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Abstract

PURPOSE—Inhibitors of 3-hydroxy-3-methylglutaryl CoA reductase (statins) reduce signs of

diabetic retinopathy in diabetic patients and animals. Indirect clinical evidence supports the actions

of statins in improving cardiovascular function, but the mechanisms of their protective actions in the

retina are not understood. Prior studies have implicated oxidative stress and NADPH oxidase–

mediated activation of signal transducer and activator of transcription 3 (STAT3) in diabetes-induced

increases in expression of vascular endothelial growth factor (VEGF) and intercellular adhesion

molecule (ICAM)-1 and breakdown of the blood–retinal barrier (BRB). Because statins are known

to be potent antioxidants, the hypothesis for the current study was that the protective effects of statins

in preventing diabetic retinopathy involve blockade of diabetes-induced activation of NADPH

oxidase and STAT3.

METHODS—The hypothesis was tested by experiments in which rats with streptozotocin (STZ)-

induced diabetes and retinal endothelial cells maintained in high-glucose medium were treated with

simvastatin. Blood–retinal barrier (BRB) function was assayed by determining extravasation of

albumin. Oxidative stress was assayed by measuring lipid peroxidation, protein nitration of tyrosine,

dihydroethidine oxidation, and chemiluminescence. Immunoprobe techniques were used to

determine the levels of NADPH oxidase subunit expression and STAT3 activation.

RESULTS—These studies showed that simvastatin blocks diabetes or high-glucose–induced

increases in VEGF and ICAM-1 and preserves the BRB by a process involving blockade of diabetes/

high-glucose–induced activation of STAT3 and NADPH oxidase. Statin treatment also prevents

diabetes-induced increases in expression of the NADPH oxidase catalytic and subunit NOX2.

CONCLUSIONS—These results suggest that simvastatin protects against the early signs of diabetic

retinopathy by preventing NADPH oxidase-mediated activation of STAT3.

Diabetic retinopathy is the leading cause of acquired blindness among working-age adults in

developed countries worldwide. Vision loss in this disease correlates strongly with increased

vascular permeability.1 The retinal vascular leakage results in retinal edema that can lead to

decreased visual acuity when it involves the macula. The overexpression of vascular
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endothelial cell growth factor (VEGF) plays a key role in this process (for review, see Ref.

2).

The increased formation of reactive oxygen species (ROS) is thought to be a key event in the

pathogenesis of diabetic retinopathy, probably through increasing VEGF expression (Liu J, et

al. IOVS 2007;48:ARVO E-Abstract 4984).3,4 We have shown that treatments that reduce

ROS formation also prevent the early signs of diabetic retinopathy in a streptozotocin (STZ)

diabetic rat model.4,5 A major source of ROS in vascular cells is activity of NADPH oxidase.

Vascular endothelial cells express all the components of phagocytic NADPH oxidase,

including the catalytic subunit NOX2 (formerly known as gp91phox), p22phox, p47phox,

p67phox, and Rac1.6 NADPH oxidase has been shown to be critically involved in the VEGF-

induced angiogenesis7 and in the neovascularization that occurs in response to hindlimb

ischemia.8 We have recently demonstrated that ROS derived from NADPH oxidase are

important for hypoxia-induced VEGF expression and angiogenesis in a model of ischemic

retinopathy. 9 Moreover, we have data showing that inhibiting NADPH oxidase or deleting

NOX2 blocks diabetes-induced increases in leukocyte adhesion to the vessel wall and prevents

breakdown of the blood–retinal barrier (BRB).10

Signal transducer and activator of transcription 3 (STAT3) is critically involved in a wide

variety of biological processes, including inflammation and angiogenesis. The role of STAT3

in angiogenesis has been shown to involve its action in increasing VEGF expression.11–15

Recent studies have identified STAT3 as a direct transcriptional activator of the VEGF gene.
12,13 Furthermore, STAT3 is required for PI3K-Akt-mediated expression of HIF-1, a key

regulator of VEGF expression.16 Our group has recorded data that show that diabetes or high

glucose treatment causes sustained activation of STAT3 by a mechanism involving activation

of NADPH oxidase (Liu J, et al. IOVS 2007;48:ARVO E-Abstract 4984). Moreover, inhibiting

STAT3 in the retina by transduction with dominant negative STAT3 blocks the actions of

diabetes that causes overexpression of VEGF and breakdown of the BRB.

