glucose group.
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ure 4C) and D-glucose (Figure 4D) induced cell
senescence. In the cells with relatively late pas-
sages (P15 and P20), knockdown of endogenous
Pim-1, similar as LY294002, abrogated resvera-
trol’s protective effect on senescence (Figure
4E). These results suggest that the anti-senes-
cence effect of resveratrol can be partially abro-
gated by knockdown of endogenous Pim-1. 

Resveratrol Restores the Paracrine Effects of
Senescent ADMSCs and Promotes Insulin
Secretion of INS-1 Cells Through Pim-1

The paracrine effect of ADMSCs is quite im-
portant in modulating microenvironment, which

indirectly affects the biological function of cells
nearby. To explore how ADMSCs affect insulin
secretion of islet cells, the CM of ADMSCs was
used to treat INS-1 cells. Immunofluorescence
analysis showed that the CM of P2 ADMSCs had
substantiality stronger effect than that from P20
ADMSCs on promoting insulin secretion of INS-
1 cells (Figure 5A). However, knockdown of
Pim-1 substantially weakened the effect (Figure
5A). Resveratrol partly rescued the insulin induc-
ing effect of the senescent ADMSCs (P20). But
it had little effect on the senescent ADMSCs
with Pim-1 knockdown (Figure 5A). Following
ELISA assay also confirmed these tendencies

L.-t. Lei, J.-b. Chen, Y.-l. Zhao, S.-p. Yang, L. He

Figure 2. Resveratrol exerts anti-senescence effects in long term cultured ADMSCs in vitro. Serial parameters were com-
pared between control and resveratrol treated cells after 48h in different passages (P2, P5, P10 and P20). (A) Cell viability was
measured by CCK-8 analysis. (B) The number of SA-β-gal-positive cells in randomized three microscopic fields was counted.
(C) Telomere length measurement was performed by qRT-PCR methods. (D) Telomerase activity was measured using ELISA
methods. (E) Quantitative RT-PCR analysis was used to determine senescence-associated genes expression levels of ADM-
SCs. Values are means ± SD of 3 independent experiments with each performed in triplicate. *p<0.05, **p<0.01. P: passage.



(Figure 5B). Then, we detected β-islet cells asso-
ciated genes expression of INS-1 cells treated
with different CMs. QRT-PCR results showed
that the CM of P2 ADMSCs up-regulated of key
genes associated with β-cell function, including
TFAM, PDX1, GLUT2 and HNF-1α in INS-1
cells (Figure 5C). Knockdown of Pim-1 signifi-
cantly abrogated the effects (Figure 5C). Al-
though the CM of P20 ADMSCs had significant-
ly weaker inducing effect, resveratrol treatment
substantially rescued its inducing effect (Figure
5C). However, resveratrol had little influence on
the CM of P20 ADMSCs with Pim-1knockdown
(Figure 5C). These results suggest that the
paracrine effects of the ADMSCs are weakened
during senescence and is at least partly due to re-
duced Pim-1 expression. Since Pim-1 has an im-
portant role in modulating senescence, we further
explored its involvement in insulin secretion of
INS-1 cells. INS-1 were firstly transfected with

si-Pim-1 (Figure 5D). The cells with Pim-1
knockdown had significantly inhibited secretion
of insulin, which was partly rescued by resvera-
trol (Figure 5E). These results suggested that
resveratrol restores the paracrine effects of senes-
cent ADMSCs and promotes insulin secretion of
INS-1 cells through Pim-1

Discussion 

Transplantation of MSC has been considered
a promising regenerative strategy for several
diseases such as heart diseases, ovarian damage,
liver cirrhosis, stroke and diabetes mellitus18-20.
Although the MSCs can be transdifferentiated
into insulin secreting cells, recent studies
showed that the implantation of MSCs decreas-
es glucose level mainly through paracrine ef-
fects rather than through direct transdifferentia-
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Figure 3. Resveratrol reverses the downregulation of Pim-1 expression both in mRNA and protein level through PI3K/AKT
signal pathway. The effects of resveratrol and PI3K inhibitor, LY294002 on the expression of Pim-1 was evaluated using qRT-
PCR and Western blot methods. (A, C and E) qRT-PCR analysis was performed to detect the mRNA levels of Pim-1 in three
senescent models, long culture condition (A), H2O2 (C) and D-glucose (E) induced models. Values are means ± SD of 3 inde-
pendent experiments with each performed in triplicate. (B, D and F) In three different senescent models, the protein levels of
Pim-1, AKT and phosphorylated AKT were determined using Western blot method. Corresponding histograms were showed
as calculations of relative fold change of Pim-1 and phosphorylated AKT to control group. The data was showed as representa-
tive of three independent experiments. *p<0.05, **p<0.01.
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tion into insulin-producing cells5. Therefore,
their paracrine effect directly and largely deter-
mines the therapeutic effect.

