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The purpose of these experiments was to determine
the specific role of reactive oxygen species (ROS) in
the blood-retinal barrier (BRB) breakdown that char-
acterizes the early stages of vascular dysfunction in
diabetes. Based on our data showing that high glucose
increases nitric oxide, superoxide, and nitrotyrosine
formation in retinal endothelial cells, we hypothe-
sized that excess formation of ROS causes BRB break-
down in diabetes. Because ROS are known to induce
increases in expression of the well-known endothe-
lial mitogen and permeability factor vascular endo-
thelial growth factor (VEGF) we also examined their
influence on the expression of VEGF and its down-
stream target urokinase plasminogen activator recep-
tor (uPAR). After 2 weeks of streptozotocin-induced
diabetes, analysis of albumin leakage confirmed a
prominent breakdown of the BRB. This permeability
defect was correlated with significant increases in the
formation of nitric oxide, lipid peroxides, and the
peroxynitrite biomarker nitrotyrosine as well as with
increases in the expression of VEGF and uPAR. Treat-
ment with a nitric oxide synthase inhibitor (N-�-ni-
tro-L-arginine methyl ester, 50 mg/kg/day) or per-
oxynitrite scavenger (uric acid, 160 mg/kg/day)
blocked the breakdown in the BRB and prevented the
increases in formation of lipid peroxides and tyrosine
nitration as well as the increases in expression of
VEGF and uPAR. Taken together, these data indicate
that early diabetes causes breakdown of the BRB by a
mechanism involving the action of reactive nitrogen
species in promoting expression of VEGF and uPAR.
(Am J Pathol 2003, 162:1995–2004)

Breakdown of the blood-retinal barrier (BRB) is a well-
established feature of both clinical and experimental di-
abetes.1–5 The permeability defect has been shown to
correlate with increases in expression of vascular endo-
thelial growth factor (VEGF).2–5 Recent studies in strep-
tozotocin (STZ) diabetic rats have shown that the initial
BRB breakdown is associated with increases in expres-
sion of both the endothelial and neuronal nitric oxide
synthase (eNOS and nNOS) as well as with increases in
VEGF expression.4–6 Moreover a VEGF-neutralizing re-
ceptor construct has been shown to prevent the diabe-
tes-induced increases in expression of VEGF and eNOS
and the BRB breakdown,3,6 underlining a potential role
for VEGF in the early vascular dysfunction. However, the
mechanisms by which diabetes increases VEGF expres-
sion and causes BRB breakdown are not yet understood.

Multiple interrelated biochemical mechanisms have
been postulated to explain the adverse effects of diabe-
tes and hyperglycemia on vascular cells including in-
creased flux of glucose through the polyol pathway, en-
hanced nonenzymatic glycation and activation of protein
kinase C and increased formation of reactive oxygen
species (ROS), including nitric oxide (NO), superoxide
(O2

.�) and their product peroxynitrite (ONOO�).7–11 In-
creased formation of ROS and lipid peroxides occurs
early in diabetic retinopathy.12,13 Analyses done with en-
dothelial cells in vitro have shown that high glucose in-
creases the expression of eNOS.14 High glucose also
greatly increases endothelial cell formation of O2

.� lead-
ing to reduced bioavailability of NO.15–17 Research dem-
onstrating the presence of nitrotyrosine residues in pla-
cental vessels10 and plasma11 of diabetic patients
supports a role for ONOO� in the development of dia-
betic complications. Peroxynitrite can contribute to vas-
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cular injury by causing lipid peroxidation and nitration of
tyrosine residues, inactivating key metabolic enzymes,
and reducing cellular antioxidant defenses by oxidation
of thiol pools.18,19 Peroxynitrite may also cause NOS-
uncoupled production of O2

.� because of oxidation of the
NOS co-factor tetrahydrobiopterin (BH4),20 the L-arginine
transporter CAT-121 or eNOS itself.22

Our analyses in vitro support the role of eNOS uncou-
pling and ONOO� formation in high glucose-induced
endothelial dysfunction. We found that retinal endothelial
cells maintained in high glucose have significant in-
creases in eNOS expression and activity as well as in
formation of O2

.� and nitrotyrosine.23 Each of these alter-
ations was blocked by the NOS inhibitor, L-NAME, or the
peroxynitrite scavenger, uric acid, lending further sup-
port to the role of eNOS uncoupling and ONOO� forma-
tion in high glucose-induced vascular injury. We have
also shown that VEGF increases permeability of bovine
retinal endothelial cells by activating urokinase plasmin-
ogen activator (uPA) and inducing the expression of its
receptor urokinase plasminogen activator (uPAR).24 uPA
cleaves tissue plasminogen into the active enzyme plas-
min, which in turn activates matrix metalloproteinases.25

uPAR localizes these events at the cell membrane where
cell-cell and cell-substrate attachments are altered.
Therefore, we postulated that diabetes causes BRB dys-
function by causing ROS-mediated increases in expres-
sion of VEGF and uPAR. The goals of this study are 1) to
define the role of NOS activity and formation of reactive
nitrogen species in breakdown of the BRB; 2) to deter-
mine the correlation between diabetes-induced ROS for-
mation and the expression of VEGF and its down stream
target uPAR; and 3) to directly test whether or not reduc-
ing NOS activity or peroxynitrite formation protects diabetic
rat retinas from diabetes-induced increase in VEGF expres-
sion and BRB breakdown.

