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AGEs Decreased SIRT3 Expression and SIRT3 Activation
Protected AGEs-Induced EPCs’ Dysfunction and Strengthened
Anti-oxidant Capacity

Mingze Chang,1,2 Bei Zhang,1 Ye Tian,1 Ming Hu,1 Gejuan Zhang,2 Zhengli Di,2 Xinlai Wang,2

Zhiqin Liu,1 Naibin Gu,1 and Yong Liu1,3

Abstract—Advanced glycation end products (AGEs) have been confirmed to induce dysfunction in
endothelial progenitor cells (EPCs) and play key roles in pathogenesis of diabetes-related vascular
complications. The major function of sirtuin 3 (SIRT3) is to orchestrate oxidative metabolism and
control reactive oxygen species (ROS) homeostasis, which are more closely related to EPCs’ dysfunc-
tion. Our study therefore was designed to explore the role of SIRT3 on AGEs-induced EPCs dysfunction
of. EPCs isolated from healthy adults were stimulated with AGEs and the expression of SIRT3 was
assessed. Then, EPCs transfected with ad-SIRT3 or siRNA-SIRT3 were cultured with or without AGEs.
EPCs function, including proliferation, migration; expression of manganese superoxide dismutase
(MnSOD), ROS production, and interleukin-8 (IL-8); and vascular endothelial growth factor (VEGF)
production were measured. In some experiments, EPCs were pre-cultured with anti-receptor for
advanced glycation end products (RAGE) antibody or anti-neutralizing antibody, and then proliferation,
migration, expression ofMnSOD, ROS production, and IL-8 and VEGF production weremeasured. Our
results showed that SIRT3 expressed in EPCs and AGEs decreased SIRT3 expression. SIRT3 knock-
down with siRNA-SIRT3 promoted dysfunction in EPCs whereas SIRT3 activation with ad-SIRT3
strengthened anti-oxidant capacity and protected AGE-impaired dysfunction. Moreover, RAGE may
involve in AGEs-decreased SIRT3 expression in EPCs. These data suggested an important role of SIRT3
in regulating EPCs bioactivity.
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INTRODUCTION

Endothelial progenitor cells (EPCs) are circulating
cells, mainly characterized by the expression of cell
markers CD31, CD133, and vascular endothelial growth

factor receptor 2 (VEGFR-2) [1]. In the last decade, a
number of studies have demonstrated that EPCs play a
pivotal role in the maintenance of endothelial integrity
and vascular homeostasis [2]. EPCs are mobilized from
the bone marrow into the peripheral blood in response to
tissue ischemia or traumatic injury, migrate to sites of
injured endothelium, and differentiate into mature endo-
thelial cells in situ [1–3].

Diabetes-associated cardiovascular complications,
such as atherosclerosis, myocardial infarction, and stroke,
are among the major causes of patient mortality [4]. It has
been shown that loss of endothelial integrity contributes to
vascular complications of diabetes [5]. However, patients
with diabetes and related diseases exhibit a decrease in

1 Institute of Neurobiology, Key Laboratory of Environment and Genes
Related to Disease of Education Ministry, Xi’an Jiaotong University
School of Medicine, Xi’an, Shaanxi, China

2 Department of Neurology, Xi’an Central Hospital, Xi’an Jiaotong Uni-
versity School of Medicine, Xi’an, Shaanxi, China

3 To whom correspondence should be addressed at Institute of Neurobi-
ology, Key Laboratory of Environment andGenes Related to Disease of
Education Ministry, Xi’an Jiaotong University School of Medicine,
Xi’an, Shaanxi, China. E-mail: xiuyu654@163.com

0360-3997/17/0200-0473/0 # 2016 Springer Science+Business Media New York

Inflammation, Vol. 40, No. 2, April 2017 (# 2016)
DOI: 10.1007/s10753-016-0493-1

473

http://crossmark.crossref.org/dialog/?doi=10.1007/s10753-016-0493-1&domain=pdf


number and functional capacity of EPCs. Palombo et al.
[6] have reported that a significant reduction in the number
of EPCs is related to carotid intima-media thickness, an
induction of early atherosclerosis in diabetes mellitus.
Moreover, impaired proliferation, migration, and secretion
capacity of EPCs were also reported in patients with dia-
betes and related diseases [7, 8]. Advanced glycation end
products (AGEs), which are produced by the post-
translation modification of proteins via non-enzymatic gly-
cation, accumulate with age and abundantly increase in
case of diabetes. They have been shown to be deposited
in atherosclerotic lesion and to promote diabetes-
accelerated atherosclerosis [9, 10]. Cell activation, pro-
inflammatory cytokine release, and oxidative stress, in-
duced by the interaction of AGEs with their receptors,
may lead to endothelial injury and dysfunction [11, 12].
Previous investigations have demonstrated that AGEs im-
paired EPCs functions, such as apoptosis, migration, adhe-
sion, and tube formation [13, 14]. However, the under-
lining mechanism of AGEs impairing EPCs’ function still
remains largely unknown.

