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Abstract: Silent information regulator 1 (SIRT1) plays a critical role in maintaining vascular homeostasis via modu-
lating senescent-related signal pathway, however, the molecular mechanism remains modest clarified. The purpose 
of this study was to examine whether SIRT1 specific activator SRT1720 would exhibit pro-angiogenic and anti-aging 
properties in response to hydrogen peroxide (H2O2)-induced endothelial senescence, and determine the underlying 
mechanisms. We pre-treated senescent human umbilical vein endothelial cells (HUVECs) with SRT1720, senes-
cence-associated beta-galactosidase activity, apoptosis, migration, tube formation, proliferation and angiogenic fac-
tors were quantitatively examined. The results revealed that pharmacologic activation of SIRT1 by SRT1720 rescued 
apoptotic HUVECs and upregulated angiogenic response through reinforcing the protein expressions of angiogenic 
and survival factors in vitro. Furthermore, we confirmed that the expressions of endothelial nitric oxide synthase 
(eNOS), vascular endothelial growth factor (VEGF) and phosphoryl-Akt were augmented in SRT1720-treated senes-
cent HUVECs. In conclusion, our data indicated that SRT1720 could protect against endothelial senescence and 
maintain cell function via Akt/eNOS/VEGF axis. 
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Introduction

The morbidity and mortality of cardiovascular 
disease (CVD) have been much higher than 
other diseases worldwide. Aging, a primary risk 
factor of CVD, is dramatically attributable to 
vascular cell dysfunction, and thus, disrupts 
the normal vascular tone and leads to vascular 
diseases [1]. Vascular endothelial cells (VECs) 
are critically involved in the maintenance of 
vascular homeostasis by regulating vascular 
tone, integrity and remodeling [2]. It has been 
reported that aging would accelerate VECs 
regenerative capacity reduction and causing 
endothelial senescence, which has been ob- 
served in patients with atherosclerosis, hyper-
lipidemia, diabetes, hypertension, aging, and 
obesity [3-6]. 

Sirtuin belongs to histone deacetylases family 
with homologic molecular structure to saccha-

romyces cerevisiae silent information regulator 
2 (Sir2) that requires nicotinamide-adenine 
dinucleotid as a cofactor for the deacetylation 
reaction. It has been demonstrated that sirtuin-
mediated deacetylases are highly regulated by 
microenvironment, oxidative stress, and metab-
olism [7]. There are seven sirtuins in mammals, 
and each comprises a conserved central core 
deacetylase domain flanked by variable length 
N- and C-terminus. Among the seven human sir-
tuins, Sirtuin-1 (SIRT1) plays the most critical 
roles during the processes of cell senescence, 
organism longevity, stress resistance, gene 
silencing, apoptosis and inflammation [8-15]. 
SIRT1 is highly expressed in VECs no matter in 
artery, vein or capillary, and modulates VECs 
functions [16]. Hence, altered expression of 
endothelial SIRT1 would affect normal endothe-
lial function and vascular physiology. Recent 
studies have highlighted protective roles of 
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SIRT1 in cardiovascular diseases [17-19]. For 
instance, SIRT1 has been reported to increase 
the expression of endothelial nitric oxide syn-
thase (eNOS) and eNOS-derived nitric oxide 
(NO) [20-23]. 

The newly-synthesized small molecule SRT1720 
has been reported to specifically activate SIRT1 
[24]. It has been reported that SIRT1 activation 
by SRT1720 harvested beneficial effects in 
rodent model of aging and aging-related meta-
bolic diseases [25-27]. Given the critical role of 
SIRT1 in endothelial repair and regeneration, 

the purpose of this study was to examine 
whether SRT1720 could improve angiogenesis 
in the circumstance of hydrogen peroxide 
(H2O2)-induced endothelial senescence, and 
uncover the underlying molecular mechan- 
isms. 

