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Aims We previously reported that increased protein O-GlcNAcylation in diabetic mice led to vascular rarefaction in the
heart. In this study, we aimed to investigate whether and how coronary endothelial cell (EC) apoptosis is enhanced
by protein O-GlcNAcylation and thus induces coronary microvascular disease (CMD) and subsequent cardiac dys-
function in diabetes. We hypothesize that excessive protein O-GlcNAcylation increases p53 that leads to CMD and
reduced cardiac contractility.

....................................................................................................................................................................................................
Methods
and results

We conducted in vivo functional experiments in control mice, TALLYHO/Jng (TH) mice, a polygenic type 2 diabetic
(T2D) model, and EC-specific O-GlcNAcase (OGA, an enzyme that catalyzes the removal of O-GlcNAc from
proteins)-overexpressing TH mice, as well as in vitro experiments in isolated ECs from these mice. TH mice exhib-
ited a significant increase in coronary EC apoptosis and reduction of coronary flow velocity reserve (CFVR), an as-
sessment of coronary microvascular function, in comparison to wild-type mice. The decreased CFVR, due at least
partially to EC apoptosis, was associated with decreased cardiac contractility in TH mice. Western blot experi-
ments showed that p53 protein level was significantly higher in coronary ECs from TH mice and T2D patients than
in control ECs. High glucose treatment also increased p53 protein level in control ECs. Furthermore, overexpres-
sion of OGA decreased protein O-GlcNAcylation and down-regulated p53 in coronary ECs, and conferred a pro-
tective effect on cardiac function in TH mice. Inhibition of p53 with pifithrin-a attenuated coronary EC apoptosis
and restored CFVR and cardiac contractility in TH mice.

....................................................................................................................................................................................................
Conclusions The data from this study indicate that inhibition of p53 or down-regulation of p53 by OGA overexpression attenu-

ates coronary EC apoptosis and improves CFVR and cardiac function in diabetes. Lowering coronary endothelial
p53 levels via OGA overexpression could be a potential therapeutic approach for CMD in diabetes.
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1. Introduction

The increasing prevalence of diabetes is a global phenomenon and many
people with diabetes suffer from and die of heart disease or stroke.
Diabetic heart disease includes diabetic cardiomyopathy and coronary
artery disease (CAD). CAD is classified into two groups: obstructive
CAD and coronary microvascular disease (CMD, also known as non-
obstructive CAD). Recent reports emphasize the importance of CMD in
diabetes as a risk factor for cardiac mortality.1,2 The mechanisms respon-
sible for CMD include microvascular rarefaction, small vascular remodel-
ling, and attenuated vasodilatation in coronary small arteries.3,4

Coronary vascular endothelial injury and dysfunction are implicated in
the development and progression of CMD; however, the detailed se-
quence of events remains unclear.

Mutation of transcription factor p53 is associated with 50% of known
cancers and mutant p53 promotes cancer cell proliferation and survival.
p53 is known to activate cell apoptosis,5 and overexpression of p53 is
one of the causes for cell death during cardiac ischaemia.6,7 p53 levels
are significantly increased in normal endothelial cells (ECs) following high
glucose (HG) treatment,8 and in diabetic hearts.9 In this study, we will
examine whether and how p53 is up-regulated in coronary ECs in diabe-
tes and if increased p53 alters coronary microvascular function and sub-
sequently changes cardiac contractility in diabetes.

Protein O-GlcNAcylation is a post-translational modification that
involves the addition of N-acetylglucosamine (GlcNAc) to serine or
threonine residues of proteins. Two enzymes regulate protein O-
GlcNAc modification: O-GlcNAc transferase that catalyzes the addi-
tion of O-GlcNAc and O-GlcNAcase (OGA) that removes O-GlcNAc
from proteins.10 Excessive protein O-GlcNAcylation has been
detected in diabetes and it contributes to the functional changes in
many tissues including the endothelium.11–15 The activity of endothe-
lial nitric oxide synthase is decreased by its O-GlcNAcylation, through

inhibition of Ser1177 phosphorylation.12 HG treatment increases pro-
tein O-GlcNAc modification and decreases angiogenic capacity in
ECs, due in part to decreased Akt phosphorylation.13 Excess protein
O-GlcNAcylation in ECs increases ICAM-1 levels through Sp1 up-
regulation.14 Yao et al.15 reported that up-regulation of ICAM-1 and
VCAM1 by HG treatment was mediated by increased angiopoietin-2
transcription through O-GlcNAcylation of Sp3. We have demon-
strated that O-GlcNAcylation of connexin 40, a component of gap
junctions, attenuates intercellular communication between ECs, and
decreases endothelium-derived hyperpolarization-dependent relaxa-
tion in coronary artery of type 1 diabetic (T1D) mice.11 Despite the
extensive studies, few reports have examined the role of endothelial
OGA (or protein O-GlcNAcylation) in coronary microvascular dys-
function in type 2 diabetes.

In this study, we report that hyperglycaemia leads to p53 overexpres-
sion in coronary ECs via excessive protein O-GlcNAcylation. OGA over-
expression in ECs down-regulates p53 expression and subsequently
restores coronary blood flow (CBF) and cardiac function in type 2 dia-
betic (T2D) mice.

2. Methods

2.1 Animals
All experimental protocols used in this study were approved by the
Institutional Animal Care and Use Committee (IACUC) at The
University of Arizona (UA) and the University of California, San Diego
(UCSD) and conformed to the Guide for the Care and Use of
Laboratory Animals published by the National Institutes of Health. The
universities have been certified by Public Health Service with Animal
Welfare Assurance number A3248-01 (UA) and A3033-01 (UCSD); the
approved IACUC protocol numbers for this study are 14-520 (at UA)
and S18185 (at UCSD). The laboratory personnel who conducted
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.following experiments took all trainings required for animal handling and
were certified by the IACUC.

