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Abstract
Sustained hyperglycemia results in excess protein O-GlcNAcylation, leading to vascular complications in diabetes. This
study aims to investigate the role of O-GlcNAcylation in the progression of coronary microvascular disease (CMD) in
inducible type 2 diabetic (T2D) mice generated by a high-fat diet with a single injection of low-dose streptozotocin.
Inducible T2D mice exhibited an increase in protein O-GlcNAcylation in cardiac endothelial cells (CECs) and decreases in
coronary flow velocity reserve (CFVR, an indicator of coronary microvascular function) and capillary density accompanied
by increased endothelial apoptosis in the heart. Endothelial-specific O-GlcNAcase (OGA) overexpression significantly
lowered protein O-GlcNAcylation in CECs, increased CFVR and capillary density, and decreased endothelial apoptosis in
T2D mice. OGA overexpression also improved cardiac contractility in T2D mice. OGA gene transduction augmented
angiogenic capacity in high-glucose treated CECs. PCR array analysis revealed that seven out of 92 genes show significant
differences among control, T2D, and T2D + OGAmice, and Sp1might be a great target for future study, the level of which
was significantly increased by OGA in T2D mice. Our data suggest that reducing protein O-GlcNAcylation in CECs has a
beneficial effect on coronary microvascular function, and OGA is a promising therapeutic target for CMD in diabetic
patients.
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Introduction

Diabetes-induced cardiovascular complications have be-
come one of the major health concerns as the global trend
of diabetes prevalence continues to grow. Heart-related
vascular complications in diabetic patients include ob-
structive coronary artery disease (CAD)1 and coronary
microvascular disease (CMD).2 Obstructive CAD is known
to be a primary cause of cardiac ischemia; however, there is
rising evidence showing that CMD, also known as non-
obstructive CAD, is an additional cause for increased
cardiac mortality.3–5 Coronary endothelial dysfunction is
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implicated in the development of CMD in diabetes,6–8 and
we have demonstrated that attenuated endothelium-
dependent relaxation and capillary rarefaction in the
heart are responsible for the progression of coronary mi-
crovascular dysfunction in type 1 diabetic (T1D) mice9–12

and type 2 diabetic (T2D) mice.13–16 However, the mo-
lecular mechanisms by which diabetes leads to CMD
through endothelial dysfunction are largely unknown.
Consequentially, there are currently no standardized
treatment strategies for CMD with or without diabetes, and
patients with CMD are commonly treated with cardio-
vascular medications used for obstructive CAD.17 There-
fore, further understanding of mechanistic details
underlying the progression of CMD in diabetes will allow
us to develop novel and proper therapeutic approaches for
diabetic patients with CMD.

Protein modification with O-linked β-N-acetylglucosamine
(O-GlcNAc) is a post-translational modification at serine
and threonine residues in proteins.18 Two regulatory
enzymes are involved in this modification: O-GlcNAc
transferase (OGT) and O-GlcNAcase (OGA), which
catalyze the addition and removal of O-GlcNAc from
proteins, respectively.18 It has been known that increased
protein O-GlcNAcylation is implicated in the develop-
ment of various diabetic vascular complications.19 Hy-
perglycemia induces O-GlcNAcylation of endothelial
nitric oxide synthase (eNOS) at Ser1177, leading to a
decrease in nitric oxide (NO) production.20 Rats fed with a
high-sugar diet exhibit increased O-GlcNAcylation of
eNOS in the perivascular adipose tissue (PVAT) that
causes PVAT dysfunction.21 Zhang et al.22 showed that
hyperglycemia increases the expression of intracellular
adhesion molecule 1 in retinal endothelial cells (ECs)
through O-GlcNAcylation of Sp1 (specificity protein 1),
resulting in retinal damage seen in diabetic retinopathy. It
has also been shown that the upregulation of angiopoietin
2 (Ang-2) upon Nucleoside diphosphate kinase B de-
pletion in ECs is mediated by O-GlcNAcylation of
FoxO1, a transcription factor that regulations Ang-2; thus,
driving the development of diabetic retinopathy.23 O-
GlcNAcylation of Akt at Thr430 and Thr479 in aortic
smooth muscle cells is significantly increased in T1D
mice, which results in increased Runx2 expression by Akt
activation and subsequent induction of smooth muscle
cell calcification.24 We demonstrated that O-GlcNAcy-
lation of connexin 40 reduces intracellular gap junction
communication, leading to impairment of endothelium-
dependent hyperpolarization-mediated relaxation in cor-
onary arteries of T1Dmice.11 Our recent report showed that
increased p53 O-GlcNAcylation in Tallyho mice (spon-
taneous T2D mice) is involved in increased endothelial
apoptosis and decreased capillary density in the heart.16

Despite the vast array of protein O-GlcNAcylation re-
search, few reports investigate the pathophysiological role

of protein O-GlcNAcylation in CECs in diabetes-induced
CMD.

