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Oxidative stress is increased in the retina in diabetes, and
long-term administration of antioxidants inhibits the
development of retinopathy in diabetic rats. The purpose
of this study is to determine how diabetes affects the
activation of a redox-sensitive nuclear transcriptional
factor in the retina, NF-kB, and its inhibition by
antioxidants. Alloxan diabetic rats were assigned to receive
standard diet or the diet supplemented with multiple
antioxidants, including ascorbic acid, Trolox, dl a-toco-
pherol acetate, N-acetyl cysteine, b-carotene, and selenium
for up to 14 months. NF-kB activation, oxidative stress and
nitric oxides were measured in the retina at 2, 8 and 14
months of diabetes. Retinal NF-kB was activated by about
60% at two months after induction of diabetes, remained
activated for up to 14 months of diabetes, and the duration
of diabetes had no effect on the intensity of NF-kB
activation. Similarly, oxidative stress and nitric oxides were
elevated by over 50% in the retina of rats diabetic for 14
months, and nitrotyrosine levels were elevated by over two
folds. Administration of the antioxidants to the rats for the
entire duration of diabetes inhibited activation of NF-kB
and elevations in oxidative stress, nitric oxides
and nitrotyrosine formation without ameliorating the
severity of hyperglycemia. These in vivo results were
confirmed by in vitro studies showing that high glucose
activates NF-kB and elevates NO and lipid peroxides in
both retinal endothelial cells and pericytes that can be
inhibited by antioxidants.

Thus, the results suggest that the activation of retinal
NF-kB in diabetes is an early event in the development of
retinopathy, and it remains active when the retinal
capillary cell death is accelerating, and histopathology is
developing. Beneficial effects of antioxidants on the
development of diabetic retinopathy might involve
inhibition of NF-kB activation and its downstream path-
ways in the retina.

Keywords: Antioxidants; Cell death; Diabetic retinopathy; Nuclear
transcriptional factor; Oxidative stress

INTRODUCTION

Diabetes is shown to increase oxidative stress, and
increased oxidative stress is postulated to play an
important role in the development of diabetic
complications.[1 – 4] Retinal oxidative stress is
increased, antioxidant defense systems are
impaired,[3,5 – 7] GSH levels are decreased,[8 – 10] and
the expressions of antioxidant defense enzymes are
down regulated in diabetes.[11] A correlation is
postulated between increased serum lipid hydroper-
oxides and the prevalence of retinopathy in diabetic
patients,[2] and our studies have suggested a strong
association between oxidative stress and the develop-
ment of retinopathy in diabetes.[4]

In the pathogenesis of diabetic retinopathy, pericytes
and endothelial cells are lost selectively before other
histopathology is detectable.[12,13] How these capillary
cells die is unclear, but apoptosis is considered as one
of the possible mechanisms in their death.[12] Retinal
capillary cell death precedes the development of other
lesions characteristic of retinopathy in diabetes, and
the frequency of early death of retinal capillaries can
predict the development of histological lesions of
retinopathy.[13] Recent studies from our laboratory
have shown that the same antioxidants that inhibit the
development of retinal pathology in two animal
models of diabetic retinopathy, diabetic rats and
galactose-fed rats,[4] also inhibit the activation of
retinal caspase-3, an enzyme involved in the execution
of apoptosis,[14] further strengthening the role of
oxidative stress in retinal apoptosis and the develop-
ment of diabetic retinopathy.
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A redox-sensitive nuclear transcriptional factor,
NF-kB, is an important regulator of antioxidant
enzymes.[15 – 18] Activation of NF-kB is considered a
key-signaling pathway by which high glucose
induces apoptosis in endothelial cells.[19] In the
retina, NF-kB is localized in sub-retinal membranes
and in microvessels,[20] and is activated very early in
the course of development of retinopathy in
diabetes.[21] Activated NF-kB binds to nuclear DNA
and modulates the expression of several genes,[22]

and this amplification cascade in turn, results in
increased free radical production eventually leading
to the cell death. Recent studies have shown that
NF-kB activation in retinal pericytes is responsible
for the hyperglycemia-induced accelerated loss of
pericytes observed in diabetic retinopathy.[23]

In the present study, we have examined the
activation of NF-kB in the retina and its isolated
capillary cells in high glucose conditions, and the
effect of antioxidants on glucose-induced NF-kB
activation.