Male TALLYHO/Jng (TH) mice were purchased from the Jackson
Laboratory (Bar Harbor, ME, USA) and bred in our animal facility. The
TH mice are a polygenic T2D model and male TH mice exhibit hypergly-
caemia, hyperinsulinaemia, hyperlipidaemia, and obesity.16,17 We used
age-matched male C57BL/6 mice as wild type (Wt) controls according
to the Jackson Laboratory guideline. All mice were fed with a normal
chow diet. TH and Wt mice were used for the experiments at age of
17–24 weeks. Pifithrin-a (PFT) is a chemical developed as a specific
blocker of p53 transcriptional activity and it is widely used to inhibit the
downstream signalling of p53.18–20 We purchased it from Cayman
Chemical (Ann Arbor, MI, USA) and administered to mice by intraperi-
toneal (i.p.) injection (q.o.d.) at 2.2 mg/kg for 4 weeks.21,22 0.22% DMSO
(vehicle) was injected as a vehicle control. Oral glucose tolerance test
(OGTT) and measurements of plasma cholesterol, high density lipopro-
tein, triglyceride, and insulin levels were performed as described
previously.23

Mice were anesthetized with a mixture of ketamine (100 mg/kg, i.p.)
and xylazine (5 mg/kg, i.p.) before heart dissection (one time injection
per mouse). All efforts were made to minimize suffering. Mice that
underwent ischaemia/reperfusion (I/R) surgery were given buprenor-
phine SR (1.0 mg/kg, s.c., once) following anesthaesia (1% isoflurane, con-
stant inhalation during surgery, Henry Schein, Melville, NY, USA) to
minimize pain during the recovery phase. Animals were monitored daily
following all surgical procedures, and evaluated for signs of pain, distress,
or morbidity.

2.2 EC-specific OGA overexpression in TH
mice
EC-specific, tetracycline-inducible OGA overexpressing mice were gen-
erated in our laboratory.11 The background strain for OGA overex-
pressing mice is C57BL/6. OGA overexpressing mice were crossed with
TH mice and the resulting mice, termed THOGA, were used for OGA
overexpression in the T2D model. We performed OGTT at 7 weeks of
age, and THOGA mice with a diabetic phenotype (Dia-THOGA) were
then randomly separated into two groups: one group with doxycycline
(DOX) treatment (þDOX) and the other without DOX treatment
(-DOX). Mice with the glucose level >150 mg/dL at time 0 and >250 mg/
dL at time 60 min by OGTT were classified as diabetic mice. THOGA
mice that did not develop T2D still exhibited an obese phenotype and
were excluded from these studies. OGA overexpression was achieved
by DOX administration in drinking water (0.2 mg/mL) for 6 weeks
(DOX was started at 10 weeks of age and mice were used for the
experiments at 16 weeks of age 6 weeks after DOX administration).

2.3 Coronary flow velocity reserve
measurement
Coronary flow velocity reserve (CFVR), instead of coronary flow re-
serve (CFR), was used to assess coronary microvascular function be-
cause of the difficulty in precisely measuring coronary arterial diameter
in mice.24 Coronary blood flow velocity (CFV) was measured using a
Vevo 2100 system (FUJIFILM Visual Sonics, Inc., Toronto, Canada). Mice
were anesthetized with isoflurane (1%) and the resting level of CFV was
obtained. CFVR was defined as the ratio of the maximal hyperaemic CFV

(induced by 2.5% isoflurane) divided by the resting CFV (1%
isoflurane).25

2.4 Analysis of EC apoptosis and capillary
densities in the left ventricular
myocardium
The evaluation of EC apoptosis and capillary density in the left ventricle
(LV) were conducted as described previously.11,26–28

2.5 Myocardial I/R-induced infarction
We performed in vivo I/R on mice under anesthaesia with isoflurane. The
left anterior descending coronary artery (LAD) was ligated for 30 min, fol-
lowed by reperfusion for 48 h.29 The LAD was then reoccluded and 2%
Evans Blue dye was injected through the descending aorta to determine
the area at risk (AAR, the area without blue colour). The hearts were then
dissected, frozen, and cut into 1 mm-thick transverse sections. The tissue
sections were stained with 1% 2,3,5-triphenyltetrazolium chloride for
10 min at 37�C to determine the infarcted area (white colour). Percentage
of infarct size divided by AAR was compared between groups.

2.6 Haemodynamic studies
In mice anesthetized with isoflurane, a pressure-volume loop catheter
(PVR-1030, Millar Instruments, Houston, TX, USA) was inserted into the
right carotid artery and advanced into the LV.29 Haemodynamic parame-
ters were measured and characterized using an MPVS Ultra system
(Millar Instruments) and recorded by Lab Chart Pro 8 (AD Instruments
Inc., Colorado Springs, CO, USA).

2.7 Isolation of mouse coronary ECs
Mouse coronary ECs (MCECs) were isolated using a method described
previously.11,23,26

2.8 Western blot analysis
Cells were lysed using NP40-based lysis buffer with protease inhibitor
cocktail, phosphatase inhibitor, and PugNAc. Protein levels were ana-
lysed using SDS-PAGE separation and electrophoretic transfer to nitro-
cellulose membranes. Primary antibodies used in this study are listed in
Supplementary material online, Table S1.

2.9 Human coronary ECs
Human coronary endothelial cells (HCECs) from five control and four
T2D patients were purchased from commercial suppliers
(Supplementary material online, Table S2) and cultured in EC media
composed of M199 supplemented with 10% FBS, 100 U/mL penicillin,
100lg/mL streptomycin, 20lg/mL endothelial cell growth supplement
(ECGS), and 16 U/mL heparin.

2.10 HG treatment and OGA gene
transduction in HCECs
For HG treatment, 20 mmol/L glucose was added to growth media (final
glucose concentration: 25 mmol/L). In normal glucose (NG) control
cells, 20 mmol/L mannitol was added to exclude the potential effect of
changes in osmolality (NG; glucose concentration: 5 mmol/L). Cells
were cultured for 96 h before experiments. Adenovirus (Adv) encoding
human OGA (OGA-Adv) was used to introduce the OGA transgene
into HCECs.11 Adv with empty vector (Control-Adv) was used as a

1188 R. Si et al.
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.control. Cells were transduced at a concentration of 100 pfu/cell 1 day
before initiating HG treatment.

