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Abstract
Diabetes-induced breakdown of the blood-retinal barrier (BRB) has been linked to hyperglycemia-induced expression
of vascular endothelial growth factor (VEGF) and is likely mediated by an increase in oxidative stress. We have
shown that VEGF increases permeability of retinal endothelial cells (REC) by inducing expression of urokinase
plasminogen activator receptor (uPAR). The purpose of this study was to define the role of superoxide anion in
VEGF/uPAR expression and BRB breakdown in diabetes. Studies were performed in streptozotocin diabetic rats and
mice and high glucose (HG) treated REC. The superoxide dismutase (SOD) mimetic tempol blocked diabetesinduced permeability and uPAR expression in rats and the cell permeable SOD inhibited HG-induced expression of
uPAR and VEGF in REC. Inhibiting VEGFR blocked HG-induced expression of VEGF and uPAR and GSK-3β
phosphorylation in REC. HG caused β-catenin translocation from the plasma membrane into the cytosol and nucleus.
Treatment with HG-conditioned media increased REC paracellular permeability that was blocked by anti-uPA or antiuPAR antibodies. Moreover, deletion of uPAR blocked diabetes-induced BRB breakdown and activation of MMP-9 in
mice. Together, these data indicate that diabetes-induced oxidative stress triggers BRB breakdown by a mechanism
involving uPAR expression through VEGF-induced activation of the GSK3β/β-catenin signaling pathway.
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Introduction

reducing vascular leakage and macular edema in diabetic
patients. However, in light of the potential for adverse effects
with repeated anti-VEGF injections and the beneficial actions of
VEGF as a survival factor (reviewed in 13), there is great need
for additional anti-permeability therapies. Thus, a more precise
definition of the mechanisms involved in the diabetes-induced
permeability increase is needed.
We and others have shown that diabetes-induced retinal
vascular permeability and VEGF-induced paracellular
permeability in retinal endothelial cells are accompanied by
increases in expression of the receptor for urokinase
plasminogen activator (uPAR) [4,14–17]. Urokinase (uPA) is a
serine proteinase that is expressed constitutively in endothelial
cells. It is secreted in latent pro-form as a single chain 50kDa

Breakdown of the blood-retinal barrier (BRB) occurs early in
diabetic retinopathy and leads to vascular leakage and retinal
edema [1,2]. The vascular permeability defect has been
attributed to elevated blood glucose levels (for review, please
see 3). Increases in vascular endothelial growth factor (VEGF)
are also evident in retinal tissue and ocular fluids of diabetic
patients and animals and are likely mediated by an increase in
oxidative stress [4–9]. Although diabetes- and high glucoseinduced increases in superoxide anion have been welldocumented [10–12], the specific relationship between
superoxide anion generation and BRB breakdown has not
been elucidated. Anti-VEGF therapies have shown promise in
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Figure 1. Tempol prevents diabetes-induced oxidative stress and BRB breakdown in rats. Rats were rendered diabetic using
STZ and 1 day after being diabetic, continuous infusion of tempol (18 micromoles/Kg/day IV) or saline was started for 2-weeks. A.
Lipid peroxidation assessed by TBARS assay showed 2-fold increase in diabetic rat retina compared to controls (n=5-6, P<0.5).
Treatment of diabetic animals with tempol blocked these effects. B. Slot blot analysis showed 1.7-fold increase in tyrosine nitration
in diabetic rat retinas compared to controls. This effect was blocked by tempol treatment (n=5-6, P<.05). C. Diabetic and nondiabetic rats were injected intravenously with Alexa-Fluor 488-BSA (10 mg/kg) and permeability was quantified as described in the
methods section. In comparison to control, permeability was significantly increased 2-fold (n=5-6, P<0.05) in the diabetic group.
Treatment with tempol prevented diabetes-induced BRB breakdown. D. Quantitative RT-PCR analysis was performed with RNA
isolated from various groups. Diabetes caused ~2-fold increase in uPAR expression that was significantly inhibited by tempol
(*P<0.05, n=6, P<0.05).
doi: 10.1371/journal.pone.0071868.g001

