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Introduction 
Angiopoietin-1 (Ang-1) has been shown to protect the heart 
against acute myocardial infarction under hyperglycemic 
conditions[1].  Hyperglycemic exacerbation of ischemic myo-
cardial injury is strongly associated with high glucose-induced 
endothelial dysfunction[2].  Studies have also shown that 
Ang-1 has a protective effect on endothelial cells injured by 
hypoxia[3], arsenite toxicity[4, 5].  However, few published data 
are available on the effects of Ang-1 on cardiac microvascular 
endothelium cultured under hyperglycemic conditions.  

Our previous study demonstrated that diabetes or hyperg-
lycemia disrupts Ang-1/Tie-2 signaling and attenuates Ang-
1-induced angiogenesis in mouse models[1].  Forced over-
expression of Ang-1 shifts the ratio of Ang-2 to Ang-1 and 

conveys protection from ischemic myocardial injury normally 
exacerbated by hyperglycemia[6, 7].  However, the protective 
mechanism of Ang-1 in ischemic myocardium under hyperg-
lycemic conditions remains unclear.  Here we hypothesize that 
Ang-1 may restore angiopoietin/Tie-2 balance and protect 
myocardial endothelial cells under high glucose (HG) condi-
tions.  To test our hypothesis, we characterized the activation 
of the Tie-2 pathway in mouse heart myocardial endothelial 
cells (MHMECs) under HG conditions.  We also examined 
apoptosis and angiogenic responses to Ang-1 and Ang-2 
stimulation.  Our data indicate that Ang-1 increases Tie-2 acti-
vation and restores MHMEC function in HG conditions.  Fur-
thermore, increased Ang-2 attenuates the protective effects of 
Ang-1 under HG conditions.  

Materials and methods 
Materials
Endothelial cell growth medium (EGM-2) and fetal bovine 
serum (FBS) were purchased from Clonetics Co (MA, USA).  
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The following primary antibodies were used: anti-phospho-
tyrosine (Upstate Co, NJ, USA), mouse anti-phospho-eNOS, 
mouse anti-eNOS (BD Co, CA, USA), rabbit anti-Ang-1 (Santa 
Cruz, CA, USA), rabbit anti-phospho-AKT, rabbit anti-Akt, 
mouse anti-cleaved caspase-3, mouse anti-Tie-2, and rabbit 
anti-β-actin (Cell Signaling, MA, USA).  All reagents were of 
analysis grade.

Culture of MHMECs
Hearts were excised from 4-week-old mice (n=6) under asep-
tic conditions.  Cardiac ventricles were cleaned by sterilized 
Hank’s solution and then cut into pieces.  A homogenate of 
ventricles was suspended and filtered by sequential 200-μm 
and 60-μm microfiltration.  The filtered cells were washed 
twice with EGM-2, moved to a dish, and cultured in EGM-2 
supplemented with 10% FBS, 2 mmol/L glutamine, 50 U peni-
cillin G, and 0.05 mg/mL streptomycin at 37 °C in a humidi-
fied 95% air/5% CO2 incubator.  Each of the endothelial lines 
used in these experiments had a typical cobblestone morphol-
ogy, showed uptake of acetylated low-density lipoprotein, 
and exhibited factor VIII-related antigen.  Primary cultures of 
MHMECs between passages 4 and 10 were used in all experi-
ments.  

Cell viability assay
MHMECs were cultured with either HG (25 mmol/L) or NG 
(5 mmol/L) media for 72 h and then transferred to 96-well 
plates with 1×105 cells/mL per well.  MHMECs attached to the 
plates after 6-8 h and were starved in serum-free media for 48 
h in the presence or absence of Ang-1 (250 ng/mL, R&D Sys-
tems, Inc, CA, USA).  After treatment, MHMECs were washed 
twice with PBS, and MTT (final concentration of 500 mg/mL) 
was added to each well.  MHMECs were incubated at 37 °C 
for 4 h, and then 100 mL of DMSO was added to dissolve the 
formed crystals.  The absorbance measured at 570 nm was 
used to calculate the relative cell viability ratio.