Materials and Methods

Animal Preparation and Data Analysis

All procedures with animals were done in accordance
with the Public Health Service Guide for the Care and Use
of Laboratory Animals (DHEW Publication, NIH 80-23).
Sprague-Dawley rats were made diabetic by a single
intravenous injection of STZ (65 mg/kg) dissolved in 0.1
mol/L of fresh citrate buffer, pH 4.5. Three sets of animals
were prepared for a total of 102 rats. In experiment 1, six
rats were made diabetic and six rats were controls and in
experiment 2, nine rats were made diabetic and nine rats
were controls. In experiment 3, to study the effects of
inhibitors, 36 rats were made diabetic and 36 rats were
control. One group of diabetic animals (12 rats) and one
control group (12 rats) received NOS inhibitor N-�-nitro-
L-arginine methyl ester (L-NAME) in their drinking water
(50 mg/kg/day). Another group of diabetic animals (12
rats) and controls (12 rats) received uric acid (peroxyni-
trite scavenger) in their drinking water (160 mg/kg/day).
Others were untreated control (n � 12) and untreated
diabetic (n � 12) rats. After 2 weeks, the animals were

sacrificed by decapitation, blood was collected and their
retinas were removed, frozen in liquid nitrogen, and
stored at �80°C until further analysis. Both retinas were
collected from each rat and analyzed separately in inde-
pendent experiments. Measurement of nitrite/nitrate, lipid
peroxidation, nitrotyrosine, maximum NOS activity, and
NOS expression were repeated in three independent
experiments. The results are expressed as mean � SEM.
Differences among experimental groups were evaluated
by analysis of variance and the significance of differ-
ences between groups was assessed by Fisher’s post-
hoc least significant difference test when indicated.
Significance was defined as P � 0.05.

Measurement of BRB Function

Integerity of the BRB was measured as described by
others previously.1 Rats received tail vein injections of
100 mg/kg of bovine serum albumin (BSA)-Alexa-Fluor
488 conjugate (Molecular Probes, Eugene, OR). After 30
minutes, the animals were sacrificed and the eyes were
enucleated, embedded in OCT medium, and snap-frozen
in liquid nitrogen. Plasma was assayed for Alexa-Fluor
488 concentration using a Cyto Fluor 4000 spectroflu-
orometer (Foster City, CA). Frozen retinal sections (10
�m) collected at 60-�m intervals were viewed with a
fluorescence microscope fitted with a spot camera. Im-
ages were collected from 10 retinal areas (200 �m2) in
each section. The average retinal fluorescence intensity
was calculated and normalized to a noninjected control
retina and to plasma fluorescence intensity for each an-
imal. Through serial sectioning of each eye, this tech-
nique allowed quantification of barrier function in each
retina.

Measurement of NO Formation in Rat Retinas

NO production was determined by measuring the levels
of nitrite and nitrate, the oxidized products of NO, in the
supernatant of phosphate-buffered saline (PBS) homog-
enate of the control or diabetic rat retinas by modified
Greiss Reagent assay. Briefly, 210 �l of homogenate
were incubated with nitrate reductase enzyme (10 mU)
and NADPH (12.5 mmol/L) for 30 minutes at 37°C. Then
the total nitrite in each sample was determined by addi-
tion of 200 mU of L-glutamate dehydrogenase, 100
mmol/L NH4Cl, and freshly prepared 4 mmol/L of �-keto-
gluterate. Enzymatic reduction of nitrate to nitrite was
monitored by including an NO3

� standard. The mixture
was incubated at 37°C for 10 minutes followed by addi-
tion of 250 �l of Greiss Reagent and incubation for an-
other 5 minutes at 37°C. The absorbance at 543 nm was
recorded and concentrations of NO2 were calculated
from a standard curve constructed using NaNO2 stan-
dards. Protein levels were measured by the Bradford
method (Bio-Rad, Hercules, CA) and nitrite/nitrate level
was expressed as mmol/mg protein.
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Measurement of Retinal NOS Protein
Expression

Retinal protein was extracted in RIPA lysis buffer (20
mmol/L Tris, pH 7.4, 2.5 mmol/L EDTA, pH 8, 1% Triton
X-100, 1% deoxycholate, 1% sodium dodecyl sulfate, 50
mmol/L sodium fluoride, and 10 mmol/L sodium pyro-
phosphate) containing 1 mmol/L of phenylmethyl sulfonyl
fluoride. Samples equated for protein content were sep-
arated on 10% sodium dodecyl sulfate gel and trans-
ferred to nitrocellulose membranes. Levels of eNOS,
nNOS, and iNOS proteins were analyzed using corre-
sponding monoclonal antibodies (Transduction Labora-
tories, Lexington, KY) and electrochemiluminescence
(ECL; Amersham, Buckinghamshire, UK). The bands
were scanned by densitometry and normalized to �-actin
as an internal standard.