Vascular endothelial cell paracellular permeability function is
regulated by adherens and tight junctions [21]. In adherens
junctions, β-catenin links the intracellular domain of VE
cadherin to actin microfilaments via α-catenin [22]. In addition
to this structural role, β-catenin acts as an intracellular
signaling molecule and is involved in regulating cell
proliferation and differentiation. In differentiated cells, β-catenin
is predominantly bound to the plasma membrane and free
cytosolic β-catenin is phosphorylated by GSK3β (glycogen
synthase kinase) which targets it for ubiquitination and
proteosomal degradation [23,24]. Upon growth factor or Wnt
signaling, GSK3β is phosphorylated and deactivated. Under
these
conditions,
β-catenin
escapes
ubiquitination,

peptide, but is rapidly activated upon binding to uPAR. Upon
activation, uPA converts plasminogen to plasmin. Plasmin
activates several pro-forms of matrix metalloproteinases
(MMPs), generating a cascade of proteinase activation at the
cell surface [18,19]. This leads to degradation of the
extracellular matrix and disruption of cell-cell and cell-matrix
attachments. The role of this proteolytic cascade in diabetesinduced breakdown of the blood-retinal barrier has been
supported by studies showing that treatment with inhibitors of
MMP or uPA blocks diabetes-induced breakdown of the BRB
[15,20], but the upstream mediators of this process are as yet
unknown.
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Figure 2. PEG SOD prevents HG glucose induced VEGF expression. Quantitative RT-PCR and Western blotting analyses
were performed with RNA and protein isolated from endothelial cells cultured for 3 days in serum-free medium containing 5.5 mM
glucose (NG) or 25 mM glucose (HG) with or without superoxide dismutase (SOD, 80 U/ml) or VEGFR inhibitor (VEGFRI, 2 µM).
HG treatment increased VEGF mRNA levels as compared with NG treated cells and this effect was blocked by SOD (A). Western
blot analysis confirmed increased levels of VEGF in conditioned media from HG treated endothelial cells as compared with the NG
control and HG + SOD cultures (B).
doi: 10.1371/journal.pone.0071868.g002

Clonetics, San Diego CA) including 0.1% BSA, with or without
25 mM glucose and various inhibitors for the designated times.
The high glucose treated REC-conditioned media (HGCM)
were prepared by incubating the cells with high glucose (25
mM) for 2-3 days. Control conditioned media were prepared by
incubating cells for the same length of time in serum free
(EBM/BSA) medium with normal glucose (5.5 mM glucose) or
medium containing L-glucose (19.5 mM L-glucose, 5.5mM Dglucose; final concentration of 25 mM). Conditioned media
were collected and concentrated 10 fold by spin-filtration (10
kDa cutoff membrane, Millipore UFV4BK10) and added to the
cultures. The cell permeable superoxide dismutase (PEGSOD) was purchased from Sigma was used at 80U/ml.
VEGFR1/2 tyrosine kinase inhibitor SU5416 (Tocris) was used
at 2 µM.

accumulates in the cytosol and translocates into the nucleus
where it serves as a co-transcription factor to activate a variety
of genes associated with cell migration and proliferation,
including uPAR [25]. Based on these observations, we
hypothesized that diabetes/high glucose increases superoxide
anion formation that drives VEGF expression and retinal
vascular permeability by activating the GSK3β, β-catenin,
uPAR pathway. We tested this hypothesis by studies with
inhibiting superoxide anion in vivo and in high glucose-treated
endothelial cells as well as uPAR knockout diabetic mice.

Materials and Methods
Cell Culture
Primary cultures of bovine retinal microvascular endothelial
cells (REC) were prepared according to our established
protocol [14,26]. Prior to all experimental procedures, medium
was switched to a serum-free endothelial basal medium (EBM,
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Figure 3. PEG SOD prevents HG induced uPAR expression. Quantitative RT-PCR analysis was performed with RNA isolated
from endothelial cells cultured for 1 to 5 days in serum-free medium containing 5.5 mM glucose (NG), 25 mM glucose (HG) with or
without superoxide dismutase (SOD, 80 U/ml) or VEGFR inhibitor (VEGFRI, 2 µM). HG treatment caused a time-dependent
increase in uPAR (A) that was blocked by SOD or VEGFRI (B).
doi: 10.1371/journal.pone.0071868.g003

Quantitative RT-PCR

Western Blot

Quantitative mRNA analysis by real-time PCR was carried
out as described previously [9,14,16,17]. Briefly, total RNA was
extracted and stored in ethanol. Aliquots of 2 µg total RNA
were treated with DNase and reversed transcribed by using
random primers. A pair of primers flanking 250 nucleotides on
the bovine uPAR cDNA sequence (nt. # 270-520, NCBIAF144762) was designed. The amplicon generated by
conventional PCR was cloned and was used as standard
template in quantitative PCR. Similarly, VEGF primers were
designed based on a bovine cDNA sequence (nt. # 230-430,
NCBI-M31836) and the amplicon generated by conventional
PCR was purified and used as standard. For rat uPAR
expression, primers were (5'-GGA CCA ATG AATCAG TGC
TTG-3', 5'-CCA CAG TCT GAG GGT CAGGAG-3', length of
product is 252 bp). For mouse MMP-9 expression, primers
were
5′-AAATGTGGGTGTACACAGGC-3′
and
5′TTCACCCGGTTGTGGAAACT-3′. Quantitative PCR was
carried out in a Light Cycler apparatus (Roche Diagnostics,
Indianapolois, IN) using a kit provided by the same vendor, or
in Smart Cycler (Cephied, Sunnyvale, CA); each reverse
transcription (RT) preparation was used twice and in duplicate.
The results were normalized with corresponding internal
markers and averaged.

