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Sirt3 is essential for apelin-induced angiogenesis in
post-myocardial infarction of diabetes
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Abstract

Heart failure following myocardial infarction (M) is the leading cause of death in diabetic patients. Angiogenesis contributes to cardiac repair
and functional recovery in post-MI. Our previous study shows that apelin (APLN) increases Sirtuin 3 (Sirt3) expression and ameliorates diabetic
cardiomyopathy. In this study, we further investigated the direct role of Sirt3 in APLN-induced angiogenesis in post-MI model of diabetes. Wild-
type (WT) and Sirt3 knockout (Sirt3K0) mice were induced into diabetes by i.p. streptozotocin (STZ). STZ mice were then subjected to MI fol-
lowed by immediate intramyocardial injection with adenovirus-apelin (Ad-APLN). Our studies showed that Sirt3 expression was significantly
reduced in the hearts of STZ mice. Ad-APLN treatment resulted in up-regulation of Sirt3, angiopoietins/Tie-2 and VEGF/VEGFR2 expression
together with increased myocardial vascular densities in WT-STZ+MI mice, but these alterations were not observed in Sirt3KO-STZ+MI mice. /n
vitro, overexpression of APLN increased Sirt3 expression and angiogenesis in endothelial progenitor cells (EPC) from WT mice, but not in EPC
from Sirt3KO mice. APLN gene therapy increases angiogenesis and improves cardiac functional recovery in diabetic hearts via up-regulation of
Sirt3 pathway.
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Introduction

Myocardial angiogenesis is a process of forming new vessels to pro-
vide oxygen and nutrient supply to the ischaemic area of myocardial
infarction (MI), which is a key adaptive mechanism to restore blood
perfusion and a key determinant of infarct size expansion in post-Ml
[1, 2]. Improvement of angiogenesis is being considered as an inno-
vative therapeutic approach for the treatment of ischaemic heart
disease [3, 4]. Diabetes mellitus (DM) is characterized by hyperglyca-
emia, which leads to extensive cardiovascular complications including
impairment of angiogenesis [5, 6]. Coronary artery disease (CAD) is
one of the major complications of DM [6]. Epidemiological studies
revealed that myocardial ischaemia/infarction is the leading cause of
morbidity and mortality in the patients with DM [7, 8]. A population-
based study also showed that the incidence of Ml in diabetic patients
is significantly higher than non-diabetic patients [9]. Previously, we
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have shown that DM impairs myocardial angiogenesis via disruption
of angiopoietins/Tie-2 and suppression of VEGF expression [10, 11].
DM-associated impairment of angiogenesis contributes to the exacer-
bation of ischaemic injury and heart failure of diabetes [10, 12, 13].
Therefore, it is urgent to develop new agents for the treatment of
impaired myocardial angiogenesis and post-MI heart failure in DM.
Apelin (APLN) is a bio-activated peptide with a potent angiogenic
activity [14]. APLN exerts its biological effect via binding to the APLN
receptor (APJ). APLN has been indicated as a key regulator of angio-
genesis in different tissues [15, 16]. A recent study shows that
deficiency of APLN exacerbates MI adverse remodelling and ischae-
mia-reperfusion injury [17]. Our previous study shows that treatment
with APLN promotes myocardial angiogenesis and improves cardiac
function in post-MI mice [18]. Our recent study further demonstrated
that treatment with bone marrow cells overexpressing APLN
enhances myocardial angiogenesis and functional recovery, accom-
panied by increased Sirt3 levels in the ischaemic heart [19]. These
findings indicate that Sirt3 may have a critical role for APLN-mediated
cardiac protection in post-MI. Sirt3 is a member of a highly conserved
family of protein deacetylases, which is closely associated with the
prolonged lifespan of human [20]. Sirt3 has been attracted much
attention because it regulates cardiomyocyte apoptosis, survival and
cardiac hypertrophy [21-23]. So far, the direct link between APLN
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and Sirt3 in the regulation of myocardial angiogenesis in post-MI dia-
betes has not been reported.

This study was designed to evaluate the direct functional role of
Sirt3 in APLN-mediated angiogenesis in diabetic mouse model. Wild-
type (WT) and Sirt3 knockout (Sirt3 KO) mice were treated with strep-
tozotocin (STZ) to induce hyperglycaemic DM model followed by MI
by ligation of left anterior descendant artery (LAD). Using this ischae-
mic STZ mouse model, we have examined the effects of APLN gene
therapy on the ischaemia-induced angiogenesis in diabetic mice.
Moreover, we have explored the potential mechanisms by which Sirt3
regulates APLN-induced myocardial angiogenesis in diabetes.

