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Abstract

Corneal neovascularization is a leading cause for compro-
mised vision. Therapeutic prevention of corneal neovascular-
ization is a major clinical challenge, and there is a compelling
need to seek effective and safe therapy for this pathology. This
study is aimed to evaluate curcumin nanoparticle for preven-
tion of comeal neovascularization. MePEG-PCL nanoparti-
cles were successfully prepared and characterized. The nano-
particle of curcumin has shown increased efficiency in
preventing angiogenic sprouting in vitro. Topical delivery of
curcumin nanoparticle in the eye showed enhanced retention
of curcumin in the cornea, and significant improvement in
prevention of corneal neovascularization over free curcumin
as graded clinically and by histopathology; suppression in the
expression of VEGF, inflammatory cytokines, and MMP was
evidenced in the treated cornea. Curcumin inhibited NFkB in
LPS-induced corneal cells. Histopathology and scanning elec-
tron microscopy showed absence of any adverse change in the
corneal structure following application of curcumin
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nanoparticle. Therefore, we conclude that curcumin nanopar-
ticle can be a potential candidate for prevention of corneal
neovascularization.

Key message

* Curcumin nanoparticles show enhanced retention of
curcumin in the cornea.

*  Curcumin NPs suppress the expression of VEGF, inflam-
matory cytokines, and MMP.

*  Curcumin NPs prevent corneal neovascularization by sup-
pressing the NFkB pathway.

¢ Curcumin NPs may be a promising candidate for preven-
tion of corneal neovascularization.
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Background

Cornea, the major refractive surface of the eye is transparent
and avascular for allowing light to pass into the retina. Lack of
blood vessels and lymphatics also contributes significantly to
the immune privilege of cornea and favors corneal transplan-
tation. Avascular state of cornea is attributed by the strict bal-
ance of proangiogenic and antiangiogenic factors. Most im-
portant among these factors is vascular endothelial growth
factor (VEGF), which is constitutively expressed in the cor-
neal epithelium, endothelium, and limbal vascular endothelial
cells, albeit at low levels, are normally buffered by soluble
VEGFR-1 and VEGFR-3 to maintain avascularity and corneal
clarity [1, 2]. Under pathological conditions such as infection,
inflammation, and hypoxia, VEGF is expressed in infiltrating
monocytes, neutrophils, and repair epithelium [3—7] that binds
to VEGF receptor expressed in the limbal vascular endothelial
cells and develop new blood vessels into the cornea leading to
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corneal neovascularization. It is a major cause for compro-
mised vision and a significant factor contributing to allograft
rejection in corneal transplantation [8, 9]. The incidence of
corneal neovascularization in the USA alone is estimated to
be 1.4 million individuals [10]. It continues to remain a major
clinical challenge.

Among the various therapeutic approaches identified so
far, i.e., steroids, Cox 2 inhibitors, photodynamic therapy, fine
needle diathermy, and anti-VEGF have proven to be effective
in ameliorating corneal neovascularization [11]. Notwith-
standing their clinical benefits, all are associated with major
side effects. Steroids are associated with corneal thinning, oc-
ular hypertension, and cataract that limit their use [12]; topical
use of NSAIDs cause corneal ulceration and perforation [13];
photodynamic therapy and fine needle diathermy induce in-
flammatory response [14, 15]; and anti-VEGF therapy causes
corneal thinning, reduced epithelial healing [16], and epithe-
lial erosion [17]. Thus, there is a need to search for effective
and safe therapy for corneal neovascularization.

Apart from its proangiogenic effect, VEGF also attract and
recruit inflammatory cells, and inhibition of VEGF reduces
inflammatory cells after corneal injury; on the other hand,
reduced VEGF expression was evidenced following deletion
of cytokine and chemokine receptors [3—5, 18-20]. Thus, a
close cooperative linkage exists between VEGF expression
and inflammation leading to corneal neovascularization. Nu-
clear factor kB (NFkB), a ubiquitous transcription factor
which is cell- and tissue-specific, has been identified as a
key factor in modulating ocular surface inflammation includ-
ing corneal neovascularization [21]. Curcumin, the yellow
extract from Curcumina longa, has demonstrated potential
anti-inflammatory and antiangiogenic activity in various sys-
tems which has been shown to be mediated through inhibition
of NF«B [22]; therefore, it promises to be a potential candi-
date for prevention of corneal neovascularization.

