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The augmentation of O-GlcNAcylation reduces
glyoxal-induced cell injury by attenuating oxidative stress
in human retinal microvascular endothelial cells
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Abstract. It has recently been reported that O-linked
B-N-acetyl glucosamine (O-GIcNAc) modification (a simple
intracellular serine (Ser)/threonine (Thr)-linked mono-
saccharide) in human retinal microvascular endothelial
cells (HREC:) is related to diabetic retinopathy (DR). During
0O-GlcNAcylation, O-GlcNAc is added to Ser and Thr residues.
As the generation of reactive oxygen species (ROS) is one of
the characteristics of advanced glycation end product (AGE)
injury, and the most important key pathogenic factor of DR,
in the present study, we aimed to investigate the association
between O-GlcNAcylation and ROS generation in order to
ascertain whether O-GlcNAcylation mitigates cellular injury
through the generation of ROS. For this purpose, HRECs were
divided into 4 groups as follows: HRECs treated with normal
glucose (5 mM), HRECs treated with glyoxal (500 uM),
glyoxal-treated HRECs also treated with 200 uM PUGNAc,
and glyoxal-treated HRECs infected with O-GlcNAc trans-
ferase (OGT) siRNA. We detected increased O-GlcNAc
levels and increased ROS production in the glyoxal-treated
HRECs. The cellular redox status was determined by cellular
ROS staining and by measuring the expression levels of the
antioxidant genes, superoxide dismutase (SOD) and glutathione
peroxidase (GPX). While the augmentation of O-GlcNAcylation
following treatment with PUGNAC significantly attenuated the
production of ROS (P<0.01) and increased the expression levels
of SOD and GPX, the reduction of O-GlcNAcylation following
infection with OGT siRNA, exacerbated the production of
ROS (P<0.01) and decreased the expression of antioxidant
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genes. The effects of O-GIcNAcylation on the viability of
HRECs were significant (P<0.01), particularly in the hydrogen
peroxide (H,0,)-treated HRECs. Treatment with PUGNAc
reduced glyoxal-induced cell apoptosis and transfection
with OGT siRNA increased HREC apoptosis; these results
were confirmed by flow cytometry and by the assessment
of mitochondrial membrane potential. The augmentation of
O-GlcNAcylation exerted cytoprotective effects on the HRECs
by reducing the generation of ROS, increasing the expression
of antioxidant genes, preventing the dissipation of mitochon-
drial membrane potential and preventing HREC apoptosis.
Therefore, it can be concluded that O-GIlcNAcylation plays a
role in the early developmental process of DR.

Introduction

The prevalence of diabetes mellitus continues to increase
worldwide, with diabetic retinopathy (DR) remaining a leading
cause of vision loss in several countries. The pathogenesis of
DR is multifactorial and affects all cell types in the retina (1).
Although hyperglycaemia is recognised as a symptom and a
complication of diabetes, the precise molecular mechanisms
affected during hyperglycaemic conditions are not yet well
understood. In previous studies, glyoxal and methylglyoxal
were defined as toxic metabolites and their levels were proven
to increase under hyperglycaemic conditions (2). Glyoxal and
methylglyoxal promote the formation of advanced glycation
end products (AGEs) to produce oxidative stress, and they can
cause various types of cellular damage (3). As one factor respon-
sible for the generation of reactive oxygen species (ROS), AGEs
have been implicated in the pathogenesis of DR (4-6), catarac-
togenesis (7) and other diabetic complications (8,9). Under
hyperglycaemic conditions, ROS increase vascular permeability
and induce retinal ischaemia, which are common pathways in
the development and progression of DR (5,6,10). The addition
of O-linked N-acetylglucosamine to intracellular proteins
(O-GlIcNAcylation) is an inducible and a reversible process and
it occurs in both the cytoplasm and mitochondria. It involves the
post-translational modification of serine (Ser)/threonine (Thr)
residues, in the presence of O-GlcNAc transferase (OGT) and
O-GIcNAcase (OGA) (11). Studies on several transformed cell
lines have reported that high glucose levels increase O-linked
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[-N-acetyl glucosamine (O-GIcNAc) levels through a number
of different mechanisms, which are possibly important in the
pathogenesis of diabetes (12,13). O-GIcNAc levels increase
in response to hyperglycaemia or glyoxal-induced stress; this
mechanism is associated with increased cell survival (14-16).
The protective effects of O-GlcNAcylation and the association
between O-GIcNAcylation and apoptosis have been previously
investigated (17,18). To the best of our knowledge however,
there is no study available to date on the association between
O-GIcNAcylation and cell apoptosis in DR. Thus, as the
association between O-GIcNAcylation and cellular function is
complex and poorly understood as regards DR, in the present
study, we exposed human retinal microvascular endothelial
cells (HREC:) to glyoxal to establish the detrimental effects
of ROS and treated them with PUGNAC in order to ascertain
whether O-GlcNAcylation prevents cellular injury through its
effects on ROS generation.