Senescence results in a series of changes of the

cells. One recent study explored the influence of
senescence on the therapeutic potential of human
MSCs in the lethal endotoxemia model. The au-
thors found that senescence induces extensive
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Figure 4. Anti-senescence function of resveratrol can be partially abrogated by knockdown of endogenous Pim-1. Upon inhi-
bition of Pim-1 expression using siRNA method in ADMSCs, Anti-senescence function of resveratrol was evaluated in three
senescent models. (A) Western blot analysis was used to check the inhibited expression of Pim-1 protein. (B) The quantitative
results of figure A were showed in histogram form. (C, D and E) The number of SA-β-gal-positive cells was counted in three
microscopic fields in random in order to evaluate the senescence in the three models including H2O2 (C), D-glucose (D) and
long-time culture condition (E), respectively. Values are means ± SD of three independent experiments with each performed in
triplicate. *p<0.05, **p<0.01.



phenotypic changes in hMSCs and results in im-
paired migratory capacity in response to proin-
flammatory signals21. In addition, the senescent
cells have inhibited AP-1 pathway, which medi-
ates the response to a variety of extracellular stim-
uli and regulates differentiation, proliferation, and
migration of the cells21. Another study observed
that the ability of MSCs to repair damaged organs
is severely compromised with advanced age22.
Conditioned medium of senescent MSCs even
contains a set of secreted factors that are able to
induce a full senescence response in young cells23.
These results suggest that the paracrine effect of
MSCs was impaired due to senescence. Therefore,
to alleviate the negative impact of senescence is
critical for therapeutic use of MSCs. In this study,
we demonstrated that resveratrol could protect
ADMSCs from H2O2 and D-glucose induced
senescence and also attenuate senescence in long-
term cultured ADMSCs in vitro. In addition,
resveratrol also reduced the expression of senes-
cence associated genes, including P53, P21, Cy-
clin D1, IL-6 and MMP1, but increased the ex-
pression of Sirt1, a well-known anti-senescence
gene. Aging is a progressive degenerative process
that is closely associated with inflammation.
Senescent cells also develop a senescence-associ-
ated secretory phenotype (SASP), which is char-
acterized as high level secretion of the cytokines,

IL-6 and IL-8, the key mediators of inflamma-
tion24. Therefore, the resveratrol induced lower IL-
6 expression might represent a rejuvenation of the
senescent ADMSCs.

The anti-senescence effect of resveratrol in
normal cells has been reported in recent studies.
For example, one study founds resveratrol signifi-
cantly abolished the oxidative effects of H2O2 on
human endothelium cell line HUVEC via Sirt1
activation12. In cultured primary human ker-
atinocytes, resveratrol also can prevent oxidative
stress-induced senescence and proliferative dys-
function by activating the AMPK-FOXO3 cas-
cade10. In aging heart, resveratrol mitigates pro-
apoptotic signaling through a deacetylation mech-
anism of Sirt1, thereby suppressing the Foxo1-
Bim-associated pro-apoptotic signaling axis25.
Therefore, it seems that resveratrol exerts an anti-
aging effect through multiple signaling pathways.