Bioavailability of drugs to the cornea remains a challenge
as eye drops are continuously washed away by the tear fluid
[23]; moreover, the unique anatomical feature of the cornea
poses a strict physiological barrier to drug permeation [24].
Therefore, to be therapeutically effective, topical eye drops
must be applied multiple times throughout the day which
leads to the irritation of the eye and may also produce tempo-
rary blurred vision after application, causing discomfort [25].
We hypothesize that nanoparticle-mediated delivery can pro-
long the retention time of curcumin within the cornea and
result in better therapeutic effect against corneal
neovascularization.

This study aims to prepare and characterize curcumin
nanoparticle and compare its antiangiogenic effect with free
curcumin in vitro, to evaluate its retention in the cornea and its
effect for prevention of corneal neovascularization in rat mod-
el vis a vis free curcumin and to identify the possible mecha-
nism of antiangiogenic activity.
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Methods

Preparation of nanoparticle Curcumin nanoparticles were
prepared using solvent evaporation technique as described
earlier for preparation of doxorubicin nanoparticle [26]. In
brief, curcumin (Sigma, D1515) and poly(ethylene glycol)
methyl ether-block-poly (e-caprolactone) (Sigma-Aldrich
cat. no. 570338) (feed ratio 1:5) were simultaneously dis-
solved in ethyl acetate and added to a solution of 1 %
didodecyldimethylammonium bromide (DMAB, Sigma, cat.
no. 359025) drop by drop with constant stirring at 350 rpm on
a magnetic stirrer until complete evaporation of ethyl acetate.
Following 10-min sonication, the mixture was centrifuged in
an ultracentrifuge (Thermo Scientific WX ULTRA 90) at 24,
000 rpm for 1 h. The NPs thus obtained were lyophilized
(Virtis) and stored at 4 °C.

Characterization of nanoparticle Nanoparticles were char-
acterized for drug loading, % yield, particle size, zeta poten-
tial, and surface morphology. Amount of curcumin in the su-
pernatant was determined by HPLC and after subtracting it
from the total curcumin used, the drug loading was calculated
as [curcumin encapsulated / (curcumin used+polymer
used)]* 100, and % yield was calculated as weight of NPs
obtained / (curcumin+polymer used). Particle size and zeta
potential was determined by dynamic light scattering using
Malvern ZetasizerNano (Malvern Instruments, Westborough,
MA). Surface morphology of the nanoparticles was deter-
mined by atomic force microscopy. In brief, NPs were dis-
persed in water by sonication and a drop of it was placed on
the freshly cleaved muscovite ruby mica sheet (ASTM V1
Grade Ruby Mica from MICAFAB, Chennai, India), air-
dried, and imaged using a Pico plus 5500 ILM AFM (Agilent
Technologies, USA) in amplitude and tapping mode.

Aortic ring assay Following euthanasia with excess of bar-
biturate, thoracic aorta from young mice were removed into a
sterile petri dish containing ice-cold phosphate-buffered saline
(PBS), surrounding tissues were removed and cut into 1-mm
uniform slices. In a 48-well plate, 150 ul ECM gel was added
and allowed to solidify at 37 °C for 30 min. A piece of aortic
ring was placed on each ECM drop and another drop of ECM
was placed on the ring and incubated at 37 °C for 30 min. In
each well, 500 pl of human endothelial serum-free medium
(GIBCO, Carlsbad, CA) supplemented with 2 % FCS, 50
units/ml penicillin, and 50 pg/ml streptomycin (Sigma) con-
taining either only endothelial cell growth supplement
(ECGS, final concentration 200 pg/ml, Sigma) or ECGS and
different concentration of free curcumin and curcumin NP was
added and incubated at 37 °C in a CO, incubator for 12 days.
Rings were imaged on 4th, 8th, and 12th day under micro-
scope (ECLIPSE TE 2000, Nikon, Japan), and the numbers of
sprouts were counted.
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Cell culture For culture of keratocytes, corneas were excised
along with corneo-scleral junctions from young Sprague-
Dawley rats; epithelial layers were removed with a sterile
scalpel and cut into triangular-shaped wedges, using a single
cut of the scalpel and placed on 35-mm tissue culture plate
(Nunc); and cultured using Stemline™ keratinocyte medium
(Sigma, S0196) containing human epidermal growth factor
(0.1 ng/ml, Sigma), insulin (5 pg/ml, Sigma), hydrocortisone
(0.5 pg/ml, Lonza), bovine pituitary extract (30 pg/ml, Sig-
ma), and antibiotic mixture (50 IU/ml penicillin and 50 pg/ml
streptomycin) (cat. no.15140, Gibco).