Determination of Retinal NOS Activity

Maximal NOS activity was quantified using an assay for
the conversion of [3H]-L-arginine to [3H]-L-citrulline.26

Retinas were homogenized on ice in a 250 �l buffer
composed of 50 mmol/L Tris-HCl , 0.1 mmol/L EDTA, 0.1
mmol/L EGTA (pH 7.4), 1 �mol/L pepstatin, 2 �mol/L
leupeptin, 1 �mol/L bestatin, and 1 mmol/L phenylmethyl
sulfonyl fluoride. The homogenate was centrifuged at
8000 � g for 10 minutes and the supernatant was col-
lected and 100 �l was incubated in the previously de-
scribed buffer containing 100 nmol/L calmodulin, 1
mmol/L NADPH, 3 �mol/L tetrahydrobiopterin, and 10
�mol/L L-arginine combined with 0.6 �Ci L-[2,3-3H]-argi-
nine. The incubation mixture also contained 1 mmol/L
L-citrulline to minimize conversion of the formed [3H]-L-
citrulline to [3H]-L-arginine. Ice-cold buffer, 1 ml (20
mmol/L Tris-HCl, 0.2 mmol/L EDTA, 0.2 mmol/L EGTA, pH
5.5) was used to stop the reaction. Reaction mixtures
were applied to Dowex 50W-8 (Na form) columns and the
eluted [3H]-L-citrulline activity was determined by scintil-
lation counting spectroscopy. NOS activity was ex-
pressed as pmol/L/30 minutes/mg protein.

Measurement of Retinal Lipid Peroxidation

Lipid peroxide concentration was determined by a
method that measures the amount of thiobarbituric acid
reactivity by the amount of malondialdehyde formed dur-
ing acid hydrolysis of the lipid peroxide compound.27

Retinas were washed with 0.9% NaCl and tissue homog-
enate was prepared at a ratio of 1 g wet tissue to 9 ml of
1.15% KCl. The reaction mixture contained 0.2 ml of
sample, 0.2 ml of 8.1% sodium dodecyl sulfate, 1.5 ml of
20% acetic acid solution (buffered to pH 3.5), and 1.5 ml
of 0.8% thiobarbituric acid. The mixture was then incu-
bated at 95°C for 1 hour. After cooling, 1 ml of distilled
water and 5 ml of a mixture of n-butanol and pyridine
(15:1, v/v) were added and the final mixture was shaken
vigorously. After centrifugation at 1500 � g for 10 minutes
absorbance of the solvent layer was measured at 532
nm. Tetraethoxypropane was used to establish the stan-

dard curve. Lipid peroxide level was expressed in terms
of nmol/L malondialdehyde per mg protein.

Measurement of Retinal Nitrotyrosine

Nitrotyrosine immunoreactivity was measured as an indi-
cator for ONOO� formation by slot blot and immunostain-
ing.28,29 For slot blot analysis of total nitrotyrosine levels,
retinas were homogenized in RIPA lysis buffer. Duplicate
protein samples were immobilized onto a polyvinylidene
difluoride membrane using a slot blot microfiltration unit.
After blocking with 5% nonfat milk, the polyvinylidene
difluoride membrane was reacted with a monoclonal anti-
nitrotyrosine antibody (Cayman Chemical Co., Ann Arbor,
MI) followed by peroxidase-labeled goat anti-mouse IgG
and enhanced chemiluminescence. Relative levels of ni-
trotyrosine immunoreactivity were determined by densi-
tometry and comparison with a standard curve generated
from ONOO�-modified BSA.

The distribution of nitrotyrosine in retinal sections was
analyzed using immunolocalization techniques. Retinal
sections were fixed with 4% paraformaldehyde then re-
acted with a polyclonal rabbit anti-nitrotyrosine antibody
(Upstate Biotechnology, Lake Placid, NY) followed by
Oregon green-conjugated goat anti-rabbit antibody (Mo-
lecular Probes). Data were analyzed using fluorescence
microscopy and Ultra View morphometric software to
quantify intensity of immunostaining.

Control experiments to demonstrate specificity of the
nitrotyrosine antibody were done by processing the sec-
tions in the absence of primary antibody and by neutral-
izing the primary antibody.30 Briefly, the antibody was
neutralized by incubation with 10 mmol/L of 3-nitroty-
rosine in PBS solution (Cayman Chemical Co.). The spec-
ificity of measurement of nitrotyrosine as indicator for
peroxynitrite and the efficacy of uric acid as a scavenger
of peroxynitrite were confirmed by in vitro techniques.
Cultured bovine retinal endothelial cells were treated with
100 �mol/L of peroxynitrite (Upstate Biotechnology) in
the presence or absence of 1 mmol/L of uric acid (Sigma
Chemical Co., St. Louis, MO) for 1 hour and analyzed for
nitrotyrosine formation as described above.

