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Abstract

Objectives To evaluate the effects of topical non-steroidal anti-inflammatory
drugs (NSAIDs) on retinal vascular leakage, and inflammatory markers in
endotoxin-induced uveitis (EIU) in rats.
Methods EIU was induced in rats by lipopolysaccharide (LPS). Topical 0.5%
indomethacin, 0.09% bromfenac and 0.1% nepafenac were given before and after
LPS. Twenty-four hours after LPS, the animals were euthanized and plasma along
with retina were collected to assess prostaglandin-E2 (PGE2) and C-reactive
protein (CRP) levels using enzyme-linked immunosorbent assay. Retinal vascular
leakage was assessed by Evans blue. Molecular modelling was used to evaluate
interaction of compounds with cyclooxygenase-2 (COX-2).
Key findings All NSAIDs tested significantly prevented PGE2 production with
higher effect of indomethacin and bromfenac in comparison with nepafenac. The
three drugs did not affect plasma CRP levels. The analysis of retinal vascular
leakage revealed a significant (P < 0.01) decrease after treatment with indometha-
cin, but no significant changes were observed after treatment with bromfenac and
nepafenac. Indomethacin had a different interaction with COX-2 in comparison
with bromfenac and amfenac (active metabolite of nepafenac).
Conclusions Topical treatment with indomethacin, bromfenac and nepafenac has
significant anti-inflammatory effects. However, only indomethacin was able to
prevent retinal vascular leakage in LPS-injected rats, likely due to the distinctive
molecular mechanism.

Introduction

Topically applied non-steroidal anti-inflammatory drugs
(NSAIDs) are commonly used in the management and pre-
vention of ocular inflammation and cystoid macular
oedema related to cataract surgery and the maintenance of
mydriasis during cataract surgery. Other common uses are
the reduction of discomfort after refractive surgery, allergic
conjunctivitis and uveitis.

Uveitis is one of the most harmful ocular conditions and
can lead to oedema, retinal damage and blindness. Uveitis is
associated with a number of immune and inflammatory
diseases, including Behçet’s disease, ankylosing spondylitis,
juvenile rheumatoid arthritis, Reiter’s syndrome and
inflammatory bowel disease. Moreover uveitis can cause

cataract,[1] and cataract surgery in patients with uveitis is
not straightforward because there is more inflammation
than usual, thus pretreatment of inflammation is crucial
before and after surgery.[2–4] Ocular inflammation is also
secondary to cataract surgery,[5] and the use of antibiotics
and anti-inflammatory drugs is widespread.[6] Pharmaco-
logical treatment involves the use of anti-inflammatory
drugs with or without corticosteroids, antibiotics and
antivirals. NSAIDs could be preferred, in the context of
topical anti-inflammatory drug treatment of uveitis and
ocular inflammation[7] mainly because steroids can cause
adverse effects such as increasing of intraocular pressure.[8]

Prevention of ocular inflammation during ocular surgery
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by treatment with bromfenac and nepafenac has shown the
significant anti-inflammatory action of these compounds in
decreasing the production of prostaglandin-E2 (PGE2).[9]

The latter is an inflammatory product synthesized by
cyclooxygenase (COX) from arachidonic acid and is respon-
sible of several effects such as, among others, oedema for-
mation in the back of the eye. Blood–retinal barrier (BRB)
breakdown is one of the consequence of uveitis.[10] It was
shown also that indomethacin could be a good alternative
to steroids[11] in the treatment of uveitis. Indomethacin,
bromfenac and nepafenac, hereby tested, are inhibitors of
COXs. COX-2, the inducible isoform, represents an interest-
ing pharmacological target to protect the integrity of
BRB.[12] Endotoxin-induced uveitis (EIU) is widely accepted
as animal model and recapitulates much of the pathology of
clinical uveitis.[13,14] The inflammation of EIU is character-
ized by the release of inflammatory mediators such as,
among others, PGE2. Increased PGE2 levels are associated
with increased breakdown of the blood–retinal barrier.
Indeed, PGE2 is known to stimulate vascular endothelial
growth factor (VEGF) in the retina.[15–17]

The aim of this study was to assess the effects of three dif-
ferent NSAIDs available in clinical practice (indomethacin,
bromfenac and nepafenac; Figure 1) on the rat eye to better
understand which drug works better on ocular inflamma-
tion, particularly on retinal vascular leakage. Further, we
evaluated the binding mode of the drugs on COX-2 to
figure out differences in molecular mechanisms and provide

new clues to better understand the pharmacodynamic
profile of drugs used by clinicians.