METHODS

Animals

Sprague Dawley rats (male, 200 g) were randomly
assigned to normal or diabetic groups. Diabetes was
induced with alloxan monohydrate (45 mg/kg BW),
and insulin was given as needed to allow slow weight
gain while maintaining hyperglycemia (blood glu-
cose levels of 20–25 mM). A group of diabetic rats
was fed a diet supplemented with multiple antioxi-
dants (ascorbic acid, 1 g/kg; Trolox 500 mg/kg; dl
a-tocopherol acetate, 250 mg/kg; N-acetyl cysteine,
200 mg/kg; b-carotene, 45 mg/kg; and selenium,
0.1 mg/kg of diet). The antioxidant diet was replaced
weekly, and the food consumption was measured to
calculate the amount of antioxidants consumed. The
choice and concentrations of antioxidants used in the
present study is based on our previous reports
showing that the long-term administration of a
mixture of these antioxidants inhibits diabetes-
induced activation of retinal caspase-3 and the
development of retinopathy in rats.[4,14] These
experiments conformed to the Association for
Research in Vision and Ophthalmology Resolution
on the Use of Animals in Research. Nonenzymatically
glycated hemoglobin (GHb) was measured at
2 months of diabetes, and every 3–4 months
thereafter, using affinity columns (Glyc-Affin; Pierce,
Rockford, IL). Animals were sacrificed at 2, 8 or
14 months of diabetes after an overnight fast. The
retina was immediately removed, and frozen at
2708C for further analysis. Age-matched normal
animals served as controls. We have described these
methods previously.[4]

NF-kB Activation

Nuclear extracts were prepared from retina as
described by others[24] and recently used by us.[25]

The tissue was solubilized in 10% IGEPAL CA-630
(Sigma Chemicals, MO), and centrifuged at 10,000g
for 30 s. The nuclear pellet was resuspended in ice-
cold buffer containing 20 mM HEPES, pH 7.9; 0.4 M
NaCl; 1 mM EDTA; 1 mM EGTA; 1 mM DTT; 1 mM
PMSF, and the tube was vigorously rocked at 48C for
15 min. The nuclear extract was centrifuged at
15,000g for 5 min, and the supernatant was frozen
at 2708C until further use. NF-kB consensus
oligonucleotide (Promega, WI, USA) DNA probes
(see below) were prepared by end labeling with
(g-32P) ATP (Amersham, Quebec, Canada) using T4
polynucleotide kinase. The probes were purified by
ethanol precipitation and resuspended in 10 mM
Tris-HCl and 1 mM EDTA (pH 7.6). Nuclear
proteins (5mg) were incubated with 100,000 cpm of
32P-labeled consensus oligonucleotides (5-AGT TGA
GGG GAC TTT CCC AGG C-3, 3-TCA ACT CCC
CTG AAA GGG TCC G-5) for 30 min at room
temperature in a buffer containing 10 mM Tris-Cl
(pH 7.5), 50 mM NaCl, 1 mM MgCl2, 5% glycerol,
0.05% NP-40, 0.5 mM EDTA, 0.5 mM DTT and 0.5 mg
poly (dI-dC). Protein-DNA complexes were resolved
on a standard 6% nondenaturing polyacrylamide
gel. The gels were dried onto Whatman paper and
subjected to autoradiography. The specificity of
binding was further confirmed by incubation with
100-fold excess of unlabelled oligonucleotides.

NF-kB activation was also determined by per-
forming western blots to measure the protein
expression of the p65 subunit. Forty mgrams protein
(retinal homogenate) was boiled in Laemmli buffer,
separated on 10% denaturing polyacrylamide gels,
and blotted onto nitrocellulose membrane. The
membranes were blocked in 5% milk in wash buffer
containing 10 mM Tris-HCl, pH 7.5, 100 mM NaCl,
0.1% Tween 20, and incubated overnight with
antibody against NF-kB (p65; 1:500 dilution; Santa
Cruz Biotechnology, CA). The membranes were
washed ð3 £ 10 minÞ; incubated with anti rabbit IgG,
horseradish peroxidase-conjugated antibody in
blocking buffer for 1 h, washed again, and developed
using ECL-Plus western blotting detection kit from
Amersham Pharmacia Biotech.[14,26] Kaleidoscope
pre-stained molecular weight markers (Bio-Rad, CA)
were run simultaneously on each gel. To ensure
equal loading among the lanes, the expression of
housekeeping protein glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) or b-actin was deter-
mined. After blotting the membranes for NF-kB,
the membranes were incubated with stripping
buffer (62.5 mM Tris-HCl pH 6.8, 100 mM mercapto-
ethanol, 2% sodium dodecyl sulfate) at 508C for
30 min, washed, and incubated with anti-GAPDH
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(anti-GAPDH monoclonal antibody, Biodesign Inter-
national, ME) or anti-b-actin (monoclonal antibody,
Sigma Chemicals). The membranes were washed,
incubated with horseradish peroxidase-conjugated
secondary antibody, and developed using ECL-Plus
western blotting detection kit.

Lipid Peroxides

Lipid peroxides were estimated in retina samples
by measuring the levels of thiobarbituric acid
reactive substances (TBARS).[3,4,27] The fluorescence
of malonaldialdehyde-thiobarbituric acid adducts
formed by acid hydrolysis at 1008C was measured at
excitation and emission wavelengths of 535 and
553 nm, respectively. 1,1,3,3-Tetramethoxy propane
was used as a standard, and the assay is sensitive up
to 0.3 mM.