Diabetic mouse models are essential for investigating
molecular mechanisms of diabetes-related cardiovascular
disease. There are several genetically modified or spon-
taneous T2D mice (e.g., Leptdb/db, KK-Ay, Tallyho),25 and
their metabolic parameters are well characterized. A dis-
advantage of those mice is it would take some time to
develop gene knock-in or knock-out mice with their
background. Therefore, an inducible T2D mouse model
would be ideal for the experiments in transgenic mice. Type
2 diabetes can be induced in mice by a high-fat diet (HFD)
feeding paired with a single intraperitoneal injection of
low-dose streptozotocin (STZ). This mouse model exhibits
hyperglycemia, hyperinsulinemia, increased body weight,
abnormal glucose tolerance, insulin resistance, and
dyslipidemia13–15,25–30; this is a well-established animal
model for T2D study, and the metabolic characteristics are
very close to those in human type 2 diabetes induced by
Western-diet.25,31–34 In our lab, feeding mice with HFD
alone does not induce stable type 2 diabetes in mice but
does lead to obesity and insulin resistance; however, a low-
dose STZ injection (75 mg/kg, i.p.) with HFD enables us to
generate a reproducible T2D mice.13–15,26,29,30

This study examines whether and how excess proteinO-
GlcNAcylation in cardiac endothelial cells (CECs) regu-
lates coronary microvascular function in inducible T2D
mice generated by HFD with low-dose STZ injection. Our
data demonstrate that OGA overexpression in T2D mice
decreases protein O-GlcNAcylation in CECs, which sub-
sequently reduces endothelial apoptosis, increases capillary
density in the heart, and restores coronary microvascular
function, evidenced by increased CFVR. Improving cor-
onary microvascular function by overexpression of OGA in
ECs also ameliorates cardiac contractility in inducible T2D
mice. These data suggest that OGA is a potential thera-
peutic target for CMD in diabetic patients.

Materials and methods

Chemical agents

Chemicals and antibodies were obtained from the fol-
lowing companies: anti-O-GlcNAc antibody (RL2) from
Abcam (Cambridge, MA, USA); anti-Actin from Cell
Signaling (Danvers, MA, USA); anti-CD31 from BD
Biosciences (San Jose, CA, USA); medium 199,
streptomycin/penicillin, trypsin/EDTA, endothelial cell
growth supplement, fetal bovine serum, sheep anti-rat
IgG Dynabeads®, Matrigel, DiI-acLDL, and Hoechst
33342 from Thermo Fisher Scientific (Waltham, MA,
USA); collagenase II and dispase II from Worthington
Biochemical Corp. (Lakewood, NJ, USA); STZ from
Enzo Life Sciences, Inc. (Farmingdale, NY, USA); and
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O-(2-acetamido-2-deoxy-D-glucopyranosylidene) amino
N-phenylcarbamate from Toronto Research Chemicals
(North York, ON, Canada). Any other chemicals were
purchased from Sigma-Aldrich Inc. (St. Louis, MO, USA).

Animals

The Institutional Animal Care and Use Committee (IA-
CUC) at both the University of California, San Diego
(UCSD, protocol number S18185) and the University of
Arizona (UA, protocol number 14-520) approved experi-
mental protocols used in this study. All laboratory per-
sonnel who performed animal experiments received the
required training. This study was organized to comply with
the US government regulations involving laboratory ani-
mal use. The University has been certified by PHS with
Animal Welfare Assurance numbers A3033-01 (UCSD)
and A3248-01 (UA). The total mouse number used in this
experiment is 111 mice.

The mouse strain that overexpresses OGA in ECs was
generated in our laboratory previously.11 Briefly, mice
carrying the Tie2 promoter with reverse tetracycline-
controlled transactivator gene (the Jackson Laboratory,
strain #005493, C57BL/6 background) were crossed with
the mouse with a tetracycline response element followed by
OGA gene (background: C57BL/6). The primer sequence
information for genotyping is listed in Supplemental
Table 1. Male double-transgenic mice were randomly
separated into three groups: control, diabetic, and OGA-
overexpressed diabetic mice. T2D was induced in double
transgenic mice at 6 weeks of age by STZ injection (75 mg/
kg, dissolved in citrate buffer, i.p.) and fed a HFD (60%
kcal) after injection.13,14 At 16 weeks of age, OGA
overexpression was achieved by doxycycline (DOX) ad-
ministration in drinking water (0.2 mg/mL) for 6 weeks.
Mice were used for experiments at 22 weeks old. An oral
glucose tolerance test (OGTT) was performed, as described
previously, in order to determine T2D phenotype.16 Heart
dissection was performed under anesthesia with a mixture
of ketamine (100 mg/kg, i.p.) and xylazine (5 mg/kg, i.p.).
All efforts were made to minimize suffering from pain.

