Angiopoietin-1 Protects Heart against Ischemia/Reperfusion
Injury through VE-Cadherin Dephosphorylation and
Myocardiac Integrin-g1/ERK/Caspase-9 Phosphorylation
Cascade
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Early reperfusion after myocardial ischemia that is essential for tissue salvage also causes myocardial and vascular injury. Car-
dioprotection during reperfusion therapy is an essential aspect of treating myocardial infarction. Angiopoietin-1 is an endothelial-
specific angiogenic factor. The potential effects of angiopoietin-1 on cardiomyocytes and vascular cells undergoing reperfusion
have not been investigated. We propose a protective mechanism whereby angiopoietin-1 increases the integrity of the en-
dothelial lining and exerts a direct survival effect on cardiomyocytes under myocardial ischemia followed by reperfusion. First, we
found that angiopoietin-1 prevents vascular leakage through regulating vascular endothelial (VE)-cadherin phosphorylation. The
membrane expression of VE-cadherin was markedly decreased on hypoxia/reoxygenation but was restored by angiopoietin-1
freatment. Interestingly, these effects were mediated by the facilitated binding between SH2 domain-containing fyrosine phos-
phatase (SHP2) or receptor protein tyrosine phosphatase u (PTPw) and VE-cadherin, leading to dephosphorylation of VE-cadherin.
siRNA against SHP2 or PTPu abolished the effect of angiopoietin-1 on VE-cadherin dephosphorylation and thereby decreased lev-
els of membrane-localized VE-cadherin. Second, we found that angiopoietin-1 prevented cardiomyocyte death, although car-
diomyocytes lack the angiopoietin-1 receptor Tie2. Angiopoietin-1 increased cardiomyocyte survival through integrin-p1-mediated
extracellular signal-regulated kinase (ERK) phosphorylation, which inhibited caspase-9 through phosphorylation at Thr'?® and sub-
sequently reduced active caspase-3. Neutralizihg antibody against integrin-p1 blocked these protective effects. In a mouse my-
ocardial ischemia/reperfusion model, angiopoietin-1 enhanced cardiac function and reduction in left ventricular-end systolic di-
mension (LV-ESD) and left ventricular-end diastolic dimension (LV-EDD) with an increase in ejection fraction (EF) and fractional
shortening (FS). Our findings suggest the novel cardioprotective mechanisms of angiopoietin-1 that are achieved by reducing
both vascular leakage and cardiomyocyte death after ischemia/reperfusion injury.
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INTRODUCTION salvage (4). However, reperfusion itself
Prolonged periods of myocardial is- also causes myocardial damage, resulting

chemia cause irreversible loss of cardio- in ventricular remodeling and heart fail-

myocytes and vasculature, which are ure (4,5). In addition to “cardiomyocyte

vital in maintaining cardiac integrity and death,” reperfusion leads to interstitial

function (1-3). Thus, early reperfusion is edema, which is primarily due to in-

the paramount strategy for myocardial creased “vascular permeability,” subse-
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quently compounding myocardium loss
(2,3). Protection of cardiovascular cells
from ischemia/reperfusion (IR) injury is
the prime focus for optimizing therapeu-
tic strategies.

Angiopoietin-1 (Ang-1) is a strong
antipermeability factor that binds to the
endothelial-specific Tie2 receptor and
induces Tie2 phosphorylation (6,7).
Ang-1/Tie2 signaling regulates vessel
formation and maintenance of endothe-
lial integrity (8,9). The Ang-1/Tie2 sys-
tem is also implicated in hypoxic my-
ocardium pathology, where Ang-1
expression is reduced (10). Conversely,
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overexpression of Ang-1 in acute-
infarcted myocardium resulted in reduc-
tion in edema and infarct sizes and
preservation of ejection fractions (11).
These improvements were attributed to
the ability of Ang-1 to prevent vessel
permeability expressing the Tie2 recep-
tor (6,7). Recently, fibroblasts, skeletal
myocytes and cardiomyocytes lacking
Tie2 receptor expression were shown to
bind Ang-1, potentially via integrins
(12,13). However, the detailed mecha-
nism of how Ang-1 affects cardiomy-
ocytes through integrins and maintains
vascular integrity in the infarcted my-
ocardium has not been clarified.

Herein, we present novel mechanisms
and the signaling pathway by which
Ang-1 maintains vascular integrity and
protects cardiomyocytes from IR injury.
Specifically, we showed that Ang-1 pro-
motes endothelial integrity through vas-
cular endothelial (VE)-cadherin dephos-
phorylation and cardiomyocyte survival
through the integrin-p1/phospho ERK
(pERK)/ Caspase—9(Thr125) / caspase-3 axis.
Therefore, we propose that Ang-1 is an
important therapeutic candidate to pre-
serve myocardial function after reperfu-
sion injury.

MATERIALS AND METHODS

In Vivo Mouse Myocardial IR Model
and Evaluation of Vascular Leakage
All animal experiments were per-
formed under approval from the Institu-
tional Animal Care and Use Committee
of Seoul National University Hospital.
To make the mouse IR model, male
C57BL /6 mice (8-10 wks) were anes-
thetized with an intraperitoneal injection
of tiletamine/zolazepam (10 mg/kg,
Zoletil®; Virbac Laboratories, Carros,
France) and Xylazine (5 mg/kg;
Rompun; Bayer, Leverkusen, Germany).
Under mechanical ventilation (Harvard
Apparatus), the heart was exposed
through the left-sided thoracotomy. The
left anterior descending artery was lig-
ated using 8-0 polypropylene sutures
with a small piece of polyethylene tube,
which was inserted in a knot. After 45

min, the polyethylene tube was removed
for reperfusion injury. Subsequently, the
chest wall was closed after draining out
all bloody fluid. For controls, a sham sur-
gery was performed the same way, with
the exception of coronary artery ligation.
Adenovirus-expressing cartilage
oligomeric matrix protein-angiopoietin-1
(COMP-Ang-1) or p-galactosidase was
injected intravenously through the tail
vein 10 d before surgery (1 x 10° plaque-
forming units) (14). We measured the cir-
culating COMP-Ang-1 at 24 h after IR,
and the concentration of circulating
COMP-Ang-1 was approximately 3.2 ug
(data not shown).

