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Purpose: Nepafenac is a potent NSAID that rapidly penetrates the eye following topical ocular admin-
istration. In the eye, nepafenac is converted to amfenac, which has unique time-dependent inhibitory
properties for COX-1 and COX-2. The purpose of the present study was to investigate the capacity of
amfenac to inhibit discrete aspects of the angiogenic cascade in vitro, and to test the efficacy of amfenac
and nepafenac in vivo, using the rat OIR model.
Methods: Müller cells were treated with amfenac, celecoxib (COX-2), or SC-560 (COX-1), and hypoxia-
induced VEGF and PGE2 assessed. Endothelial cells were treated with amfenac, celecoxib, or SC-560,
and VEGF-induced proliferation and tube formation assessed. Rat pups were subjected to OIR, received
intravitreal injections of amfenac, celecoxib, or SC-560, and neovascularization (NV), prostanoid pro-
duction, and VEGF assessed. Other OIR-exposed pups were treated with topical nepafenac, ketorolac, or
diclofenac, and inhibition of NV assessed.
Results: Amfenac treatment failed to inhibit hypoxia-induced VEGF production. Amfenac treatment signif-
icantly inhibited VEGF-induced tube formation and proliferation by EC. Amfenac treatment significantly

reduced retinal prostanoid production and NV in OIR. Nepafenac treatment significantly reduced retinal
NV in OIR; ketorolac and diclofenac had no effect.
Conclusions: Nepafenac and amfenac inhibit OIR more effectively than the commercially available
topical and injectable NSAIDs used in this study. Our data suggests there are COX-dependent and COX-
independent mechanisms by which amfenac inhibits OIR. Because it is bioavailable to the posterior
segment following topical delivery, nepafenac appears to be a promising advancement in the devel-

eova
opment of therapies for n

. Introduction

Pathological ocular angiogenesis, or ocular neovascularization
NV), is a pivotal pathologic feature of several prevalent, sight-
hreatening eye diseases. In developed countries, retinopathy of
rematurity (ROP), proliferative diabetic retinopathy (PDR), and
ge-related macular degeneration (AMD) are the leading causes

f irreversible blindness in infants, working-age adults, and the
lderly, respectively [69,49,86]. Clinical and experimental evidence
uggests that ischemia-induced hypoxia is a central etiological
actor in retinal NV [21,16]. For example, several retinal cell
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361-9230/$ – see front matter © 2009 Elsevier Inc. All rights reserved.
oi:10.1016/j.brainresbull.2009.10.018
scular eye diseases.
© 2009 Elsevier Inc. All rights reserved.

types respond to hypoxia by up-regulating production of vascu-
lar endothelial growth factor (VEGF), the principal growth factor
promoting retinal NV [4,66,73]. Among these retinal cells, Müller
cells exhibit the most consistent and dramatic increase in VEGF
synthesis and secretion when subjected to experimental hypoxia
[66,73,74]. VEGF binds with high affinity to VEGF receptors (VEGFR-
1 and VEGFR-2) expressed on the surface of endothelial cells,
initiating signal transduction cascades that lead to angiogenic
endothelial cell behaviors [5,58,101,54].

Cyclooxygenase (COX) enzymes are responsible for the biosyn-
thesis of prostanoids [prostaglandins (PG) and thromboxanes]
from arachidonic acid. Studies suggest that COX-1, the consti-
tutively active isoform of COX, plays a role in angiogenic cell
behaviors and carcinogenesis [81,92,80,32,22,50]. Additionally,
evidence suggests that the inducible isoform of COX, COX-2,

plays a key role in regulating angiogenesis through the induc-
tion of prostanoid synthesis. Prostanoids subsequently induce
the expression of pro-angiogenic factors such as VEGF and bFGF
in many cell types [18,59], and several prostanoids have been
shown to induce angiogenesis in in vitro and in vivo assays

http://www.sciencedirect.com/science/journal/03619230
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mailto:monika8382@yahoo.com
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at 3 × 10 cells per Matrigel-coated well in complete culture medium. After 4.5 h, the
culture medium was removed and the cells were treated with SF medium alone or
SF medium containing 25 ng/ml VEGF (R&D Systems) in the presence or absence of
S.E. Yanni et al. / Brain Rese

f human angiogenesis and cancer [31,23,67,103,24]. A subset
f prostanoids, under some conditions, have been shown to be
eleterious to the retinal vasculature in ways other than pro-
oting growth factor production. Prostanoid levels are higher

n the retinas of infants than in the retinas of adults [35,2].
rostanoids are involved in maintaining retinal and choroidal
lood flow [17,34]. Specifically, the infant’s retinal prostanoid
omplement, coupled with their age-dependent responses to the
rostanoids, leads to increased retinal vascular relaxation and
ilation [2,3,1]. This effect is particularly harmful to premature

nfants on oxygen therapy who do not yet have the ability to
uto-regulate retinal and choroidal blood flow; prostanoids serve
o enhance oxygen delivery to already-saturated retinal tissue,
hich is known to worsen the pathology of ROP [17,37]. COX-

-dependent production of TXA2 can lead to endothelial cell
ytotoxicity, worsening the retinal microvascular degeneration
n ischemic retinopathies [26,102]. Prostanoid signaling through
he EP3, EP4, DP, TP, and IP receptor have all been implicated in

ediating discrete cell behaviors that are implicated in the devel-
pment or pathology of ischemic retinopathies [84,100,82,68,15].
elective inhibition of COX-2 also prevents pathological angio-
enesis in the cornea, retina, and experimentally induced tumors
53,48,99,83,96]. Therefore, non-steroidal anti-inflammatory drugs
NSAIDs) that inhibit the activity of the COX enzymes may be viable
harmacologic agents for the treatment of retinal neovasculariza-
ion (NV).

In 2005, the U.S. Food and Drug Administration (FDA) approved
he topical NSAID, NEVANAC® (nepafenac; 0.1% ophthalmic sus-
ension), for the treatment of pain and inflammation associated
ith cataract surgery [45,29,42,47]. The active ingredient in
EVANAC® is nepafenac, a potent, reversible COX-1 and COX-2

nhibitor (Kulmacz et al., 2007, EVER E-Abstract e473). Nepafenac is
pro-drug with superior penetration of cornea and scleral tissues

93]. It is quickly metabolized in vivo by amidases in the iris/cilliary
ody and retina/choroid to form amfenac [45]. Amfenac is an NSAID
ith antipyretic and analgesic properties, and it inhibits both COX-
and COX-2 activity [29]. Amfenac, like nepafenac, is a reversible

nhibitor of both COX-1 and COX-2, but unlike nepafenac, amfenac
as unique time-dependent inhibitory properties for both COX-1
nd COX-2, implying that with time, amfenac irreversibly binds the
nzymes, accounting for amfenac’s prolonged activity (Kulmacz et
l., 2007, EVER E-Abstract e473).

Topical ocular administration of nepafenac inhibits posterior
egment NV in mouse models of oxygen-induced retinopathy (OIR)
nd laser-induced choroidal NV (LCNV), and it inhibits the func-
ional abnormalities and retinal vasculopathy observed in rats with
treptozotocin-induced diabetes [88,46]. Topical ocular adminis-
ration of nepafenac reduced retinal VEGF expression in the mouse

odel of OIR [88]. This observation is similar to the reported find-
ngs demonstrating the anti-VEGF effects of COX-2 inhibitors in
umor angiogenesis models [19].

In order to better understand its bioactivity, we used in vitro
ssays of angiogenic cell behaviors to determine the capacity of
mfenac to inhibit discrete aspects of the angiogenic cascade in
he retina. We evaluated the effect of amfenac on hypoxia-induced
EGF production by Müller cells. Then, we looked at the effect
f amfenac on VEGF-induced angiogenic cell behaviors in retinal
ndothelial cells. To further investigate the therapeutic potential
f nepafenac for human use, we tested the efficacy of amfenac
nd nepafenac in vivo, using the rat model of OIR developed in
ur laboratory. This model produces a pattern of pathological pre-

etinal NV mimicking that of premature infants with ROP [61].
he results of these studies more fully define the mechanism(s)
y which nepafenac mediates its anti-angiogenic effect, as well as
emonstrate where COX enzymes appear to exert their influence
uring pathologic retinal angiogenesis.
ulletin 81 (2010) 310–319 311

2. Materials and methods

2.1. Materials

Nepafenac (NEVANAC® , 0.1% ophthalmic solution), amfenac, and vehicle were
synthesized and provided by Alcon Laboratories, Inc. Ketorolac tromethamine
(Acular® , 0.5% ophthalmic solution; Allergan, Inc.), diclofenac sodium (Voltaren® ,
0.1% ophthalmic solution; Novartis), and celecoxib (Celebrex®; Pfizer) were
obtained from commercial sources. SC-560 was purchased from Cayman Chemical
(Ann Arbor, MI, USA).

