
Archives of Medical Research 38 (2007) 503e511
ORIGINAL ARTICLE

Effects of Stobadine and Vitamin E in Diabetes-Induced Retinal
Abnormalities: Involvement of Oxidative Stress
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Background. Because hyperglycemia-induced oxidative stress may be a cause of retinop-
athy, this study examined the hypothesis that administration of exogenous antioxidants, sto-
badine (ST) and vitamin E (vitE), can restore retinal abnormalities in experimental diabetes.

Methods. Normal and streptozotocin (STZ)-induced male Wistar rats received daily in-
traoral doses of ST (24.7 mg/kg) and vitE (a-dl-tocopherol acetate, 400e500 IU/kg) in-
dividually or in combinations for 8 months. The biochemical parameters including aldose
reductase enzyme (AR) activity and lipid peroxidation (MDA), and histopathological
changes such as retinal capillary basement membrane thickness (RCBMT) and vascular
endothelial growth factor (VEGF) expression were evaluated.

Results. A 37.99% increase in RCBMT was observed in rats after 8 months diabetes du-
ration. The increase in RCBMT was 12.34% in diabetic rats treated with ST and 23.07%
in diabetic rats treated with vitE. In diabetic rats treated with antioxidant combination,
just a 4.38% increase was observed in RCBMT. The excess VEGF immunoreactivity
and increased MDA and AR activity determined in diabetic retina were significantly at-
tenuated by individual antioxidant treatments. Although both antioxidants decreased
blood glucose, HbA1c, fructosamine and triglyceride levels in diabetic rats, poor glyce-
mic control was maintained in all experimental groups during the treatment period. How-
ever, the antioxidant combination led to almost complete amelioration in retinal MDA
and RCBMT in diabetic rats.

Conclusions. The ability of antioxidant combination to arrest retinal abnormalities and
lipid peroxidation even in the presence of poor glycemic control might advocate the key role
of direct oxidative damage and the protective action of antioxidants in retinal alterations
associated with diabetic retinopathy. � 2007 IMSS. Published by Elsevier Inc.
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Introduction

Retinopathy is the most common complication of diabetes
mellitus, affecting up to 90% of diabetic patients and pro-
gressing to loss of vision in about 5% of cases (1,2). Hyper-
glycemia, of course, is the initiating event in the development
of retinopathy. However, studies have clearly shown that the
oxidative and nitrative modifications in retina occur early in
vier Inc.
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the course of development of retinopathy in diabetes, and
these abnormalities are not easily reversed by the reinstitu-
tion of good glycemic control (3). In addition, the reinstitu-
tion of normal glycemic control after a period of poor
glycemic control has been shown to be unable to produce im-
mediate benefits on the progression of retinal changes (3).
Due to the fact that tight metabolic control is often difficult
to achieve and to maintain in diabetic patients, supporting
therapies need to be involved in order for diabetic retinal
alterations to be prevented and/or delayed (4).