Isolation of mouse CECs

Isolation of mouse CECs was performed using previously
described method.9–16,35 Briefly, heart tissues were minced
and incubated with M199 containing 1 mg/mL collagenase
II and 0.6 U/ml dispase II for 1 h at 37°C with occasional
agitation. Single suspended cells were then incubated with
CD31-precoated Dynabeads for 1 h at 4°C. A purity test was
conducted by assessing DiI-acLDL uptake, a marker for
living ECs, and staining with endothelial surface marker,
Bandeiraea Simplicifolia Lectin- FITC (BS-I). The pop-
ulation of cells was also co-stained with Hoechst 33342 (a

nuclear staining marker) to count the total cell number.
Efficient isolation yields approximately 104 cells from one
heart with over 80% purity.

Western blot analysis

Western Blot was conducted using SDS-PAGE and an
electrophoretic transfer to nitrocellulose membranes. The
following primary antibodies were used: RL2 (an anti-O-
GlcNAc antibody, 1:5000, Abcam, #AB2739) and anti-
actin (a loading control. 1:5000, Cell Signaling, #4968).
RL2 binds to O-GlcNAc and is used to detect protein O-
GlcNAcylation. The levels of protein O-GlcNAc modifi-
cation are presented with the sum of intensity from the
entire signal and bands, which give strong signals to
confirm the trend of change.

Coronary flow velocity reserve measurement

Coronary microvascular function was determined by as-
sessment of coronary flow velocity reserve (CFVR).14,16

Coronary blood flow velocity (CFV) was measured by
echocardiography using a Vevo2100 system (FUJIFILM
Visual Sonics, Inc., Toronto, Canada). Mice were anes-
thetized with isoflurane (1%), and the resting level of CFV
was obtained. CFVR was defined as the ratio of the
maximal hyperemic CFV (induced by 2.5% isoflurane)
divided by the resting CFV (1% isoflurane).

Analysis of capillary density and EC apoptosis in the
left ventricle

We evaluated capillary density and EC apoptosis in the left
ventricle (LV) as previously described.10–12,14–16 Briefly,
heart tissue sections (6 μm in thickness) were co-stained
with BS-Lectin-FITC (an EC marker) and TUNEL-TRITC
(an apoptotic marker). The images were captured with a
Nikon Eclipse Ti-E microscope (Nikon Corp. Tokyo, Ja-
pan) with a ×20 objective lens. Cells stained with both BS-
Lectin-FITC and TUNEL-TRITC were determined as
apoptotic endothelial cells.

Hemodynamic studies

Mice were anesthetized with isoflurane on the heating pad.
A pressure-volume loop catheter (PVR-1030, Millar In-
struments, Houston, TX, USA) was inserted into the right
carotid artery and progressed further into the LV.16 He-
modynamic parameters were measured using an MPVS
Ultra system (Millar Instruments). These parameters were
then recorded by Lab Chart Pro 8 (AD Instruments Inc.,
Colorado Springs, CO, USA).
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High glucose treatment and OGA gene transduction
in human CECs

High glucose (HG) treatment was achieved in human CECs
(Lonza Group AG, Basel, Switzerland) by adding 20 mmol/
L glucose to the EC media, creating a final glucose con-
centration of 25 mmol/L. Mannitol (an osmotic control) was
added at the same concentration, creating a final glucose
concentration of 5 mmol/L (normal glucose [NG]). Human
CECs were incubated in HG- or NG-containing media for
4 days. OGA adenovirus (OGA-Adv) was transduced in
CECs in order to overexpress OGA gene. Control or OGA-
Adv was added at 100 pfu/cell. Gene transduction was
achieved 1 day before initiating HG treatment.

Ex vivo angiogenesis assay in human CECs

We coated a 4-well chamber with Matrigel and plated
CECs at 4 × 104 cells per well. After 24 h of incubation,
four microscopic fields were randomly selected and pho-
tographed with a 4x objective lens using an EVOS FL Auto
Cell Imaging System (Thermo Fisher Scientific Inc.). Total
tube length, junction number, and node number were an-
alyzed using NIH ImageJ 1.5k software.14

Ex vivo apoptosis detection assay in human CECs

Human CECs were plated in a 24-well chamber with a
glass bottom at 2 × 104 cells per well. After gene trans-
duction and NG- or HG-treatment, cells were stained with
annexin V/ANXA5-FITC apoptosis detection reagent
(Abcam) and Hoechst 33342. Randomly selected five
microscopic fields/well were imaged with a ×20 objective
lens using EVOS FL Auto Cell Imaging System. The ratio
of annexin V positive cell number to total cell number was
used to display the effect of OGA on endothelial apoptosis.

