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Because oxidative stress has been strongly implicated

in up-regulation of vascular endothelial growth factor

(VEGF) expression in ischemic retinopathy, we eval-

uated the role of NAD(P)H oxidase in causing VEGF

overexpression and retinal neovascularization. Dihy-

droethidium imaging analyses showed increased su-

peroxide formation in areas of retinal neovasculariza-

tion associated with relative retinal hypoxia in a

mouse model for oxygen-induced retinopathy. The

effect of hypoxia in stimulating superoxide formation

in retinal vascular endothelial cells was confirmed by

in vitro chemiluminescence assays. The superoxide

formation was blocked by specific inhibitors of

NAD(P)H oxidase activity (apocynin, gp91ds-tat) indi-

cating that NAD(P)H oxidase is a major source of

superoxide formation. Western blot and immunolo-

calization analyses showed that retinal ischemia in-

creased expression of the NAD(P)H oxidase catalytic

subunit gp91phox, which localized primarily within

vascular endothelial cells. Treatment of mice with

apocynin blocked ischemia-induced increases in oxi-

dative stress, normalized VEGF expression, and pre-

vented retinal neovascularization. Apocynin and

gp91ds-tat also blocked the action of hypoxia in caus-

ing increased VEGF expression in vitro , confirming

the specific role of NAD(P)H oxidase in hypoxia-in-

duced increases in VEGF expression. In conclusion,

NAD(P)H oxidase activity is required for hypoxia-

stimulated increases in VEGF expression and retinal

neovascularization. Inhibition of NAD(P)H oxidase

offers a new therapeutic target for the treatment of

retinopathy. (Am J Pathol 2005, 167:599–607)

Retinopathy of prematurity and diabetic retinopathy are lead-

ing causes of blindness in infants and adults world wide.1

Studies of experimental animal models of retinopathy of pre-

maturity and diabetes as well as patients with diabetic retinop-

athy indicate that the two diseases are characterized by retinal

ischemia, excess production of the angiogenic growth factor

vascular endothelial growth factor (VEGF), and pathological

neovascularization within the retina and vitreous.2,3 Because

no therapy is available to prevent retinal ischemia, ophthalmol-

ogists currently use laser photocoagulation to ablate the isch-

emic retinal tissue to suppress the pathological neovascular-

ization. Preclinical studies using inhibitors of VEGF to prevent

retinal neovascularization have shown promising results.4

Therefore, elucidation of the cellular and molecular mecha-

nisms underlying ischemic retinopathy and control of VEGF

expression is of major clinical importance.

Hypoxia is one of the most potent inducers of VEGF

expression.5 Under in vivo conditions, ischemic hypoxia

leads to increased generation of reactive oxygen spe-

cies. NAD(P)H oxidase is a major source of superoxide

generation during hypoxia and it has been suggested

that NAD(P)H oxidase can serve as an oxygen sensor

that is activated by hypoxia in various cell types.6–9 Vas-

cular endothelial cell NAD(P)H oxidase consists of the

same components found in phagocytic NAD(P)H oxi-

dase—two membranous subunits, gp91phox and p22

phox; three cytosolic subunits p40phox, p47phox, and

p67phox; and the small GTP binding protein, Rac.10–12

Oxidative stress has been strongly implicated in up-

regulation of VEGF expression in patients and experi-

mental animals with ischemic retinopathy and in tissue

culture cells.13 Analyses in a rat model for type 2 diabe-

tes have shown elevated levels of oxidative stress and

H2O2 formation correlated with elevated retinal levels of

VEGF and its receptors VEGF-R1 and VEGF-R2.14,15
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Studies showing that anti-oxidant treatments attenuate

diabetes-induced increases in retinal VEGF formation

provide strong support for the potential role of reactive

oxygen species in stimulating VEGF overexpression in

vivo.16 Recent evidence shows that a gp91phox contain-

ing NAD(P)H oxidase is a major source of reactive oxy-

gen species in endothelial cells.17 NAD(P)H oxidase has

also been implicated in redox-mediated induction of

VEGF expression in smooth muscle cells and keratino-

cytes.18–21 Thus, NAD(P)H oxidase may represent an

important new target for control of retinal neovasculariza-

tion in ischemic retinopathy. The goal of this research

was to test and develop this idea and to determine the

effects of inhibiting NAD(P)H oxidase on retinal neo-

vascularization and VEGF expression in ischemic

retinopathy.

Materials and Methods

Mouse Model of Ischemic Retinopathy

All experimental procedures were performed according

to the National Institutes of Health Guide for the Care and

Use of Laboratory Animals and approved by the Institu-

tional Committee for the Use of Animals in Research.

