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ABSTRACT

Leukocyte adhesion to the diabetic retinal vasculature results in blood-retinal barrier breakdown,
capillary nonperfusion, and endothelial cell injury and death. Intercellular adhesion molecule-1
(ICAM-1) and the leukocyte integrin CD18 are required for these processes. Diabetes was
induced in Long Evans rats, resulting in a two- to threefold increase in retinal leukocyte
adhesion. Following one week of diabetes, neutrophil CD11a, CD11b, and CD18 expression was
increased significantly, as were retinal ICAM-1 levels. Animals were treated with aspirin, a
cyclooxygenase 2 (COX-2) inhibitor (meloxicam), or a soluble tumor necrosis factor o (TNF-a)
receptor/Fc construct (TNFR-Fc, etanercept). High-dose aspirin, etanercept, and high-dose
meloxicam each reduced leukocyte adhesion and suppressed blood-retinal barrier breakdown.
High-dose aspirin also reduced the expression of CDI1la, CDI11b, and CDI18, whereas
meloxicam and etanercept did not. High-dose aspirin, etanercept, and high-dose meloxicam each
reduced retinal ICAM-1 expression. Aspirin and meloxicam both lowered retinal TNF-a levels.
Notably, aspirin, meloxicam, and etanercept did not change retinal vascular endothelial growth
factor levels. High-dose aspirin, etanercept and high-dose meloxicam, each suppressed the retinal
expression of eNOS and the DNA-binding capacity of retinal nuclear factor-kB. High-dose
aspirin also suppressed Erk kinase activity, which is involved in CD18 up-regulation. Taken
together, these data identify COX-2 and TNF-a as operative in the early signature pathologies of
diabetic retinopathy, a newly recognized inflammatory disease.
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endothelium is operative in the pathogenesis of diabetic retinopathy, as it results in early
blood-retinal barrier breakdown, capillary nonperfusion, and endothelial cell injury and death (1—

Diabetic retinopathy in rodents recapitulates much of the pathology of human diabetic



4). Leukocyte adhesion to the diabetic retinal vasculature is mediated in part by intercellular
adhesion molecule-1 (ICAM-1) (5), which is expressed on endothelial cells and binds to [3,-
integrins expressed on leukocytes (1, 6). The B-2 integrin family includes LFA-1 (lymphocyte
function-associated antigen, CD11a/CD18), Mac-1 (leukocyte adhesion receptor, CD11b/CD18),
and p150/95 (CD11¢/CD18). We have shown previously that neutrophils from diabetic animals
exhibit higher levels of surface integrin CD18 expression and CD18-mediated adhesion than
controls (1). We have also shown that CD-18 mediated leukocyte adhesion and endothelial cell
death are detectable before any clinical pathology is apparent in diabetic retinopathy (2).
Similarly, ICAM-1 levels are increased in diabetic retinae and are operative in the same
pathologies (2, 3).

Various mediators contribute to the up-regulation of endothelial cell and leukocyte adhesion
molecules in diabetic retinopathy. Vascular endothelial growth factor (VEGF) plays a central
role in the eye and in other settings. VEGF is a known mediator of retinal ischemia-associated
neovascularization, and it participates in the pathogenesis of both background and proliferative
diabetic retinopathy (7—10). Intraocular VEGF levels are increased in diabetic rats and humans
and correlate with the development of blood-retinal barrier breakdown and neovascularization
(7-10). Most importantly, the specific inhibition of VEGF activity prevents retinal
neovascularization and blood-retinal barrier breakdown (8, 10). We recently found that VEGF
up-regulates ICAM-1 through the Akt/PI-3 kinase/eNOS pathway. Moreover, the inhibition of
endogenous retinal VEGF bioactivity with a soluble VEGF receptor down-regulates ICAM-1 in
the diabetic vasculature and suppresses retinal leukocyte adhesion (11).

TNF-a is a proinflammatory cytokine that has also been implicated in the pathogenesis of
diabetic retinopathy (12—14). The susceptibility to diabetic retinopathy has been associated with
TNF-a gene polymorphism (14) and expression of HLA-DR3 and HLA-DR4 phenotypes. In
addition, TNF-a is found in the extracellular matrix, endothelium, and vessel walls of
fibrovascular tissue of eyes with proliferative diabetic retinopathy (12) and is elevated in the
vitreous from eyes with this complication (13, 15, 16).

The induction of endothelial adhesion molecules by proinflammatory cytokines is often mediated
via activation of the redox transcription factor NF-kB (nuclear factor kB)(17, 20). NF-xB up-
regulates ICAM-1 and related inflammatory genes; for example, cyclooxygenase 2 (COX-2) (20,
21). COX-1 and COX-2 are key enzymes in the conversion of arachidonic acid to prostaglandin
H2, the common precursor for all other eicosanoids. COX-1 is expressed ubiquitously and
generates eicosanoids with cytoprotective functions, whereas COX-2 is an immediate-early gene
expressed at sites of acute inflammation, generating proinflammatory eicosanoids that create a
positive feedback loop by further activating NF-kB and inflammatory cytokines (22, 24). Several
pathways have been identified that link the diabetic milieu with enhanced prostanoid production.
Activation of protein kinase C (PKC) by hyperglycemia has been shown to activate
phospholipase A, and stimulate arachidonic acid release and PGE, production in mesangial cells
(25, 26). COX-2, an inducible enzyme, is likely to be involved in this pathway. In diabetes,
COX-2 may also be activated by glycosylation products (27). Moreover, the COX pathway
interacts with the NOS pathway (28).