2.2. In vitro methods

2.2.1. Isolation and culture of primary rat retinal Müller cells
Primary rat retinal Müller cell cultures were established from postnatal day

(P)7 Long Evans rat pups according to well-established methods [39]. Briefly, enu-
cleated eyes were placed in soaking medium, Dulbecco’s Modified Eagle Medium
Low Glucose (DMEM; HyClone; Logan, UT, USA) supplemented with 1× Antibi-
otic/Antimycotic Solution (Sigma; St. Louis, MO, USA), overnight. The following day,
eyes were incubated in digestion buffer, comprised of the soaking medium plus
0.1% trypsin and 70 U/ml collagenase, for 60 min at 37 ◦C. Retinas were then dis-
sected, triturated, plated, and grown in DMEM supplemented with 10% fetal bovine
serum and 1× Antibiotic/Antimycotic Solution. Cultures were maintained at 37 ◦C in
a 5% CO2/95% air (20.9% oxygen) atmosphere (normoxia) in a humidified incubator
(NuAire; Plymouth, MN, USA). Müller cells were identified by immunocytochemi-
cal staining for cellular retinaldehyde binding protein (CRALBP; Abcam; Cambridge,
MA, USA). Passages three to six were used for experiments. For treatment of Müller
cells with hypoxia, a CO2-enriched environment was generated with a BBLTM GasPak
Pouch system (Becton-Dickinson; Sparks, MD, USA).

2.2.2. Quantitative real-time RT-PCR of VEGF in rat Müller cells
Primary rat Müller cells were seeded in 10-cm Petri dishes at equal density and

maintained in normoxia. At 80% confluency, the cells were treated with vehicle (0.1%
DMSO) or increasing concentrations of amfenac (0.1–10 �M) and placed in hypoxia
for 24 h. Total RNA was isolated from the cells using Trizol reagent (Invitrogen Cor-
poration; Carlsbad, CA, USA). Each RNA sample was quality-controlled for DNA and
protein contamination. For VEGF amplification, cDNAs were reverse transcribed
using the High-Capacity cDNA Archive Kit (Applied Biosystems; Foster City, CA,
USA) according to manufacturer’s instructions. Quantitative real-time RT-PCR was
performed in duplicate by co-amplification of rat VEGF vs. �-actin (endogenous nor-
malization control) in separate tubes, using gene-specific TaqMan Gene Expression
Assays according to the manufacturer’s instructions (Applied Biosystems; primer
and probe sequences used in this assay are proprietary).

2.2.3. Quantification of rat Müller cell-derived VEGF and PGE2 levels
Primary rat Müller cells were seeded in 12-well plates at equal density and

maintained in normoxia. At 80% confluency, cells were treated with vehicle (0.1%
DMSO) or 10 �M amfenac, celecoxib, or SC-560, and then maintained in normoxia
or hypoxia for 24 h. Culture medium from cells was collected and assayed for VEGF
and PGE2 concentration with colorimetric sandwich ELISA kits (R&D Systems; Min-
neapolis, MN, USA) according to the manufacturer’s instructions. Cells were washed
with CMF-PBS (Invitrogen), lysed with cold lysis buffer (Promega; Madison, WI,
USA), and protein concentration was determined with the bicinchoninic acid assay
(BCA; Pierce; Rockford, IL, USA). The amount of VEGF and PGE2 (pg/ml) in the culture
medium was normalized to total protein concentration (mg/ml) of cell lysates.

2.2.4. Culture of human retinal microvascular endothelial cells (HRMEC)
Primary human retinal microvascular endothelial cells (HRMEC; Cell Systems;

Kirkland, WA, USA) were seeded in tissue culture flasks coated with attachment fac-
tor (Cell Signaling; Danvers, MA, USA) and cultured with endothelial basal medium
(EBM; Cambrex; East Rutherford, NJ, USA) supplemented with 10% FBS, 1× Antibi-
otic/Antimycotic Solution, and EGM single quots (Cambrex). When experimental
conditions required serum free (SF) medium, MCDB 131 medium (Sigma) containing
1× Antibiotic/Antimycotic Solution was used. Cultures were maintained at 37 ◦C in
a 5% CO2/95% air (20.9% oxygen) atmosphere (normoxia) in a humidified incubator.

2.2.5. HRMEC tube formation assay
In vitro tube formation by HRMEC was carried out in 12-well plates coated with

growth factor-reduced Matrigel® matrix (Becton-Dickinson). HRMEC were seeded
4

amfenac, celecoxib, or SC-560 (0.01–1 �M). Twenty-four hours later, three images
of tubes per well were captured using a DMC digitizing camera (Polaroid; Cam-
bridge, MA, USA) mounted on an IMT-2 inverted microscope (Olympus; Melville,
NY, USA). Capillary-like structures were measured using Image J software (NIH;
Bethesda, MD, USA), and the mean tube length per area of the field was calculated for
each well.
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(Fig. 2). This data demonstrates that amfenac inhibits COX and
prostanoid production as expected, suggesting a possible expla-
nation for the observed anti-angiogenic effect of amfenac in
Fig. 1.
12 S.E. Yanni et al. / Brain Rese

.2.6. HRMEC cell proliferation assay
VEGF-induced HRMEC proliferation was measured using a modified MTT assay.

ach well of a 96-well plate was coated with a fibronectin/hyaluronic acid (HA)
atrix and seeded with 3 × 104 cells. Complete medium was added and the cells
ere incubated for two days. The medium was then aspirated, and the cells were

ncubated with SF medium overnight. The following day, culture medium was
emoved and the cells were treated with SF medium alone or SF medium containing
5 ng/ml VEGF (R&D Systems) in the presence or absence of amfenac, celecoxib, or
C-560 (0.01–10 �M). Twenty-four hours later, 25 �L of a 5 mg/ml solution of 3-(4,5-
imethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Molecular Probes;
ugene, OR, USA) was added to each well and incubated for 4 h under normal growth
onditions. One hundred microliters of lysis buffer (20% SDS in 50:50 dimethylfor-
amide (DMF) and H2O with 2.0% acetic acid and 0.05% HCl) was then added to each
ell, and the plates were incubated overnight at 37 ◦C and read (Spectramax 190;
olecular Devices; Sunnyvale, CA, USA) at 570 nm. Absorbance values were trans-

ated to cell number using standard curves consisting of six cell densities assayed in
uadruplicate. The data obtained from the MTT assay and cell counts using a hemo-
ytometer in the presence of trypan blue (Sigma) were found to be highly correlated
r2 = 0.933, data not shown). A standard curve of absorbance at 570 nm vs. HRMEC
umber was then produced.

.3. In vivo methods

.3.1. Oxygen-induced retinopathy (OIR) in the rat
All animal procedures used in this study were approved by the Vanderbilt

niversity Institutional Animal Care and Use Committee and were performed in
ccordance with the ARVO Statement for the Use of Animals in Ophthalmic and
ision Research. Litters of Sprague–Dawley rat pups and their mothers (Charles
iver Laboratories; Wilmington, MA, USA) were transferred within 4 h after birth to
xygen exposure chambers where they were subjected to alternating 24 h periods
f 50% oxygen and 10% oxygen for 14 days. Control rats were raised simultaneously
n room air. On postnatal day (P)14, the oxygen-exposed rats were returned to room
ir.

.3.2. Quantification of retinal prostanoids
On P14, following removal from the oxygen chambers, rats were administered

mfenac (0.05 �g; 40 �M) or vehicle by a single intravitreal injection, according to a
ell-established procedure [11]. One day later, on P15, retinas were harvested and
omogenized. The lipid soluble prostaglandin compounds were extracted with a
ep-Pak C18 column (Waters; Milford, MA, USA) and were nitrogen-evaporated. O-
ethoxyamine derivatives were formed by treatment with 2% methoxyamine-HCl

n water at room temperature for 30 min. Compounds were extracted with ethyl
cetate and subsequently converted to pentaflurobenzyl esters. The compounds
ere chromatographed on TLC plates with ethyl acetate/methanol. The compounds
ere then converted to trimethylsilyl ether derivatives and analyzed by negative ion

hemical ionization mass spectrometry coupled with a gas chromatography system
Agilent Technologies; Palo Alto, CA, USA).

.3.3. Quantification of retinal VEGF levels
On P14, following removal from the oxygen chambers, rats were administered

mfenac (0.05 �g; 40 �M) or vehicle by a single intravitreal injection, according to
well-established procedure [11]. Because there is a peak in retinal VEGF two days
ost-oxygen exposure in this model [95], rats were sacrificed on P16 and retinas
ere harvested and subjected to lysis by homogenization. The total protein concen-

ration of samples was measured by BCA. Retinal VEGF levels were measured with
VEGF colorimetric sandwich ELISA kit (R&D Systems) according to the manufac-

urer’s instructions. The final mass of retinal VEGF was standardized to total retinal
rotein.

.3.4. Quantification of retinal neovascularization (NV)
Using commercially available formulations and drop-tainers, nepafenac (0.03%,

.1%), ketorolac (0.5%), diclofenac (0.1%) or vehicle was dropped directly onto the
ornea two or four times a day, depending upon experiment. Topical dosing was per-
ormed between P14 and P19. A separate group of oxygen-exposed rat pups received

single intravitreal injection of amfenac (0.05 �g; 40 �M), celecoxib (0.075 �g;
0 �M), SC-560 (0.07 �g; 40 �M), or vehicle (0.1% DMSO) at P14, after return to
oom air. Our estimations of vitreous volume indicate that these concentrations of
njected NSAIDs lead to vitreous concentrations that fall within the middle range of
he concentrations used for in vitro assays. Regardless of pharmacologic treatment,
ll oxygen-exposed rats were sacrificed on P20, 6 days following return to room
ir. The eyes were enucleated, and retinas were dissected and placed in 10% neutral
uffered formalin [CMF-PBS (Invitrogen) with 37% formaldehyde solution (Fisher

cientific; Fair Lawn, NJ, USA)] overnight at 4 ◦C. The retinal vasculature was stained
or adenosine diphosphatase (ADPase) activity, according to well-established proce-
ures [63]. Images of ADPase-stained retinas were digitized, captured, and displayed
t 20× magnification. The total retinal area and the retinal area containing vas-
ulature were independently measured. For each retinal image, pre-retinal vessel
ufts were outlined, the pixels within an encircled area were counted, and the total
umber of pixels from all areas were summed and converted to square millimeters.
ulletin 81 (2010) 310–319

2.4. Statistical analysis

Data were analyzed with commercial software (JMP; SAS Institute; Cary, NC,
USA). Analysis of variance (ANOVA) with appropriate post hoc analyses were used
to analyze data.