2.11 Tube formation assay in HCECs
HCECs (4� 104) were seeded on Matrigel26 and treated with PFT
(20mmol/L) or vehicle (0.008% DMSO).18 Twenty-four hours after plat-
ing cells, four microscopic fields, selected at random, were photo-
graphed using an EVOS FL Auto Cell Imaging System with 4� objective
lens (Thermo Fisher Scientific Inc., Rockford, IL, USA). Total tube lengths
and capillary network density were analysed using ImageJ 1.51k software.

2.12 Real-time PCR
mRNA levels were measured by real time PCR.11,23 18S ribosomal RNA
(18S) was used as an endogenous reference gene. Primers sequences
are listed in Supplementary material online, Table S4.

2.13 Data and statistical analysis
Data collection and statistical analysis comply with the recommenda-
tions on experimental design and analysis in pharmacology. We con-
ducted data analysis in a blinded fashion wherever possible and set
proper controls for every experimental approach. The mouse numbers
and independent experiment numbers are described in the figure
legend.

Statistical analysis was performed using GraphPad Prism 7.04 (La Jolla,
CA, USA). Data are presented as mean± S.E. Two-tailed Student’s t-test

was used for comparison of two groups, and one-way ANOVA was
used for comparison of multiple groups. Statistical comparison between
dose-response curves was made by two-way ANOVA with Bonferroni
post hoc test. Differences were considered to be statistically significant
when P < 0.05.

2.14 Materials
Medium 199 (M199), streptomycin/penicillin, trypsin/EDTA, ECGS, FBS,
Matrigel, and DynabeadsVR Sheep Anti-Rat IgG were obtained from
Thermo Fisher Scientific. Collagenase II and dispase II were purchased
from Worthington Biochemical Corporation (Lakewood, NJ, USA). Rat
anti-mouse CD31 was obtained from BD Biosciences (San Jose, CA,
USA). Ketamine, xylazine, and buprenorphine SR were purchased from
Henry Schein. All other chemicals were obtained from Sigma-Aldrich (St
Louis, MO, USA).

3. Result

3.1 Metabolic characteristics
Blood samples were collected from Wt mice and TH mice to measure
metabolic characteristics.23 TH mice exhibited increased body weight,
heart weight, hyperglycaemia, hyperinsulinaemia, and hyperlipidaemia
(Table 1). Furthermore, TH mice showed impaired glucose tolerance in
comparison to Wt mice (Figure 1A).

.................................................................

..............................................................................................................................................................................................................................

..............................................................................................................................................................................................................................

................................................................. ................................................................

..............................................................................................................................................................................................................................

Table 1 Pharmacological and haemodynamic parameters of Wt and TH mice with or without I/R

Without I/R

Wt (n 5 8) TH (n 5 6)

Body weight (g) 27.4 ± 0.4 32.4 ± 1.0*

Blood glucose (mg/dL) 156.3 ± 13.2 492.0 ± 37.9*

Insulin (ng/mL) 1.9 ± 0.2 3.4 ± 0.2*

TC (mg/dL) 121.3 ± 21.8 182.5 ± 9.0*

HDL (mg/dL) 45.7 ± 3.6 91.3 ± 9.8*

TG (mg/dL) 32.5 ± 7.7 264.6 ± 49.1*

Without I/R With I/R

WT (n 5 6) TH (n 5 6) WT (n 5 6) TH (n 5 6)