Treatment with statins, inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)

reductase, the rate-limiting enzyme of cholesterol synthesis in the liver, has been shown to

reduce the cardiovascular complications of diabetes. Clinical studies of diabetic patients have

shown promising efficacy of statins in reducing signs of diabetic retinopathy.17 The

mechanisms of these protective actions are not understood. However, studies in patients and

experimental animal models have shown that in addition to lowering plasma lipid levels, statins

are also highly effective in reducing the formation of ROS, limiting vascular inflammation and

improving vascular endothelial cell function.18 In the present study, we investigated the impact

of statin treatment on diabetes-induced upregulation of VEGF and ICAM-1 and vascular

permeability in relation to activation of STAT3 and NADPH oxidase. We demonstrated in this

study that treatment with statin blocks the effects of diabetes or high glucose in causing

increases in VEGF and ICAM-1 expression and preserves the BRB in the diabetic rat retina

by a process that involves blockade of NADPH oxidase-mediated activation of STAT3.

MATERIALS AND METHODS

Simvastatin (Calbiochem, La Jolla, CA) was prepared by opening the lactone ring and

activating it. Briefly, native simvastatin (42 mg) was dissolved in 95% ethanol (1 mL). NaOH

(0.1 N, 0.15 mL) was added and heated (50°C, 2 hours), followed by neutralization with HCl

to a pH of ~7.2. Distilled water was added to bring the volume to 3 mL, and the mixture was

freeze dried. The open form of simvastatin was dissolved in distilled water to a concentration

of 100 mM, and aliquots were stored at 80°C until use for both the in vivo and in vitro studies.
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Bovine serum albumin (BSA)-Alexa-Fluor 488 conjugate was from Invitrogen-Molecular

Probes (Eugene, OR). Antibodies against phospho-Tyr705-STAT3 were from Cell Signaling

Technology (Beverly, MA), and antibodies against STAT3 were from BD-Transduction

Laboratories (San Diego, CA). Anti-VEGF was from Oncogene (San Diego, CA), anti-

ICAM-1 from Santa Cruz Biotechnology (Santa Cruz, CA), anti-NOX-2 and anti-p47phox

from Upstate Biochemicals (Charlottesville, VA), and anti-nitrotyrosine antibody and 3-

nitrotyrosine were from Cayman Chemical Company (Ann Arbor, MI).

Treatment of Animals

All procedures with animals were performed in accordance with the ARVO Statement for the

Use of Animals in Ophthalmic and Vision Research and were approved by the institutional

animal care and use committee (Animal Welfare Assurance no. A3307–01). Male Sprague-

Dawley rats, weighing 250 to 300 g at the beginning of the study, were used. Diabetes was

induced by intravenous injection of streptozotocin (STZ, 50 mg/kg, dissolved in 0.1 M sodium

citrate buffer [pH 4.5]). Two groups of diabetic rats received either simvastatin (5 mg/kg/d,

SC) or no treatment. Based on body surface area, this dose is 27.8 mg/m2/d, which falls within

the dose range used in humans (i.e., 20–80 mg/d or 10.8–43.2 mg/m2/d). Age-matched control

rats received only the vehicle. Rats were considered diabetic if their blood glucose was greater

than 350 mg/dL. After 4 weeks, the animals were killed, and their blood was collected for

analysis of blood glucose, cholesterol, and triglyceride levels. The results of these blood

chemistry analyses, which have been reported by us previously,19 showed that simvastatin

treatment of the diabetic animals significantly lowered the total cholesterol levels ([asterisks

refer to *P < 0.05 versus control, **P < 0.05 versus diabetic] control = 78 mg/dL, diabetic 121

mg/dL*, diabetic + statin = 81 mg/dL**) and triglyceride levels (control = 53 mg/dL, diabetic

= 391 mg/dL*, diabetic+statin = 135 mg/dL**). Blood glucose levels were not significantly

altered by statin treatment (control = 106 mg/dL, diabetic = 506 mg/dL*, diabetic + statin =

486 mg/dL*). These results are consistent with those of previous studies showing that statin

treatment blocks diabetes-induced increases in cholesterol and triglycerides in the STZ diabetic

rat model.20,21

Retinas from different subgroups of animals were prepared for biochemical and morphologic

analysis. For the biochemical studies, the animals were killed by decapitation, and the retinas

were removed, snap frozen in liquid nitrogen, and stored at −80°C. Other groups were prepared

for analysis of BRB function, immunofluorescence analysis, or dihydroethidine imaging, as

explained later.