3. Results

3.1. Intravitreally injected NSAID efficacy in rat OIR

The effect of 0.05 �g amfenac on OIR-induced retinal NV
was compared to two other NSAIDs, 0.075 �g celecoxib (COX-2
inhibitor) and 0.07 �g SC-560 (COX-1 inhibitor). This concentration
of amfenac (40 �M) was empirically chosen using the rat model of
OIR; the concentrations of celecoxib and SC-560 were matched to
this concentration, to standardize treatment. Because amfenac does
not possess the tissue-penetration characteristics of its pro-drug,
nepafenac, and because celecoxib and SC-560 are not topically for-
mulated, they were delivered directly to the target tissue with a
single intravitreal injection. Oxygen-exposed rats received a single
intravitreal injection of amfenac, celecoxib, or SC-560 on P14 and
were sacrificed on P20. Amfenac significantly (p ≤ 0.005) reduced
the mean area of pre-retinal NV, compared to vehicle-treated eyes
(Fig. 1). Celecoxib and SC-560 failed to inhibit OIR-induced retinal
NV at the doses tested.

3.2. Effect of OIR on retinal prostanoids with and without
amfenac

Amfenac effectively inhibited NV in the rat OIR model, in
contrast to celecoxib and SC-560. Thus, we sought to deter-
mine, more specifically, the way(s) in which the bioactive
metabolite of nepafenac, amfenac, inhibited pathological angio-
genesis. The effects of the OIR model and amfenac treatment
on retinal prostanoid levels were surveyed. On P14, oxygen-
exposed rats received a single intravitreal injection of vehicle
or amfenac (0.05 �g; 40 �M). One day later, on P15, the reti-
nas were harvested and retinal prostanoid levels were measured.
Compared to room air control retinas, the retinas of oxygen-
exposed rats demonstrated increased levels of each of the
five prostanoids. Intravitreal amfenac treatment significantly
reduced levels of PGE2, PGF2, TxB2, and 6-keto-PGF (p ≤ 0.001)
Fig. 1. The effect of intravitreally injected amfenac (40 �M), celecoxib, and SC-560
on the severity of OIR in the rat. Amfenac significantly reduced (*p ≤ 0.005) OIR-
induced retinal NV, but neither celecoxib nor SC-560 demonstrated an effect at the
concentrations tested. Each bar represents the mean ± SEM.
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Fig. 2. The effect of OIR and amfenac on retinal prostanoid levels. Compared to room
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Fig. 4. The effect of amfenac, celecoxib, and SC-560 on Müller cell production of
VEGF and PGE2. (A) 1 �M amfenac, celecoxib, and SC-560 had no effect on hypoxia-
ir control retinas, the retinas of OIR rats demonstrated increased levels of each of
he five prostanoids. Intravitreal amfenac treatment (40 �M) significantly reduced
evels of PGE2, PGF2, TxB2, and 6-keto-PGF (*p ≤ 0.001) in OIR rat retinas. Each bar
epresents the mean ± SD.

.3. Effect of amfenac on rat Müller cell VEGF expression

Since amfenac decreased retinal prostanoid levels and reduced
V in oxygen-exposed rats, the effect of amfenac on specific angio-
enic cell behaviors was studied using in vitro methods. In order
o determine whether or not amfenac inhibited hypoxia-induced
EGF production, rat Müller cells were treated with increasing
oses of amfenac (0.1–10 �M), and placed in hypoxia for 24 h.
uantitative RT-PCR analysis of VEGF revealed that amfenac exhib-

ted no effect on hypoxia-induced VEGF mRNA expression in rat
üller cells (Fig. 3).

.4. Effect of NSAIDs on VEGF and PGE2 production in rat Müller
ells

It is important to note that a change in VEGF mRNA does not
lways correlate with a change in VEGF protein [104]. Because
he production, secretion, and turnover of VEGF protein directly
ontribute to the pathology observed in the rat OIR model, we
etermined the effect of amfenac treatment on VEGF protein
n hypoxic rat Müller cells. Rat Müller cells were treated with
�M amfenac, celecoxib, or SC-560 and placed in hypoxia for
4 h. Amfenac, celecoxib, and SC-560 had no significant effect on
ypoxia-induced VEGF production in rat Müller cells (Fig. 4A).
owever, amfenac, celecoxib, and SC-560 treatment profoundly

ig. 3. The effect of amfenac on hypoxia-induced VEGF expression in Müller cells.
uantitative RT-PCR analysis of VEGF revealed that amfenac exhibited no effect
n hypoxia-induced VEGF mRNA expression in rat retinal Müller cells. Each bar
epresents the mean ± SD.
induced VEGF production in rat retinal Müller cells. (B) However, amfenac, celecoxib,
and SC-560 treatment significantly reduced PGE2 levels in these cells (*p ≤ 0.001).
Each bar represents the mean ± SD.

and significantly reduced PGE2 levels in these cells (p ≤ 0.001),
implying that hypoxia-induced VEGF expression in rat Müller
cells is not affected by pharmacologic manipulation of the COX-2
enzyme (Fig. 4B). Since inhibition of COX did not reduce pro-
angiogenic VEGF production in rat Müller cells, it cannot explain
the inhibition of retinal NV by amfenac.

3.5. Effect of amfenac on retinal VEGF production

To complement our in vitro data (Fig. 4A), we returned to the
OIR model in order to determine whether amfenac inhibited retina-
wide, as opposed to Müller cell-derived, VEGF production. Amfenac
(0.05 �g; 40 �M) was administered by a single intravitreal injection
to oxygen-exposed rats upon return to room air. Two days later,
retinas were harvested and retinal VEGF levels were measured.
As expected, oxygen-exposed rats experienced a 4-fold increase in
retinal VEGF compared to room air controls (Fig. 5). However, and
in agreement with our in vitro findings, amfenac treatment demon-
strated no significant effect on retinal VEGF in oxygen-exposed
rats. Although a modest (20%) reduction in mean VEGF level was
observed following amfenac treatment, this result was not statis-

tically significant. Retinal VEGF levels following topical nepafenac
treatment were also assayed to determine whether the natural in
vivo metabolism of amfenac was required in order to achieve a VEGF
response, and again no effect was observed (data not shown).
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Fig. 5. The effect of intravitreally injected amfenac on retinal VEGF production.
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n agreement with the in vitro findings, 40 �M amfenac treatment demonstrated
o significant effect on retinal VEGF levels in OIR rats. Each bar represents the
ean ± SEM.

.6. Effect of amfenac on VEGF-induced HRMEC behaviors

Because nepafenac proved ineffective in preliminary in vitro
ssays, we used its bioactive metabolite, amfenac, to determine

he effect of the drug on angiogenic endothelial cell behaviors. The
ffects of amfenac, celecoxib and SC-560 on VEGF-induced tube for-
ation and proliferation were examined. VEGF-induced (25 ng/ml)
RMEC tube formation (as determined by mean tube length) was

ig. 6. The effect of amfenac, celecoxib, and SC-560 on VEGF-induced HRMEC tube forma
as significantly inhibited by amfenac (*p ≤ 0.001), the COX-2-selective NSAID celecoxib

C-560 (*p ≤ 0.001; ‡p ≤ 0.01). Each bar represents the mean ± SD. (B) A representative im
ube formation in VEGF-stimulated HRMEC treated with 1 �M amfenac. Amfenac-treated
ulletin 81 (2010) 310–319

significantly inhibited by amfenac (p ≤ 0.001), the COX-2-selective
celecoxib (*p ≤ 0.001; †p ≤ 0.006), and, at higher concentrations,
the COX-1 selective SC-560 (*p ≤ 0.001; ‡p ≤ 0.01) (Fig. 6). Amfenac
also lead to a significant reduction (32.5%; 10.00 ± 2.12 in VEGF-
treated HRMEC vs. 6.75 ± 2.45 in 0.01 �M amfenac-treated HRMEC)
in the number of HRMEC branch points in this assay (p ≤ 0.0233;
data not shown). VEGF-induced HRMEC proliferation was signifi-
cantly inhibited by amfenac and celecoxib (p ≤ 0.001, respectively)
in a dose-dependent manner, whereas SC-560 (p ≤ 0.001) was only
inhibitory at the highest concentration tested (Fig. 7). Although
10 �M SC-560 significantly inhibited VEGF-induced HRMEC pro-
liferation, this concentration is known to inhibit both COX-1 and
COX-2, and to exert COX-independent effects. These experiments
suggest that amfenac, likely through COX inhibition, affects dis-
crete aspects of the angiogenic cascade downstream of VEGFR-2
activation.