IkBo phosphorylation assay

Phosphorylation of IKBx was determined by a commercially
available kit (R&D Systems; KCB4809) following manufac-
turer’s protocol. Briefly, cells grown in 96-well plates were
either left untreated or preincubated for 4 h with 10 uM free
curcumin or nanoparticle containing 10 M curcumin and
treated with LPS (100 ng/ml) for 20 min. Following treatment,
cells were fixed and permeabilized in the wells and simulta-
neously incubated with two primary antibodies: a phospho-
specific antibody and a normalization antibody that is specific
for GAPDH. Then, the cells were incubated with two second-
ary antibodies labeled with either horseradish-peroxidase
(HRP) or alkaline phosphatase (AP). The fluorescence of the
phosphorylated protein and GAPDH was measured using
fluorescence plate reader with two different channels. Phos-
phorylated IKB«x in each well were normalized to that of the
total GAPDH in each well for the correction of well-to-well
variations.

Nuclear localization of NFxB

Nuclear shuttling of NFkB was evaluated by immunocyto-
chemistry. For this, corneal cells were cultured on glass cover
slip for 24 h. Serum-starved cells were either left untreated or
preincubated for 4 h either with 10 uM free curcumin or
nanoparticle containing 10 uM curcumin and treated with
lipopolysaccharide (LPS) (100 ng/ml) for 1 h. Cover slips
were washed three times with Hanks’ balanced salt solution
(HBSS), and cells were fixed with 4 % paraformaldehyde for
20 min and rinsed with PBS. Then, the cells were perme-
abilized with 0.1 % Triton X-100 for 1 min on ice. Cells were
overlaid with 3 % goat serum for 1 h at room temperature,
rinsed with PBS with 0.03 % Triton-X (PBS-T), and incubat-
ed with anti-NFkB P65 antibody (1:100, Cell Signalling
#E498) overnight at 4 °C in a humid chamber. Then, the cells
were washed several times with PBS-T and incubated with
secondary antibody (Alexa Fluor 568, Invitrogen, #A10042)
for 2 h at room temperature. Cells were washed three times,
counterstained with DAPI to visualize the nuclei, and

examined under fluorescence microscope (Leica DMI
4000B, Leica Microsystems, Germany).

Animal experiments The animal experiment was carried out
with prior permission of Institutional Animal Ethics Commit-
tee and abiding by the tenets of Association of Research in
Vision and Ophthalmology (ARVO). In the present study,
experiment was conducted on clinically healthy Sprague-
Dawley rats of either sex weighing about 200 g. All the rats
were provided ad libitum feed and water, maintained under
12-h light and 12-h dark cycle. Routine clinical evaluation and
preoperative ophthalmic examination of both eyes of all the
animals was done prior to the experiment.

Animal model for neovascularization Rats were anesthe-
tized with a combination of xylazine HCL (Xylaxine® Indian
Immunologicals Ltd, Hyderabad, India) at 5 mg/kg and keta-
mine HCL (Ketamine 50®, Themis, Mumbai, India) at
50 mg/kg IM, one drop each of proparacain (Paracain 0.5 %,
Sunways Pvt. Ltd, Mumbai, India), and tropacamide
(Tropicacyl®, 1 %w/v, Sunways, Mumbai, India) was applied
topically on the cornea. The corneal surface was touched for
10 s with cotton-tipped applicator soaked in silver nitrate so-
lution and irrigated with PBS. Corneal defects were assessed
by flourescein dye test. The rats were randomly divided into
three groups and treated with either 20 ul of PBS (control),
20-ul solution containing 80 pg of free curcumin or 20-pl
solution of curcumin NP containing equivalent amount of
curcumin once daily for 14 consecutive days. A drop of cip-
rofloxacin eye drop (Ciplox®, Cipla Ltd, Mumbai, India) was
instilled two times daily in all the affected eyes for 7 days. The
eyes were examined everyday under stereo microscope
(LeicaS8APO, Germany) and imaged on the 7th and 14th
days. Animals were sacrificed by an overdose of barbiturate
on different time points, and the corneas were collected; cor-
neas excised on day 1, day 3, day 7, and day 14 and preserved
in TRIzol® reagent for RNA isolation; and the corneas ex-
cised on day 14 were preserved in —20 °C for Western blotting
and HPLC, 10 % formalin for histopathology. In another set of
animals, normal eyes were treated either with PBS or 20-ul
solution containing 80 pg of free curcumin or 20-pl solution
of curcumin NP containing equivalent amount of curcumin
once daily for 14 consecutive days. The animals were
sacrificed in similar way, and corneas were collected in
10 % formalin for histopathology and 2.5 % gluteraldehyde
for scanning electron microscopy for evaluation of toxicity.