Evaluation of vessel leakage. At 24 h
after IR, cardiac vessel leakage was
quantified by intravenous injection of 1%
Evans blue (Sigma-Aldrich, St. Louis,
MO, USA) 15 min before sacrifice (15,16).
The excised hearts were retrogradely
perfused through aorta with phosphate-
buffered saline (PBS) to wash residual
nonleaked Evans blue in coronary vascu-
lature. To quantify the Evans blue leak-
age, heart sections were placed in for-
mamide and incubated at 55°C for 2 h,
and then the optical density of the super-
natant at 610 nm was measured.

Cell Culture and Hypoxia/
Reoxygenation Injury Condition

Cardiomyocyte preparation. Neonatal
rat cardiomyocytes were isolated from
hearts of 2-day-old Fischer-344 rats. Car-
diomyocytes were cultured in Dulbecco’s
modified Eagle’s medium (DMEM)/F12
containing 15 mmol /L HEPES; 5% horse
serum; insulin, transferrin, and selenium
(ITS; Gibco; Invitrogen, Carlsbad, CA,
USA) and 1% penicillin/ streptomycin
(Gibco Invitrogen). Cardiomyocyte pu-
rity was confirmed by staining with
anti-troponin T (Santa Cruz) and actinin
(Sigma), whereas fibroblast was con-
firmed with an anti—fibroblast-specific
marker (AF5110-1; Acris) and vimentin
(Sigma).

Endothelial cells and hypoxia/
reoxygenation injury condition. Human
umbilical vein endothelial cells (HUVECs)
(Lonza, passages 4-6) were grown in en-

dothelial growth medium (EGM bullet
kit; Clonetics) containing 10% fetal
bovine serum at 37°C. Hypoxic condi-
tions were achieved using a BBL GasPac
System (Becton Dickinson, Lexington,
KY, USA), which can catalytically reduce
oxygen levels to <1% oxygen within 15
min, as previously described (17,18).
Cells were then placed under normoxic
conditions, supplied with fresh medium
and continuously incubated for reoxy-
genation treatment. As a recombinant
Ang-1 protein, a potent Ang-1 variant
(COMP-Ang-1) was used (14). In block-
ing experiments, Tie-2Fc (10 ug/mL;
R&D Systems, Minneapolis, MN, USA),
blocking antibodies against integrin-f1
(50 ug/mL; Becton Dickinson) or
integrin-p3 (50 pug/mL; Becton Dickinson)
were added to the cells, 30 min before
COMP-Ang-1 (cAng-1) treatment in
reoxygenation conditions.

FITC-Dextran Permeability Assay

Permeability across the HUVECs cul-
tured on 0.1% gelatin-coated transwells
(0.4-um pore size; Corning Costar; Corn-
ing, NY, USA) was measured by adding
0.1 mg FITC-conjugated dextran (molec-
ular weight, ~70,000; Sigma) to the upper
chamber. After 10 min, the fluorescence
of the lower chamber was determined by
a fluorescence spectrofluorometer (Tecan
Spectra Fluor) at an excitation wave-
length of 490 nm and an emission wave-
length of 515 nm.

Western and Immunoprecipitation
Analysis

Cells were lysed for 20 min in lysis
buffer containing protease inhibitors
(Roche, Indianapolis, IN, USA). Mouse
hearts were grinded in liquid nitrogen
and then lysed using protein lysis buffer.
Total protein (10~30 ug) was im-
munoblotted with specific primary anti-
bodies overnight at 4°C. a-Tubulin or f-
actin was used as an internal control.

Immunoprecipitation analysis. Total
protein (500 pg) incubated with primary
antibodies overnight at 4°C (Protein G-
Agarose; Roche) was incubated at 4°C
for 90 min with gentle mixing. The beads
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were then washed twice with lysis
buffer.

Membrane fraction for VE-cadherin.
Cells were solubilized with cytoskeleton-
stabilizing buffer containing protease in-
hibitor (Roche) and then the soluble frac-
tion was collected (19). Insoluble pellets
were further incubated at 95°C with cy-
toskeleton-stabilizing buffer containing
1% Triton X-100/1% sodium dodecyl sul-
fate. We used antibodies as follows: VE-
cadherin, SHP2, Tie2, phospho-tyrosine,
PTPB/VE-PTP, PTPy, B-cell
lymphoma-extra large (Bcl-X, ), total
glycogen synthesis kinase-3f (GSK-3f)
(Santa Cruz), phospho-AKT, pERK, total
extracellular signal-related kinase (ERK),
pGSK-SB(Ser9), caspase-9, cleaved cas-
pase-9, cleaved caspase-3 (Cell Signaling,
Danvers, MA, USA), caspase-9(Thr125)
(Novus), total AKT (Becton Dickinson),
phospho-VE-Cadherin (Y658, Biosource),
integrin-linked kinase (ILK) (Chemicon),
a-tubulin and B-actin (Calbiochem).