The retina is the neurosensorial tissue of the eye and is
extremely rich in polyunsaturated lipid membranes. This fea-
ture makes it especially sensitive to oxygen- and/or nitrogen-
activated species and lipid peroxidation. According to this,
a correlation between increased serum lipid hydroperoxides
and the prevalence of diabetic retinopathy has already been
demonstrated (5,6). In addition to triggering oxidative/nitro-
sative stress, hyperglycemia is involved in the pathogenesis
of diabetic retinopathy via multiple mechanisms such as in-
creased activation of aldose reductase (AR) (7) and protein
kinase C (PKC) (8), as well as elevated nonenzymatic glyca-
tion and glycooxidation of proteins (9). Among the proposed
pathogenic mechanisms, the polyol pathway model has re-
ceived the most scrutiny. AR is the first enzyme in the polyol
pathway, converting excess glucose to sorbitol, which is then
further metabolized to fructose by sorbitol dehydrogenase.
According to several studies, AR is responsible for the early
events in the pathogenesis of diabetic retinopathy, leading to
a cascade of retinal lesions including blood-retinal barrier
breakdown, loss of pericytes, neuroretinal apoptosis, glial re-
activation, and neovascularization (7). Increased AR activity
has been shown to contribute to increased oxidative stress by
promoting nonenzymatic glycation and the activation of
PKC (10). It has been demonstrated that AR inhibition coun-
teracts diabetes-induced oxidative and nitrosative stress and
prevents vascular endothelial growth factor overexpression,
basement membrane thickening, pericyte loss, and micro-
aneurysms in retinal capillaries (11e13). In long-term diabe-
tes-induced neuroretinal stress, increased expression of
VEGF and apoptosis and proliferation of blood vessels have
been shown to be less prominent in AR-deficient animals
(14,15). Sustained hyperglycemia-induced hypoxia and reti-
nal ischemia also lead to an increase invasoactive growth fac-
tors and their receptors that initiate retinal angiogenesis.
Many angiogenic factors have been incriminated in the
development and progression of diabetic retinopathy, and
basement membrane thickening is an important property in-
dicating the progression of retinopathy occurring in parallel
with other lesions such as acellular nonperfused capillaries
and pericyte loss (16).

Due to the fact that retinopathy remains one of the pri-
mary causes of vision loss and blindness in diabetic pa-
tients, recently more targeted pharmacological prevention
and treatment strategies altering several metabolic path-
ways have been developed. Among these therapeutic inter-
ventions, some antioxidant compounds, AR, AGE, PKC
and VEGF inhibitors, are largely investigated in diabetic
animals and patients (17). In this context, it has been clearly
demonstrated that administration of various antioxidants
are able to inhibit the development of the early stages of di-
abetic retinopathy (18,19). A strong association between
hyperglycemia-induced retinal oxidative stress and the de-
velopment of retinal histopathology has been supported
by studies in diabetic animals treated with multiple antiox-
idants (18e23). Dietary supplementation with a comprehen-
sive mixture of antioxidants inhibits apoptosis, activation of
NF-kB, nitric oxide and nitrotyrosine formation in retinal
endothelial and microvascular cells and pericytes of dia-
betic animals (21e24). Moreover, both oxidative stress
and the accumulation of advanced glycation end products
have been discussed together in the promotion of retinal
apoptosis. In this context, advanced glycation end-product
inhibitors (OPBe9195) (24), a transition metal ion chelator
and dicarbonyl scavengers (Tenilsetam) (25), omega-3
long-chain polyunsaturated fatty acids (EPA, DHA) (26),
pigment epithelium-derived factor (27), angioprotective
agents (calcium dobesilate) (28) have all been shown to
be useful for the treatment of early diabetic retinopathy.

ST [(-)-cis 2,8 dimethyl 2,3,4,4a,5,9b hexahydro-1H-
pyrido-(4,3b-indole)] is an antioxidant molecule produced
by the Slovak Academy of Sciences (29). ST scavenges hy-
droxyl, peroxyl and alkoxyl radicals, quenches singlet oxy-
gen, repairs oxidized amino acids and preserves oxidation
of SH groups by one-electron donation. ST has been reported
to be effective in the prevention or treatment of neurodegen-
erative and cardiovascular diseases (29e31). Although the
beneficial effects of ST have also been observed in metabolic,
cardiovascular, renal, neural, and hepatic systems in diabetes
mellitus (29e32), its effects on diabetic retina have not been
studied previously. On the other hand, a lipophilic antioxi-
dant vitE (a-tocopherol) inhibits lipid peroxidation, scaveng-
ing lipid peroxyl radical to yield lipid hydroperoxides and the
tocopheroxyl radical. VitE supplementation has been shown
to ameliorate biochemical, metabolic and histopathological
retinal abnormalities caused by diabetes (19,22,24).