Western blot analysis
MHMECs were washed with PBS, and 0.5 mL of TME lysis 
buffer [10 mmol/L Tris (pH 7.5), 5 mmol/L MgCl2, 1 mmol/L 
EDTA, and 25 mmol/L NaF] containing fresh 100 μmol/L 
Na3VO4, 20 μg/mL leupeptin, 1 μg/mL pepstatin A, 4 μg/mL 
aprotinin, and 1 mmol/L DTT was added.  Cell lysates were 
prepared by freezing, thawing on ice, scraping, sonicating for 
30 s, and centrifuging for 30 min at 15 000×g.  Protein con-
centration was determined using a bicinchoninic acid (BCA) 
protein assay kit.  For Western blot analysis, 20 μg of protein 
was subjected to SDS-PAGE under reducing conditions, and 
proteins were then transferred to a polyvinylidene difluo-
ride membrane as described previously[8].  The membrane 
was blocked for 2 h with a commercial blocking buffer from 
Life Technologies, Inc.  The blots were incubated for 1 h with 
primary antibodies (1:1000 dilution), followed by a 1-h incu-
bation with a secondary horseradish peroxidase-conjugated 
antibody.  The presence of target proteins was revealed by a 
chemiluminescent assay (Amersham-Pharmacia Biotech).

Immunoprecipitation for Tie-2 phosphorylation
Each sample consisting of 1000 μg protein was incubated with 
10 μL anti-Tie-2 antibody for 6-8 h at 4 °C, followed by the 
addition of 20 μL of protein G-Sepharose.  The samples were 
then incubated overnight at 4 °C and centrifuged for 5 min 
at 1000×g at 4 °C.  Protein-antibody complexes were washed 
once with buffer solution [10 mmol/L Tris (pH 7.4), 0.25 
mmol/L EDTA, and 0.1% SDS], suspended in 30 μL loading 
buffer, heated for 5 min at 90-100 °C, and then centrifuged for 
10 min at 12 000×g at 4 °C.  The supernatant was subjected to 
immunoblot analysis.  Tie-2 phosphorylation was revealed 
with an anti-phosphotyrosine antibody (1:1000).

Caspase-3 enzyme linked immunosorbent assay (ELISA)
MHMECs were cultured in either HG media or NG media for 
72 h and then starved for 48 h to induce endothelial apoptosis 
in the presence or absence of Ang-1 or Ang-2 (R&D systems, 
Inc, CA, USA).  Cell culture supernatants were collected and 
analyzed using commercial caspase-3 enzyme-linked immu-
nosorbent assay kits (Sigma, MO, USA).  The optical density 
of the wells was determined by spectrophotometry at a wave-
length of 450 nm.

TUNEL assay
MHMECs were cultured with either HG or NG media for 72 
h and then transferred to two-well chamber slides with a cell 
density of 2×105 cells/mL per well.  MHMECs were attached 
to the slides after 6-8 h and were cultured in serum-free media 
for 48 h in the presence or absence of Ang-1 or Ang-2.  Slides 
were fixed with 10% formaldehyde for 30 min.  Cells were 
then submitted to terminal deoxynucleotidyltransferase-medi-
ated dUTP nick end labeling (TUNEL) according to the manu-
facturer’s instructions (Promega, CA, USA).  The apoptotic 
cells were stained green.  Nuclei were counterstained with 
DAPI in blue.  Apoptosis was quantified by counting TUNEL-
positive cells per 100 DAPI cells[9].  

Endothelial tubular formation assay
MHMECs were plated on 48-well (1×105 cells/well) chamber 
slides (BD Falcon).  After 6–8 h, the cells were washed with 
appropriate serum-free media and overlaid with matrigel 
(Sigma, St Louis, MO, USA) diluted 1:1 in EGM-2 media 
supplemented with 10% FBS.  After a 30-min gel formation at 
37 °C in the incubator, the gels were overlaid with 0.5 mL of 
culture media.  The culture medium was supplemented with 
Ang-1 or Ang-2 in either HG or NG media.  The cells were 
incubated for 24 h at 37 °C for full development of capillary-
like network structures.  The gels were photographed using a 
phase-contrast microscope.  Endothelial tube formation was 
quantified by counting the number and cumulative length of 
tubular structures in six fields of each well with image acquisi-
tion and analysis software (Image Pro-express software, CA, 
USA).  Each assay was performed in duplicate.  