Sirtuin are a conserved family of NAD-dependent
ADP-ribosyl transferases and/or protein deacetylases,
which are expressed as seven different (SIRT1-SIRT7)
isoforms in mammals [15]. They are considered to be
key regulator of a wide range of intracellular process,
including stress resistance, energy metabolism, apopto-
sis, and aging [15, 16]. Among these SIRTs, SIRT3 is
mainly is targeted to the mitochondrial matrix, where
through deacetylation of a variety of substrates—it
orchestrates mitochondrial oxidative metabolism and
controls reactive oxygen species (ROS) homeostasis
[17, 18]. Along these lines, SIRT3 has been reported
to prevent detrimental oxidative stress-related pheno-
types in a plethora of settings, including cardiac hyper-
trophy, age-related hearing loss, and ROS-induced em-
bryonic developmental arrest [19–21]. In recent studies,
SIRT3 deficiency and the accompanying mitochondrial
protein hyperacetylation were reported to be associated
with the development of the metabolic syndrome, a
cluster of hallmark risk factors for atherosclerosis, in-
cluding dyslipidemia, glucose intolerance, and central
obesity [22]. More importantly, SIRT3 knockdown mice
showed diminished angiogenesis and vascular endothe-
lial growth factor (VEGF) and VEGFR-2 expression,
which were closely related to EPCs bioactivity [23].
These observations suggested a hypothesis that SIRT3
possibly involve in modulating EPCs bioactivity. This
study therefore aims to investigate the role and mecha-
nism of SIRT3 on AGEs-induced EPCs’ dysfunction.

MATERIAL AND METHODS

Ethics Statement

This study was approved by the Ethics Committee of
Xi’an Central Hospital, Xi’an Jiaotong University School
ofMedicine, China. Informed consents were obtained from
all volunteers and research was conformed to the guide-
lines of the declaration of Helsinki and its amendments.

EPCs Isolation

EPCs were cultured according to previously de-
scribed techniques [6]. Briefly, peripheral blood mononu-
clear cells (PBMCs) from healthy subjects were isolated by
Ficoll gradient using Leucosep tubes (Greiner Bio-One,
Wemmel, Belgium). After purification with three washing
steps, 8 × 106 PBMCswere seeded onto human fibronectin
(2.5 mg/cm2) pre-coated six-well plates and cultured in
endothelial cell basal medium-2 (Clonetics) supplemented
with EGM-2 MV single aliquots consisting of 5% FBS,
VEGF, fibroblast growth factor-2, epidermal growth factor,
insulin-like growth factor-1, and ascorbic acid. The medi-
umwas replaced every 3 days, and cells not adhering to the
bottom of the culture plates were washed away. On day 7,
the cells were changed to serum-free medium for another
24 h and then challenged with AGEs and various inter-
ventions, according to experimental protocols.

EPCs Characterization

To verify the EPCs phenotype, the cells were first
incubated using Dil-acLDL (10 μg/ml, Molecular probes,
USA) for 4 h, fixed with 4% paraformaldehyde, incubated
with FITC-labeled lectin (UEA-1, 10 μg/ml, Bios, Beijing,
China) for 1 h, and examined using a confocal laser scan-
ning microscope (LSCM, FV-300, Olympus, Japan). Cells
that stained positive for both UEA-1 and Dil-acLDL were
determined to be EPCs.

EPCs identity was also confirmed by fluorescent-
activated cell sorting (FACS) with antibodies recognizing
PE-conjugated CD133, FITC-conjugated CD31, and PE-
conjugated VEGFR-2, FITC-conjugated CD45 and with
the corresponding isotype control antibodies (Bios, Bei-
jing, China). Briefly, cells were harvested using cell disso-
ciation solution and washed twice in phosphate-buffered
saline (PBS, Lonza, Verviers, Belgium) supplemented with
1% BSA. Two hundred thousand cells were treated with
the appropriate amount of Fc blocking reagent (Miltenyi,
Utrecht, The Netherland) and were then stained with spe-
cific antibodies or the corresponding isotype control in
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50 ml PBS-1% BSA for 30 min at 4 °C. After washing,
cells were fixed using the commercial BD FACS lysis
solution according to manufacturer’s instructions. Twenty
thousand to 40,000 events were acquired on a BD FACS-
CantoTM flow cytometer and analysis was performed with
the FACSDivaTM software (BD Biosciences). Overlays
were obtained using FlowJo 7.2.4 software.

Preparations of AGEs with human serum albumin
(HSA)

AGEs-HSA was prepared as described previously
[13]. Briefly, 2.0 g HSAwas dissolved in 10 ml of 0.5 M
sodium phosphate buffer (pH 7.4) with 3.0 g of D-glucose.
Each sample was sterilized by ultrafiltration, incubated at
37 °C for 8 weeks, and dialyzed against phosphate-
buffered saline (pH 7.4). Control non-glycated HSA was
incubated in the same conditions except for the absence of
reducing sugars. The absence of endotoxin was confirmed
by using the Limulus amoebocyte lysate assay (Charles
River Laboratories, USA). Protein concentrations were
determined with bicinchoninic acid protein assay kit (Bos-
ton BioProducts, USA) using bovine serum albumin as a
standard. The degree of glycation of the HSA was mea-
sured by spectrophotometric assay of pentosidine forma-
tion (excitation, 335 nm; emission, 385 nm), and the fluo-
rescence ratio of AGE-HSA to HSA was 2.4. The AGE-
HSA was stored under −80 °C and protected from light
until used.