Quantitation of neovascularization Corneal neovasculari-
zation were quantified from the corneal images taken on the
14th day following standard procedure [27] with slight mod-
ification. The contrast level of images were set at which the
neovascular area could be clearly delineated, areas with pixel
densities similar to capillaries were selected and copied using

@ Springer



1098

J Mol Med (2015) 93:1095-1106

Adobe Photoshop. Using Imagel, the images were converted
to black and white applying binary mode; the total corneal
area was then demarcated using the inner lining of the limbus
as the external border. The neovascular (black pixels) and
avascular (white pixels) areas were determined, and the frac-
tional neovascular area were calculated (corneal neovascular
area/total corneal area). Results are reported as mean fraction-
al area + SD. Statistical analysis was performed using one-
way ANOVA.

Real-time PCR (qPCR) Total RNA was extracted from nor-
mal, control, free-curcumin-treated, and curcumin-NP-treated
rat corneas using TRIzol® reagent (cat. no. 15596-018,
Invitrogen, Life Technologies, USA) following manufac-
turer’s protocol. Concentration of RNA was determined, and
cDNA was transcribed according to manufacturer’s instruc-
tion (Revert Aid™ First Strand cDNA Synthesis Kit,
#K1622, Fermantas). Real-time PCR was performed with
IL1B (F: GAGGACATGAGCACCTTCTTT, R: GCCTGT
AGTGCAGTTGTCTAA), tumor necrosis factor alpha
(TNF-&) (F: CTGAGTTCTGCAAAGGGAGAG, R: CCTC
AGGGAAGAATCTGGAAAG, VEGF (F: TTGAGACCCT
GGTGGACATC, R: CCAAAGCCAGCACATAGAGAG),
metalloproteinase (MMP) 2 (F: GGTGGTGGTCACAGCT
ATTT R: CCAGCCAGTCCGATTTGAT), MMP 9 (F:
CCCAACCTTTACCAGCTACTC, R: GTCAGAACCGAC
CCTACAAAG), and GAPDH (F: TCAACAGCAACTCC
CACTCTTCCA, R: ACCCTGTTGCTGTAGCCGTATT
CA) primers using SYBR® Premix Ex Taq™ (Perfect Real
Time, TaKaRa #PR041A) in a real-time PCR cycler (ABI
Prism 7500 Sequence Detection System; Applied Biosystems,
Foster City, CA, USA). Relative messenger RNA (mRNA)
levels in each sample were calculated after normalization to
GAPDH mRNA expression using DD CT method as per man-
ufacturer’s methodology (Applied Biosystems, Foster City,
CA, USA).

Western blotting Corneas were washed with ice-cold PBS
and homogenized in an homogenizer with ice-cold lysis buffer
(50 mM Tris—HCI, pH 7.2, 150 mM NaCl, 2 mM EDTA, 10 %
(v/v) NP-40, 1 mM sodium orthovanadate, 50 mM sodium
pyrophosphate, 100 mM sodium fluoride, 0.01 % (v/v)
aprotinin, 4 pg/ml of pepstatin A, 10 pg/ml of leupeptin,
1 mM phenylmethylsulfonyl fluoride, PMSF) for 5 min and
centrifuged at 15,000xg for 10 min. Supernatant was obtained
and concentration of protein was determined by Bradford
method. Laemmli sample buffer was added to the lysate su-
pernatant and boiled for 5 min. Equal quantity of proteins
from each sample were separated by SDS-PAGE (10 %) gel
and transferred to polyvinylidene fluoride membranes
(PVDF; Millipore, Billerica, MA). Membranes were blocked
in blocking buffer (5 % skimmed milk powder in TBST
(0.1 M Tris, pH 9.5, containing 0.05 M MgCl, and 0.1 M
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NaCl and 0.1 % Tween 20) for 2 h, incubated overnight at
4 °C with primary antibodies against VEGF-A (1:200, Novus
Biologicals, NB600-1003) or beta actin (1:500, Cell Signal-
ling, #4970), washed three times with TBST, and further in-
cubated with HRP-conjugated secondary antibody (1:5000,
Immunopure antibody, Thermo Scientific, #31460). Mem-
branes were washed in TBST, and specific antigen-antibody
complexes were developed by using SuperSignal® West Dura
extended duration substrate, Thermo Scientific, #34076), and
the chemoilluminescence was detected by a ChemiDoc sys-
tem (Gel Logic 4000 PRO, Carestream Health, Canada).

