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Abstract
The present study was undertaken to investigate the redox status in the retina of an experimental model that combines
hypertension and diabetes. Spontaneously hypertensive rats (SHR) and their control Wystar Kyoto (WKY) rats were
rendered diabetic and, after 20 days, the rats were sacrificed and the retinas collected. The superoxide production was higher
in diabetic than in control WKY (pB0.03) and SHR rats showed elevated superoxide production compared with WKY
groups (pB0.009). The glutathione antioxidant system was diminished only in diabetic SHR (pB0.04). Tirosyne nitration
was higher in diabetic WKY and control SHR compared with control WKY (pB0.03), and further increment was observed
in diabetic SHR (pB0.02). The DNA damage estimated by immunohystochemistry for 8-OHdG was higher in control
SHR than in WKY, mainly in diabetic SHR (pB0.0001). Hypertension aggravates oxidative-induced cytotoxicity in
diabetic retina due to increasing of superoxide production and impairment of antioxidative system.

Keywords: Diabetic retinopathy, hypertension, oxidative stress, superoxide, nitrotyrosine, 8-hydroxy-2?-deoxyguanosine,

glutathione

Abbreviations: 8-OHdg, 8-hydroxy-2?-deoxyguanosine; ONOO�, Peroxynitrite; ROS, Reactive oxygen species; SHR,
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Introduction

The long-term eye complications of diabetes are

the leading cause of blindness in patients aged 20�
64 years [1]. Hyperglycaemia is needed to initiate

diabetic retinopathy (DR) but the sequence of the

events, which lead to early retinal lesion, is not yet

clear. In addition to hyperglycaemia, epidemiological

studies clearly identify hypertension as the most

important independent risk factor for DR [2,3].

The UK Prospective Diabetes Study (UKPDS)

have convincingly demonstrated that, in patients

with type 2 diabetes, the strict metabolic control

leads to a 25% reduction in the risk of development

and progression of DR. Interestingly, the effect of

rigorous control of blood pressure was higher than

glycemic control because of its protective impact of

up to 37% reduction in the risk of development

and progression of DR [4]. However, the mechanism

of interaction between hyperglycaemia and hyper-

tension exacerbating DR is not fully understood.

Various hyperglycaemia-induced metabolic abnorm-

alities have been postulated to contribute to the
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development of the diabetic retinal disease, including

increased oxidative stress, non-enzymatic glycation,

polyol pathway and protein kinase C (PKC) activa-

tion [5�7]. The possible role of oxidative stress in the

mechanism of interaction between diabetes and

hypertension in the pathogenesis of diabetic retino-

pathy is not known.

Under diabetic conditions, an imbalance exists

between oxidant stress and antioxidative defense

mechanisms that favour the former. The retina is

susceptible to oxidative stress due to its high con-

sumption of oxygen, high proportion of polyunsatu-

rated fatty acids and exposure to visible light [8].

Oxidative stress can influence the expression of

multiple genes, including signalling molecules. The

over-expression of these genes may cause mitochon-

drial dysfunction and peroxidization of the lipid and

protein structure which further induce a variety of

cellular dysfunctions [8]. Oxidative stress develops in

the retina of diabetic animals indicating that oxidative

stress is associated with the development of retino-

pathy [6]. Consistent with this, Armstrong et al. [5]

reported a correlation between increased serum lipid

hydroperoxides and the prevalence of retinopathy in

diabetic patients. Superoxide is of particular interest

as it can react with nitric oxide (NO) to produce the

highly reactive peroxynitrite, which can result in

cytotoxicity due to lipid peroxidation, inactivation

of enzymes by oxidation of protein sulphydryls

and nitration of tyrosines and damage to DNA and

mitochondria. Nitrotyrosine has been detected on

retinal proteins of diabetic animals [9]. In the present

study, we examined whether the presence of hyper-

tension stimulates an accentuated oxidative stress

changes in the retina of diabetic rats.

