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Abstract: Myocardial infarction (MI) remains one of the most deadly diseases worldwide with elusive mechanisms 
and limited treatment measures. Recent evidences showed that several histone deacetylase (HDAC) family pro-
teins were involved in the pathogenesis of MI, especially in the process of reparative angiogenesis. Here, we first 
explored the expression level of SIRT2, an Nicotinamide Adenine Dinucleotide-Dependent deacetylase, in a mouse 
MI model. Then we further studied the function of SIRT2 on angiogenesis using human umbilical vein endothelial 
cells (HUVECs). As the result, we observed that the expression level of SIRT2 was down-regulated in endothelial cells 
isolated from ischemic but not remote myocardium early after MI. Knockdown of SIRT2 attenuated the angiogen-
esis ability of HUVECs, while overexpression of SIRT2 increased the angiogenesis ability. In addition, knockdown of 
SIRT2 decreased the level of phosphorylated AKT, which was a well-known modulator of reparative angiogenesis 
after MI in published literatures. Furthermore, the down-regulation of SIRT2 increased the acetylation level of AKT 
and β-catenin, suggesting the potential activity change in the both proteins. In conclusion, our results revealed that 
SIRT2 promoted reparative angiogenesis of HUVECs via targeting AKT signaling pathway. Reparative angiogenesis 
based on SIRT2 might provide theoretical basis for targeted therapy of MI patients.
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Introduction

Myocardial infarction (MI) remains a global 
health issue and one of the deathliest diseases 
currently with limited therapeutic approaches 
[1, 2]. The progression of scar formation and 
left ventricular remodeling after MI are complex 
processes involving the interaction between 
fibroblasts and endothelial cells (ECs) where 
cardiomyocyte death often acts as a trigger- 
ing event. The routine treatment measures for 
MI patients include procedural sedation and 
reperfusion therapy. With the wide application 
of percutaneous coronary intervention (PCI) in 
recent years, the symptoms of most MI patients 
could be effectively alleviated [3]. However, 
there still exists a large proportion of patients 
who are not suitable for PCI, especially those 
with diffuse or complete vascular thrombosis 
[4, 5]. Effective target interventions are long 
awaited to prevent recurrent cardiovascular 
events and complications to improve the dis-

mal outcome of MI patients. Recently, a new 
therapeutic approach for MI patients has drawn 
much attention, namely the reparative angio-
genesis. Angiogenesis-associated factors, in- 
cluding vascular endothelial growth factor 
(VEGF) family, angiopoietin family, and angio-
genin family proteins have been identified and 
even tested in controlled clinical trials, while 
the upstream mechanisms determining angio-
genesis remain elusive [6-8].

SIRT family protein contains a series of Ni- 
cotinamide Adenine Dinucleotide-dependent 
histone deacetylases [9]. As the most common 
category of sirtuin family, SIRT1 plays crucial 
roles in glucose synthesis, fatty acid oxidation 
as well as stress tolerance, indicating that 
SIRT1 might be involved in the pathogenesis of 
inflammation, diabetes and cardiovascular dis-
eases [10-13]. As to MI, Potente and the col-
leges reported that SIRT1 could regulate endo-
thelial-dependent angiogenesis [14]. Further- 
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more, knockdown of SIRT1 exhibited obviously 
inhibitory effect on angiogenesis in vitro and 
ECs specific SIRT1 knockout mice showed 
angiogenic defect in ischemic tissues [15]. 
However, the biological role of SIRT2 in MI was 
still little known despite a recent study report- 
ed that angiotensin II could induce SIRT2 medi-
ated microtubule reorganization in ECs [16]. 
Considering the pro-angiogenic roles of SIRT1 
after MI and the homology between SIRT1 and 
SIRT2, we wanted to know whether SIRT2 could 
regulate reparative angiogenesis in MI.