Adenovirus transfection
Ad-Ang-1 encodes mouse Ang-1.  Adenoviruses (Adenovirus 
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Co, CA, USA) were amplified using a human embryonic kid-
ney cell line (HEK 293) as a host.  The titers of the lysates were 
1×109 pfu/mL for Ad-Ang-1 and Ad-β-gal (adenovirus-β-
galactosidase).  MHMECs were transfected with 20 pfu/cell of 
Ad-Ang-1 or Ad-β-gal in serum-free medium for 24 h.  Then 
the infection medium was removed, and cells were incubated 
with HG or NG media for 72 h.

Statistical analysis
The values are expressed as the mean±SE.  Statistical analysis 
of the data was performed using Student’s t-tests and ANOVA 
where appropriate.  Values of P<0.05 were considered statisti-
cally significant.

Results 
Ang-1-induced activation of Tie-2 is impaired by high glucose
We used immunoprecipitation to assay the activation of Tie-
2.  A Tie-2 antibody was used to precipitate the protein, and 
a phospho-tyrosine antibody was used to blot and assay the 
activation of Tie-2 because phosphorylated Tie-2 antibodies 
were unavailable.  Exposure of MHMECs to HG for 72 h dra-
matically decreased the activation of Tie-2 receptors compared 
that under NG conditions (Figure 1A).  Furthermore, HG sig-
nificantly inhibited Akt/eNOS phosphorylation (Figure 1B), 
the major downstream event of the Ang-1/Tie-2 signaling 

pathway.  Previously, we showed that Ang-1 activates Ang-1/
Tie-2/Akt signaling, which is blunted by hyperglycemia in 
diabetic mouse models[1].  After MHMECs were incubated 
under HG or NG conditions for 72 h, we treated MHMECs 
with 250 ng/mL Ang-1 for 15 min.  Consistent with our 
previous findings[6], our data show that Ang-1 significantly 
increased Tie-2 phosphorylation under both NG and HG con-
ditions.  Furthermore, our present study reveals that Ang-1-
induced Tie-2 phosphorylation is attenuated in HG conditions 
compared to NG conditions (Figure 1C).  

Ang-1 attenuated HG-induced endothelial cell dysfunction in 
MHMECs
After MHMECs were incubated under either HG or LG con-
ditions for 72 h, we treated the MHMECs with serum-free 
media in the presence or absence of 250 ng/mL Ang-1 for 48 
h.  We then examined the effects of Ang-1 on apoptosis of 
MHMECs using MTT, caspase-3, and TUNEL assays.  Our 
MTT results show that Ang-1 increased cellular viability from 
88.56%±3.90% to 112.43%±9.28% under HG conditions (Figure 
2A).  This was accompanied by a significant suppression of 
caspase-3 activation under HG conditions (Figure 2B).  Serum 
starvation-induced apoptosis was revealed by green staining 
in the TUNEL assay and was observed in a significantly higher 
proportion of non-Ang-1-treated cells (P<0.01) compared 
to cells treated with Ang-1 (14.03%±3.44% vs 6.25%±0.48%, 
respectively, P<0.05) under HG conditions (Figure 2C).   

Angiogenesis is another important function of endothelial 
cells[10].  Our data clearly show that Ang-1 significantly pro-
moted myocardial endothelial tubular formation that was sig-
nificantly impaired by HG conditions (Figure 3).  

Ang-2 exacerbated MHMEC dysfunction induced by HG 
Ang-2, which is increased in diabetic patients, is a natural 
antagonist of Ang-1. However, few published data are avail-
able on the effects of Ang-2 on endothelial cells under HG 
conditions.  After MHMECs were incubated under HG or NG 
conditions for 72 h, we treated the MHMECs continuously 
with serum-free media in the presence or absence of Ang-2 
(25 ng/mL) for 48 h.  We observed that increased Ang-2 exac-
erbated the endothelial apoptosis induced by HG (Figure 4).  
When we used Ang-2 siRNA to knock down Ang-2 protein 
expression, MHMEC apoptosis was decreased significantly 
under HG conditions (Figure 5).  