Given the inflammatory nature of early diabetic retinopathy, we hypothesized that nonsteroidal
anti-inflammatory drugs would constitute an attractive therapeutic tool for diabetes. The



observation that arthritic diabetic patients receiving high daily doses of aspirin exhibit reduced
symptoms of diabetic retinopathy led to the hypothesis that anti-inflammatory treatment could
prove beneficial (29, 30). Aspirin, in low doses (<0.2 mg/kg/day), inhibits platelet aggregation,
predominantly via the acetylation of COX-1 and the reduction of thromboxane-A2 production.
At intermediate doses (25-50 mg/kg/day), aspirin inhibits both COX-1 and COX-2, blocking
prostaglandin production and fever (31). At high doses (80-100 mg/kg/day), aspirin is a potent
anti-inflammatory drug useful for the treatment of rheumatic disorders. To date, the mechanism
of action in production of this anti-inflammatory effect is unclear, but it appears to be COX- and
prostaglandin-independent (32). Originally, aspirin was found to inhibit platelet aggregation in
vitro and to retard the development of microaneurysms in patients with diabetic retinopathy (33).
However the results of the Early Treatment of Diabetic Retinopathy Study (ETDRS) and the
Wisconsin Epidemiologic Study did not identify any beneficial effects in diabetic retinopathy
when low and intermediate amounts of aspirin were used (29, 34). Recently, interest has arisen in
the use of selective COX-2 inhibitors that do not have some of the unwanted gastrointestinal side
effects of general anti-inflammatory drugs such as aspirin. In the current study, we investigated
the effect of nonsteroidal anti-inflammatory drugs in a rat model of diabetic retinopathy.
Treatment with aspirin, a selective COX-2 inhibitor, and a TNF-a soluble receptor were
compared with respect to their ability to reduce leukocyte adhesion in the diabetic retina, blood-
retinal barrier breakdown, and the expression of neutrophil integrins CD11a, CD11b and CD18.
Their influence on retinal VEGF, ICAM-1, eNOS and TNF-a expression was also determined.

MATERIALS AND METHODS
Animals

Male Long-Evans rats, weighing approximately 200 g, were used in these experiments. All
experiments abided by the Association for Research in Vision and Ophthalmology statement on
the Use of Animals in Ophthalmology and Vision Research and were approved by the Animal
Care and Use Committee of Massachusetts Eye and Ear Infirmary Boston. The animals were fed
standard laboratory chow and allowed free access to water in an air-conditioned room with a 12-
h light-dark cycle. Except as noted below, the animals were anesthetized with ketamine (80
mg/kg; Ketalar, Parke-Davis, Morris Plains, NJ) and xylazine (4 mg/kg; Rompun, Bayer,
Germany) before all experimental manipulations.

Induction of diabetes

After 12 h of fasting, the animals received a single 60 mg/kg intraperitoneal injection of
streptozotocin (Sigma, St. Louis, MO) in 10 mM sodium citrate buffer, pH 4.5. Control non-
diabetic animals were fasted and received citrate buffer alone. After 24 h, animals with blood
glucose levels greater than 250 mg/dl were considered diabetic. We performed all experiments
one week following the induction of diabetes. We confirmed the diabetic state a second time
before experimentation.

Treatment with the anti-inflammatory agents aspirin, a COX-2 inhibitor (meloxicam),
and a soluble TNF-a. receptor (etaner cept)

Starting one day after streptozotocin (STZ) treatment, confirmed diabetic animals were



randomized to three treatment groups receiving either aspirin (Aspisol®, Bayer Leverkusen,
Germany), a selective COX-2 inhibitor (UH-AC 62-XX, meloxicam, Boehringer Ingelheim,
Germany) or the soluble p75 TNF-a receptor/Fc chimera (etanercept , Enbrel®, Wyeth-Pharma
GmbH, Miinster, Germany). In all experiments, animals were treated with either the
pharmacologically active substances or equal volumes of phosphate buffered saline (PBS) in a
masked fashion.

We administered aspirin (Aspisol®) at 2 mg/kg (low dose), or 50 mg/kg (high dose) per day.
Aspisol® contains DL-Lysin-mono (acetylsalicylate) and was reconstituted with sterile water
according to the manufacturer’s instructions before each intraperitoneal injection. Doses were
calculated from the recommendations for low- and high-dose treatment in humans (32).

The COX-2 inhibitor (meloxicam) was given at 0.2 mg/kg (low dose) or 2 mg/kg (high dose) per
day (35). We prepared a fresh solution of 1 mg/ml (10 mg/ml, respectively) before use by
heating 5 ml water for injection with 18 pl 1IN NaOH at 95 C and dissolving 5 mg meloxicam.
We added sodium chloride (1.5 mg) to the solution before filtration, which was then filtered with
a 0.22-pm filter. We administered intraperitoneal injections once daily.

Soluble TNFR-Fc (Enbrel®, etanercept) was reconstituted with sterile water according to the
manufacturer instructions and was administered subcutaneously at a dose of 0.3 mg/kg three
times per week as recommended by the manufacturer for treatment of rheumatoid arthritis in
humans (36, 37).

Retinal leukocyte adhesion quantification

Deep anesthesia was induced with 50 mg/kg sodium pentobarbital. The chest cavity was opened
carefully, and the left ventricle was entered with a 14-gauge perfusion canula fixed to a vessel
clamp. We took care to avoid ventricular obstruction. The right atrium was opened with a 12-
gauge needle to achieve outflow. With the heart providing the motive force, 250 ml/kg PBS was
perfused to clear erythrocytes and nonsticking leukocytes. We then achieved fixation via
perfusion with 1% paraformaldehyde and 0.5% glutaraldehyde at a pressure of 100 mm Hg. At
this point, the heart stopped. A systemic blood pressure of 100 mm Hg was maintained by
perfusing a total volume of 200 ml/kg over 3 min. The inhibition of nonspecific binding with 1%
albumin in PBS (total volume 100 ml/kg) was followed by perfusion with FITC-coupled
Concanavalin A lectin (20pg/ml in PBS, pH 7.4, total concentration 5 mg/kg) (Vector Labs,
Burlingame, CA) The latter stained adherent leukocytes and the vascular endothelium. We
distinguished labeled leukocytes from surrounding endothelial cells by focusing through the
tissue to discern the distinct cellular outline and nuclear shape of the leukocytes. Lectin staining
was followed by 1% bovine serum albumin (BSA)/PBS perfusion for 1 min, and PBS perfusion
alone for 4 min, to remove excess Concanavalin A (2).