RNAi knockdown and adenovirus-mediated overex-
pression of SIRT3

hSIRT3 (NCBI Reference Sequence: NC 0051093)
cDNA expression constructs were chemically synthesized
(Neuron Biotech, China). The hSIRT3 cDNA was first
subcloned into a pGS-1 vector, and then HEK 293 cells
were infected with the ad-SIRT3 recombinant adenovirus
in a 12-well plate with MetafecteneTM (Biontex) accord-
ing to the manufacturer’s protocol. Finally, the recombi-
nant ad-SIRT3 was collected 8 days after transfection and
amplified in the HEK293T cells, producing 2 ml of viral
stock. The adenoviruses expressed GFP under a separate
promoter, which allowed the infection to be verified. All
PCR-amplified cloning and fragment junctions were con-
firmed by DNA sequencing (Sangon, Shanghai, China).
An adenovirus encoding a green fluorescent protein (ad-
control) was used as a control. The ad-SIRT3 and ad-
control viruses were used for functional assays. The trans-
fection of ad-SIRT3 was performed according to the man-
ufacturer’s instructions. EPCs were transfected with ad-

SIRT3 or ad-control constructs for 48 h before being used
in experiments.

The siRNA for SIRT3 (human, sc-61555) along with
control siRNA (human, sc-44230) and siRNA transfection
reagent (human, sc-29528) were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). EPCs were
transfected with 100 nM siRNA for 5–7 h according to the
manufacturer’s protocol. Then, cells were switched into
fresh complete medium and incubated for an additional
24 h. Thereafter, cells were harvested for further
experiments.

Cell Proliferation Studies

[3H]-thymidine incorporation was used to study
EPCs DNA synthesis as previously described [21]. First,
EPCs were seeded onto 24-well plates and prepared for
different experiments. During the final 6–8 h of treatment,
1 mCi of [methyl-3H]-thymidine was added to each well
for 8 h. Finally, incorporated [3H]-thymidine was precipi-
tated with 10% trichloroacetic acid and subsequently
counted with a liquid scintillation counter. Furthermore,
the cell number (six-well plates, 1 × 106 cells/well as a
baseline) was counted after cell treatment. Each count
was conducted an average of three times, and every data
point was counted in triplicate.

Cell Migration Assay

EPCs migration was evaluated by use of a transwell
chamber (6.5 mm diameter inserts, 8.0 mm pore size;
Corning, USA). Transwell inserts were placed in a 24-
well plate containing EBM-2. EPCs (1 × 105) were added
to the upper chamber of the well, without FBS. Cells were
allowed to migrate from the upper to the lower chamber for
12 h at 37 μC. Non-migratory cells were removed from the
upper chamber by wiping the upper surface with use of an
absorbent tip. The number of migrating cells was counted
in five different high-power fields per insert.

Measurement of Intracellular Reactive Oxygen Species
Levels

The level of intracellular ROS was determined on the
basis of the oxidative conversion of cell permeable 2′,7′-
dichloro fluorescein diacetate (DCFH-DA, Sigma, USA)
to fluorescent dichloro fluorescein (DCF) upon reaction
with hydroxyl radical, hydrogen peroxide, or peroxynitrite.
Briefly, treatment cells were harvested and washed twice
with cold PBS (pH 7.4). Then cells were incubated with
50mMDCFH-DA at room temperature for 30min in dark.
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Fluorescent signal was recorded by using a fluorescence
micros-copy (488 nm filter; Olympus Microscope BX-51,
Japan). The fluorescence intensity of eight fields per dish
was measured and the ROS level was quantified by mea-
surement of fluorescence intensity with HMIAS-2000
software.

Gene Expression Analysis

Total RNA from cultured cells was isolated using
Trizol reagent (Takara Biotechnology, Japan) according
to the manufacturer’s instructions. cDNAwas synthesized
using RNA PCR Kit (Takara Biotechnology, Japan) and
used as PCR template. Quantitative PCR was performed
on ABI PRISM 7900 Sequence Detector system (Applied
Biosystems, USA) using SYBR Green I Assay (Takara
Biotechnology, Japan). Actin was used as endogenous
control. Relative gene expression level (the amount of
target, normalized to endogenous control gene) was calcu-
lated using the comparative Ct method formula 2-DDCt.
The sequences of primers for PCR were listed in Table 1.