3.7. Topical nepafenac efficacy in rat OIR

Topical administration of a drug that has the capacity to sub-
stantially reduce retinal NV would be a promising advancement in
the development of therapies for neovascular eye diseases. Thus,
we tested the capacity of topical nepafenac to inhibit retinal NV in
cal nepafenac four times daily (QID) or twice daily (BID) from P14
through P19 and were sacrificed on P20. Nepafenac (0.1%) deliv-
ered QID or BID significantly reduced (p ≤ 0.001) the amount of
pre-retinal NV in an apparent dose-dependent manner (Fig. 8). Like

tion. (A) HRMEC tube formation was induced by 25 ng/ml VEGF, and this induction
(*p ≤ 0.001; †p ≤ 0.006), and, at higher concentrations, the COX-1 selective NSAID
age of tube formation in VEGF-stimulated HRMEC. (C) A representative image of
HRMEC demonstrate reduced tube formation.
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Fig. 7. The effect of amfenac, celecoxib, and SC-560 on VEGF-induced HRMEC prolif-
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ration. VEGF-induced HRMEC proliferation was significantly inhibited by amfenac
nd celecoxib (*p ≤ 0.001) in a dose-dependent manner, and by SC-560 (*p ≤ 0.001)
t the highest concentration tested. The effect of SC-560 at the highest concentration
ay be attributed to lethality. Each bar represents the mean ± SD.

epafenac, ketorolac and diclofenac are labeled for the treatment
f pain and inflammation following cataract surgery. We compared
he effect of topical nepafenac (0.1%, QID) to these commer-
ially available, topically formulated NSAIDs, ketorolac (0.5%, QID)
nd diclofenac (0.1%, QID), on OIR-induced retinal NV. Nepafenac
ignificantly reduced the mean area of pre-retinal NV by 59.3%
p ≤ 0.007), but neither ketorolac nor diclofenac demonstrated an
ffect at the tested doses (Fig. 9).

. Discussion

The goal of this study was two-fold. First, we used three in
itro assays to determine the capacity of amfenac to inhibit dis-
rete aspects of retinal angiogenesis. Using these model systems,
e were better able to determine where in the angiogenic cas-

ade COX isoforms exert their influence. Second, in order to further
nvestigate the therapeutic potential of nepafenac as an angiostatic
gent for human ocular use, we tested the efficacy of nepafenac in
ivo, using the rat model of OIR developed in our laboratory.
In 2005, the FDA approved nepafenac for the treatment of pain
nd inflammation associated with cataract surgery [45,29,42,47]. In
he eye, nepafenac is converted to an active metabolite, amfenac,
hich like nepafenac is a reversible inhibitor of both COX-1 and

ig. 8. The effect of topical nepafenac on the severity of OIR in the rat. 0.1%
epafenac, given QID or BID from P14 to P19, significantly reduced (*p ≤ 0.001)
IR-induced retinal NV. Each bar represents the mean ± SEM.

Fig. 9. The effect of topical nepafenac, ketorolac, and diclofenac on the severity of
OIR in the rat. (A) Drugs were administered topically, QID, from P14-P19. Nepafenac
significantly reduced (*p ≤ 0.007) OIR-induced retinal NV. Ketorolac and diclofenac

failed to demonstrate an effect. Each bar represents the mean ± SEM. (B) A repre-
sentative image of NV in vehicle-treated eyes. (C) A representative image of NV in
nepafenac-treated eyes. As demonstrated by representative ADPase-stained retinal
flat mounts, nepafenac significantly reduced retinal NV.

COX-2, but unlike nepafenac has unique time-dependent inhibitory
properties for both COX-1 and COX-2 (Kulmacz et al., 2007,
EVER E-Abstract e473). Thus, we wanted to determine if, and
more specifically how, amfenac inhibited pathological angiogene-
sis. Amfenac inhibits COX activity and COX-dependent prostanoid
production. The cancer literature has shown that COX-2 and the
prostanoids are involved in the angiogenesis that occurs during
tumor growth [103,24,44,97,27]. Moreover, recent studies have
shown that COX inhibitors, including topical nepafenac, amelio-
rate various experimental pathologies in the posterior segment of
the eye [96,42,88,46,40,84,13,10,89,38]. We tested the hypothe-

sis that amfenac, by virtue of its capacity to inhibit COX activity,
would inhibit pathological angiogenesis. This was done using
three NSAIDs with varying selectivities for COX-1 and COX-2.
Amfenac is a relatively non-selective NSAID, inhibiting both COX-
1 (IC50 = 0.25 �M) and COX-2 (IC50 = 0.15 �M) [29]. Celecoxib is
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ighly COX-2-selective (COX-2 IC50 = 0.06 �M, COX-1 IC50 = 19 �M)
30]. SC-560 is highly COX-1-selective (COX-1 IC50 = 0.009 �M,
OX-2 IC50 = 6.3 �M) [85]. Only amfenac inhibited NV in the rat
IR model (Fig. 1).

It is possible that amfenac demonstrates superior ocular
harmacokinetics and bioavailability, and/or pharmacodynamic
echanisms than do celecoxib and SC-560. Or, amfenac may exert

istinct COX-independent effects that mediate its angiostatic activ-
ty. The non-selective nature of amfenac’s COX inhibition may be
ne possible pharmacodynamic explanation for its superior per-
ormance. The importance of inhibiting both COX isoforms during
schemia-induced retinal NV has been suggested by results from
tudies using COX-1 null and COX-2 null mice [20]. Due to its supe-
ior performance, we wanted to determine, more specifically, the
ay(s) in which amfenac inhibited pathological angiogenesis. We

urveyed the effects of the oxygen exposure model and amfenac
reatment on retinal prostanoid levels in the OIR model (Fig. 2).
ll five of the prostanoids exhibited at least a two-fold increase
pon exposure to the OIR protocol, suggesting a potential role in
he development of retinal NV. The observed increase in retinal
rostanoid production in oxygen-exposed rats could be due to: (1)

ncreased cPLA2 level or activity, which serves to liberate arachi-
onic acid, the substrate that is converted by COX into prostanoids;
2) increased level or activity of COX-2; (3) increased prostanoid
ynthase activity; or (4) some combination of these. Regardless of
he mechanism by which prostanoids were increased, intravitreal
njection of amfenac significantly inhibited the response.

Retinal NV can be studied in vitro by distilling it into two basic
omponents: hypoxia-induced VEGF production by retinal, e.g.
üller, cells and VEGF-induced angiogenic behaviors (proliferation

nd tube formation) in endothelial cells. We tested the capacity of
mfenac to inhibit each of these processes in vitro so that we could
ore clearly define its mechanism of action in vivo. Amfenac had

o effect on hypoxia-induced VEGF expression or production by rat
üller cells (Figs. 3 and 4A). This was confirmed in vivo: amfenac

id not significantly decrease retinal VEGF levels in OIR rats (Fig. 5).
hese data suggest that amfenac likely does not inhibit retinal NV in
he rat model of OIR by reducing hypoxia-induced VEGF production.
n accordance with our findings, Kern et al. reported that topically
pplied nepafenac did not reduce the increased retinal VEGF pro-
uction found in diabetic rats [46]. These results suggest that VEGF

nhibition is unlikely to be a major contribution to amfenac’s anti-
ngiogenic activity. Our results contradict those of Takahashi et al.
ho showed that topical nepafenac reduced retinal VEGF mRNA in
ice exposed to the OIR model [88]. The discrepancy between our

ndings and Takahashi et al.’s findings may be due to: (1) inherent
ifferences between the rat and mouse models of OIR; (2) inherent
ifferences between the two species; or (3) the fact that Takahashi
t al. looked at VEGF mRNA, whereas we looked at protein. It is
mportant to note that a change in VEGF mRNA does not always cor-
elate with a change in VEGF protein [104]. Because the production,
ecretion, and turnover of VEGF protein directly contributes to the
athology observed in the rat OIR model, we chose this endpoint.
oint number two brings up an important distinction, because it
alls into question the universal capacity of NSAIDs to affect VEGF
roduction.

Since amfenac, a potent COX inhibitor, had no effect on VEGF
roduction in vitro or in vivo, it is unlikely that pharmacologic
anipulation of COX-2 affects this process. We tested this hypothe-

is using three different NSAIDs with varying selectivities for COX-1
nd COX-2. The NSAID concentrations used in vitro were chosen

ecause they fall within the range that allows us to distinguish
etween COX-1 and COX-2 effects. Amfenac, celecoxib, and SC-560
ignificantly inhibited Müller cell PGE2 production (Fig. 4B), indi-
ating that they did, in fact, inhibit COX activity in our cultures.
owever, the drugs had no effect on hypoxia-induced VEGF pro-
ulletin 81 (2010) 310–319

duction. This demonstrates that hypoxia-induced VEGF production
by Müller cells is not diminished by pharmacological inhibition of
the COX-2 enzyme, and that the inhibition of pro-angiogenic VEGF
production by Müller cells does not appear to be the mechanism
by which amfenac inhibits retinal NV. It is possible that COX-
dependent prostanoid production may influence VEGF production
by other retinal cell types [as Amrite et al. have shown in retinal pig-
ment epithelial (RPE) cells] [8], although our in vivo studies suggest
that this is not the case in the rat model of OIR (Fig. 5). There-
fore, COX inhibition by NSAIDs likely influences hypoxia-induced
angiogenic cell behavior and OIR by a bioactivity unrelated to VEGF
induction.