The retinae were flat-mounted in a water-based fluorescence-anti-fading medium (Southern
Biotechnology, Birmingham, Al) and imaged via fluorescence microscopy (Zeiss Axiovert,
FITC filter). Only whole retinae in which the peripheral collecting vessels of the ora serrata were
visible were used for analysis. We scored leukocyte location as either arteriolar, venular, or
capillary and counted the total number of adherent leukocytes per retina.



Flow cytometry

The monoclonal antibodies (mAbs) used in the flow cytometry experiments were purified 1gGs
of murine origin. The fluorescein isothiocyanate (FITC)-conjugated mAbs LFA-1 alpha chain
(anti-rat CD11a), WT.5 (anti-rat CD11b), WT.3 (anti-rat CD18), and phycoerythin-conjugated
mAb OX-1 (anti-rat CD45) were all obtained from PharMingen (San Diego, CA). The antibody
OX-1 is directed against all isoforms of the common leukocyte antigen CD45, a transmembrane
glycoprotein highly expressed on the surface of all leukocytes.

The surface expression of CD11a, CD 11b, and CD18 on rat neutrophils from non-diabetic, as
well as diabetic animals treated with aspirin, meloxicam, etanercept, or PBS, was determined
with use of flow cytometry, as previously described (1). Briefly, whole blood anticoagulated
with ethylenediaminetetraacetic acid (EDTA) (Gibco BRL, Rockville, MD) was obtained from
the hearts of deeply anesthetized rats. We isolated neutrophils from whole blood by density
gradient centrifugation with NIM2 (Neutrophil Isolation Media, Cardinal Associates, Santa Fe,
NM) according to the manufacturer’s instructions. Red blood cells were lysed via hypotonic
lysis. The preparations contained >91% neutrophils, as determined by eosin and methylene blue
staining (Leukostat Staining System, Fisher Scientific, Pittsburgh, PA).

The cells were resuspended in 5% Dulbecco’s modified Eagle’s medium containing 20 pg/ml
FITC-labeled mAb to CDIlla, CDI11b, and CDI18 (Pharmingen) and counterstained with
Phycoerythrin (PE)-coupled mAb to CD45. We performed incubation at 25°C for 15 min. The
cells were then washed with PBS and incubated with 1 mg/ml propidium iodide (Molecular
Probes, Eugene, OR) to identify dead cells. After centrifugation for 5 min at 500 g, the cells were
resuspended in 300 ml PBS and surface fluorescence was analyzed with a FACSscan (Becton
Dickinson, San Jose, CA), collecting at least 10,000 ungated events. We gated vital neutrophils
manually based on their characteristic forward and side light-scattering properties. We presented
the surface expression as percentage of positive counted neutrophils.

| CAM-1 enzyme linked immunosor bent assay

Each retina was homogenized in 100 pl of solution consisting of 20 mM imidazole
hydrochloride, 100 mM KCI, 1 mM MgCl, 1 mM ethyleneglycol-bis(B-aminoethyl ether)-
N,N,N’ ,N’-tetraacetic acid (EGTA), 1% Triton, 10 mM NaF, 1 mM sodium molybdinate, and 1
mM EDTA. The solution was supplemented with a cocktail of protease inhibitors (Complete,
Roche, Basel, Switzerland) before use. Samples were cleared via centrifugation for 10 min at
13,000 rpm and assessed for protein concentration with the bicinchoninic acid (BCA) assay
(Mini BCA kit, Pierce Scientific, CA). Flat-bottom 96-well microtiter plates (Immuno-Plate I 96-
F, Nunc, Naperville, IL) were coated with 50 pl/well (1 ng/ml) of the specific rabbit anti-ICAM-
1 antibody (Santa Cruz Biotechnologies, Santa Cruz, CA,) in coating buffer (0.6 mol/L NaCl,
0.26 mol/L H3PQOy4, and 0.08 N NaOH, pH 9.6) for 16-24 h at 4°C. Nonspecific sites were then
blocked with 2% BSA in PBS for 60 min at 37°C, followed by sample addition of a 50-ul aliquot
in duplicate and incubated for 60 min at 37°C. After washes, 50 pl of a biotinylated rabbit anti-
ICAM-1 polyclonal Ab (3.5 pg/ml in PBS, pH 7.5; 0.05% Tween-20; and 2% fetal calf serum)
was added and incubated for 45 min at 37°C. The antibody was biotinylated and purified with the
Mini-biotin-XX Protein Labeling kit (Molecular Probes, Eugene, OR) according to manufacturer
instructions. The plates were washed, streptavidin-peroxidase conjugate (1/1000, R&D systems)



was added, and the plates were incubated for 30 min at 37°C. The plates were again washed, the
substrate TMB (3,3°,5,5’-tetramethylbenzidine) (3,3',5,5'-tetramethylbenzidine, Kierkegaard &
Perry, Gaithersburg, MD) was added for color development, and the reaction was quenched with
100 plof 1 M H,POs. The plates were then read at 450 nm with an automated microplate reader.