Materials and Methods

Animals

Male Sprague-Dawley rats (175–200 g) were obtained from
Harlan (San Pietro al Natisone, Udine, Italy). All the
animals were treated according to the ARVO (Association
for Research in Vision and Ophthalmology) Statement for
the Use of Animals in Ophthalmic and Vision Research. All
experiments were carried out according to the Directive
2010/63/EU and to the Institutional Animal Care and Use
Committee of the Catania University (No. 083). The
animals were fed on standard laboratory chow and were
allowed free access to water in an air-conditioned room
with a 12-h light–dark cycle. Final group sizes for all meas-
urements were n = 6–9 except as noted.

Induction of endotoxin-induced uveitis

The prominent features of EIU, among the others, are BRB
breakdown and production of biochemical inflammatory
mediators such as PGE2. Animals received a footpad injec-
tion of 350 μg/kg body weight lipopolysaccharide (LPS)
from Salmonella typhimurium (Sigma-Aldrich, Milano,
Italy) in phosphate-buffered saline. As exclusion criteria,
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Figure 1 Chemical structures of (a) indomethacin, (b) celecoxib, (c) nepafenac, (d) amfenac and (e) bromfenac.
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after LPS injection, we considered the following: hyperven-
tilation, weakness and inflammatory reaction in the ante-
rior chamber. No animals were excluded from the study
because we did not observe the above criteria in LPS rats.

Treatments and biomarkers assessment

A pretreatment (10 μl/eye; 4 h and 2 h before LPS injection)
and a post-treatment (10 μl/eye; 2 h and 4 h after LPS
injection) was performed with Indom (Alfa-Intes, Casoria,
Italy; ophthalmic suspension containing 0.5% indometha-
cin + hydroxypropylmethylcellulose), or Yellox (Bausch &
Lomb, Macherio, Italy; ophthalmic solution containing
0.09% bromfenac) or Nevanac (Alcon, Milano, Italy; con-
taining 0.1% nepafenac) eye drops. Twenty-four hours after
LPS injection, the animals were euthanized, and plasma and
retina were collected to assess C-reactive protein (CRP) and
PGE2 levels, respectively by ELISA kits (BD Biosciences, San
Jose, CA, USA). Measurements were performed using a
Varioskan Flash spectral scanning multimode reader
(Thermo Fisher Scientific, Milano, Italy).

Measurement of blood–retinal
barrier breakdown

Twenty-four hours after LPS injection the animals were
anesthetized and BRB breakdown was measured using
Evans blue dye (Sigma-Aldrich) injected through the tail
vein over 10e animals were anesthetized[18] After 120 min,
the rats were killed and the retinas were carefully dissected
and thoroughly dried in a concentration/drying system
(SpeedVac; Thermo Fisher Scientific) for 5 h. The dry
weight was used to normalize the quantitation of Evans
blue leakage. Evans blue was extracted by incubating each
retina in 120 μl formamide (Sigma-Aldrich) for 18 h at
70°C. The supernatant was filtered through centrifugal filter
tubes (Ultrafree-MC tubes 30 000 NMWL, UFC3LTK00;
Millipore, Bedford, MA, USA) at 2500 × g for 2 h, and 60 μl
of the filtrate was used for triplicate spectrophotometric
measurements. Each measurement occurred over a 5-s
interval, and all sets of measurements were preceded by
evaluation of known standards. The background absorb-
ance to be subtracted was determined by measuring each

sample at 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. BRB
breakdown was calculated using the following equation,
with results being expressed in μl plasma × g retina dry
weight−1 × h−1.

( ( )/ ( ))/
(

Evans blue g Retina dry weight g
Time averaged Evan

μ
ss blue concentration

g plasma ( l) circulation time h( / / ( )))μ μ

We expressed results as percentage of control (non-treated
LPS)

Molecular modelling

Structure models of human COX-1 (hCOX-1)
(NP_000953.2) and COX-2 (hCOX-2) (NP_000954.1) have
been obtained through the I-TASSER, which is a server for
protein structure and function prediction.[19] Molecular
docking of compounds was carried out on both structure
models using programs of OEDocking application
(OpenEye-Scientific Software, Santa Fe, NM, USA). Struc-
ture files indomethacin, bromfenac and amfenac (the active
metabolite of the prodrugnepafenac) have been obtained
from PubChem (http://pubchem.ncbi.nlm.nih.gov/), then
conformers of molecules have been generated with
OMEGA[20] (OpenEye-Scientific Software). Search space for
docking was identified through the program MAKE_
RECEPTOR (OpenEye-Scientific Software), docking of
conformers was carried out with FRED (OpenEye-Scientific
Software).[21]

FRED is a software that docks compounds, as
multiconformers generated by OMEGA, into a receptor
using an exhaustive search for rotations and translation of
each conformer of the ligand within the active site, also
named pose. Each pose is scored with a Chemgauss scoring
function. FRED does not provide binding affinity predic-
tions; however, the docking score could reflects the activities
of the tested ligand, as reported in Table 1. Comparison of
predicted and experimental X-ray structures was carried
out with LigPlot+.[22]