Some recent studies reported that Pim-1 ki-
nase exerts a pro-survival function via preserving
mitochondrial integrity13 and antagonizing intrin-
sic apoptotic cascades14. Another recent study
founds that Pim-1 prevents MSC apoptosis in-
duced by hypoxia or serum deprivation via en-
hancing mitochondria integrity14. Furthermore,
Pim-1 preserves telomere length and telomerase
activity, giving cells youthful cellular pheno-
type26. These results suggest that Pim-1 is an im-
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Figure 5. Resveratrol restores the paracrine effects of senescent ADMSCs and promotes insulin secretion of INS-1 cells
through Pim-1. (A) INS-1 cells were treated with different condition medium for 48 h, immunofluorescence analysis was per-
formed to visualize insulin content. Nuclei are stained with Hoechst (blue). (B) INS-1 cells were treated with different condi-
tion medium for 48 h, the insulin release was measured using ELISA method over a 30-min incubation period at stimulatory
20 mM glucose. (C) QRT-PCR was performed to detect the beta-islet cells associated genes expression of INS-1 cells in dif-
ferent culture conditions. (D) Inhibition of endogenous Pim-1 gene expression using siRNA method was confirmed by West-
ern blot analysis. (E) ELISA method was used to determine the effects of endogenous Pim-1 and Resveratrol on the insulin se-
cretion of INS-1 cells. Values are means ± SD of three independent experiments, with each performed in triplicate. *p<0.05,
**p<0.01. CM: Condition medium. P: Passage.
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portant gene regulating cell senescence. In this
study, we explored whether Pim-1 is involved in
regulation of resveratrol’s protective effect on
senescence. The results showed that resveratrol
significantly promoted Pim-1 expression via
PI3K/AKT signaling pathway. By quantifying
several key genes for β-cell function, we found
resveratrol significantly restored the expression
of TFAM (a nuclear-encoded transcription factor
required for stability and transcriptional activity
of the mitochondrial genome)27, PDX1 (a neces-
sary transcription factor for β-cell differentia-
tion)27, GLUT2 (a  bidirectional glucose trans-
porter which enables the cells to accurately
gauge the serum glucose levels)28 and HNF-1α
(required for GLUT2 transcription in differenti-
ated insulin-producing cells)29. These results sug-
gest that resveratrol rejuvenated senescent ADM-
SCs and restored their paracrine that promotes
insulin secretion of INS-1 cells. 

Since Pim-1 exerts a strong anti-aging effect,
we tested whether the aging status of INS-1 is re-
lated to insulin secretion. INS-1 cells with Pim-1
knockdown had significantly reduced insulin se-
cretion. But the reduction was partly restored by
resveratrol treatment. Therefore, we hypothe-
sized that Pim-1 knockdown might facilitate
senescence of INS-1 cells, which directly or indi-
rectly resulted in reduced insulin secretion. How-
ever, further study is required to confirm it. 

ADMSCs is viewed as the most promising
MSCs in future clinical use due to strong differ-
entiation capability and relatively easy approach
to harvest30. But most of the preclinical and ani-
mal studies use the cells from passage 3 to pas-
sage 530,31. The potent anti-senescence effect of
resveratrol might support to use the relatively
late passage MSC. However, more detailed re-
search is required in the future.

Conclusions 

Resveratrol has a protective effect on senes-
cence of ADMSCs and can preserve the
paracrine effect of the ADMSCs on promoting
insulin secretion of INS-1 cells. Therefore, it
might be a promising adjuvant agent for future
MSCs based therapy. 

–––––––––––––––––-––––
Conflict of Interest
The Authors declare that they have no conflict of interests.

References

1) CARLSSON PO, SCHWARCZ E, KORSGREN O, LE BLANC K.
Preserved beta-cell function in type 1 diabetes by
mesenchymal stromal cells. Diabetes 2015; 64:
587-592.

2) THAKKAR UG, TRIVEDI HL, VANIKAR AV, DAVE SD. In-
sulin-secreting adipose-derived mesenchymal
stromal cells with bone marrow-derived
hematopoietic stem cells from autologous and al-
logenic sources for type 1 diabetes mellitus. Cy-
totherapy 2015; 17: 940-947.

3) Rahavi H, Hashemi SM, Soleimani M, Moham-
madi J, Tajik N. Adipose tissue-derived mes-
enchymal stem cells exert in vitro immunomodu-
latory and beta cell protective functions in strepto-
zotocin-induced diabetic mice model. J Diabetes
Res 2015; 2015: 878535.