Real-time PCR

We used real-time PCR to measure mRNA levels of dif-
ferent genes in mouse CECs. A miRNeasy Mini Kit
(QIAGEN, Chatsworth, CA, USA) was used to isolate
mRNA. A custom qPCR array plate (384-well plate) was
made by QIAGEN Inc. to determine expression levels
of 92 genes in four groups at once (SABIO Number
CAPA38128-6:CLAM25240). We selected the genes that
play crucial roles in endothelial function, such as a)
endothelial angiogenesis, b) endothelium-dependent
relaxation and contraction, c) Ca2+ homeostasis, and
d) mitochondria-mediated apoptosis (See Supplemental
Table 2 for the gene list). qPCR was conducted using
the CFX384 Touch Real-Time PCR Detection System
(Bio-Rad Laboratories, Hercules, CA, USA). GAPDH was
used as an internal control. The transcript levels of the gene

of interest were quantified according to the cycle threshold
(ΔCt) method. Ct values >35 were not included in the
analysis and were considered negative.

Data and statistical analysis

Data analysis was conducted in a blinded manner whenever
possible. All experimental plans included proper controls
matched to the experimental groups. The figure legend
describes mouse numbers and independent experiment
numbers (n). Statistical analysis was performed using
GraphPad Prism 9.1 (La Jolla, CA, USA). Data in the
figures of the results section are represented as mean ±
SEM. One-way ANOVA (except Figure 1(d)) was used to
compare multiple groups with Bonferroni post hoc anal-
ysis. Differences were considered to be statistically sig-
nificant when p < 0.05. In Figure 1(d), we used two-way
ANOVAwith Bonferroni post hoc analysis. The qPCR data
in Figure 6 were subjected to Grubbs’ test to mathemati-
cally remove the outliners caused by technical errors. To
analyze the data within narrow distributions, we used 0.1 to
obtain Grubbs’ critical value (1.83 for n = 7 [Cont, T2D]
and 1.73 for n = 6 [T2D + DOX]). After eliminating the
outliners, the data were analyzed using one-way ANOVA
with Bonferroni post hoc analysis.

Results

OGA overexpression decreased protein
O-GlcNAcylation modification in CECs of diabetic
mice without changing glucose tolerance, body
weight, and plasma cholesterol levels

Figure 1(a) demonstrates the sequence of T2D induction
and DOX administration in mice. OGA is the enzyme that
removes O-GlcNAc from the proteins.18 First, we exam-
ined whether DOX-induced OGA overexpression altered
protein O-GlcNAcylation levels in diabetic mice. Mouse
CECs were isolated from three groups, and the level of
protein O-GlcNAc modification was detected by RL2
antibody. Protein O-GlcNAcylation was increased in dia-
betic mice, and OGA overexpression significantly de-
creased the levels of O-GlcNAc protein modification in
CECs of T2D mice (Figure 1(b) and (c)). T2D mice ex-
hibited abnormal glucose tolerance (Figure 1(d) and (e))
and significant increases in body weight (Figure 1(f)) and
total cholesterol (Figure 1(g)) compared to the control
mice. OGA overexpression by DOX administration did not
affect glucose tolerance, body weight, and cholesterol level
when compared to T2D mice (Figure 1(d)–(g)). These data
suggest that OGA overexpression successfully reduced
protein O-GlcNAcylation in ECs of T2D mice without
altering glucose hemodynamics in the body.
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OGA overexpression restored coronary
microvascular function by improving capillary
density and decreasing EC apoptosis in the heart of
diabetic mice

To examine whether our T2D mice have CMD and if OGA
overexpression restores coronary microvascular function,
we measured CFVR as a surrogate parameter of coronary
microvascular function.36,37 Compared to control mice,
T2D mice displayed a significant reduction in CFVR
(Figure 2(a) and (b)). Supplemental Figure 1 demonstrates
that our T2D mice do not show any lipid plaque formation;
therefore, the decrease in CFVR is solely due to attenuated
coronary microvascular function in T2D mice. Decreased
CFVR was significantly increased by OGA overexpression
in T2D mice (Figure 2(a) and (b)). There was no difference
in the baseline of CFVamong the three groups (Cont, 552.8
± 54.3; T2D, 737.8 ± 72.5; T2D +DOX, 523.1 ± 74.0). The
change in capillary density in the LV influences CFVR;38,39

therefore, we assessed and compared capillary density in

control, diabetic and diabetic mice treated with DOX. T2D
mice exhibit lower capillary density than control mice,
while OGA overexpression significantly increased capil-
lary density in T2D mice (Figure 2(c) and (d)). Capillary
density is regulated by endothelial apoptosis, endothelial
migration and proliferation, and incorporation of circu-
lating endothelial progenitor cells into the sites where ECs
are damaged. Figure 2(e) and (f) demonstrate that the
number of apoptotic ECs was significantly increased in
T2D mice compared to control mice, whereas OGA
overexpression in T2D mice showed a decrease in endo-
thelial apoptosis.