Materials and methods

Cell culture 

Human umbilical vein endothelial cells (HUV- 
ECs; ATCC, Cat. CRL1730) were cultured in 

Figure 1. H2O2 caused HUVECs senescence and apoptosis. HUVECs were treated with 0, 100, 200, 300 μM of H2O2 
respectively for 4 hours and then cultured for another 24 hours. (A) SA-β-gal staining was performed to detect senes-
cent cells (blue color), the ratio of SA-β-gal positive cells was calculated in each group. (B) The apoptosis assay was 
performed by Hoechst 33258 staining, pyknotic and brighter nuclei is the feature of apoptosis. Quantitative analysis 
was represented as the apoptotic cells in the total cells per field. Values are mean ± SEM; n = 4 in each group, N.S. 
means no significant difference, *means P<0.05, **means P<0.01, v.s. control group. Scale bar indicated 100 μm 
in (A) and 50 μm in (B). One-way ANOVA (Bonferroni post hoc test) was used.
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Dulbecco modified eagle medium (DMEM, low-
glucose) plus 10% FBS at 37°C under a humidi-
fied 95%: 5% (v/v) mixture of air and CO2. 
HUVECs in passages 2-4 were used in this 
study. To induce cell senescence, HUVECs were 
treated with different concentrations of H2O2 
(Sigma, St. Louis, MO) for 4 hours. For analyz-
ing the anti-aging effect of SRT1720 (Sellect, 
Shanghai, China), HUVECs were pretreated with 
different concentrations of SRT1720 for 24 
hours before H2O2 administration. Supernatant 
and cell lysates were collected respectively for 
biological analysis. 

Reagents

SRT1720, a small molecule activator of SIRT1, 
was dissolved in DMSO and applied to reach 
the final concentration of 0, 5, 10, 15, 20 μM, 
respectively. H2O2 was dissolved in phosphate-
buffered saline (PBS) and used at different con-
centration of 0, 100, 200, 300 μM. 

Galactosidase (β-gal) staining

After treated with or without different concen-
trations of H2O2, SRT1720 was administrated to 

Figure 2. H2O2 hampered tube formation and migration of HUVECs. HUVECs were treated with 0, 100, 200, 300 
μM of H2O2 respectively for 4 hours and then cultured for another 24 hours. A: (left) Representative images of tube 
formation in HUVECs, (right) quantitative analysis of tube length were represented as fold of control (×100 magnifi-
cation). B: Migrated cells were stained and quantitative analysis of migrated cells was represented as fold of control. 
Values are mean ± SEM; n = 4, N.S. means no significant difference, *means P<0.05, **means P<0.01, vs. control. 
Scale bar indicated 100 μm. One-way ANOVA (Bonferroni post hoc test) was used.
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reach the indicated concentrations. HUVECs 
were then washed twice with PBS and then 
were fixed and stained by β-Galactosidase 
Staining Kit (Beyotime Institute of Biotechno- 
logy, Shanghai, China) for SA-β-gal activity anal-
yses. The percentage of SA-β-gal positive cells 
was determined by counting the number of blue 
cells within a sample of 400 cells (×100 
magnification).

Apoptosis analysis 

HUVECs were seeded on sterile cover glasses 
placed in the 6-well plates and cultured in 
serum-free DMEM for 48 hours as previously 
descried [28]. HUVECs were then treated with 
or without different concentrations of H2O2 and 
SRT1720. Cells were then fixed with 4% para-
formaldehyde, washed twice with PBS and 
stained with Hoechst 33258 staining solution 
according to the manufacturer instructions 
(Beyotime). Hoechst-stained pyknotic nuclei 
were counted as percentage of 200 cells in 
each well (×200 magnification). Each group 
was studied at least in triplicate. 

CCK-8 assay

Cell growth was analyzed using WST-8 Cell 
Counting Kit-8 (CCK-8 kit, Beyotime). After 

treated with or without different concentra- 
tions of H2O2, and SRT1720, HUVECs (2×104/
mL) were seeded on 96-well plates with 100  
μL DMEM (with 10% FBS) and were  
incubated at 37°C for 24 hours with CCK-8 
solution (10 µL). The absorbance of the reac-
tive system was measured at 450 nm 
wavelength. 

Migration assay

Migration assay was performed using 24-well 
Boyden Transwell chambers (Corning, Cam- 
bridge, MA) with 6.5-mm-diameter polycarbon-
ate filters (8-µm pore size). Briefly, 600 µL 
DMEM containing 10% FBS was added into the 
lower compartment, HUVECs (3×105/mL) tre- 
ated with different concentrations of H2O2 or 
SRT1720 were suspended in 100 µl serum- 
free DMEM and seeded in upper compart- 
ment of the Transwell chambers. After 12 
hours’ incubation, upper compartments were 
removed, whereas the cells that migrated 
through the membrane to the underside were 
fixed with cold 4% paraformalde-hyde and 
stained with 0.1% crystal violet. Cell num- 
bers were counted in 5 randomly-selected 
fields using light microscopy at ×100 mag- 
nification. 