Western Blot Analysis

Equal protein amounts were loaded onto SDS-PAGE
gels. After running gels, proteins were transferred onto
nitrocellulose membranes. Membranes were blocked in
5% nonfat milk and primary antibody incubations were
performed with 3% BSA (overnight at 4 °C). Antibodies
used were anti-SIRT3 (Santa Cruz, USA), anti-MnSOD
(Santa Cruz, USA), and β-actin (Santa Cruz, USA). Then
membranes were incubated with peroxidase-conjugated
secondary antibodies at room temperature for 2 h. Specific
band was detected with chemiluminescence assay (ECL
detection reagents, Pierce). Designed software was used to
quantify the intensities of bands. Bands were visualized by
chemiluminescence detection reagents. Densitometric
analysis used Quantity One program (Promega).

MnSOD Activity Assay

MnSOD activity was measured with the MnSOD
assay kit using water-soluble tetrazolium salt (WST-1) as

a substrate according to the manufacturer’s instructions
(Abcam).

Assessment of Secretion of IL-8 and VEGF in EPCs

Supernatants were collected and kept frozen at
−80 °C until the levels of IL-8 and VEGF were determined
by ELISA assays according to the manufacturer’s instruc-
tions. All commercial kits were purchased from R&D
Systems (USA).

Statistical Analysis

Results are shown as mean ± SD of at least three
independent experiments. The significance of differences
was estimated by ANOVA followed by Student–New-
mann–Keuls multiple comparison tests. A value of
p < 0.05 was considered significant. All statistical analyses
were performed with SPSS software (version 17.0).

RESULTS

Characterization of EPCs

Cells began to adhere to the bottom of the well after
24 h culture. Colonies were observed at 48 h and reached a
peak on the seventh day. The majority of cultured EPCs
(89.75 ± 8.40%) took up Dil-acLDL and was positively
stained with FITC-UEA-1 (Fig. 1). FACS analysis was
also used to confirm the endothelial phenotype of the EPCs
in the present study. The expression profile of cultured
EPCs included VEGFR-2 (15.8 ± 6.4%), CD31 (22.4 ±
10.1%), CD133 (7.1 ± 4.2%), and CD45(84.3% ± 10.4%).

AGEs Decreased SIRT3 Expression in EPCs

Whether human EPCs express SIRT3 remains un-
known. Real-time PCR analysis showed that SIRT3 mRNA
was detected in both PBS-treated EPCs and HSA-treated
EPCs (Fig. 2a). However, significantly down-regulated
SIRT3 mRNA was found in human EPCs incubated with
AGEs compared with which in PBS-treated cells (0.32 ±
0.11 vs. 1.00 ± 0.00, p < 0.001) or HSA-treated cells (0.32

Table 1. Primers

Primer Forward Reverse

SIRT3 TCCAATAATGGACAAGTCAAGCC GCTGTACCCCAGATTTTGTAGCA
MnSOD GCCTCCCTGACCTGCCTTAC GTGATTGATATGGCCCCCG
β-actin GTGATTGATATGGCCCCCG CCAGAGGCATACAGGGACAAC
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± 0.11 vs. 0.89 ± 0.15, p < 0.001). Furthermore, there was
no statistically difference in SIRT3 mRNA between PBS-
treated EPCs and HSA-treated cells (1.00 ± 0.00 vs. 0.89 ±
0.15, p > 0.5) (Fig. 2a). Western blot analysis showed a
similar result that SIRT3 protein highly expressed in EPCs,
but was statistically down-regulated in AGEs-treated EPCs
compared in PBS-treated cells (p < 0.001) or HSA-treated
cells (p < 0.001) (Fig. 2b).

To obtain further more details between SIRT3 and
AGEs, EPCs was stimulated with 50, 200, or 500 μg/ml
AGEs and cells were harvested at different incubation time.
Our results found that AGEs decreased SIRT3 mRNA and
protein in a dose and time manner (Fig. 3). As illustrated in
Fig. 3a, c, SIRT3 mRNA was only 0.32-fold after EPCs
stimulatedwith 500μg/mlAGEs for 24 h. The similar results
were obtained in SIRT3 protein with Western blot analysis.

SIRT3 Activation Protected AGEs-Impaired EPCs
Proliferation and Migration

Next, we explore the effects of SIRT3 on AGEs-
treated EPCs’ dysfunction. First, EPCs were trans-

fected with ad-SIRT3 to supplement down-regulation
of SIRT3 in AGEs-treated EPCs. Adenovirus con-
structs expressing ad-control or ad-SIRT3 were trans-
fected into the EPCs. After 48 h, the transfection
efficiency of the adenovirus constructs as calculated
by GFP expression was 82.3 ± 3.5 and 85.1 ± 4.4%
(ad-control and ad-SIRT3), respectively. The SIRT3
expression levels were determined by western blotting
and quantitative RT-PCR 48 h after transfection. RT-
PCR showed that transfected with ad-control did not
alter SIRT3 expression whereas transfected with ad-
SIRT3 largely increased SIRT3 mRNA from 0.92 ±
0.11 to 1.80 ± 0.25 (p < 0.001). Furthermore, western
blotting showed that compared with ad-control group,
transfected with ad-SIRT3 significantly increased
SIRT3 protein in EPCs (p < 0.001) (Fig. 4a). These
results showed that transfected with ad-SIRT3 were
effective in human EPCs.