Methods

Research design and methods

The protocol for this study complies with the guide-

lines of the Brazilian College for Animal Experimen-

tation (COBEA) and it was approved by the local

Committee for Ethics in Animal Research and in

accordance with the ARVO Statement for the Use of

Animals in Ophthalmic and Vision Research. Spon-

taneously hypertensive rats (SHR) and their normo-

tensive control Wistar-Kyoto (WKY) rats used in the

present study were derived from animals supplied by

Taconic (Germantown, NY) and bred in our animal

facility. Experimental diabetes was induced in

4-week-old pre-hypertensive male SHR and WKY

rats by injecting streptozotocin (STZ, 60 mg/kg)

(Sigma, St. Louis, MO) dissolved in sodium citrate

buffer (pH 4.5) via a tail vein after an overnight

fast. Control groups received only vehicle (citrate

buffer). Plasma glucose levels were measured using

an enzymatic colourimetric GOD-PAP assay (Merck,

Darmstadt, Germany) 72 h after the injection of STZ

or citrate buffer and on the day before sacrificing the

rats. Glucose values ]15 mmol/L were considered

diabetic for the present study. Systolic blood pressure

(three-to-five determinations per rat) was obtained

by indirect tail-cuff plethysmography in unanaesthe-

tized rats using an MK III physiograph (Narco

Bio-System, Houston, TX). Twenty days after the

induction of diabetes, the rats were sacrificed and the

retinas were detached from the retinal pigmented

epithelium cell layer and collected for protein extrac-

tion and colourimetric assays. In the retina, redox

status markers were evaluated through production

of superoxide anion, immunolocalization of nitrotyr-

osine and 8-hydroxy-2?-deoxyguanosine (8-OhdG)

and by the measurement of reduced glutathione

levels which is an important antioxidant defense

system present in the retina.

Isolation of retina

The eyes were enucleated and the retinas were

dissected and isolated from the pigmented epithelium

and were lysed directly on ice in 300 ml of a buffer

containing 2% SDS and 60 mmol Tris-HCl (pH 6.8)

supplemented with a cocktail of protease inhibitors

(Complete: contains antipain-HCl, chymostatin, leu-

peptin, bestatin, pepstatin, phosphoramidon, aproti-

nin and EDTA; Boehringer) [10]. After centrifuga-

tion, the supernatants were transferred to new tubes

and the protein concentrations were measured by the

Bradford method [11], using BSA as a standard.

Detection of superoxide anion

As previously described by Du et al. [9], the lucigenin

(bis-N-methylacridinium nitrate), an acridylium di-

nitrate compound, was used to measure superoxide

anion production. On the day of the study, rats were

killed and both retinas were rapidly isolated and

placed in polypropylene tubes containing 0.2 ml

Krebs-HEPES buffer and incubated in the dark at

378C in 95% O2/5% CO2 for a 30 min equilibration

period. After equilibration, 0.5 mM lucigenin was

added to the tube and photon emission was measured

over 10 s, repeated measurements were made over a

10 min period in a luminometer (TD 20-E Lumin-

ometer Turner, USA). Reaction blanks (vials contain-

ing all components except retinas) were counted and

these blank values subtracted from all other readings.

Determination of reduced glutathione (GSH) levels

Retinal GSH level was measured by the method

described by Beutler et al. [12] with few modifica-

tions. The eyes were enucleated and the retinas were

dissected and isolated from the pigmented epithelium

and were lysed directly on ice in 300 ml of a buffer

containing 10% tricloroacetic acid and 5 mM EDTA.

The homogeneized was centrifugated at 3000 rpm for
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15 min at 48C. The supernatant was reacted with

0.3 M phosphate buffer and 0.04% 5,5?dithio-bis-

2-nitrobenzoic acid. Absorbance was read at 412 nm

and the GSH concentration expressed as mM GSH

per mg of retinal protein. GSH was used as an external

standard for preparation of a standard curve.

Immunohistochemistry for nitrotyrosine and 8-hydroxy-

2?-deoxyguanosine (8-OHdG) in retinal tissues

As previously described [13], paraformaldehyde

4%-fixed paraffin-embedded eye sections (4 mm)

were dewaxed and rehydrated. Then the slides were

put in citrate buffer (10 mM, pH 6) and exposed to

microwave in a domestic oven (Panasonic Junior,

Panasonic) for two cycles of 10 min at maximum

potency. Slides were cooled in ice-cold water for

20 min, maintaining the slides in citrate buffer.