Materials and methods

Establishment of MI model

All animal studies were performed in accor-
dance with the Ethical Committee of the First 
Affiliated Hospital of Zhengzhou University, 
Zhengzhou University School of Medicine, and 
have therefore been performed in accordance 
with the ethical standards laid down in the 
1964 Declaration of Helsinki and its later 
amendments. MI or sham-operation was per-
formed according to published protocols [17]. 
Firstly, C57/BL6 male mice were anesthetized 
by intraperitoneal injection of Avertin (Sigma). 
Then the mice were intubated for assisted 
breathing after tracheotomy and an incision 
was made at the level of the left side of the 
third and fourth intercostal space under a sur-
gical microscope. Finally, acute MI was induced 
by permanent ligation of the proximal left ante-
rior descending coronary artery.

Isolation of cardiomyocytes, fibroblasts and 
ECs

The extraction of ECs, fibroblasts and cardio-
myocytes from infarcted or sham-operated 
hearts was performed according to published 
literatures [17]. Briefly speaking, MI area and 
remote region from left ventricles (LVs) were 
harvested at 1, 3 and 14 days and digested 

with collagenase II. CD146+ cells were then 
magnetic sorted by using a CD146 antibody 
(Miltenyi Biotech), and cardiomyocytes were 
obtained by sedimentation at room tempera-
ture for 10 minutes. As to the extraction of 
fibroblasts, tissues from MI area or remote 
region were cut into pieces and digested with 
liberase (Sigma) for 30 minutes. Then cells 
were plated in culture-flasks for 2 hours and 
adherent fibroblasts were obtained after dis-
carding non-adherent cells.

Cell culture and lentiviral product

Human umbilical vein endothelial cells (HUV- 
ECs) were cultured in Dulbecco minimum 
essential medium (DMEM) containing 10% 
fetal bovine serum (FBS) at 37°C in a 5% CO2-
humidified incubator. Lentivirus expressing 
shSIRT2 and negative control shRNA were pur-
chased from GenePharma, Shanghai. Cells 
were infected with lentivirus according to the 
manufacturer’s protocol and the transfection 
efficiency was confirmed by quantitative real-
time polymerase chain reaction (qRT-PCR) and 
western blot. The sequences of the shRNAs 
were established in Table 1.

Transient transfection

Commercialized pcDNA3.0-SIRT2 and control 
plasmids were purchased from Genomeditech, 
Shanghai. As to transient transfection, cells 
were seeded in 6-well plates and transfection 
was performed at 60% cell confluence with 
lipofectamine 2000 (Invitrogen) according to 
the manufacturer’s instructions. Cell prolifera-
tion and tubular formation assay were conduct-
ed 48 hours after transfection.

Quantitative real-time polymerase chain reac-
tion

Total RNA was isolated from tissue or HUVECs 
with Trizol Reagent (Invitrogen, USA) according 

Table 1. List of Oligonucleotides used in this study
Name Sequeces (5’-3’) Note
SIRT2-Forward 5’-TCTGAGGTGACGCCCAAGTGT-3’ RT-PCR
SIRT2-Reverse 5’-TGCTGATGAGGGAGGCAAAGG-3’ RT-PCR
GAPDH-Forward 5’-AGCCACATCGCTCAGACAC-3’ RT-PCR
GAPDH-Reverse 5’-GCCCAATACGACCAAATCC-3’ RT-PCR
Non-targeting shRNA 5’-CCGGCAACAAGATGAAGAGCACCAACT CGAGTTGGTGCTCTTCATCTTGTTGTTTTTG-3’ shRNA cloning
SIRT2-sh1 5’-CCGGGCCATCTTTGAGATCAGCTATCTC GAGATAGCTGATCTCAAAGATGGCTTTTTGAATT-3’ shRNA cloning
SIRT2-sh2 5’-CCGGGCTAAGCTGGATGAAAGAGAACTC GAGTTCTCTTTCATCCAGCTTAGCTTTTTGAATT-3’ shRNA cloning
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to the manufacturer’s instructions. qRT-PCR 
was carried out on a 7900 HT Fast Real-Time 
PCR System (Applied Biosystems, USA) and the 
relative expression levels (fold change) of the 
target genes were determined by a 2-ΔΔCt (ΔCt = 
Ctsample - CtGAPDH; ΔΔCt = ΔCtsample - ΔCtreference) 
method. SIRT2 expression level of ECs in day 0 
was considered as a calibrator and was normal-
ized to 1. The primer sequences were listed in 
Table 1. 