Materials and methods

All procedures conformed with the Institute for Laboratory Animal Research
Guide for the Care and Use of Laboratory Animals and were approved by
the Animal Care and Use Committee of University of Mississippi Medical
Center (protocol identifier: 1280). The investigation conformed to the
National Institutes of Health (NIH, Bethesda, Maryland ) Guide for the Care
and Use of Laboratory Animals (NIH Pub. No. 85-23, Revised 1996).

Experimental animal model and treatment

Wild-type control and Sirt3 knockout (Sirt3K0) mice (obtained from Jack-
son laboratory, Bar Harbor, ME, USA) were bred by our laboratory. Experi-
mental mice (male at 4-5-month age) were intraperitoneally (i.p) injected
with STZ (50 mg/kg, Sigma-Aldrich Co, MO, USA) for 5 days to induce
diabetes [13]. At 6 weeks, mice with blood glucose level >300 mg/dl were
selected for the left anterior descending coronary artery (LAD) ligation to
induce MI [10, 12, 13, 18, 19]. Ischaemic areas were intramyocardial
injected with adenovirus-APLN (Ad-APLN) and adenovirus-p-gal adenovi-
rus (Ad-p-gal) at the dose of 1 x 10° PFU per heart at four sites. Experi-
mental STZ mice were divided into four groups: (i) WT-STZ + Ad-B-gal;
(i) WT-STZ + Ad-APLN; (ii)) SIRT3KO-STZ + Ad-B-gal; and (iv) SIRT
3K0-STZ + Ad-APLN. After 2 weeks of ad-APLN or Ad-B-gal gene therapy,
mice were killed by cervical dislocation under anaesthesia with isoflurane.

Echocardiography

Transthoracic echocardiograms were performed on STZ mice at
2 weeks after LAD ligation using a Vevo770 Imaging System (Visual-
Sonics Inc, Canada). Left ventricle ejection fraction (EF) and fractional
shortening (FS) were recorded along with LV cavity dimensions (end-
diastolic and end-systolic).

Myocardial capillary and arteriole densities

Heart sections (10 um) were incubated with primary antibodies. Capil-
lary was labelled with fluorescein-labelled Griffonia Bandeiraea simplici-
folia isolectin B4 (B4, 1:50; Molecular Probe, Invitrogen, USA) or vWF
and arteriole was stained by anti-a-smooth muscle actin (o-SMA;
1:100; Sigma-Aldrich). The number of capillary and arteriole was
counted using image-analysis software (Image J, NIH) and expressed
as capillary density per field [10, 12, 13, 18, 19].

54

Endothelial progenitor cells treatment and
transfection

Endothelial progenitor cells (EPC) was isolated and cultured from bone
marrow of WT and Sirt3KO mice as described previously [12, 13, 24].
Two EPGC markers, IB4 and CD34, were used for EPC identification by
immunohistochemistry. To mimic in vivo hyperglycaemic conditions of
DM model, EPC were exposed to high glucose (30 mmol/l) for 24 hrs,
and followed by transfection with Ad-APLN and Ad-p-gal (1 x 10° PFU)
in serum-free medium.

EPC tube formation

Endothelial progenitor cells (4.5 x 10* cells/well) were seeded on the
layer of polymerized Matrigel (BD Biosciences, Bedford, MA, USA), fol-
lowed by incubation for 6 hrs. Tube formation was quantified by mea-
suring the long axis of each tube in five random fields per well using
image-analysis software (Image J, NIH).

EPC proliferation assay

Endothelial progenitor cells (5 x 103 cells/well) were incubated in
96-well plates to allow growth for 96 hrs. Cells were then incubated
with 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT,
0.5 mg/ml) for 4 hrs. Formazan crystal was lysed by dimethyl sulfoxide,
and absorbance was measured at 562 nm with ELISA reader (BioTek).

Western blot analysis

Hearts were harvested and homogenized in lysis buffer for Western analy-
sis. The membranes were blotted with APLN, VEGFR2, Tie-2 (1:1000; Cell
Signaling, MA, USA), VEGF, Ang-2 and Ang-1 (1:1000; Sigma-Aldrich)
antibodies. Akt and eNOS phosphorylation were measured by phosphory-
lated Akt and eNOS antibodies followed by total Akt and eNOS antibodies.
The membranes were then washed and incubated with a secondary anti-
body coupled to horseradish peroxidase and densitometric analysis was
carried out using image acquisition and analysis software (TINA 2.0).

Terminal deoxynucleotidyl transferase dUTP nick
end labelling (TUNEL) assay

The apoptotic cells in heart tissue and cultured cells were detected by
in situ DeadEndTM Colorimetric Apoptosis Detection System (Promega,
Madison, WI, USA) according to the manufacturer’s instructions. The sec-
tions were counterstained with DAPI. Apoptosis was indexed by counting
TUNEL* cells per 100 nuclei per section. vVWF was co-stained with TUNEL.