Immunofluorescence Staining

Cells were grown on the 0.1% gelatin-
coating cover glasses and fixed with
100% methanol for 20 min at —20°C. After
blocking with 1% bovine serum albu-
min/PBS for 1 h, cells were labeled with
anti-VE-cadherin followed by Cy3-
conjugated secondary antibody (Jack-
son). Cardiomyocytes were fixed with
4% paraformaldehyde (PFA) and labeled
with anti—caspase-3 followed by Alexa-
555 secondary antibody. The nuclei were
stained with di aminido phenyl indol
(1 ug/mL in PBS), mounted using a fluo-
rescent mounting medium (DAKO) and
examined using a fluorescence micro-
scope (Olympus IX71) and confocal mi-
croscopy (Carl Zeiss).

RNA Interference and Reverse
Transcriptase-Polymerase Chain
Reaction

Cells were grown up to 80% conflu-
ence, and small interfering RNAs
(siRNAs) (50 umol /L) against SHP2,
PTPB, PTPu or control siRNA (Dharma-
con) were transfected using Metafectene-
Pro (Biontex). Total RNA was isolated

using a TriZol reagent (Invitrogen), and
reverse transcriptase—polymerase chain
reaction was performed using avian
myeloblastosis virus reverse transcrip-
tase (Promega) with the following
primers: human SHP2, 5'-GCCTGTTTCA
GATTACATCAATGC-3' (forward);
5-TTTGGGAACGTCAATATCGC-3' (re-
verse); human PTPB, 5'-ACATCCCTGG
CAACAACTTC-3' (forward); 5'-TGGCC
ACACCGTATAGTGAA-3' (reverse);
human PTPy, 5'-CCGGTGCATGGACAT
CCTGCC-3' (forward); 5'-CTTGTACTGA
TCCAGGAGGTC-3' (reverse); GAPDH,
5'-CCTCTGGAAAGCTGTGGCGT-3'
(forward); 5'-TTGGAGGCCATGTAG
GCCAT-3' (reverse).

Assays for Cell Death

Lactate dehydrogenase assay. The ab-
sorbance of lactate dehydrogenase in
serum-free media was measured at
340 nm, following the manufacturer’s in-
structions (Roche).

Propidium iodide (PI) staining. Cells
were harvested, washed with PBS (plus
5 mmol/L ethylenediaminetetraacetic
acid [EDTA]) and fixed with 70% ethanol
for 24 h at —20°C. Cells were collected
and resuspended in PBS containing
5 mmol/L EDTA. After 50 ug/mL RNase
A digestion (Roche), cells were stained
with PI (50 ug/mL) and analyzed with
an FACSCalibur (Becton Dickinson).

TUNEL assay. Cells were fixed with
4% PFA and treated with proteinase K
(20 ug/mL) for 10 min, and then terminal
deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL) analy-
sis (Roche) was performed. DNA frag-
mentation was visualized by staining
with 0.25% diaminobenzidine /0.075%
H,0,. TUNEL" cells were counted in 10
different microscopic fields from at least
three different culture plates.

Ultrastructural Analysis by Electron
Microscopy and Immunohistochemical
Staining

Electron microscopy analysis. Mouse
hearts were fixed in 0.1 mol/L sodium
cacodylate buffer (pH 7.3) containing 4%
PFA and 1.5% glutaraldehyde for 2 h,
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transferred to 5% glutaraldehyde
overnight and then transferred to 1% os-
mium tetroxide for 1 h. Blocks were
washed, dehydrated in a graded ethanol
series and embedded in Epon/ Araldite
resin. Ultrathin sections were stained
with uranyl acetate/lead citrate and were
viewed using a transmission electron mi-
croscope (TEM, JEM-100CX, JEOL).

Immunohistochemical staining. Tis-
sues were fixed in 4% PFA, dehydrated
in a graded sucrose series, embedded
and frozen in optimal cutting tempera-
ture (OCT) compound and serially sec-
tioned to 5-10 um at —20°C. We per-
formed immunohistochemistry using a
Vector Labs immunohistochemistry kit,
Caspase-9(Thr125) (Novus, Littleton, CO,
USA), pERK and cleaved caspase-3 (Cell
Signaling). At least three animals were
used for each group.

Physiological Study of Left Ventricular
Function and Masson’s Trichrome
Staining

Four weeks after IR surgery, cardiac
function was evaluated by M-mode
echocardiography using Aplio XG
(15 MHz; Toshiba, Japan). We measured
left ventricular-end systolic dimension
(LV-ESD) and left ventricular—end dias-
tolic dimension (LV-EDD) at the mid-
ventricular papillary muscle level with
parasternal long-axis and short-axis two-
dimensional echocardiographic guid-
ance, and then ejection fraction (EF) and
fractional shortening (FS) were calcu-
lated. After functional analysis, mouse
hearts were excised, fixed, embedded
and stained by Masson’s trichrome stain-
ing to determine infarct size and cardiac
remodeling. The infarct area was mea-
sured by an image analysis system (Scion
Image; Scion Corporation) in five differ-
ent sections from each animal.

Statistical Analysis

Quantification of band intensity was
analyzed using TINA 2.0 (RayTest) and
normalized to the intensity of a-tubulin.
The results are expressed as means =+
standard deviation. The differences be-
tween the groups were compared by the
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unpaired t test or one-way analysis of
variance, followed by post hoc analysis
with the Bonferroni test. P values <0.05
were considered statistically significant.
All statistical analyses were performed
using SPSS 17.0 (SPSS, Chicago, IL,
USA).