Lipid peroxides in isolated cells were measured
using an assay kit from Cayman Chemical
(Ann Arbor, MI). Hydroperoxides were measured
directly by the redox reactions with ferrous ions, and
the resulting ferric ions were detected using
thiocynate ion as the chromogen.[4,14,28] In a final
assay volume of 100ml, the assay was sensitive as
low as 5 pmoles of LPO.

Nitric Oxides

Nitric oxides were determined using the established
methods.[4,28,29] The stable metabolites of NO
(nitrate þ nitrite) were measured using a fluoro-
metric assay kit (Cayman Chemical Company, Ann
Arbor, MI). Retinal homogenate was passed through
a 10-kDa filter to remove interfering substances in
the sample, and conversion of nitrate to nitrite was
achieved by incubating the samples with nitrate
reductase for 2 h. Fluorescence generated by nitrite
reaction with 2,3-diaminonaphthalene was
measured at excitation and emission wavelengths
of 365 and 450 nm, respectively. The sensitivity of the
assay in our laboratory is up to 0.5 nmoles in 100ml
assay volume.

Expression of iNOS

iNOS expression was determined in the retinal
homogenate by western blot analysis as previously
used by us.[26] Proteins were separated on 8%
denaturing polyacrylamide gels, blotted onto nitro-
cellulose membrane and reacted with the antibody
against iNOS (1:500 dilution, Transduction Labora-
tory, KY). GAPDH was used as an intrinsic protein to
ensure equal loading among lanes.

Nitrotyrosine

Nitrotyrosine, a biomarker of peroxynitrite for-
mation, was measured by immunochemical methods

described by others,[29] and previously used by us.[26]

Existing antibodies were removed from retinal
homogenates by incubating first with protein
A-sepharose, followed by overnight incubation
with rabbit anti-nitrotyrosine antibody (Upstate
Biotechnology, Lake Placid, NY), and then protein
A-sepharose to precipitate nitrotyrosine complexed
with antibody. Proteins were separated on 10%
denaturing polyacrylamide gels, followed by incuba-
tion with mouse anti-nitrotyrosine (Upstate
Biotechnology). Nitrotyrosine was detected using
peroxidase conjugated secondary antibody, and the
membranes were developed using the standard
ECL-Plus western blotting detection kit.

Endothelial Cells and Pericytes

To confirm that retinal capillary cells are involved in
hyperglycemia-induced activation of NF-kB in the
retina, isolated retinal endothelial cells and pericytes
were used. Endothelial cells and pericytes were
isolated from bovine eyes,[14,28,30] and endothelial
cells were grown to 80% confluence in petridishes
coated with 0.1% gelatin in Dulbecco’s Modified
Eagle Medium (DMEM) containing heparin, 10%
fetal calf serum (heat inactivated), 10% Nu-serum,
endothelial growth supplement (25mg/ml) and
antibiotic/antimycotic in an environment of 95%
air and 5% CO2. The cells exhibited their typical
‘cobblestone ¼ morphology, and positive staining
for factor VIII.[14,30] The cells from 4th to 8th passage
were incubated in DMEM supplemented with 1%
fetal calf serum (heat inactivated), 2.5% Nu-serum,
2.5mg/ml endothelial cell growth supplement and
heparin in 5 mM glucose or 20 mM glucose for 10
days[14,28] in the presence or absence of 0.25 mM
N-acetyl cysteine, 0.25 mM a-lipoic acid, 0.2 mM
dl a-tocopherol acetate or 0.2 mM Trolox.

Pericytes were grown in DMEM supplemented
with 10% fetal calf serum, antibiotics and anti-
mycotics, as described by us previously.[14,28,30]

Pericytes (4 – 6th passage) were incubated in
DMEM containing 2.5% fetal bovine serum in
5 mM glucose or 20 mM glucose in the presence
and absence of antioxidants.

To confirm the role of NF-kB in the endothelial cell
death in diabetes, the cells were incubated with SN
50, an inhibitor of NF-kB activation[31] or its inactive
peptide SN50 M (each 50mg/ml, Biomol Research
Laboratories, PA) in 5 mM and 20 mM glucose
medium. At the end of the incubation, apoptosis
was detected by performing ELISA for cytoplasmic
histone-associated-DNA-fragments, and by detect-
ing DNA-laddering, using ELISAPLUS and DNA-
Ladder kits, respectively (Roche Laboratories).
Manufacturer’s instructions were followed for both
of these kits. NO levels were also measured in these
samples.
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Tissue protein was measured by the Brad-
ford method[32] using bovine serum albumin as a
standard.

Data are expressed as mean ^ SD and analyzed
statistically using the nonparametric Kruskal–Wallis
test followed by the Mann – Whitney U test
for multiple-group comparisons. Also, similar
conclusions were reached by using analysis of
variance (ANOVA) followed by Tukey’s test.

RESULTS

Glycated hemoglobin (an index of severity of
hyperglycemia) and body weights of the rats remained
significantly higher and lower, respectively ðP , 0:05Þ
in the diabetic rats (with or without antioxidants)
at 2, 8 and 14 months duration as compared with
their age-matched normal rats (Table I).