M easur ement of blood-retinal barrier breakdown

We measured blood-retinal barrier breakdown by using Evans blue dye as described previously
(38). On day 8 after induction of diabetes, confirmed diabetic animals were anesthetized and
Evans blue was injected through the tail vein over 10 s at a dosage of 45 mg/kg. Immediately
following Evans blue infusion, the rats turned visibly blue, confirming their uptake and
distribution of the dye. After the dye had circulated for 120 min, the chest cavity was opened,
and the rats were perfused for 2 min via the left ventricle at 37°C with 0.05 M, pH 3.5, citrate-
buffered paraformaldehyde (1% wt/vol; Sigma). The perfusion was at a physiological pressure of
120 mm Hg. A pH of 3.5 was used to optimize binding of Evans blue to albumin, and the
perfusion solution was warmed to 37°C to prevent vasoconstriction. Immediately following
perfusion, both eyes were enucleated and bisected at the equator. The retinae were carefully
dissected and thoroughly dried in a Speed-Vac (Savant, St. Paul, MN) for 5 h. Evans blue was
extracted by incubating each retina in 120 pl formamide (Sigma) for 18 h at 70°C. The
supernatant was filtered through Ultrafree-MC tubes (30,000 NMWL, Millipore, Bedford, MA)
at 3,000 g, and the filtrate was used for triplicate spectrophotometric measurements (Beckman
Du-640, Fullerton, CA). Each measurement occurred over a 5-s interval, and all sets of
measurements were preceded by known standards. The background-subtracted absorbance was
determined by measuring each sample at both 620 nm, the absorbance maximum for Evans blue
in formamide, and 740 nm, the absorbance minimum. The concentration of dye in the extracts
was calculated from a standard curve of Evans blue in formamide and was normalized for retina
dry weight. We calculated blood-retinal barrier breakdown by using the following equation, with
results expressed in microliters of plasma x g retina dry weight™ x hr™.

Evans blue (ug)/ Retina dry weight (g)

Time-averaged Evans blue concentration (pg /plasma pl)/ circulation time (hr)

We expressed results as percentage of non-diabetic controls.

Enzyme linked immunosor bent assaysfor VEGF, eNOS, and TNF-a

Each retina was homogenized in 100 ul of solution consisting of 20 mM imidazole
hydrochloride, 100 mM KCI, 1 mM MgCl, 1 mM EGTA, 1% Triton, 10 mM NaF, 1 mM sodium
molybdynate, and 1 mM EDTA supplemented with a cocktail of protease inhibitors (Complete,
Roche, Basel) before use. Samples were cleared by centrifugation for 10 min at 13,000 rpm and
assessed for protein concentration with the BCA assay (Mini BCA kit, Pierce Scientific, CA).
The eNOS, TNF-a, and VEGF protein levels were estimated with the respective enzyme-linked



immunosorbent assay (ELISA) kits (R&D Systems), according to the manufacturer instructions.
The reaction was stopped, and the absorption was measured in an ELISA reader at 450 nm. We
performed all measurements in duplicate. The tissue sample concentration was calculated from a
standard curve and corrected for protein concentration.

Preparation of nuclear extracts

Pooled retinae were homogenized with a mechanical homogenizer in five-pellet volumes of
Buffer A (10 mMm KCl, 1.5 mM MgCl,, 4 mM B-mercaptoethanol (BME), 0.5 mM phenyl-methyl-
sulfonyl-fluoride (PMSF), 10 pg/ml leupeptin, 10 mM Hepes, pH 7.5) and protease inhibitors
(Complete, Boehringer Mannheim, Germany) and allowed to stand for 10 min at 4 C. The cells
were then collected by centrifugation at 1,000 % g for 10 min at 4°C, resuspended in 2 volumes of
Buffer A and collected by centrifugation at 1,000 x g for 10 min at 4°C. The nuclei were
resuspended in 5 volumes of Buffer B (0.2 mM EDTA; 4 mM BME; 0.5 mM PMSF; 10 pg/ml
leupeptin; 20% glycerol; 20 mM Hepes, pH 7.5; 0.3 M ammonium sulfate, pH 7.9), and collected
by centrifugation at 100,000 x g for 60 min at 4°C. Protein concentration was measured with the
BCA assay.

Quantification of NF-xB activation

We analyzed NF-«B activation by using the Trans-AM NF-kB p65/NF-kB p50 Transcription
Factor Assay Kit (Active Motif North America, Carlsbad, CA) according to the manufacturer’s
instructions. Briefly, 2 pg of the retinal nuclear extracts were incubated with an oligonucleotide
containing the NF-kB consensus site (5’-GGGACTTTCC-3") bound to a 96-well plate. After
extensive washes, the NF-kB complexes bound to the oligonucleotide were incubated with an
antibody directed against the NF-kB p65 subunit at a dilution 1:1,000. After washes, the plates
were subsequently incubated with a secondary antibody conjugated to horseradish peroxidase

(1:1,000) and the peroxidase reaction was quantified at 450 nm with a reference wavelength of
655 nm.

Analysis of neurophil Erk kinase activity

We analyzed Erk kinase activity in neutrophils by using an ELISA-based technique. Briefly, a
96-well microtiter plate was coated with 100 pl of 1 uM Elkl fusion protein per well, which
serves as a substrate for the activated Erk kinase, overnight at 4°C in carbonate buffer (15 mM
Na,COs, 35 mM NaHCO;3, 0.2 g/l NaN; (pH 9.6). After washes, the remaining active sites were
blocked in 10 mg/ml BSA in PBS containing 0.05% Tween-20. Neutrophils were isolated as
described above and were homogenized in lysis buffer containing 20 mM Tris (pH 7.5), 150 mM
NaCl, 1 Mm EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM (-
glycerolphosphate, | mM NazO4, 1 pg/ml leupeptin, 1 mM PMSF (Sigma). The lysates were
cleared by centrifugation, and protein was quantified with the BCA assay. Active Erk kinase was
precipitated from 100 pl of lysate from each condition with the addition of 15 pl immobilized
phospho-p44/42 MAPK monoclonal antibody (Cell Signaling, Beverly, MA) 6 h at 4C. After
washes the Erk kinase was dissociated from the immobilized antibody by high-speed
centrifugation (14,000 rpm 10 min at 4°C) and incubated with the Elk fusion peptide in kinase
buffer (25 mM Tris, pH 7.5; 5 mM glycerolphosphate; 2 mM DTT; 0.1 mM Na3;VOy4; 10 mM