The presence of VEGF in conditioned media was examined
by Western blotting. Concentrated samples were adjusted for
protein content and loaded on 12% acrylamide gels.
Membranes were incubated with anti-VEGF antibody (Santa
Cruz Biotechnology, Dallas, TX) and developed by enhanced
Chemiluminescence (ECL). Two major protein bands
corresponding to VEGF monomer (~ 21 kDa) and dimer (~ 42
kDa) were identified and were scanned for densitometry.
For analysis of GSK3β, RECs grown in 100 mm diameter
dishes were treated as designated in the results section. At the
end of treatment, cells were collected and homogenized in a
lysis buffer consisting of 50 mM Tris-HCl, pH:7.4, 150 mM
NaCl, 0.25% deoxycholic acid, 1% NP-40, 1 mM EDTA, 1 mM
PMSF, 1 mM sodium orthovanadate, 1 mM sodium
orthophosphate, to which protease inhibitor cocktail was
added. The homogenates were centrifuged at 15,000 xg and
the supernatants were collected. Aliquots were taken for
protein assay and the remaining material was used
immediately or stored at -70° C. Anti-GSK3β antibody (Santa
Cruz Biotechnology) and protein-A/G conjugated sepharose
beads were added to the cell extracts and placed in a shaker at
4oC overnight. After washing, the beads were directly boiled in
SDS sample buffer and applied to SDS PAGE followed by
electro-blotting and immunoblotting for phospho-GSK-3β.
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Figure 4. High glucose-induced phosphorylation of GSK3β. Endothelial cells were grown in serum-free medium containing
normal glucose (NG, 5.5 mM) or high glucose (HG, 25 mM) with or without VEGFR inhibitor (VEGFRI) for 1 to 5 days. Equal
amounts of SDS extracted protein samples were immunoprecipitated (IP) by anti-GSK3β antibody and subjected to SDS-PAGE and
Western blotting (A). Densitometric analysis of phospho-GSK3β bands, normalized for the corresponding GSK3β bands, showed
that phosho-GSK3β levels were significantly increased by HG or VEGF treatment and that this effect was reduced in VEGFI treated
samples compared to HG or VEGF treated endothelial cells (B). * = P<0.05 vs NG, # = P<0.05 vs HG5, # # = P<0.05 vs VEGF.
doi: 10.1371/journal.pone.0071868.g004

Membranes were stripped and reprobed for GSK-3β to check
for equal loading.

monolayers was measured independently in each chamber.
TER was measured continuously and in real time before,
during and after the treatment of the cells. When neutralizing
antibodies were used (anti-uPA # SC-6830 and anti-uPAR #
SC-9793, Santa Cruz Biotechnology; 4 µg/ml), they were
added 30 min before the treatments.

Analysis of β-catenin Subcellular Distribution
Endothelial cells were grown in gelatin coated chamber
slides in the absence or presence of high glucose for 5 days.
They were fixed and processed for immunocytochemistry using
anti β-catenin antibody and fluorescein-conjugated secondary
antibody as described before [14,17]. Subcellular distribution of
β-catenin was analyzed by using a MultiProbe 2001 confocal
laser scanning microscope (Molecular Dynamics, Sunnyvale
CA). Isolation of nuclei, extraction and Western blot analysis of
nuclear β-catenin has been described previously [14,17].

Gelatin Zymography
Media conditioned by RECs and vitrectomy samples from
mice were processed for zymographic analysis of MMP activity
as described previously [26]. Briefly. SDS-polyacrylamide gels
were copolymerized with 0.1% gelatin, and electrophoresis of
samples equated for protein was carried out under nonreducing conditions. Gels were rinsed in 50 mM Tris buffer (pH
7.5) containing 2.5% Triton X-100 to remove SDS, incubated in
reaction buffer at 37° C overnight and stained with brilliant blue
G250. Enzyme activities were revealed as clear bands (lysis
zone) against the dark blue background of the substrate gel.
For control, duplicate samples were applied to gelatin gels.