Thereafter, the slides were put in 3% H2O2 methanol

for 10 min to block endogenous peroxidase. The

slides were incubated in 1% non-fat milk in PBS for

1 h at room temperature to block non-specific

staining. Tissue sections were then incubated with a

1:200 dilution of a polyclonal rabbit anti-Nitrotyr-

osine antibody (Upstate Cell Signaling Solutions,

Lake Placid, NY) and 1:50 dilution of a mouse

monoclonal anti-8-OhdG antibody (N45.1; Japan

Institute for the Control of Ageing, Japan) overnight

at 48C. After washing in PBS, alkaline phosphatase

labelled polymer conjugated with 1:200 dilution of

secondary anti-rabbit antibody (Santa Cruz Bio-

technologies, Santa Cruz, CA) for nitrotyrosine and

1:200 dilution of secondary anti-mouse antibody IgG

antibody (Vector, Burlingame, CA) for 8-OhdG were

applied for 1 h at room temperature. After washing in

PBS, slides were incubated with 1:50 avidin-biotin

complex (ABC) reagent (Dako, Glostrup, Denmark)

for 30 min at room temperature. Then, 2 mg of

diaminobenzidine tetrahydrochloride (DAB) in 5 mL

of 1 M Tris-HCl, pH 7.5 plus 2.5 mL H2O2 were put

in slides for 2 min. The slides were then counter-

stained with haematoxylin (only for Nitrotyrosine)

and mounted with entellan and coverslip. For nega-

tive controls, staining was performed omitting the

primary antibody or by using an irrelevant immuno-

globulin (an immunoglobulin G which does not

bind with the specific protein). The semi-quantitative

analyses of the images of immunohistochemistry

for nitrotyrosine were determined using the

public domain program Image J (National Institutes

of Health, http://rsb.info.nih.gov/ij). For 8-OHdG,

the quantitative analyses were performed as a percen-

tage of positive cells in the ganglion cell and

inner nuclear layers scored as 0 (no positivity), 0.5

(up to 10% positivity), 1 (11�25% positivity), 1.5

(26�40% positivity), 2 (41�53% positivity), 2.5 (54�
66% positivity), 3 (67�80% positivity) to 4 (�80%

positivity) [14,15]. The positive cellular nuclei were

counted by an observer with no knowledge of the

studied groups in eight non-consecutive retinal sec-

tions distanced �24 mm from each other under high

power microscopic fields (�1000).

Western blotting for gp91phox and Nox-4

The role of the NADPH oxidase in the generation of

superoxide anion was evaluated by its sub-units

gp91phox and NOX-4 expressions in total retinal

lysated.

NADPH oxidase is an enzyme system that source

pro-oxidant superoxide in the vascular tissue and is

also been linked to hypertension and inflammation

[16]. For Western blot analysis [17], 100 mg for

gp91phox and 50 mg for Nox-4 of total retinal protein

in 5% glycerol/0.03% bromophenol blue/10 mmol

dithiothreitol were loaded into 8% SDS polyacryla-

mide gels. Molecular weight markers (Rainbow;

Amersham Pharmacia) were used as standards.

Proteins were transferred to nitrocellulose mem-

branes (Bio-Rad, Hercules, CA) in transfer buffer

(50 mml Tris-HCl, pH 7.0, 380 mmol glycine, 0.1%

SDS and 20% methanol). Membranes were blocked

(for 1 h at room temperature in 2.5% non-fat milk)

and incubated with rabbit polyclonal IgG gp91phox

antibody (1:750; Upstate Cell Signaling Solutions,

Lake Placid, NY) and rabbit polyclonal IgG Nox-4

antibody (1:2500 donated by Dr Karen Block,

University of Texas Health Science Center at San

Antonio, CA) for 1 h at room temperature. The blots

were subsequently incubated with horseradish perox-

idase HRP-conjugated anti-rabbit secondary anti-

body (1:10 000, Santa Cruz Biotechnologies, Santa

Cruz, CA) and developed using chemiluminescence

method (Super Signal CL-HRP Substrate System;

Pierce, Rockford, IL). Exposed films were scanned

with a densitometer (Bio-Rad) and analysed quanti-

tatively with Multi-Analyst Macintosh Software for

Image Analysis Systems. Western blots were repeated

three-to-five times and gave qualitatively similar

results. Equal loading and transfer was ascertained

by reprobing the membranes for b-actin.