MgCl,) supplemented with 200 uM ATP for 1 h at 30°C. After three washes with lysis buffer,
the plate was incubated for 1 h with blocking buffer (tris-buffered saline [TBS] with 0.1% Tween
20, with 5% w/v nonfat dry milk) with an antibody against the phosphorylated Erk-1(1:1,000,
Cell Signaling). After three washes with TBS supplemented with 0.1% Tween 20, the plate was
incubated with a secondary anti-rabbit antibody conjugated with horseradish peroxidase. The
peroxidase reaction was developed and measured at 450 nM with a reference wavelength at 620
nM.

Statistics

All results are expressed as the mean + SD. The data were analyzed by Whitney-Mann-U test
with post hoc comparisons tested using Fisher’s protected least significant difference procedure.
Differences were considered statistically significant when the P values were less than 0.05.

RESULTS
Aspirin, meloxicam, and etaner cept reduce leukocyte adhesion in the diabetic retina

The effects of aspirin, meloxicam, and etanercept on leukocyte adhesion were investigated after
one week of treatment (Fig. 1A—C). As previously observed (2, 3), leukocyte adhesion in
diabetic retinae was elevated twofold compared with the levels in non-diabetic animals. High-
dose aspirin (50 mg/kg) significantly reduced leukocyte adhesion in the retinal arterioles (61%,
n=10, P<0.0001), venules (52%, n=10, P<0.0001), and capillaries (41%, n=10, P<0.0001) of the
treated animals compared with control untreated diabetic animals. Low-dose aspirin (1 mg/kg)
did not affect leukocyte adhesion.

At 0.2 mg/kg per day, the COX-2 inhibitor meloxicam inhibited leukocyte adhesion in retinal
arterioles (P< 0.05), but not in venules and capillaries. When the dose was increased to 2
mg/kg/day, leukocyte adhesion in the retinal arterioles (54%, n=7, P<0.0001), venules (54%,
n=7, P<0.0001), and capillaries (36%, n=7, P<0.005) was reduced significantly in the treated vs
to control untreated diabetic animals.

The soluble TNF-a receptor etanercept (0.3 mg/kg) reduced leukocyte adhesion in retinal
arterioles (37.6%, n=8, P<0.005), venules (38%, n=8, P<0.005), and capillaries (39%, n=S§,
P<0.001) of the treated vs. untreated animals.

Aspirin, but not meloxicam or etaner cept, reduces L FA-1 (CD11a/CD18)
and Mac-1 (CD11b/CD18) expression on diabetic neutrophils

The integrins LFA-1 (CD11a/CD18) and Mac-1 (CD11b/CD18) bind to the endothelial counter-
receptor ICAM-1. CD18 blockade inhibits diabetic retinal leukcyte adhesion in vivo (2, 3). We
analyzed the surface expression of CD1la, CD11b, and CD18 in the leukocytes from diabetic
rats treated with aspirin, meloxicam, and etanercept (Fig. 2). In agreement with previously
published results (1, 2), neutrophil CD11a, CD11b, and CDI18 levels were 3.3-fold (n=3,
P<0.0001), 3.6-fold (n=3, P<0.0001), and 5.5-fold (n=3, P<0.0001) greater in leukocytes from
one-week diabetic animals compared with non-diabetic controls. Treatment with either high-dose
meloxicam or the TNF-a inhibitor etanercept did not significantly alter the neutrophil surface



integrin levels under the conditions tested (P>0.05 for all [data not shown]). In contrast, high-
dose aspirin reduced the surface expression of CD18, CDI1la, and CD11b to levels in non-
diabetic animals (P<0.0001, n=3) (Fig. 2).

Aspirin, meloxicam, and etanercept each reduce ICAM-1 protein levels in the diabetic
retina

ICAM-1 protein levels were analyzed by using an ELISA technique. We demonstrated
previously a significant increase of ICAM-1 mRNA expression in the retina 1 week after
induction of diabetes (3). Compared with non-diabetic control animals, diabetic animals showed
a threefold increase in ICAM-1 protein levels (P<0.0001, n=8). Treatment with high-dose aspirin
resulted in a reduction to half of the values in untreated diabetic animals (P<0.0005, n=8).
Similarly, treatment with etanercept reduced ICAM-1 protein levels by 57% (P<0.0001, n=8).
High-dose meloxicam inhibited ICAM-1 less efficiently by 35% (P<0.01, n=8) (Fig. 3).

Aspirin and etanercept, and to a lesser extent meloxicam,
reduce blood-retinal barrier breakdown in the diabetic retina

Leukocyte adhesion to the retinal vasculature is causal for blood-retinal barrier breakdown in
early diabetic retinopathy (3). The effects of aspirin, meloxicam, and etanercept on blood-retinal
barrier breakdown were measured with the Evans blue permeability assay (38). In agreement
with previously published data, blood-retinal barrier breakdown was increased approximately
threefold in the 1-wk diabetic animals (Fig. 4). In marked contrast, the diabetes-related blood-
retinal barrier breakdown in the high-dose aspirin-treated eyes was suppressed 63% (1.18 = 0.18;
n=8; P<0.0001). Similarly, treatment with the TNF-a inhibitor etanercept resulted in a reduction
of diabetic blood-retinal barrier breakdown 52% (1.87 £ 0.06; n=8; P<0.0005). High-dose
treatment with the selective COX-2 inhibitor meloxicam reduced blood-retinal barrier
breakdown 29% (2.26 + 0.18; n=8; P<0.01).