Trans-endothelial Electrical Resistance (TER)
Cell permeability was assessed by measuring changes TER
using ECIS (electrical cell-substrate impedance sensing,
Applied Biophysics, Troy, NY). Cells were grown in 8-well
chamber slides equipped with gold-coated micro-electrodes.
The electric current passing through the endothelial
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Figure 5. High glucose-induced nuclear translocation of. β-catenin. Endothelial cells were grown in serum-free medium with
normal glucose (NG, 5.5mM) or high glucose (HG, 25 mM) for 3 days, fixed and processed for immunocytochemistry and confocal
microscopy or used for cell fractionation. Confocal imaging of NG cultures using anti β-catenin antibody (green) and propidium
iodide nuclear staining (red) shows membrane bound β-catenin (arrows) (A). Following high glucose treatment β-catenin was
redistributed into the cytosol (arrowheads) and nucleus (as shown in z-series optical slices above and at left) (B). Western blotting
showed increased cytoplasmic and nuclear β-catenin following HG treatment (C). Densitomitric analysis showed significant
increases in cytosolic and nuclear β-catenin levels following HG or VEGF treatment (D) (* = P < 0.05 vs Control). Gray bars
represent cytosolic β-catenin. Black bars represent nuclear β-catenin.
doi: 10.1371/journal.pone.0071868.g005

After electrophoresis, gels were cut into halves and were
developed in the presence and absence of EDTA.

previously [27]. Briefly, anesthesia was induced with sodium
pentobarbital (50 mg/kg IP) and atropine (40 µg IP per rat) was
administered to ensure an unobstructed airway. Under aseptic
conditions, artery and vein catheters were implanted. Animals
were randomized into three groups: control (n=6), diabetic
(n=8) and diabetic treated with the SOD mimetic 4-hydroxytempo (tempol, Sigma-Aldrich, St Louis, MO, n=6). Diabetes
was induced by streptozotocin (40 mg/kg IV). After the first day
of diabetes, tempol (18 µmol/kg per hour IV) was added to the
infusate of one of the diabetic groups. Control and diabetic
groups received sterile 0.9% saline. Animals were sacrificed
after 2-weeks. Treatment with tempol did not alter blood
glucose levels. Average blood glucose in the saline-treated
diabetic group was 441±46 mg/dL compared with 501±10
mg/dL in the diabetic+tempol group and 114±4 mg/dL in the
control group.

Animals
This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The
Animal Protocol #2008-245 was approved by the Institutional
Animal Care and Use Committee of Georgia Regents
University (Animal Welfare Assurance no. A3307-01). All
surgery was performed under avertin anesthesia, and all efforts
were made to minimize suffering.

Rat Studies
Male rats (weight, 325 to 350 g, Harlan Sprague-Dawley)
were catheterized to receive continuous infusion as described
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Figure 6. High glucose-induced permeability increase. Endothelial monolayers grown in ECIS microarray slides were treated
with conditioned media from endothelial cells treated with high glucose (HG CM) or VEGF (VEGF CM) and tested for effects on TER
(transcellular electrical resistance). Serum free medium was used as control. TER was markedly reduced by HG CM or VEGF CM
(A). HG CM-induced decreases in TER were prominently reduced by pretreatment of the cultures with anti-uPA or anti-uPAR
antibodies (B). Gelatin zymograms prepared using medium conditioned by cells treated with high glucose for 1 day (HG1) or 3 days
(HG3) or with VEGF or uPA showed prominent increases in MMP9 activity as compared with medium from normal glucose controls
(NG) (C). +Control = MMP9.
doi: 10.1371/journal.pone.0071868.g006

Mouse Studies

grams vs 28+1 and 26+1 in the normoglycemic uPAR-/- and
congenic control mice.

Experiments were performed with uPAR-deficient mice on a
C57Bl/6 background (Jackson Laboratories, Bar Harbor, ME)
and their age-matched congenic controls. Genotyping was
done prior to experiments. Age-matched uPAR-/- and control
mice (25g) were made diabetic by intraperitoneal injections of
55mg/kg streptozotocin (STZ, Sigma) dissolved in 0.1M fresh
citrate buffer, pH 4.5. Animals were considered diabetic when
their plasma glucose level exceeded 250 mg/dL. Animals were
studied after 5-8 weeks of hyperglycemia. The uPAR gene
deletion had no effect on body weight or blood glucose level in
diabetic rats. The uPAR and congenic control diabetic animals
had significant increases in blood glucose levels (487+34 and
502+39 mg/dL, respectively) compared with the uPAR and
congenic control non-diabetic mice (185+8 and 189+12 mg/dL,
respectively). Weights of the diabetic uPAR-/- and congenic
control mice at the end of the experiments were 22+2 and 20+2