Real-Time Quantitative Polymerase Chain
Reaction (PCR) Analysis of VEGF and
uPAR RNA

SYBR Green provides a convenient way to detect and
quantify reverse transcriptase (RT)-PCR product. The
quantification is based on the amounts of SYBR Green-
bound DNA measured at the end of each cycle of PCR. In
brief, reverse transcription of the retinal RNA was per-
formed by conventional methods using AMV RT and ran-
dom primers. The use of random primers allowed the
simultaneous amplification of the 18-S rRNA as reference
or internal marker for each sample. A pair of rat-specific
uPAR primers was synthesized based on the cDNA se-
quence31 accession no. x71899 and was used to amplify
a 200-bp DNA fragment (corresponding to nucleotides
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764 to 963) by conventional PCR. For VEGF analysis,
primers designed for bovine VEGF based on the cDNA
sequence32 accession no. M32976 were used to amplify
a 200-bp amplicon (corresponding to nucleotides 853 to
1053). The uPAR and VEGF amplicons prepared by con-
ventional PCR were used as standard templates in the
subsequent analysis. Quantitative PCR was performed
using a Light Cycler apparatus (Roche Diagnostics Ltd.,
Lewes, UK) using a kit provided by the same vendor. The
specificity of the assay was determined at the completion
of cycling by plotting the melting profile of each PCR
product. In our experiments, this melting profile always
overlapped with the melting profile of the standard sam-
ples in which pure template was used. Two RT reactions
were performed and two light cycler reactions were per-
formed for both uPAR and VEGF for each RNA sample.
For internal controls, the RT samples were diluted 50- to
100-fold and were primed with 18S rRNA primers (Uni-
versal 18S Primer Pair; Ambion, Austin, TX).

Results

Inhibitor Treatment Does Not Alter Body Weight
or Blood Glucose

The body weights of the diabetic rats decreased signifi-
cantly (19%) whereas those of the controls increased
(18%, Table 1). Blood glucose levels were significantly
increased (fourfold) in the STZ-induced diabetic rats
compared with the controls. Administration of L-NAME
and uric acid did not affect body weight or blood glucose
levels of either control or diabetic animals.

Inhibiting NOS or Scavenging Peroxynitrite
Prevents the Diabetes-Induced Breakdown of
the BRB

Assessment of BRB function using BSA-Alexa-Fluor 488
showed significant permeability increases within the dia-
betic retina. Microscopic images showed prominent ac-
cumulation of the tracer within retinal layers containing
blood vessels—the nerve fiber layer and the inner and

outer plexiform layers (Figure 1A). Quantitative analysis
showed a twofold increase (P � 0.01) in the fluorescence
intensity in the diabetic retinas (Figure 1B). Treatment
with the NOS inhibitor, L-NAME (50 mg/kg/day) or the
ONOO� scavenger, uric acid (160 mg/kg/day), com-
pletely blocked the permeability breakdown in the dia-
betic rats. The control rat retinas were not affected by
either treatment.

Diabetes Increases Oxidative Stress and
Formation of Reactive Nitrogen Species

Our results showed that diabetes increased the formation
of reactive nitrogen species as indicated by nitrite/nitrate,
nitrotyrosine, maximum NOS activity, and NOS expres-
sion and increased oxidative stress as indicated by lipid
peroxidation. Biochemical measures of oxidative stress
and reactive nitrogen species formation were repeated
and confirmed in three independent experiments. The
data shown represent results from experiments 2 and 3.

Diabetes Increases Retinal Nitrite/Nitrate Levels

Direct measurement of NO formation in vivo is difficult
because of its short half-life. Therefore, the evaluation of
the stable NO end products, nitrite and nitrate, has been
widely used to estimate NO production. As shown in
Figure 2, the formation of nitrate/nitrite in diabetic retinas

Table 1. Effects of STZ-Induced Diabetes on Body Weight
and Blood Glucose Levels in Control and Diabetic
Rats

Animals n
% Weight
change

Blood glucose
level

Control 21 19.6 � 0.9 118.6 � 12.12
Diabetic 21 �18.8 � 1.6 411.7 � 15.2*
Control � L-NAME 12 15.6 � 1.35 100.6 � 9.5
Diabetic � L-NAME 12 �20.6 � 0.8 446.4 � 21.9*
Control � uric acid 12 15.9 � 1.2 96.5 � 8.3
Diabetic � uric acid 12 �19.4 � 1.4 468.5 � 15.47*

Data are mean � SE. Animals were made diabetic by a single STZ
injection (65 mg/kg) in freshly prepared 1 mmol/L sodium citrate buffer,
pH 4.5. Average starting weight of untreated control and diabetic rats
was 236 � 5.95. Average starting weight of L-NAME and uric acid-
treated rats was 275 � 2.1 and 264 � 9.1, respectively.