Body weight (g) 27.3 ± 0.5 31.5 ± 1.3* 25.4 ± 1.0 32.9 ± 1.5*

Heart weight (mg) 108.7 ± 1.9 127.5 ± 3.7* 105.8 ± 1.6 117.8 ± 1.9*

Heart weight/body weight 4.0 ± 0.1 4.1 ± 0.3 4.2 ± 0.1 3.6 ± 0.2*

Blood glucose (mg/dL) 164.5 ± 12.8 521.5 ± 42.1* 163.0 ± 8.5 545.2 ± 10.6*

Mean arterial pressure (mmHg) 117.2 ± 3.3 123.5 ± 2.1 116.0 ± 2.4 126.0 ± 3.8

Heart rate (bpm) 530.3 ± 14.4 514.2 ± 8.2 527.3 ± 10.3 520.2 ± 8.1

Cardiac output (mL/min) 12 031 ± 1248 8471 ± 616* 11 243 ±629 7730 ±747*

Stroke volume (mL) 23.2 ± 2.5 17.2 ± 1.2 21.9 ± 0.7 15.1 ± 1.2*

LVSP (mmHg) 104.3 ± 6.6 111.8 ± 5.3 105.8 ± 6.9 87.1 ± 2.1*

dP/dt max (mmHg/s) 7399 ± 384 5746 ± 445* 5981 ± 182 3580 ± 202*

dP/dt min (mmHg/s) -5456 ± 350 -4055 ± 349* -4308 ± 190 -2378 ± 144*

Ejection fraction (%) 48.2 ± 1.8 34.0 ± 1.1* 38.8 ± 1.1 26.2 ± 1.0*

ESPVR (mmHg/mL) 7.1 ± 0.4 3.2 ± 0.3* 3.9 ± 0.1 2.1 ± 0.1*

ESPVR, end-systolic pressure–volume relation; HDL, plasma high density lipoprotein; LVSP, left ventricle systolic pressure; TC, plasma total cholesterol; TG: plasma triglyceride.
N shows the number of mice. Data are mean ± S.E.
*P < 0.05 vs. Wt.
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Figure 1 Characterization of Tallyho (TH) mice. (A) Oral glucose tolerance test (OGTT). Wild-type mice (Wt, nmice = 7); TH mice (TH, nmice = 7). (B)
Coronary flow velocity reserve (CFVR). Wt, nmice = 6; TH, nmice = 5. (C) Representative photographs showing the capillary density and EC apoptosis. ECs
were stained by BS-lectin-FITC (a marker of ECs) and apoptotic cells were detected by TUNEL staining (red). An arrow indicates co-stained cells (apoptotic
ECs, orange). Bar = 50mm. (D) Averaged data showing the capillary density in Wt (nmice = 5) and TH (nmice = 5). (E) Summarized data of the percentage of ap-
optotic ECs (the number of apoptotic ECs divided by total number of ECs). Nmice = 5 for each group. (F) Representative images of hearts after I/R. The area
at risk (AAR) is shown in non-blue (= whiteþ red) and the infarcted area is shown in white. Five cross sections (each 1 mm thick) from the ligation site to
the apex. Averaged data of infarcted area in the AAR (G) and the AAR in the ventricle (H). Nmice = 6 per group. (I) Protein O-GlcNAcylation in MCECs was
detected by the anti-O-GlcNAc antibody (RL2). Arrow indicates a representative band of proteins showing increased O-GlcNAcylation. Actin was used as a
loading control. (J) Summarized data of the intensity of the band indicated by the arrow (left) and total RL2 signals (right) (nmice = 7 per group). Data are
mean ± S.E. *P < 0.05 vs. Wt. Statistical comparison between time-response curves was made by two-way ANOVA with Bonferroni post hoc test. Unpaired
Student’s t-test was used for comparisons of two experimental groups.
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3.2 Reduced CFVR, decreased capillary
density, and increased endothelial
apoptosis in the LV of TH mice
CFVR was measured to assess coronary microvascular function in
mice.24 Figure 1B demonstrates that CFVR was significantly decreased in
TH mice compared to Wt mice. One of the causes for reduced CFVR is
vascular rarefaction in the heart. We found that TH mice exhibited de-
creased capillary density (Figure 1D) and increased EC apoptosis (Figure
1E) in the LV compared to Wt mice.

3.3 Decreased cardiac contractility and
increased susceptibility to I/R in TH mice
It has been shown that sustained reduction of CBF attenuates cardiac
function.30,31 Table 1 demonstrates that TH mice exhibit attenuated car-
diac contractility compared to Wt mice. Decreased capillary density also
exacerbates cardiac damage following I/R. We therefore tested the ef-
fect of 30-min occlusion and 48-h reperfusion of the LAD on infarct size
in Wt and TH mice. Figure 1F–H shows that infarct size after myocardial
I/R was significantly larger in TH mice than in Wt mice.
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by one-way ANOVA with Bonferroni post hoc test.
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..3.4 Increased protein O-GlcNAc
modification in coronary ECs isolated from
TH mice
Hyperglycaemia and cellular stresses increase pathophysiological pro-
tein O-GlcNAcylation.11–13 We isolated mouse coronary ECs
(MCECs) from Wt and TH mice and compared the levels of protein
O-GlcNAc modification. O-GlcNAc modification was detected with
RL2 (an anti-O-GlcNAc antibody).11 As shown in Figure 1I and J, pro-
tein O-GlcNAcylation was significantly increased in MCECs of TH
mice compared to Wt mice.

3.5 EC-specific OGA overexpression
inhibits protein O-GlcNAcylation in
MCECs and restores endothelial and
cardiac functions in TH mice
DOX administration successfully increased OGA protein levels and
decreased protein O-GlcNAc modification in MCECs of Dia-THOGA
mice (Figure 2A and B). OGA overexpression in ECs did not alter the
glucose tolerance (Figure 2C), nor the body weight, heart weight,
hyperglycaemia, hyperinsulinaemia, or dyslipidaemia seen in Dia-
THOGA mice (Table 2). However, OGA overexpression in Dia-
THOGA mice fully restored CFVR with partial, but significant, im-
provement of capillary density and EC apoptosis in the LV towards
the level seen in Wt mice (Figure 2D–F). Furthermore, attenuated
cardiac contractility in Dia-THOGA mice was improved by OGA
overexpression in ECs (Table 2).

3.6 Exposure to HG up-regulates p53
protein levels in HCECs and OGA
overexpression down-regulates p53
protein levels in HG-treated HCECs
There is increasing evidence showing that p53 protein levels are regu-
lated by O-GlcNAcylation.32 To examine whether excess protein
O-GlcNAcylation is involved in the p53 overexpression observed in HG-
treated HCECs, we first tested whether OGA overexpression altered
p53 levels in coronary ECs. To induce O-GlcNAcylation, HCECs were
treated with HG for 4 days. As shown in Figure 3C, protein O-
GlcNAcylation was significantly increased by HG treatment. OGA-Adv
transduction increased OGA protein levels (Figure 3B) and decreased
protein O-GlcNAcylation (Figure 3C). Furthermore, we found that OGA
overexpression significantly decreased p53 levels in HG-treated HCECs
(Figure 3D).

3.7 p53 protein levels are increased in
coronary ECs from diabetic patients and
mice, and in vivo OGA overexpression
decreases p53 protein levels in diabetic
mice
Consistent with the results from HG-treated HCECs, HCECs from T2D
patients (Figure 3E) and MCECs from TH mice (Figure 3F) both exhibited
a significant increase in p53 protein levels. Furthermore, increased p53
levels in MCECs from Dia-THOGA mice were diminished by OGA
overexpression towards the level seen in Wt mice (Figure 3G).

..............................................................................................................................................................................................................................