Evaluation of tube-like structures by matrigel 
assay

As to tubular formation assay, 96-well plates 
were coated with 50 μl matrigel (BD Bioscience) 
and polymerized at 37°C for 1 h. HUVECs were 
trypsinized and plated into 96-well plate (8 × 
103 cells/well) coated with matrigel for 6 h. 

Then tubules were photographed by microsco-
py at 5 random fields and tubular numbers, 
length and intersections were counted by 
Image Pro Plus software.

Cell proliferation and migration assay

Cell Counting Kit-8 (Dojindo) was employed for 
cell proliferation assay. Briefly, cells (1.5 × 103/
well) were seeded into 96-well culture plates in 
triplicate and incubated for 6 days at 37°C/5% 
CO2 in a humidified incubator. Cell viability was 
examined at the same time of each day by 
microplate reader (Epoch, BioTek). As to cell 
migration analysis, 1 × 105 cells in 200 μl non-
serum culture medium were placed in upper 
chamber of transwell (BD Biosciences) and 
600 μl normal culture medium was placed in 
the lower chamber. After incubated for 48 h, 
migrated cells through transwell were fixed with 
methanol and stained with 1% crystal violet for 
statistics.

Immunoprecipitation and western blot

Protein G-agarose (Millipore) was employed for 
immunoprecipitation (IP). In brief, cell lysates 
were immunoprecipitated with 2 ug antibody 
overnight and incubated with 20 μl protein 
G-agarose for 4 h. After centrifugation, the pre-
cipitate was washed and boiled in the electro-
phoresis loading buffer for western blot assay. 
As to western blot assay, protein samples were 
separated by SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to a PVDF 
membrane. After blocking with tris-buffered 
saline containing 0.1% Tween 20 (TBST) con-
taining 5% BSA, the membranes were incubat-
ed with indicated primary antibodies and cor-
responding horseradish-peroxidase-conjugated 
secondary antibodies. The purpose bands were 
visualized by enhanced chemiluminescence 
(Pierce). The antibodies used in the present 
study were: SIRT2, β-catenin (abcam); GSK3β, 
AKT and the corresponding phosphorylation-
specific-antibodies (Cell Signaling Technology); 
GAPDH (Santa Cruz). Anti-rabbit-HRP and anti-
mouse-HRP antibodies (Millipore) were used as 
secondary antibodies.

Statistical analysis

SPSS 19.0 software (Chicago, SPSS inc, USA) 
was employed for statistical analysis and data 
was presented as means ± SD. Data between 
two groups were analyzed by using student’s t 

Figure 1. Selective SIRT2 down-regulation in endo-
thelial cells after myocardial infarction (MI). Expres-
sion of SIRT2 relative to GAPDH in fractionated 
cardiomyocytes, fibroblasts and magnetic sorted 
endothelial cells (CD146+ endothelial cells) of the 
peri-infarct (MI) or remote region were evaluated at 
0, 1, 3, or 14 days after MI in mice. A, B. The expres-
sion level of SIRT2 was down-regulated in endothelial 
cells isolated from ischemic but not remote myocar-
dium early after MI.
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test. Data between three groups were analyzed 
by one-way ANOVA. P value less than 0.05 was 
considered to be statistically significant.

Results

SIRT2 is down-regulated in ECs by cardiac 
ischemia

To examine the expression levels of SIRT2 after 
MI, we extracted ECs, fibroblasts and cardio-
myocytes from infarcted and sham-operated 

hearts, respectively. The mRNA and protein lev-
els of SIRT2 in each cell type were evaluated, 
respectively. As shown in Figure 1A and 1B, the 
mRNA level of SIRT2 was down-regulated in 
ECs isolated from ischemic but not remote 
myocardium early after MI.