*, P � 0.05 compared to corresponding control.

Figure 1. Permeability as determined by Alexa-Fluor 488-BSA in STZ-in-
duced diabetic and control rat retina. Diabetic and control rats were injected
intravenously with Alexa-Fluor 488-BSA (100 mg/kg each). A: Representative
images showing the fluorescence distribution in different retinal layers; the
nerve fiber layer (NFL), inner plexiform layer (IPL), outer plexiform layer
(OPL), and the inner segment layer (ISL). B: Morphometric analysis of
fluorescence intensity in serial sections of rat eyes shows that diabetic rats
had a twofold increase in fluorescence compared with controls. Treatment of
diabetic rats with L-NAME (50 mg/kg/day) or with uric acid (160 mg/kg/day)
blocked the permeability increase. Data shown is the mean � SEM of six animals
in each group. C, control; D, diabetic; *, P � 0.01 versus untreated control; #, P �
0.05 versus untreated diabetic. Original magnification, �200 (A).
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was approximately twofold higher than in the controls
(P � 0.01). Administration of either L-NAME (50 mg/kg/
day) or uric acid (160 mg/kg/day) blocked this increase,
but did not alter basal values in controls.

Diabetes Increases Retinal Lipid Peroxidation

The neural retina has a high content of polyunsaturated
fatty acids and hence, is extremely susceptible to oxida-
tive insult by ROS. Levels of lipid peroxides were mea-
sured by the thiobarbituric acid test and expressed as
nmol/L of malondialdehyde. Malondialdehyde levels
were increased �2.5-fold in the diabetic retinas in com-
parison with the controls (Figure 3). Administration of
either L-NAME (50 mg/kg/day) or uric acid (160 mg/kg/
day) completely blocked the increased formation of lipid
peroxides in diabetic retina. Neither agent altered lipid
peroxidation in the control retina.

Diabetes Increases Retinal Nitrotyrosine
Formation

ONOO� is a short-lived molecule at physiological pH, but
it has been shown to nitrate protein tyrosine residues.
Therefore, determination of nitrotyrosine can be used as
an indicator of ONOO� formation.29 The specificity of the
nitrotyrosine antibody was confirmed by complete block-
ing of the signal in the absence of the primary antibody or
when the primary antibody was neutralized using 3-nitro-
tyrosine (Figure 4A). The specificity of detecting nitroty-
rosine as indicator of peroxynitrite was further confirmed
by our in vitro studies in bovine endothelial cells exposed
to 100 �m of ONOO�. These experiments showed sig-
nificant increases in tyrosine nitration in ONOO�-treated
cells. Further, this effect was totally blocked by uric acid
(1 mmol/L) demonstrating the efficiency of this agent as a
scavenger for ONOO� (Figure 4B).

Figure 2. Levels of nitrate/nitrite in STZ-induced diabetic and control rat
retinas as determined by the Greiss reaction assay. Diabetic retinas had
significant increases in formation of nitrate/nitrite. Treatment of diabetic rats
with L-NAME (50 mg/kg/day) or with uric acid (160 mg/kg/day) blocked the
increased nitrate/nitrite formation. Data shown is the mean � SEM of six
animals in the treated groups and nine animals in untreated groups. C,
control; D, diabetic; *, P � 0.01 versus untreated control; #, P � 0.05 versus
untreated diabetic.

Figure 3. Levels of lipid peroxides in STZ-induced diabetic and control rat
retinas as determined by the amount of thiobarbituric acid reactivity with
malondialdehyde formed during acid hydrolysis of the lipid peroxide. Dia-
betic retinas had significant increases in formation of lipid peroxides. Treat-
ment of diabetic rats with L-NAME (50 mg/kg/day) or with uric acid (160
mg/kg/day) blocked the increased lipid peroxidation. Data shown is the
mean � SEM of six animals in the treated groups and nine animals in
untreated groups. C, control; D, diabetic; *, P � 0.01 versus untreated control;
#, P � 0.05 versus untreated diabetic.