Statistical analysis

The results were expressed as the mean9SD, unless

otherwise stated. One-way analysis of variance

(ANOVA) followed by Fisher’s protected least-sig-

nificant difference test was used to assess differences

among the groups. All comparisons were carried out

using the StatView statistical package software. A

value of pB0.05 indicated significance.

Results

Physiological characteristics of the studied groups

The weight at the sacrifice was lower following

streptozotocin injection in both WKY and SHR rats

Arterial hypertension exacerbates oxidative stress in early diabetic retinopathy 1153
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(pB0.0001). As expected, systolic blood pressure

(SBP) was significantly higher in SHR than the WKY

rats (pB0.005) and blood glucose levels were higher

in diabetic rats compared with non-diabetic groups

(pB0.0001) (Table I).

Superoxide anion production, reduced glutathione (GSH)

and nitrotyrosine concentrations

As the redox state is largely dependent upon glu-

tathione levels, which in turn influence nitration, we

measured the production of superoxide anion pro-

duction, reduced glutathione concentrations and

protein tyrosine nitration in retinal tissue. We de-

tected a significant increment of superoxide produc-

tion in the diabetic WKY group (p�0.03) and

further increase was observed in both control and

diabetic SHR groups compared with control WKY

(pB0.0009). This finding indicates that the presence

of diabetes or hypertension solely induced an early

increase of superoxide anion production, but the

concomitance of hypertension and diabetes did not

further increase the superoxide anion production in

the retina tissue (Figure 1). Along with the super-

oxide production, an antioxidant defense system was

accessed through the quantitative measurement of

GSH levels in the retina tissue. After 20 days of

diabetes, the GSH concentrations were slightly de-

creased in control SHR (by �4%) compared with

WKY groups and markedly diminished in the pre-

sence of diabetes (by 15%, p�0.04) (Figure 2). The

nitrosative stress-induced protein modification was

assessed in retinal tissue by immunohistochemistry

for nitrotyrosine. We detected a moderate increase

in both diabetic WKY and control SHR (p�0.03) in

comparison to control WKY. The concomitance of

diabetes and hypertension lead to a marked incre-

ment of nitrotyrosine in all retinal layers (p�0.004)

(Figures 3A and B). Similarly, in the hypertensive

rats, the redox state shows a tendency to unbalance

the oxidative stress resulting in a moderate level of

tyrosine nitration in the retinal tissue. Diversely, in

the hypertensive and diabetic rats, the increment of

the superoxide anion production with a significant

diminishing in reduced glutathione levels lead to a

profound tyrosine nitration in the retina tissue, as

demonstrated in Figure 3.

Oxidative damage of nucleic acids

We studied the expression of 8-OHdG, a modifica-

tion of DNA base guanine-containing nucleoside

2?-deoxyguanosine, by immunohistochemical assay.

We demonstrated a moderate increase in both dia-

betic WKY and control SHR (p�0.2) in comparison

to control WKY. The concomitance of short-term

diabetes and genetic hypertension resulted in dis-

tinguishable DNA damage in the retinal cells

(pB0.0001) (Figures 4A and B). Accordingly, both

evaluation parameters of oxidative citotoxicity in the

retina, nitration of tyrosine and 8OHdG positivity

indicate that the concomitance of diabetes and

hypertension are deleterious to retinal cells leading

to diffuse cell damage in retinal tissue.

The role of NADPH oxidase in production of anion

superoxide

To study the participation of this enzyme system in

the pathogenesis of retinal oxidative stress, we in-

vestigated the expressions of its sub-units gp91phox

and Nox4 in total retinal lysates. The expressions of

Table I. Physiological characteristics of studied rats.

Wc Wd Sc Sd

n 15 19 18 19

Final body

weight (g)

245916 173913p 181912 116916p

SBP (mmHg) 12792.7 12792.6 150917.6" 157914.2"

Glycaemia

(mmol/L)

10.591.4 29.991.9p 9.4490.46 30.3892.9p

Wc: control WKY; Wd: diabetic WKY; Sc: control SHR; Sd:

diabetic SHR; SBP: systolic blood pressure.
pp B0.0001 vs respective control groups, "p B0.005 vs WKY

groups.