SIRT2 regulated angiogenesis of HUVECs

We next evaluated whether SIRT2 could regu-
late the angiogenesis ability of HUVECs. HU- 
VECs were transfected with shSIRT2 or the cor-

Figure 2. SIRT2 down-regulation inhibited 
HUVEC networking on matrigel. Two sepa-
rate shRNA sequences were used for silenc-
ing SIRT2 in HUVECs. The inhibitory effi-
ciency was confirmed at mRNA level (A) and 
protein level (B). The angiogenesis ability of 
HUVECs was inhibited (C) and the number 
of tubules, length of tubules and number of 
intersections was counted for statistics (D).

Figure 3. SIRT2 up-regulation promoted HU-
VEC networking on matrigel. The SIRT2 over-
expression plasmid pcDNA3.0-SIRT2 and the 
control plasmid were transfected into HUVECs, 
respectively. The transfection efficiency was 
evaluated by qRT-PCR (A) and western blot (B). 
SIRT2 restoration promoted HUVEC network-
ing on matrigel (C) by counting the number 
of tubules, length of tubules and number of 
intersections (D).
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responding negative control lentivirus. The 
transfection efficiency was evaluated by qRT-
PCR and western blot, respectively (Figure 2A 
and 2B). We observed that silencing SIRT2 
could suppress the angiogenesis ability of 
HUVECs by counting the number of tubules, 
length of tubules and the number of intersec-
tions (Figure 2C and 2D). To confirm these 
results, we transfected pcDNA3.0-SIRT2 or the 
control plasmid into HUVECs and the overex-
pression efficiency of SIRT2 was evaluated by 
qRT-PCR and western blot, respectively (Figure 
3A and 3B). As the result, overexpression of 
SIRT2 promoted the angiogenesis ability of 
HUVECs (Figure 3C) and the statistical result 
was presented in Figure 3D.

SIRT2 promoted HUVEC cell proliferation and 
migration

Published evidences indicated that the angio-
genesis ability of HUVECs was accompany with 

its proliferation and migration abilities [18]. In 
the present study, we observed that shRNA tar-
geting SIRT2 inhibited the proliferation ability of 
HUVECs, which was confirmed by the results of 
SIRT2 overexpression assay (Figure 4A and 
4B). The result of cell migration assay showed 
that knockdown of SIRT2 decreased the migrat-
ed HUVECs through transwell while overexpres-
sion of SIRT2 increased the migrated cells 
(Figure 4C and 4D). Collectively, these results 
revealed that SIRT2 regulated proliferation and 
migration dependent angiogenesis of HUVECs.

SIRT2 regulated AKT signaling in HUVECs

We next attempted to reveal the mechanisms 
through which SIRT2 regulated angiogenesis. 
Published literatures had indicated that signal-
ing pathways including AKT, STAT3, EGFR and 
YAP were participated in angiogenesis of MI or 
malignant tumors [19-22]. In the present work, 

Figure 4. SIRT2 regulated proliferation and migration ability of HUVECs. Silencing SIRT2 inhibited HUVEC prolifera-
tion (A) while SIRT2 restoration promoted HUVEC proliferation (B) by CCK-8 analysis. Silencing SIRT2 decreased the 
migrated cells through transwell (C) while the migration ability of HUVECs yield a significant promotion after SIRT2 
restoration (D).
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the level of phosphorylated AKT (activated AKT) 
was decreased after SIRT2 down-regulation, 
while the levels of STAT3, EGFR, YAP and their 
corresponding phosphorylation proteins didn’t 
show any change (Figure 5A). Considering 
SIRT2 was a deacetylase, we next examined 
whether SIRT2 could regulate the acetylation 
level of AKT and its downstream effector 
β-catenin. Total cell lysates of shNC or shSIRT2 
cells were immunoprecipitated with 2 ug AKT or 
β-catenin antibody respectively and detected 
by an anti-acetylated-lysine antibody. We 
observed a significant increase in the acetyla-
tion level of AKT and β-catenin after SIRT2 
down-regulation (Figure 5B and 5C).