Histopathology Corneas were fixed in formalin, cleared in
xylene, dehydrated in graded alcohol, and embedded in par-
affin. Five-micron-thick sections were prepared, stained with
hematoxylin and eosin, and examined under microscope
(Leica DM 2500). Corneal sections from eyes induced for
angiogenesis and treated with either PBS or free curcumin
and curcumin NP were examined for presence of blood ves-
sels; number of vessels observed in ten microscopic fields
from each group is presented as mean + SD. Corneal sections
from normal eyes treated either with PBS or free curcumin or
curcumin NP were evaluated for toxicity.

Scanning electron microscopy The corneas from normal
eyes treated either with PBS or free curcumin or curcumin
NP were preserved in 2.5 % gluteraldehyde. Corneas were
treated with graded alcohol and imaged under scanning elec-
tron microscope TESCAN Vega II LSU (TESCAN Digital
Microscopy Imaging) after gold sputtering.

HPLC for quantification of curcumin in the cornea

The corneas were collected on 14th day 6 h after the last
treatment and stored at —20 °C until further use. HPLC
was done following a method used for determination of
doxorubicin in plasma and tissues [28]. In brief, corneal
samples were homogenized in 1 ml of 20 mM K,HPO,
(pH 3.8) and 250 pl of acetone was added to each ho-
mogenate to precipitate the protein in the samples. The
homogenates were centrifuged at 2000 rpm, and the su-
pernatants were collected in fresh microcentrifuge tubes.
The samples were lyophilized, and the residue was dis-
solved in 200 pl of the mobile phase and introduced into
the HPLC system for analysis.

The mobile phase consisted of 50 mM potassium
dihydrogen phosphate (pH 3.5): acetonitrile as 40:60v/v and
was pumped isocratically at a flow rate of 1 ml/min.

The amount of curcumin in the samples was calculated
from a standard curve obtained by using different known con-
centrations of curcumin. The curve was linear and the equa-
tion relating the areas of the peaks to the concentration of
curcumin was obtained as Y=28.51X, R2>0.823, where Y =
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Table 1 Physicochemical

characteristics of the Feed Average particle ~ Zeta potential ~ Polydispersity % % Yield Drug

nanoparticles ratio size (nm) (mV) index Encapsulation loading %
20:100  90.92+0.77 —20.1£2.31 0.260+0.05 91.9+0.09 97.84+0.84  15.39+0.74
Data presented as mean+SD

area of the peaks and X = concentration of curcumin in the  Results

samples.

Statistical analysis All values, unless otherwise stated, are
expressed as mean+SD. The minimum number of replicates
for all measurements was at least 3. Comparison between
groups were done by one-way analysis of variance, and the
significance level was set at p<0.05.

a Control Free Curcumin
5uM 10 uM
Day 4
Day 8
Day 12

Characterization of curcumin loaded MePEG-PCL
nanoparticle Considerably high encapsulation efficiency
and % yield was obtained. The nanoparticles were character-
ized for particle size, zeta potential, and polydispersity index
using dynamic light scattering. The particle size, zeta poten-
tial, and PDI are presented in Table 1. Atomic force

Curcumin NP

20 uM 5uM 10 uM 20 uM

L 1000um -

120 -

I3
o
L

NO. OF SPROUTING
» o
o =]