Figure 1. Production of superoxide anion using the lucigenin

enhanced method from control and diabetic WKY and SHR rat

retinas. Diabetes or hypertension increased superoxide production

(units/min/mg protein) in retina. Bars represent mean9SD. *p B

0.03 vs Wc, #p B0.009 vs WKY groups. All data shown are of n ]6

observations.

Figure 2. Concentration of reduced glutathione (GSH) from

retina of control and diabetic WKY and SHR rats (mM glutathione/

mg of retinal protein). There was a significant decreasing in reduced

glutathione levels only in diabetic SHR retina rats. Bars represent

mean9SD. *pB0.04 vs Wd.

1154 C. C. Pinto et al.
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both, evaluated by Western blot assay, were not

different among different groups (Figures 5A and B).

Discussion

These evidences suggest that the presence of hyper-

tension may exacerbate the hyperglycaemia-induced

oxidative damage in the retina.

In the present study, we investigated the possible

effects of arterial hypertension on early oxidative

stress phenomena in the pathogenesis of DR. Experi-

mental diabetes was simultaneously induced in

genetic hypertensive SHR rats and its normotensive

control WKY and the superoxide production, re-

duced glutathione levels, tyrosine nitration and

8-OHdG in the retinal tissue were analysed after

20 days. We demonstrated that, in normotensive

short-term diabetic rats, there was a significant

increment in superoxide production, which was at

least in part equilibrated by the retinal antioxidant

defense system resulting in a moderate tyrosine

nitration, a marker of nitrosative stress. The con-

comitance of both diabetes and hypertension clearly

promoted an extensive and profound tyrosine nitra-

tion and DNA damage in the diabetic retina due to

increment of superoxide production and significant

Figure 3. (A) Representative photomicrograph of immunolocalization of nitrotyrosine in control and diabetic WKY and SHR rat retina.

Presence of nitrotyrosine is indicated in brown colour. (B) Bars represent mean9SD of intensity of nitrotyrosine per retinal section as

defined in the Methods section. Diabetes and hypertension solely increased tirosyne nitration in retinal tissue and further nitration was

observed when both were present. *p B0.03 vs Wc, #p B0.02 vs other groups.

Figure 4. (A) Representative photomicrograph of immunohistochemistry for 8-hydroxi-2?-deoxiguanosine (8OHdG) from control and

diabetic WKYand SHR rat retinas. The 8OHdG positive cells are indicated by arrows. (B) Bars represent mean9SD of score of positivity of

8OHdG per retinal section as defined in Methods section. Similarly, as observed in Figure 4, diabetes or hypertension solely induced DNA

damage by oxidative stress and further damage was observed in concomitance of both factors; *p�0.02 vs Wc; #p B0.0001 vs Wc.

Arterial hypertension exacerbates oxidative stress in early diabetic retinopathy 1155
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diminishing retinal level of reduced glutathione. Of

interest, the presence of diabetes did not reveal an

additional effect on superoxide production among

hypertensive rats, which was already significantly

higher than the normotensive rats. One can speculate

that the superoxide production was too high in the

retina from hypertensive rats so that no additional

production could be possible in retinal tissue. These

findings provided experimental evidence that hyper-

tension may contribute to early aggravation of DR

through oxidative stress unbalance.

Diabetes-related complications promote an imbal-

ance between the production and defense against

free radical species in the retina. The term free radical

species encompasses several highly reactive molecules

that include reactive oxygen species and reactive

nitrogen species, superoxide and NO being promi-

nent members of those groups. The diabetes-induced

increase in nitration of retinal proteins [18] (presum-

ably via peroxynitrite) suggests that both superoxide

and NO are present in excessive amounts. Our

studies demonstrate that the concomitance of dia-

betes and hypertension results in an increase of

superoxide production in the retina accompanied by

an impaired antioxidant defense system leading to

massive tyrosine nitration and DNA damage. Addi-

tionally, in the present paper, the role of NADPH

oxidase to retinal production of superoxide in short-

term diabetes was minor or did not contribute to

oxidative stress in the retina. The contribution of

these enzymes to superoxide production might differ

between specific cell types.