Then, we explore the effects of SIRT3 on AGEs-
induced EPCs’ dysfunction. After transfected
with/without ad-SIRT3 or ad-control for 48 h, EPCs were
stimulated with PBS or AGEs for 24 h. Again, SIRT3

Fig. 1. Characterization of EPCs. Representative pictures of dual-stained EPCs with Dil-acLDL (red) and UEA-1 (green) (magnification ×100).

Fig. 2. AGEs decreased the expression of SIRT3 in EPCs. EPCs were cultured with PBS, HSA (500 μg/ml), or AGEs (500 μg/ml) for 24 h. a SIRT3mRNA
levels were measured by qualitative RT-PCR analysis (n = 6). b SIRT3 protein levels were measured by western blot analysis. Top, SIRT3 protein expression
levels normalized to the expression levels of the housekeeping gene β-actin. Bottom, densitometric analysis of the SIRT3 protein expression levels relative to
β-actin was determined by the Quantity One program (n = 3). Data are presented as mean ± SD. (* indicated vs. cells cultured with PBS, ***p < 0.001. #
indicated vs. cells cultured with HSA. ###p < 0.001. NS, non-significant).
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mRNA was measured in these different cultures. Our
results found that AGEs significantly decreased SIRT3
mRNA (p < 0.001). However, compared with ad-control,
transfected with ad-SIRT3 significantly reversed AGEs-
decreased SIRT3 mRNA in EPCs (p < 0.001) (Fig. 4b).

[3H]-thymidine analysis was then used to measure the
proliferation of EPCs. Consistent with previous studies, our
results showed that AGEs significant decreased EPCs prolif-
eration, as shown by the decreased uptake of [3H]-thymidine
significantly from 3033.33 ± 377.71 in PBS-treated EPCs to
1200.58 ± 180.12 inAGEs-treated cells (p < 0.001) (Fig. 4c).
However, transfected with ad-SIRT3 largely reversed AGEs
impaired uptake of [3H]-thymidine from 1426.56 ± 212.14
to 2552.65 ± 172.28 (p< 0.001) (Fig. 4c).

Migration assay showed that compared with PBS-
treated cells, AGEs also significantly impaired EPCs migra-
tion (p < 0.001) (Fig. 4d). More importantly, transfected
with ad-SIRT3 largely blocked AGEs-impaired EPCs mi-
gration, as shown by the increased cell numbers from (1.47
± 0.12) × 105 to (2.34 ± 0.21) × 105 (p < 0.001) (Fig. 4d).

Effects of AGEs on the Productions of IL-8 and VEGF
in EPCs

The release of angiogenic factors by EPCs also con-
tributes to the vasculature integrity and homeostasis. Next,
the amounts of IL-8 and VEGF released from the EPCs
were measured in our study. The results showed that

Fig. 3. AGEs decreased SIRT3 expression in EPCs in a dose- and time-dependent manner. In dose-dependent experiment, EPCs were cultured with AGEs
(50, 200, or 500 μg/ml) for 24 h. In time-dependent experiment, EPCs were cultured with 500 μg/ml AGEs for indicated incubation time. a, c SIRT3mRNA
levels were measured by qualitative RT-PCR analysis (n = 6). b, d SIRT3 protein levels were measured by western blot analysis. Top, SIRT3 protein
expression levels normalized to the expression levels of the housekeeping geneβ-actin. Bottom, densitometric analysis of the SIRT3 protein expression levels
relative to β-actin was determined by the Quantity One program (n = 3). Data are presented as mean ± SD of at least three independent experiments. (*
indicated vs. cells cultured with PBS, *p < 0.05, ***p < 0.001. # indicated vs. cells cultured with HSA. ###p < 0.001. NS, non-significant).
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compared with PBS-treated cells, AGEs significantly im-
paired the release of IL-8 and VEGF (all p < 0.001)
(Fig. 5a, b). More importantly, transfected with ad-SIRT3
largely increased the amounts of IL-8 and VEGF in AGEs-
treated EPCs (all p < 0.001) (Fig. 5a, b).

SIRT3 Knockdown Lead to EPCs Dysfunction

To explore whether SIRT3 has a direct effect on EPCs
function, EPCs were transfected with siRNA-SIRT3 or
siRNA-control and EPCs function, including proliferation,
migration, and secretion capacity of EPCs were measured.
The transfection efficiency of siRNA-SIRT3 was measured
by quantitative RT-PCR. RT-PCR found that transfection
with siRNA-control did not alter SIRT3 expression in EPCs

(p > 0.05) whereas transfection with siRNA-SIRT3 largely
decreased SIRT3 mRNA from 0.93 ± 0.15 to 0.32 ± 0.05
(p < 0.001). [3H]-thymidine analysis showed that compared
with siRNA-control, EPCs transfected with siRNA-SIRT3
largely impaired uptake of [3H]-thymidine from 2754.22 ±
251.68 to 1511.86 ± 202.33 (p < 0.001) (Fig. 6a).