Table 1 Molecular docking scores versus experimental IC50 of NSAIDs

Compound COX-1 IC50 (uM) Docking score (au) COX-2 IC50 (uM) Docking score (au)

Indomethacin 0.15 −14.1 0.56 −8.4
Nepafenaca 0.25 −13.4 0.15 −10.2
Bromfenac 0.53 −12.5 0.02 −13.2
Celecoxib 15 N.D. 0.04 N.D.

au, arbitrary units; COX, cyclooxygenase; N.D., not determined; NSAIDs, non-steroidal anti-inflammatory drugs. aIt refers to the active hydrolytic
product amfenac.
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Statistical analysis

The software GraphPad Prism (version 6; GraphPad Soft-
ware Inc., San Diego, CA, USA) was used for statistical
analysis. One-way analysis of variance (ANOVA) followed
by Newman–Keuls or Dunnett post-hoc test was carried
out. Values are expressed as mean ± standard deviation.
Data were considered statistically significant at P values
<0.05.

Results

A significant (P < 0.01) increase of BRB permeability was
observed in LPS rats. (Figure 2). Indomethacin treatment
significantly (P < 0.01) attenuated LPS-induced BRB break-
down by 50% compared with LPS group. On the contrary,
no significant effects, in terms of BRB permeability reduc-
tion, were observed with bromfenac or nepafenac treatment
(Figure 2a).

Topical administration of indomethacin, bromfenac and
nepafenac significantly (P < 0.001 versus LPS rats group)
reduced the retinal levels of PGE2 (640 ± 18, 703 ± 95,
1220 ± 125 pg/g, respectively) in rats injected with LPS
(Figure 2b). Furthemore, indomethacin and bromfenac sig-
nificantly (P < 0.05) reduced the PGE2 retinal levels com-
pared with nepafenac-treated group.

CRP plasma levels significantly (P < 0.001) increased
in LPS-injected rats compared with control group
(4473 ± 209, 3470 ± 52 ng/ml, respectively; Figure 2c). No
change in CRP plasma levels was observed when the eyes
were topically treated with the three anti-inflammatory
drugs (Figure 2c).

Molecular docking of compounds was carried out in the
structure models of hCOX-1 and hCOX-2. In this study, we
analysed and showed the binding mode of compounds
referring to the crystal structure of celecoxib in complex
with mouse cyclooxygenase 2 (mCOX-2) (Protein Data
Bank (PDB): 3LN1) (Figure 3a). Bromfenac (Figure 3b) and
amfenac (Figure 3c) showed a unique, similar binding
mode into hCOX-2 pocket. Instead, indomethacin (indo)
interacted in a different manner (Figure 3d) in comparison
with these compounds, showing the same occupancy mode
of celecoxib (cel) in complex with mCOX-2. Even if
pharmacophoric groups of indo and cel are bioisosters
(-COOH indo, -OCH3 indo, -SO2NH2 cel, -CF3 cel), they
did not orient in the same way. Hence, indomethacin, due
to short distance between the pharmacophoric groups, did
not form H-Bond with key residues at the entrance of the
cavity. The unique binding mode of indomethacin into
COX-2, in comparison with bromfenac and amfenac, may
be a clue of a peculiar inhibition of COX-2, possibly due to
a longer occupancy into the binding pocket.

Docking scores of indomethacin, bromfenac and
nepafenac correlated with their experimental IC50 for

COX-1 and COX-2 (Table 1). Moreover, the predicted
binding mode of indomethacin (Figure 3e) in hCOX-2 was
highly similar to its experimental binding mode; in fact
indomethacin was crystallized in complex with mCOX-2
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Figure 2 Effects of topical non-steroidal anti-inflammatory drugs
treatment after lipopolysaccharide injection on blood–retinal barrier
breakdown ((a) *P < 0.01 versus control), retinal prostaglandin-E2 levels
((b) *P < 0.001 versus lipopolysaccharide, **P < 0.05 versus nepafenac)
and plasma C-reactive protein levels ((c) *P < 0.001 versus
lipopolysaccharide). N = 6–9.
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(PDB: 4COX) (Figure 3f). The Figure 3e represents the
same predicted complex indo/COX-2 of Figure 3d, but with
a different orientation. The accordance between predicted
and experimental data validated the modelling methodol-
ogy hereby used.

Discussion

Breakdown of BRB occurs in several retinal diseases and is a
major cause of visual loss. This study, for the first time, has
compared the effects of topical indomethacin, bromfenac
and nepafenac in a BRB breakdown model showing a sig-
nificant effect of indomethacin in inhibiting BRB leakage.
Prostaglandins have been implicated in macular oedema
occurring after intraocular surgery and in association with
ocular inflammatory disease.[23] Current therapies targeted
toward macular oedema, a consequence of the breakdown
of the BRB, have not been satisfactory so far. Hence, there is
a need to look for more effective pharmacological therapies.