Figure 3. H2O2 inhibited angiogenesis and proliferation of HVUECs. HUVECs were treated with 0, 100, 200, 300 μM 
of H2O2 respectively for 4 hours and then cultured for another 24 hours. A: The protein expressions of SIRT1, VEGF, 
phospho-Akt, and eNOS in HUVECs were examined by Western blotting, data were represented as fold of control. B: 
The proliferation was analyzed by Cell Count Kit-8 (CCK-8) as indicated. Values are mean ± SEM; n = 4, N.S. means 
no significant difference, *means P<0.05, **means P<0.01, vs. control group. One-way ANOVA (Bonferroni post 
hoc test) was used.
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Tube formation assay

The tube formation assay was performed as 
described previously [29]. Briefly, Matrigel-
Matrix (BD Biosciences) was added in the well 
of a 96-well cell culture plate and HUVECs 
(5×105/mL) treated with or without different 
concentrations of H2O2, SRT1720 or H2O2+SRT- 

1720 were suspended in 50 µl DMEM (with 
10% FBS) and seeded. After 6-8 hours’ incuba-
tion, images were acquired under a fluorescent 
microscope (IX-71; Olympus, Tokyo, Japan) with 
12.8 M pixel recording digital color cooled cam-
era (DP72; Olympus). The tube formation was 
calculated as fold of control. Each experiment 
was repeated 4 times under identified condi-

Figure 4. SRT1720 protected against H2O2-induced senescence and apoptosis of HUVECs. HUVECs were pre-treated 
with 0, 5, 10, 15, 20 μM SRT1720 respectively for 24 hours, followed by 300 μM H2O2 for additional 4 hours. (A) 
SA-β-gal staining was performed and senescent cells were stained with blue color, the ratio of SA-β-gal positive cells 
was calculated per group. (B) An analysis of apoptosis by Hoechst 33258 Staining, Quantitative analysis was rep-
resented as the apoptotic cells in the total cells per field. Values are mean ± SEM; n = 4, N.S. means no significant 
difference, *means P<0.05, **means P<0.01, vs. control group. Scale bar indicated 100 μm in (A) and 50 μm in 
(B). One-way ANOVA (Bonferroni post hoc test) was used.
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tions, images of tube morphology were taken 
and tube lengths were calculated under ×100 
magnification. 

Western blotting

Equal amounts of total protein from the extracts 
of HUVECs were resolved in SDS 10% polyacryl-
amide gel and transferred to nitrocellulose 

membranes for Western blotting as described 
previously [30, 31]. The primary antibodies 
used were as follows: anti-eNOS (Sigma, St. 
Louis, MO), anti-VEGF (Proteintech, Chicago, IL), 
anti-phosphor-Akt (p-Akt) and anti-GAPDH (Cell 
Signaling Technology, Beverly, MA). Positive sig-
nals were visualized with a FluorChem E data 
system (Cell Biosciences, Santa Clara, CA) and 

Figure 5. SRT1720 improved cell functions of H2O2-induced senescent HUVECs. HUVECs were pre-treated with 0, 5, 
10, 15, 20 μM SRT1720 respectively for 24 hours, followed by 300 μM H2O2 for 4 hours. A: Representative images 
and quantitative analysis of tube formation in HUVECs (×100 magnification). B: Migrated cells were stained and 
quantitative analysis was represented as fold of control. Values are mean ± SEM; n = 4, N.S. means no significant 
difference, *means P<0.05, **means P<0.01, vs. control. Scale bar indicated 100 μm. One-way ANOVA (Bonferroni 
post hoc test) was used.
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quantified by densitometry using Quantity One 
4.52 (Bio-Rad, Hercules, CA). We applied 
GAPDH as an internal control to standardize to 
the protein quantity. 

Statistical analysis

One-way ANOVA analysis of variance with the 
post-hoc Bonferroni test was applied for multi-
ple comparisons. SPSS software version 17.0 
(SPSS Inc., Chicago, IL) was used. All experi-
ments were performed at least in triplicate. A 
value of P<0.05 was considered significant.