Migration assay showed a similar result. Transfection
with siRNA-SIRT3 significantly decreased cell numbers
(p < 0.001) (Fig. 6b), whereas transfection with siRNA-
control did not alter cells numbers in the lower chamber
(p > 0.05) (Fig. 6b). Angiogenic secretion analysis showed
that compared with siRNA-control, EPCs transfected with
siRNA-SIRT3 largely impaired the amounts of IL-8 and
VEGF in EPCs (all p < 0.001) (Fig. 6c, d).

Fig. 4. SIRT3 protected AGEs-impaired proliferation and migration in EPCs. EPCs were transfected with ad-SIRT3 or ad-control for 48 h. a SIRT3 mRNA
levels were measured by qualitative RT-PCR analysis (n = 6). Data are presented as mean ± SD. (* indicated vs. cells cultured with PBS, ***p < 0.001. #
indicated vs. cells transfected with ad-control, ###p < 0.001. NS, non-significant). EPCs were treated with PBS or AGEs (500 μg/ml) for 24 h after
transfected. b SIRT3 mRNA levels were measured by qualitative RT-PCR analysis (n = 6). c EPCs proliferation was measured by the uptake of [3H]-
thymidine (n = 5). d EPCs transfected with ad-SIRT3 or ad-control were treated by 500 μg/ml for 24 h before transfer to the top of a transwell chamber. The
number of migrating cells was counted in five different high-power fields per insert after 12 h (n = 5). Data are presented as mean ± SD. (* indicated vs. cells
cultured with PBS, ***p < 0.001. # indicated vs. cells transfected with ad-control, ###p < 0.001. NS, non-significant).
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SIRT3 Protected AGEs-Induced EPCs Dysfunction by
Strengthening Anti-oxidant Capacity

To unveil the mechanism of SIRT3 regulating AGEs-
EPCs’ function, ROS levels and MnSOD expression and
activity were measured in our study. Our results found that
compared with PBS-treated EPCs, AGEs promoted

significant ROS production in EPCs (p < 0.001) (Fig. 7a).
However, transfected with ad-SIRT3 markedly decreased
ROS production compared with ad-control group
(p < 0.001) (Fig. 7a). Figure 7b showed that MnSOD
protein was decreased in AGEs-treated cells while trans-
fected with SIRT3 markedly reversed the expression of

Fig. 5. SIRT3 reversed AGEs-impaired IL-8 and VEGF production in EPCs. EPCs were treated with PBS or AGEs (500 μg/ml) for 24 h after transfection.
Supernatant in the cultures were collected and tested for IL-8 and VEGF by ELISA (n = 6). Data are presented as mean ± SD. (* indicated vs. cells cultured
with PBS, **p <0.01. # indicated vs. cells transfected with ad-control, ###p < 0.001. NS, non-significant).

Fig. 6. SIRT3 knockdown lead to EPCs dysfunction. EPCs were transfected with siRNA-SIRT3 or siRNA-control for 24 h. a, bThe proliferation andmigration
of EPCs were measured with respective methods (n= 6). c, dCytokines levels of IL-8 and VEGFwere measured by ELISA (n= 6). Data are presented as mean
± SD. (* indicated vs. cells cultured with PBS, ***p < 0.001. # indicated vs. cells transfected with siRNA-control, #p < 0.05, ###p < 0.001.NS, non-significant).
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MnSOD protein in AGEs-treated EPCs (p < 0.001). More-
over, MnSOD enzyme activity was decreased in AGEs-
treated cells while transfected with ad-SIRT3 increased
2.67-fold MnSOD enzyme activity in AGEs-treated cells
compared with ad-control (p < 0.001) (Fig. 7c).

The Involvement of RAGE in Regulating SIRT3 in
EPCs

To investigate whether RAGE were involved in the
down-regulation of SIRT3 in EPCs by AGEs, EPCs were
pretreated with anti-RAGE antibody or anti-neutralizing
antibody, then cells were stimulated with 500 μg/ml AGEs
for 24 h and the expression of SIRT3 was measured. Our
study found that compared with non-specific neutralizing
antibody, pretreatment with specific anti-RAGE antibody

significantly reversed AGEs-decreased expression of
SIRT3 mRNA and protein (all p < 0.01) (Fig. 8a, b). How-
ever, non-specific neutralizing antibody had no effects on
the down-regulation of SIRT3 mRNA and protein by
AGEs (Fig. 8a, b).