Oxygen-induced retinopathy was induced in C57BL/6

mice using the protocol of Smith and colleagues22 as

described previously.23,24 On postnatal day 7 (P7), mice

were placed in 75% oxygen (hyperoxia) and after 5 days

(P12) they were returned to room air. The hyperoxia ex-

posure causes obliteration of the developing vessels in

the posterior retina. This results in relative hypoxia and

causes vitreoretinal neovascularization that begins at P14

to P15 and reaches a peak at P17.22 Age-matched mice

raised in room air were used as normoxia controls.

Groups of the hyperoxia-treated mice were injected with

the NAD(P)H oxidase inhibitor apocynin (Sigma, St.

Louis, MO) after return to room air. The apocynin was

injected intraperitoneally (10 mg/kg in 50 �l of 0.9%

saline) from P12 through P17. A group of mice injected

with 0.9% saline (50 �l) served as vehicle controls. In

another experiment groups of mice received apocynin or

saline injections from P12 to P22.

Cultured Retinal Cells

Primary cultures of bovine retinal endothelial cells (pas-

sage 7 to 9) or rat Muller glial cells (passage 4 to 6)25

were used in these experiments. The effect of hypoxia on

formation of reactive oxygen species was measured us-

ing chemiluminescence, dihydroethidium (DHE), and di-

chlorofluorescein (DCF) assays. For treatment, cells were

placed in serum-free medium and then incubated in nor-

moxia (21% O2, 160 mmHg) or hypoxia (1% O2, 7.6 mm

Hg) for 6 hours. The hypoxia exposure was performed in

a humidified incubator under the control of a PROOX

model 110 oxygen regulator (Reming Bioinstruments,

Redfield, NY). The oxygen level was continuously moni-

tored using the PROOX oxygen sensor.

Analysis of Vaso-Obliteration and

Neovascularization

Vascular distribution was analyzed in the neonatal retinas

by using flat-mount preparations labeled with biotinylated

Griffonia simplicifolia isolectin B4 (GSI) and Texas Red-

conjugated avidin D as previously described.26 Retinas

were viewed with LSM 510 confocal microscopy (Carl

Zeiss, Thornwood, NY) and the images captured in digital

format (Spot System; Diagnostic Instruments, Sterling

Heights, MI). The areas of vaso-obliteration and of vitreo-

retinal neovascularization were quantified from the digital

images in masked manner, using IP Lab Spectrum Sci-

entific Image System (Signal Analytics, Vienna, VA).

Immunolocalization Studies

The retinal distribution of gp91phox was analyzed using

an anti-gp91phox antibody (Transduction Laboratories,

San Diego, CA) and Oregon Green-conjugated second-

ary antibody (Molecular Probes, Portland, OR). The co-

localization of gp91phox protein with vascular endothelial

cells was determined by double labeling with GSI and

anti-CD 31 (BD Biosciences Pharmingen, San Diego, CA)

and Texas Red-labeled secondary antibody. The co-lo-

calization with Muller glial cells was determined by dou-

ble labeling with anti-glial fibrillary acidic protein (GFAP)

(DAKO, Carpinteria, CA).

Western Blot

For analysis of gp91phox protein, pooled retinas were

homogenized in a modified RIPA buffer [20 mmol/L Tris-

HCl (pH 7.4), 2.5 mmol/L ethylenediamine tetraacetic

acid, 50 mmol/L NaF, 10 mmol/L Na4P2O7, 1% Triton

X-100, 0.1% sodium dodecyl sulfate, 1% sodium deoxy-

cholate, 1 mmol/L phenylmethyl sulfonyl fluoride] and

75-�g protein samples were separated by 10% sodium

dodecyl sulfate-polyacrylamide gel electrophoresis,

transferred to nitrocellulose membrane, and reacted with

anti-gp91phox (1:1000) followed by horseradish peroxi-

dase-linked secondary antibody and enhanced chemilu-

minescence (Amersham Pharmacia, San Francisco, CA).