In the present study we studied the effect of ST treat-
ment on the thickening of retinal capillary basement mem-
brane (RCBM), lipid peroxidation (MDA), aldose reductase
enzyme (AR) activity and vascular endothelial growth fac-
tor (VEGF) immunoreactivity in long-term streptozotocin
(STZ)-diabetic rats and compared the effects of ST with
the effects of vitE in those animals.

Materials and Methods

Animals and Treatments

Male Wistar-Albino rats (Ankara University Research Lab-
oratory, Ankara, Turkey) weighing 250e300 g were
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assigned randomly to be made diabetic or to remain as nor-
mal controls. Diabetes was induced by an IP injection of
STZ (55 mg/kg) dissolved in citrate buffer (pH 4.5). Ten
days after STZ administration, all animals with plasma glu-
cose level O250 mg/dL (Glucometer Elite; Bayer Corpora-
tion, Tarrytown, NY) were considered diabetic and were
included in the study. The rats did not receive insulin during
the study. Some of the diabetic and control rats were treated
with vitE (a-dl-tocopherol acetate, 400e500 IU/kg/day)
and/or ST-dipalmitate (ST) (obtained from the Slovak
Academy of Sciences, Department of Experimental Phar-
macology) and made into a suspension with 0.2% carboxy
methylcellulose, 24.7 mg/kg/day by intraoral gavage,
whereas some did not have antioxidant supplement. The
treatment dose of ST-dipalmitate was chosen according to
previous observations (31,32). Six groups with ten rats in
each were evaluated: control group without antioxidant
treatment (C), control group with vitE plus ST supplemen-
tation (CEST), diabetic group without antioxidant treatment
(D), diabetic group treated with vitE (DE), diabetic group
treated with ST (DST) and diabetic group with vitE plus
ST supplementation (DEST). Animals were treated for a pe-
riod of 8 months beginning 10 days after either vehicle or
STZ injection. Principles of laboratory animal care (NIH
publication no. 85e23, revised 1985) were observed.

Blood Measurements

After 8 months, body weights and plasma glucose levels
(Glucometer Elite; Bayer Corporation) of rats were deter-
mined and the rats were euthanized with 30% urethane.
HbA1c (an estimate of the average level of hyperglycemia
over the previous 2e3 months) was measured by a HPLC
method as described previously (33). Also at the end of the
study, fructosamine (an estimate of the average level of hy-
perglycemia over the previous 2e3 weeks) (Aeroset System;
Abbott Laboratories, Abbott Park, IL) and triglyceride levels
were measured (Accutrend GCT meter; Roche Diagnostics,
Basel, Switzerland). These experiments conformed to the
ARVO Resolution on the Use of Animals in Research.

Tissue Samples

After rats were sacrificed, both eyes were enucleated and
one eye from each animal was frozen at e80�C for mea-
surements for MDA and aldose reductase activity. Three
eyes from each group were placed in buffered 2.5% glutar-
aldehyde solution for retinal capillary basement membrane
thickness (RCBMT) evaluation and three eyes from each
group were placed in 10% neutral formalin for VEGF
immunohistochemistry.

Malonyldialdehyde Levels

Malonyldialdehyde (MDA), which is an end product of
fatty acid peroxidation, reacts with thiobarbituric acid to
form a colored complex that has maximum absorbance at
532 nm (34). To measure MDA levels in retina samples,
0.2 mL of homogenate was suspended in 0.8 mL phos-
phate-buffered saline (PBS) and 0.025 mL butylated
hydroxytoluene as described previously (34). Thirty
percent trichloroacetic acid was then added. Tubes were
vortexed and allowed to stand in ice for at least 2 h. Tubes
were centrifuged at 2000 � g for 15 min. One mL each of
the supernatant was transferred to another tube. To this we
added 0.075 mL 0.1 M EDTA and 0.25 mL of 1% TBA in
0.05 N NaOH. Tubes were mixed and kept in a boiling-
water bath for 15 min. Absorbance was read at 532 and
600 nm after tubes were cooled to room temperature.
Absorbance at 600 nm was subtracted from absorbance
at 532 nm. MDA values in nanomoles were determined
with the extinction coefficient of MDA-TBA complex at
532 nm 5 1.56 � 105 cm�1 M�1.