Two months after induction of diabetes in rats
NF-kB was activated in the retina, and NF-kB
remained active at 8 months of diabetes (a duration
of diabetes when retinal capillary cell apoptosis is
demonstrable[12,13]), and at 14 months of diabetes
(when both capillary cell apoptosis and histopatho-
logy can be seen in the retinal microvessels[4,12]).
The diabetes-induced activation of NF-kB was
confirmed by two independent methods: electro-
phoretic mobility shift assay (Fig. 1a) and by western
blot analysis of p65 subunit protein expression
(Fig. 1b). Despite the difference in the expression of
65 kD band, as shown in Fig. 1b, the expression of
housekeeping protein, GADPH, remained similar
among various lanes.

Diabetes of 2 months duration, as reported
previously,[4,5] resulted in elevated TBARS in the
retina (P , 0:05 compared to normal), and TBARS
remained elevated at 8 and 14 months of diabetes.
The duration of diabetes had no effect on the severity

TABLE I Administration of antioxidants has no effect on the
severity of diabetes

Glyc hemoglobin
(%)

Urine volume
(ml/24 h)

Body
weight (g)

2 Months
Normal (7) 4.4 ^ 0.7 5 ^ 2 397 ^ 13
Diabetes (9) 13.1 ^ 1.6* 115 ^ 35* 254 ^ 30*
Diab+Antiox (7) 12.9 ^ 0.9* 109 ^ 19* 263 ^ 21*

8 Months
Normal (9) 4.7 ^ 0.9 8 ^ 1.5 415 ^ 25
Diabetes (6) 12.9 ^ 2.1* 128 ^ 19* 270 ^ 37*
Diab+Antiox (6) 13.4 ^ 2.5* 114 ^ 31* 291 ^ 24*

14 Months
Normal (8) 4.0 ^ 0.6 5 ^ 3 576 ^ 76
Diabetes (7) 12.5 ^ 0.8* 126 ^ 21* 304 ^ 49*
Diab+Antiox (8) 13.5 ^ 2.2* 112 ^ 20* 280 ^ 50*

24-h Urine was measured over 2–3 consecutive days. The values are
mean ^ SD, and the numbers in the parentheses represent the number of
rats in each group. *P , 0:05 compared to normal.

FIGURE 1 Effect of diabetes and antioxidants on NF-kB
activation in rat retina. (a) Electrophoretic mobility shift assay:
electrophoretic mobility shift assay was performed in the nuclear
fraction of the retina obtained from the rats diabetic or
diabetic þ antioxidants for 2, 8 and 14 months, and their
age-matched normal rats. The activation of NF-kB was not
affected by the age of the rat. 1, 4, 7 ¼ normal, 2, 5, 8 ¼ diabetes,
and 3, 6, 9 ¼ diabetes þ antioxidants at 2 months, 8 months and
14 months, respectively. 10 ¼ non-competitive binding (this
confirms the specificity of the binding). P65 containing bands were
quantitated by densitometry, the bars represent mean ^ SD of the
results obtained from 4 rats (assayed in duplicate) in each group,
and the values obtained from the age-matched normal rats are
considered 100%. The lane intensities shown in this figure reflect
the actual differences between the samples. Norm ¼ Normal,
Diab ¼ Diabetes and D þ AO ¼ Diabetes þ antioxidants.
(b) Expression of P65 subunit of NF-kB: western blots were
performed for p65 subunit of NF-kB in the retinal homogenates.
The band intensities were adjusted to the expression of the
intrinsic protein, GADPH in each sample. The data are
representative of 4–5 rats/group, and each retina was analyzed
in duplicate. The rats at 8 months duration in all of the three
groups showed similar results as obtained at 2 or 14 months
durations. *P , 0:05 compared to normal, and #P , 0:05 compared
to diabetes.
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of increased oxidative stress (Table II). Likewise, NO
levels remained elevated by more than 50% in the
retina of rats at 2, 8 and 14 months of diabetes
compared with their age-matched normal control
rats (P , 0:05; Table II).

As shown in Fig. 2, the expression of iNOS was
significantly increased in the retina obtained from
diabetic rats as compared with their age-matched
normal rats ðP , 0:05Þ: The increases in retinal iNOS
expression at 2, 8 and 14 months of diabetes were not
statistically different from each other ðP . 0:05Þ:

Peroxynitrite formation, as detected by measuring
the major nitrosylated protein of 80 kD,[26,29] was

elevated in the retina obtained from diabetic rats.
Although several proteins were nitrosylated in the
retinal homogenate, the band around 80 K was the
most prominent band. The pattern of nitrotyrosine-
containing proteins was similar in the retina
obtained from 2, 8 and 14 months diabetic rats, and
the extent of nitrosylation of 80 kD protein was not
influenced by the duration of diabetes.