Materials and methods

Reagents. The following reagents were purchased: CTD110.6
antibody (sc-59623) was purchased from Covance Inc.
(Princeton, NJ, USA); antibodies against caspase-3 (#9665)
and p-actin (#8457) were purchased from Cell Signaling
Technology (Danvers, MA, USA); anti-von Willebrand
factor (VWF; ab6994) was purchased from Abcam (Cambridge,
MA, USA); 5,5',6,6'-tetrachloro-1,1',3,3'-tetracthylbenzimid-
azolyl-carbocyanine iodide (JC-1) and 2',7'dichlorofluorescein
diacetate (DCFH-DA) were purchased from the Beyotime
Institute of Biotechnology (Haimen, China); PUGNAc, N-acetyl
cysteine (NAC) and glyoxal were all obtained from Sigma-
Aldrich (St. Louis, MO, USA); the Annexin V-FITC Apoptosis
detection kit was purchased from BD Biosciences (San Diego,
CA, USA); fetal bovine serum (FBS) and trypsin-EDTA were
purchased from Gibco (Carlsbad, CA, USA); extracellular
matrix (ECM), endothelial cell growth supplements (ECGS)
(X100) and penicillin/streptomycin were purchased from
Sciencell Research Laboratories (Carlsbad, CA, USA); plastic
tissue culture flasks were obtained from Costar (Cambridge,
MA, USA); and the Immobilon-NC transfer membrane was
purchased from Millipore (Billerica, MA, USA); the real-time
PCR system was obtained from Promega, (Madison, WI, USA);
CCK-8 was purchased from Dojindo Laboratories (Kumamoto,
Japan); and a Leica laser scanning microscope from Leica
Microsystems (Mannheim, Germany) was used for scanning.

HREC culture. The HRECs were acquired from Cell
Systems Corp. (CSC; Kirkland, WA, USA). Using immunofluo-
rescence staining, we confirmed that the cells expressed vVWF,
which was demonstrated by green particles in the cytoplasm
(data not shown); the cells used in the experiments were within
5 passages of authentication. The cells were grown in ECM
supplemented with 5% FBS, ECGS 100 U/ml and 1% penicillin/
streptomycin. The cells were incubated at 37°C in a 5% CO,
incubator. The culture medium was replaced every 3 days,
and after reaching confluence, the cells were passaged with
a 0.25% solution of trypsin-EDTA. As regards treatment, the
HRECs were divided into 4 groups as follows: HRECs treated
with normal glucose (5 mM; normal control), HRECs treated
with glyoxal (500 uM to produce oxidative stress), glyoxal-
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treated HRECs also treated with 200 uM PUGNACc (to increase
levels of O-GIcNAC), and glyoxal-treated HRECs infected with
O-GIcNACc transferase (OGT) siRNA (to decrease the levels of
O-GIcNAc). After the HRECs were treated with PUGNACc (an
inhibitor of OGA) and transfected with siRNA against OGT in
serum-free DMEM for 12 h, they were cultured with glyoxal
for a further 24 h.

Western blot analysis. Following the appropriate treatment and
rinsing with cold phosphate-buffered saline (PBS), the HRECs
were scraped into lysis buffer containing a protease inhibitor
cocktail. Equal amounts (30 ug) of protein from the cell extracts
were separated on a 10% acrylamide gel and subsequently
transferred electrophoretically onto polyvinylidene fluoride
transfer membranes at 200 mA for 1.5 h. After blocking in PBS
(10 mM Tris-HCI buffer, pH 8.0, 150 mM NaCl) containing
5% (w/v) BSA for 1 h at room temperature, the membranes were
incubated overnight at 4°C with primary rabbit monoclonal anti-
body against anti-O-GlcNAc (CTDI110.6; Covance) and anti-f3
actin antibody (Cell Signaling Technology) (all antibodies were
used at a 1:1,000 dilution). The blots were washed with PBS-T
(0.1% Tween-20 in PBS) 3 times prior to incubation with the
secondary antibody (horseradish peroxidase-conjugated goat
anti-mouse IgG, 1:5,000; Pierce Biotechnology, Rockford, IL,
USA) for 1 h at room temperature. The hybridised membrane
was washed in PBS-T buffer and visualised using Odyssey
(LI-COR Biosciences, Lincoln, NE, USA). The optical density of
each band was determined by Quantity One software (Bio-Rad).