Ang-1-mediated protection of MHMEC function is impaired by 
Ang-2 under HG conditions
MHMECs were incubated in HG media for 72 h and then 
sequentially supplemented with both Ang-2 (25 ng/mL) and 
Ang-1 (250 ng/mL) or Ang-1 alone[6].  MHMEC apoptosis and 
tubular formation were analyzed by the methods listed above.  
Exposure of MHMECs to Ang-2 led to increased activation 
of caspase-3 and an increased apoptotic ratio in HG condi-
tions, whereas Ang-1 suppressed these effects (Figure 6A, 6B).  
Intriguingly, increased Ang-2 significantly delayed Ang-1-
induced tubular formation in MHMECs under HG conditions 

Figure 1.  Changes in Tie-2/Akt/eNOS signaling pathways under HG 
conditions.  (A) Tie-2 phosphorylation was decreased under HG conditions 
in MHMECs (n=3).  (B) HG inhibited phosphorylation of Akt and eNOS 
in MHMECs compared with NG groups (n=5).  (C) Ang-1 increased Tie-2 
phosphorylation in MHMECs, which was dampened under HG conditions 
(n=3).  bP<0.05 compared with NG groups.
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(Figure 6C).  
MHMECs do not express detectable Ang-1[1] and were thus 

transfected with Ad-Ang-1 to over-express Ang-1 (Figure 7A).  
The transfected MHMECs were incubated with HG or NG 
media for 72 h and then treated with serum-free media for 48 
h in the presence or absence of Ang-2.  The activation of cas-
pase-3 in all Ad-Ang-1 groups was lower than that of Ad-β-
gal groups in both HG and LG conditions.  However, Ang-2 

increased the activation of caspase-3 (Figure 7B).

Discussion
The risk of morbidity and mortality associated with cardio-
vascular disease is significantly increased in patients who are 
diabetic compared to patients who are non-diabetic[11].  This 
increase in risk may be related to vascular endothelial cell 
dysfunction that occurs under diabetic and hyperglycemic 

Figure 2. Ang-1 inhibited myocardial endothelial apoptosis induced by HG.  (A) Ang-1 increased cellular viability under HG conditions, as observed by 
MTT assays.  (B) Representative western blot and densitometry analysis of caspase-3 activation.  (C) Representative images of a TUNEL assay showing 
that Ang-1 significantly decreased MHMEC apoptosis induced by HG (n=3, 400× magnification).  bP<0.05, cP<0.01.
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conditions.  The angiopoietin system plays a critical role in 
maintaining vascular integrity and endothelial function in 
diabetic patients[12, 13].  Angiopoietins comprised of the ligands 
Ang-1/-2/-3/-4 represent a new family of angiogenic factors.  
Ang-1 and Ang-2 are the two key ligands for the Tie-2 recep-
tor[14].  Tie-2 is a receptor tyrosine kinase that is expressed in 
the vascular endothelium.  Ang-1 binds to the Tie-2 receptor 
and induces Tie-2 phosphorylation, thus promoting endothe-
lial cell survival and angiogenesis by activating the PI3 kinase-

Akt-eNOS pathway[15].  Therefore, we examined the Tie-2 sig-
naling pathway under HG conditions.  Our immunoprecipita-
tion and Western blot data show that exposure of MHMECs to 
HG resulted in a dramatic decrease in phosphorylation of the 
Tie-2/Akt/eNOS signaling pathway compared to MHMECs 
exposed to NG conditions.

Because Ang-1-mediated protection of endothelial cells 
involves the Ang-1/Tie-2/Akt pathways[15–17], we observed 
the effects of Ang-1 on MHMECs under HG conditions.  Our 
data show that Ang-1 significantly increased Tie-2 phospho-
rylation, which was inhibited by HG, and suppressed serum 
starvation-induced caspase-3 activation and endothelial cell 
apoptosis under HG conditions.  Our data suggest that Ang-1 
inhibits microvascular endothelial apoptosis, which may be 
responsible for the protection of Ang-1 in the ischemic heart, 
particularly in a hyperglycemic environment.  