Statistical analysis

Data are presented as the mean + SD. Statistical analysis of data was
performed with one-way anova followed by the post hoc test and
P < 0.05 were considered as significant.

© 2014 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



J. Cell. Mol. Med. Vol 19, No 1, 2015

RESU"S significant increase in Sirt3 expression in the hearts of WT-STZ mice,
but not in Sirt3K0-STZ mice (Fig. 1C).

APLN gene therapy on Sirt3 expression in

WT-STZ+MI and Sirt3K0-STZ+MI mice APLN gene therapy increases expression of

We first examined Sirt3 levels in the hearts of SIZ mice. Our Western  @ng@iogenic growth factors and neovascularization
blot analysis showed that Sirt3 expression was significantly reduced  in STZ+MI mice

in STZ mice (Fig. 1A). Intramyocardial injection with Ad-APLN

resulted in a significant increase in APLN expression in the hearts of ~ In WT-STZ+MI mice, APLN gene therapy significantly increased
WT-STZ and Sirt3K0-STZ mice (Fig. 1B). This was accompanied by a  expression of Ang-1, Ang-2 and Tie-2 in the ischaemic hearts
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Fig. 2 APLN gene therapy on angiogenic growth factors and angiogenesis in post-MI STZ mice. (A-C) Ad-APLN gene therapy increased expression
of Ang-1 (A), Ang-2 (B) and Tie-2 (C) in the heart of WT-STZ mice; these changes were abolished in Sirt3KO-STZ mice. In Ad-APLN treatment
groups, WT-STZ mice had higher Ang-1, Ang-2 and Tie-2 expression levels than Sirt3K0-STZ mice (n = 3, 1P < 0.001). (D and E) The expression
of VEGF (D) and VEGFR2 (E) was significantly increased in WT-STZ mouse hearts, but these increases were not observed in hearts of Sirt3 KO-STZ
mice (n =3, 1P < 0.001). In mice treated with Ad-APLN, WT-STZ mice had higher VEGF and VEGFR2 expressions than Sirt3K0-STZ mice (n = 3,
+P < 0.001). (F and G) p-eNOS was significantly increased in WT-STZ mice treated with Ad-APLN compared to mice treated with Ad-p-gal (n =3,
P < 0.001). No changes were observed in Sirt3 KO-STZ mice treated with Ad-APLN. Increased p-Akt levels were found in the heart of WT-STZ
mice (n =3, TP < 0.05), but not Sirt3K0-STZ mice. WT-STZ treated with Ad-APLN had higher p-eNOS and p-Akt levels than Sirt3K0-STZ mice with
Ad-APLN treatment (n = 3, 1P < 0.001).
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Fig. 3 APLN gene therapy on expression of EPC chemotactic factor and in situ angiogenesis in the heart of STZ mice. (A and B) Ad-APLN gene ther-
apy resulted in significant up-regulation of CXCR4 (A) and SDF1 (B) expression in post-MI WT-STZ mice, whereas APLN did not change CXCR4 or
SDF1 expression in Sirt3K0-STZ mice compared to Ad-p-gal. Within the Ad-APLN-treated mice, CXCR4 and SDF1 expression was significantly
higher in WT-STZ mice than that of Sirt3K0-STZ mice (n = 3 mice, P < 0.001). (C and D) The capillaries were labelled by 1B4 staining (green) and
arterioles were labelled by o-SMA (red). Ad-APLN-treated WT-STZ mice displayed higher IB4-positive and o-SMA-positive cells in the heart com-
pared to Sirt3K0-STZ mice. In WT-STZ mice, Ad-APLN gene therapy increased capillary and arteriole densities in the border zone of ischaemia com-
pared to Ad-p-gal treatment. Knockout of Sirt3 dramatically attenuated Ad-APLN-induced myocardial angiogenesis in STZ mice (n =5 mice/group,
TP < 0.001). (E and F) Capillary was labelled with VWF (green). VWF area was measured in the border zone of ischaemia. Ad-APLN treatment signif-
icantly increased capillary density in WT-STZ, mice but failed to increase capillary density in Sirt3K0-STZ mice (n = 5 mice/group, 7P < 0.001)
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Fig. 4 (A) The caspase-3 expression was significantly suppressed by Ad-APLN gene therapy in WT-STZ mice compared to Ad-B-gal treatment
(n =13, 1P < 0.001). Sirt3KO-STZ mice had a significant higher caspase-3 expression than WT-STZ at baseline level. APLN gene therapy did not
suppress caspase-3 expression in Sirt3K0-STZ mice compared to Ad-B-gal treatment. (B and C) TUNEL staining showed that the number of TUNEL*
cells in the ischaemic border zone was significantly higher in Sirt3KO-STZ mice compared to WT-STZ mice. Ad-APLN gene therapy significantly
reduced the number of TUNEL* cells in WT-STZ mice (n =5, +P < 0.001). In Sirt3 KO-STZ mice, there were no significant changes in the number
of TUNEL* cells in mice received either Ad-APLN or Ad-B-gal treatment. Sirt3 KO-STZ mice had higher number of TUNEL* cells in the heart com-
pared to those of WT-STZ mice at baseline levels (1P < 0.05) and after Ad-APLN treatment (1P < 0.001). (D) Co-staining of vWF and TUNEL in the
heart. vVWF was not co-localized with TUNEL in the border zone of ischaemic heart.