SIRNA transfection and treatment with PUGNAc followed by
treatment wth glyoxal. Total protein O-GlcNAcylation was
inhibited with the use of siRNA tarteging OGT (OGT siRNA)
and was enhanced with the use of PUGNAc. siRNA targeting
OGT was purchased from Shanghai GenePharma Co., Ltd.,
(Shanghai, China) as previously described (13). The HRECs
were seeded at 5x10° in 6-well plates in ECM and incubated
with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) and
siRNA in 0.5 ml of serum-free medium for 20 min. The siRNA-
Lipofectamine 2000 complex was added to the cells in 1.5 ml of
serum-free medium and maintained for 6 h. Another cell group
was incubated with 200 uM PUGNACc for 12 h without serum.
All the treated cells were then maintained for 24 h, co-cultured
with 500 uM glyoxal. On the 3rd day, the cells were prepared for
the assessment of ROS production, and for use in western blot
analysis, reverse transcription-quantitative polymerase chain
reaction (RT-qPCR), CCK-8 assay and JC-1 staining.

Assessment of ROS production. Changes in intracellular
ROS levels were determined by measuring the oxidative
conversion of cell permeable DCFH-DA to green fluorescent
2'7'dichlorofluorescein (DCF). DCFH-DA is widely used to
detect the generation of ROS and to assess overall oxidative
stress in toxicological phenomena. DCFH-DA is able to diffuse
through the cell membrane, and it is enzymatically hydrolysed
by intracellular esterases to produce non-fluorescent DCFH.
To evaluate the generation of ROS, DCFH-DA dissolved in
DMSO was added to the cell cultures at a final concentration of
5 uM, for 20 min. The cells were lysed with 400 mM NaOH.
The total fluorescence intensity of each well was quantified
using a fluorescence multi-well plate reader (Synergy 2; BioTek
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Instruments, Inc., Winooski, VT, USA) with excitation and
emission wavelengths of 485 and 530 nm, respectively. Total
protein concentrations were determined using bicinchoninic
acid (BCA) protein assay kits (Pierce Biotechnology). For
quantification, ROS levels were assessed by determining the
fluorescence intensity/protein concentration. ROS levels were
also assessed using fluorescence microscopy to observe the
changes in DCF fluorescence.

Cell viability assay. The HRECs were seeded in 96-well plates
(3,000 cells/well) and grown for 24 h in medium supplemented
with 5% FBS, at 37°C in 5% CO,. The cells were then treated
as described above. In order to confirm that the damage from
ROS was induced by glyoxal, before co-culturing with 500 M
glyoxal, one group of cells was treated with NAC (5 mM).
Subsequently, 10 ul of CCK-8 solution {containing WST-8
[2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2 4-disulfo-
phenyl)-2H-tetrazolium, monosodium salt]} was added to each
well of the plate (total medium 100 pl/well) and the cells were
incubated at 37°C. After 4 h of incubation, the absorbance was
measured using a multi-well plate reader at a wavelength of 450
(650 nm reference wavelength). The effects of O-GlcNAcylation
on oxidative stress-induced damage to the HRECs were then
determined. In order to confirm that O-GlcNAcylation protects
the HRECs from releasing ROS, the treated HRECs (siRNA
transfection, treatment with PUGNAc and NAC) were exposed
to 200 uM hydrogen peroxide (H,0,) for 2 h; the viability of the
HRECs was then assessed by CCK-8 assay as already described
above.

RT-gPCR for the measurement of superoxide dismutase (SOD)
and glutathione peroxidase (GPX) mRNA expression. Total
RNA was extracted using TRIzol reagent (Invitrogen). The
synthesis of the cDNA was performed using 1 ug of total RNA
with reverse transcription reagents (Takara Bio, Inc., Shiga,
Japan) and qPCR was carried out on the Bio-Rad iQ5 Optical
System in 20 ul TagMan Gene Expression Master Mix
(Promega) using 200 ng cDNA. Human primer sets were
ordered and used according to the manufacturer's instructions.
The human -actin gene was used as an endogenous reference
to control for the independent expression of sample-to-sample
variability. The relative expression of the target genes was
normalised by dividing the target Ct value by the endogenous
Ct values. The primer sequences that were tested in the present
study were as follows: human SOD sense, 5-GCAATGTGA
CTGCTGACAAAGAT-3' and antisense, 5'-ATTACACCA
CAAGCCAAACGACT-3"; human GPX sense, 5'-ACTCT
CTCGTTTCCTTTCTGTTGCT-3' and antisense, 5'-CTCTT
CGTTCTTGGCGTTCTCC-3'"; and human f-actin sense,
5-ATGTCACGCACGATTTCCC-3' and antisense, 5'-GAGA
CCTTCAACACCCCAGC-3.