Figure 3.  Representative images and quantitative analysis of 
tubular formation induced by Ang-1 under HG conditions (n=3, 100× 
magnification).  bP<0.05 compared with NG groups.  fP<0.01 compared 
with HG groups.

Figure 4.  Ang-2 exacerbated myocardial endothelial apoptosis under 
HG conditions.  (A) Quantification of the relative apoptosis of MHMECs 
determined by TUNEL staining (400× magnification).  (B) Caspase-3 
activation assayed by ELISA (n=3).  cP<0.01 compared with NG groups; 
eP<0.05 compared with HG groups.

Figure 5.  RNA interference of Ang-2 inhibited endothelial cell apoptosis 
induced by HG.  (A) western blot analysis shows that the expression of 
Ang-2 was significantly inhibited by RNA interference in endothelial cells 
24 h after the transfer of Ang-2 siRNA.  (B) Quantification of endothelial 
apoptosis by TUNEL staining.  (C) Caspase-3 activation was assayed by 
ELISA (n=3).  bP<0.05.
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Angiogenesis is an important function of the cardiac micro-
vascular endothelium, which is impaired in diabetes[10].  Capil-
lary tube formation, which depends on endothelial migration 
and proliferation[18, 19], is the primary mechanism of angiogen-
esis.  In the present study, we also investigated the effect of 
Ang-1 on angiogenesis in the cardiac microvascular endothe-
lium with tubular formation in vitro.  Our data reveal that 
Ang-1 promoted myocardial endothelial tubular formation 
that was dampened by hyperglycemia.  These data further 
suggest that Ang-1 can increase angiogenesis, benefiting isch-
emic hearts, particularly those in a hyperglycemic environ-

ment.  
Ang-2 has been identified as a natural antagonist of Ang-1, 

inhibiting Ang-1-mediated Tie-2 phosphorylation in the pres-
ence of Ang-1[1, 6, 20, 21].  Our previous studies have shown that 
exposure of MHMECs to HG led to a significant increase in 
Ang-2 expression and a decrease in Tie-2 expression compared 
to NG conditions[6].  However, the functional roles of Ang-2 
on myocardial endothelial cells under HG conditions were not 
explored.  In the present study, we found that increased Ang-2 
strikingly exacerbated myocardial endothelial apoptosis and 
delayed tubular structure formation of MHMECs under HG 
conditions.  The endothelial protection mediated by Ang-1 
was diminished in the presence of increased Ang-2 under HG 
conditions, which is consistent with our in vivo data[1, 6].  Addi-
tionally, our data suggest that Ang-1 shifts the ratio of Ang-2 
to Ang-1 and protects myocardial endothelial cells under 
hyperglycemic conditions.

In the present study, we have demonstrated that Ang-1 
can inhibit microvascular endothelial apoptosis and increase 
angiogenesis under HG conditions, possibly playing a role in 
protecting ischemic hearts in hyperglycemic or diabetic indi-
viduals.  
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Figure 7.  Ang-2 increased the activation of caspase-3 inhibited by Ang-1 
in MHMECs.  (A) western blot analysis shows that the expression of Ang-1 
was significantly increased in endothelial cells transfected with Ad-Ang-1 
after 24 h.  Control: untransfected cells; Ad-β-gal: cells were transfected 
with control adenovirus vector; Ad-Ang-1: cells were transfected with an 
adenovirus vector encoding mouse Ang-1.  (B) Ang-2 increased caspase-3 
activation, as assayed by ELISA (n=3).  bP<0.05 compared with the Ad-β-
gal groups; eP<0.05 compared with the Ad-Ang-1 groups.

Figure 6.  Ang-1 protected the function of MHMECs impaired by Ang-2 under HG conditions.  (A) Quantification of endothelial apoptosis by TUNEL 
staining.  (B) Caspase-3 activation was assayed by ELISA.  (C) Ang-1-induced tubular formation was blunted in the presence of Ang-2 under HG 
conditions (n=3).  bP<0.05.
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