Figure 4. Measures of nitrotyrosine formation in peroxynitrite-treated endo-
thelial cells and STZ-induced diabetic and control rats. A: Control experi-
ments demonstrating the specificity of the nitrotyrosine antibody. The signal
was absent in the absence of the primary antibody or in the presence of
neutralized primary antibody. B: Immunocytochemistry of nitrotyrosine in
cultured bovine endothelial cells. Peroxynitrite (100 �mol/L) increases ni-
trotyrosine formation and uric acid (1 mmol/L) blocked the increased nitro-
tyrosine formation. C: Slot-blot analysis of nitrotyrosine immunoreactivity.
Window shows a representative slot blot. Diabetes increases nitrotyrosine
formation by 1.8-fold. Treatment of diabetic rats with L-NAME (50 mg/kg/
day) or with uric acid (160 mg/kg/day) blocked the increased nitrotyrosine
formation. Data shown is the mean � SEM of six animals in the treated
groups and nine animals in untreated groups. D: Immunohistochemistry of
nitrotyrosine in diabetic and control rats, note strong immunoreactivity in the
vascularized layers [nerve fiber layer (NFL), inner plexiform layer (IPL), and
outer plexiform layer (OPL)]. C, control; D, diabetic; *, P � 0.01 versus
untreated control; #, P � 0.05 versus untreated diabetic. Original magnifica-
tion, �200 (D).
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Immunoblot analysis showed that formation of nitroty-
rosine in the diabetic retina was increased approximately
twofold in comparison to controls (P � 0.01, Figure 4C).
Treatment of the diabetic rats with either L-NAME or uric
acid completely blocked this effect, whereas control lev-
els were unchanged. Parallel studies also examined ni-
trotyrosine immunolocalization in retinal sections. In the
control animals, nitrotyrosine residues were distributed
within the inner segment, outer plexiform, inner plexiform,
and nerve fiber/ganglion cell layers of the retina. In the
diabetic retina, the intensity of the immunoreactivity of
nitrotyrosine residues increased significantly in these lay-
ers, particularly within the areas where blood vessels are
found—the nerve fiber/ganglion cell layer and the inner
and outer plexiform layers (Figure 4D). Treatment of dia-
betic animals with L-NAME or uric acid inhibited the
increase in nitrotyrosine immunostaining.

Diabetes Increases Constitutive NOS
Expression

Maximal NOS activity was determined in retinal tissue
homogenates using an assay for conversion of [3H]-L-
arginine to [3H]-L-citrulline. This assay serves to indicate
changes in total levels of NOS protein because the en-
zyme is fully activated when tissue homogenate is re-
acted with both substrate and co-factors. NOS activity
was increased 1.5-fold in the diabetic retina in compari-
son to the control retina (P � 0.01, Figure 5A). Treatment
of diabetic rats with L-NAME or uric acid blocked the
effect of diabetes increasing maximum NOS activity, but
did not alter the NOS activity in the control retinas. Addi-
tion of L-NAME to the tissue homogenates almost totally
blocked formation of [3H]-L-citrulline (95% inhibition),
demonstrating specificity of the reaction.

Western blot analysis of eNOS and nNOS protein ex-
pression showed that both isoforms of constitutive NOS
were significantly increased (2- and 1.8-fold, respec-
tively) in the diabetic retinas in comparison to the control
group (Figure 5, B and C). Treatment with L-NAME or uric
acid inhibited the increases in eNOS and nNOS expres-
sion in diabetic retina, but did not alter NOS expression in
the control rat retinas. No difference in iNOS expression
was found between diabetic and normal retinas (data not
shown).

Diabetes Induces Increased Expression of VEGF
and uPAR

Quantitative analysis of VEGF mRNA expression using
real-time PCR showed a significant increase (P � 0.01) in
the diabetic retina as compared to the control retina
(Figure 6). This was positively correlated with the in-
creases in ROS formation and the BRB breakdown shown
by the above results. Treatment with L-NAME or uric acid
prevented the increase in VEGF expression in diabetic
animals.

Our previous experiments showed that VEGF-induced
permeability increases in retinal endothelial cells are as-

sociated with activation of uPA and expression of its
receptor uPAR. To see if the diabetes-induced break-
down of the BRB could be related to VEGF activation of
uPA/uPAR, we measured the expression of uPAR mRNA
and protein levels in retinal extract. Real-time PCR anal-
ysis showed a significant increase in uPAR in the diabetic
retina as compared to control retina (P � 0.01) (Figure
7A). The increase in uPAR mRNA expression was asso-
ciated with a significant increase in uPAR protein expres-
sion levels in diabetic retina compared to control retinas
(Figure 7B). Treatment with L-NAME or uric acid inhibited
the increases in uPAR in diabetic retinas.

Discussion

The major findings of this study are that diabetes-induced
breakdown of the BRB is correlated with increases in the
formation of ROS and increased expression of VEGF and
uPAR and that treatment with a NOS inhibitor or a per-
oxynitrite scavenger reduced ROS formation, blocked the
increases in expression of VEGF and uPAR, and pre-
vented the BRB breakdown. Taken together, these data
suggest that oxidative stress plays an important role in
the initial breakdown of the BRB during diabetes and that
this process could be mediated by VEGF-induced in-
creases in expression of uPAR.