Aldose Reductase Enzyme (AR) Activity Measurement

After homogenization with a glass homogenizer containing
0.5 mM EDTA, 10 mM of 2-mercaptoethanol and 1 mL of
20 mM PBS, pH 7.0, the tissue samples were centrifuged at
5000 � g for 5 min. The pellet was placed into PBS and
centrifuged once more (10 min at 4�C, 25,000 � g). In
the provided supernatant activity of the enzyme, AR and
the quantity of protein was measured.

AR was determined spectrophotometrically according to
the method of Das and Skrivastava (35) by monitoring the
decrease in NADPH absorption at 340 nm at 37�C using
DL-glyceraldehyde as substrate. Unspecific NADPH dehy-
drogenase activity was recorded for 5 min; then DL-glycer-
aldehyde was added and the incubation was continued for
another 5 min. Values of AR activity given in this study rep-
resent the difference between the rate of NADPH oxidation
in the presence and absence of substrate.

Measurement of Retinal Capillary Basement Membrane
Thickness (RCBMT)

For evaluation of RCBMT, the eyes were removed, slit and
fixed by immersion for several days in a solution of 2.5%
glutaraldehyde and 6% sucrose buffered to pH 7.2 in 50
mM sodium cacodylate. Two portions of retina, approxi-
mately 0.25 � 0.8 mm and radially oriented, were dissected
from the superior temporal quadrant near the optic disc
(temporal quadrant was marked by the help of the muscle
nictitans found on the nasal side). These were postfixed
in 1.0% OsO4 buffered to pH 7.2 with 150 mM Na/K phos-
phate buffer and embedded in Epon 812 epoxy resin. Sec-
tioned tissues were stained with aqueous uranyl acetate and
lead citrate and were then examined in a Zeiss EM electron
microscope.

Electron micrographs were taken of all the perpendicular
or near perpendicular cross-sectional cuts of the capillaries
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found in the outer plexiform layer of both retinal samples
from three of the animals in each experimental group.

Capillaries of other retinal layers were not used for
RCBMT evaluation. Using masked procedures, micro-
graphs for analysis were selected by only two criteria: first,
that the image represents a cleanly cut, perpendicular cross-
section with unambiguous basement membrane borders,
and second, that the vessel be of capillary diameter
(|5e8 mm outside diameter). The pixel value of the dis-
tance between two points on the measurement scales of
the photos was measured by the use of the program, Paint
Shop Pro-4. Basement membrane thickness value measured
as pixel on digital photos was converted to nanometers
according to a previously determined equation with the
measurement scale on photos. From each eye three capillar-
ies and from each capillary vessel eight sections were mea-
sured. Thus, from each group 72 measurements were
gathered for statistical evaluation.

Immunohistochemistry for VEGF

Three eyes in each group were fixed in 10% neutral forma-
lin for 72 h. After routine immunohistochemical procedure,
4- to 5-mm sections were cut from the paraffin blocks and
mounted on polylysine-coated slides. To localize VEGF
immunohistochemically, a monoclonal anti-VEGF antibody
(cat #MS-1467-R7, VEGF Ab-7, Clone VG1, Neomarkers,
Labvision, Fremont, CA) was used.