PLOS ONE | www.plosone.org

Permeability Assay
Diabetic and age-matched normoglycemic control rats or
mice were processed for quantification of permeability as
described previously [4,28]. The mice were anesthetized with
avertin (2.5%) administered intraperitoneally at 0.015 ml/g body
wt. The rats were anesthetized with Ketamine/Xylazine
administrated intraperitoneally. Animals were then injected
intravenously with 10 mg/kg bovine serum albumin (BSA)Alexa-Fluor 488 conjugate (Molecular Probes, Eugene, OR).
After 30 minutes, animals were sacrificed and the eyes were
removed, embedded in OCT embedding medium, snap frozen
in liquid nitrogen. Frozen sections (12 µm) were prepared.
Images were collected at 60 µm intervals from 10 sections of
each retina. Tracer extravasation was measured by
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Figure 7. Blockade of diabetes-induced increase in retinal vascular permeability and MMP9 activity in uPAR-/mice. Diabetic and non-diabetic uPAR-/- mice and their congenic controls (uPAR+/+, uPAR+/-) were injected intravenously with
Alexa-Fluor 488-BSA (10 mg/kg) and permeability was quantified as described in the methods section. Permeability was
significantly increased in the diabetic uPAR+/+ or uPAR+/- mice compared with the non-diabetic controls (A). Permeability was not
increased in the uPAR-/- mice. n=4-6. C, control; D, diabetic; *, P<0.01 versus non-diabetic control; #, P<0.01 versus uPAR+/+ and
uPAR+/- diabetic. Gelatin zymograms prepared using vitreous samples collected from the same mice showed prominent increases
in MMP9 activity in the uPAR+/+ and uPAR+/- diabetic mice. MMP9 activity was absent in retinas from uPAR-/- diabetic mice and
non-diabetic controls (B). Retinal sections from diabetic and control mice were immunolabeled with anti-phospho-GSK3β antibody
(green) and Texas red-isolectin B4 (red) (C). This analysis showed that phospho-GSK3β co-localizes with the lectin-positive vessels
in the diabetic retina (arrows) and is present in microglial-like cells (arrowheads) in both control and diabetic retinas.
doi: 10.1371/journal.pone.0071868.g007
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Figure 8. Hypothesized scheme of events. for how diabetes/hyperglycemia induced oxidative stress triggers VEGF-mediated
uPAR expression and consequent BRB breakdown, and the experimental approaches that produced the supporting data.
doi: 10.1371/journal.pone.0071868.g008

onto a nitrocellulose membrane. After blocking, the membrane
was reacted with anti-nitrotyrosine polyclonal antibody
(Calbiochem, Millipore) followed by its secondary antibody, and
the optical densities of samples were compared to those of the
controls.

morphometric analysis of fluorescein levels in non-vascular
areas in each image. Fluorescein intensity in the retinal
sections was normalized according to the concentration of the
tracer in the plasma of the same animal.

Oxidative Stress Markers

Statistical Analysis

Levels of lipid peroxides (malondialdehyde, MDA) were
assayed using thiobarbituric acid reactive substances as
described before [10,29]. Briefly, plasma or retinal homogenate
were acidified with 20% acetic acid, 8% sodium dodecyl
sulfate, and thiobarbituric acid at 95° C for 60 min. The
samples were centrifuged, the supernatant was extracted with
n-butanol and pyridine (15:1, respectively), and the absorbance
of the organic solvent layer was measured colorimetrically at
532 nm. The results were compared to an external standard
(tetramethoxypropane). The Bradford assay (Bio-Rad,
Hercules, CA) was also performed to determine the protein
concentration of the retinal lysate. The lipid peroxide level was
expressed in µM MDA/mg total protein. Slot-blot analysis was
used to detect retinal nitrotyrosine formation as described
previously [4], 5µg of retinal homogenate were immobilized
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The results are expressed as mean ± SEM. For statistical
analysis of tissue culture data, duplicate dishes of cells were
treated separately in each experiment and all experiments
were repeated at least once or twice to generate 4 to 6
independent data. Differences among groups were evaluated
by ANOVA and the significance of differences between groups
was assessed by the post-hoc test (Tukey) when indicated.
Significance was defined as P < 0.05.