Membranes were stripped and reprobed for �-actin to

demonstrate equal loading and results were analyzed

using densitometry. For quantitation of VEGF levels, pro-

tein samples were processed according to the method

described by Ferrara and Henzel.27 Briefly, protein sam-

ples from mouse retina or cultured endothelial cells (100

�g) were adjusted to a volume of 1 ml using 10 �mol/L

Tris (pH 7.4) and 100 �mol/L NaCl and incubated over-

night with 50 ml of equilibrated heparin-agarose beads

(Sigma). Samples were boiled in sodium dodecyl sulfate-

sample buffer (100°C, 10 minutes) to elute the proteins

that were then electrophoresed in 4 to 20% Tris-HCl

gradient gels (Bio-Rad Laboratories, Hercules, CA),

transferred to nitrocellulose membranes, and probed with

anti-VEGF antibody (Oncogene, San Diego, CA).
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Reactive Oxygen Species Assays

DHE Imaging

Superoxide production in retinal tissue sections and

cultured endothelial cells was assayed by using the oxi-

dative fluorescent dye DHE. DHE is oxidized on reaction

with superoxide to ethidium bromide, which binds to DNA

in the nucleus and fluoresces red.28 For the in vivo studies

serial cryosections from fresh-frozen retinas were first

incubated in NAD(P)H (100 �mol/L) or NAD(P)H with

PEG-SOD (400 U), the NAD(P)H blocking peptide

gp91ds-tat (50 �mol/L) or apocynin (30 �mol/L) for 20

minutes followed by DHE with or without PEG-SOD

(Sigma), gp91ds-tat, or apocynin (20 minutes, 37°C).

Apocynin (4-hydroxy-3-methoxy-acetophenone) specifi-

cally blocks activity of NAD(P)H oxidase by interfering

with the assembly of the cytosolic NAD(P)H oxidase com-

ponents (p40phox, p47phox, p67phox) with the membra-

nous components gp91phox and p22phox,29,30 whereas

gp91ds-tat specifically inhibits NAD(P)H oxidase assem-

bly by binding to p47phox and blocking its interaction

with gp91phox.20,31,32 This peptide has been shown to

specifically inhibit gp91phox-based oxidases in endothe-

lial cells and neutrophils.33 The gp91ds-tat blocking pep-

tide and the control peptide (scramb-tat) were prepared

by the MCG Molecular Biology Core Laboratory and In-

vitrogen (Carlsbad, CA) as described by Rey and col-

leagues.31 DHE images from serial sections treated with

or without inhibitors were obtained using a laser-scan-

ning confocal microscope. Some sections from both

groups were preincubated in cell permeable superoxide

dismutase (PEG-SOD, 30 minutes). This treatment com-

pletely blocked the DHE staining, demonstrating speci-

ficity of the reaction for superoxide. For studies in vitro,

equal numbers of endothelial cells in 24-well plates were

incubated in serum-free medium with or without PEG-

SOD, apocynin, gp91ds-tat, scramb-tat as gp91ds-tat

control, or vehicle (0.01 N acetic acid in normal saline).

The plate was then incubated for 6 hours in normoxia or

hypoxia. The medium was then replaced by Earle’s bal-

anced salt solution containing the same inhibitors and

DHE (2 �mol) followed by incubation under the same

conditions for 20 minutes. Images were collected by

fluorescence microscopy and analyzed for reaction in-

tensity in equal numbers of cells (10 cells from each field,

five fields total) using the Metamorph Image System (Mo-

lecular Devices Corp., Downingtown, PA).

DCF

DCF the oxidation product of 2,7-dichlorodihydro-fluo-

rescein diacetate (DHDCF), a marker of cellular oxidation

by hydrogen peroxide, peroxynitrite, and hydroxy radi-

cals.34 For in vivo assays retinas were lysed in buffer

containing phosphate (50 mmol/L/L, pH 7.0), EGTA (1

mmol/L), protease inhibitors, and sucrose (150 mmol/L).

Tissue was mechanically lysed using a glass/Teflon ho-

mogenizer in ice-cold buffer. Equal volumes of retinal

lysates were incubated with DHDCF (10 �mol/L) for 60

minutes at 37°C. The specificity of the reaction was de-

termined by incubating 100 �l of normal retinal lysate in

buffer containing DHDCF with or without 4-phorbol 2-

myristate 13-acetate, a known upstream stimulator of

NAD(P)H oxidase and PEG-SOD, PEG-SOD/catalase, or

gp91ds-tat. Fluorescence was measured in a CytoFluor

4000 spectrophotometer (Foster City, CA) with excitation

of 450 nm and emission of 530 nm. For in vitro studies

retinal endothelial cells were plated in 96-well plates and

incubated in normoxia or hypoxia for 6 hours with and

without PEG-SOD (400 U), gp91ds-tat (50 �mol/L), or

scramb-tat (50 �mol/L). One hour before the end of the

experiment the medium was replaced with Earle’s bal-

anced salt solution containing the same inhibitors and

DHDCF followed by incubation in normoxia or hypoxia for

60 minutes at 37°C. Fluorescence was measured as de-

scribed above.