(Fig. 2A-C). Overexpression of APLN led to significant increases in
VEGF and VEGFR2 expression in WT-STZ+MI mouse hearts (Fig. 2D
and E). Moreover, Akt and eNOS phosphorylation was significantly
increased in WT-STZ+MI mice treated with Ad-APLN compared to
WT-STZ+MI received Ad-p-gal (Fig. 2F and G). In Sirt3KO-STZ+MI
mice, Ad-APLN treatment has little effect on the expression of angio-
poietins/Tie-2 and VEGF/VEGFR2 as well as levels of Akt/eNOS phos-
phorylation (Fig. 2A-G). CXCR-4 and SDF-1a expression was also
significantly up-regulated by Ad-APLN treatment in post-MI STZ mice
(Fig. 3A and B). Knockout of Sirt3 in STZ+MI mice further blunted
APLN-induced CXCR-4 and SDF-1a expression (Fig. 3A and B). Ad-
APLN treatment significantly increased capillary (IB4 and vWF) den-
sity and arteriole density in the border zone of ischaemia as compared
to WT-STZ+MI mice treated with Ad-B-gal (Fig. 3C-F). However,
APLN gene therapy did not increase capillary and arteriole densities in
Sirt3K0-STZ+MI mice (Fig. 3C-F).

APLN gene therapy attenuates myocardial
apoptosis in post-Ml STZ mice

Sirt3K0-STZ+MI mice had a significant higher cleaved caspase-3
expression than WT-STZ+MI mice. Myocardial cleaved caspase-3

© 2014 The Authors.

expression was significantly suppressed by Ad-APLN treatment when
compared with Ad-p-gal treatment in WT-STZ mice (Fig. 4A). Knock-
out of Sirt3 in STZ mice significantly attenuated APLN gene therapy-
mediated suppression of cleaved caspase-3 expression. As shown in
Figure 4B and C, the number of TUNEL" cells in the ischaemic border
zone was significantly higher in Sirt3KO-STZ+MI mice than WT-
STZ+MI mice. In comparison with WT-STZ + Ad-B-gal mice, WT-STZ
mice received Ad-APLN treatment showed a significant reduction in
TUNEL* cells. In contrast, TUNEL* cells were similar between Sirt3-
KO+Ad-APLN and Sirt3K0+Ad-B-gal mice (Fig. 4B and C). Surpris-
ingly, TUNEL* cells were not co-localized with endothelial marker vVWF
(Fig. 4D); suggested cardiomyocytes, but not EC, were apoptosis in
the border zone of ischaemic heart.

APLN-mediated improvement of cardiac function
is dependent on Sirt3

The echocardiography parameters are shown in Table 1. There was
no significant difference in cardiac functional recovery between
WT-STZ and Sirt3K0-STZ after MI. The EF% and FS% were signifi-
cantly improved in WT-STZ + Ad-APLN mice as compared to WT-STZ
+ Ad-B-gal mice. However, there were no significant differences in
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Table 1 Cardiac parameters by echocardiography

Variables WT-STZ+IS +Ad-g-gal WT-STZ+IS +Ad-APLN SIRT3K0-STZ+IS +Ad-B-gal SIRT3K0-STZ+IS +Ad-APLN
ds (mm) 2.69 + 0.22 245 £ 0.21* 2.56 £+ 0.25 257 £0.25
dd (mm) 3.67 £ 0.27 3.73 +£ 0.25 3.49 £ 0.1 3.40 £+ 0.29
vs (ml/min.) 27.07 £ 5.3 2153 + 44> 1} 26.38 + 4.1 2423 £ 5.7
vd (ml/min.) 57.47 + 10.5 59.69 + 9.6 50.49 + 3.6 47.75 £ 4.5
SV (ml) 30.36 £ 6.5 38.13 + 5.6 2412 + 21 2352 £ 22
EF (%) 52.81 £ 5.5 64.12 + 3.2%,1F 47.89 + 5.1 49.71 £ 8.2
FS (%) 26.68 + 3.5 3427 £ 2.2% 1 ¢ 23.51 £ 3.05 24.71 £ 541
aws (mm) 0.92 + 0.12 0.93 £+ 0.05 0.89 + 0.04 0.87 + 0.15
awd (mm) 0.59 + 0.09 0.63 + 0.09 0.64 + 0.04 0.63 + 0.12
pws (mm) 0.64 + 0.08 0.90 + 0.04*,7* 0.73 £+ 0.04 0.75 £ 0.08
pwd (mm) 0.44 + 0.09 0.53 £ 0.05* 0.47 £ 0.07 0.51 £ 0.07