Results
Tempol Blocks Diabetes-induced BRB Breakdown
We have shown previously that diabetes-induced oxidative
stress is positively correlated with BRB breakdown [4]. Here we
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tested the direct effect of inhibiting superoxide anion on
vascular permeability by treating diabetic rats with the SOD
mimetic tempol. The antioxidant action of tempol was verified
by examining lipid peroxidation and nitrotyrosine formation in
the retinas from various groups. The diabetic retinas showed a
2-fold increase in lipid peroxidation and a 1.7-fold increase in
nitrotyrosine compared to controls (Figure 1A-B). Treatment
with tempol completely normalized these indicators of oxidative
stress. As shown in Figure 1C, diabetes-induced a significant
increase in retina vascular permeability as demonstrated by
extravasation of BSA-fluorescein. Treatment of diabetic rats
with tempol blocked this effect. Based on our previous studies
linking diabetes-induced BRB breakdown to activation of the
uPA/uPAR pathway [4], we next examined the effects of
inhibiting superoxide anion on expression of uPAR. As shown
in Figure 1D, diabetic retinas had a 2-fold increase in uPAR
expression compared to controls. This effect was not seen in
the tempol-treated diabetic rats.

catenin to accumulate in the cytosol and translocate into the
nucleus to activate gene transcription. As shown in Figure 4,
GSK3β phosphorylation was increased in cells treated with HG
or VEGF. In these experiments, GSK3β phosphorylation
increased gradually over 3-5 days of glucose treatment but was
elevated within a few hours after VEGF treatment. The
VEGFR1/2 inhibitor blocked GSK3β phosphorylation under
both high glucose and VEGF conditions. This observation
suggests that VEGF/VEGFR mediates the high glucoseinduced phosphorylation/inhibition of GSK3β.

HG Induces Nuclear Translocation of β-catenin
Our previous studies have shown that VEGF-induced
increases in uPAR expression and paracellular permeability
are mediated by transcriptional activation of the β-catenin as
evidenced by its cytosolic redistribution and nuclear
translocation [14,17]. We therefore determined high glucose
effects on the subcellular distribution of β-catenin. Confocal
imaging analysis showed that β-catenin was localized mainly at
the cell-to-cell junctions in endothelial cells maintained in
normal glucose medium (Figure 5A). However, the cells
maintained in medium with high glucose (3 days) showed
conspicuous accumulation of β-catenin within the cytoplasm
(Figure 5B). Three-dimensional image analysis also showed
the presence of β-catenin within the nuclei. This microscopic
observation was confirmed by Western blot analysis showing
β-catenin accumulation in cytosolic and nuclear fractions
prepared from high glucose-treated cells (Figure 5C, D). These
data indicate that high glucose-induced uPAR expression in
retinal endothelial cells involves β-catenin transcriptional
activity.

SOD Blocks High Glucose-induced VEGF Expression
To explore the mechanisms by which reducing superoxide
anion can preserve BRB function, we used cultures of retinal
endothelial cells (REC) maintained in high glucose (HG, 25
mM) or normal glucose (5 mM) for 3-5 days. In response to
HG, superoxide anion generation increased and reached a
peak on day 3 and remained high through day 5 (data not
shown). Superoxide anion generation was inhibited by the cell
permeable PEG-SOD (80 U/ml). As shown in Figure 2, high
glucose treatment significantly increased VEGF mRNA
expression in REC and increased the release of VEGF into the
conditioned medium. HG-induced increases in VEGF mRNA
and protein were inhibited by SOD, indicating involvement of
superoxide formation (Figure 2A). As shown in Figure 2B, the
HG-induced upregulation of VEGF was partially blocked by the
VEGFR1/2 inhibitor, suggesting that under this experimental
condition, part of the increase in VEGF expression involves an
autocrine mechanism.

Inhibiting uPA or uPAR Prevents HG-induced REC
Permeability
In order to assess the direct role of uPAR in REC
permeability, we used electrical cell impedance sensing (ECIS)
to measure transcellular electrical resistance (TER). This
analysis showed that media conditioned by REC cells treated
with either HG or VEGF significantly reduced TER levels of the
endothelial monolayers, indicating an increase in paracellular
permeability (Figure 6A). These results were confirmed by
measurement of TER using transwell filter chambers and
chopstick electrodes (data not shown). The high glucose effect
was inhibited when the target cells were pre-incubated with
antibodies against uPA or uPAR (Figure 6B), supporting
involvement of the uPA/uPAR pathway in the barrier
dysfunction. The blocking effect was partial, perhaps due to
inefficacy of the antibodies or the presence of other
permeability factors in the conditioned media. The involvement
of the uPA/uPAR pathway in the hyperpermeability effect was
further supported by zymographic analysis showing increased
levels of MMP9 activity in media from the cultures treated with
high glucose, VEGF or uPA (Figure 6C). Medium conditioned
by control cultures maintained in normal glucose conditions
was negative for MMP9. Upregulation of uPAR allows uPA
binding and activation, leading to activation of plasmin and
MMPs, which are known to increase retinal vascular
permeability [26,30].