4) SOLEYMANINEJADIAN E, PRAMANIK K, SAMADIAN E. Im-
munomodulatory properties of mesenchymal
stem cells: cytokines and factors. Am J Reprod
Immunol 2012; 67: 1-8.

5) MABED M, SHAHIN M. Mesenchymal stem cell-
based therapy for the treatment of type 1 dia-
betes mellitus. Curr Stem Cell Res Ther 2012; 7:
179-190.

6) LI JP. Resveratrol caused apoptosis in QGY-7701
cells. Eur Rev Med Pharmacol Sci 2015; 19:
3303-3308.

7) SON Y, LEE JH, CHEONG YK, JUNG HC, JEONG SO, PARK
SH, PAE HO. Piceatannol, a natural hydroxylated
analog of resveratrol, promotes nitric oxide re-
lease through phosphorylation of endothelial nitric
oxide synthase in human endothelial cells. Eur
Rev Med Pharmacol Sci 2015; 19: 3125-3132.

8) COTTART CH, NIVET-ANTOINE V, BEAUDEUX JL. Review
of recent data on the metabolism, biological ef-
fects, and toxicity of resveratrol in humans. Mol
Nutr Food Res 2014; 58: 7-21.

9) JHA RK, YONG MQ, CHEN SH. The protective effect
of resveratrol on the intestinal mucosal barrier in
rats with severe acute pancreatitis. Med Sci Monit
2008; 14: BR14-19.

10) IDO Y, DURANTON A, LAN F, WEIKEL KA, BRETON L, RU-
DERMAN NB. Resveratrol prevents oxidative stress-
induced senescence and proliferative dysfunction
by activating the AMPK-FOXO3 cascade in cul-
tured primary human keratinocytes. PLoS One
2015; 10: e0115341.

11) FU DG. Regulation of redox signalling and au-
tophagy during cardiovascular diseases-role of
resveratrol. Eur Rev Med Pharmacol Sci 2015;
19: 1530-1536.

12) KAO CL, CHEN LK, CHANG YL, YUNG MC, HSU CC,
CHEN YC, LO WL, CHEN SJ, KU HH, HWANG SJ.
Resveratrol protects human endothelium from
H(2)O(2)-induced oxidative stress and senes-
cence via SirT1 activation. J Atheroscler Thromb
2010; 17: 970-979.

13) BORILLO GA, MASON M, QUIJADA P, VOLKERS M, COT-
TAGE C, MCGREGOR M, DIN S, FISCHER K, GUDE N,

L.-t. Lei, J.-b. Chen, Y.-l. Zhao, S.-p. Yang, L. He



AVITABILE D, BARLOW S, ALVAREZ R, TRUFFA S, WHITTAK-
ER R, GLASSY MS, GUSTAFSSON AB, MIYAMOTO S, GLEM-
BOTSKI CC, GOTTLIEB RA, BROWN JH, SUSSMAN MA.
Pim-1 kinase protects mitochondrial integrity in
cardiomyocytes. Circ Res 2010; 106: 1265-1274.

14) ZHAO Y, HU J, BUCKINGHAM B, PITTENGER MF, WU ZJ,
GRIFFITH BP. Pim-1 kinase cooperates with serum
signals supporting mesenchymal stem cell propa-
gation. Cells Tissues Organs 2014; 199: 140-149.

15) CAWTHON RM. Telomere length measurement by a
novel monochrome multiplex quantitative PCR
method. Nucleic Acids Res 2009; 37: e21.

16) ZEMSKOVA M, LILLY MB, LIN YW, SONG JH, KRAFT AS.
p53-dependent induction of prostate cancer cell
senescence by the PIM1 protein kinase. Mol
Cancer Res 2010; 8: 1126-1141.

17) SIDDIQI S, SUSSMAN MA. Cell and gene therapy for
severe heart failure patients: the time and place
for Pim-1 kinase. Expert Rev Cardiovasc Ther
2013; 11: 949-957.

18) XIAO C, ZHOU S, LIU Y, HU H. Efficacy and safety of
bone marrow cell transplantation for chronic is-
chemic heart disease: a meta-analysis. Med Sci
Monit 2014; 20: 1768-1777.