Administration of antioxidants for the entire
duration of diabetes inhibited activation of NF-kB,
which was demonstrated by both the electrophoretic
mobility shift assay and by increased expression of
the p65 subunit of NF-kB (Fig. 1a,b). Effect of
antioxidants on NF-kB activation in the retina was
similar at 2, 8 and 14 months of diabetes. In the same
diabetic rats, administration of antioxidants normal-
ized increases in retinal oxidative stress and NO
(Table II). The methods used to measure TBARS and
NO were not influenced by the high glucose levels
present in the retina of diabetic rats since the values
for both TBARS and NO were significantly lower in
the diabetes þ antioxidant group as compared to the
diabetes group despite similar degree of hypergly-
cemia experienced by the rats in these two diabetic
groups (Table I).

Administration of antioxidants inhibited dia-
betes-induced increases in iNOS expression, and
nitrosylation of proteins in the retina at 2, 8 and 14
months of diabetes (Figs. 2 and 3). These beneficial
effects of antioxidants were not mediated by the
reduction in the severity of hyperglycemia, GHb

TABLE II Retinal TBARS and NO are elevated at 2 months of
diabetes, and remain activated at 8 and 14 months of diabetes:
effect of antioxidants

TBARS
(pmols/mg protein)

NO
(nmols/mg protein)

2 Months
Normal (6) 142 ^ 8 10.3 ^ 1.5
Diabetes (8) 265 ^ 35* 17.1 ^ 1.3*
Diab+Antiox (6) 147 ^ 21# 11.8 ^ 0.9*

8 Months
Normal (6) 132 ^ 11 11.4 ^ 1.7
Diabetes (6) 297 ^ 48 17.9 ^ 1.4*
Diab+Antiox (6) 173 ^ 33# 12.7 ^ 1.2#

14 Months
Normal (5) 138 ^ 12 11.1 ^ 1.5
Diabetes (8) 288 ^ 39 16.3 ^ 0.9*
Diab+Antiox (6) 155 ^ 29# 13.1 ^ 1.3#

The numbers in the parentheses represent the number of rats in each group,
and the values are reported as mean ^ SD. *P , 0:05 compared to normal
and #P , 0:05 compared to diabetes.

FIGURE 2 Effect of diabetes on the expression of retinal iNOS: iNOS expression was determined in the retinal homogenates by western
blot technique. The proteins were separated on 8% SDS gel, and the band intensity was adjusted to the GADPH expression. The results are
representative of 2–3 separate experiments using at least 5 rats in each group.
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and 24 h urine volumes were similar in diabetic
and diabetic þ antioxidant groups (Table I).

In isolated retinal capillary cells incubation of the
cells in 20 mM glucose medium for 10 days resulted
in activation of NF-kB in both endothelial cells and
pericytes, as determined by the increased expression
of the p65 subunit of NF-kB (Fig. 4a,b), and in
elevation of lipid hydroperoxides and NO levels
(Table III) as compared to the cells incubated in 5 mM
glucose medium for the entire duration ðP , 0:02Þ:
The glucose-induced activation of NF-kB was not
due to an increase in osmolarity, since addition of
20 mM mannitol, instead of glucose, failed to activate
NF-kB or increase lipid peroxides and NO (data not
shown). A similar effect of glucose on the activation
in NF-kB in the human umbilical cord vein
endothelial cells, determined by electrophoretic
mobility shift assay, has been reported by us.[25]

Addition of antioxidants (N-acetyl cysteine, a-lipoic
acid, a-tocopherol acetate or Trolox) inhibited
glucose-induced activation of NF-kB (Fig. 4a,b) and
glucose-induced increased lipid peroxides and NO
(Table III), and when the cells were incubated with a
mixture of N-acetyl cysteine and Trolox, no
statistically significant additional beneficial effect

on lipid peroxides and NO was observed (data not
shown).

As shown in Fig. 5, in endothelial cells SN50
inhibited glucose-induced formation of histone-
associated DNA fragments, as determined by
ELISAplus method. Similar beneficial effects of SN50
were observed on increased DNA-laddering in these
cells (data not shown). The inactive peptide, SN50M,
had no effect on endothelial cell apoptosis.

DISCUSSION

The data presented here show that NF-kB is activated
in the retina two months after induction of diabetes in
rats, and remains activated for the entire duration of
diabetes when both capillary cell death and
histopathology are developing.[12,13] This suggests
that the NF-kB is activated in the retina early in the
course of development of retinopathy in diabetes, and
activated NF-kB initiates a cascade of signaling
pathways, culminating in cell death. Our data is
supported by the results reported by others showing
that leukocyte adhesion to the diabetic retinal
vasculature is an early event in the pathogenesis of

FIGURE 3 Effect of diabetes on nitrosylation of retinal proteins. Nitrosylated proteins were detected in the retina by immunochemical
methods using rabbit anti-nitrotyrosine antibody, as described in the method section. The figure is the representative of five or more rats in
each group, and each retina being analyzed in duplicate. The histogram represents the absorbance of 80 kD band. *P , 0:05 compared to
normal.
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diabetic retinopathy and NF-kB is important in
leukocyte activation.[21] The activation of NF-kB in
retina during the course of development of diabetic
retinopathy in rats is similar to that of NO
accumulation and lipid peroxidation.