Tissue Culture

Bovine retinal endothelial cells (BRECs) were prepared as described previously.22 The cells

were used between passages 6 and 9. Eighty-five percent confluent cultures were switched to

serum-free medium containing normal D-glucose levels (5.5 mM, NG) or high glucose (25 mM,

HG). The cells were maintained in these culture conditions in the presence or absence of

simvastatin (10 µM), and expression of VEGF and ICAM-1 and activation of STAT3 were

determined.

Measurement of BRB Function

Integrity of the BRB was measured as described previously.4,23 Briefly, rats received tail vein

injections of BSA-Alexa-Fluor 488 conjugate (100 mg/kg). After 30 minutes, the animals were

killed, and plasma samples were collected for analysis of Alexa-Fluor 488 concentration, and

the eyes were rapidly removed, embedded in OCT, and frozen in liquid nitrogen. Serial sections

(10 µm) collected at 60-µm intervals were imaged with a fluorescence microscope fitted with

a spot camera. Images were collected from 10 retinal areas (200 µm2) in each section. The
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average retinal fluorescence intensity in each animal was calculated and normalized to plasma

fluorescence intensity.

Measurement of ROS Formation

Retinal lipid peroxide concentration was determined by the method of Ohkawa et al.24 This

method measures thiobarbituric acid reactivity by assaying malonaldehyde formation during

acid hydrolysis of lipid peroxides, as described elsewhere.4

ROS formation was further evaluated by measuring protein nitration of tyrosine as a biomarker

for peroxynitrite.4 Peroxynitrite is formed by the reaction of superoxide with nitric oxide and

can be assayed by determining immunoreactivity for nitrotyrosine.

Superoxide production in retinal tissue sections was assayed by digital imaging

microfluorometry of the oxidation of dihydroethidine (DHE) into ethidium bromide, which

binds to DNA in the nucleus and fluoresces red.25 Serial cryosections from fresh-frozen retinas

of control or diabetic rats treated with or without simvastatin were first incubated in NADPH

(15 minutes, 100 µM) followed by incubation with DHE (20 minutes, 37°C). Images were

obtained with a laser scanning confocal microscope. To demonstrate specificity of the DHE

reaction for superoxide anion formation we preincubated some sections from nontreated

diabetic rats with PEG-SOD (400 U) for 20 minutes, followed by DHE reaction.

NADPH oxidase activity in cultured BREC was measured using lucigenin chemiluminescence

as described by Sorescu et al.26 The cells were maintained in 5.5 (normal) or 25 mM (high) D-

glucose for 2 days before the assay. Specificity of the reaction for NADPH oxidase was

demonstrated by the absence of reaction when NADH was used as substrate and by inhibition

of the reaction with apocynin (10 mM).

Western Blot Analysis

Western blot analysis was performed as described before.10,27 For measurement of VEGF,

protein samples were processed according to the heparin affinity protocol of Ferrara and

Henzel.28 Briefly, protein samples (100 µg) were adjusted to a volume of 1 mL using 10 µM

Tris (pH 7.4) and 100 µM NaCl and incubated overnight with 50 mL of equilibrated heparin-

agarose beads (Sigma-Aldrich, St. Louis, MO). Samples were boiled in sodium dodecyl sulfate-

sample buffer (100°C, 10 minutes) to elute the proteins that were then electrophoresed,

transferred to nitrocellulose membranes, and probed with anti-VEGF antibody (Oncogene).

Equal protein loading was verified by actin labeling of protein blots prepared from the same

samples.

Statistical Analysis

Values are presented as the mean ± SEM with n values provided. Statistical significance of

differences among the analyzed groups was determined by performing one way ANOVA and

post hoc comparison. P < 0.05 was considered statistically significant.

RESULTS

Effect of Simvastatin on BRB Function and Expression of VEGF and ICAM-1

Our studies in STZ diabetic rats showed that retinal vascular permeability as indicated by

extravasation of FITC-albumin was increased by ~2.7-fold in the diabetic retinas compared

with the control rats (Fig. 1A). Treatment of the diabetic animals with simvastatin (5 mg/kg/

d, SC) blocked this effect.