19) MA XR, TANG YL, XUAN M, CHANG Z, WANG XY, LIANG
XH. Transplantation of autologous mesenchymal
stem cells for end-stage liver cirrhosis: a meta-
analysis based on seven controlled trials. Gas-
troenterol Res Pract 2015; 2015: 908275.

20) CAO W, LI P. Effectiveness and safety of autolo-
gous bone marrow stromal cells transplantation
after ischemic stroke: a meta-analysis. Med Sci
Monit 2015; 21: 2190-2195.

21) SEPULVEDA JC, TOME M, FERNANDEZ ME, DELGADO M,
CAMPISI J, BERNAD A, GONZALEZ MA. Cell senes-
cence abrogates the therapeutic potential of hu-
man mesenchymal stem cells in the lethal endo-
toxemia model. Stem Cells 2014; 32: 1865-1877.

22) SEVERINO V, ALESSIO N, FARINA A, SANDOMENICO A,
CIPOLLARO M, PELUSO G, GALDERISI U, CHAMBERY A. In-
sulin-like growth factor binding proteins 4 and 7
released by senescent cells promote premature
senescence in mesenchymal stem cells. Cell
Death Dis 2013; 4: e911.

23) CHOUDHERY MS, KHAN M, MAHMOOD R, MOHSIN S,
AKHTAR S, ALI F, KHAN SN, RIAZUDDIN S. Mesenchy-
mal stem cells conditioned with glucose depletion
augments their ability to repair-infarcted my-
ocardium. J Cell Mol Med 2012; 16: 2518-2529.

24) BHAUMIK D, SCOTT GK, SCHOKRPUR S, PATIL CK, ORJALO

AV, RODIER F, LITHGOW GJ, CAMPISI J. MicroRNAs
miR-146a/b negatively modulate the senescence-
associated inflammatory mediators IL-6 and IL-8.
Aging (Albany NY) 2009; 1: 402-411.

25) SIN TK, YU AP, YUNG BY, YIP SP, CHAN LW, WONG CS,
YING M, RUDD JA, SIU PM. Modulating effect of
SIRT1 activation induced by resveratrol on
Foxo1-associated apoptotic signalling in senes-
cent heart. J Physiol 2014; 592: 2535-2548.

26) MOHSIN S, KHAN M, TOKO H, BAILEY B, COTTAGE CT,
WALLACH K, NAG D, LEE A, SIDDIQI S, LAN F, FISCHER
KM, GUDE N, QUIJADA P, AVITABILE D, TRUFFA S,
COLLINS B, DEMBITSKY W, WU JC, SUSSMAN MA. Hu-
man cardiac progenitor cells engineered with
Pim-I kinase enhance myocardial repair. J Am
Coll Cardiol 2012; 60: 1278-1287.

27) OLIVER-KRASINSKI JM, STOFFERS DA. On the origin of
the beta cell. Genes Dev 2008; 22: 1998-2021.

28) BOJ SF, PARRIZAS M, MAESTRO MA, FERRER J. A tran-
scription factor regulatory circuit in differentiated
pancreatic cells. Proc Natl Acad Sci U S A 2001;
98: 14481-14486.

29) SHIH DQ, SCREENAN S, MUNOZ KN, PHILIPSON L, PON-
TOGLIO M, YANIV M, POLONSKY KS, STOFFEL M. Loss of
HNF-1alpha function in mice leads to abnormal
expression of genes involved in pancreatic islet
development and metabolism. Diabetes 2001; 50:
2472-2480.

30) GRUBER HE, SOMAYAJI S, RILEY F, HOELSCHER GL, NOR-
TON HJ, INGRAM J, HANLEY EN, JR. Human adipose-
derived mesenchymal stem cells: serial passag-
ing, doubling time and cell senescence. Biotech
Histochem 2012; 87: 303-311.

31) DI BATTISTA JA, SHEBABY W, KIZILAY O, HAMADE E, ABOU
MERHI R, MEBAREK S, ABDALLAH D, BADRAN B, SAAD F, E
KA, FAOUR WH. Proliferation and differentiation of
human adipose-derived mesenchymal stem cells
(ASCs) into osteoblastic lineage are passage de-
pendent. Inflamm Res 2014; 63: 907-917.

1213

Resveratrol attenuates senescence of ADMSCs and restores their paracrine effects on promoting