Table 2 Pharmacological and haemodynamic parameters of Wt, Dia-THOGA�DOX, and Dia-THOGAþDOX

Wt Dia-THOGA 2 DOX Dia-THOGA 1 DOX

Pharmacological parameters N = 6 N = 9 N = 9

Body weight (g) 26.7 ± 1.2 48.5 ± 1.9* 52.2 ± 1.3*

Blood glucose (mg/dL) 125.8 ± 7.6 398.4 ± 44.9* 389.3 ± 47.3*

Insulin (ng/mL) 1.3 ± 0.5 3.6 ± 0.1* 3.5 ± 0.1*

TC (mg/dL) 96.8 ± 16.2 183.0 ± 22.7* 194.8 ± 15.3*

HDL (mg/dL) 67.7 ± 14.7 88.8 ± 11.7 124.2 ± 6.8*

TG (mg/dL) 44.8 ± 10.7 106.2 ± 35.4 126.2 ± 39.1

Haemodynamic parameters N = 8 N = 6 N = 8

Body weight (g) 24.7 ± 1.3 48.9 ± 3.0* 47.1 ± 1.4*

Heart weight (mg) 108.3 ± 3.0 168.9 ± 6.9* 164.6 ± 8.0*

Heart weight/body weight 4.9 ± 0.4 3.5 ± 0.3* 3.5 ± 0.1*

Blood glucose (mg/dL) 120.0 ± 6.0 177.2 ± 13.1* 210.1 ± 16.7*

Mean arterial pressure (mmHg) 119.5 ± 3.2 115.3 ± 5.5 118.1 ± 4.0

Heart rate (bpm) 519.0 ± 11.2 533.3 ± 5.5 521.3 ± 9.3

Cardiac output (mL/min) 9050 ± 825 6250 ± 424* 8226 ± 665

Stroke volume (mL) 19.8 ± 1.3 13.4 ± 1.0* 16.4 ± 1.0

LVSP (mmHg) 100.0 ± 1.7 89.8 ± 4.5 98.0 ± 2.7

dP/dt max (mmHg/s) 5941 ± 224 3128 ± 358* 4509 ± 239*,#

dP/dt min (mmHg/s) -4587 ± 136 -2706 ± 129* -3373 ± 224*

Ejection fraction (%) 46.9 ± 1.1 24.8 ± 1.1* 32.6 ± 0.9*,#

ESPVR (mmHg/mL) 5.5 ± 0.4 3.1 ± 0.3* 4.7 ± 0.3#

N shows the number of mice. Data are mean ± S.E.
*P < 0.05 vs. Wt.
#P < 0.05 vs. Dia-THOGA - DOX.
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Figure 3 Effect of hyperglycaemia and OGA overexpression on protein O-GlcNAcylation, p53 protein expression, and tube formation. (A)
Representative Western blot image of OGA, O-GlcNAcylation (RL2 antibody), and Actin. (B) OGA protein levels in HCECs treated with normal glucose
(NG, 5 mmol/L glucoseþ 20 mmol/L Mannitol, 4 days) or high glucose (HG, 25 mmol/L glucose, 4 days) with control adenovirus (Cont-Adv) or OGA-Adv
transduction. Nexperiments = 6 per group. *P < 0.05 vs. NGþCont-Adv. (C) Protein O-GlcNAcylation detected by RL2 antibody. Nexperiments = 6 per group.
*P < 0.05 vs. NGþCont-Adv, #P < 0.05 vs. HGþCont-Adv. (D) p53 protein levels detected by Western blot. Nexperiments = 8 per group. *P < 0.05 vs.
NGþCont-Adv, #P < 0.05 vs. HGþCont-Adv. (E) p53 protein levels in HCECs from control and diabetic patients detected by Western blot. Control
patients (C, npatients = 5); and T2D patients (D, npatients = 4). *P < 0.05 vs. Cont. (F) p53 protein levels in MCECs freshly isolated from Wt and TH mice
detected by Western blot. Nmice = 15 per group. *P < 0.05 vs. Wt. (G) p53 protein levels in MCECs freshly isolated from Wt, Dia-THOGA w/o DOX and
Dia-THOGAþDOX detected by Western blot. Nmice = 6 per group. *P < 0.05 vs. Wt. (H) Representative photograph image of tube formation. (I)
Summarized data of total length, branch numbers, and junction numbers in control HCECs with vehicle (0.008% DMSO), diabetic HCECs with vehicle, and
diabetic HCECs with PFT treatment (20mmol/L, 24 h). Nexperiments = 6 per group. *P < 0.05 vs. Contþ vehicle, #P < 0.05 vs. Diaþ vehicle. Data are
mean ± S.E. Unpaired Student’s t-test was used for comparisons of two experimental groups. Statistical comparison between three groups was made by
one-way ANOVA with Bonferroni post hoc test.
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3.8 Inhibition of p53 restores tube
formation in HCECs from diabetic patients
Capillary density in vivo is regulated by endothelial proliferation, migra-
tion, and apoptosis. To assess the angiogenic capability of ECs, an ex vivo
tube formation assay was performed using HCECs from control and dia-
betic patients. Figure 3H and I shows that HCECs from diabetic patients
exhibited significantly less tube formation than cells from control
patients, while treatment with PFT18 (a p53 inhibitor) in HCECs from di-
abetic patients restored the level of tube formation towards that in con-
trol HCECs.

3.9 Inhibition of p53 restores the levels of
CFVR, capillary density, EC apoptosis, and
decreases the cardiac damage after I/R, in
TH mice

Four-week administration of PFT did not change the pharmacological
parameters in TH mice (Figure 4A and Table 3), but increased CFVR

(Figure 4B) and capillary density in the LV (Figure 4C), and decreased cor-
onary EC apoptosis (Figure 4D) in TH mice. In addition, cardiac contrac-
tility was enhanced and mean arterial pressure was decreased by chronic
PFT administration in TH mice (Table 3). The infarct size after I/R was
partially, but significantly, decreased after PFT administration in TH mice
(Figure 4E).