AnnexinVand Pldouble staining by flow cytometry. The HRECs
were incubated with 200 uM PUGNACc or infected with siRNA
for 12 h without serum. All the treated cells were then cultured
for 24 h with 500 uM glyoxal. As the positive control, the cells
treated with PUGNACc and infected with siRNA were incubated
with H,0, (100 guM) for 12 h. The cells were resuspended in
Annexin V binding buffer (BD Biosciences) at a concentration
of 1x10 cells/ml. Annexin V-FITC (BD Biosciences) was then
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added followed by incubation for 15 min in the dark in a 100 p1
cell suspension. PI was then spiked into 400 ul Annexin V
binding buffer and added immediately to the cell suspension,
and subsequently analysed on a FACScan flow cytometer
(Becton-Dickinson, Franklin Lakes, NJ, USA).

Assessment of mitochondrial membrane potential.
Mitochondrial membrane potential was examined by staining
with JC-1, a lipophilic, cationic dye that exhibits a fluorescence
emission shift upon aggregation from 530 nm (green) to 590 nm
(red). In healthy cells with a high mitochondrial membrane
potential, JC-1 enters the mitochondrial matrix in a potential-
dependent manner and forms aggregates. Staining was performed
using 2.5 uM JC-1 at 37°C for 15 min. Following staining, the
cells were rinsed 3 times with PBS. Images were captured using
an inverted fluorescence microscope (Leica Microsystems) at
excitation/emission wavelengths of 530/590 nm. The fluores-
cence intensity was analysed using Image-Pro Plus v6.0 image
analysis software.

Statistical analysis. All experiments were performed with
3 biological replicates. The statistical signifiance of the differ-
ences was determined using one-way analysis of variance
followed by Dunnett's multiple comparison test. Values are
presented as the means + standard deviation and a value of
P<0.05 was considered to indicate a statistically significant
difference.

Results

O-GlcNAcylationandcaspase-3levelsin HRECs.Thetotallevels
of O-GIcNAc were determined by western blot analysis using
CTD110.6, as described in the Materials and methods (Fig. 1A).
The O-GIcNAc levels increased in the glyoxal-treated HRECs
compared with the normal glucose-treated HRECs (Fig. 1B,
P<0.05). PUGNACc, as an OGA inhibitor, significantly increased
the O-GIcNAc levels (Fig. 1B, P<0.01), while transfection with
OGT siRNA decreased the levels of O-GlcNAc in the presence
of glyoxal (Fig. 1B, P<0.01). Our results also demonstrated that
the expression level of total caspase-3 decreased in the presence
of glyoxal. The augmentation of O-GlcNAcylation increased
the expression of total caspase-3, whereas the attenuation of
O-GlIcNAcylation (by siRNA) decreased the expression of total
caspase-3 (Fig. 1C, P<0.01). These results clearly indicated
that glyoxal increased the total levels of O-GIcNAc and that
the augmentation of O-GlcNAcylation protected the HRECs
from glyoxal-induced damage. Cleaved caspase-3 is a critical
executioner of apoptosis. The activation of caspase-3 requires
the proteolysis of total caspase-3 into cleaved caspase-3. The
level of total caspase-3 increased, which indicates that the level
of cleaved caspase-3 decreased (19,37,38). The augmentation
of O-GlIcNAcylation increased the level of total caspase-3 and
decreased the proteolysis of total caspase-3, which indicated
that the augmentation of O-GlcNAcylation reduced the level of
cleaved caspase-3 and cell apoptosis; thus, our results suggest
that the augmentation of O-GlcNAcylation protects the HRECs
from glyoxal-induced damage.