Discussion

Angiogenesis, involving in degradation of vas-
cular basement membrane, activation of vas-
cular endothelial cell and reconstruction of new 
vascular network, is a complex process regu-
lated by multiple molecules [23]. Functional 
angiogenesis is essential for cell proliferation 
and metastasis of human tumors [24]. As to 
cardiovascular system, cardiomyocyte growth 
and survival need glorious angiogenesis to pro-
vide nutrients. In addition, ECs/cardiomyocyte 
cross talk could protect cardiomyocytes from 
reperfusion injury after ischemia and control 

therapeutic potential of reparative angiogene-
sis of MI patients.

In the present study, we found that SIRT2 was 
down-regulated in ECs isolated from ischemic 
but not remote myocardium early after MI. To 
explore whether the down-regulation of SIRT2 
was functional or not, we transfected lentivirus 
expressing shSIRT2 and the negative control 
lentivirus into HUVECs to examine the effect  
of silencing SIRT2 on angiogenesis. Compared 
with the control group, shSIRT2 group yielded a 
significant decrease of tubular numbers, length 
of tubules and number of intersections. These 
results were further confirmed by SIRT2 overex-
pression assay in HUVECs. Moreover, knock-
down of SIRT2 reduced migrated cells through 
transwell while overexpression of SIRT2 pro-
moted the migration ability of HUVECs, which 
was in accordance with the results of tubular 
formation assay. These results indicated that 
SIRT2 promoted proliferation, migration and 
angiogenesis ability of HUVECs.

We next explored the signaling pathways under-
lying which SIRT2 regulated angiogenesis. Pre- 
viously, other investigators had shown that sig-
naling pathways including AKT, STAT3, EGFR 
and YAP were associated with reparative angio-
genesis of MI [19-22]. Herein, we observed that 

Figure 5. SIRT2 regulated Akt signaling in HUVECs. A. The levels of AKT, 
STAT3, EGFR, YAP and their corresponding phosphorylation proteins were 
evaluated after silencing SIRT2 and the level of phosphorylated AKT was 
significantly down-regulated. B, C. AKT and β-catenin were immunoprecipi-
tated with corresponding antibodies and the acetylation level was observed 
respectively. Depletion of SIRT2 enhanced the acetylation level of AKT and 
β-catenin acetylation. 

cardiomyocyte contractility 
[25]. Recently, reparative an- 
giogenesis via transferring 
pro-angiogenic genes into  
the ischemic myocardium 
was proposed as a potential 
measurement for MI patients 
[26, 27]. The widely reported 
genes involved in angiogene-
sis or arteriogenesis include: 
(1) Growth factors like VEGF, 
FGF and Angiopoietin-1, wh- 
ich were expressed in ECs 
and monocytes, stimulating 
proliferation, migration, and 
tubular formation abilities. (2) 
Chemokines which controls 
the expression of key genes 
regulating angiogenesis. (3) 
Extracellular matrix proteins 
which could interact with inte-
grins [28, 29]. Experimental 
evidences of these key fac-
tors proposed the promising 
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the phosphorylated AKT (activated AKT) was 
decreased after SIRT2 down-regulation, which 
was in accordance with the role of AKT in repar-
ative angiogenesis reported by Emanueli et al 
[30]. Previous studies indicated that SIRT2 was 
a novel AKT binding partner and controlled AKT 
activation by regulating the acetylation level of 
AKT. In addition, considering SIRT2 was a NAD+ 
dependent deacetylase, we detected the acety-
lation level of AKT in HUVECS after silencing 
SIRT2. Interestingly, in consistent with a previ-
ously published article [31], acetylated AKT and 
β-catenin, which meant the change of AKT and 
β-catenin activity, was up-regulated after SIRT2 
down-regulation, while more comprehensive 
studies were still needed. Taken together, these 
results provided a novel role of SIRT2 in the 
β-catenin signaling pathway by regulating AKT 
acetylation in HUVECs, which still need further 
studies.

In conclusion, we found a functional down-regu-
lation of SIRT2 in a MI model. SIRT2 regulated 
angiogenesis of HUVECs via targeting AKT sig-
naling pathway. SIRT2 might serve as a novel 
therapeutic target of MI patients.
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