All supplementary materials are available
online at www.molmed.org.

RESULTS

Treatment of cAng-1 Reduced
Vascular Leakage and Facilitated
Membrane Localization of
VE-Cadherin in Endothelial Cells

We first examined whether Ang-1
could reduce vascular leakage in an in
vivo myocardial IR model (Supplemen-
tary Figure S1). We used the COMP-
Ang-1 (cAng-1) protein, which is stable
and potent compared with the native
Ang-1 (14,20). Vascular leakage, mea-
sured by intravenous injection of Evans
blue, was evident in IR/ Ad-fB-gal hearts
compared with the sham animals (P <
0.01), but it was significantly reduced by
cAng-1 treatment in IR/ Ad-cAng-1
hearts (P < 0.01) (Supplementary Fig-
ure S1). We next investigated the role of
cAng-1 in HUVECs under hypoxia/
reoxygenation (H/Reoxy), an in vitro
condition mimicking in vivo IR (Figure 1
and Supplementary Figure S2). Using
the passage of FITC-dextran through
endothelial monolayers as a measure of
permeability, we found that cAng-1 sig-
nificantly reduced endothelial leakage
by H/Reoxy in a dose-dependent man-
ner (P < 0.05) (Supplementary Figure
S2a), and this effect was blocked by Tie-
2Fc, a soluble Tie2 receptor (Figure 1A).
In this experiment, we found 200
ng/mL cAng-1 was the most effective
concentration in terms of permeability
reduction (Supplementary Figure S2),
and we used this concentration in the
next step.

Because VE-cadherin, an endothelial-
specific adherens junctional protein, reg-
ulates endothelial permeability (21,22),
we investigated whether cAng-1 affects

VE-cadherin expression. The total
amount of VE-cadherin was not changed
either by H/Reoxy or by addition of
cAng-1 (Supplementary Figure S2b).
Therefore, we checked the cellular distri-
bution of VE-cadherin (Figure 1B and
Supplementary Figure S2c), because the
integrity of endothelial cell-cell junc-
tions depends on the cell membrane lo-
calization of VE-cadherin (20,21). VE-
cadherin (red), under normoxic
conditions, was found to be mainly lo-
cated at the cellular membrane. After
H/Reoxy, however, membrane VE-
cadherin expression was markedly re-
duced, and its cytoplasmic localization
correspondingly increased. Intriguingly,
cAng-1 restored membrane VE-cadherin,
which was blocked by Tie-2Fc (see Fig-
ure 1B and Supplementary Figure S2c¢),
indicating that cAng-1 affects endothe-
lial integrity by regulating VE-cadherin
localization.

cAng-1 Maintained Membrane VE-
Cadherin by SHP2- or PTPu-Dependent
Dephosphorylation of VE-Cadherin in
Endothelial Cells

We next evaluated the effect of cAng-1
on the tyrosine phosphorylation status
of VE-cadherin (pY-VE-cadherin), which
has been suggested to be correlated with
weakened cell adhesion and increased
endothelial cell permeability (23). pY-
VE-cadherin was not observed under
normoxic conditions, whereas it was
strongly upregulated after H/Reoxy in
endothelial cells (Figure 2A). Impor-
tantly, cAng-1 significantly reduced pY-
VE-cadherin, which was reversed by Tie-
2Fc. Protein tyrosine phosphatases such
as SHP2, VE-PTP/PTPp and PTPu were
reported to regulate VE-cadherin phos-
phorylation (24). We knocked down
these tyrosine phosphatases using their
specific siRNA (Supplementary
Figure S3a). The expression of each tyro-
sine phosphatase was remarkably and
specifically blocked by specific siRNA,
whereas it was not after transfection of
control nonsilencing siRNA (siCon). We
tested whether interaction between VE-
cadherin and each phosphatase would
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Figure 1. cAng-1 improved vascular in-
tegrity by regulafing the membrane local-
ization of VE-cadherin. (A) FITC-dextran
permeability of endothelial monolayer. En-
dothelial cells seeded on franswell filters
were incubated under hypoxic conditions
for 16 h and then reoxygenated for 2 h
(H/Reoxy). Tie-2Fc (10 ug/mL) was added
30 min before cAng-1 (200 ng/mL) treat-
ment. n = 3, *P < 0.05. The effect of cAng-1
was blocked by Tie-2Fc. (B) H/Reoxy-
induced shift of VE-cadherin from mem-
brane to cytosol fraction, which was pre-
vented by cAng-1 treatment. Distribution
of VE-cadherin at the membrane and in
the cytosol fraction is shown (fop). The
quantification graph of VE-cadherin im-
munoblots (bottom) is shown (n = 3; *P <
0.01; **P < 0.05; Tie-2Fc (10 ug/mL); cAng-1
(200 ng/mL)).