Chemiluminescence

Cells were plated in 96-well plates in serum-free me-

dium with or without PEG-SOD (400 U) or NAD(P)H oxi-

dase inhibitors, apocynin (30 �mol/L) or the gp91ds-tat

blocking peptide (50 �mol/L),31 then incubated in nor-

moxia or hypoxia. One hour before measuring superox-

ide the medium was replaced with 50 �l of Earle’s bal-

anced salt solution with the same treatment and the

plates were returned to the incubator. At the end of the

hypoxia exposure 50 �l of Earle’s balanced salt solution

containing 800 �mol/L of highly sensitive luminol deriva-

tive L-012 (Wako Pure Chemical Industries, Osaka, Ja-

pan)35 that was dissolved in dimethylsulfoxide was

added to each well at final concentration of 400 �mol/L.

Then chemiluminescence was measured using an auto-

mated microplate reader (Lumistar Galaxy; BMG Lab

Technologies, Offenburg, Germany).

Measurement of Retinal Lipid Peroxidation

Lipid peroxide concentration was determined by a

method that measures the amount of thiobarbituric acid

reactivity by the amount of malondialdehyde (MDA)

formed during acid hydrolysis of the lipid peroxide com-

pound. Retinal tissue homogenates were prepared and

reacted with sodium dodecyl sulfate, acetic acid, and

thiobarbituric acid as described previously.16 Tetra-

ethoxypropane was used to establish a standard curve.

Lipid peroxide level was expressed in terms of ng MDA

per mg protein.

Results

Induction of Superoxide Anion Formation by

Hypoxia

DHE imaging was used to localize superoxide formation

in ischemic retinas at P17, which is the peak time of

retinal neovascularization in this model. The normal con-

trol retinas were negative for the superoxide signal. Su-

peroxide was detected within all cellular layers of the
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ischemic retina, but was prominently increased within

areas of neovascularization (Figure 1). The DHE staining

within the retinal vasculature was completely blocked in

adjacent sections that were preincubated with the spe-

cific inhibitors of NAD(P)H oxidase activity apocynin or

gp91ds-tat. The inhibitor treatment also greatly reduced

the reaction within the cellular layers of the inner retina.

Weak staining was sometimes evident within the non-

vascular cells of the inhibitor-treated retinas and was

most evident within the outer nuclear layer of the isch-

emic retinas. This residual staining is probably due to

another source of superoxide formation such as mito-

chondrial oxidase. Specificity of the DHE reaction for

superoxide anion was demonstrated by complete block-

ade of the staining with PEG-SOD. These DHE results

were confirmed by using DCF assay, which showed a

significant increase in oxidative stress in retinas of OIR

mice. This increase was completely blocked in retinas of

apocynin-treated mice (Figure 1F). The specificity of DCF

assay was confirmed by positive control studies using

4-phorbol 2-myristate 13-acetate to activate NAD(P)H ox-

idase. This treatment caused an increase in DCF reaction

that was inhibited by PEG-SOD/catalase and gp91ds-tat

(data not shown).

To study the role of vascular endothelial cell NAD(P)H

oxidase in increasing superoxide anion formation in the

ischemic retina, we exposed cultured retinal endothelial

cells to hypoxia in the presence or absence of NAD(P)H

oxidase inhibitors and assayed superoxide formation by

chemiluminescence. These experiments showed signifi-

cant increases in superoxide production in the hypoxia-

treated endothelial cells (Figure 1G). Treatment with the

NAD(P)H oxidase-blocking peptide gp91ds-tat or apo-

cynin completely blocked the hypoxia-induced increase

in superoxide formation. The generation of superoxide

was eliminated by PEG-SOD, indicating the specificity of

the assay for superoxide anion. These data were con-

firmed by DHE and DCF assays in retinal endothelial

cells. DHE showed a significant increase in reactive ox-

ygen species production in retinal endothelial cells

Figure 2. Immunoblot analysis of gp91phox expression at P12, P14, and
P17. A: Levels of gp91phox are markedly increased at P14 and P17 in retinas
of mice raised in hyperoxia for 5 days and returned to room air for 5 days
(OIR) as compared with age-matched controls (control) raised in normoxia.
B: Results were quantified by densitometry (*P � 0.05 versus age-matched
control, n � 6).