Deparaffinized sections were rehydrated. After rehydra-
tion, endogenous peroxidase was used to eliminate nonspe-
cific background staining and the sections were incubated
in hydrogen peroxide for 10e15 min. When needed, the
sections were digested with 0.01% chymotrypsin (Sigma)
for 20 min and washed with buffered saline following incu-
bation. Primary VEGF antibody was applied according to
the protocol and incubation was done for 30 min. For im-
munostaining, primary antibody was applied to the sections
for their attachment to antigen and later biotinylated sec-
ondary antibody was attached to this molecule. Finally,
for acquiring a visible product, DAB (3,30-diamino benzi-
dine) was added to the medium as substrate. VEGF immu-
noreactivity observed in the cytoplasm of endothelial cells
of choroidal capillaries was examined at light microscopic
high magnification (�1000), and VEGF immunostaining
was assessed by two independent investigators blinded to
the group of the sections. Staining intensity was graded
qualitatively as weak (corresponding to the level of staining
seen in the controls), moderate and intense (corresponding
to the level of highest immunoreactivity).

Statistical Analysis

Data are reported as mean � SEM and analyzed statisti-
cally using analysis of variance (ANOVA) followed by
post-hoc Bonferroni test for multiple-group comparison; p
values !0.05 were considered statistically significant. Sim-
ilar conclusions were also reached by using nonparametric
Kruskal-Wallis test followed by Mann-Whitney U test for
multiple-group comparison.

Results

Blood Analysis

STZ administration affected the levels of typical blood pa-
rameters characteristic for diabetes, which are also accepted
tools in diabetes diagnostics (glucose, glycated hemoglo-
bin, fructosamine), indicating high levels of glycosylation.
Blood glucose, HbA1c and fructosamine concentrations
were significantly increased in untreated diabetic rats com-
pared to control groups ( p !0.001) (Figures 1A and 1B).
When diabetic animals were treated with each antioxidant
alone for 8 months, significant decreases in blood glucose,
HbA1c and fructosamine concentrations were observed in
diabetic rats. Antioxidant treatment also resulted in a signif-
icant decrease in mean plasma triglyceride concentration of
diabetic animals. However, the combined treatment with
both antioxidants (vitE plus ST) did not induce additional
(significant) effect on glycemic control of diabetic rats
compared to the treatments of each antioxidant alone
(Figures 1A and 1B).

Malonyldialdehyde (MDA) Levels

The retina of untreated diabetic rats had considerably in-
creased MDA levels compared with controls ( p !0.001).
A statistically significant reduction of MDA was found in
retina of diabetic rats when the diabetic rats were treated
with ST or vitamin E. The combined effect of ST and vita-
min E on MDA was greater than that of ST or vitamin E
alone, and antioxidant combination achieved a complete
amelioration in MDA levels of diabetic retina (Figure 2).

Aldose Reductase Enzyme (AR) Activity

When compared with non-diabetic control group, diabetic
rats without antioxidant treatment had significantly higher
AR activity ( p !0.001). ST or vitE treatment resulted in
a significant decrease in AR activity in diabetic rats com-
pared to untreated diabetic rats ( p !0.001). The combina-
tion of two antioxidants leads to more amelioration in AR
activity of diabetic rats when compared to the effects of
each antioxidant treatment alone ( p !0.05) (Table 1).

Evaluation of Retinal Capillary Basement Membrane
Thickness (RCBMT)

Mean RCBMT was significantly increased in untreated di-
abetic rats when compared with RCBMT value obtained
from control rats ( p !0.001) (Table 1). RCBMT was sig-
nificantly decreased in diabetic rats receiving either ST or
vitE compared to diabetic rats without antioxidant treat-
ment. However, vitE-treated diabetic and ST-treated
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Figure 1. (A) Blood glucose and plasma triglyceride. (B) HbA1c and plasma fructosamine concentrations of rats (mean � SEM). C, control rats untreated

with antioxidants; CEST, control rats treated with antioxidant combination; D, diabetic rats untreated with antioxidants; DE, diabetic rats treated with vitamin

E; DST, diabetic rats treated with stobadine; DEST, diabetic rats treated with antioxidant combination (vitamin E plus stobadine). For each group n 5 10 rats.