3.10 Identification of genes that are
regulated by p53 in TH mice
MCECs were freshly isolated from Wt mice, TH mice, and TH mice ad-
ministered PFT for 4 weeks. We first used a Mouse p53 Signalling
Pathway PCR Array (QIAGEN) and screened mRNAs. Four out of 84
mRNAs were selected for validation by real-time PCR based on the fol-
lowing criteria: (i) the level is significantly altered in TH mice and is re-
stored by PFT treatment and (ii) the altered level is consistent with the
increased cell apoptosis observed in TH mice. Based on these criteria,
we focused on four mRNAs: tumour necrosis factor (Tnf), Bcl2-associ-
ated X protein (Bax), Bcl-2-binding component 3 (Bbc3), and caspase 2
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Figure 4 Effect of chronic PFT treatment in TH mice on haemodynamics and mRNA levels of genes involved with p53 signalling. (A) OGTT.
Wtþ vehicle, nmice = 10; THþ vehicle, nmice = 11; THþ PFT, nmice = 10. (B) CFVR. Wtþ vehicle, nmice = 8; THþ vehicle, nmice = 9; THþ PFT, nmice = 9. (C)
Capillary density. Wtþ vehicle, nmice = 5; THþ vehicle, nmice = 5; THþ PFT, nmice = 6. (D) Apoptotic ECs. Wtþ vehicle, nmice = 5; THþ vehicle, nmice = 5;
THþ PFT, nmice = 6. (E and F) Infarcted area in the AAR (E) and the AAR in the ventricle (F). Nmice = 6 per group. (G) p53 mRNA levels in MCECs.
Wtþ vehicle, nmice = 8; THþ vehicle, nmice = 8; THþ PFT, nmice = 8. (H) Tnf mRNA levels in MCECs. Wtþ vehicle, nmice = 7; THþ vehicle, nmice = 6;
THþ PFT, nmice = 6. (I) Bax mRNA levels in MCECs. Wtþ vehicle, nmice = 7; THþ vehicle, nmice = 8; THþ PFT, nmice = 7. (J) Bbc3 mRNA levels in MCECs.
Wtþ vehicle, nmice = 7; THþ vehicle, nmice = 7; THþ PFT, nmice = 7. (K) Casp2 mRNA levels in MCECs. Wtþ vehicle, nmice = 7; THþ vehicle, nmice = 6;
THþ PFT, nmice = 6. Data are mean± S.E. *P < 0.05 vs. Wtþ vehicle, #P < 0.05 vs. THþ vehicle. Statistical comparison between time-response curves was
made by two-way ANOVA with Bonferroni post hoc test. Statistical comparison between three groups was made by one-way ANOVA with Bonferroni post
hoc test.
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(Casp2) (Supplementary material online, Table S3). Figure 4H–K shows
that Tnf, Bax, and Bbc3 mRNAs were significantly increased in TH mice,
while PFT treatment decreased the expression level of these genes to a
level similar to that in Wt mice. There was, however, no statistically sig-
nificant difference in Casp2 mRNA level among the three groups. We
also found that PFT treatment decreased p53 mRNA level in TH mice
(Figure 4G).

4. Discussion

CMD leads to cardiac ischaemia and heart attack.30,31 The major differ-
ence between obstructive CAD and CMD is the cause of the disease.
Obstructive CAD is primarily initiated by plaque development in coro-
nary arteries and the blockage or narrowing of the vessels that leads to
ischaemia. On the other hand, CMD is caused by the loss of capillaries or
increased small vessel contraction. The angiograph of patients with chest
pain due to CMD (without CAD) is normal and therefore often misdiag-
nosed as another disease such as myocarditis. CFR is commonly used as
an indicator of CMD in patients without obstructive CAD4,33,34 and CFR
is decreased in patients with diabetes.35–38 Coronary microvascular rare-
faction, as a result of endothelial apoptosis, decreases CBF and exacer-
bates ischaemia-induced cardiac damage due to a shortage of vascular
supply relative to cardiac demand.3,4 Sustained reduction of CBF also
leads to cardiac dysfunction.30,31 We and other investigators show that
capillary density is decreased in diabetic hearts;26–28,39–41 however, the
molecular mechanisms that lead to lowered capillary density in the dia-
betic heart are still incompletely understood. In this study, we examined

the role of p53 and protein O-GlcNAcylation in the regulation of coro-
nary EC apoptosis, CBF, and cardiac contractility in diabetic mice.

TH mice exhibited hyperglycaemia, dyslipidaemia, hyperinsulinaemia,
and abnormal glucose tolerance (Figure 1A and Table 1). The phenotype
of this strain appeared to be very similar to that observed in T2D
patients.17 CFVR is a well-accepted assessment of CMD in mice without
obstructive CAD.24 TH mice do not develop atherosclerotic plaques;
therefore, CFVR reflects the occurrence of coronary microvascular dys-
function. TH mice exhibited impaired CFVR (Figure 1B), accompanied by
decreased capillary density and increased EC apoptosis in the LV (Figure
1C–E). Since the number of capillary density positively correlates with
CFR,42–44 our data suggest that vascular rarefaction due to enhanced
coronary EC apoptosis likely contributes to the development of CMD in
TH mice. It has been reported that db/db mice (a monogenic T2D
model) exhibit attenuated CFVR due to coronary arterial remodelling45

or attenuated coronary vasodilatation.46 We reported that
endothelium-dependent relaxation (EDR) in coronary arteries was sig-
nificantly attenuated in inducible T1D and T2D mice11,23,26 and our pre-
liminary data showed that TH mice also exhibited impaired EDR in
coronary arteries compared to Wt mice (Supplementary material on-
line, Figure S1). The physiological and pharmacological properties of
blood vessels with different size (or different order or different branch)
are quite different; ECs from different sized vessels (e.g. capillary ECs and
arterial ECs) play a very different role in the regulation of vascular func-
tions.47,48 We will conduct more studies to define detailed molecular
mechanisms by which EDR is attenuated in coronary arteries of TH mice
and whether attenuated EDR contributes to reduced CFVR in TH mice
in the future. TH mice exhibited larger infarct size following myocardial I/

..............................................................................................................................................................................................................................