Although we chose to focus on VEGF, it is possible that COX-
dependent prostanoid production influences the production of
angiogenic factors other than VEGF. Cheng et al. demonstrated
that PGE2 induces bFGF expression in cultured rat Müller cells
[18]. Others have demonstrated that a different prostanoid, PGF2,
induces bFGF expression in rat osteoblasts and endometrial adeno-
carcinoma explants [77,79]. These and other studies demonstrate
that there are other angiogenic factors whose production may be
prostanoid-dependent, and thus inhibited by amfenac treatment.
We did not assess amfenac’s effect on these proteins [namely bFGF,
the VEGF receptors, erythropoietin (EPO), adenosine, or insulin-
like growth factor (IGF)]. Instead, we chose to look at the effect
of amfenac on VEGF-stimulated angiogenic endothelial events
because: (1) despite the presence and potential involvement of
other, prostanoid-dependent angiogenic factors in the retina, none
have been demonstrated to be both necessary and sufficient for
the development of retinal NV, as VEGF has; (2) we see increases in
VEGF in our model of OIR, but do not see increases in bFGF [71]; and
(3) HRMEC are exposed and respond to VEGF in human ROP, mak-
ing it an appropriate means by which to stimulate and manipulate
(with amfenac) angiogenic endothelial cell behaviors in vitro.

Next, we sought to determine whether the effect of amfenac
on retinal NV was being mediated through the inhibition of VEGF-
induced angiogenic behaviors in endothelial cells. VEGF binds and
activates high affinity VEGF receptors on retinal endothelial cells
[90]. Binding of VEGF to VEGFR-2 induces receptor dimerization
and tyrosine autophosphorylation, activating complex and incom-
pletely defined signaling cascades [90]. These signal transduction
pathways ultimately lead to the induction of various endothe-
lial behaviors necessary for angiogenesis, including proliferation,
migration, survival, and the production of nitric oxide that leads to
increased permeability. We tested the effect of amfenac, celecoxib,
and SC-560 on two of these VEGF-induced behaviors: tube forma-
tion and proliferation. Amfenac and celecoxib dose-dependently
inhibited both VEGF-induced behaviors. These findings confirm
those of Wu et al. who reported that HUVEC demonstrated reduced
VEGF-induced proliferation and tube formation when they were
treated with NS-398 (a COX-2-selective inhibitor) or with siRNA
directed against COX-2 [98]. In our studies, the COX-1 inhibitor
SC-560 was only mildly effective against tube formation alone
(Figs. 6 and 7). Notably, 10 �M SC-560 significantly inhibited
VEGF-induced HRMEC proliferation. This concentration of SC-560
inhibits COX-2 (in addition to inhibiting the COX-1 target enzyme)
and exerts COX-independent effects on HRMEC proliferation, sug-
gesting an explanation for its dramatic effect. Notably, amfenac
inhibited two measures of tube formation, mean tube length and
the number of HRMEC branch points (Fig. 6). The effect of COX-
2 inhibition on endothelial cell branching has been documented
in the literature, and was confirmed by our study [98]. Amfenac,

likely through inhibition of COX-2, affects discrete aspects of the
angiogenic cascade downstream of VEGFR-2 activation. It is known
that VEGF-stimulated endothelial cells produce PGs [6]. It is also
known that PGs stimulate proliferation and tube formation, there-
fore demonstrating angiogenic effects [55,56]. Our data suggests
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hat the capacity of nepafenac to inhibit proliferation and tube for-
ation is dependent on its capacity to inhibit pro-angiogenic PG

roduction by COX-2. This in vitro data suggests that nepafenac’s
echanism of action in ROP is dependent on its capacity to inhibit

ndothelial cell bioactivities like proliferation and tube formation,
wo behaviors that are central to the development of pathological
cular NV in ROP.

Safe and effective anti-angiogenic therapies that can be deliv-
red noninvasively remain an unmet need in ophthalmology.
ucentis®, an anti-VEGF antibody fragment (Fab) delivered via
ntravitreal injection, is the current standard-of-care for neovas-
ular age-related macular degeneration (AMD). During multiple
egistration studies, intravitreal injections of Lucentis® stabilized
ision in over 90% of patients, and improved vision in up to 40% of
atients. However, repeated intravitreal injections were necessary
or the majority of patients to maintain this level of benefit
14,76,41,72,28]. Intravitreal injections require an office visit, are
ften expensive, can be physically uncomfortable, and they expose
he patient to a number of potential vision-threatening compli-
ations such as intraocular infection. Topical administration of a
rug that has the capacity to substantially reduce retinal NV would
e a promising advancement in the development of therapies
or neovascular eye diseases. Nepafenac, topically applied to the
ornea two or four times daily, significantly inhibited the develop-
ent of retinal NV in the rat model of OIR (Fig. 8). This finding is

onsistent with those of Takahashi et al. who reported that topical
epafenac inhibited ischemia-induced retinal NV in mice [88].
e hypothesized that the anti-angiogenic effect of nepafenac was

ue to its capacity to inhibit COX and pro-angiogenic prostanoid
roduction. However, it was unexpected that nepafenac proved to
e unique in its capacity to significantly inhibit oxygen-induced
etinal NV; ketorolac and diclofenac demonstrated no significant
ffect (Fig. 9). This observation cannot be explained by the COX-2
electivities of the three compounds, because their respective
OX-2 IC50s are within the same range: amfenac = 0.15 �M,
etorolac = 0.086 �M, and diclofenac = 0.038 �M [29,94]. A more
lausible explanation is that topical nepafenac likely has superior
ioavailability to the posterior segment. In early pre-clinical trials,
epafenac exhibited superior corneal penetration and suppressed
rostanoid production by the iris/cilliary body and retina/choroid
ore efficiently and for a longer duration than did diclofenac

45,29]. In rabbits, topical administration of 0.1% nepafenac lead
o nanomolar concentrations of amfenac in both anterior and
osterior segment tissues, were above the COX-2 IC50, indicat-

ng sufficient penetration for inhibitory activity [105]. Topical
dministration of nepafenac provided highest concentrations in
he sclera > choroid > retina > vitreous. Pharmacologically relevant
oncentrations in the posterior segment were achieved through
scleral/choroidal distribution. Together, these data suggest that
rostanoid synthesis is an important aspect of oxygen-induced reti-
al NV and that nepafenac’s inhibitory effect on retinal NV is due, at

east in part, to its capacity to efficiently penetrate the cornea/sclera
nd inhibit COX-dependent prostanoid synthesis in the
etina.

The findings that HRMEC treated with amfenac and celecoxib
emonstrate reduced VEGF-induced tube formation and prolifera-
ion suggest that there are COX-2-dependent mechanisms through
hich amfenac inhibits oxygen-induced retinal NV. Amfenac and

elecoxib may also inhibit VEGF-induced angiogenic cell behaviors
hrough COX-2-independent mechanisms. For example, Amrite et
l. reported that choroidal endothelial cells treated with celecoxib

emonstrated reduced proliferation, but that the anti-proliferative
ffect of celecoxib was independent of its COX-2-inhibitory action
7]. Nepafenac appears to be a rational therapeutic strategy for the
on-invasive treatment of oxygen-induced retinopathies and other
eovascular diseases of the eye, and it appears that nepafenac’s
ulletin 81 (2010) 310–319 317

mechanism of action is dependent on its capacity to inhibit
endothelial cell bioactivities like proliferation and tube formation,
two behaviors that are central to the development of pathological
ocular NV.

Evidence suggests that oxidative compounds play a role in
ROP and other angiogenic diseases of the retina [43,60,64,46].
The retina is particularly susceptible to oxidative damage because
it has a high rate of oxygen consumption [75]. Furthermore,
premature infants have an incompletely developed antioxidant
system, leading to a reduced ability to scavenge reactive oxida-
tive species (ROS) [9]. This may increase their vulnerability to
the effects of damaging oxidative species. These findings have
led to a large body of basic and clinical research focused on
understanding the effect of antioxidant supplementation in ROP.
A meta-analysis of clinical studies that tested the effect of vitamin
E supplementation on the incidence and severity of ROP devel-
opment demonstrated that vitamin E supplementation led to a
52% reduction in the development of stage 3 ROP (character-
ized by NV) [70]. Vitamin E, superoxide dismutase, and apocynin
(an NADPH oxidase inhibitor) have all been shown to prevent
the development of pathological features that present in the rat
model of ROP [65,91,87,62]. More recently, Kern et al. have shown
that nepafenac demonstrates anti-oxidant activity [46]. Nepafenac
inhibited diabetes-induced production of superoxide anion (a ROS)
in rat retinas. It is known that ROS activates cytosolic phospho-
lipase A2 (cPLA2) and COX-2, which can lead to the production
of potentially pro-angiogenic PGs [57,78]. cPLA2 is the enzyme
responsible for liberating arachidonic acid, a COX substrate, [12].
These may be additional mechanisms of nepafenac’s action: it may
prevent the ROS-dependent activation of cPLA2 and/or COX-2 and
the resultant PG-induced angiogenic cell behaviors. Although we
did not assess nepafenac’s anti-oxidant capacity in our model of
ROP, it is feasible that a portion of nepafenac’s mechanism of
action may have been related to its capacity to scavenge damaging
ROS.