Those that have statistically significant difference from control rats untreated with antioxidants (f): p !0.001, *p !0.05. Those that have statistically

significant difference from diabetic rats untreated with antioxidants: #p !0.001, xp !0.05.
diabetic rats still had significantly thicker RCBMT as com-
pared to the non-diabetic control rats. When diabetic rats
were treated with antioxidant combination, RCBMT did
not demonstrate a statistically significant difference than
that of non-diabetic control rats ( p O0.001) (Table 1).

Immunohistochemistry for VEGF

Weak VEGF immunoreactivity was exhibited in the gan-
glion cell layer, inner plexiform layer and inner nuclear
layer in retinal sections examined in control groups
(Figure 3A). VEGF immunoreactivity was noted as weak
in the inner plexiform layer, moderate in the inner nuclear
layer and intense in the optic nerve fiber layer in diabetic
rats without antioxidant treatment (Figure 3B). Immuno-
staining in the choroidal capillaries was compared between
groups. Intense immunoreactivity was seen in diabetic rats
without antioxidant treatment (Figure 4A), whereas moder-
ate immunostaining was observed in diabetic rats with ei-
ther ST (Figure 4B) or vitE treatment (Figure 4C), and
weak immunostaining was noted in diabetic groups with
combined ST and vitE treatment (Figure 4D) and in all of
the control groups (Figure 4E).
Discussion

Intracellular ROS accumulation has been proposed as the
common element linking major signaling pathways impli-
cated in hyperglycemia-induced retinal abnormalities.
Supporting the involvement of oxidative modifications
in diabetic retinal changes, the beneficial effects of some
antioxidant supplements have been demonstrated in
different models of diabetic retinal disease (18e28). Oxi-
dative stress, increasing in diabetic retina during hyper-
glycemia, is linked to augmented retinal basement
thickening, which is an early morphological characteristic
of the microangiopathy seen in diabetic retinal disease
(6,19,36). In accordance with previous observations, our
study demonstrated that the increased RCBMT is associ-
ated with enhanced retinal oxidative stress (MDA, lipid
peroxidation) in diabetic rats. In the present study we
observed a 37.99% increase in RCBMT in rats after 8
months diabetes duration. The increase in RCBMT was
12.34% in diabetic rats with ST treatment and 23.07%
in diabetic rats with vitE treatment. In the group treated
with antioxidant combination, only a 4.38% increase
was observed in RCBMT.



508 Yülek et al. / Archives of Medical Research 38 (2007) 503e511
As in the case of the present study, we have already dem-
onstrated the recovering effect of each antioxidant com-
pound on typical characteristics of experimental diabetes
including blood glucose, HbA1c, plasma fructosamine
and triglyceride levels (37,38). These observations even
suggest an opinion that the interventions of ST or vitE on
metabolic control of diabetic rats are a plausible explana-
tion for their individual beneficial effects on RCBMT in di-
abetic rats, although it seems to be insufficient because the
effects of each antioxidant on the severity of diabetes and
metabolic control were only partial and their combined ef-
fects were not more robust than their individual effect.
However, we found an arrested increase in retinal lipid per-
oxidation (MDA) and complete amelioration in RCBMT in
diabetic rats treated with antioxidant combination, identify-
ing the more important role of increased oxidative stress in
the appearance of morphological modifications observed in
diabetic retina. Consistent with this, previous studies
showed that oxidative modifications in the retina occur
early in the course of development of retinopathy in
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Figure 2. Lipid peroxidation (malondialdehyde, MDA) levels in retina of

rats. C, control rats untreated with antioxidants (n 5 8); CEST, control rats

treated with antioxidant combination (n 5 5); D, diabetic rats untreated

with antioxidants (n 5 8); DE, diabetic rats treated with vitamin E (n 5

7); DST, diabetic rats treated with stobadine (n 5 9); DEST, diabetic rats

treated with antioxidant combination (vitamin E plus stobadine) (n 5 8).