Restoration of coronary microvascular function
improved cardiac contractility in T2D mice

It has been reported that sustained reduction of coronary
flow leads to attenuated cardiac contractility.40,41 There-
fore, we assessed cardiac function by inserting the catheter
in the LV. T2D mice exhibited significant impairment of

Figure 1. Phenotypic characteristics of control, T2D, and OGA-overexpressed T2Dmice. (a): Timeline of diabetic induction and OGA
gene overexpression. (b): Representative Western Blot image of O-GlcNAc protein modification detected by RL2 and actin levels in
mouse cardiac endothelial cells (CECs) from control, T2D, and T2D + DOX mice. (c): Summarized data of protein O-GlcNAcylation.
Left: Total RL2 protein levels. Nmice = 4 in each group. Middle: RL2 protein levels at the band A. Nmice = 4 in each group. Right: RL2
protein levels at the band B. Nmice = 4 in each group. RL2 signals were normalized by actin signal. (d): Oral glucose tolerance test
(OGTT). Control, Cont, nmice = 8; T2D, nmice = 10; T2D with OGA induction (T2D + DOX), nmice = 10. Two-way ANOVA was
conducted to assess the statistical significance between the three groups. (e): Area under the curve (AUC) of OGTT. Cont, nmice = 8;
T2D, nmice = 10; T2D + DOX, nmice = 10. (f): Body weight (BW). Cont, nmice = 8; T2D, nmice = 10; T2D + DOX, nmice = 10. (g): Total
cholesterol (TC). Nmice = 4 per group. Data are shown as mean ± SEM. *p < 0.05 vs. Cont. #p < 0.05 vs. T2D.One-way ANOVA (in c and
e–g) was used to determine statistical significance between experimental groups with Bonferroni post hoc test.
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cardiac output (CO), left ventricular systolic pressure
(LVSP), dp/dt max, dp/dt min, and ejection fraction (EF)
without affecting mean arterial pressure and heart rate
(Figure 3). Strikingly, OGA overexpression significantly
improved cardiac contractility in T2D mice. The results in
Figure 2 and 3 indicate that OGA overexpression restores
coronary microvascular function by increasing capillary
density and CFVR, which subsequently augments cardiac
contractility in diabetic mice.

OGA overexpression increased capillary network
formation in human CECs treated with high glucose

An ex vivo capillary network formation was conducted in
order to investigate how OGA overexpression influences
endothelial angiogenic capacity under high glucose con-
ditions. The microphotographs and summarized data
showed attenuated capillary network formation in HG-
treated human CECs, and OGA overexpression in HG-

Figure 2. Effect of OGA overexpression on coronary flow velocity reserve, capillary density, and endothelial apoptosis in T2Dmice. (a):
Representative image of coronary flow. Left: coronary flow at the baseline (1% isoflurane). Right: coronary flow at hyperemia (2.5%
isoflurane). The height shows the velocity of the flow (yellow line). (b): Summarized data of coronary flow velocity reserve (CFVR).
Cont, nmice = 7; T2D, nmice = 7; T2D + DOX, nmice = 8. (c): Representative photomicrographs displaying capillary density of the LV.
Endothelial cells (ECs) were stained with BS-lectin-FITC. Bar = 50 μm. (d): Summarized data of capillary density. Cont, nmice = 4; T2D,
nmice = 4; T2D + DOX, nmice = 5. (e): Representative photomicrograph of apoptotic ECs. ECs were stained with lectin-FITC (green) and
TUNEL-TRITC (red). Orange arrows point to co-stained cells that exhibit EC apoptosis. Bar = 50 μm. (f): Summarized data of apoptotic
ECs (the number of apoptotic ECs divided by the total number of EC). Cont, nmice = 4; T2D, nmice = 4; T2D +DOX, nmice = 5. Data are
shown as mean ± SEM. *p < 0.05 vs. Cont. #p < 0.05 vs. T2D. One-way ANOVA was used to determine statistical significance between
experimental groups with Bonferroni post hoc test.
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treated CECs partially, but significantly, restored capillary
network formation (Figure 4). OGA overexpression in NG-
treated CECs did not influence capillary network formation
(Supplemental Figure 2). HG-treated CECs displayed a
drastic increase in endothelial apoptosis compared to
normal glucose conditions. In contrast, OGA over-
expression showed a trend of decrease in apoptotic ECs
without significant difference (Figure 5). These data sug-
gest that high-glucose treatment reduces capillary network
formation through excess protein O-GlcNAcylation.

OGA overexpression altered mRNA levels of Sp1
and MAPK1 in mouse CECs of T2D mice

Other investigators and we demonstrated that OGA
overexpression increases target proteins’ activities by re-
movingO-GlcNAc residues.11,16,42 However, there are few
reports examining the effect of OGA overexpression on
mRNA expression levels. We here measured and compared
the mRNA levels of 92 genes in mouse CECs isolated from
control mice, T2D mice, and T2D mice treated with DOX
using a qPCR. Of 92 genes, seven displayed significant
differences in mRNA levels among three groups: Dnm1l,
Flt4, Kcnn3, Mapk1, Pecam1, Sp1, and Vcam1. Within
seven genes, two genes,Mapk1 and Sp1, showed increased
mRNA expression in mouse CECs of OGA-overexpressed
T2D mice compared to CECs from T2D mice. These
data suggest that Sp1 and Mapk1 might be involved in

O-GlcNAcylation-dependent regulation of coronary mi-
crovascular function.