Table 3 Pharmacological and haemodynamic parameters of Wtþ vehicle, THþ vehicle, and THþPFT

Wt 1 vehicle TH 1 vehicle TH 1 PFT

Pharmacological parameters N = 6 N = 10 N = 8

Body weight (g) 31.1 ± 0.7 36.1 ± 1.1 36.1 ± 1.7

Blood glucose (mg/dL) 132.2 ± 9.8 354.0 ± 49.2* 376.6 ± 25.2*

Insulin (ng/mL) 1.1 ± 0.3 3.6 ± 0.1* 3.7 ± 0.1*

TC (mg/dL) 88.2 ± 3.8 209.9 ± 22.5* 200.6 ± 30.8*

HDL (mg/dL) 56.6 ± 6.1 81.4 ± 7.4 86.6 ± 8.3*

TG (mg/dL) 24.0 ± 5.4 210.2 ± 26.5* 189.9 ± 34.0*

Haemodynamic parameters N = 5 N = 5 N = 6

Body weight (g) 31.3 ± 0.6 38.5 ± 3.2* 36.3 ± 1.7

Heart weight (mg) 110.8 ± 3.9 132.2 ± 2.6* 132.3 ± 2.0*

Heart weight/body weight 3.5 ± 0.1 3.4 ± 0.1 3.7 ± 0.2

Blood glucose (mg/dL) 118.2 ± 4.5 461.0 ± 14.6* 401.5 ± 25.1*

Mean arterial pressure (mmHg) 117.8 ± 4.9 140.6 ± 4.5* 120.8 ± 2.4#

Heart rate (bpm) 496.1 ± 3.1 526.5 ± 21.5 522.6 ± 11.3

Cardiac output (mL/min) 9813 ± 1010 7986 ± 474 8881 ± 866

Stroke volume (mL) 21.7 ± 1.6 15.4 ± 0.6* 17.9 ± 1.1

LVSP (mmHg) 110.5 ± 3.0 105.2 ± 7.2 101.2 ± 5.1

dP/dt max (mmHg/s) 6374 ± 105 3146 ± 87* 4112 ± 133*,#

dP/dt min (mmHg/s) -4352 ± 195 -2326 ± 191* -3169 ±181*,#

Ejection fraction (%) 47.1 ± 2.4 31.3 ± 1.5* 37.2 ± 0.2*,#

ESPVR (mmHg/mL) 4.3 ± 0.7 2.1 ± 0.1* 3.1 ± 0.1

N shows the number of mice. Data are mean ± S.E.
*P < 0.05 vs. Wtþ vehicle.
#P < 0.05 vs. THþ vehicle.
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R and significantly reduced cardiac contractility, while myocardial I/R led
to further attenuation of cardiac function in TH (Figure 1F–H and
Table 1). The impaired cardiac function observed in TH mice might result
not only from reduced CFVR, but also from a direct effect of chronic
hyperglycaemia on the function of cardiac myocytes. We therefore used
endothelium-specific OGA overexpressing TH mice in our experiments
to define the specific role of endothelial dysfunction in the regulation of
cardiac function in diabetes.

DOX treatment in Dia-THOGA successfully increased OGA expres-
sion and decreased protein O-GlcNAc modification in coronary ECs
(Figure 2A and B), while diabetic characteristics (e.g. glucose tolerance,
plasma insulin level) were not altered by DOX treatment (Figure 2C and
Table 2). It has been reported that the inhibition of OGA increases protein
O-GlcNAcylation and decreases insulin secretion from b-cells,49 whereas
prolonged overexpression of OGA in b-cells increases serum insulin levels
in non-diabetic mice.50 OGA overexpression in the liver decreases gluco-
neogenesis and plasma glucose concentration in diabetes.51 By overex-
pressing OGA ubiquitously in TH mice, we expect to observe improved
metabolic characteristics through activation of insulin secretion from b-
cells and attenuation of gluconeogenesis of hepatocytes.

OGA overexpression significantly restored CFVR accompanied with
decreased coronary EC apoptosis in Dia-THOGA mice (Figure 2D–F).
These observations suggest that excess protein O-GlcNAcylation
increases EC apoptosis, decreases capillary density, and results in attenu-
ated CFVR. We also found that OGA overexpression in only ECs aug-
mented cardiac contractility in Dia-THOGA mice (Table 2), indicating
that restoration of CFVR, via repairing EC function, can be a therapeutic
target for cardiac dysfunction in diabetes. We realize that the magnitude
of CFVR recovery after OGA overexpression is more prominent than
the recovery rate of capillary density and EC apoptosis; therefore, we
speculate that OGA overexpression might have also restored EDR in
the coronary arteries of Dia-THOGA mice. We also observed that car-
diac function was significantly restored by OGA overexpression; how-
ever, function did not reach the level in control hearts, suggesting that
the defect in cardiac myocytes is caused not only by sustained reduction
of CFVR, but also by direct effects of hyperglycaemia on cardiac myocyte
function. Hu et al.52 reported that OGA overexpression restored Ca2þ

transients and contractility of cardiac myocytes isolated from T1D mice
by restoring the level of sarcoplasmic reticulum Ca2þ-ATPase, indicating
that pathophysiological protein O-GlcNAcylation may also affect the
function of cardiac myocytes.

Pro-angiogenic therapy is one of the approaches used to restore heart
damage caused by cardiac ischaemia.53 Successful data were obtained by
VEGF treatment in rodent models; however, clinical trial results failed to
show that VEGF gene therapy has a beneficial effect on increasing coro-
nary flow.54 There are still ongoing projects to increase capillary density
by pro-angiogenic therapy using VEGF as well as other growth factors.53

In the meantime, some investigators have started to focus on preventing
the loss of capillary networks.55,56 Among various pro-apoptotic factors,
p53 is a well-studied protein whose gene expression and activation are
modified by protein O-GlcNAcylation; O-GlcNAcylation at Ser149 of
p53 inhibits phosphorylation of p53 at Thr155 and subsequently
decreases ubiquitination of p53 and stabilizes p53.32 HG treatment of
coronary ECs significantly increased p53 protein levels while OGA over-
expression in these cells decreased p53 to the level similar to those mea-
sured in normal-glucose-treated ECs (Figure 3D). HCECs from diabetic
patients and MCECs from TH mice exhibited significantly increased p53
protein levels compared to controls (Figure 3E and F), while OGA over-
expression markedly decreased p53 levels in Dia-THOGA mice (Figure

3G). These data suggest that excessive protein O-GlcNAcylation result-
ing from hyperglycaemia leads to increased endothelial p53 protein lev-
els in vitro and in vivo. While we focused on p53 as a downstream target
of protein O-GlcNAcylation in this study, we acknowledge that O-
GlcNAcylation might also affect the expression of other proteins that
regulate EC apoptosis. Therefore, we will examine other candidates reg-
ulated by protein O-GlcNAcylation and test the role of these proteins
on coronary microvascular dysfunction in diabetes in future studies.