The effects of anti-RAGE antibody on AGEs-induced
dysfunction also were measured. Figures 8b and 9a showed
compared with non-specific neutralizing antibody, pretreat-
ment with specific anti-RAGE antibody significantly re-
versed AGEs-impaired EPCs proliferation and migration
(all p < 0.001). A similar effect of anti-RAGE antibody on
AGEs-impaired IL-8 and VEGF production in EPCs was
also obtain in our study (Fig. 9c, d). Pretreatment with
specific anti-RAGE antibody could largely reversed
AGEs-impaired IL-8 and VEGF production in EPCs
(p < 0.01 and p < 0.001, respectively). Furthermore, ROS

Fig. 7. SIRT3 strengthened anti-oxidized capacity in AGEs-treated EPCs. EPCs were cultured as described in legend 5. a The intracellular ROS production
was measured by DCFH-DA fluorescence dye (n = 6). b MnSOD protein levels were measured by western blot analysis. Top, MnSOD protein expression
levels normalized to the expression levels of the housekeeping gene β-actin. Bottom, Densitometric analysis of theMnSOD protein expression levels relative
to β-actin was determined by the Quantity One program (n = 3). cMnSOD activity was measured with SOD assay kit (n = 4). Data are presented as mean ±
SD. * indicated vs. cells cultured with PBS, ***p < 0.001. # indicated vs. cells transfected with ad-control, ###p < 0.001. NS, non-significant.
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production andMnSOD enzyme activity were also detected
in EPCs pre-cultured with anti-RAGE antibody. Our results
showed that compared with non-specific neutralizing anti-
body, pre-cultured with specific anti-RAGE antibody could
largely decreased ROS production and increased MnSOD
enzyme activity (all p < 0.001) (Fig. 9e, f).

DISCUSSION

The present study was to investigate the role of SIRT3
in AGEs-induced EPCs’ dysfunction. Specially, our inves-
tigation revealed that (1) SIRT3 expressed in EPCs and
AGEs decreased SIRT3 expression and induced EPCs
dysfunction; (2) SIRT3 activation reversed AGEs-
induced EPCs dysfunction, including proliferation, migra-
tion and angiogenic secretion. (3) Moreover, SIRT3 acti-
vation in AGEs-treated EPCs’ strengthened its anti-oxidant
capacity, decreased ROS production, and increased
MnSOD expression and activity. (4) RAGE were involved
in AGEs-induced decrease in SIRT3 expression, ROS
production, and EPCs dysfunction.

As an important source of renewing injured endothe-
lial cells, decreased peripheral EPCs numbers and impaired
EPCs function have been shown to correlate with endothe-
lial dysfunction and diabetes [7]. Recent observations sug-
gest that EPCs could be sub-populated as early and late
outgrowth EPCs [24, 25]. The early EPCs appear within 4
to 7 days while the late EPCs develop after 2 to 3 weeks in

ex vivo culture systems. They share some endothelial phe-
notype but are identified with different morphology, pro-
liferation rate, and survival feature. In this study, we iden-
tified early EPCs with expressing CD31, CD133, VEGFR-
2, and CD45. These results were consistent with early
EPCs identification in previous studies [24, 25].

Previous investigations have demonstrated that AGEs
impair EPCs functions, such as apoptosis, migration, ad-
hesion, and tube formation [13, 14]. In agreement with
these findings, we have here shown that a dose of
500 μg/ml AGEs significantly impaired EPCs function,
including proliferation, migration, and angiogenic cyto-
kines secretion. These results raised a question what the
mechanisms behind this might be.

SIRT3, a mitochondrial sirtuin, appears to be the
primary mediator of mitochondrial acetylation, since no
significant changes in acetylation status are detectable in
mice lacking SIRT4 and SIRT5 [17]. Previous studies have
reported that SIRT3 respond to ox-LDL or high glucose
expressed in human endothelial cells [26, 27]. Little is
known about expression of SIRT3 in EPCs. In the present
study, we first demonstrated that SIRT3 expressed in EPCs.
More importantly, AGEs stimulation induced dose- and
time-dependent decrease in SIRT3 expression.

SIRT3 activation attenuated oxidized low-density
lipoprotein-induced human umbilical vein endothelial
cells’ apoptosis [26]. SIRT3 activation also reduces lipid
accumulation in human hepatic cells via AMPK activation
[28]. However, our results found that SIRT3 knockdown

Fig. 8. The involvement of RAGE in AGEs-decreased SIRT3 expression in EPCs. EPCs were pre-cultured with anti-RAGE antibody (20 μg/ml) or non-
specific anti-neutralizing antibody (20 μg/ml) for 2 h, and then cells were stimulated with AGEs (500 μg/ml) for 24 h. a SIRT3mRNA levels were measured
by qualitative RT-PCR analysis (n = 6). b SIRT3 protein levels were measured by western blot analysis. Top, SIRT3 protein expression levels normalized to
the expression levels of the housekeeping gene β-actin. Bottom, Densitometric analysis of the SIRT3 protein expression levels relative to β-actin was
determined by the Quantity One program (n = 3). Data are presented as mean ± SD. (* indicated vs. cells cultured with PBS, *p < 0.05, ***p < 0.001. #
indicated vs. cells pre-cultured with non-specific anti-neutralizing antibody, ###p < 0.001. NS, non-significant).
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largely impaired EPCs’ function, including proliferation
and migration. To know whether the decrease in SIRT3
contributed for AGEs-induced EPCs’ dysfunction, we

over-expressed SIRT3 with ad-SIRT3. Our results found
that SIRT3 activation largely reversed AGEs-impaired pro-
liferation and migration in EPCs. Results collectively