Those that have statistically significant difference from control rats un-

treated with antioxidants fp !0.001, *p !0.05. Those that have statisti-

cally significant difference from diabetic rats untreated with

antioxidants: #p !0.001.
diabetic rats and are not easily reversed by just reinstitution
of good glycemic control (3). It has been widely reported
that activated polyol (sorbitol) pathway of glucose metabo-
lism is a good reason in the explanation of increased oxida-
tive stress in diabetic rats, which is supported by the
counteracting effects of AR inhibitors (11e15). In addition,

Figure 3. (A) Retinal section of a rat in control group without antioxidant

supplementation (�400). Weak VEGF immunoreactivity is observed in the

inner plexiform (IPL), inner nuclear (INL) layers. Black arrows show the

moderate VEGF immunoreactivity observed in optic nerve fiber layer

(ONFL). (B) Retinal section of a diabetic rat without antioxidant supple-

mentation (�400). Moderate VEGF immunoreactivity was observed in

the inner plexiform layer (IPL) and inner nuclear (INL) layer, whereas in-

tense immunoreactivity was present in the nerve fiber layer (ONFL). Black

arrows show strong VEGF immunoreactivity observed in the ONFL.
Table 1. Aldose reductase enzyme (AR) activity and retinal capillary basement membrane thickness (RCBMT) of rats (mean � SEM)

C CEST D DE DST DEST

AR activity

(mmol/mg

protein/hour)

0.37 � 0.02# 0.34 � 0.16# 4.22 � 0.23 f 1.94 � 0.13 f # 1.96 � 0.15 f # 0.80 � 0.06#

RCBMT (nm) 79.2 � 1.23# 81.27 � 1.21#

(2.62%)

109.29 � 1.49 f

(37.99%)

97.47 � 2.11 f x
(23.07%)

88.97 � 1.39* #

(12.34%)

82.67 � 1.52#

(4.38%)

C, control rats untreated with antioxidants; CEST, control rats treated with antioxidant combination; D, diabetic rats untreated with antioxidants; DE, diabetic

rats treated with vitamin E; DST, diabetic rats treated with stobadine; DEST, diabetic rats treated with antioxidant combination (vitamin E plus stobadine).

For RCBMT n 5 3 rats, for AR activity n 5 10 rats in each group.

Changes in retinal capillary basement membrane thickness (RCBMT) compared to control are expressed in % of the control group (in parantheses) e.g. (2.62%) etc.

Those that have statistically significant difference from control rats untreated with antioxidants: (f): p !0.001, (*): p !0.05.

Those that have statistically significant difference from diabetic rats untreated with antioxidants: (#): p !0.001, (x): p !0.05.
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Figure 4. Photomicrographs demonstrating VEGF immunoreactivity in the choroidal vasculature. VEGF immunostaining was observed as intense in the

capillary walls (black arrow) of choroidal layer in diabetic rats without treatment (A). On the other hand, VEGF immunostaining of the capillary walls (black

arrow) of choroidal layer in diabetic rats with ST treatment (B) and that (black arrow) of rats with vitamin E treatment (C) was moderate; whereas immu-

nostaining of the capillary walls (black arrow) of choroidal layer in diabetic rats with combined ST and vitamin E treatment (D) and that (black arrow) of the

control group rats was weak (E).
hyperglycemia-mediated increased AR protein and mRNA
has been found to inhibit by vitamin E (10). In accordance
with previous observations, we determined an activated AR
in retina of untreated diabetic rats, which was greatly in-
hibited by the treatments with both antioxidants.

On the other hand, an important role for enhanced vascular
endothelial growth factor (VEGF) expression in the origin of
the retinal microcirculatory dysfunction seen in diabetes,
characterized by thickened basement membranes, pericyte
loss, capillary dropout, and increased circulation time, has
been well documented. It has also been reported that oxida-
tive stress is involved in the upregulation of retinal VEGF
during early diabetes, and the increased VEGF immunoreac-
tivity is inhibited by the inhibitors of AR, AGEs, or antioxi-
dants in diabetic rats (13,39e41). In accordance with this, we
observed intense VEGF immunostaining in the retinal optic
nerve fiber layer and also the choroidal capillaries in un-
treated diabetic rats. In the choroidal capillaries of diabetic
rats treated with antioxidants, VEGF immunostaining is
largely decreased (with combined antioxidant supplement,
even almost to the level of that of the control group).