To elucidate the role of p53 on the angiogenic properties of ECs, we
conducted the tube formation assay using HCECs from control or T2D
diabetic patients. Figure 3H and I shows that HCECs from diabetic
patients exhibited attenuated angiogenic capacity and that PFT treatment
of diabetic HCECs significantly increased angiogenic capacity towards
the level seen in control HCEC. In addition, Supplementary material on-
line, Figure S2 shows that inhibition of p53 by p53 siRNA significantly in-
creased tube formation in diabetic HCECs. Those data suggest that
increased p53 protein level might lead to decreased capillary density in
the diabetic heart. In line with the ex vivo study, we found that p53 inhibi-
tion in vivo exerts beneficial effects on CVFR, capillary density in the LV,
and coronary EC apoptosis in diabetes (Figure 4B–D) and reduces infarct
size after I/R (Figure 4E and F and Table 3). We applied PFT systemically;
therefore, PFT not only affects coronary endothelial function, but also
influences the function in other organs such as cardiac myocytes.57 The
restoration of cardiac contractility shown in Table 3 is thus due not only
to the recovery of CFVR, but also to the direct PFT effect on cardiac
myocytes. Interestingly, mean arterial pressure was significantly reduced
by PFT treatment (Table 3). The main vasculature that contributes to
regulating arterial pressure is the resistance arteries in the mesenteric
and renal circulation. If PFT can decrease vascular resistance in those vas-
cular beds, the restoration of mean arterial pressure by PFT treatment
could be expected. Pfaff et al.58 demonstrated that p53 deletion en-
hanced new capillary formation in the mesenteric arterial bed after arte-
rial ligation. Kim et al.59 showed that overexpression of p53 decreased
endothelium-dependent vascular relaxation, although these data were
obtained in aorta. These observations imply that PFT treatment in TH
mice might be able to decrease arterial pressure via reducing vascular re-
sistance. Further experimentation is necessary to confirm our
hypothesis.

Although OGA overexpression in HG-treated HCECs and in MCECs
from diabetic mice decreased p53 levels towards those in the control
mice, there might be other signalling cascades involved in hyperglycae-
mia-induced p53 overexpression. Overexpression of Sirtuin 1 (NADþ-
dependent histone deacetylase) decreases p53 levels in aorta of diabetic
mice.60 HG treatment decreases murine double minute 2 (an E3 ubiqui-
tin ligase which degrades p53) level and increases p53 protein level.61

Hyperglycaemia-induced p53 overexpression is decreased by the treat-
ment of glucagon-like peptide-1 receptor agonist (exendin-4) in retinal
epithelial cells.62 Therefore, further experiments are required to identify
the molecular mechanisms by which hyperglycaemia induces p53 over-
expression in coronary ECs.

p53-mediated cell apoptosis involves many genes. After conducting a
p53-focused PCR array followed by real-time PCR validation in freshly
isolated MCECs, we identified three mRNAs with increased levels in dia-
betes and restored levels following PFT treatment (Figure 4H–K). This is
very useful information for the next step to study p53 signalling cascades
in the development of CMD in diabetes. In line with other investiga-
tors,63,64 we found that PFT decreased p53 transcript levels (Figure 4G);
however, the precise mechanisms by which PFT inhibits p53 signalling is
still unknown.
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.
We previously demonstrated that reactive oxygen species (ROS) is

increased in coronary ECs of T1D and T2D mice23,27,28,65 and increased
ROS leads to cell apoptosis.27 It has been well documented that overex-
pression of p53 increases ROS production;66,67 therefore, the p53-
mediated EC apoptosis may partially result from excess ROS production
in diabetic mice.

The data from this study demonstrated that increased coronary EC
apoptosis in TH mice is one of the causes for decreased capillary density
in the heart. TH mice had significantly increased heart weights; therefore,
the increased cardiac mass cannot be ignored when determining capillary
density. Here we analysed and reported the capillary metrics per mm2 of
tissue, where a smaller number of capillaries per mm2 is equal to an in-
creased distance between the capillaries. Both increased EC apoptosis
and increased cardiac mass would increase the distance between
capillaries and decrease the diffusion rate of O2 for cardiac myocytes,
thereby increasing the risk of cardiac ischaemia. Neither overexpression
of OGA nor inhibition of p53 had an effect on heart weight, but both
interventions did increase capillary density. These results suggest that no
matter how capillary density is decreased in TH mice, OGA overexpres-
sion and p53 inhibition can increase capillary density and O2 diffusion,
and thereby mitigate the risk of cardiac ischaemia.

In summary, the observations from this study suggest that protein O-
GlcNAcylation leads to coronary microvascular dysfunction in diabetes
due, at least in part, to p53 overexpression in coronary ECs.
Overexpression of OGA reduced coronary EC apoptosis, increased
capillary density in the LV, and restored CFVR in the diabetic heart. In ad-
dition, repairing endothelial function has a beneficial effect on decreased
cardiac contractility in diabetes. Therefore, we here propose that inhibi-
tion of protein O-GlcNAcylation in ECs via OGA overexpression may
be a novel therapeutic approach for CMD in diabetes.
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Supplementary material is available at Cardiovascular Research online.
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Translational perspective
Coronary microvascular disease (CMD) is one of the causes of cardiac ischaemia and heart attack in patients with diabetes; however, the molecular
mechanisms which chronic hyperglycaemia leads to CMD is not well understood. Our study demonstrated that lowering p53 (an apoptosis inducer)
via overexpression of OGA (an enzyme to reduce protein O-GlcNAcylation) inhibited coronary endothelial apoptosis, increased coronary flow, and
improved cardiac contractility in diabetes. Therefore, inhibiting p53 is a potential therapeutic approach for CMD in diabetes.
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