SOD Blocks High Glucose-induced uPAR Expression
Based on our previous studies linking VEGF-induced
increases in REC permeability to activation of the uPA/uPAR
signaling pathway [14,17], we next examined the effects of HG
on uPAR expression in REC. As shown in Figure 3A, high
glucose treatment induced an increase in uPAR expression
which reached a peak on day 3 and remained high through day
5. The high glucose-induced uPAR expression was blocked by
SOD or by an inhibitor of VEGFR1/2 tyrosine kinase activity
(Figure 3B), suggesting that formation of superoxide anion in
glucose treated cells induces uPAR expression and that VEGF
expression and receptor activation play a role in this process.
Osmotic control experiments showed that treatment with high
L-glucose did not alter uPAR expression (data not shown).

Inhibiting VEGFR Prevents HG-induced
Phosphorylation/inhibition of GSK3β
Under normal physiological conditions, GSK3β targets free
cytosolic β-catenin for degradation in proteosomes.
Phosphorylation of GSK3β inhibits this function and allows β-
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Requirement of uPAR Expression for Diabetes-induced
Breakdown of the BRB

study did not examine the direct effects of superoxide anion
production within endothelial cells. However, overexpression of
MnSOD in retinal endothelial cells has been shown to prevent
diabetes-induced VEGF expression [12]. Therefore, we further
explored the role of inhibiting superoxide anion formation in
cultures of REC maintained in high glucose. Indeed, treatment
with the cell permeable SOD blocked high glucose-induced
increases in expression of VEGF, uPAR in REC. These
observations in REC (Figures 2, 3) along with the finding that
tempol
significantly
reduced
diabetes-induced
uPAR
expression in vivo (Figure 1) indicate that high glucose induces
VEGF and uPAR expression by increasing oxidative stress.
These results lend further support to previous reports showing
that diabetes-induced oxidative stress and peroxynitrite
formation enhance VEGF expression [4,8], by a mechanism
involved activation of the signal transducer and activator of
transcription 3 [9]. The findings that HG-induced upregulation
of VEGF and uPAR were partially blocked by the VEGFR1/2
inhibitor suggest an autocrine mechanism of VEGF/VEGFR
activation. This result is consistent with previous reports that
VEGF can induce its own expression in a variety of cell types,
including vascular endothelial cells [32,33].
The role of VEGF in diabetic retinopathy and breakdown of
the blood-retinal barrier is well established [34]. Diabetes/high
glucose-induced increases in MMP9 activity in retinal tissues in
vivo and retinal endothelial cells in vitro and alterations in
composition of the perivascular extracellular matrix have been
linked to retinal vascular injury and compromised barrier
function [35–38]. Previous studies have also implicated
increases in uPA and MMP expression and activities in
breakdown of the blood retinal barrier [15,20,30,39,40].
Investigations using cultured retinal endothelial cells have
shown that treatment with exogenous MMP9 and uPA causes
an increase in paracellular permeability by a mechanism
involving decreases in the tight junction protein occludin
[14,26]. VEGF-induced migration and capillary morphogenesis
has also been shown to be mediated by the induction uPAR
gene expression [41]. Expression of uPAR is thought to provide
a cellular-based proteolytic system that facilitates activation of
uPA and plasminogen. Plasmin digests ECM components and
activates pro-matrix metalloproteinases, including MMP9 (for
review, please see 42). The localization of plasmin and
metalloprotease proteolytic activities at the endothelial cell
plasma membrane causes loosening of cell-cell and cell-matrix
contacts which increases vascular permeability and releases
serum proteins and ECM-bound growth factors. To our
knowledge, actions of uPA and MMP9 have not been studied in
non-vascular cells of the diabetic retina. However, the uPAR
proteolytic system has been shown to be involved in retinal
pigment epithelial cell migration [43] and has been linked to
choroidal neovascularization in animal models of age related
macular degeneration [44,45]. Activity of uPA and MMP9 has
also been linked to gliosis and retinal ganglion cell death in
experimental models of open angle glaucoma [46,47]).
We have shown previously that VEGF treatment induces
GSK3β phosphorylation, nuclear translocation of β-catenin and
increases uPAR gene expression in retinal endothelial cells
[14,16,17]. The present study showed that high glucose