The source of the increase in ROS in the diabetic retina
is likely to include NOS. Our data showed a significant
increase in nitrate/nitrite levels in the diabetic retinas
indicating an increase in NO formation. Measurement of
maximal NOS activity confirmed significant increases in
levels of NOS protein within the diabetic retina. Signifi-
cant increases in eNOS and nNOS protein were also
observed in the diabetic retina, whereas iNOS expression
was unchanged from the control levels. A previous study
observed similar increases in constitutive NOS protein
expression in diabetic rats.5 However, another group at-
tributed increases in NOS activity to iNOS, based on their
findings in diabetic and control retinas comparing a se-
lective iNOS inhibitor, aminoguanidine, with a selective
constitutive NOS inhibitor, L-NAME.33 Because our West-
ern blotting analyses failed to show an increase in iNOS
expression, we determined diabetes’ effects on the ex-
pression of iNOS mRNA. Our RT-PCR analyses also
showed no difference in iNOS expression between the
diabetic and control retinas (data not shown). Because
the increases we observed in eNOS and nNOS protein
expression (2- and 1.8-fold, respectively) were similar in
magnitude to the increases in maximum NOS activity and
nitrite formation (1.5- and 2-fold, respectively), we con-
clude that the increase in nitrite formation reflects an
overall increase in expression of the constitutive NOS
isoforms.

Increases in the formation of NO and O2
.� have been

described previously in early diabetic retinopathy and in
bovine aortic endothelial cells cultured in high glucose con-
ditions.14–17 However, our study is the first we know of to
show that diabetic retinas also have significant increases in
formation of reactive nitrogen species as indicated by in-
creases in protein tyrosine nitration. Although several path-
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ways of tyrosine nitration have been suggested in addition
to peroxynitrite formation, nitrotyrosine is considered to be a
likely indicator for peroxynitrite, particularly under conditions
of simultaneous production of NO and superoxide.34–36

In diabetic rat retinas, the increases in formation of NO,
lipid peroxidation, and tyrosine nitration were correlated
with the BRB breakdown. This observation is in agree-
ment with previous studies showing that S-nitroso-N-
acetylpenicillamine (SNAP) and 3-morpholinosydnoni-
mine (SIN-1) can cause increases in permeability of
epithelial cells in vitro37 and of rat brain endothelial cells
in vivo.38SIN-1 releases O2

.� and NO simultaneously,
whereas SNAP releases only NO. However, SNAP ap-
pears to induce intracellular production of O2

.� under
some conditions.37,38 These effects of SNAP and SIN-1
on increasing permeability were blocked by scavengers
of ONOO� or O2

.�, suggesting that the permeability en-
hancing actions involve increased ONOO� formation.

Further support for the role of ONOO� in causing the
BRB breakdown comes from our finding that the diabe-
tes-induced increases in ROS formation and the BRB
breakdown could be blocked by inhibiting NOS and by
scavenging ONOO�. Uric acid is a naturally occurring
product of purine metabolism that has a selective effect
in inhibiting tyrosine nitration. It’s action as a peroxynitrite
scavenger has been demonstrated by its capacity to
bind peroxynitrite but not nitric oxide39 and by its ability to
inhibit the action of peroxynitrite in causing tyrosine nitra-
tion40 (see Figure 4B). Interestingly, the diabetic rats in
our study had significantly lower levels of uric acid com-
pared to the control rats. In support of this observation,
patients with type I diabetes also show significantly lower
serum uric acid levels in comparison to healthy controls
or to type II diabetics.41

It is important to note that treatments that inhibit NOS
can reduce ONOO� formation by blocking the action of
eNOS in forming O2

.� as well as preventing the formation
of NO.42 Our tissue culture analyses in retinal endothelial
cells maintained in high glucose conditions indicate that
eNOS becomes uncoupled and generates O2

.� as well
as NO, leading to ONOO� formation.23 These data sup-
port a relationship between ONOO� and diabetes-in-
duced vascular dysfunction. Observation of increased
nitrotyrosine formation in the ganglion cell layer suggest
that ONOO� may also contribute to neuronal injury that

Figure 5. Analysis of NOS protein expression and activity in STZ-induced
diabetic and control rat retinas. Data shown is the mean � SEM of six animals in
the treated groups and nine animals in untreated groups. A: Analysis of maximal
NOS activity by conversion of [3H]-L-arginine to [3H]-L-citrulline in tissue homog-
enates shows significant increases in NOS activity in diabetic retinas. Treatment
of diabetic rats with L-NAME (50 mg/kg/day) or with uric acid (160 mg/kg/day)
blocked the increased NOS activity. C, control; D, diabetic; *, P � 0.01 versus
untreated control; #, P � 0.05 versus untreated diabetic. B: Western blot analysis
shows a significant increase in eNOS expression in diabetic retinas, which is
blunted by treatment with L-NAME (50 mg/kg/day) or uric acid (160 mg/kg/
day). C: Western blot analysis shows a significant increase in nNOS expression
in diabetic retinas, which is blocked by treatment with L-NAME (50 mg/kg/day)
or uric acid (160 mg/kg/day).