Discussion

There has been much discussion of the urgent need to
develop specific treatments for CMD patients due to the
increasing prevalence of CMD. Importantly, T2D diabetic
patients are more prone to CMDs,43–45 and cardiac mor-
tality is higher in diabetic patients with CMD than control
subjects with CMD.1 Therefore, we investigate the mo-
lecular mechanisms of CMD in diabetes. In this study, we
used an inducible T2D mouse model, generated by the
single administration of a low dose of STZ paired with
HFD. Many investigators, including us, have reported this
mouse model having hyperglycemia, abnormal glucose
tolerance, increased body weight, and dyslipidemia
(Figure 1).13–15,25–34 Coronary flow reserve (CFR) is a
clinically accepted assessment for coronary microvascular
function in patients without detectable stenosis in the
coronary vasculature. In this study, we used CFVR, instead
of CFR, because of the difficulty in determining the precise
diameter of the coronary artery, which is required for the
calculation of coronary flow. It has been reported that
CFVR correlates well with CFR and is a useful surrogate
assessment for coronary microvascular function.36,37 In-
ducible T2D mice in C57 background strain hardly
develop lipid plaque formation at the age that we used

Figure 3. Cardiac hemodynamic features of control mice, T2D mice, and OGA overexpressing T2D mice. (a): Mean arterial pressure
(MAP). (b): Heart rate (HR). (c): Cardiac output (CO). (d): Left ventricular systolic pressure (LVSP). (e): dp/dt max. (f): dp/dt min, (g):
Ejection fraction (EF). Cont, nmice = 5; T2D, nmice = 5; T2D + DOX, nmice = 6. Data are shown as mean ± SEM. *p < 0.05 vs. Cont. #p <
0.05 vs. T2D. One-way ANOVA was used to determine statistical significance between experimental groups with Bonferroni post hoc
test.
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(Supplemental Figure 1); therefore, the reduction of CFVR
seen in T2D mice is primarily caused by attenuated cor-
onary microvascular function (Figure 2(b)). Endothelial
dysfunction is implicated in coronary microvascular dys-
function in CMD.38,39,46–49 Reduced endothelium-derived
relaxing factors, attenuated endothelium-derived hyper-
polarization, and/or increased endothelium-derived con-
tracting factors lead to narrowing the diameter of coronary
arteries and arterioles that subsequently reduces coronary

flow in microvascular circulation.46 In addition, enhanced
coronary endothelial apoptosis and decreased regeneration
of new capillaries result in capillary rarefaction in the heart
and reduced blood flow in the coronary microcirculation.38,39

Other investigators and we reported that capillary density is
decreased in the heart of patients and mice suffering from
diabetes,10,14,16,50–53 and protein O-GlcNAcylation in
CECs is increased in inducible T1D and spontaneous T2D
diabetic mice.11,16 Therefore, in this study, we aim to

Figure 5. Effect of OGA overexpression on endothelial apoptosis in HG-treated human CECs. (a): Representative microphotograph of
apoptosis in human CECs. (b): Summarized data of apoptosis in CECs in NG or HG treatment with or without OGA overexpression.
Nexperiment = 5 for each group. Cell apoptosis was determined by Annexin-V. Data are shown as mean ± SEM. *p < 0.05 vs. NG + Cont-
Adv. #p < 0.05 vs. HG + Cont-Adv. One-way ANOVA was used to determine statistical significance between experimental groups with
Bonferroni post hoc test.

Figure 4. Effects of OGA overexpression on capillary network formation in high-glucose treated human CECs. (a): Representative
microphotograph of capillary network formation in human CECs. (b–d): Summarized data of capillary network formation. (b): Number
of nodes. (c): Number of junctions. (d): Total length. Human CECs were treated with normal glucose (NG) or high glucose (HG) for 96 h
with or without OGA overexpression by OGA-Adv (100 pfu/cell). Nexperiment = 6 per group. Data are shown as mean ± SEM. *p < 0.05
vs. NG + Cont-Adv. #p < 0.05 vs. HG + Cont-Adv. One-way ANOVA was used to determine statistical significance between
experimental groups with Bonferroni post hoc test.
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examine the link between O-GlcNAcylation and coronary
microvascular dysfunction in inducible T2D mice, which
has never been investigated.