Al-Shabrawey et al. Page 4

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2010 February 10.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Immunolocalization studies showed increases in VEGF immunoreactivity within the inner

retina of the diabetic rats (Fig. 1B), accompanied by increases in ICAM-1 immunoreactivity

within the retinal vessels (data not shown). Western blot analysis followed by densitometric

analysis showed that levels of VEGF and ICAM-1 protein in the diabetic retinas were increased

by ~3.5- and 5-fold, respectively (Figs. 1C, 1D). Treatment of the diabetic animals with

simvastatin (5 mg/kg/d, SC) blocked each of these effects.

The retina is a complex tissue made up of a variety of cells, including neurons, glia, and vascular

cells. Our group has shown in earlier work that vascular endothelial cells are important as a

source of VEGF and are a target of VEGF in the diabetic retina (Liu J, et al. IOVS

2007;48:ARVO E-Abstract 4984).27 VEGF is also known to increase endothelial cell

expression of ICAM-1.29 Therefore, we determined the effects of statin treatment on high-

glucose– mediated increases in expression of VEGF and ICAM-1 and on VEGF-induced

increases in ICAM-1 expression in cultured bovine retinal endothelial cells (BRECs). The

results of these experiments showed that high-glucose treatment (25 mM D-glucose, 72 hours)

caused prominent increases in VEGF and ICAM-1 protein levels and that VEGF treatment (25

ng/mL, 24 hours) caused increases in ICAM-1 comparable with those induced by high glucose.

Each of these effects was completely blocked by simvastatin (10 µM, Fig. 2). These results

indicate that the protective effects of simvastatin in blocking breakdown of the BRB in diabetes/

high-glucose conditions are associated with normalization of VEGF and ICAM-1 expression

levels in retinal endothelial cells.

Effect of Simvastatin on Diabetes-Induced Activation of STAT3

We have shown before that diabetes or high glucose–induced increases in ICAM-1 and VEGF

expression (Liu J, et al. IOVS 2007;48:ARVO E-Abstract 4984) and peroxynitrite-induced

increases in VEGF expression30 involve the activation of STAT3. To test whether the actions

of statin treatment in normalizing VEGF and ICAM-1 expression in the diabetic retina or in

high-glucose– treated BRECs involves blockade of STAT3 activation, we determined the

effects of simvastatin on STAT3 phosphorylation of tyrosine 705 by Western blot. These

experiments showed a significant increase in phosphorylation of STAT3 in retinal tissues of

diabetic animals (Fig. 3A) and in cultured BRECs treated with high glucose or VEGF (Figs.

3B, 3C). These effects of diabetes, high glucose, and VEGF in causing activation of STAT3

were completely blocked by simvastatin treatment (5 mg/kg/d, SC).

Effect of Simvastatin on Oxidative Stress and NOX2 Expression

Our previous studies have shown that diabetes- and high glucose– induced activation of STAT3

is mediated by NADPH-derived ROS (Liu J, et al. IOVS 2007;48:ARVO E-Abstract 4984).

We also have shown that NOX2/NADPH oxidase activity is upregulated by ischemia/hypoxia

and that this process is critically involved in the induction of VEGF expression and retinal

neovascularization in the mouse model of ischemic retinopathy. 9 To test whether the protective

actions of simvastatin in blocking diabetes and high glucose–induced activation of STAT3,

induction of VEGF and ICAM-1 expression, and breakdown of the BRB involves an effect on

NOX2/NADPH oxidase, we next determined statin’s effects on NOX2/NADPH oxidase in the

diabetic retina. Double label immunolocalization studies showed that NOX2 was increased

within the diabetic retina and that the protein was localized to the retinal vessels (Fig. 4A).

Western blot analysis demonstrated significant increases in levels of NOX2 protein in the

diabetic retina (Fig. 4B). Furthermore, expression of p47phox, a cytosolic, regulatory subunit

of NADPH oxidase, also appeared to increase in the diabetic retina (Fig. 4C). However, the

data were more variable, and the group differences were not statistically significant.

Simvastatin treatment (5 mg/kg/d, SC) blocked these effects.
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The increases in NOX2 expression were associated with significant increases in oxidative

stress, as shown by measurement of lipid peroxidation and nitrotyrosine formation in retinal

tissue extracts (Figs. 5A, 5B). Simvastatin treatment (5 mg/kg/d, SC) blocked both effects.