*vs WT-STZ+IS+Ad-B-gal, P < 0.05.
+SIRT3KO-STZ+IS+Ad- B-gal, P < 0.05.
+SIRT3K0-STZ-+S+Ad-APLN, P < 0.05.

ds, diameter systolic; dd, diameter diastolic; vs, volume systolic; vd, volume diastolic; SV, stroke volume; EF, Ejection Fraction; FS, Fractional
Shortening; aws, systolic anterior wall thickness; awd, diastolic anterior wall thickness; pws, systolic posterior wall thickness; pwd, systolic pos-

terior wall thickness.

EF% and FS% between Sirt3K0-STZ + Ad-APLN mice and Sirt3KO-
STZ+Ad-B-gal mice (Fig. 5A and B).

Overexpression of APLN increases expression of
angiogenic growth factors and angiogenesis in
EPC, but not EPC from Sirt3K0 mice

To mimic STZ hyperglycaemic condition in vivo, cultured EPCs were
exposed to high glucose (30 mmol/l) for 24 hrs before transfection
with Ad-APLN. APLN expression was dramatically up-regulated in
both WT-EPC and Sirt3KO-EPC by Ad-APLN transfection (Fig. 6A).
Overexpression of APLN resulted in a significant increase in Sirt3
expression in WT-EPC. The expression of Sirt3 was not detected in
Sirt3K0-EPC  (Fig. 6B). Ad-APLN treatment further significantly
increased expression of Ang-1, Ang-2 and Tie-2 compared to Ad-B-
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gal treatment in WT-EPC (Fig. 6C-E). Ad-APLN treatment also led to
a significant increase in expression of CXCR4 and SDF1a in WT-EPC.
Knockout of Sirt3 in EPC completely abolished APLN-induced expres-
sion of angiopoietins/Tie-2 expression as well as CXCR-4 and SDF1a
expression (Fig. 6F and G).

Overexpression of APLN further significantly enhanced tube for-
mation and cell proliferation in WT-EPC, but did not in Sirt3KO-EPC
(Fig. 7A-C). Moreover, knockout of Sirt3 abolished APLN-mediated
suppression of apoptosis in EPC (Fig. 7D and E). Knockout of Sirt3 in
EPC significantly blunted APLN-induced suppression of apoptosis
under high glucose conditions (Fig. 7D and E).

Discussion

Our data demonstrated that overexpression of APLN resulted in a
significant up-regulation of Sirt3 and angiogenic growth factor

Fig. 5 APLN gene therapy improves cardiac
function in post-MI STZ mice. Representa-
tive images of M mode of echocardio-
graphy. Ad-APLN treatment significantly
enhanced the post-MI systolic cardiac per-
formance indicated by EF% and FS% in
WT-STZ mice compared to Ad-B-gal control
injection (n=7, +tP<0.001). This
improvement of heart function was abol-

SIM3KO-STZ  Sirt3KO-STZ
+Ad-p-gal +Ad-APLN
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+Ad-p-gal
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ished in Sirt3K0O mice (P > 0.05).
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Fig. 6 Overexpression of APLN increases expression of angiogenic growth factors and angiogenic capacity of EPC. (A) Ad-APLN transfection induced
dramatic up-regulation of APLN expression in both WT-EPC and Sirt3KO-EPC (n =3, P < 0.001). (B) Overexpression of APLN significantly
increased Sirt3 expression in WT-EPC (n =3, P < 0.001). No Sirt3 expression was detected in Sirt3KO-EPC. (C and E) Compared to Ad-B-gal
treatment, Ad-APLN treatment significantly increased in expression of Ang-1 (C), Ang-2 (D) and Tie-2 (E) in WT-EPC. These increases of angiogenic
factor expression were demolished in Sirt3KO-EPC (n =3, ¥P < 0.001). (F and G) Ad-APLN treatment led to significant increase in CXCR4 and
SDF1a expression in WT-EPC compared to Ad-B-gal transfection (n =3, 1P < 0.001). Knockout of Sirt3 in EPC completely inhibited Ad-APLN-
induced CXCR-4 and SDF1a expression.

expression in post-MI STZ mice. This was accompanied by a  promoting myocardial angiogenesis via a mechanism involving up-
significant improvement of myocardial angiogenesis and cardiac  regulation of Sirt3.