Various stimuli, including COX-derived PGs, stimulate endothe-
lial nitric oxide synthase (eNOS) [25]. Stimulation of eNOS leads to
the production of nitric oxide (NO), a potent signaling molecule. NO
plays a role in maintaining blood flow and vascular tone. Increased
NO production leads to vasodilation, which can be particularly
harmful to the retinas of premature infants on oxygen therapy.
In adults, retinal blood flow and choroidal blood flow are tightly
regulated; when an adult retina is exposed to hyperoxia, retinal
and choroidal blood vessels constrict, limiting excessive oxygen
delivery to the retina. This vascular regulation is lacking in infants.
Failure of the vasculature to constrict in response to high oxygen,
coupled with the vaso-dilatory effect of high NO, means that the
infant is particularly sensitive to the deleterious consequences of
hyper-oxygenation. This inability to limit oxygen delivery may con-
tribute to the infant’s susceptibility to hyperoxia-induced ROP [36].
These findings suggest that inhibiting COX-derived PG production
will inhibit deleterious NO production, providing protection against
hyperoxia-induced retinopathy. We have shown that amfenac
inhibits PG production in vitro and in vivo (Figs. 2 and 4). Although
we did not assess nepafenac’s capacity to inhibit NO production in
our model of ROP, it is possible that a portion of nepafenac’s mech-
anism of action may have been related to its capacity to prevent
PG-mediated NO production and vasodilation. Notably, NO inhibi-
tion may also be detrimental to premature infants on supplemental
oxygen therapy. eNOS and NO are required for the development of
normal lung vasculature. MacRitchie et al. have shown that there is

reduced eNOS in the pulmonary circulation and respiratory tract
of preterm lambs on oxygen therapy and suggest that reduced
eNOS may play a role in the development of chronic lung disease in
the lambs [52]. Furthermore, eNOS deficient mice exhibit defective
lung vascular development and respiratory distress [33]. Therefore,
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f it is found that nepafenac inhibits NO production and has a ben-
ficial effect on the ocular vasculature in models of ROP, it’s effect
n the pulmonary vasculature will need to be carefully assessed in
linical trials.

Pharmacologic inhibition of COX-2 did not have a major effect
n hypoxia-induced VEGF production in our models. Despite phar-
acologic inhibition, residual COX activity may have remained,
hich could continue to produce pro-angiogenic prostanoids with

he capacity to affect VEGF production [18,59]. Alternatively, Lukiw
t al. reported that hypoxia-induced VEGF production was directly
egulated by HIF-1, and only indirectly regulated through NF-�B-
ediated COX-2 in choroidal endothelial cells [51]. This suggests

hat HIF-1-dependent VEGF production may have the capacity to
verpower the effect of COX-2-inhibition, and could explain the
esults of our Müller cell studies. In order to more clearly define
he role of COX-2 in this process, it is necessary to assess VEGF
roduction in COX-2 knock-out animals and the cells derived from
hese animals. These studies are on going.

eferences

[1] D. Abran, I. Dumont, P. Hardy, et al., Characterization and regulation of
prostaglandin E2 receptor and receptor-coupled functions in the choroidal
vasculature of the pig during development, Circ. Res. 80 (1997) 463–472.

[2] D. Abran, D.R. Varma, S. Chemtob, Regulation of prostanoid vasomotor effects
and receptors in choroidal vessels of newborn pigs, Am. J. Physiol. 272 (1997)
R995–R1001.

[3] D. Abran, D.R. Varma, D.-Y. Li, et al., Reduced responses of retinal vessels of
the newborn pig to prostaglandins but not to thromboxane, Can. J. Physiol.
Pharmacol. 72 (1994) 168–173.

[4] L.P. Aiello, J.M. Northrup, B.A. Keyt, et al., Hypoxic regulation of vascular
endothelial growth factor in retinal cells, Arch. Ophthalomol. 113 (1995)
1538–1544.

[5] L.P. Aiello, E.A. Pierce, E.D. Foley, et al., Suppression of retinal neovasculariza-
tion in vivo by inhibition of vascular endothelial growth factor (VEGF) using
soluble VEGF-receptor chimeric proteins, Proc. Natl. Acad. Sci. U.S.A. 92 (1995)
10457–10461.

[6] P.C. Akarasereenont, K. Techatraisak, Thaworn, et al., The expression of COX-2
in VEGF-treated endothelial cells is mediated through protein tyrosine kinase,
Mediators Inflamm. 11 (2002) 17–22.

[7] A.C. Amrite, S.P. Ayalasomayajula, N.P.S. Cheruvu, et al., Single periocular
injection of celecoxib-PLGA microparticles inhibits diabetes-induced eleva-
tions in retinal PGE2, VEGF, and vascular leakage, Invest. Ophthalmol. Vis. Sci.
47 (2006) 1149–1160.

[8] A.C. Amrite, U.B. Kompella, Celecoxib inhibits proliferation of retinal pigment
epithelial cells and choroid-retinal endothelial cells by a cyclooxygenase-2-
independent mechanism, J. Pharmacol. Exp. Ther. 324 (2008) 749–758.

[9] T.M. Asikainen, P. Heikkila, R. Kaarteenaho-Wiik, et al., Cell-specific expres-
sion of manganese superoxide dismutase protein in the lungs of patients with
respiratory distress syndrome, chronic lung disease, or persistent pulmonary
hypertension, Pediatr. Pulmonol. 32 (2001) 193–200.

[10] S.P. Ayalasomayajula, U.B. Kompella, Subconjunctivally administered
celecoxib-PLGA microparticles sustain retinal drug levels and alleviate
diabetes-induced oxidative stress in a rat model, Eur. J. Pharm. 511 (2005)
191–198.

[11] J.M. Barnett, G.W. McCollum, J.A. Fowler, et al., Pharmacologic and genetic
manipulation of MMP-2 and -9 affects retinal neovascularization in rodent
models of OIR, Invest. Ophthalmol. Vis. Sci. 28 (2007) 907–915.

[12] J.M. Barnett, G. McCollum, J.S. Penn, The role of cytosolic phospholipase A2 in
retinal neovascularization, Invest. Ophthalmol. Vis. Sci. (2009) (Epub ahead
of print).

[13] B.A. Berkowitz, R. Roberts, H. Luan, et al., Drug intervention can correct sub-
normal retinal oxygenation response in experimental diabetic retinopathy,
Invest. Ophthalmol. Vis. Sci. 46 (2005) 2954–2960.

[14] D.M. Brown, P.K. Kaiser, M. Michels, et al., Ranibizumab versus verteporfin
for neovascular age-related macular degeneration, N. Engl. J. Med. 355 (2006)
1432–1444.

[15] J.O. Burnette, R.E. White, PGI2 opens potassium channels in retinal pericytes
by cyclic AMP-stimulated, cross-activation of PKG, Exp. Eye Res. 83 (2006)
1359–1365.

[16] R. Casey, W.W. Li, Factors controlling ocular angiogenesis, Am. J. Ophthalmol.
124 (1997) 521–529.

[17] S. Chemtob, K. Beharry, J. Rex, et al., Ibuprofen enhances retinal and choroidal
blood flow autoregulation in newborn piglets, Invest. Ophthalmol. Vis. Sci. 32

(1991) 1799–1807.

[18] T. Cheng, W. Cao, R. Wen, et al., Prostaglandin E2 induces vascular endothelial
growth factor and basic fibroblast growth factor mRNA expression in cultured
rat Muller cells, Invest. Ophthalmol. Vis. Sci. 39 (3) (1998) 581–591.

[19] V. Chiarugi, L. Magnelli, O. Gallo, Cox-2, iNOS and p53 as play-makers of tumor
angiogenesis, Int. J. Mol. Med. 2 (1998) 715–719.
ulletin 81 (2010) 310–319

[20] L.M. Cryan, G.P. Pidgeon, D.J. Fitzgerald, et al., COX-2 protects against throm-
bosis of the retinal vasculature in a mouse model of proliferative retinopathy,
Mol. Vis. 12 (2006) 405–414.

[21] P.A. D’Amore, Mechanisms of retinal and choroidal angiogenesis, Invest. Oph-
thalmol. Vis. Sci. 35 (1994) 3974–3979.

[22] T. Daikoku, D. Wang, S. Tranguch, et al., Cyclooxygenase-1 is a potential tar-
get for prevention and treatment of ovarian epithelial cancer, Cancer Res. 65
(2005) 3735–3744.

[23] T.O. Daniel, et al., Thromboxane A2 is a mediator of cyclooxygenase-2-
dependent endothelial cell migration and angiogenesis, Cancer Res. 59 (1999)
4574–4577.

[24] L. Diaz-Flores, R. Gutierrez, H. Varela, Angiogenesis: an update, Histol.
Histopathol. 9 (4) (1994) 807–843.

[25] I. Dumont, P. Hardy, K.G. Peri, et al., Regulation of endothelial nitric oxide syn-
thase by PGD(2) in the developing choroid, Am. J. Physiol. Heart Circ. Physiol.
278 (2000) H60-66.

[26] R.W. Flower, D.S. McLeod, S.D. Wajer, et al., Prostaglandins as mediators of
vasotonia in the immature retina, Pediatrics 73 (1984) 440–444.

[27] D.M. Form, R. Auerbach, PGE2 and angiogenesis, Proc. Soc. Exp. Biol. Med. 172
(1983) 214–218.

[28] A.E. Fung, G.A. Lalwani, P.J. Rosenfeld, et al., An optical coherence tomography-
guided, variable dosing regimen with intravitreal ranibizumab (Lucentis) for
neovascular age-related macular degeneration, Am. J. Ophthalmol. 143 (2007)
566–583.

[29] D.A. Gamache, G. Graff, M.T. Brady, et al., Nepafenac, a unique nonsteroidal
prodrug with potential utility in the treatment of trauma-induced ocular
inflammation. I. Assessment of anti-inflammatory efficacy, Inflammation 24
(4) (2000) 357–370.

[30] J.K. Gierse, C.M. Koboldt, M.C. Walker, et al., Kinetic basis for selective inhibi-
tion of cylco-oxygenases, Biochem. J. 339 (1999) 607–614.

[31] P.M. Gullino, Prostaglandins and gangliosides of tumor microenvironment:
their role in angiogenesis, Acta Oncol. 34 (1995) 439–441.