20

| R
) .
A B CDEFG A B
DAY 4

CD EFG
DAY 8

A B CDETFG
DAY 12

Fig. 1 Curcumin NP shows increased efficiency in preventing
angiogenesis compared to free curcumin. a Culture of aortic ring in
presence of ECGS resulted in appearance of angiogenic sprouts on the
fourth day that significantly increased on day 8, and on day 12, they had
grown into tube-like structures. Curcumin dose- and time-dependently
inhibited angiogenic sprouting. Curcumin NP completely inhibited the

sprouting at the lowest dose and exhibited better effect than free
curcumin. b Graphical representation of number of sprouts: 4, control;
B 5 uM; C, 10 uM; D, 20 uM free curcumin, EFG curcumin NP
containing 5, 10, and 20 uM curcumin, respectively. Data represented
as mean+SD; *p<0.05 vs control, #»<0.05 vs 5 uM free curcumin; N=6
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0]

Phosphorylation of IkB-a
(Normalized Relative Fluorescence Units)

20
15
10

0

Normal LPS+free curcumin LPS+Curcumin NP

Fig. 2 Curcumin prevents LPS induced phosphorylation of IKBx in
keratocytes. Corneal keratocytes were treated with LPS that resulted in
increased phosphorylation of IKB«, pretreatment with curcumin and
curcumin NP prevented this increased phosphorylation. Data presented
as mean+SD, *p<0.05 vs normal, #p<0.05 vs control (LPS)

microscopy (AFM) showed that the particles were spherical
and had smooth surface (Suppl. Fig. 1).

Curcumin NPs prevent angiogenic sprouting Culture of
aortic ring in the presence of ECGS resulted in appearance
of angiogenic sprouts on the fourth day that significantly in-
creased on day 8, and on day 12, they had grown into tube-like
structures. Aortic rings cultured in presence of ECGS and
5 uM free curcumin also generated sprouts on day 4 that
increased on day 8 and day 12 but remained significantly

LPS

lower compared to the only ECGS treated rings. In ECGS
and 10 uM free-curcumin-treated rings, first appearance of
sprout was observed on day 8 that increased on day 12; how-
ever, the number was significantly lower than the only ECGS-
treated rings. No sprouting was observed from the rings treat-
ed with ECGS and 20 uM free curcumin. Therefore, curcumin
prevented angiogenic sprouting in the cultured aortic ring in
dose- and time-dependent manner, whereas none of the cul-
tured rings treated with ECGS and curcumin NP generated
any sprout even on 12th day (Fig. 1). This indicated improved
efficiency of curcumin NP than free curcumin in preventing
angiogenesis.

Curcumin NPs suppressed phosphorylation of IKBx In
resting stage, NFkB is retained within the cytoplasm by inhib-
itory subunit IKB«; after activation, IKB« is phosphorylated
and subsequently degraded, as a result NFkB becomes free
and translocate to nucleus. Therefore, we examined whether
LPS increases the phosphorylation of IKBa and if curcumin
or curcumin NP can prevent the phosphorylation. Our data
clearly showed that treatment of corneal cells with LPS in-
creased phosphorylation of IKBoa whereas curcumin NP as
well as the free curcumin prevented the phosphorylation of
IKB« (Fig. 2).

Curcumin NPs prevented LPS induced activation and nu-
clear translocation of NFkB Nuclear localization of NFkB

LPS+Free
curcumin

LPS+
CurcuminNP

Fig. 3 Curcumin prevents nuclear localization of NFkB. Treatment of keratocytes with LPS shows localization of NFkB within the nucleus, whereas

pretreatment with curcumin and curcumin NP retains it within the cytoplasm
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in corneal cells was examined by immunocytochemistry with
NFkB P65. In LPS-treated cells, NFkB was detected in the
nucleus whereas in corneal cells pretreated with curcumin and
curcumin NP, NFkB was observed to be localized in the cy-
toplasm (Fig. 3). Therefore, curcumin NP blocked nuclear
translocation of NFkB.