Results

H2O2 treatment led to HUVECs senescence 
and dysfunction 

As shown in Figure 1, SA-β-gal staining indicat-
ed the ratio of senescent cells, and Hoechst 
staining determined the proportion of apoptotic 
cells by manually counting pyknotic nuclei. The 
proportions of senescent and apoptotic cells 
were dramatically increased in the HUVECs 
treated with H2O2 following a dose-dependent 
manner in comparison with control. In tube for-

mation assay, the HUVECs-formed tube-like 
vasculature were shortened in response to 
H2O2 following a dose-dependent manner 
(Figure 2A). Transwell migration assay was per-
formed to evaluate endothelial migration abili-
ty, number of migrated HUVECs were significant 
less in H2O2-treated groups than control (Figure 
2B). 

Oxidative stress induced by H2O2 hampered 
angiogenic response in vitro 

In present study, we confirmed that H2O2 inhib-
ited VEGF released from HUVECs, and decreas-
es the expressions of P-Akt and eNOS (Figure 
3A). The H2O2-treated groups exhibited signifi-
cantly lower proliferative capacities than con-
trol (Figure 3B). Furthermore, all the biological 
affects caused by H2O2 treatment showed a 
dose-dependent manner, and it displayed a 
maximum effort when the concentration of 
H2O2 reached 300 μM. More than 300 μM con-
centration of H2O2 would cause rapid apoptosis 
of HUVECs and failed us to continue the assay 
(data not shown). These results indicated that 
300 μM is the optimized concentration of H2O2 
in establishing endothelial senescence.

Figure 6. SRT1720 promoted the expressions of angiogenic factors and proliferation of senescent HVUECs. HUVECs 
were pre-treated with 0, 5, 10, 15, 20 μM SRT1720 respectively for 24 hours, followed by 300 μM H2O2 for additional 
4 hours. A: The expressions of VEGF, p-Akt, and eNOS in HUVECs were examined by Western blotting, data were 
represented as fold of control. B: The proliferation was analyzed by Cell Count Kit-8 (CCK-8) as indicated. Values 
are mean ± SEM; n = 4, N.S. means no significant difference, *means P<0.05, **means P<0.01, vs. control group. 
One-way ANOVA (Bonferroni post hoc test) was used.
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The protective effects of SRT1720 on H2O2-
treated HUVECs

For the purpose of detecting the protective 
effects of SRT1720 on H2O2-treated HUVECs, 
we pre-treated HUVECs with 0, 5, 10, 15, 20 
μM SRT1720 respectively, then use 300 μM of 
H2O2 in this study. The proportions of senescent 
and apoptotic cells were dramatically decreased 
in the SRT1720-treated HUVECs following a 
dose-dependent manner compared with con-

trol (Figure 4). The HUVECs-formed micro-tubes 
were lengthened in response to SRT1720 
(Figure 5A), and more migrated HUVECs were 
found in the SRT1720-treated groups (Figure 
5B). SRT1720 also promotes the expressions 
of VEGF, P-Akt and eNOS (Figure 6A). The 
SRT1720-pretreated groups showed signifi-
cantly more potential proliferative capacities 
than control (Figure 6B). More importantly, 
above-mentioned angiogenic effects induced 
by SRT1720 showed a dose dependent man-

Figure 7. SRT1720 protected against senescence and apoptosis. HUVECs were pre-treated with or without 10 μM 
SRT1720 for 24 hours, followed by 300 μM H2O2 or PBS for additional 4 hours. (A) SA-β-gal staining was performed 
and senescent cells were stained with blue color, the ratio of SA-β-gal positive cells was calculated per group. (B) 
Quantitative analysis of apoptosis by Hoechst 33258 Staining was represented per field. Values are mean ± SEM; n 
= 4, N.S. means no significant difference,*means P<0.05,**means P<0.01, vs. control group. Scale bar indicated 
100 μm in (A) and 50 μm in (B). One-way ANOVA (Bonferroni post hoc test) was used.
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ner, and it reached maximum efforts at opti-
mum concentration of 10 μM. These results 
indicated we could apply 10 μM SRT1720 in the 
following study.

The effects of SRT1720 on normal and H2O2-
treated HUVECs

HUVECs were pre-treated with or without 10 μM 
SRT1720 for 24 hours, followed by 300 μM 
H2O2 or PBS for 4 hours and then culture for 

additional 24 hours. Surprisingly, we found 
that, though SRT1720 rescued the senescent 
HUVECs, SRT1720 had little biological effects 
on non-senescent HUVECs, whatever on the 
cell apoptosis (Figure 7B), tube formation 
(Figure 8A), migration (Figure 8B), the expres-
sion of eNOS (Figure 9A) and cell proliferation 
(Figure 9B), in comparison with control. To 
explore the role of the SRT1720 in the H2O2-
induced senescence in HUVECs, cells were pre-
treated with SRT17207 for 24 hours and then 