We have shown that at 12–14 months of diabetes
in rats, histopathology is present in the retina and
caspase-3 is active, and administration of antioxi-
dants inhibit both histopathology and caspase-3
activation.[4,14] Here we provide data that NF-kB

FIGURE 4 NF-kB activation in (a) endothelial cells and (b) pericytes incubated in high glucose medium: NF-kB activation was measured
by performing western blots for p65 subunit of NF-kB in bovine retinal endothelial cells and pericytes incubated in 5 mM and 20 mM
glucose medium for 10 days. The graphs represent absorbance of the p65 band adjusted to the expression of housekeeping protein, b-actin.
Each measurement was performed in duplicate using three separate cell preparations. The values obtained at 5 mM glucose are considered
100%. 5 mM Glu ¼ 5 mM glucose; 20 mM Glu ¼ 20 mM glucose; þNAC ¼ 20 mM glucose þ 0:25 mM N-acetyl cysteine; þTocoph ¼
20 mM glucose þ 0:2 mM dl a-tocopherol; þTrolox ¼ 20 mM glucose þ0.2 mMTrolox; þLipo acid ¼ 20 mM glucose þ 0.25 mM a-lipoic
acid. *P , 0:05 compared to 5 mM glucose.
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remains active for 12–14 months of diabetes, and the
same antioxidants that are able to inhibit histo-
pathology and caspase-3 activation[4,14] are able to
inhibit retinal NF-kB activation. Thus, the combined
results from this study and from our published data
demonstrate in “principle” a strong association
between activation of NF-kB and caspase-3, oxida-
tive stress and the development of diabetic retino-
pathy. Beneficial effects of antioxidants on retinal
metabolic abnormalities, postulated to be involved in
the development of retinopathy, have been reported
previously by others: a-lipoic acid inhibits diabetes-
induced up-regulation of retinal vascular endothelial
growth factor in rats,[7] vitamin E supplementation
reduces retinal hemodynamics abnormalities seen in
diabetic patients,[33] and administration of vitamin E,

selenium and taurine ameliorates diabetes-
induced metabolic abnormalities in rat retina.[34]

The recent study by Stitt et al. has shown that
Pyridoxamine, a potent scavenger of reactive
carbonyls, inhibits the formation of diabetes-induced
acellular strands in rats.[35] However, by contrast,
some studies failed to show any effects of anti-
oxidants on retinal vascular lesions,[36] and the
differences for such discrepancies are not clear.
In order to reduce the risk of only single or a few
antioxidants not being adequate to inhibit oxidative
stress completely, in the present study, we have used
multiple antioxidants consisting of compounds with
a wide range of antioxidant properties: e.g. a-lipoic
acid directly scavenge reactive oxygen species,
Trolox protects the polyunsaturated membrane
lipids against free radical attack,[37] N-acetylcysteine
inhibits the genotoxicity of reactive oxygen species,
protects DNA and prevents activation of NF-kB,[38]

selenium protects oxidation and nitration reactions
caused by peroxynitrite,[39] and b carotene efficiently
quenches singlet oxygen.[40] Further, increasing
the diversity of antioxidants in the diet has been
shown to provide significantly more protection
against oxidative stress in various organs than any
individual antioxidant.[41] Our results strongly
suggest that the beneficial effects of antioxidants
seen in the retina were not ameliorated by the
severity of hyperglycemia; glycated hemoglobin and
body weights were similar in diabetes and
diabetes þ antioxidant groups. However, there
remains a possibility that these antioxidants admi-
nistered to diabetic rats might have been acting
via mechanisms in addition to those related to
correction of oxidative stress, for example, a-toco-
pherol has been found also to normalize diabetes-
induced increases in PKC activity via its effect on
diacylglycerol accumulation.[42]

NF-kB is considered a key regulator of antioxidant
enzymes,[18] and decrease in intracellular GSH redox
status is shown to activate NF-kB.[43] We and
others have shown previously that GSH levels
are decreased, and the glutathione redox
system is impaired in the retina in diabetes, and

TABLE III Antioxidants inhibit glucose-induced increase in lipid peroxides and NO in retinal endothelial cells and pericytes

LPO (pmols/mg protein) NO (nmols/mg protein)

Endo cells Pericytes Endo cells Pericytes

5 mM Glucose 29 ^ 3.1 20 ^ 2.9 15 ^ 2.9 24 ^ 4.2
20 mM Glucose 53 ^ 2.5* 35 ^ 4.5* 32 ^ 2.3* 37 ^ 5.6*
20 mM Gluc+N-Acetyl Cyst 25 ^ 1.1 24 ^ 2.1 21 ^ 3.1 26 ^ 1.7
20 mM Gluc+Tocopherol 20 ^ 5.4 21 ^ 2.7 19 ^ 1.5 ND
20 mM Gluc+Trolox 28 ^ 1.9 23 ^ 1.9 19 ^ 2.4 22 ^ 2.5
20 mM Gluc+a-Lipoic acid 19 ^ 4.3 23 ^ 3.2 22 ^ 2.7 25 ^ 3.4

Endothelial cells and pericytes isolated from bovine retina were incubated in 5 or 20 mM glucose for 10 days in the presence or absence of antioxidants.
The cells were washed and scraped, and lipid peroxides were measured using thiocynate ion as the chromogen, and NO using 2,3 diaminonaphthalene.
Each measurement was performed in duplicate, the experiments were repeated with at least three separate cell preparations, and the results are represented
as mean ^ SD. *P , 0:05 compared to 5 mM glucose.