Fig. 9. The involvement of RAGE inAGEs-induced EPCs dysfunction, ROS production, andMnSOD activity. EPCs were cultured as described in legend 7.
a, b The proliferation and migration of EPCs were measured with respective methods (n = 6). c, d Cytokines levels of IL-8 and VEGF were measured by
ELISA (n = 6). e The intracellular ROS production was measured by DCFH-DA fluorescence dye (n = 6). fMnSOD activity was measured with SOD assay
kit (n = 4). Data are presented as mean ± SD. (* indicated vs. cells cultured with PBS, *p < 0.05, ***p < 0.001. # indicated vs. cells pre-cultured with non-
specific anti-neutralizing antibody, #p < 0.05, ###p < 0.001. NS, non-significant).
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indicate that SIRT3 is an important factor in controlling
EPCs biological behavior.

A role of SIRT3 in regulation of cellular ROS levels
has been documented before. SIRT3 governs the detoxifi-
cation of cellular ROS by regulating anti-oxidant enzymes.
In vitro and in vivo SIRT3-mediated deacetylation and
activation of MnSOD reduced cellular ROS levels [29,
30]. It is demonstrated that SIRT3-mediated activation of
Foxo3a augmented the transcription of both MnSOD and
catalase (Cat), thereby preventing mitochondrial ROS accu-
mulation in cardiomyocytes [21]. In the present study, our
data showed that AGEs decreased MnSOD expression and
activity and promoted ROS production whereas SIRT3
activation with ad-SIRT3 increased MnSOD expression
and activity, and decreased ROS production. ROS are wide-
ly employed second messengers involved in cell death, pro-
inflammatory responses, growth stimulatory events, and
other signaling processes that alter the physiological state
of the cell. Studies have confirmed that ROS induced EPCs
dysfunction via AMPK/p38/NF-kappaB signaling pathway
[28, 31]. Although gene loss technology was not use in our
study to explore the effect of SIRT3 on ROS production and
EPCs’ dysfunction, several studies have reported that loss of
SIRT3 triggers ROS and oxidative damage, affecting dis-
tinct cellular processes and promoting phenotypes of aging
[30, 32]. Therefore, it is speculated that AGEs decreased
SIRT3 expression in EPCs, which subsequently triggered
ROS and oxidative damage, leading to EPCs’ dysfunction.

EPCs keep endothelial integrity not only by differenti-
ating into mature vascular endothelial cells but also by
secreting the soluble factors including a number of enzymes
likematrix protein, growth factors, and cytokines. Compared
with late EPCs, early EPCs-like cells secreted angiogenic
cytokines such as VEGF, HGF, G-CSF, and IL-8, which
might activate adjacent endothelial cells and enhance angio-
genesis [25]. VEGF has a stimulatory effect on EPCs pro-
liferation and is a potent stimulator of vasculogenesis, unique
retinal pathways for VEGF regulation may be sufficient to
overcome EPCs dysfunction resulting in diabetic retino
pathy [33]. IL-8 is a relevant chemokine for EPCs homing
[34]. We also checked IL-8 and VEGF in EPCs. Our results
showed that AGEs significantly decreased IL-18 and VEGF
in EPCs whereas SIRT3 activation rescued AGEs-impaired
secretion of IL-8 and VEGF. Furthermore, SIRT3 knock-
down directly impaired the secretion capacity of IL-8 and
VEGF. These results suggested that an important role of
SIRT3 on EPCs not only limit on the proliferation and
migration but also affect the secretion of angiogenic factors.

Another central question of the study was the mecha-
nism involved in AGEs-decreased expression of SIRT3.

AGEs linked to cellular stress and tissue dysfunction include
receptor-independent and receptor-dependent processes. The
interaction of AGEwith its receptor RAGE results in various
reactions, including activation of nuclear factor-kB or
mitogen-activated protein kinases (MAP-kinases), increased
expression of inflammatory cytokines and adhesion mole-
cules, and induction of oxidative stress [35, 36]. Expression
of RAGEs on EPCs surface had been described previously
[15, 36]. Here, we found that specific anti-SIRT3 neutraliz-
ing antibody largely reversed AGEs inhibited SIRT3 expres-
sion and reversed AGEs-impaired EPCs dysfunction, sug-
gesting that receptor-dependent manner contributed largely
to the decreased SIRT3 expression in EPCs.

In conclusion, this study provided evidence to dem-
onstrate that AGEs decrease SIRT3 and promoted dysfunc-
tion in EPCs, whereas SIRT3 activation strengthen anti-
oxidant capacity and protected AGEs-impaired dysfunc-
tion. Furthermore, RAGE may involve in AGEs-induced
decrease SIRT3 expression and dysfunction in EPCs.
These data collectively suggested an important role of
SIRT3 in regulating EPCs bioactivity.
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