The effectiveness of different antioxidant compounds,
vitamins, minerals or their combinations in the develop-
ment of diabetic retinal pathology and metabolic abnormal-
ities has previously been widely reported (18e24,40,41).
In this context, we believe that the essential ability of vita-
min E and ST combination on the suppression of retinal pa-
thology, without action of total glycemic/lipidemic control
in diabetic rats, is likely due to the capacity of their combi-
nation to decrease retinal modifications caused by harmonic
connections of diabetes-induced peroxidative, carbonyl and
nitrosative stresses or other characteristics of the patholo-
gies of diabetic retinopathy. We previously showed that
treatment with vitamin E (400e500 IU/kg/day, orally) or
ST (24.7 mg/kg/day, orally) significantly inhibits lipid per-
oxidation and free radical generation. In addition, it amelio-
rates enzymes with roles in the pentose phosphate pathway,
glutathione-dependent, and other antioxidant defense
mechanisms in blood and tissues such as kidney, aorta,
brain, heart or liver of diabetic rats (31,32,38,42). Recently,
we also found that the visual cataract score is significantly
decreased in the diabetic model of cataractogenesis by ST
treatment, whereas vitamin E had no significant effect
(43). However, ST and Trolox (a synthetic vitE analogue)
significantly inhibited the aggregation and cross-linking
of eye lens proteins in a model of peroxyl radical-mediated
cataractogenesis (44). Together the effects of ST on diabetic
retinal changes may not be mediated simply by its ability to
attenuate lipoxidation reactions and the production of toxic
aldehydes and other properties of ST such as membrane
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stabilization, prevention of calcium accumulation (31) and
mitochondrial energy ameliorating effects (29). These may
have important roles in the mechanisms of its beneficial
effects on diabetic retina.

On the other hand, studies have demonstrated depletion
of vitamin E levels in the diabetic state, promoting tissue
damage (45). Although there is absence of significant
changes mediated by diabetic retinopathy in vitamin E-
deprived rats (36), in our study, supplementation of vitamin
E might counteract the decreased intra- and extracellular
vitE levels associated with diabetic retinal abnormalities.
As indicated previously, it is likely that an antioxidant
would not exert its effect greatly by itself in vivo but would
act in combination with other antioxidants present. Such
interactions may be effective in the in vivo production of
final antioxidant capacity. Indeed, these investigators dem-
onstrated the ability of a water-soluble analogue of a-
tocopherol, Trolox, to recycle ST from its one electron
oxidation product yielding a corresponding Trolox radical
(46). Moreover, it has been demonstrated that the antioxi-
dant potency of vitamin E and ST are increased in vivo
(47). Thus, the interactions of vitamin E and ST have an
important role in the production of their pronounced effect
on retinal alterations in diabetic rats.

In conclusion, the present study demonstrated that indi-
vidual supplementation of STand vitE was effective in reduc-
ing RCBMT in diabetic rats. This finding is associated with
inhibition of retinal lipid peroxidation. Our findings are also
consistent with downstream localization of diabetes-induced
oxidative stress consequent to increased AR activity which,
therefore, renders VEGF upregulation preventable by both
antioxidants. The ability of the combination antioxidant
treatment to arrest RCBMT and retinal lipid peroxidation
in the presence of poor glycemic control might advocate
the key role of direct oxidative damage in retinal abnormali-
ties associated with diabetic retinopathy. Due to the fact that
diabetic retinopathy appears to be a multifactorial process,
our findings support the rationale for evaluating potent anti-
oxidants such as ST and vitE, dietary antioxidant mixtures
and antioxidants containing combination therapies to prevent
the onset or progression of diabetic retinopathy.
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