Vascular leakage is due to different factors such as VEGF
action and the direct vasopermeability effect of PGE2. It is
well known that increased PGE2 levels are associated with
increased breakdown of the BRB.[24] Furthermore, it has
been demonstrated that PGE2 results in increased expres-
sion of VEGF in the retina.[15–17]

We found that the topical indomethacin formulation
used in this study was effective in reducing retinal PGE2

levels and in inhibiting BRB breakdown. The reduction of
the BRB breakdown can be partly explained by the reduc-
tion in the retinal PGE2 levels. In fact, several evidences
suggest an important role for PGE2 in the breakdown of the
BRB.[25] The indomethacin formulation used in this study
has been recently reported to have good ocular distribution
reaching relevant drug levels in the back of the eye.[26] All
NSAIDs tested were effective in decreasing the retinal PGE2

levels even though nepafenac was less effective. However,
only indomethacin was significantly effective in counteract-
ing the BRB breakdown elicited by LPS. We hypothesized
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Figure 3 Molecular docking of non-steroidal anti-inflammatory drugs into cyclooxygenase-2 binding pocket. (a) Celecoxib in complex with
mCOX-2 (Protein Data Bank: 3LN1); (b) bromfenac docked into the model of hCOX-2; (c) amfenac docked into the model of hCOX-2; (d) indo-
methacin docked into the model of hCOX-2, orientation 1; (e) indomethacin docked into the model of hCOX-2, orientation 2; (f) indomethacin in
complex with mCOX-2 (Protein Data Bank: 4COX). Protein residues are labelled with one-letter code.
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that the peculiar effect of indomethacin on BRB is related to
its molecular mechanism rather than to physicochemical
characteristics such as log of octanol (LogD) (LogD/water
distribution ratio as function of pH). Incidentally, this latter
is similar in all drugs tested (0.12, −0.14, 0.57 for indo-
methacin, amfenac and bromfenac, respectively at pH 7.4,
calculated as reported by Sciacca et al.[27]). Indomethacin
has chemical moieties (pharmacophoric groups) named
bioisoster groups similar to celecoxib. It has been demon-
strated that celecoxib, a potent COX-2 inhibitor, prevents
BRB breakdown in diabetic rats.[28] We demonstrated, by
molecular modelling, that the occupancy of COX-2 inhibi-
tor binding pocket is highly similar for indomethacin and
celecoxib, indicating a longer occupancy of ligands in the
binding pocket. However, as regards indomethacin, the dis-
tance between the bioisoster groups, is shorter compared to
celecoxib, such that indomethacin could not form H-Bonds
with the residues at the entrance of the COX-2 pocket
(Figure 3a and d); this may explains why indomethacin is
not a selective COX-2 inhibitor. The described binding
mode of indomethacin and celecoxib is totally different
from bromfenac and amfenac. In fact, bromfenac and
amfenac occupy just the inner part of COX-2 pocket, which
suggests a different molecular mechanism in comparison
with indomethacin and celecoxib (Figure 3b and c).

These findings can explain, at least in part, the robust
effect of indomethacin to maintain the retina integrity in
LPS rats, even though other possibilities, such as PLA2 inhi-
bition, cannot be ruled out. PLA2 has a key role in BRB
integrity, in fact it has been demonstrated that inhibition of

PLA2 prevents the loss of pericytes and protects the BRB,
both in-vitro and in-vivo models of diabetic retinopathy.[17]

Interestingly, it has been reported that indomethacin is also
an inhibitor of phospholipase A2 (PLA2),[29] and its crystal
structure in complex with a homologous PLA2 was
solved.[30] Therefore, the PLA2 inhibition by indomethacin
could contribute to the significant effect of the drug in
reducing retinal leakage.

Finally, we measured plasma CRP levels showing a sig-
nificant increase of plasma CRP in LPS rats compared with
control. CRP represents a marker of inflammation and its
plasma levels are increased in patients with uveitis.[31] The
three drugs tested did not modified the CRP levels in
plasma of rats, suggesting that the topical administration
did not produce effective anti-inflammatory plasma
concentrations.

Conclusions

Indomethacin, an indole acetic acid derivative, inhibits
retinal PGE2 production and vascular leakage induced by
LPS with a mechanism that may involve its unique binding
mode to COX-2 and the inhibition of PLA2. Indomethacin
is commercially available in Europe as topical ophthalmic
preparations, and is indicated for inflammatory ocular con-
ditions. The present findings suggest that indomethacin
may be useful for treatment of postoperative and inflamma-
tory macular oedema in which prostaglandins play an
important role.
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