Analysis of superoxide anion formation using DHE imaging showed a marked increase in

conversion of DHE to ethidium bromide in the diabetic retinas (Fig. 5C). The reaction was

markedly decreased in retinas from diabetic animals treated with simvastatin and was

completely blocked when the retinal slices were pretreated with SOD, indicating the specificity

of the reaction for superoxide.

To confirm the role of the endothelium in ROS formation, we used chemiluminescence

techniques to measure superoxide formation in cultured BRECs treated with high glucose in

the presence or absence of simvastatin, apocynin, or SOD. These experiments confirmed the

requirement for NADPH oxidase activity in high glucose–induced production of ROS (Fig.

5D). The high-glucose treatment caused a significant increase in chemiluminescence compared

with the control cells. The high-glucose effect was blocked in the cells treated with simvastatin.

Control studies using the NADPH oxidase inhibitor apocynin showed a marked decrease in

the chemiluminescence signal, demonstrating specificity of the reaction for NADPH oxidase

activity.

DISCUSSION

In summary, our data show that simvastatin treatment blocked diabetes-induced increases in

retinal levels of VEGF and ICAM-1 protein and prevented the associated breakdown of the

BRB. These protective actions involved abrogation of diabetes-induced ROS formation,

blockade of STAT3 activation, and normalization of NOX2 and p47phox expression.

Moreover, statin treatment also blocked high-glucose– induced activation of both STAT3 and

NADPH oxidase and normalized VEGF and ICAM-1 protein expression in retinal

microvascular endothelial cells. Taken together, these results suggest that statins prevent the

early signs of diabetic retinopathy by blocking NADPH oxidase–mediated activation of STAT3

in the vascular endothelium. Protective actions of simvastatin in blocking breakdown of the

BRB and blood– brain barriers in diabetic rats have been described previously.31,32 However,

to our knowledge, this is the first study to suggest a mechanism for the protective actions of

statins in preventing diabetic retinopathy.

Increases in expression of NOX2 and activity of NADPH oxidase have been implicated in

hypoxia-induced increases in VEGF expression9 and VEGF-induced angiogenesis.7 NADPH

oxidase-derived ROS have also been shown to mediate permeability barrier dysfunction

induced by TNF-α33 and angiotensin II34,35 treatment of cultured endothelial cells. Moreover,

inhibiting NADPH oxidase with apocynin blocked vascular permeability increases in a lung

model of ischemia–reperfusion injury.36 In the current study, increases in activity of NADPH

oxidase and in expression of its catalytic subunit NOX2 and regulatory subunit p47phox

accompanied diabetes-induced increases in vascular permeability in the retina, and statin

treatment blocked these events.

Immunolabeling techniques showed that NOX2 was localized mainly to the retinal vessels.

Furthermore our analyses of ROS formation as shown by assays of lipid peroxidation,

peroxynitrite-mediated tyrosine nitration, and DHE imaging of superoxide formation

confirmed significant increases in oxidative stress in the diabetic retina. Simvastatin treatment

completely blocked the diabetes-induced increases in retinal vascular NOX2 expression and

normalized the redox state, as shown by each of the assays.

Chemiluminescence studies of cultured retinal endothelial cells provided further support for

the role of NADPH oxidase as a source of oxidative stress in the retinal vascular endothelium.
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The data showed that high-glucose exposure caused a significant increase in superoxide

formation and that statin treatment completely blocked this effect. Furthermore, our finding

that the NADPH oxidase inhibitor apocynin and superoxide dismutase were equally effective

in blocking superoxide formation in the high-glucose–treated retinal endothelial cells, and that

both agents reduced the signal to a low level suggests that NADPH oxidase is a major source

of superoxide formation in the high glucose-treated cells.