[32] R.A. Gupta, L.V. Tejada, B.J. Tong, et al., Cyclooxygenase-1 is overexpressed
and promotes angiogenic growth factor production in ovarian cancer, Cancer
Res. 63 (2003) 906–911.

[33] R.N. Han, S. Babaei, M. Robb, et al., Defective lung vascular development and
fatal respiratory distress in endothelial NO synthase-deficient mice: a model
of alveolar capillary dysplasia? Circ Res. 94 (2004) 1115–1123.

[34] P. Hardy, D. Abran, D.Y. Li, et al., Free radicals in retinal and choroidal blood
flow autoregulation in the piglet: interaction with prostaglandins, Invest.
Ophthalmol. Vis. Sci. 35 (1994) 580–591.

[35] P. Hardy, M. Bhatthacharya, D. Abran, et al., Increases in retinovascular
prostaglandin receptor functions by cyclooxygenase-1 and -2 inhibition,
Invest. Ophthalmol. Vis. Sci. 39 (1998) 1888–1898.

[36] P. Hardy, I. Dumont, M. Bhattacharya, et al., Oxidants, nitric oxide and
prostanoids in the developing ocular vasculature: a basis for ischemic
retinopathy, Cardiovasc. Res. 47 (2000) 489–509.

[37] P. Hardy, K.G. Peri, I. Lahaie, et al., Increased nitric oxide synthesis and action
preclude choroidal vasoconstriciton to hyperoxia in newborn pigs, Circ. Res.
79 (1996) 504–511.

[38] S.M. Hariprasad, D. Callanan, S. Gainey, et al., Cystoid and diabetic macu-
lar edema treated with nepafenac 0.1%, J. Ocul. Pharmacol. Ther. 23 (2007)
585–589.

[39] D. Hicks, Y. Curtois, The growth and behaviour of rat retinal Müller cells in
vitro. 1. An improved method for isolation and culture, Exp. Eye Res. 51 (1990)
119–129.

[40] A.M. Joussen, V. Poulaki, W. Qin, et al., Nonsteroidal anti-inflammatory drugs
prevent early diabetic retinopathy via TNF-alpha suppression, FASEB J. 16
(2002) 438–440.

[41] P.K. Kaiser, B.A. Blodi, H. Shapiro, et al., Angiographic and optical coherence
tomographic results of the MARINA study of ranibizumab in neovascular age-
related macular degeneration, Ophthalmology 114 (2007) 1868–1875.

[42] M.A. Kapin, J.M. Yanni, M.T. Brady, et al., Inflammation-mediated retinal
edema in the rabbit is inhibited by topical nepafenac, Inflammation 27 (5)
(2003) 281–291.

[43] M.L. Katz, W.G. Robison Jr., Autoxidative damage to the retina: potential role
in retinopathy of prematurity, Birth Defects Orig. Artic. Ser. 24 (1988) 237–
248.

[44] T. Kawamori, C.V. Rao, K. Seibert, B.S. Reddy, Chemopreventive activity of
celecoxib, a specific cyclooxygenase-2 inhibitor, against colon carcinogenesis,
Cancer Res. 58 (1998) 409–412.

[45] T.-L. Ke, G. Graff, J.M. Spellman, et al., Nepafenac, a unique nonsteroidal
prodrug with potential utility in the treatment of trauma-induced ocular
inflammation. II. In vitro bioactivation and permeation of ocular barriers,
Inflammation 24 (4) (2000) 371–384.

[46] T.S. Kern, C.M. Miller, Y. Du, Topical administration of nepafenac inhibits
diabetes-induced retinal microvascular disease and underlying abnormalities
of retinal metabolism and physiology, Diabetes 56 (2007) 373–379.

[47] S.S. Lane, S.S. Modi, R.P. Lehmann, et al., Nepafenac ophthalmic suspension
0.1% for the prevention and treatment of ocular inflammation associated with

cataract surgery, J. Cataract Refract. Surg. 33 (1) (2007) 53–58.

[48] K.M. Leahy, R.L. Ornberg, Y. Wang, Cyclooxygenase-2 inhibition by celecoxib
reduces proliferation and induces apoptosis in angiogenic endothelial cells in
vivo, Cancer Res. 62 (3) (2002) 625–631.

[49] P. Lee, C.C. Wang, A.P. Adamis, Ocular neovascularization: an epidemiologic
review, Surv. Opthalmol. 43 (3) (1998) 245–269.



arch B
S.E. Yanni et al. / Brain Rese

[50] W. Li, R.J. Xu, Z.Y. Lin, et al., Effects of a cyclooxygenase-1-selective inhibitor
in a mouse model of ovarian cancer, administered alone or in combination
with ibuprofen, a nonselective cyclooxygenase inhibitor, Med. Oncol. (2008)
(Epub ahead of print).

[51] W.J. Lukiw, A. Ottlecz, G. Lambrou, et al., Coordinate activation of HIF-1 and
NF-kappaB DNA binding and COX-2 and VEGF expression in retinal cells by
hypoxia, Invest. Ophthalmol. Vis. Sci. 44 (2003) 4163–4170.

[52] A.N. MacRitchie, K.H. Albertine, J. Sun, et al., Reduced endothelial nitric oxide
synthase in lungs of chronically ventilated preterm lambs, Am. J. Physiol. Lung
Cell. Mol. Physiol. 281 (2001) L1011–1020.

[53] J.L. Masferrer, K.M. Leahy, A.T. Koki, Antiangiogenic and antitumor activities
of cyclooxygenase-2 inhibitors, Cancer Res. 60 (5) (2000) 1306–1311.

[54] T. Matsumoto, L. Claesson-Welsh, VEGF receptor signal transduction, Sci. STKE
112 (2001) RE21.

[55] J.F. Murphy, D.J. Fitzgerald, Vascular endothelial cell growth factor (VEGF)
induces cyclooxygenase (COX)-dependent proliferation of endothelial cells
(EC) via the VEGF-2 receptor, FASEB J. 15 (2001) 1667–1669.

[56] D. Nie, M. Lamberti, A. Zacharek, et al., Thromboxane A2 regulation of endothe-
lial cell migration, angiogenesis, and tumor metastasis, Biochem. Biophys. Res.
Commun. 267 (2000) 245–251.

[57] M.R. Niesman, K.A. Johnson, J.S. Penn, Therapeutic effect of liposomal superox-
ide dismutase in an animal model of retinopathy of prematurity, Neurochem.
Res. 22 (1997) 597–605.

[58] N. Ortéga, H. Hutchings, J. Plouët, Signal relays in the VEGF system, Front.
Biosci. 4 (1999) 141–152.

[59] R. Pai, I.L. Szabo, B.A. Soreghan, PGE2 stimulates VEGF expression in endothe-
lial cells via ERK2/JNK1 signaling pathways, Biochem. Biophys. Res. Commun.
286 (5) (2001) 923–928.

[60] J.S. Penn, Oxygen-induced retinopathy in the rat: possible contribution of
peroxidation reactions, Doc. Ophthalmol. 74 (1990) 179–186.

[61] J.S. Penn, M.M. Henry, B.L. Tolman, Exposure to alternating hypoxia and hyper-
oxia causes severe proliferative retinopathy in the newborn rat, Pediatr. Res.
26 (6) (1994) 724–731.

[62] J.S. Penn, B.L. Tolman, L.E. Bullard, Effect of a water-soluble vitamin E analog,
trolox C, on retinal vascular development in an animal model of retinopathy
of prematurity, Free Radic. Biol. Med. 22 (1997) 977–984.

[63] J.S. Penn, B.L. Tolman, M.M. Henry, Oxygen-induced retinopathy in the rat:
relationship of retinal nonperfusion to subsequent neovascularization, Invest.
Ophthalmol. Vis. Sci. 35 (1994) 3429–3435.

[64] J.S. Penn, B.L. Tolman, L.A. Lowery, Variable oxygen exposure causes preretinal
neovascularization in the newborn rat, Invest. Ophthalmol. Vis. Sci. 34 (1993)
576–585.

[65] J.S. Penn, L.A. Thum, M.I. Naash, Oxygen-induced retinopathy in the rat. Vita-
mins C and E as potential therapies, Invest. Ophthalmol. Vis. Sci. 33 (1992)
1836–1845.

[66] E.A. Pierce, R.L. Avery, E.D. Foley, et al., Vascular endothelial growth fac-
tor/vascular permeability factor expression in a mouse model of retinal
neovascularization, Proc. Natl. Acad. Sci. U.S.A. 92 (1995) 5510–5514.

[67] P. Pradono, R. Tazawa, M. Maemondo, et al., Gene transfer of thromboxane A2

synthase and prostaglandin I2 synthase antithetically altered tumor angio-
genesis and tumor growth, Cancer Res. 62 (2002) 63–66.

[68] C. Quiniou, F. Sennlaub, M.H. Beauchamp, et al., Dominant role for calpain in
thromboxane-induced neuromicrovascular endothelial cytotoxicity, J. Phar-
macol. Exp. Ther. 316 (2006) 618–627.

[69] B. Rahmani, J.M. Tielsch, J. Kat, et al., The cause-specific prevalence of visual
impairment in an urban population. The Baltimore eye survey, Ophthalmol-
ogy 103 (1996) 1721–1726.

[70] T.N. Raju, P. Langenberg, V. Bhutani, et al., Vitamin E prophylaxis to reduce
retinopathy of prematurity: a reappraisal of published trials, J. Pediatr. 131
(1997) 844–850.