Effects of O-GlcNAcylation on glyoxal-induced ROS genera-
tion. ROS are important contributors to AGE-induced injury
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Figure 1. Levels of O-GIcNAc and caspase-3 in human retinal microvascular endothelial cells (HRECs). (A) Western blot analysis; the levels of O-GlcNAc
in each lane and the levels of total caspase-3 were quantified using Quantity One software. (B) Treatment of HRECs with glyoxal for 24 h induced an
increase in O-GlcNAcylation. "P<0.05 vs. NG. PUGNACc increased O-GlcNAcylation by the inhibition of OGA. “P<0.01 vs. glyoxal. OGT siRNA decreased
O-GlcNAcylation. P<0.01 vs. glyoxal. Data are representative of results from 1 of 3 independent experiments with similar results. (C) The expression of total
caspase-3 was examined by western blot analysis. In the presence of glyoxal, the expression of total caspase-3 decreased, “P<0.05. The fffects of O-GlcNAcylation
on caspase-3 epxression were examined by western blot analysis. While the augmentation of O-GlcNAcylation increased total caspase-3 expression, decreased
O-GlcNAcylation also decreased total caspase-3 expression “"P<0.01, vs. glyoxal. NG, normal glucose.
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Figure 2. Effects of O-GlcNAcylation on glyoxal-induced reactive oxygen species (ROS) generation. Human retinal microvascular endothelial cells (HRECs)
were treated with PUGNAc (200 #M) or OGT siRNA and they were then exposed to glyoxal (500 zM). ROS levels were measured using DCF (n=3 per group).
(A) DCFH-DA staining for ROS generation of HRECs in the presence of glyoxal, PUGNAc or OGT siRNA using fluorescence microscopy. (B) Quantitative
changes in mean DCF fluorescence in HRECs exposed to glyoxal, PUGNAc or OGT siRNA using an automatic microplate reader. While PUGNAc significantly
attenuated ROS generation induced by glyoxal, OGT siRNA significantly increased ROS generation. “P<0.01, glyoxal vs. NG; “P<0.05, glyoxal + PUGNAC vs.
glyoxal; “P<0.05, glyoxal + siRNA vs. glyoxal. NG, normal glucose.

and they are important in the development of DR (20-23).
Images captured by fluorescence microscopy confirmed
a higher level of ROS in vitro in the presence of glyoxal,
as shown by the strong bright green fluorescence in the
representative image (Fig. 2A). Our data confirmed that
the ROS levels were higher in the glyoxal-treated HRECs

compared with the normal glucose-treated HRECs (Fig. 2B,
P<0.01). Both the inhibition of OGT (by PUGNAc) and
OGA (by siRNA) significantly altered the ROS levels.
Glyoxal-induced ROS production was attenuated by increased
O-GlcNAcylation (P<0.05), while OGT siRNA increased the
generation of ROS (P<0.05). These data indicated that the
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Figure 3. Effects of O-GIcNAcylation on the viability of human retinal microvascular endothelial cells (HRECs). (A) HRECs were transfected with OGT siRNA
and treated with PUGNAc (200 M) for 12 h. Cell viability was assessed by CCK-8 assay after the cells were exposed to glyoxal (500 xM) for 24 h. Compared
with the control group (normal glucose), the cell viability of the glyoxal group was significantly lower (*P<0.005 vs. control). The viability of the PUGNAc-
treated cells was higher compared with the glyoxal group, although the difference was not significant (“P>0.05 vs. glyoxal); however, the OGT siRNA-treated
group showed a significant decrease in viability (“P<0.0001 vs. glyoxal). The cell viability of the glyoxal group treated with NAC increased significantly
("P<0.001 vs. glyoxal). (B) Treated HRECs were incubated with H,0, (200 M) following treatment with glyoxal, for 2 h. Cell viability was determined by
CCK-8 assay. The viability of the cells treated with PUGNAc or OGT siRNA changed significantly (*'P<0.001 vs. H,0,+ NG. “P<0.0001 vs. H,0,+ NG). As a
positive control, the viability of the cells treated with NAC increased significantly "P<0.0001 vs. H,0,+ NG. NG, normal glucose.
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Figure 4. RT-qPCR was used to determine the effects of O-GlcNAcylation on H,0,-induced alterations in antioxidant gene expression in human retinal micro-
vascular endothelial cells (HRECs). Total RNA was harvested from HRECs and it was converted to single-stranded cDNA and used as template in qPCR with
primers hybridizing to the indicated genes (SOD, GPX). (A) Inhibition of OGA with PUGNACc increased superoxide dismutase (SOD) mRNA levels (“P>0.05),
while OGT siRNA decreased SOD mRNA levels ("P>0.05). (B) Differences in glutathione peroxidase (GPX) expression between treated and control cells
(normal glucose) were insignificant at “P>0.05. "P>0.05 vs. NG. The trend observed in the changes in epxression suggests that PUGNAc increased GPX mRNA
levels, while OGT siRNA decreased GPX mRNA levels. NG, normal glucose.

augmentation of O-GIcNAcylation decreased the oxidative
stress induced by glyoxal.