be modulated by cAng-1 treatment (Fig-
ure 2B). We found that SHP2, PTPB and
PTPu bound strongly to VE-cadherin, re-
spectively, under normoxia and that this
binding was significantly reduced under
H/Reoxy conditions (see Figure 2B). In-
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Figure 2. cAng-1 reduces phosphorylation of VE-cadherin by interaction with phosphatases, such as SHP2 or PTPu in HUVECs. (A) Immuno-
precipitation with anti-VE-cadherin antibody followed by immunoblotting with phospho-tyrosine (P-Tyr) antibody. The same filter was
reprobed with anti-VE-cadherin antibody, demonstrating equal loading. pY-VE-cadherin was increased after H/Reoxy. cAng-1 markedly
reduced pY-VE-cadherin, which was reversed by Tie-2 Fc (n = 3, *P < 0.05; N.D., not determined). (B) Immunoprecipitates by anti-SHP2,
anti-PTPB or anti-PTPu antibody were immunoblotted with anti-VE-cadherin antibody. Binding of VE-cadherin with phosphatase signifi-
cantly decreased in H/Reoxy conditions. cAng-1 significantly restored the binding of VE-cadherin with SHP2 or PTPu but negligibly with
PTPB (n = 3, *P < 0.05 versus Nor; **P < 0.05 versus Hy; N.D., not determined). (C, D) Inhibition of phosphatase using SHP2 siRNA or PTPu
siRNA remarkably increased pVE-cadherin (Tyr-658) levels (C, D, leff) resulting in the increased ratio of phospho-VE-cadherin to VE-

cadherin (C, D, right) (n = 3, *P < 0.05).

terestingly, cAng-1 remarkably restored hibition of SHP2 or PTPu phosphatase
the binding between SHP2 and VE-

cadherin and also between PTPu and
VE-cadherin. Furthermore, we found
that, even in the presence of cAng-1, in- rier function (Figures 2C, D) (23). In par-

potentiated VE-cadherin phosphoryla-
tion at Tyr®®, the phosphorylation of
which is known to disrupt cell-cell bar-

allel with Figure 2C, SHP2 inhibition re-
duced the membrane expression of
VE-cadherin even in the presence of
cAng-1 under H/Reoxy (Supplementary
Figure S3b). The above findings suggest
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Figure 3. cAng-1 restored ultrastructural vascular integrity in the IR myocardium. (A) Trans-
mission electron micorsscope (TEM) analysis of IR tissues at 24 h after surgery. (a, b) Sham
group. (c-f) IR/Ad-B-gal group. (e, ) Enlarged view of the area indicated as rectangles
from (d). Arrows, vessel breakdown; arrowhead, vacuole in endothelium. (g, h) IR/Ad-
cAng-1 tissue. Arrows, cardiomyocyte damage. Breakdown of vascular integrity and en-
dothelial/cardiomyocyte damages are frequently observed in the IR myocardium, but
cANng-1 treatment prevented such damages. Images are representative ones from each
group. RBC, red blood cells. Scale bar = 2 um. (B) Immunoprecipitation of cardiac protein
with anfi-VE-cadherin anfibody followed by immunoblotting with anti-SHP2 or anti-PTPu

antibody. Binding of SHP2/VE-cadherin or PTPu/VE-cadherin was notably decreased in the

IR myocardium, which was remarkably restored by Ad-cAng-1 treatment (n = 3). WCL,

whole cell lysate.

that cAng-1 stabilizes endothelial con-
tacts by enhancing binding of phos-
phatases and VE-cadherin, resulting in
dephosphorylation of VE-cadherin and
maintenance of its membrane expression,
thereby maintaining adherence junctions.

cAng-1 Restored Ultrastructural

Vascular Integrity in the IR Myocardium
To determine whether our in vitro

findings were valid in vivo, we exam-

ined mouse IR tissues at 24 h after sur-
gery by electron microscopy (Figure
3A). Sections of sham heart showed nor-
mal mitochondria and myofilament ar-
chitecture (see Figure 3A, a) as well as
an intact and uniformly thick endothe-
lial layer (see Figure 3A, b). In contrast,
the peri-infarct myocardial area of the
IR/ Ad-B-gal group showed the dis-
rupted endothelial linings of microves-
sels with red blood cell leakage (arrows)

(see Figure 3A, c—e¢) as well as vacuoles,
which are indicators of endothelial dam-
age (arrowhead) (see Figure 3A, f) (25).
In the IR/Ad-cAng-1 group, however,
pathological changes were significantly
improved (see Figure 3A, g and ). Even
in the peri-infarct zone, microvessels
maintained an intact endothelial lining
around damaged cardiomyocytes (see
Figure 34, g). Moreover, in the immuno-
precipitation and Western blot analysis
using myocardial protein, the binding
between SHP2 and VE-cadherin was re-
duced in the IR/ Ad-B-gal group, but
was remarkably enhanced in the IR/ Ad-
cAng-1 group (Figure 3B). Binding of
PTPu/VE-cadherin was also remarkably
increased in the IR/ Ad-cAng-1 group
(see Figure 3B).

cAng-1 Protected Cardiomyocytes
from H/Reoxy-Induced Death through
Integrin-p1

Apoptosis was observed in hearts sub-
jected to either continuous ischemia or is-
chemia followed by reperfusion (4). We
evaluated the effect of cAng-1 on car-
diomyocyte survival under H/Reoxy
conditions (Supplementary Figure S4).
Rat neonatal cardiomyocytes showed the
reduced-viability under H/Reoxy condi-
tions. Surprisingly, cAng-1 markedly pro-
tected cardiomyocytes from H/Reoxy-
induced death (Supplementary Figure S4a),
although cardiomyocytes did not express
Tie2 (Supplementary Figure S54b).