Figure 1. Superoxide generation in mouse retina was assessed in vitro by
using the oxidative fluorescent dye DHE in retinal sections from mice main-
tained in room air (A) or exposed to hyperoxia for 5 days and returned to
room air for 5 days (B–E). There was a marked increase in fluorescence
intensity in the retinas and new vessels of the ischemic retina (arrows, B) as
well as within the ganglion cell layer (gcl), inner nuclear layer (inl), and
outer nuclear layer (onl). DHE reaction was reduced in retinal sections
treated with gp91ds-tat (C), apocynin (D), or PEG-SOD (E). DCF assay of
reactive oxygen species production in retina (F) showed a significant in-
crease in retina during OIR that was inhibited in apocynin-treated mice (*P �

� 0.05, n � 5). Chemiluminescence assay of superoxide production by
retinal endothelial cells (G) or rat Muller cells (I) exposed to hypoxia (1% O2,
6 hours) shows a significant increase in the generation of superoxide anion.
Treatment with the NAD(P)H oxidase inhibitors apocynin or the gp91ds-tat
blocking peptide prevented the hypoxia-induced increase in endothelial
cells but not in rat Muller cells. The signal was completely eliminated by
treatment with PEG-SOD (*P � � 0.05, n � 4; RLU, relative light unit). DHE
assay of superoxide production by endothelial cells (H) showed a significant
increase in hypoxia-treated cells that was blocked by PEG-SOD, gp91ds-tat,
and apocynin (*P � � 0.05, n � 5). Scale bars, 20 �m.
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treated with hypoxia, which was blocked by PEG-SOD,

apocynin, and gp91ds-tat (Figure 1H). These results

were confirmed by DCF reaction (data not shown). To test

whether another type of retinal cell could be a potential

source of NAD(P)H-derived superoxide we exposed Mul-

ler glial cells to hypoxia and measured superoxide gen-

eration using chemiluminescence. Hypoxia induced a

significant increase in superoxide generation by Muller

cells, this increase was not blocked by gp91ds-tat (Fig-

ure 1I).

Up-Regulation of gp91phox Protein by

Retinal Ischemia

The electron transfer component of the phagocytic

NAD(P)H oxidase resides in the catalytic subunit

gp91phox, and its association with p22phox is essential

for function of flavocytochrome b. Because gp91phox

containing NAD(P)H oxidase has been shown to be a

major source of superoxide generation by endothelial

cells we investigated its expression during retinal isch-

emia. Western blot analysis showed a time-dependent

increase in levels of gp91phox in the ischemic retina

(Figure 2). The amount of gp91phox protein was signifi-

cantly increased in the hypoxic retina and the maximal

effect was evident at P14 when retinal neovascularization

first begins. This protein expression pattern suggests that

increased expression of gp91phox is involved in the in-

duction of retinal neovascularization.

To examine the distribution of gp91phox protein

expression in relation to retinal neovascularization, we

used double-label immunofluorescence to co-localize

Figure 3. Immunohistochemical localization of gp91phox and vascular endothelial cells. Retinal sections from normoxia control (top) and ischemic retinas
(bottom) were reacted with GSI lectin to label the vessels (red) and gp91phox antibody (green). Merged images show low levels of gp91phox protein in the
normal retina and marked increases in the ischemic retina, especially within the proliferating vessels (yellow, arrows). Scale bars, 20 �m.

Figure 4. Immunohistochemical localization of gp91phox with vascular endothelial cells (A, B) and with retinal glia (C) at P17 in the ischemic retina. Double
labeling with antibodies against CD31 (red) and gp91phox (green) shows that gp91phox co-localizes with vascular endothelial cells in the ischemic retina (yellow,
arrows). Inset in A is shown at higher magnification in B. Double labeling with antibodies against GFAP (red) and gp91phox (green) shows a limited
co-localization of gp91phox with retinal glia (yellow, arrows), whereas the neovascular tuft showed strong gp91phox expression (arrowheads). Scale bar,
20 �m.
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gp91phox and the vascular endothelial cell marker GSI.

This analysis showed very weak immunoreactivity for

gp91phox within the inner retinal layers of the normoxia

control mice (Figure 3). The GSI-labeled vascular endo-

thelial cells were negative for gp91phox during normoxia.

By contrast, the proliferating vessels in the ischemic ret-

ina were strongly immunoreactive for gp91phox. Further

investigation using the vascular endothelial cell marker

CD31 (PECAM-1) also showed co-localization with

gp91phox, confirming that endothelial cells are a major

source of gp91phox expression during ischemic retinop-

athy (Figure 4). Co-localization of gp91phox with glial cell

marker GFAP showed occasional weak immunoreactivity

in GFAP-positive processes in the nerve fiber layer sug-

gesting limited gp91phox expression in retinal glia.