Effects of O-GlcNAcylation on the viability of HRECs. We
examined the effects of O-GIcNAcylation on the viability of
HRECs exposed to the different treatments. Our statistical
analysis revealed that there were significant differences between
some of the treatment groups. The cell viability of the glyoxal-
treated group was significantly lower compared with that of the
control group (normal glucose; P<0.005) (Fig. 3A). The viability
of the PUGNAc-treated cells was higher compared with that
of the glyoxal group, although the difference was not signifi-
cant (P>0.05); however, the viability of the OGT siRNA-treated
group was significantly lower (P<0.0001). Following treatment
with NAC, the viability of the glyoxal-treated group increased
significantly, indicating that O-GlcNAcylation protected the
cells by attenuating oxidative stress. To confirm that the reduc-
tion of oxidative stress was a contributory mechanism involved

in the protective effects of O-GlcNAcylation, the treated HRECs
were exposed to H,0O, (200 uM) for 2 h. The viability of the
HRECs was then assessed. As shown in Fig. 3B, the decrease
in cell viability induced by H,O, was mitigated by the OGA
inhibitor (PUGNACc) and aggravated by OGT siRNA (Fig. 3B,
P<0.0001). These findings indicated that O-GIlcNAcylation was
associated with changes in cell viability. O-GIcNAcylation
reduced the vulnerability of the HRECs to H,0,, and protected
the cells by attenuating oxidative stress.

Effects of O-GlcNAcylation on the levels of antioxidant
enzymes. The HRECs treated with PUGNAc or OGT siRNA
were subjected to oxidative stress (with H,0,), and the mRNA
levels of antioxidant enzymes were measured by RT-qPCR. The
inhibition of OGA with PUGNACc increased the SOD mRNA
levels (Fig. 4A, P<0.05), while transfection with OGT siRNA
decreased the SOD mRNA levels (not significant compared to
the normal glucose-treated group, P>0.05; Fig. 4A). Although
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Figure 5. Annexin V and PI double staining by flow cytometry. The bottom right quadrant represents Annexin V-FITC-stained cells (early-phase apoptotic
cells) and the top right quadrant represents PI- and Annexin V-FITC-dual-stained cells (late-phase apoptotic/necrotic cells). Apoptotic cells are represented as
the percentage of Annexin V single-positive plus Annexin V/PI double-positive cells. O-GlcNAcylation protected the cells from ROS-induced injury caused by
glyoxal in human retinal microvascular endothelial cells (HRECs). (A) HRECs were transfected with OGT siRNA and treated with PUGNAc (200 yM), and
then cultured with glyoxal for 24 h. Cells were stained with Annexin V-FITC and PI and analysed by FACS. (B) Quantification of early apoptosis in HRECs was
determined by flow cytometry. While glyoxal treatment alone led to increased apoptosis ("P<0.005 vs. NG), the combination of glyoxal and PUGNAc resulted in
fewer apoptotic cells than those observed with glyoxal alone (*/P<0.001 vs. glyoxal). Downregulation of protein O-GIcNAcylation increased the apoptotic rate

of the HRECs significantly ('P<0.001 vs. glyoxal).

changes in GPX mRNA levels occurred in the presence of
PUGNACc or OGT siRNA, these changes were not significant
compared to the normal glucose-treated group. The trend indi-
cated however, that PUGNAC increased the GPX mRNA levels,
while OGT siRNA decreased the GPX mRNA levels (Fig. 4B,
P>0.05).

Effects of O-GlcNAcylation on the apoptosis of HRECs.
O-GlcNAcylation protected the cells by attenuating oxidative
stress; thus, the effects of O-GlcNAcylation on the apoptosis
of HRECs were also investigated. Treatment with normal
glucose resulted in 3.5% apoptotic cells, which increased
to 5.3% following treatment with glyoxal (Fig.5, P<0.005).
While glyoxal treatment alone led to apoptosis, the combina-
tion of glyoxal and PUGNACc resulted in fewer apoptotic cells
compared with glyoxal treatment alone (Fig. 5, P<0.001).
The decrease in O-GlcNAcylation (by siRNA) significantly
increased the apoptotic rate of the HRECs (Fig. 5, P<0.001).
Taking these results into account together with the results of
western blot analysis, we hypotheiszed that O-GlcNAcylation
plays a protective role against cellular apoptosis.