Figure 8. SRT1720 reinforced tube formation and migration of HUVECs. HUVECs were pre-treated with or without 
10 μM SRT1720 for 24 hours, followed by 300 μM H2O2 or PBS for additional 4 hours. A: Representative images of 
tube formation and quantitative analysis of tube length were represented as fold of control (×100 magnification). B: 
Migrated cells were stained and quantitative analysis of migrated cells was represented as fold of control. Values 
are mean ± SEM; n = 4, N.S. means no significant difference, *means P<0.05, **means P<0.01, vs. control. Scale 
bar indicated 100 μm. One-way ANOVA (Bonferroni post hoc test) was used.
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subjected to H2O2. Pre-treatment with SRT1720, 
however, significantly prevented the senes-
cence and apoptosis (Figure 7A and 7B), rein-
forced tube formation and migration (Figure 8A 
and 8B), and augmented the expressions of 
angiogenic factors of the HUVECs. 

Discussion

Endothelial senescence results in vascular dys-
regulation, atherosclerosis and forthcoming 
cardiovascular diseases. Because H2O2-media- 
ted damage best mimics oxidative stress in 
aging population, H2O2 is widely applied as a 
stressor for oxidative stress and cellular senes-
cence induction [32]. In our study, H2O2 effec-
tively induced HUVECs senescence following a 
dose-dependent manner and 300 μM of H2O2 
displayed a maximum anti-angiogenic effect 
followed by remarkable endothelial dysfun- 
ction. 

Endothelial Akt/eNOS/VEGF signal pathway is 
closely associated with VECs activity and viabil-
ity [33]. Recent studies reported that SIRT1 
and eNOS colocalized and coprecipitated in 

VECs, and SIRT1 deacetylated eNOS, stimulat-
ing eNOS activity and increasing NO production 
[21]. In our study, we demonstrated that 
SRT1720, small molecular activator of SIRT1, 
significantly improved migration and prolifera-
tion in vitro via Akt/eNOS/VEGF signaling path-
way with or without the existence of H2O2. 
Moreover, by determining the expressions of 
P-Akt, eNOS and VEGF, we demonstrated the 
anti-aging and anti-apoptotic beneficial of 
SRT1720 in vitro.

Furthermore, SIRT1 is highly expressed in endo-
thelial progenitor cells (EPCs) during vascula-
ture incorporation and controls the angiogenic 
activity [34, 35]. EPCs can be recruited to isch-
emic area through chemotaxis, differentiate 
into VECs, and eventually participate in the 
ischemia-induced neovascularization after 
ischemic attack [36-38]. SIRT1 plays a critical 
role in EPCs-mediated re-endothelialization in 
response to vascular injury via mitotic pathway 
[39]. Moreover, SIRT1 is also involved in vascu-
lar development through augmenting vascular 
endothelial growth factor expression in vitro 

Figure 9. SRT1720 augmented the expression of angiogenic factors and cell viability of HUVECs. HUVECs were pre-
treated with or without 10 μM SRT1720 for 24 hours, followed by 300 μM H2O2 or PBS for additional 4 hours. A: 
The expressions of VEGF, p-Akt, and eNOS in HUVECs were examined by Western blotting, data were represented as 
fold of control. B: The proliferation was analyzed by Cell Count Kit-8 (CCK-8) as indicated. Values are mean ± SEM; 
n = 4, N.S. means no significant difference, *means P<0.05, **means P<0.01, vs. control group. One-way ANOVA 
(Bonferroni post hoc test) was used.
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[40, 41], and participated in the vascular 
growth in developing zebrafish [42]. Our study 
demonstrated that SRT1720 significantly aug-
mented cell viability and activity of H2O2-treated 
HUVECs, suggesting its potential anti-aging and 
anti-apoptotic activity.

In conclusion, our study demonstrated that 
H2O2-mediated endothelial senescence dra-
matically decreased SIRT1 expression in HU- 
VECs. SRT1720, a specific SIRT1 activator, exhi- 
bited protective effects to the HUVECs exposed 
to H2O2, as indicated by the improved cell viabil-
ity, tube formation, migration, and survival. SRT- 
1720 rescued the impaired angiogenic poten-
tial of HUVECs via activation of Akt/eNOS/VEGF 
pathway. Future studies would verify the angio-
genic and regenerative potential of SRT1720 in 
animal study. 
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