In order to examine the role of O-GlcNAcylation on
diabetic endothelial function, we induced T2D in an
endothelium-specific tet-inducible OGA overexpressing
mouse model. Excess protein O-GlcNAcylation causes
maladaptive effects on endothelial migration, proliferation,
and survival mice.11,16,54 However, it has to be noted that
protein O-GlcNAcylation is pivotal in physiological
function in various cell types.55–58 Therefore, it is critical
not to “remove” protein O-GlcNAcylation, but to reduce
O-GlcNAcylation levels toward the control range
(Figure 1(g)). Tissue-specific OGA overexpression can
minimize unwelcome effects on other cell types, and the
tet-inducible model allows us to avoid the impact of OGA
overexpression during embryonic development. Therefore,
our endothelial-specific tet-inducible OGA overexpression
mice are well suited to this study. OGA overexpression did
not alter fasting glucose level, glucose tolerance, body
weight, or dyslipidemia in our inducible T2D mice
(Figure 1(d)–(g)), indicating that overexpression of OGA
does not alter phenotypic characters of T2D. This also
evidences that OGA is restrictedly increased in ECs but not
in other cell types. It has been reported that reduction of
protein O-GlcNAcylation in skeletal muscles59,60 in HFD-
fed mice improves glucose tolerance, and OGA deletion in
β-cells61 or oocytes62 leads to impaired glucose tolerance.

OGA-overexpression in T2D mice restored CFVR to
control levels, accompanied by increased capillary density
and decreased apoptotic ECs in the LV (Figure 2). These
data suggest excess O-GlcNAcylation increases apoptotic
ECs, followed by decreased capillary density and reduced
CFVR. The results align with our previous publications
that examined the role of O-GlcNAcylation in maintaining
capillary density.11,16 EC-specific OGA overexpression
increased capillary density in the LVof inducible T1D mice
generated by an intravenous injection of high-dose STZ
(133 mg/kg).11 Overexpression of OGA in Tallyho mice
(spontaneous T2D mice) showed restorative effects on
CFVR and capillary density.16 We here confirm that the
beneficial effects of OGA overexpression or reduction of
protein O-GlcNAcylation on cardiac endothelial function
are universal phenomena across different types of diabetes.

Coronary microvascular dysfunction not only increases
cardiac mortality but also leads to heart failure with pre-
served EF.63,64 However, it has been reported that pro-
longed reduction of coronary flow results in reduced
cardiac contractility.40,41 In our diabetic mice, cardiac
contractility was significantly attenuated (Figure 3), which
might be led by both hyperglycemia-induced cardiac
myocyte dysfunction and sustained blood flow reduction
because of attenuated coronary microvascular function by
hyperglycemia. OGA overexpression in ECs significantly

increased cardiac contractility in T2D mice due partly to
increased capillary density, followed by enhanced oxygen
delivery to cardiac myocytes. It has to be noted that dp/dt
max, dp/dt min, and EF were augmented but not fully
recovered toward the control range. Hu et al.65 showed that
overexpression of OGA in cardiac myocytes significantly
augmented cardiac contractility in inducible T1D mice.
These data suggest that improving coronary microvascular
function has a beneficial effect on restoring cardiac
function in diabetes; however, full recovery of cardiac
contractility requires further improvement in cardiac my-
ocytes of diabetic mice.

Capillary density is modified by endothelial function;
increased endothelial apoptosis reduces capillary density in
the heart. If resident ECs can actively migrate and pro-
liferate and/or endothelial progenitor cells can sufficiently
adhere and home to damaged vascular walls, capillary
density might not be dramatically reduced even though
endothelial apoptosis is enhanced. Our diabetic mice ex-
hibit hyperglycemia and dyslipidemia. To investigate
whether hyperglycemia alters capillary density through
excess protein O-GlcNAcylation, we treated human CECs
with HG and examined the effect of OGA on endothelial
function ex vivo. We found that capillary network for-
mation was significantly attenuated by HG treatment, and
OGA overexpression in HG-treated ECs exhibited sig-
nificant restoration of capillary network formation toward
levels similar to NG-treated ECs (Figure 4). Interestingly,
overexpression of OGA in NG-treated ECs did not alter
capillary network formation (Supplemental Figure 2),
suggesting that an increase in OGA expression above
physiological does not lead to pathophysiological angio-
genesis, like cancer cells. Matrigel-based capillary network
formation assay (also known as tube formation assay and/
or angiogenesis assay) is a useful tool to evaluate endo-
thelial angiogenic capability.66,67 Attenuated angiogenesis
is a hallmark of diabetic angiopathy, and it has been re-
ported that HG treatment decreases capillary network
formation in most ECs isolated from different vessels,
including coronary ECs,10,68 but increases in retinal
ECs.69,70 Other investigators and we reported that de-
creased angiogenic capacity by HG treatment or hyper-
glycemia might be caused by increased O-GlcNAcylation
of Akt,54 GFAT1,71 Cx40,11 and p53.16 Akt, GFAT1, and
Cx40 are involved in endothelial migration, while p53 can
modify angiogenic capacity through the activation of cell
apoptosis.