Prevention of Retinal Neovascularization by

Inhibition of NAD(P)H Oxidase

The above results showing that increases in NAD(P)H

oxidase activity and gp91phox expression accompany

retinal neovascularization suggest that NAD(P)H oxidase

activity has a key role in ischemic retinopathy. To test this

hypothesis, mice were treated with apocynin to inhibit

NAD(P)H oxidase activity from P12 to P17, which is the

period of retinal ischemia and neovascularization. This

treatment almost completely blocked pathological neo-

vascularization within the retina and vitreous as shown by

retinal imaging and morphometric analysis (Figure 5, A

and B). In addition to preventing the vitreoretinal neovas-

cularization, the apocynin treatment also slowed the re-

growth of new capillaries into the area of capillary drop-

out surrounding the optic disk. The area of the central

capillary-free zone was substantially larger in retinas of

the apocynin-treated mice (2.9 � 0.3 mm2) than in the

control group (1.2 � 0.1 mm2) (Figure 5C). This inhibition

of vessel regrowth was confirmed by additional studies

showing continued inhibition of revascularization when

the apocynin treatment was continued from P12 to P22

(Figure 6). This result indicates that NAD(P)H oxidase

activity is required for both neovascularization and revas-

cularization of the central retina. To test whether or not the

apocynin effect on revascularization is reversible, we

performed additional analyses in which mice were

treated with apocynin from P12 to P17 and then allowed

to recover until P22. This study showed that almost com-

plete revascularization of the central retina occurred

within 5 days after treatment was terminated, indicating

that the apocynin effect in preventing revascularization is

reversible (Figure 6).

Biochemical analysis of lipid peroxidation levels in the

ischemic mouse retina using the MDA assay confirmed

the previously reported increases in lipid peroxidation

during OIR.36 These experiments showed a twofold in-

crease in lipid peroxidation at P14 during the period of

relative retinal hypoxia (Figure 7A). This increase in lipid

peroxidation was completely blocked by the apocynin

treatment, providing further support for the role of

NAD(P)H oxidase activity in oxidative stress during isch-

emic retinopathy.

Normalization of VEGF Expression by Inhibition

of NAD(P)H Oxidase

An increase in VEGF expression is known to occur during

ischemic retinopathy and is thought to play a key role in

triggering retinal neovascularization.37 To see if apocy-

nin’s action in blocking retinal neovascularization in-

Figure 5. Flat-mounted retinas reacted with GSI lectin to localize neovas-
cularization and capillary obliteration. A: Mice were maintained in hyperoxia
from P7 to P12, returned to room air and treated with apocynin (10 mg/kg/
day, ip) or vehicle from P12 to P17. Retina from P17 control mouse shows a
normal vascular pattern. Retina from nontreated P17 hyperoxia-exposed
mouse shows neovascular tufts in the mid-periphery (arrow) and a zone of
capillary obliteration around the optic disk. Retina from apocynin-treated P17
mouse shows almost no neovascular tufts and a large capillary-free zone
around the optic disk. B: Quantitative comparison of the area occupied by
neovascular tufts in the ischemic retinas on P17 shows a significant decrease
in neovascularization in the apocynin-treated mice as compared with the
nontreated mice (*P � 0.05, n � 5). C: Measurement of the capillary-free
zone in the ischemic retinas on P17 shows a significant decrease in revas-
cularization of the central retina of apocynin-treated mice as compared with
the nontreated mice (*P � 0.05, n � 5). Scale bars: 100 �m; 20 �m (inset).

Figure 6. Flat-mounted retinas reacted with GSI lectin to localize neovas-
cularization and capillary obliteration. Mice were maintained in hyperoxia
from P7 to P12, returned to room air for 10 days and treated with apocynin
(10 mg/kg/day, ip) or vehicle for various times. Retina of a nontreated
ischemic mouse retina at P22 shows capillary tufts on the surface of retina
(arrows) and a small capillary-free zone around the optic disk. Middle:
Retina of a P22 mouse that had been treated with apocynin from P12 to P22,
demonstrating the absence of capillary tufts, but persistence of the capillary-
free zone around the optic disk. Right: Retina of a P22 mouse that had been
treated with apocynin from P12 to P17 and allowed to recover for 5 days until
P22, demonstrating the absence of capillary tufts and almost complete re-
vascularization of the central retina. Scale bars, 100 �m.
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volves an effect in blocking the ischemia-induced in-

crease in VEGF expression we determined the effects of

apocynin treatment on VEGF protein levels. Western blots

showed a significant increase in retinal VEGF protein

during the period of pathological angiogenesis (2.6 �

0.8-fold greater than control levels). This increase was

completely blocked by apocynin treatment (Figure 7B).