It was recently reported that nonendo-
thelial cells including cardiomyocytes
and fibroblasts could bind to Ang-1 via
integrin-p1 or -B3 (13). However, this
previous study only suggested the possi-
bility of binding between Ang-1 and in-
tegrins-B1 or -B3 under normal/ resting
conditions. But, it has not been tested
which of those integrins is a real counter
partner of Ang-1 or how the downstream
signaling pathways of Ang-1/integrin
axis affect survival of cardiomyocytes
under IR conditions. Thus, we focused
on integrin-p1 and -f3 and examined
which has a role in Ang-1-mediated car-
diomyocyte protection (Figure 4). Block-
ing antibody against integrin-1 com-
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Figure 4. cAng-1 promoted cardiomyocyte survival under H/Reoxy conditions via integrin-1. Each experiment showed rat neonatal
cardiomyocyte viability affer 16 h of hypoxia and 2 h of reoxygenation (H/Reoxy). IgG, anti-integrin-p1 and anti-integrin-p3 (60 ug/mL) were
added 30 min before cAng-1 (200 ng/mL). Blocking anfibody against infegrin-1 completely abolished the protective effect of cAng-1 on
cardiomyocytes affer H/Reoxy. (A) Lactate dehydrogenase (LDH) analysis (n = 3, *P < 0.05; P = NS, no significance). (B) Pl-fluorescence-
activated cell sorter (FACS) analysis (n = 3, *P < 0.05). (C) Immunofluorescence staining for cleaved caspase-3 and TUNEL. Arrows, caspase-3*/
TUNEL* cells; arrowheads, caspase-3* cells. Scale bar = 40 um. (D) TUNEL* cells were counted in 10 different microscopic fields in at least 3 dif-

ferent culture plates (*P < 0.01).

pletely abolished the protective effect of
cAng-1 on cardiomyocytes, whereas ei-
ther integrin-p3 or isotype IgG blocking
did not show remarkable change (see
Figure 4). In Figures 4C and D, apoptotic
cell numbers were markedly increased
after H/Reoxy but were significantly
reduced by cAng-1 treatment in the
TUNEL assay. Caspase-3" cells (red, ar-
rowheads) indicate early apoptotic cells,
and caspase-3'/TUNEL" cells (arrows)
are late apoptotic cells. In agreement
with earlier results, an integrin-p1 block-
ade significantly abolished the protective
effect of cAng-1 (n =4, P < 0.01) (see
Figure 4D).
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cAng-1 Suppressed Cascade of
Caspase-9 and Caspase-3 through
ERK Activation in Cardiomyocytes

In Figure 5A, caspase-3 protein, a key
element of the apoptotic pathway, was
increased under H/Reoxy, which was
significantly reduced by cAng-1 treat-
ment. Interestingly, integrin-f1 blockade
completely reversed the effect of cAng-1,
whereas integrin-p3 blocking did not.
We further confirmed that cAng-1 in-
creased antiapoptotic Bcl-X; and re-
duced caspase-9, an initiator protease
that activates caspase-3 (Figure 5B). In-
tegrin-p1 blockade again completely re-
versed the effect of cAng-1. Exposure of

cardiomyocytes to H/Reoxy + cAng-1
dramatically increased the phosphoryla-
tion of ERK, which was blocked by the
integrin-p1 neutralizing antibody (Fig-
ure 5C). In contrast, total amount of ILK
and the phosphorylation of Akt or GSK-
3B were not remarkably affected by
treatment of cAng-1in H/ Reoxy car-
diomyocytes. To determine the roles of
ERK in cAng-1-dependent alteration of
caspase-9 protein, the ERK-mitogen-
activated protein kinase (MAPK) path-
way inhibitor PD98059 was applied to
cardiomyocytes (Figure 5D). PD98059
reversed the caspase-9 activation,
whereas the phosphatidylinositol 3-
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Figure 5. cAng-1 suppressed apoptotic machinery in cardiomyocytes under H/Reoxy by
an integrin-p1/ERK-dependent manner. Neonatal cardiomyocytes were incubated for

16 h of hypoxia and 2 h of reoxygenation (H/Reoxy). (A, B) Representative immunoblot
and quantitative graph of cleaved caspase-3, Bcl-X and cleaved caspase-9 (n = 4,
each). Integrin-p1 blockade completely reversed the protective effect of cAng-1. (C) Lev-
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blocked the phospho-ERK. (D) PD98059 (10 umol/L) or LY294002 (10 umol/L) was incu-
bated for 30 min before exposure to cAng-1. Only PD98059, an inhibitor of the ERK-MAPK
pathway, blocked caspase-9 suppression by cAng-1.

kinase (PI3K)/Akt pathway inhibitor
LY294002 did not. We also checked the
counterpart of integrin-p1 (Supplemen-
tary Figure S5). When we treated cardio-
myocytes with blockade of integrin-o5,
one of the B-integrin counterparts,
caspase-3, was activated, even in the
presence of cAng-1.

1102 | LEE ET AL.

cAng-1 Inactivated Caspase-9
through Phosphorylation at Thr'?® and
Suppressed Apoptosis in the Infarcted
Myocardium

Next, we confirmed the effects of
cAng-1 on cardiomyocyte apoptosis in
in vivo IR tissue (Figure 6A). The ERK-
MAPK pathway is known to mediate cell

protection from apoptosis by inactivating
caspase-9 through phosphorylation at the
Thr'® site (26). In the IR tissue treated
with cAng-1, the immunoreactivity of the
inactivated or phosphorylated caspase-
9(Thr'®) was significantly increased, indi-
cating that activation of caspase-9 is in-
hibited by phosphorylation at Thr'® by
ERK in response to cAng-1. In parallel to
this finding, the immunoreactivity of
cleaved caspase-3, the downstream effec-
tor of caspase-9, remarkably decreased by
cAng-1. Moreover, we quantitated the
amount of phospho-caspase-9(Thr'*) and
active caspase-3 by immunoblot analysis
using heart protein (Figure 6B, C). IR in-
jury significantly decreased caspase-
9(Thr'®) and increased active caspase-3,
which was reversed by cAng-1 treatment.