Our studies in a mouse model of ischemic retinopathy have linked activation of NADPH

oxidase with VEGF overexpression and retinal neovascularization.9 Although the mechanism

involved in this process is not entirely clear, our studies in diabetic rats suggest that diabetes

and high glucose–induced increases in VEGF and ICAM-1 expression, leukostasis, and

breakdown of the BRB are linked to NADPH oxidase–dependent activation of STAT3 (Liu J,

et al. IOVS 2007;48:ARVO E-Abstract 4984). In the present study, we showed that diabetes

and high glucose induce activation of STAT3, as indicated by the fact that phosphorylation on

Tyr705 was blocked by simvastatin treatment. Phosphorylation on Tyr705 is essential for

STAT3 dimerization and nuclear translocation. STAT3 also has a conserved Ser727 residue,

which is also a target for phosphorylation.37 Studies in several cell types indicate that a

combination of tyrosine and serine phosphorylation is necessary for full activation of STAT3.

The identity of the protein kinase responsible for STAT3 Ser727 phosphorylation in endothelial

cells is unknown.

STAT3 has been shown to play a role in angiogenesis by inducing the expression of

VEGF11–13,30 and HIF-1, a key regulator of the VEGF gene.16 STAT3 activation is also

involved in inducing the expression of the gelatinase enzyme matrix metalloproteinase-2,38

which is important for angiogenic function.

These observations support the hypothesis that simvastatin blocks STZ diabetes-induced

increases in ICAM-1 and VEGF expression and breakdown of the BRB by inhibiting NADPH

oxidase activity and preventing the activation of STAT3. Because we saw effects of simvastatin

in blocking STAT3 activation in high-glucose–treated retinal endothelial cells very similar to

those that we saw in the diabetic retina, we believe that effects on the retinal vascular

endothelium play a prominent role in the protective actions of simvastatin against diabetic

retinopathy.

Clinical studies have suggested that statins prevent or reduce signs of diabetic retinopathy, as

well as decreasing many of diabetes’ cardiovascular complications.17 The beneficial effects of

statins on the vasculature have been attributed to their antioxidant and anti-inflammatory

properties, as well as to their cholesterol- lowering ability.18,39 Studies in animals and tissue

culture models have suggested that the former effects involve the inhibition of the

isoprenylation/activation of small the G proteins Rac1 and RhoA.40,41 However, the question

of whether this mechanism plays any role in the protective actions of statins in patients is

controversial.18 Moreover, our results indicate that the protective actions of statins against

diabetic retinopathy in rats are associated with blockade of diabetes-induced increases in

plasma cholesterol. Given the localization of NADPH oxidase within cholesterol-rich lipid

rafts and the requirement of enzyme assembly for activity, it is likely that the cholesterol-

lowering action of statins contributes to their effects in levels of NADPH oxidase and STAT3

activation.

In summary, a better understanding of the mechanisms underlying the protective actions of

statins in the retina can serve to guide development of new therapies for those patients who are

unable to take statins due to muscle, liver, and neuronal toxicity associated with the dose needed

for effect. Severe myopathy can cause acute renal failure in diabetic patients42 and statin-
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induced neuropathy is increasingly described.43 Targeting the NADPH oxidase–mediated

activation of STAT3 may be helpful in avoiding statin-mediated toxicity.
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FIGURE 1.

Analysis of the effect of simvastatin (5 mg/kg/d, SC) on diabetes- induced increases in retinal

vascular permeability and upregulation of VEGF and ICAM-1 protein in the STZ-induced

diabetic rat retina. (A) Rats were injected intravenously with Alexa-Fluor 488-BSA (100 mg/

kg), and permeability was determined by morphometric analysis of fluorescence intensity in

serial sections. Diabetic retinas had a threefold increase in fluorescence compared with the

control (C). Treatment of diabetic rats with simvastatin blocked the permeability increase.

(B) Representative images showing the distribution of VEGF immunostaining. VEGF

immunoreactivity is concentrated in glial cell processes within the inner retina (arrows). (C)

Western blot analysis of VEGF protein showed a significant increase in VEGF expression in
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the diabetic retina that was blocked by simvastatin. (D) Western blot analysis of ICAM-1

protein showed a five- to sixfold increase in ICAM-1 expression in the diabetic retina that was

blocked by simvastatin. Data represent the mean ± SEM of six in each group. *P < 0.01 vs.

control; #P < 0.01 vs. diabetic. C, control; D, diabetic; S, simvastatin.
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FIGURE 2.