These results indicate that NAD(P)H oxidase activity is

required for ischemia-induced increases in VEGF expres-

sion. To assess the role of NAD(P)H oxidase in hypoxia-

induced VEGF up-regulation by endothelial cells, cells

were maintained in hypoxia in the presence or absence

of apocynin or gp91phox ds-tat. VEGF expression was

then analyzed by Western blot. The expression of VEGF

was significantly increased by the hypoxia treatment and

this effect was completely blocked by inhibiting NAD(P)H

oxidase (Figure 7C).

Discussion

Our results show that ischemia-induced retinal neovas-

cularization is associated with an increase in activity of

NAD(P)H oxidase as indicated by DHE and DCF assays

of reactive oxygen species formation and the MDA assay

of lipid peroxidation. Inhibition of NAD(P)H oxidase nor-

malizes VEGF expression, suppresses retinal neovascu-

larization, and prevents lipid peroxidation, indicating that

NAD(P)H-derived oxidative stress has a fundamental role

in the pathological process. To our knowledge this is the

first study to demonstrate the role of NAD(P)H oxidase

activity in hypoxia-induced increases in VEGF expression

and retinal neovascularization. Data showing increases in

expression of the NAD(P)H oxidase catalytic subunit

gp91phox within the ischemic retina indicate that a

gp91phox-based oxidase is a major source of the in-

crease in oxidative stress. Co-localization of gp91phox

with vascular endothelial cell markers in retinal sections

suggests that vascular endothelial cells contribute to the

ischemia-induced activation of NAD(P)H oxidase. The

potential role of the vascular endothelium is further dem-

onstrated by results of in vitro studies showing that hy-

poxia-induced activation of NAD(P)H oxidase in cultured

retinal endothelial cells is correlated with an increase in

VEGF expression that is blocked by inhibiting NAD(P)H

oxidase activity. Results of the chemiluminescence, DHE,

and DCF assays of reactive oxygen species production

by retinal endothelial cells under hypoxic conditions con-

firmed NAD(P)H as a major source of oxidative stress in

vascular endothelial cells during hypoxia.

The results of DHE imaging studies as well as DCF and

MDA assays showed increased levels of reactive oxygen

species formation on P17 in OIR model, which is the time

when retinal neovascularization is at its peak.22 The DHE

reaction was prominent within the proliferating new vessels

as well as within the ganglion cell layer and the inner and

outer nuclear layers. The suppressive effects of apocynin

and gp91ds-tat on the DHE fluorescence signal within the

areas of neovascularization suggest that vascular NAD(P)H

oxidase is a major source of superoxide generation in the

ischemic retina. Apocynin specifically blocks activity of

NAD(P)H oxidase by interfering with the assembly of the

cytosolic NAD(P)H oxidase components (p40phox,

p47phox, p67phox) with the membranous components

gp91phox and p22phox.29,30 The gp91ds-tat peptide spe-

Figure 7. MDA analysis of lipid peroxidation (A) and Western blot analysis
of VEGF expression (B) in mice maintained in hyperoxia from P7 to P12 and
then returned to room air and treated with apocynin (10 mg/kg/day, ip) or
vehicle for 2 days shows significant increases in lipid peroxidation and VEGF
expression in the OIR retinas. Both effects were blocked by apocynin (*P �

0.05 versus control, n � 4 for MDA, n � 6 for Western blot). Western blot
analysis of VEGF expression in retinal endothelial cells (C) exposed to
normoxia (N) and hypoxia (H, 1% O2, 6 hours) shows a significant increase
in VEGF expression that was completely inhibited by treatment with the
NAD(P)H oxidase inhibitors apocynin (Apo), gp91ds-tat blocking peptide
(BP), or PEG-SOD (*P � 0.05 versus normoxia control, n � 3).
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cifically inhibits NAD(P)H oxidase assembly by binding to

p47phox and blocking its interaction with gp91phox.20,31,32

This peptide has been shown to specifically inhibit

gp91phox-based oxidases in endothelial cells and neutro-

phils.33 The efficacy of these inhibitors in blocking superox-

ide formation in both the proliferating new vessels in vivo

and the hypoxia-treated retinal endothelial cells in vitro im-

plies that a gp91phox-based oxidase is a primary source of

the NAD(P)H oxidase activity during retinal ischemia. The

role of vascular NAD(P)H in mediating hypoxia-induced

oxidative stress in vascular endothelial cells was confirmed

by the studies using three different approaches; DHE, DCF,

and chemiluminescence. In all three assays, hypoxia

caused a significant increase in reactive oxygen species

formation. This effect was blocked by apocynin and

gp91ds-tat indicating the role of NAD(P)H oxidase activity in

the response.