Effects of O-GlcNAcylation on mitochondrial membrane
potential. As an indicator of early apoptosis, mitochon-
drial membrane potential was assessed. The effects of
O-GlcNAcylation on mitochondrial membrane potential were
determined using a JC-1 probe. As shown in Fig. 6, there
was a significant increase in green fluorescence in the cells
exposed to glyoxal (Fig. 6, P<0.001). Treatment with PUGNAc
attenuated the changes in mitochondrial membrane potential
induced by glyoxal, as indicated by a decrease in green fluores-
cence and the restoration of red fluorescence (Fig. 6, P<0.01).
However, transfection with siRNA and treatment with glyoxyl
abolished the effects of O-GlcNAcylation on mitochondrial
membrane potential insignificantly (Fig. 6, P>0.05). These

results suggested that the augmentation of O-GlcNAcylation
markedly suppressed the glyoxal-induced collapse of mito-
chondrial membrane potential in HRECs.

Discussion

DR is a serious complication of diabetes, which can lead
to blindness (24). O-GlcNAcylation is important in the
pathogenesis of diabetes (25,26), and recent studies have
suggested that it participates in the pathogenesis of DR (12,13).
Glucose metabolism through the hexosamine biosynthesis
pathway (HBP) leads to the formation of uridine 5'-diphos-
phate-N-acetylglucosamine (UDP-GIcNAc) (8), which serves
as the substrate for post-translational modification by OGT
and OGA (27,28). ROS, one of the major causes of cellular
stress, are associated with the development of DR (6,29,30).
During the early stages of DR, high glucose levels lead to
retina hypoxia (31), which causes increased intracellular ROS
levels. A previous study demonstrated that hypoxia-inducible
factor (HIF)-1a expression levels increased significantly in
the vitreous fluid of surgically treated eyes with proliferative
DR (32), which also verified the existence of hypoxia, oxida-
tive stress and vascular endothelial growth factor (33). Other
studies on O-GlcNAcylation have indicated that when cells are
subjected to diverse types of stress (including oxidative stress),
the levels of O-GlcNAcylation increase (15). In our previous
study on DR, we demonstrated that the levels of O-GIcNAc
increased in vitro and in vivo (13). While O-GlcNAcylation
has been demonstrated to participate in the process of diabetic
complications, the cytoprotective effects have been confirmed
in cardiac cells (17). On the other hand, O-GlcNAcylation has
also been shown to be part of a mechanism for the regula-
tion of nuclear apoptosis in T cells (18). However, the exact
mechanisms responsible for controlling O-GlcNAcylation that
occurs in DR remain unclear. In the present study, we aimed
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Figure 6. Measurement of mitochondrial membrane potential. Effects of O-GlcNAcylation on mitochondrial membrane potential in human retinal microvas-
cular endothelial cells (HRECs). Cells were treated as described in the Materials and methods and then incubated with the membrane potential indicator, JC-1.
(A) Intracellular red and green fluorescence of JC-1 was determined by an inverted fluorescent microscope. The intracellular red and green fluorescence of JC-1
was measured using Image-Pro Plus software. (B) Histogram showing the red/green fluorescence intensity ratio in differently treated cells (n=3). Treatment
with glyoxal led to the loss of mitochondrial membrane potential in HRECs ('P<0.001 vs. NG). PUGNACc prevented the dissipation of mitochondrial membrane
potential, as indicated by the increase in red fluorescence (“P<0.01, glyoxal + PUGNAC vs. glyoxal), while siRNA-infected cells showed strong bright green
fluorescence (*P>0.05, glyoxal + siRNA vs. glyoxal). Attenuation of O-GlcNAcylation insignificantly decreased mitochondrial membrane potential of glyoxal
treated cells, but the augmentation of O-GIcNAcylation significantly prevented the dissipation of mitochondrial membrane potential.

to establish a direct association between O-GIlcNAcylation
and ROS production in glyoxal-damaged HRECs. AGEs
or glyoxal-regulated O-GlcNAc modifications increase the
apoptosis of HRECs, suggesting that O-GlcNAcylation is an
additional mechanism through which cells sense and respond
to stress (34). In addition, the mechanisms responsible for
increasing O-GlcNAcylation in response to stress may be the
result of increasing pools of UDP-GIcNAc induced by glucose
uptake (34). Another mechanism of increased O-GlcNAcylation
is that oxidative stress activates the HBP (35), which has been
shown to be related to cell protection in some models (36). The
reduction of oxidative stress may be a contributory mecha-
nism involved in the protective effects on HRECs, indicating
decreased apoptosis and increased cell viability. It is known
that the capillaries lined with endothelial cells are responsible
for maintaining the blood retinal barrier, and the loss of
endothelial cells by apoptosis is one of the most important
reasons for the development of DR. While O-GlcNAcylation
is involved in the protective effects on HRECs, it may be
important in the developmental process of DR.