function. Intriguingly, knockout of Sirt3 abolished APLN-mediated Our present study provides direct evidence that Sirt3 has a critical
angiogenesis and cardiac protection in post-MI STZ mice. Our data  role in apelin-induced myocardial angiogenesis in ischaemic heart of
suggest that APLN gene therapy improves cardiac function by  diabetes. Sirt3 is expressed abundantly in the heart and has been
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Fig. 7 The effect of Ad-APLN on tube formation and proliferation of EPC in vitro. (A and B) Bone marrow EPC was stained with EPC marker CD34
and CD133. Overexpression of APLN in EPC resulted in a significant increase in the number of tube-like structures in vitro (n = 3, +P < 0.001). The
increased ability of tube formation was reduced in Sirt3KO-EPC treated with Ad-APLN. (C) Overexpression of Ad-APLN increased EPC proliferation
as compared to control EPC or EPC treated with Ad-B-gal. Sirt3KO-EPC exhibited a lower proliferation and Ad-APLN treatment failed to increase pro-
liferation of EPC. (D and E) Overexpression of Ad-APLN reduced the number of TUNEL* cells in EPC under high glucose conditions compared to
control cells or cells treated with Ad-B-gal (n =5, 1P < 0.001). Deficiency of Sirt3 completely abolished the protective effect of APLN against high
glucose-induced apoptosis in vitro.
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reported to play a protective role in heart. Sirt3 protects cells from
stress-mediated death by deacetylation of Ku70 [25] and blocks the
cardiac hypertrophic response by augmenting Foxo3a-dependent
antioxidant action in mice [26]. Although several recent studies indi-
cate the involvement of Sirt1 in blood vessel formation [27, 28], the
functional role of Sirt3 in the regulation of angiogenesis especially in
ischaemic diabetes has not been reported. APLN has been shown to
induce endothelial cells sprouting in an autocrine or paracrine man-
ner, thus contributing to vascular morphogenesis [14, 29]. Angiogen-
esis is mainly regulated by the interplay between VEGF/VEGFR2 and
angiopoietins/Tie-2 system. The APLN/APJ and Angs/Tie2 system
interaction has been shown to be involved in the vessel calibre size
and blood vessel maturation [30]. Ang-1/Tie2 interaction can activate
endothelial cells (ECs) to produce endogenous APLN, which contrib-
utes to the lumen enlargement of tube-like structures by promoting
proliferation and aggregation/assembly of ECs [30]. Our present
study revealed that APLN gene therapy increased Angs/Tie-2 and
VEGF/VEGFR2 expression together with a significant increase in capil-
lary and arteriole densities in post-MI STZ mice. Interestingly, knock-
out of Sirt3 completely abolished APLN gene therapy-mediated
enhancement of angiogenic factor expression, which resulted in
poorer neovascularization in vivo. Knockout of Sirt3 further blunted
APLN-mediated cardiac function recovery in STZ+MI mice. Based
upon these data, we proposed that Sirt3 regulates APLN-mediated
angiogenesis in ischaemic heart, at least in part, via up-regulation of
Angs/Tie-2 and VEGF/VEGFR2 system.

The mobilization of bone marrow-derived EPG has been shown to
promote new vessel formation and ameliorates ischaemic injury [31,
32]. Both animal and clinical studies showed that augment of EPC
mobilization improved angiogenesis in ischaemic area of post-MI [33,
34]. CXCR4 and SDF-1a. are two key regulators for the mobilization of
EPC from bone marrow to the ischaemic heart [35, 36]. Our previous
study has indicated that APLN promotes cardiac repair by increasing
BM-derived vascular progenitor cell homing and stimulating angio-
genesis in post-MI mouse heart [18]. Our recent study further dem-
onstrated that APLN-overexpressed bone marrow EPC improves
cardiac angiogenesis and functional recovery in post-MI mice via acti-
vation of Sirt3 signalling pathway [19]. Consistent with our previous
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studies, our in vitro data showed that overexpression of APLN up-reg-
ulated CXCR4 and SDF-1a and enhanced angiogenic growth factor
expression in EPC. APLN also significantly increased EPC proliferation
and tube formation ability. Knockout of Sirt3 in EPC abolished APLN-
induced angiogenic growth factor expression and angiogenesis
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Apelin has direct role in cardiomyocyte survival and cardiac con-
tractility. Consistent with these, our co-localization of vWF and TUNEL
data suggested a potential involvement of apelin gene therapy on car-
diomyocyte apoptosis, but not EC in ischaemic heart of diabetes.
Some limitations should be pointed out in this study. Sirt3 is known
to improve cardiac metabolisms, limit the cardiac fibrosis and cardiac
hypertrophy. In addition, inflammation has an important role in
improving the cardiac function more than angiogenesis in post-MI.
All these effects, no doubt, contribute to the post-MI function recov-
ery of diabetic hearts. We also recognized that a recent study indi-
cates double-edged role of the CXCL12/CXCR4 axis in experimental
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In summary, our study provides direct evidence that overexpres-
sion of APLN enhances angiogenesis and improves post-MI cardiac
function of STZ mice via up-regulation of Sirt3. Our data suggest that
modification of Sirt3 with APLN could be used as a novel therapy
strategy for the treatment of diabetes-associated impairment of
angiogenesis after MI.