Figure 6. Expression of VEGF mRNA in diabetic and control rat retina as
determined by real-time PCR. STZ-induced diabetic retinas had significant in-
creases in VEGF mRNA expression. This increase was totally blocked by treat-
ment with L-NAME (50 mg/kg/day) or uric acid (160 mg/kg/day). Data shown
is the mean � SEM of three animals in each group. C, control; D, diabetic; *, P �
0.01 versus untreated control; #, P � 0.05 versus untreated diabetic.
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has been described previously in diabetic rats and hu-
mans.43

Diabetic retinopathy is clinically divided into an early
stage of nonproliferative retinopathy and a late stage of
proliferative neovascular disease. Breakdown of the BRB
and progressive vascular occlusion are hallmarks of early
diabetic retinopathy that continue with progression of the
disease.44,45 Under diabetic conditions, BRB breakdown
is thought to occur because of diabetes-induced in-
creases in the formation of vasoactive factors such as
VEGF/vascular permeability factor.1–5 Although diabetes-
induced vascular dysfunction in the rodent model does
not progress to proliferative retinopathy, increases in ret-
inal vascular permeability are well established. Our data
confirmed a breakdown of the BRB at 2 weeks after the
onset of diabetes, which is accompanied by a substantial
increase in VEGF expression.

Our finding that retinal VEGF mRNA expression is in-
creased in the early stages of diabetes is consistent with
previous data showing that ischemia, hyperglycemia,
and oxidative stress can increase growth factor expres-
sion.46–50 Induction of VEGF expression by hypoxia pro-
vides a pathogenic link between ischemic retinal dis-

eases and the accompanying neovascularization.51

Experiments in animal models of hypoxia-induced ocular
neovascularization have shown that VEGF is up-regu-
lated several fold before the onset of neovasculariza-
tion.50,52–54

Another potential inducer of VEGF gene expression in
diabetic tissue is the increased generation of ROS.55 Our
data showing a significant increase of lipid peroxidation
in diabetic retinas are in agreement with several reports
correlating formation of lipid peroxides with oxidative
stress in early experimental diabetes.12,13 The mecha-
nism by which ROS increase VEGF gene expression has
been suggested to involve an increase in VEGF mRNA
stability.54 It has also been demonstrated that ROS acti-
vate intracellular signaling events leading to the stabili-
zation of HIF-1�55 and the subsequent VEGF mRNA ex-
pression during hypoxia.56,57

The effects of VEGF in increasing vascular permeabil-
ity are well established, yet the mechanisms of this action
remain poorly understood. Our studies in cultured retinal
endothelial cells have shown that VEGF-induced perme-
ability increases are mediated by activation of urokinase
plasminogen activator (uPA) and expression of its recep-
tor (uPAR).24 uPA is involved in numerous biological pro-
cesses requiring cell movement and tissue remodeling. It
has been suggested that uPAR enhances uPA function
by localizing plasmin formation at the cell membrane.
Hence, increases in uPAR expression may be involved in
the breakdown of cell junctions and permeability barrier
function. This concept was supported by our analyses of
uPAR mRNA showing significant increases in both uPAR
mRNA and protein expression in the diabetic retina. The
fact that the increase in uPAR expression was inhibited in
by L-NAME or uric acid strongly supports the role of
ROS-induced VEGF expression in the diabetic retina.
This is also consistent with the above findings showing
that treatment with the NOS inhibitor or peroxynitrite scav-
enger could prevent the diabetes-induced increases in
VEGF expression and maintain the integrity of the BRB.
These observations also indicate a critical role of uPA
and uPAR in the diabetes-induced permeability break-
down. Taken together, these data strongly indicate that
ONOO� plays an important role in the pathogenesis of
early diabetic vascular dysfunction as indicated by the
BRB breakdown and that this process could be mediated
by VEGF-induced increases in expression of uPAR. Al-
though the influence of ROS on increasing VEGF expres-
sion54,55 and the involvement of VEGF in diabetes-in-
duced BRB breakdown has been reported,3,50–52 the
increased formation of reactive nitrogen species and po-
tential involvement of uPAR in BRB breakdown have not
been shown previously. Further investigation is required
to define the role of uPAR in the diabetes-induced break-
down in retinal endothelial cell permeability barrier func-
tion and to elucidate the relationship between uPA/uPAR
activation and previously identified mediators of the BRB
breakdown during early diabetes, such as increased ex-
pression of intercellular adhesion molecule (ICAM-1) and
leukeostasis.6,58

Figure 7. Expression of uPAR mRNA and protein levels in STZ-induced
diabetic and control rat retina as determined by real-time PCR and Western
blot analysis. A: Diabetic retinas had significant increases in uPAR mRNA
expression, which was inhibited by treatment with L-NAME (50 mg/kg/day)
or uric acid (160 mg/kg/day). Data shown is the mean � SEM of three
animals in each group. B: Diabetic retinas had significant increases in uPAR
protein expression, which was inhibited by treatment with L-NAME (50
mg/kg/day) or uric acid (160 mg/kg/day). Data shown is the mean � SEM
of six animals in each group. C, control; D, diabetic; *, P � 0.01 versus
untreated control; #, P � 0.05 versus untreated diabetic.
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