The results obtained with the fluorescence multi-well
plate reader revealed that either augmented (by PUGNAC) or
diminished (by OGT siRNA) O-GlcNAcylation significantly
altered the baseline ROS levels, induced by glyoxal. Enhanced

O-GIcNAcylation was shown to reduce ROS generation in the
presence of glyoxal, while the aggravation of glyoxal-induced
ROS generation was observed following transfection with
OGT siRNA. Thus, it was concluded that O-GlcNAcylation
was one of the regulatory factors that adjusted HREC function
by manipulating ROS production. To evaluate the protective
effects of O-GlcNAcylation on HRECs, we measured caspase-3
activity, and performed CCK-8 assay, and Annexin V and
PI double staining, and measured mitochondrial membrane
potential. Total caspase-3 activity was markedly decreased in
the HREC:s following exposure to glyoxal for 24 h, which indi-
cates that the level of cleaved caspase-3 had increased (37,38).
The level of total caspase-3 increased when the cells were
treated with PUGNAc compared with the group of HRECs
treated with glyoxal. However, transfection with OGT siRNA
reversed the effects of PUGNAc. We also found that both the
augmentation and decrease of O-GlcNAcylation significantly
altered cell viability in the presence of glyoxal. Following
culture with H,0,, the protective effects of O-GlcNAcylation
on cell viability were more obvious. The changes in cell
viability were consistent with the results of early apoptosis
in HRECs. Taking these results into account together with
the results of western blot anlaysis, we hypothesised that
the protective effects of O-GlcNAcylation on HRECs were
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achieved by manipulating ROS production, as shown by
decreased ROS generation following treatment with PUGNAc
and the aggravation of oxidative stress following transfection
with OGT siRNA. Our data confirmed that O-GlcNAcylation
attenuated ROS generation by upregulating the activity of the
antioxidant enzymes, SOD and GPX. Moreover, as a regulator
affecting the transcription of the oxidative stress responsive
enzymes, catalase and MnSOD (SOD2), FoxO1 has been
shown to be O-GlcNAcylation-modified (39). It is known that
the mitochondria are a critical target of O-GlcNAcylation-
mediated cytoprotection (40), which is associated with ROS
production and Ca*" channels within the mitochondria (41).
Nagy et al demonstrated that by enhancing O-GlcNAcylation
with glucosamine treatment, Ca** overload was blocked in
neonatal cardiomyocytes (42). However, the mechanisms
through which O-GlcNAcylation attenuates Ca** overload
under conditions of acute stress remain unknown. It was
considered that a mitochondrial OGT isoform existed that
interacted with the mitochondrial Ca** uniporter, which was
related to Ca** uptake (43). It has been demonstrated that
the augmentation of O-GlcNAcylation attenuates mitochon-
drial permeability transition pore (mPTP) formation, while
diminished O-GlcNAcylation increases mPTP formation (43).
These data support our findings demonstrating that enhanced
O-GlcNAcylation prevents the collapse of the mitochondrial
membrane potential, while diminished O-GlcNAcylation
sensitises the cells to the loss of mitochondrial membrane
potential. Based on the present data, the destruction of anti-
oxidant enzymes and mitochondrial membrane potential are
the reasons for ROS production; therefore, it is possible that
O-GlcNAcylation mitigates ROS formation by protecting anti-
oxidant enzymes and maintaining mitochondrial membrane
potential. As ROS are involved in cell apoptosis, it can be
concluded that O-GIcNAcylation prevents the apoptosis of
HRECSs by attenuating oxidative stress.

The present study provides strong evidence regarding
the possible contribution of increased O-GlcNAcylation
to HREC protection, and thus, it can be concluded that
the decreased ROS generation is one of the mechanisms
through which O-GlcNAcylation reduces the apoptosis of
HRECs. Understanding the molecular mechanisms involving
O-GlcNAcylation and ROS in HRECs may help to determine
the effects of O-GlcNAcylation early on in the development of
DR. Thus, regulating O-GlcNAcylation may provide an alter-
native target in the treatment of DR.
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