FIGURE 5 Glucose-induced apoptosis of retinal endothelial cells,
and effect of an inhibitor of NF-kB activation: endothelial cells
were incubated in 5 or 20 mM glucose in the presence of SN 50
or inactive peptide SN 50M, and apoptosis was measured
by performing ELISA for cytoplasmic histone-associated-
DNA-fragments. The values in each sample were adjusted to
the total DNA, and the values obtained with 5 mmols/l glucose
were considered 100%. 5 mM Glu ¼ 5 mM glucose; 20 mM Glu ¼
20 mM glucose; þSN50 ¼ 20 mM glucose þ 50mg/ml SN 50;
þSN50M ¼ 20 mM glucose þ 50 mg/ml SN 50M. *P , 0:05
compared to 5 mM glucose.
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administration of antioxidants inhibits those
abnormalities.[3,5,10] Activation of NF-kB modulates
the expression of several genes, and upregulates the
production of various proinflammatory cytokines,
including tumor necrosis factor, and iNOS,[44] and
antioxidants inhibit such activation. Further, pre-
vious studies have shown that Aminoguanidine
treatment in diabetic rats inhibits the development of
retinopathy, and NO, nitrotyrosine and the
expression of the iNOS. Thus, there remains a strong
possibility that the beneficial effects of antioxidants
on NF-kB activation might be due to normalization
of the intracellular redox state of the retina.

NF-kB sites in the promoter region of the gene
encoding NOS are considered to be essential,[44] and
here we show that the increase in retinal NO, iNOS
expression and NF-kB activation follow similar
patterns during the course of development of
retinopathy in diabetes, all being active at very
early stages of diabetes in rats, remain fully activated
when the histopathology can be seen in the retina,
and can be inhibited by antioxidants. Increase in the
expression of iNOS in the retina is reported as early
as 8–10 weeks of diabetes in rats,[29] and our data
clearly show that iNOS remains elevated at duration
of diabetes in rats when capillary cell apoptosis and
pathology are reported.[12,13] However, it needs to be
acknowledged that iNOS may not be the only
enzyme responsible for increased NO in the retina in
diabetes. In early stages of the development of
diabetic retinopathy, increases in both constitutive
nitric oxide synthases (nNOS and eNOS) are
postulated to be associated with retinal vascular
permeability and clinical vascular dysfunction.[45]

Peroxynitrite formed by the reaction between
superoxides and NO is elevated in the retina early in
diabetes, and the distribution of nitrotyrosine is
detected only in the vasculature of the retina,[29] the
site where histopathology is present in long-term
diabetic rats and humans. Here we show that
nitrosylated proteins remain elevated at 14 months
of diabetes in rats. Nitrosylation of proteins can
disrupt protein assembly and functions, which can
lead to pathological consequences, and peroxynitrite
itself can increase iNOS through NF-kB.[46] Several
retinal proteins are nitrosylated before pathology is
detectable, and they remain nitrosylated during the
development of retinal pathology, but the one with a
molecular weight of about 80 kD is the most
prominent. This is consistent with the recent reports
showing that the most extensively nitrated protein
in the retina of 8 – 10 weeks diabetic rats is
about 80 kD, and diabetes-induced increase in
its expression is inhibited by a therapy that
can inhibit the development of retinopathy.[29] The
data presented here show that antioxidants that
inhibit the development of retinopathy in rats[4]

inhibit formation of this nitrosylated protein.

Further, we have recently reported that the
expressions of nitrosylated 80 kD protein and iNOS
in rat retina remain elevated for at least 7 months
after re-institution of normal glycemic control in the
rats hyperglycemic for 6 months,[26] suggesting that
nitrosylation of this 80 kD protein may also be
playing an important role in the resistance of
retinopathy to reverse after initiation of good
glycemic control in diabetic patients and animals.[47]

However, at this point the identification of this
protein, effect of nitrosylation on its function, and its
role in the development of diabetic retinopathy
remains to be explored.