In order to directly demonstrate the role of uPAR in diabetesinduced breakdown of the blood-retinal barrier, diabetes was
induced in uPAR-/- and littermate controls (uPAR+/+, uPAR+/-)
by streptozotocin injection. Diabetes-induced BRB breakdown
was quantified by analyzing extravasation of BSA-fluorescein.
Vascular permeability was significantly increased (3-fold, p <
0.01) in diabetic congenic control mice as compared with the
normoglycemic control mice (Figure 7A-B). The diabetic
uPAR-/- mice showed no permeability increase over nondiabetic controls.
To further explore the role of the uPA/uPAR pathway in the
diabetes-induced vascular permeability increase, gelatin
zymography was used to determine the effects of uPAR
deletion on MMP activities in vitreous collected from the
uPAR-/- diabetic and non-diabetic mice and their littermate
controls. This analysis showed prominent bands of MMP9
activity (gelatin lysis) in congenic control diabetic animals
(Figure 7C). Strikingly, the diabetic uPAR-/- animals showed no
detectable MMP9 band. In order to assess the specificity of the
uPAR deletion in preventing MMP9 activation, we determined
the effects of diabetes on MMP9 expression by quantitative
PCR. This analysis showed significant increases in MMP9
mRNA in the retinas of all three genotypes of diabetic mice,
suggesting that the protective effect of the gene deletion
involves blockade of uPA-mediated proteolysis rather than
modulating MMP-9 expression.

Discussion
The main findings of this study are as follows: 1. Reducing
superoxide anion blocked diabetes-induced vascular
permeability in vivo and high glucose-induced expression of
VEGF and uPAR in vitro (Figures 1, 2, 3). 2. The high glucoseinduced increases in VEGF, uPAR and phosphorylation of
GSK3β are mediated at least in part via autocrine activation of
VEGFR (Figures 2, 3, 4). 3. High glucose and VEGF caused
nuclear translocation of β-catenin and increased REC
permeability in a uPA/uPAR dependent manner (Figures 5, 6).
4. Deletion of uPAR in mice preserved the BRB and blocked
diabetes-induced increases in MMP9 activity (Figure 7). Based
on these results we conclude that diabetes-induced oxidative
stress triggers BRB breakdown by a mechanism that involves
uPAR expression through VEGF-induced activation of the
GSK-3 β/β-catenin signaling pathway (Figure 8).
Although diabetes and high glucose-induced increases in
superoxide anion have been well-documented [10–12], the
direct effects and possible mechanisms of reducing superoxide
anion on BRB breakdown have not been fully elucidated. Here
we show that treatment of diabetic rats with continuous infusion
of the SOD mimetic tempol completely blocked diabetesinduced BRB breakdown. These protective effects were
associated with significant decreases in lipid peroxidation and
tyrosine nitration in the diabetic retina. These results are
consistent with a recent report showing that administration of
tempol prevented retinal tyrosine nitration and pericyte cell
death and preserved BRB in Akita diabetic mice [31]. The latter

PLOS ONE | www.plosone.org

11

August 2013 | Volume 8 | Issue 8 | e71868

uPAR and Diabetes-Induced Barrier Dysfunction

treatment of retinal endothelial cells substantially increased the
accumulation of β-catenin within both the cytosolic and nuclear
compartments. Also, GSK3β was phosphorylated in a timedependent manner following high glucose treatment. These
observations indicate that high glucose causes GSK3β
phosphorylation and deactivation, leading to stabilization and
nuclear translocation of β-catenin. Our studies in mice
confirmed the involvement of the uPA/uPAR system in
diabetes-induced breakdown of the blood-retinal barrier.
Although anti-VEGF therapies have proven successful in
reducing vascular leakage and macular edema in diabetic
patients [48], most patients require repeated intraocular
injections and some do not respond. In addition, depriving the
diabetic retina of VEGF can exacerbate diabetes-induced
neurodegeneration due to lack of neurotrophic support to
neurons. Our studies identified several molecular targets
downstream from VEGF that can be further developed as antipermeability therapies. In summary, as depicted in the
graphical abstract (Figure 8), we have used animal and tissue
culture models to demonstrate that diabetes-induced oxidative
stress triggers BRB breakdown by a mechanism that involves
uPAR expression through VEGF-induced phosphorylation and

deactivation of the GSK-3 β/β-catenin signaling pathway.
Furthermore, we show that in the presence of VEGFR2
inhibitor, the glucose-induced uPAR expression is abrogated
(Figure 3B). This indicates that high glucose utilizes the VEGF/
VEGFR2
signaling
pathway
to
regulate
β-catenin
transcriptional activity and uPAR gene expression. Our data
also indicate that hyperglycemia induced upregulation of VEGF
and activation of VEGFR2 have a role in increasing uPAR
expression.
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