Treatment of cAng-1 Reduced Infarct
Size and Improved Cardiac Function
under IR Injury

To determine the effects of cAng-1 on
pathological cardiac remodeling after IR
injury, we measured the fibrosis area by
Masson'’s trichrome staining. The infarct
areas were markedly reduced in the
IR/ Ad-cAng-1 group (Supplementary Fig-
ure S6). We then evaluated cardiac func-
tional parameters by echocardiography at
4 wks after IR (Figures 6D-G). The IR/ Ad-
B-gal group showed markedly increased
LV-ESD and LV-EDD with the reduced EF
and FS. Importantly, we observed signifi-
cant improvements in cardiac functional
parameters in the IR/ Ad-cAng-1 group
compared with the IR/ Ad-B-gal group,
that is, higher ejection fraction (31.4% +
9.34% versus 48.05% + 4.53%) and frac-
tional shortening (17.3% + 5.76% versus
27.9% + 3.14%) and smaller LV-ESD (4.18 +
0.46 versus 3.13 + 0.18 mm) and LV-EDD
(5.05 + 0.22 versus 4.3 + 0.99 mm) values
than in the IR/ Ad-B-gal group (P < 0.05),
which suggests cAng-1 attenuates postin-
farction left ventricular remodeling.

DISCUSSION

The major new findings of the present
study are that the cardioprotective effect
of cAng-1 is based on two distinct mech-
anisms. Although cAng-1 was initially
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identified as an endothelial-specific regu-
lator, we demonstrated that its coordi-
nated protective effects act not only on
endothelial cells, but also on cardiomy-
ocytes during myocardial IR injury
(Figure 6H).
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Dephosphorylation of VE-Cadherin by
cAng-1 to Maintain Endothelial
Integrity during IR Injury

Vascular endothelial leakage associ-
ated with IR injury promotes edema and
subsequently aggravates cardiomyocyte

death (2,3). Impaired endothelial in-
tegrity, found also in several pathological
conditions such as inflammation, sepsis
and diabetes, ultimately leads to organ
dysfunction (27). Consequently, prevent-
ing vascular permeability induced by IR
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injury may minimize organ damage, in-
cluding myocardial infarction.

VE-cadherin is the most prominent ad-
hesion molecule in endothelial cells and
is directly involved in maintaining en-
dothelial integrity (21,22). Tyrosine phos-
phorylation of VE-cadherin or its catenin
binding partners is generally regarded to
regulate the integrity of adherence junc-
tions. Phosphorylation of Tyr®® and
Tyr”' of VE-cadherin results in the un-
coupling of p120- or p-catenin, respec-
tively, from the cytoplasmic tail of VE-
cadherin, leading to weakened cell
adhesion and thereby increasing en-
dothelial permeability (23,24). In this
study, cAng-1 significantly reduced tyro-
sine phosphorylation of VE-cadherin in
endothelial cells through activating pro-
tein tyrosine phosphatases.

Endothelial permeability is also regu-
lated by internalization of VE-cadherin.
For example, vascular endothelial growth
factor (VEGF)-induced phosphorylation
of VE-cadherin at Ser®®, not at tyrosine
residues, promotes clathrin-dependent in-
ternalization of VE-cadherin (28). In our
experiments, cAng-1 also inhibited the
serine-phosphorylation of VE-cadherin
during hypoxic/reoxygenation events
(data not shown).

Regulatory Mechanism of cAng-1 to
Dephosphorylate VE-Cadherin

Tyrosine phosphorylation of VE-
cadherin is regulated by competing ac-
tions of kinases and phosphatases (24).
SHP2, an SH2 domain—containing protein-
tyrosine phosphatase, was reported to be
associated with the VE-cadherin complex,
and its reduction was observed in vascular
leakage (29). PTPu is exclusively ex-
pressed in the endothelium and directly
bound to VE-cadherin. Overexpression of
PTPu decreased tyrosine phosphorylation
of VE-cadherin and enhanced endothe-
lium integrity (30). PTPB/VE-PTP is an-
other endothelium-specific phosphatase
suggested to inhibit VE-cadherin-tyrosine
phosphorylation (31).

In our study, under hypoxic/
reoxygenation conditions, the binding
between VE-cadherin and these phos-

phatases decreased, resulting in in-
creased tyrosine phosphorylation of
VE-cadherin, especially at the Tyr®™®
residue (see Figure 2). We hypothesized
that PTPB and PTPu binding to VE-
cadherin might be regulated by cAng-1
because both can bind directly to VE-
cadherin (30,31). Unexpectedly, how-
ever, this was not the case for PTPp (see
Figure 2). The binding activity of SHP2
or PTPu to VE-cadherin was indeed re-
stored by cAng-1 under H/Reoxy con-
ditions (see Figure 2). In addition,
blocking of SHP2 or PTPu inhibited the
effect of cAng-1 on dephosphorylation
of VE-cadherin (Figures 2C, D), impli-
cating that cAng-1 regulates tyrosine
phosphorylation of VE-cadherin
through SHP2 and/or PTPu. In one pre-
vious report, SHP2 was found to bind
to p-catenin in a VE-cadherin complex,
a process that could be influenced by
thrombin (29). Therefore, further study
will be required to elucidate how
cAng-1 regulates the association of
SHP2 with VE-cadherin leading to tyro-
sine dephosphorylation.