NF-kB activation is known to be a key step in
the signaling pathway by which high glucose
induces apoptosis.[19] We have shown that retinal
caspase-3 is activated in diabetes and in the isolated
retinal capillary cells incubated in high glucose
medium, and administration of the same multiple
antioxidants, as used in the present study, inhibits
caspase-3 activation in diabetic rats.[14] Further, we
have recently shown that the expression of Bax, a
NF-kB-dependent proapoptotic gene, is increased in
the mitochondria obtained from the retina of diabetic
rats and from the retinal endothelial cells and
pericytes incubated in high glucose.[48] This suggests
that this NF-kB target gene is involved in the
apoptosis of retinal capillary cells, and supports a
possible role of NF-kB in the apoptosis of retinal
endothelial cells and pericytes. This is further
strengthened by the reports of others showing that
in diabetic patients, NF-kB activation is seen in
retinal pericytes, and is postulated to trigger a
proapoptotic program resulting, possibly, in the
formation of pericyte ghosts seen in the pathogenesis
of diabetic retinopathy.[23] Although the effects
of NF-kB activation can be both, inhibitory or
proapoptotic depending on the cell system,[19,23,49]

this study and that of others[23] strongly suggest that
in diabetes NF-kB activation is proapototic in the
retina, and might be playing a crucial role in the
development of histopathology.

Our results show that NF-kB remains active in the
retina when the retinopathy is developing in diabetic
rats, and the administration of antioxidants that
inhibit the development of retinopathy and retinal
caspase-3 activation in diabetic rats inhibits NF-kB
activation. This suggests that increased oxidative
stress is one of the factors leading to NF-kB
activation, but the exact mechanism involved in
its activation remains to be explored. Glucose-
induced activation of NF-kB is reported to involve
protein kinase C (PKC) and mitogen-activated kinase
(MAPK),[50] and both PKC and the MAPK pathways
have been implicated in diabetic retinopathy.[51] Our
previous studies have shown that activation of PKC
in retina of diabetic rats follows a similar pattern as
by NF-kB activation,[4] and others have shown that
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retinal MAPK and NF-kB are activated at very
early stages in the course of development of
retinopathy.[21] In addition, diabetes-induced meta-
bolic abnormalities in the retina appear to be
interrelated,[28] and as proposed by others in the
development of diabetic neuropathy,[50] NF-kB
activation in retina might also represent a major
site of interaction between hemodyanamics and
glucose-dependent pathways. Further, the results
show that the kinetics of NF-kB activation may be
different in chronic diseases as compared to acute
insults. In diabetes, sustained hyperglycemia is
present throughout the development of retinopathy
and that could account for the sustained activation of
NF-kB observed in the present study. In support of
this, our previous results have shown that NF-kB
activation can be seen in various organs, including
retina and kidney three months after induction of
diabetes in rats.[25]

The results presented here show that incubation of
isolated retinal endothelial cells and pericytes with
high glucose activates NF-kB, and increase their
apoptosis, and addition of antioxidants or SN50
(a blocker of translocation of the NF-kB complex into
the nucleus) greatly diminishes glucose-induced
NF-kB activation and apoptosis. However, this
increase in NF-kB activation in endothelial cells is
in contrast to the results reported by Romeo et al.,
they observed glucose-induced activation of NF-kB
in retinal pericytes, but failed to see NF-kB activation
and apoptosis in isolated endothelial cells.[24] The
reasons for such discrepancies are not clear.
In diabetes apoptosis of both retinal endothelial
cells and pericytes is well-documented,[12,13] and
here we present data showing that incubation of both
retinal endothelial cells and pericytes under high
glucose conditions increases their apoptosis that can
be inhibited by inhibition of NF-kB activation.

The effect of NF-kB activation on gene expression
(e.g. adhesion molecules etc.) can be demonstrated
very early in the course of development of
retinopathy in diabetes.[21] Retinal oxidative stress
continues to be elevated for a long time[4] that may
lead to sustained NF-kB activation and continued
increased gene expression of several cellular macro-
molecules. Recognizable retinal structural lesions are
detectable only after 14–18 months of diabetes in
rats,[4,13] although the surrogate biochemical changes
can be demonstrated within 2 months.[3 – 6] Diabetic
retinopathy is a progressive disease, and our data
show that although NF-kB is activated early during
the course of the development of retinopathy in
diabetes, it remains active when the histopathology
can be seen. This suggests that the kinetics of NF-kB
activation may be different in progressive diseases.
There is sustained hyperglycemia in diabetes, and
such stimulus could result in the sustained activation
of NF-kB. In support of this, our previous studies

have shown that NF-kB is activated in the retina and
other tissues that are associated with the compli-
cation, including kidney and heart, at three months
of diabetes.[25]

In summary, the results presented here show that
NF-kB is activated in the retina at early stages of the
pathogenesis of retinopathy in diabetes, and remains
active when the histological lesions are developing.
Activation of NF-kB in the retina can be inhibited by
the administration of the same antioxidants that are
shown to inhibit caspase-3 activation and histo-
pathology. This suggests that activation of NF-kB
triggers a signaling pathway that could play an
important role in the development of retinopathy, and
one of the possible mechanism by which antioxidants
inhibit the development of retinopathy could involve
activation of NF-kB and its related pathways.
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