Our Western blot studies confirmed significant increases

in levels of gp91phox expression during the period of rela-

tive hypoxia in the ischemic retina. The expression of

gp91phox protein remains elevated throughout the period

of relative hypoxia, but is maximal at P14, which is the time

when increases in VEGF expression become evident and

when retinal neovascularization begins.22,38 Consistent with

previous studies showing that the gp91phox-containing

NAD(P)H oxidase is expressed in vascular endothelial

cells.39 Our double-label immunolocalization analysis

showed that the gp91phox co-localizes with cells that are

also positive for the endothelial cell markers GSI lectin and

CD-31. The immunolabeled sections from the retinas of

control mice maintained in room air were weakly positive for

gp91phox protein, suggesting that the protein is expressed

at very low levels during normoxia conditions. The promi-

nent increase in gp91phox in areas of neovascularization

suggest that up-regulation of this protein has a key role in

retinal neovascularization.

The ischemia-induced increase in lipid peroxidation

was completely blocked by treatment of the animals with

apocynin during the period of relative hypoxia, providing

further evidence for the role of NAD(P)H oxidase activity

in the pathological process. Lipid peroxidation is a rec-

ognized indicator of oxidative injury that occurs as fatty

acids react with reactive oxygen species. Lipid peroxi-

dation has been shown to be associated with retinal

neovascularization during ischemic retinopathy in rats36

and in diabetic rat retinas16 and vitrectomy specimens

from patients with proliferative diabetic retinopathy.40

Taken together our data show that oxidative injury in

the ischemic retina is associated with increased expres-

sion of gp91phox and that inhibition of NAD(P)H oxidase

prevents retinal neovascularization. Our finding that

NAD(P)H oxidase inhibitors block hypoxia’s effects in

increasing VEGF expression in cultured retinal endothe-

lial cells underlines the potential importance of endothe-

lial cell NAD(P)H oxidase as a critical source of reactive

oxygen species in the ischemic retina. On the other hand

our studies using the glial cell marker, GFAP showed only

weak gp91phox expression by retinal glia. Moreover our

study of retinal Muller glial cells in culture showed that

hypoxia induces superoxide production, but that inhibi-

tion of NAD(P)H oxidase has no effect on the hypoxia-

induced increase in superoxide. This suggests that hyp-

oxia activates a different source of superoxide formation

in this cell type. It has been shown that diabetes or

hyperglycemia significantly increased superoxide pro-

duction in Muller cells, primarily via activation of mito-

chondria oxidase.41

Our finding that both pathological vascular growth and re-

vascularization of the central retina were prevented by apo-

cynin suggests that NAD(P)H oxidase activity is required for

both normal and pathological angiogenesis. Our in vivo and in

vitro studies indicate that this could be in part due to inhibition

of VEGF expression. Studies by other investigators have sug-

gested additional mechanisms by which apocynin could in-

hibit neovascularization. For example, inhibition of gp91phox

has been shown to interfere with the VEGF-mediated angio-

genic signaling process.42,43 Inhibition of NAD(P)H oxidase

with apocynin has been found to increase ocular blood flow to

the iris, ciliary body, and choroid,44 and to improve microcir-

culation in peripheral nerves during diabetes.45 These results

together suggest that inhibition of NAD(P)H oxidase could

modulate neovascularization via different mechanisms: inhib-

iting VEGF expression, inhibiting VEGF signaling events, or

improving retinal oxygenation. The fact that revascularization

occurred normally when the treatment was terminated indi-

cates that the apocynin effect is reversible. Thus, NAD(P)H

oxidase inhibitors may be useful as acute therapy for blocking

neovascularization during periods of elevated oxidative stress.

The mechanism by which hypoxia triggers activation of

NAD(P)H oxidase is unknown. Observations associating

the gp91phox catalytic subunit with oxygen-sensing pro-

cesses in a variety of mammalian cells suggest that the

enzyme functions as an oxygen sensor to produce reac-

tive oxygen species in response to changes in oxygen

tension.39 Although it has also been shown that oxygen

sensing function is preserved in mutant and knockout

mice that lack the gp91phox subunit, vascular cells ex-

press other gp91phox homologues that could serve a

compensatory role.46 Further study is needed to deter-

mine the mechanism by which hypoxia triggers NAD(P)H

oxidase activity in the ischemic retina. Nevertheless, the

results of this study indicate that specific inhibitors of

NAD(P)H oxidase could offer a new therapeutic strategy

to block the development of retinal neovascularization

during ischemic retinopathies.
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