Treatment with aspirin, meloxicam, or etaner cept
does not reduce VEGF levelsin theretina

VEGF is a major contributor to the increased leukocyte adhesion and blood-retinal barrier
breakdown in the diabetic retina (10). To assess whether aspirin, meloxicam, or etanercept
reduces leukocyte adhesion through a reduction in VEGF levels, we measured VEGF retinal
protein levels via ELISA. Compared with the retinae of non-diabetic animals, the retinae of
diabetic animals demonstrated a 2.3-fold increase in normalized VEGF levels (0.65 + 0.1 pg/mg
vs. 1.47 + 0.15 pg/mg of retinal protein; P<0.005, n=6) (Fig. 5). The VEGF levels in diabetic
animals treated with either aspirin, meloxicam, or etanercept did not differ significantly from the
levels in the untreated diabetic animals (n=5-7, P>0.05 for all).

Aspirin and meloxicam reduce TNF-a levelsin theretina

To investigate whether the effect of aspirin and meloxicam on leukocyte adhesion was mediated
via a decrease in endogenous retina TNF-a levels, we measured retinal TNF-a levels with a
sandwich ELISA (Fig. 6). Compared with the retinae of non-diabetic animals, the retinae of
diabetic animals demonstrated a twofold increase in normalized TNF-a levels (0.99 + 0.05pg/mg



vs. 2.00 = 0.18 pg/mg of retinal protein; P<0.0005; n=6). Treatment with high-dose aspirin
reduced the retinal TNF-a levels in diabetic animals by 43% to levels comparable with those
found in non-diabetic animals (1.13 + 0.07 pg/mg protein; P>0.05 compared to non-diabetic
animals, N=6). The TNF-a levels in diabetic animals treated with meloxicam were reduced with
increased doses of meloxicam. A reduction by 19% was seen after treatment with 0.2 mg/kg
(1.61 £ 0.08 pg/mg, n=7) compared with levels in non-treated diabetic animals (P<0.05). This
effect was increased when higher doses of the COX-2 inhibitor (2 mg/kg [1.47 + 0.08 pg/mg,
n=6, P<0.01]) were used.

Aspirin, high doses of meloxicam, and etaner cept
reduce eNOSlevelsin theretina

Endothelial nitric oxide synthase (eNOS) protein levels and nitric oxide (NO) levels are
increased early in diabetic retinopathy (39). The inhibition of NO reduces diabetic retinal
leukocyte adhesion (Joussen et al., in press). To investigate the effect of aspirin, meloxicam, and
etanercept on retinal eNOS levels, we used a commercially available sandwich ELISA (Fig. 7).
Compared with the retinae of non-diabetic controls, the retinae of diabetic animals demonstrated
2.3-fold higher eNOS levels (0.71 = 0.07pg/mg vs. 1.67 + 0.08 pg/mg of retinal protein;
P<0.0001, n=6). Treatment with high-dose aspirin or etanercept reduced the retinal eNOS levels
by 39% and 46%, respectively (aspirin: 1.01 £ 0.06 pg/mg; P>0.05; etanercept: 0.9 = 0.06 pg/mg
of retinal protein compared with diabetic controls, n=6). A reduction in eNOS levels was
detected following treatment with the selective COX-2 inhibitor meloxicam at 0.2 mg/kg (23%;
1.28 + 0.05 pg/mg; P<0.005, n=6), and showed a dose response with increasing dose: 2 mg/kg
reduced the eNOS levels by 31% (1.14 £+ 0.06 pg/mg; P<0.001, n=6).

Aspirin, high-dose meloxicam, and etaner cept
inhibit the activation of NF-kB in theretina

The transcription factor NF-xB is a key component for the inducible expression of adhesion
molecules such as ICAM-1, and cytokines such as TNF-a (19, 40). TNF-a is also a potent
activator of NF-kB, whereas aspirin inhibits the degradation of its inhibitor IkB. We therefore
investigated the effect of aspirin, meloxicam, and etarnercept on NF-kB activation with a
modified binding assay. Measurement in the retina showed a 2.8-fold higher NF-xB activity in
diabetic than in non-diabetic animals (2.52 + 0.05 pg/mg vs. 0.89 + 0.05 pg/mg of retinal protein;
P<0.0001, n=7) (Fig. 8). Treatment with aspirin as well as etanercept reduced retinal NF-xB
activity by 55% and 67%, respectively (aspirin: 1.11 + 0.01 pg/mg; P>0.05; etanercept: 0.8 +
0.08 pg/mg of retinal protein compared with diabetic controls, Nn=6). The reduction in NF-kB
activation was less prominent after treatment with low-dose meloxicam (32%; 1.72 + 0.04
pg/mg; P<0.005, n=7). Increasing the treatment dose to 2 mg/kg reduced the NF-kB activation
by 54% (1.15 £ 0.03 pg/mg; P<0.001, n=6).

Aspirin down-regulates Erk-kinase activity in neutrophils
It was found recently that aspirin down-regulates CD11a/CD18 and CDI11b/CDI18 via the

inhibition of Erk kinase (32). Given the observed down-regulation of the surface expression of
CDI11a/CD18 and CD11b/CD18 in the leukocytes from the aspirin-treated rats, we investigated



the effect of aspirin treatment in the Erk-kinase activation in our model. Erk-kinase activity
increased threefold in diabetic neutrophils compared with the non-diabetic controls (0.13 + 0.01
vs. 0.4 = 0.01 OD 450; P<0.0001, n=6). Treatment with high-dose aspirin resulted in a 55%
reduction compared with diabetic control animals (0.18 £ 0.01pg/mg; P<0.0001, n=6) (Fig. 9).