Mitochondria are important endogenous source of

superoxides and hydroxyl radicals [9] and are pivotal

in the mechanism for diabetic complications [19].

Reactive oxidant species can trigger mitochondria to

release cytochrome c , resulting in activation of

apoptotic cascade [20,21]. Mitochondrial changes

are associated with the activation of apoptotic path-

ways resulting in impaired kidney function [22] and

myocardial abnormalities [23]. However, the involve-

ment of the mitochondrial dysfunction on an experi-

mental model of hypertension and DM was never

addressed.

As previously demonstrated by Nishikawa et al.

[24], the excessive production of superoxide has been

reported to stimulate several biochemical sequelae of

hyperglycaemia (protein kinase C, polyol pathway

and advanced glycation pathways). Nevertheless,

superoxide generation can have deleterious effects

on cells even independent of these pathways. Super-

oxide also can react with NO to form peroxynitrite, a

highly reactive oxidant [25,26], which can result in

cytotoxicity due to lipid peroxidation, inactivation

of enzymes by oxidation of protein sulphydryls and

nitration of tyrosines and damage to DNA. The

hydroxyl free radical (OH�) induces lipid peroxida-

tion and DNA damage by reacting with the ring

structure of guanine in DNA. As a result the

8-hydroxy-2?-deoxyhuanosine (8OHdG) formed

causes chemical alterations of the bases and DNA

breakage. Imperfect repair of DNA can lead to

mutations, arrest cell cycle or induce apoptosis [27].

Of interest, apoptosis is now described as the main

mechanism by which neuro-glial and vascular cells

from diabetic retina are lost in the early pathogenesis

of DR [28,29].

Figure 5. (A) Western blot analysis of gp91phox from control and diabetic WKYand SHR rat retinas. The film represents the western blot

assay for gp91phox and the bars represent mean9SD of band densities expressed in arbitrary densitometric units. (B) The membranes were

incubated with NOX 4 antibody. The bars represent mean9SD of band densities expressed in arbitrary densitometric units. The

membranes were reprobed with anti-b -actin antibody as a control for protein loading. Wc: control WKY, Wd: diabetic WKY, Sc: control

SHR, Sd: diabetic SHR.
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In the literature, there is no data of the possible

effects of arterial hypertension on the redox state of

the retina, one of its target organs for microvascular

complications. Hypertension has been shown to

cause oxidative stress and inflammation in renal and

cardiovascular tissues in experimental animals. Our

recent paper examining whether the presence of

hypertension stimulates early inflammatory changes

in the retina in diabetic rats revealed that the

combination of diabetes and hypertension markedly

increases the retinal inflammatory events that could

be completely prevented by the prevention of devel-

opment of hypertension. It is suggested that the

inflammatory events may be involved in the mechan-

ism by which hypertension exacerbates retinopathy in

patients with diabetes [30]. Previous experimental

studies using a salt-sensitive hypertension model

demonstrated that enhancing the glutathione system

with dietary N-acetylcysteine administration attenu-

ates the renal damage that normally occurs in this

model, indicating that the oxidative stress acts upon

the development of hypertension-related microvascu-

lar complications [31].

Our findings demonstrated that NADPH oxidase

did not play a significant role in superoxide produc-

tion in the retina from diabetic rats. Mitochondrial

dysfunction associated with membrane depolariza-

tion, superoxide production and induction of pro-

grammed cell death (apoptosis) are under

investigation in a model that combines diabetes and

hypertension.

In conclusion, we first demonstrated that, in an

experimental animal model that combines diabetes

and hypertension, there is an early and deep imbal-

ance in the redox status, leading to nitration of

tyrosine and DNA damage of retinal cells. The redox

imbalance is due to increasing the superoxide

production in the presence of an inadequate antiox-

idative system. These evidences suggest that the

presence of hypertension may exacerbate the hyper-

glycaemia-induced oxidative damage in the retina and

may contribute to a better understanding of the

mechanism of exacerbation of diabetic retinopathy

in the presence of hypertension.
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