Acknowledgements

This study was supported by grants from NIH grant HL102042 to Chen JX.

Conflicts of interest

None.

1.

Sutton MG, Sharpe N. Left ventricular
remodeling after myocardial infarction: path-
ophysiology and therapy. Circulation. 2000;
101: 2981-8.

2. Helisch A, Ware JA. Therapeutic angiogene-
sis for ischemic heart disease. Adv Exp Med
Biol. 2000; 476: 327-50.

3. Ahn A, Frishman WH, Gutwein A, ef al.

60

Therapeutic angiogenesis: a new treatment
approach for ischemic heart disease—part I.
Cardiol Rev. 2008; 16: 163-71.

Ahn A, Frishman WH, Gutwein A, et al.
Therapeutic angiogenesis: a new treatment

approach for ischemic heart disease—Part II.
Cardiol Rev. 2008; 16: 219-29.

Arcidiacono MV, Traveset A, Rubinat E,
et al. Microangiopathy of large artery wall: a
neglected complication of diabetes mellitus.
Atherosclerosis. 2013; 228: 142-7.
Beckman JA, Creager MA, Libby P. Diabetes
and atherosclerosis: epidemiology, patho-
physiology, and management. JAMA. 2002;
287: 2570-81.

Buyken AE, von Eckardstein A, Schulte H,
et al. Type 2 diabetes mellitus and risk of
coronary heart disease: results of the 10-

year follow-up of the PROCAM study. Eur J
Cardiovasc Prev Rehabil. 2007; 14: 230-6.
Song SH, Brown PM. Coronary heart disease
risk assessment in diabetes mellitus: com-
parison of UKPDS risk engine with Framing-
ham risk assessment function and its clinical
implications. Diabet Med. 2004; 21: 238-45.
Haffner SM, Lehto S, Ronnemaa T, ef al.
Mortality from coronary heart disease in
subjects with type 2 diabetes and in nondia-
betic subjects with and without prior myo-
cardial infarction. N Engl J Med. 1998; 339:
229-34.

© 2014 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



Chen JX, Stinnett A. Ang-1 gene therapy
inhibits  hypoxia-inducible ~ factor-1alpha
(HIF-1alpha)-prolyl-4-hydroxylase-2, stabi-
lizes HIF-1alpha expression, and normalizes
immature vasculature in db/db mice. Diabe-
tes. 2008; 57: 3335-43.

Chen JX, Stinnett A. Disruption of Ang-1/
Tie-2 signaling contributes to the impaired
myocardial vascular maturation and angio-
genesis in type Il diabetic mice. Arterioscler
Thromb Vasc Biol. 2008; 28: 1606-13.

Zeng H, Li L, Chen JX. Overexpression of
angiopoietin-1  increases  CD133+/c-kit+
cells and reduces myocardial apoptosis in
db/db mouse infarcted hearts. PLoS ONE.
2012; 7: €35905.

Tuo QH, Zeng H, Stinnett A, et al. Critical
role of angiopoietins/Tie-2 in hyperglycemic
exacerbation of myocardial infarction and
impaired angiogenesis. Am J Physiol Heart
Circ Physiol. 2008; 294: H2547-57.

Cox CM, D’Agostino SL, Miller MK, et al.
Apelin, the ligand for the endothelial G-pro-
tein-coupled receptor, APJ, is a potent
angiogenic factor required for normal vascu-
lar development of the frog embryo. Dev
Biol. 2006; 296: 177-89.

Kunduzova O, Alet N, Delesque-Touchard
N, et al. Apelin/APJ signaling system: a
potential link between adipose tissue and
endothelial angiogenic processes. FASEB J.
2008; 22: 4146-53.

Visser YP, Walther FJ, Laghmani el H,
et al. Apelin attenuates hyperoxic lung and
heart injury in neonatal rats. Am J Respir
Crit Care Med. 2010; 182: 1239-50.

Wang W, McKinnie SM, Patel VB, ef al.
Loss of Apelin exacerbates myocardial
infarction adverse remodeling and ischemia-
reperfusion injury: therapeutic potential of
synthetic Apelin analogues. J Am Heart As-
soc. 2013; 2: €000249.