DISCUSSION

The adhesion of leukocytes to the retinal vasculature is one of the earliest events in experimental
diabetes and results in blood-retinal barrier breakdown, endothelial injury, and cell death and
capillary nonperfusion (2, 3). We have reported previously that the administration of neutralizing
antibodies against ICAM-1 or its counter-receptor CDI8 in early experimental diabetes
dramatically reduces leukocyte adhesion, blood-retinal barrier breakdown, and endothelial injury
(1-3). In this report, we demonstrate that treatment with anti-inflammatory agents, such as
aspirin and the selective COX-2 inhibitor meloxicam, in high doses reduces leukocyte adhesion,
blood-retinal barrier breakdown, and TNF-a levels in the diabetic retina. Administration of a
soluble TNFR-Fc fusion protein (etanercept) has the same effect, causally linking TNF-a to the
reductions in leukocyte adhesion and blood-retinal barrier breakdown. We also found that the
reduced leukocyte adhesiveness after the above-mentioned treatments is associated with reduced
retinal NF-kB activation and eNOS protein levels, which likely mediate the observed down-
regulation of the ICAM-1 levels. In the rat model of diabetic retinopathy, treatment with high
doses of aspirin down-regulates CD18 and CD11a,b, which are the counter-receptors for I[CAM-
1, a reduction associated with the diminished activation of Erk kinase.

In these studies of diabetic retinopathy, blood-retinal barrier breakdown was reduced
significantly by the administration of high doses of aspirin, meloxicam, and etanercept. We
previously reported that leukocyte adhesion in the diabetic retina correlates with the amount of
blood-retinal barrier breakdown, and we found similar results in the present study, in which all
three agents significantly reduced the adhesiveness of leukocytes to the diabetic vasculature and
potently inhibited blood-retinal barrier breakdown. This finding is in contrast to the
disappointing results of clinical studies, in which aspirin was used at a lower dose of 4 mg/kg
daily (33, 34, 44). Our finding in the current study is likely mediated by a reduction in the
amount of leukocyte-induced endothelial cell death, a process that is a pivotal contributor to the
development of blood-retinal barrier breakdown (11). In the current studies, the selective COX-2
inhibitor meloxicam also reduced leukocyte adhesion, but only at a high dose, and even then it
was less effective than aspirin. This finding suggests that the effects of aspirin are only partially
mediated by COX-2 inhibition. The reduced leukocyte adhesion observed with the anti-
inflammatory treatments cannot be attributed to changes in VEGF levels, because, in our study,
VEGF protein levels were not down-regulated with these treatments. However, ICAM-1 levels
were reduced with the anti-inflammatory treatments, and previous work has shown that VEGF-
induced vascular permeability can be prevented via ICAM-1 inhibition (46). Giraudo et al
showed that TNF-a up-regulates VEGF receptor-2 on endothelial cells (47). These data suggest
that TNF-a does not effect VEGF expression per se but instead modulates VEGF bioactivity via
its effects on VEGFR-2.

Data show that TNF-a is increased in the diabetic retina as early as 1 wk after the induction of
diabetes. TNF-a is an inflammatory cytokine produced mainly by monocyte-macrophages,
activated endothelial cells, fibroblasts, and joint cartilage chondrocytes (19). In the diabetic



retina, the astrocytes and Muller cells are a major potential source of TNF-a production. The
induction of TNF-a could be attributed to various mediators that operate during the course of
diabetes, such as hyperglycemia and oxidative stress, which signal via the transcription factor
NF-xB (48, 49). Conversely, TNF-a itself is a potent activator of NF-kB (19). In blood vessels,
NF-«B expression was described initially in endothelial cells, where it regulates the transcription
of several cytokines and adhesion molecules, including ICAM-1 (50-52). Suppressed NF-kB
activation in endothelial cells treated with aspirin was associated with decreased ICAM-1
expression (50, 53). In cultured vascular smooth muscle cells (SMC), microinjection of purified
IkB (54) or antisense oligonucleotides to the p65 unit of NF-xB inhibit not only vascular SMC
proliferation but also migration and adherence (55). Indeed, in our model, NF-«B is strongly up-
regulated early in diabetes and coincides with increases in TNF-a and leukocyte adhesion. TNF-
o has been shown to induce both NOS and COX-2 in macrophages, endothelial cells, and
vascular smooth muscle cells (56, 57). The observed correlation between the reduction in TNF-a
levels and inhibition of leukocyte adhesion, combined with the marked reduction of leukocyte
adhesion on administration of the TNF-a inhibitor, indicate that this cytokine plays a central role
in the increased adhesiveness of leukocytes in diabetes and that the effects of aspirin and
meloxicam treatment are mediated, in part, via reductions in this proinflammatory cytokine. As it
was reported recently, aspirin acts as an antioxidant by effectively scavenging free radicals and
inhibiting IkB phosphorylation, thus keeping NF-«kB in a inactive state (53, 58). Indeed, in our
studies, aspirin treatment markedly down-regulated retinal NF-kB binding to consensus
oligonucleotides, which could have contributed to the down-regulation of TNF-o that we
observed. Along with aspirin, high doses of the selective COX-2 inhibitor meloxicam down-
regulated NF-kB binding activity, whereas low doses had a moderate effect. The degree of NF-
kB inhibition produced on treatment with the COX-2 inhibitor correlates with the degree of
TNF-a inhibition, highlighting the likely importance of this factor for the induction of TNF-a.
Safieh-Garabedian et al (59) recently demonstrated that inhibition of PGE2 by meloxicam results
in reduction of the hyperalgesic action of thymulin and thymulin-induced TNF-a production,
which thus points to the role of PGE2 in the regulation of TNF-a. In monocytes, COX-2 activity
favors production of PGE2 over TXA-2, and meloxicam, in the doses used in our study, inhibits
PGE2 production (60). Therefore, in our model, PGE2 inhibition by meloxicam could contribute
to the down-regulation of TNF-a. COX-2 inhibition seems to exhibit a dose-dependent effect on
leukocyte adhesion and TNF-o down-regulation. Doses of 0.1 mg/kg are used clinically for
rheumatoid disease (35), but they did not reduce leukocyte adhesion or blood-retinal barrier
breakdown in our diabetic model (data not shown). In contrast, by raising the dosage by only
twofold, we can clearly demonstrate an inhibition of leukocyte adhesion and blood-retinal barrier
breakdown in our diabetes model. This finding might indicate, that in the case of intermediate-
dose meloxicam use, alternative potential pathways might be involved in inhibiting leukocyte
adhesion, as similarly proposed for aspirin (31).