Figure 5 shows that HG treatment in human CECs
significantly increased endothelial apoptosis, which is in
line with other reports.16,72,73 OGA-Adv transduction in
HG-treated CECs showed a trend of decrease in apoptotic
ECs; however, there was no significant difference in ap-
optotic endothelial population between control-Adv-
transduced ECs and OGA-Adv-transduced ECs under
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high glucose conditions (Figure 5). Chronic OGA over-
expression in T2D mice significantly decreased endothelial
apoptosis (Figure 2(e)), but OGA overexpression did not
affect endothelial apoptosis in HG-treated CECs in ex vivo,
which would be partially due to the shorter duration of
OGA overexpression (5 days) than in vivo experiment
(6 weeks).

To identify key genes that may contribute to the re-
storative effects seen by OGA-overexpression in T2D
mice, we used a custom PCR array to determine altered
gene expression levels in mouse CECs isolated from
control, T2D, and EC-specific OGA-overexpressing T2D
mice. Among 92 genes, only seven genes had a significant
difference with ANOVA, and two genes, Sp1 and Mapk1,
showed to be upregulated by OGA-overexpression. Sp1 is
a transcription factor that regulates expression levels of
many genes, including angiogenesis-related genes (e.g.,
Akt, Fgf, Pdgf, Vegfb) and transcription factors (e.g., p53,
Sp1, Runx), and its activity is heavily regulated by post-
translational modification.74 Hyperglycemia and/or high
glucose treatment decrease Sp1 expression levels in cor-
onary ECs10 but increase in retinal ECs,75 implying that the
change in Sp1 levels might participate in diabetes-mediated
vascular complications. Sp1 leads to angiogenesis;76

therefore, overexpression of Sp1 by OGA seen in

Figure 6 might be involved in increased capillary density in
OGA overexpressing T2Dmice (Figure 2(c)) and enhanced
capillary network formation in HG-treated CECs
(Figure 4). However, it is also noted that excess Sp1 ex-
pression is the cause of tumor angiogenesis74 and diabetic
retinopathy.75 Targeting Sp1 as a treatment for capillary
rarefaction in diabetes is thus questionable. MAPK1 is an
enzyme involved in various signaling pathways such as
migration, proliferation, and cell cycle.77 Although
MAPK1 plays a critical role in the physiological function
of ECs, overactivation of MAPK1 has been observed in
diabetes, resulting in a pathophysiological response of
MAPK1 in ECs.78–80 Therefore, it requires further ex-
periments to identify the role of MAPK1 upregulation seen
in OGA-overexpressing diabetic mice in coronary endo-
thelial dysfunction.

Protein O-GlcNAcylation is regulated by not only OGA
but also OGT; therefore, some might wonder whether OGT
could be used to modify protein O-GlcNAcylation and
following events caused by excess O-GlcNAcylation in
diabetes. Importantly, OGT not only regulates protein O-
GlcNAcylation but also activates other proteins and ex-
pression levels involved in tumor progression. OGT levels
are increased in various cancer cells, increasing their mi-
gration and proliferation via changing angiogenic peptide

Figure 6. Genes that demonstrate altered mRNA levels in CECs from control, T2D, and OGA overexpressing T2D mice. Gene
expression level was determined by a custom PCR Array in 92 genes. (a): Dnm1l. Cont, nmice = 6; T2D, nmice = 5; T2D + DOX, nmice =
4. (b): Flt4.Cont, nmice = 7; T2D, nmice = 6; T2D +DOX, nmice = 5. (c): Kcnn3. Cont, nmice = 7; T2D, nmice = 6; T2D +DOX, nmice = 5. (d):
Mapk1. Cont, nmice = 7; T2D, nmice = 6; T2D + DOX, nmice = 6. (e): Pecam1. Cont, nmice = 7; T2D, nmice = 7; T2D + DOX, nmice = 5. (f):
Sp1. Cont, nmice = 7; T2D, nmice = 6; T2D + DOX, nmice = 6. (g): Vcam1. Cont, nmice = 7; T2D, nmice = 5; T2D + DOX, nmice = 5. Data
are shown as mean ± SEM. *p < 0.05 vs. Cont. #p < 0.05 vs. T2D. Grubbs’ test was carried out to eliminate the outliners first. One-way
ANOVA was used to determine statistical significance between experimental groups with Bonferroni post hoc test.
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concentration.81 Therefore, we need to be cautious in
changing OGT levels in the cells. We have shown that OGT
level is not altered in CECs in diabetes;11 consequently, it
might not be preferable to regulate OGT levels in CMD in
diabetes.

In summary, we identified that overexpression of en-
dothelial OGA exhibits a beneficial effect on coronary
endothelial function in inducible T2D diabetic mice by
augmenting endothelial angiogenesis and increasing cap-
illary density in the heart, resulting in restoration of CFVR.
The improvement of coronary microvascular function also
increases cardiac contractility in inducible T2D mice.
Therefore, OGA is a promising therapeutic target for CMD
in diabetes.
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