Direct Effect of cAng-1 on
Cardiomyocyte Survival: Interaction
between cAng-1 and f1-Integrin

It has been suggested that Ang-1 exerts
its activity in nonendothelial cells
through integrins. In a previous study,
treatment with integrin-f1- and integrin-
p3-blocking antibodies inhibited cell ad-
hesion to Ang-1-coated surfaces, leading
the authors to suggest that integrin-f1
and integrin-f3 are essential for Ang-1-
mediated effects (12,13). However, this
line of experiments was conducted under
normoxic conditions and did not investi-
gate the mechanism by which Ang-1
regulates cardiomyocyte protection
through integrins under injury condi-
tions. We showed that cAng-1 protects
cardiomyocytes during IR injury by in-
hibiting apoptosis through integrin-pf1-
dependent caspase-3 reduction (Figures 4
and 5). Caspase inhibition prevents myo-
cardial contractile protein degradation,
reduces apoptosis and improves myocar-
dial function (32).

After confirming cAng-1 and integrin
interaction, we investigated possible sig-
nal transduction routes that are located
downstream of integrin-p1 and that regu-
late cardiomyocyte viability. In a couple
of previous reports, Ang-1 increases ILK,
a key regulator of integrin signaling, and
consequently reduces cardiac hypertro-
phy (33). Ang-1 inhibits cell apoptosis
through PI3K activation (14,34). Akt, the
downstream effector of PI3K, phosphory-
lates GSK-3p at Ser” and prevents car-
diomyocyte death (35). On the basis of
these reports, we expected the PI3K/
ILK/Akt/GSK-3p axis would be the ac-
tive downstream pathway after Ang-1
stimulation. However, cAng-1 did not af-
fect the expression or activity of ILK, Akt
and GSK-3p in hypoxic/reoxygenated
cardiomyocytes. In our investigation, the
ERK pathway was associated with pro-
tection of cells and inhibition of caspase-9
activation (see Figure 5).

Caspase-9 plays a central role in the
initiation of apoptosis by the mitochon-
drial pathway. Cardiomyocytes have
abundant mitochondria, and the mito-
chondria-mediated intrinsic apoptosis
pathway plays a crucial role in IR injury
(4,36). The release of cytochrome C from
mitochondria into cytosol leads to the ac-
tivation of caspase-9. Once activated,
caspase-9 cleaves and activates caspase-3
and downstream caspases (36). Recent
reports indicate caspases are also sub-
strates for kinases (26,37). To uncover
how kinases such as ERK regulate the
caspase-9/ caspase-3 cascade in response
to cAng-1, we evaluated the phosphory-
lation status of caspase 9. The ERK-
MAPK pathway inhibits caspase-9 activ-
ity by direct phosphorylation at residue
Thr'®. Phosphorylation at Thr'* blocks
caspase-9 processing and subsequent
caspase-3 cleavage (26). In contrast, Akt
signaling phosphorylates caspase-9 at
Ser'®® (26). We observed that cAng-1 re-
markably increased phospho-caspase-
9(Thr'®) (Figure 6), suggesting that this
novel action mechanism of cAng-1 se-
quentially inactivated caspase-9 and -3
and improved cardiac performance dur-
ing IR injury.
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Merits of Ang-1 as a Therapeutic
Agent for Patients with Myocardial
Infarction

Several angiogenic growth factor-based
therapies have been attempted to treat is-
chemic cardiovascular disease. To date,
VEGEF gene therapy has proven promising
to promote angiogenesis but has shown
severe drawbacks, such as generation of
immature and leaky vessels or angioma
(38,39). In contrast to VEGE, Ang-1 ther-
apy might have potential benefits for IR
treatment because Ang-1 alone is insuffi-
cient to promote angiogenesis, unless
combined with VEGF (40). In a cornea mi-
cropocket assay, Ang-1 alone did not pro-
mote neovascularization, although pellets
containing only VEGF induced corneal
angiogenesis. The combination of VEGF
with Ang-1 (VEGF + Ang-1) produced
thick vessels without vessel sprouting
(40). This result suggested that Ang-1
does not supply a direct angiogenic signal
but rather may potentiate the effects of
other angiogenic factors and promote vas-
cular network maturation. It has been re-
ported that VEGF is elevated in hypoxia/
reoxygenated rat myocardium (41) and in
patients with acute coronary syndromes
(42). Thus, when we administer cAng-1, it
may synergistically act with VEGF to en-
hance neovascularization in ischemic my-
ocardium, especially to produce nonleaky
and mature vessels. Sufficient blood flow
through increased formation of mature
blood vessels might minimize cardiomy-
ocyte loss and thereby stimulate func-
tional recovery of the heart. This finding
indicates the potential benefits of Ang-1
therapy for IR: improvement in endothe-
lial integrity and direct protection of car-
diomyocytes (Figure 6H).

Reperfusion injury damages cardio-
myocytes and the endothelium, destroys
endothelial integrity of the microvascula-
ture and further aggravates myocardial
damage. Here, we found that cAng-1
maintains the integrity of the endothelial
lining by dephosphorylating VE-
cadherin via an interaction with SHP2 or
PTPu phosphatase. Additionally, cAng-1
exerts a direct antiapoptotic effect on car-
diomyocytes exposed to H/Reoxy stress
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through integrin-p1. Our findings sug-
gest that recombinant Ang-1 (such as
cAng-1) can protect the infarcted heart
from endothelial leakage and myocardial
damage in patients undergoing reperfu-
sion therapy, if administered before
reperfusion.
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