According to our data, treatment with aspirin, a selective COX-2 inhibitor, or soluble meloxicam
markedly decreased the protein levels of adhesion molecules, specifically ICAM-1, in the retina.
Adhesion molecules, such as ICAM-1, bear NF-kB responsive elements in their promoters,
which suggests that this decrease can be attributed to the observed down-regulation of NF-xB
binding activity (22, 61). Weber et al (50) have shown that antioxidants inhibit monocyte
adhesion by suppressing NF-kB-induced VCAM-1 expression in vascular endothelial cells.



Pierce et al (53) have reported that salicylates inhibit endothelial leukocyte adhesion molecule
expression and neutrophil transmigration in vitro. It is thus possible that ICAM-1 down-
regulation in rats treated with aspirin, meloxicam, or anti-TNF-a is due, at least in part, to the
inhibition of NF-kB activity. Surprisingly, only high doses of aspirin among all the treatments
tested down-regulated the leukocyte surface expression of LFA-1 (CD11a/CD18) and Mac-1
(CD11b/CD18). Given that TNF-a and NF-kB were down-regulated in all treatments, but only
the aspirin treatment had an effect on the expression of the leukocyte integrin adhesion
molecules, the data suggest that the effects of aspirin on LFA-1 and Mac-1 are NF-«xB-
independent. Once more, this finding supports our hypothesis that the effects of aspirin on
leukocyte adhesion are not entirely dependent on COX-2 inhibition.

The role of NO in the regulation of the interaction between the leukocytes and the endothelial
cells was recently examined. It was found that eNOS and NO are up-regulated early in the course
of diabetic retinopathy (11). Various mediators operating in the diabetic state can lead to this up-
regulation. Cytokines such as VEGF and TNF-a, which are increased in diabetes, are known to
activate the serine/threonine kinase Akt, which was found recently to be associated with the up-
regulation of eNOS (62, 72). Alternatively, PGE2, a prostanoid that is generated in large
amounts by the elevated levels of COX-2 in diabetes, was found to up-regulate eNOS in the rat
brain following hypercapnia (64). Additionally, PGE2 has a physiological role in eNOS
induction in the cerebral microvessels of the newborn (65). Increased eNOS-derived NO, a free
radical, activates the redox-sensitive transcription factor NF-kB, subsequently up-regulating
adhesion molecules, such as ICAM-1 and VCAM-1 (65). In our experiments, treatment with
aspirin or meloxicam reduced eNOS protein levels in the diabetic retina. The possible mediators
of this reduction are the down-regulation of PGE2 and NF-kB. Although iNOS was found to be a
direct target for activated NF-kB (40), an effect of eNOS also cannot be excluded. Levels of
eNOS and NF-kB activity correlate in the myocardium of patients who have unstable angina,
suggesting a common regulation for the two mediators (66). Additionally, eNOS bears AP-1
binding sites in its promoter, a transcription factor that cooperates with NF-kB in binding to
many target genes (66, 67). Therefore, eNOS regulation from NF-kB could be through
cooperative binding in AP-1 binding sites in the eNOS promoter. It was recently found that
eNOS induces TNF-a production through a mechanism dependent on the production of oxygen
radicals (68). It is therefore reasonable to hypothesize that the observed down-regulation of
eNOS with the aspirin and meloxicam treatment in our model can create a negative loop, down-
regulating even further retinal TNF-a levels.

Aspirin treatment potently inhibited Erk activation in our diabetic model. The mitogen-activated
protein kinases p44Erk1 and p42Erk2 are serine/threonine kinases that play an important role in
integrin-dependent neutrophil adhesion. Pillinger et al have demonstrated that aspirin-like drugs
inhibit Erk activation and CD11b/CD18-dependent homotypic aggregation of neutrophils (32).
Although the exact mechanisms of aspirin on Erk activation are not known, there is evidence that
the site of action lies between receptor engagement and activation of Raf-1 (43). The mechanism
by which Erk affects CD11b/CD18-dependent adhesion again is unclear, although it is unlikely
that Erk affects CD11b/CD18 phosphorylation (32).

In conclusion, our results indicate that aspirin and the selective COX-2 inhibitor meloxicam
reduce leukocyte adhesion and blood-retinal barrier breakdown in a rat model of diabetic



retinopathy, in part through the inhibition of TNF-a. Furthermore, aspirin, meloxicam, and
etanercept prevent the up-regulation of ICAM-1 and eNOS that is observed early in the course of
diabetic retinopathy. Among all treatments tested, only aspirin was able to down-regulate
leukocyte CD11a/CD11b and CD18, likely via the down-regulation of Erk kinase. Given their
established efficacy and safety profile, biological agents that neutralize TNF-a have received
approval from the U.S. Food and Drug Administration for the treatment of rheumatoid arthritis
(69), whereas nonsteroidal anti-inflammatory drugs such as meloxicam and aspirin are used for a
variety of inflammatory diseases (70). Whereas aspirin has beneficial effects when given at the
high doses used in this study, COX-2 inhibitors should be administered at intermediate doses, as
it was recently published that high doses lose the anti-inflammatory effects through the
paradoxical activation of NF-xB (71). In summary, our study demonstrates that these
pharmacological agents have a beneficial effect in early diabetic retinopathy and hold promise
for clinical effectiveness in patients.
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