Measurement of VEGF and ICAM-1 protein levels in BRECs treated with high glucose (25

mM D-glucose, 3 days) or VEGF (20 ng/mL, 24 hours) with or without simvastatin (10 µM)

versus control medium (5.5 mM D-glucose). Western blot analyses showed that the high

glucose-induced increase in VEGF (A) and ICAM-1 (B) expression was blocked by simvastatin

treatment. (C) Western blot analysis shows that the VEGF-induced increase in ICAM-1

expression was blocked by simvastatin treatment. Data represent the mean ± SEM of three to

four experiments. *P < 0.01 vs. control, #P < 0.01 vs. high glucose. C, control; HG, high

glucose; S, simvastatin; V, VEGF.
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FIGURE 3.

Analysis of STAT3 activation in the diabetic retina and high glucose-treated BRECs. (A)

Western blot analysis of STAT3 activation as shown by phosphorylation of tyrosine 705

demonstrates that diabetes caused significant activation of STAT3 compared with the control.

This effect was blocked by simvastatin (5 mg/kg/d, SC). Data represent the mean ± SEM for

six animals. (B) Western blot analysis showing that high glucose treatment of BRECs (25 mM

D-glucose, 72 hours) increased STAT3 activation above the control levels (5.5 mM D-glucose)

and that simvastatin (10 µM) blocked the effect. (C) Western blot analysis showing that VEGF

treatment of BRECs (20 ng/mL, 24 hours) increased STAT3 activation above the control levels

and that simvastatin (10 µM) blocked the effect. Data represent the mean ± SEM of three
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experiments. *P < 0.01 vs. control, #P < 0.01 vs. high glucose. C, control; HG, high glucose,

V, VEGF; S, simvastatin.
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FIGURE 4.

Analysis of NOX2 (gp91phox) and p47phox in control, diabetic, and simvastatin-treated

diabetic (5 mg/kg/d, SC) retinas. (A) Retinal sections from control, diabetic, and statin-treated

diabetic retinas were reacted with GSI lectin to label the vessels (red) and gp91phox antibody

to label NOX2 (green). Merged images show low levels of NOX2 in the normal retina and

marked increases in the diabetic retina, especially within the retinal vessels (yellow). (B)

Western blot analysis showed a significant increase in NOX2 protein expression in the diabetic

retinas compared with the control, which was blocked by statin treatment. (C) Western blot

analysis shows increased levels of p47phox protein in the diabetic retina which was inhibited

by statin treatment. Data represent the mean ± SEM of six animals/group. *P < 0.01 vs. control,

#P < 0.01 vs. diabetic. C, control; D, diabetic; S, simvastatin.
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FIGURE 5.

Analysis of ROS formation in the diabetic retina and high glucose-treated BRECs. (A) Levels

of lipid peroxides in control, diabetic, and simvastatin-treated (5 mg/kg/d, SC) diabetic retinas

as determined by the amount of thiobarbituric acid reactivity with malondialdehyde shows a

significant increase in formation of lipid peroxides in the diabetic retina that was blocked by

the statin treatment. Data represent the mean ± SEM of six animals/group. *P < 0.01 vs.

untreated control, #P < 0.01 vs. diabetic. (B) Analysis of tyrosine nitration in control, diabetic,

and simvastatin-treated (5 mg/kg/d) diabetic retinas shows a significant increase in

peroxynitrite formation in the diabetic retina that was blocked by the statin treatment. Data

represent the mean ± SEM of six animals/group. *P < 0.01 vs. untreated control, #P < 0.01 vs.

diabetic. (C) Superoxide generation in the diabetic retina as determined by imaging of the

oxidative fluorescent dye DHE in retinal sections in vitro shows a marked increase in the

diabetic retinas that was blocked by the statin treatment. The DHE reaction was reduced in

retinal sections treated with PEG-SOD, demonstrating specificity of the reaction for

superoxide. (D) Analysis of superoxide generation in BRECs treated with high glucose (25

mM D-glucose, 5 days) using chemiluminescence showed a significant increase compared with
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control cultures treated with normal glucose media (5.5 mM D-glucose). The high-glucose

effect was blocked by simvastatin (10 µM) or apocynin (10 mM). Blockade of the

chemiluminescence reaction with apocynin demonstrated specificity of the reaction for

NADPH oxidase. Data represent the mean ± SEM of four samples/group. *P < 0.01 vs. control,

#P < 0.01 vs. high glucose. C, control; D, diabetic; S, simvastatin; NG, normal glucose; HG,

high glucose; APO, apocynin.
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