Li L, Zeng H, Chen JX. Apelin-13 increases
myocardial progenitor cells and improves
repair postmyocardial infarction. Am J Phys-
iol Heart Circ Physiol. 2012; 303: H605-18.

© 2014 The Authors.
Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

19.

20.

21.

22.

24.

25.

26.

27.

28.

Li L, Zeng H, Hou X, et al. Myocardial injec-
tion of apelin-overexpressing bone marrow
cells improves cardiac repair via upregula-
tion of Sirt3 after myocardial infarction.
PLoS ONE. 2013; 8: e71041.

Shi T, Wang F, Stieren E, et al. SIRT3, a
mitochondrial sirtuin deacetylase, regulates
mitochondrial function and thermogenesis
in brown adipocytes. J Biol Chem. 2005;
280: 13560-7.

Giralt A, Villarroya F. SIRT3, a pivotal actor
in mitochondrial functions: metabolism, cell
death and aging. Biochem J. 2012; 444:
1-10.

Sundaresan NR, Vasudevan P, Zhong L,
et al. The sirtuin SIRT6 blocks IGF-Akt sig-
naling and development of cardiac hypertro-
phy by targeting c-Jun. Nat Med. 2012; 18:
1643-50.

Sack MN. The role of SIRT3 in mitochondrial
homeostasis and cardiac adaptation to
hypertrophy and aging. J Mol Cell Cardiol.
2012; 52: 520-5.

Zhao T, Li J, Chen AF. MicroRNA-34a
induces endothelial progenitor cell senes-
cence and impedes its angiogenesis via sup-
pressing silent information regulator 1. Am J
Physiol Endocrinol Metab. 2010; 299: E110-
6.

Sundaresan NR, Samant SA, Pillai VB,
ef al. SIRT3 is a stress-responsive deacety-
lase in cardiomyocytes that protects cells
from stress-mediated cell death by deacety-
lation of Ku70. Mol Cell Biol. 2008; 28:
6384-401.

Sundaresan NR, Gupta M, Kim G, ef al.
Sirt3  blocks the cardiac hypertrophic
response by augmenting Foxo3a-dependent
antioxidant defense mechanisms in mice.
J Clin Invest. 2009; 119: 2758-71.

Potente M, Ghaeni L, Baldessari D, et al.
SIRT1 controls endothelial angiogenic func-
tions during vascular growth. Genes Dev.
2007; 21: 2644-58.

Chen J, Michan S, Juan AM, et al. Neu-
ronal sirtuin1 mediates retinal vascular

J. Cell. Mol. Med. Vol 19, No 1, 2015

29.

30.

31.

32.

33.

34.

35.

36.

37.

regeneration in oxygen-induced ischemic
retinopathy. Angiogenesis. 2013; 16: 985-
92.

Kasai A, Shintani N, 0da M, ef al. Apelin is
a novel angiogenic factor in retinal endothe-
lial cells. Biochem Biophys Res Commun.
2004; 325: 395-400.

Kidoya H, Naito H, Takakura N. Apelin
induces enlarged and nonleaky blood ves-
sels for functional recovery from ischemia.
Blood. 2010; 115: 3166-74.

Asahara T, Masuda H, Takahashi T, ef al.
Bone marrow origin of endothelial progeni-
tor cells responsible for postnatal vasculo-
genesis in physiological and pathological
neovascularization. Circ Res. 1999; 85: 221—
8.

Qin G, li M, Silver M, ef al. Functional
disruption of alphad integrin mobilizes
bone marrow-derived endothelial progeni-
tors and augments ischemic neovascular-
ization. J Exp Med. 2006; 203: 153-63.
Hou XW, Son J, Wang Y, ef al. Granulocyte
colony-stimulating factor reduces cardio-
myocyte apoptosis and improves cardiac
function in adriamycin-induced cardiomyop-
athy in rats. Cardiovasc Drugs Ther. 2006;
20: 85-91.

Penn MS, Pastore J, Miller T, et al. SDF-1
in myocardial repair. Gene Ther. 2012; 19:
583-7.

Petit I, Szyper-Kravitz M, Nagler A, et al.
G-GSF induces stem cell mobilization by
decreasing bone marrow SDF-1 and up-
regulating CXCR4. Nat Immunol. 2002; 3:
687-94.

Yamaguchi J, Kusano KF, Masuo 0, ef al.
Stromal cell-derived factor-1 effects on ex
vivo expanded endothelial progenitor cell
recruitment for ischemic neovascularization.
Circulation. 2003; 107: 1322-8.

Liehn EA, Tuchscheerer N, Kanzler I,
ef al. Double-edged role of the CXCL12/
CXCR4 axis in experimental myocardial
infarction. J Am Coll Cardiol. 2011; 58:
2415-23.

61