[71] Recchia FM, Xu L, Penn JS, et al. Identification of genes and pathways involved
in retinal neovascularization by microarray analysis of two animal models of
retinal angiogenesis. Invest. Ophthalmol. Vis. Sci.; 2009 October 15. [Epub
ahead of print].

[72] C.D. Regillo, D.M. Brown, P. Abraham, et al., Randomized, double-masked,
sham-controlled trial of ranibizumab for neovascular age-related macular
degeneration: PIER Study year 1, Am. J. Ophthalmol. 145 (2008) 239–248.

[73] S.G. Robbins, J.R. Conaway, B.L. Ford, et al., Detection of VEGF protein in vascu-
lar and non-vascular cells of the normal and oxygen-injured rat retina, Growth
Factors 14 (1997) 229–241.

[74] S.G. Robbins, V.S. Rajaratnam, J.S. Penn, Evidence for upregulation and redis-
tribution of VEGF receptors flt-1 and flk-1 in the oxygen-injured rat retina,
Growth Factors 16 (1998) 1–9.

[75] R.W. Rodieck, The Vertebrate Retina: Principles of Structure and Function, San

Francisco, WH Freeman, 1973, p. 159.

[76] P.J. Rosenfeld, D.M. Brown, J.S. Heier, et al., Ranibizumab for neovascular age-
related macular degeneration, N. Engl. J. Med. 355 (2006) 1419–1431.

[77] M.G. Sabbieti, L. Marchetti, M.G. Gabrielli, et al., Prostaglandins differently
regulate FGF-2 and FGF receptor expression and induce nuclear translocation
in osteoblasts via MAPK kinase, Cell Tissue Res. 319 (2005) 267–278.
ulletin 81 (2010) 310–319 319

[78] Y. Saito, P. Geisen, A. Uppal, et al., Inhibition of NAD(P)H oxidase reduces apop-
tosis and avascular retina in an animal model of retinopathy of prematurity,
Mol. Vis. 13 (2007) 840–853.

[79] K.J. Sales, S.C. Boddy, A.R. Williams, et al., F-prostanoid receptor regulation
of fibroblast growth factor 2 signaling in endometrial adenocarcinoma cells,
Endocrinology 148 (2007) 3635–3644.

[80] K.J. Sales, A.A. Katz, B. Howard, et al., Cyclooxygenase-1 is up-regulated
in cervical carcinomas: autocrine/paracrine regulation of cyclooxygenase-
2, prostaglandin e receptors, and angiogenic factors by cyclooxygenase-1,
Cancer Res. 62 (2002) 424–432.

[81] H. Sano, T. Noguchi, A. Miyajima, et al., Anti-angiogenic activity of basic-
type, selective cyclooxygenase (COX)-1 inhibitors, Bioorg. Med. Chem. Lett.
16 (2006) 3068–3072.

[82] S. Satarug, R. Wisedpanichkij, K. Takeda, et al., Prostaglandin D2 induces heme
oxygenase-1 mRNA expression through the DP2 receptor, Biochem. Biophys.
Res. Commun. 377 (2008) 878–883.

[83] H. Sawaoka, S. Tsuji, M. Tsuji, et al., Cyclooxygenase inhibitors suppress
angiogenesis and reduce tumor growth in vivo, Lab Invest. 79 (12) (1999)
1469–1477.

[84] F. Sennlaub, F. Valamanesh, A. Vazquez-Tello, et al., Cyclooxygenase-2 in
human and experimental ischemic proliferative retinopathy, Circulation 108
(2003) 198–204.

[85] C.J. Smith, Y. Zhang, C.M. Koboldt, et al., Pharmacological analysis of
cyclooxygenase-1 in inflammation, Proc. Natl. Acad. Sci. U.S.A. 95 (1998)
13313–13318.

[86] P.G. Steinkuller, L. Du, C. Gilbert, et al., Childhood blindness, J. AAPOS 3 (1999)
26–32.

[87] Y. Sun, J. Chen, B. Rigas, Chemopreventive agents induce oxidative stress in
cancer cells leading to COX-2 overexpression and COX-2-independent cell
death, Carcinogenesis 30 (2009) 93–100.

[88] K. Takahashi, Y. Saishin, Y. Saishin, et al., Topical nepafenac inhibits ocu-
lar neovascularization, Invest. Ophthalmol. Vis. Sci. 44 (1) (2003) 409–
415.

[89] H. Takahashi, Y. Yanagi, Y. Tamaki, et al., COX-2-selective inhibitor, etodolac,
suppresses choroidal neovascularization in a mice model, Biochem. Biophys.
Res. Commun. 325 (2004) 461–466.

[90] H. Thieme, L.P. Aiello, H. Takagi, et al., Comparative analysis of vascular
endothelial growth factor receptors on retinal and aortic vascular endothelial
cells, Diabetes 44 (1995) 98–103.

[91] G.S. van Rossum, G.P. Drummen, A.J. Verkleij, et al., Activation of cytoso-
lic phospholipase A2 in Her14 fibroblasts by hydrogen peroxide: a
p42/44(MAPK)-dependent and phosphorylation-independent mechanism, J.
Biochim. Biophys. Acta 1636 (2004) 183–195.

[92] B.H. von Rahden, H.J. Stein, F. Pühringer, et al., Coexpression of cyclooxy-
genases (COX-1, COX-2) and vascular endothelial growth factors (VEGF-A,
VEGF-C) in esophageal adenocarcinoma, Cancer Res. 65 (2005) 5038–
5044.

[93] T. Walters, M. Raizman, P. Ernest, et al., In vivo pharmacokinetics and in
vitro pharmacodynamics of nepafenac, amfenac, ketorolac, and bromfenac,
J. Cataract Refract. Surg. 33 (2007) 1539–1545.

[94] T.D. Warner, F. Giuliano, I. Vojnovic, A. Bukasa, J.A. Mitchell, J.R. Vane, Nons-
teroid drug selectivities for cyclo-oxygenase-1 rather than cyclo-oxygenase-2
are associated with human gastrointestinal toxicity: a full in vitro analysis,
PNAS 96 (1999) 7563–7568.

[95] X.Q. Werdich, G.W. McCollum, V.S. Rajaratnam, J.S. Penn, Variable oxygen and
retinal VEGF levels: correlation with incidence and severity of pathology in a
rat model of oxygen-induced retinopathy, Exp. Eye Res. 79 (2004) 623–630.

[96] J.L. Wilkinson-Berka, N.S. Alousis, D.J. Kelly, et al., COX-2 inhibition and reti-
nal angiogenesis in a mouse model of retinopathy of prematurity, Invest.
Ophthalmol. Vis. Sci. 44 (3) (2003) 974–979.

[97] C.S. Williams, M. Mann, R.N. DuBois, The role of cyclooxygenases in inflam-
mation, cancer and development, Oncogene 18 (1999) 7908–7916.

[98] G. Wu, J. Luo, J.S. Rana, et al., Involvement of COX-2 in VEGF-induced angio-
genesis via P38 and JNK pathways in vascular endothelial cells, Cardiovasc.
Res. 69 (2006) 512–519.

[99] M. Yamada, M. Kawai, Y. Kaway, et al., The effect of selective cyclooxygenase-
2 inhibitor on corneal angiogenesis in the rat, Curr. Eye Res. 19 (4) (1999)
300–304.

[100] S.E. Yanni, J.M. Barnett, M.L. Clark, et al., PGE2 receptor EP4 is a potential ther-
apeutic target for the treatment of pathological ocular angiogenesis, Invest.
Ophthalmol. Vis. Sci. (2009) (Epub ahead of print).

[101] I. Zachary, G. Gliki, Signaling transduction mechanisms mediating biological
actions of the vascular endothelial growth factor family, Cardiovasc. Res. 49
(2001) 568–581.
[102] Y. Zhu, T.S. Park, G.M. Gidday, Mechanisms of hyperoxia-induced reductions
in retinal blood flow in newborn pig, Exp. Eye Res. 67 (1998) 357–369.

[103] M. Ziche, J. Jones, P.M. Gullino, Role of prostaglandin E1 and copper in angio-
genesis, J. Natl. Cancer Inst. 69 (1982) 475–482.

[104] Wang FE, et al. IOVS 2004; 45:ARVO E-Abstract 3711.
[105] Hariprasad SM, et al. IOVS 2009:50:ARVO E-Abstract 5999.


	The effects of nepafenac and amfenac on retinal angiogenesis
	Introduction
	Materials and methods
	Materials
	In vitro methods
	Isolation and culture of primary rat retinal Muller cells
	Quantitative real-time RT-PCR of VEGF in rat Muller cells
	Quantification of rat Muller cell-derived VEGF and PGE2 levels
	Culture of human retinal microvascular endothelial cells (HRMEC)
	HRMEC tube formation assay
	HRMEC cell proliferation assay

	In vivo methods
	Oxygen-induced retinopathy (OIR) in the rat
	Quantification of retinal prostanoids
	Quantification of retinal VEGF levels
	Quantification of retinal neovascularization (NV)

	Statistical analysis

	Results
	Intravitreally injected NSAID efficacy in rat OIR
	Effect of OIR on retinal prostanoids with and without amfenac
	Effect of amfenac on rat Muller cell VEGF expression
	Effect of NSAIDs on VEGF and PGE2 production in rat Muller cells
	Effect of amfenac on retinal VEGF production
	Effect of amfenac on VEGF-induced HRMEC behaviors
	Topical nepafenac efficacy in rat OIR

	Discussion
	References