Curcumin NPs prevent corneal angiogenesis

Clinical evaluation Clinical examination showed extensive
neovascularization on the control and free-curcumin-treated
corneas, although the extent appeared to be lesser on the latter
as compared to the control. However, curcumin-NP-treated
eyes showed a distinct reduction in neovascularization. The
images taken on 14th day after induction were analyzed with
Image] software. The analysis showed huge neovascular area
on the control and free-curcumin-treated corneas and a

a
Control
)
Free i
Curcumin |
K
Curcumin 1)
NP 268
i X
\ Qa e
(o

Free curcumin

Control

Fig. 4 Curcumin NP prevents corneal neovascularization. a Corneal
images show huge angiogenesis in control cornea and reduction in free
curcumin and curcumin NP treated corneas. Binary images are also
presented. b Areas of neovascularization were determined by ImagelJ
software and represented graphically. Data are presented as mean
fractional area+SD. *p<0.05 vs control, #»<0.05 vs free curcumin;

Curcumin NP

significant (p<0.05) reduction in the neovascular area on
curcumin-NP-treated corneas. The analysis supported the clin-
ical observation (Fig. 4a, b).

Histopathology Histology showed huge number of capil-
laries in the corneal sections from control as well as free
curcumin treated eyes. However, the corneal sections from
curcumin NP treated eyes showed only very few capillaries
and the reduction was significant (»p<0.05) compared to con-
trol as well as free curcumin treated corneas, that clearly indi-
cated increased efficacy of curcumin NPs for prevention of
corneal neovascularization (Fig. 4c, d).

Curcumin NPs suppressed increased expression of inflam-
matory cytokines Modulation of inflammatory cytokines
was evaluated on first, third, and seventh days. Real-time
PCR showed significantly (p<0.05) increased expression of
IL1A and TNF-« on the third as well as seventh days in

[ - eon

*

4 T ’
0 4 L
80 4
: I I |
R I
0+ — W R

Relatve intensty
(Arbitary Units)

Control Free Curcumin  Curcumin NP

124

104
o 84
2
K]
F 54
g .
T o
2 ﬁ_

°
Conol Free crcumin CurcumibN P

N=6. ¢ Histopathology of control cornea also shows huge in-
crease in the number of capillaries and lesser number in free curcumin
treated corneas, whereas curcumin NP treated cornea shows only very
few capillaries. d Bar diagram representing number of capillaries. Data
are presented as mean+SD.*p<0.05 vs control
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control corneas compared to normal corneas. A significant
(»<0.05) and progressive reduction in the expression of both
IL13 (Fig. 5a) and TNF-« (Fig. 5b) were observed following
curcumin NPs treatment.

Curcumin NPs prevent increased expression of
VEGF Expression of VEGF was assessed in the corneas
after 14 days. A significant (p<0.05) increase in the expres-
sion of VEGF mRNA in the corneas from control rats was
observed compared to normal rats by real time PCR. The
VEGF mRNA expression was reduced (p<0.05) in free
curcumin treated corneas compared to the control animals.

Fig. 5 Curcumin prevents a 30 -
increased inflammation in the
cornea. Real-time PCR shows
huge increase in the expression of
IL1{3 and TNF-« in control, free 25
curcumin, and curcumin NP
treated corneas on day 1, my
treatment of curcumin NP =
. c 20 4
significantly decreased the S
expression of IL1f3 (a) and TNF- >
« (b) on day 3 and day 7 S
compared to control and free o 15
curcumin treated corneas. Data is <
expressed as mean+SD; N=3; ?;
*p<0.05 vs control, “p<0.05 vs [0}
fi . o 10 4
ee curcumin &
(]
<
o
o 5
(]
L
0 .
b
20 +
18
16 -
—~~
[2]
= 14
C
S
> 12
©
=
-e 10 -
<
o 8-
(]
2
c 4
S
s *
o
w2
0 -4

@ Springer

A further significant (p<0.05) reduction of mRNA expres-
sion was detected in curcumin NPs treated corneas com-
pared to both control as well as free curcumin treated ani-
mals (Fig. 6a). The Western blot analysis also showed in-
creased VEGF protein expression in control corneas and its
significant (»<0.05) reduction in curcumin NP treated cor-
neas (Fig. 6b).

Curcumin NPs suppress increased expression of
MMPs Real-time PCR analysis showed significant
(p<0.05) increase in the expression of MMP2 and
MMP9 in control corneas compared to normal corneas.

IL1Beta

® Normal
u Control
= Free

¥ Nano

TNF

® Normal
u Control
" Free
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A significant (p<0.05) prevention of MMP2 (Fig. 7a) as
well as MMP9 (Fig. 7b) expression was observed in
free curcumin and curcumin NP treated corneas com-
pared to control, the expressions in curcumin NP treated
corneas were significantly (»p<0.05) lower compared to
free curcumin treated corneas.

Curcumin NP does not affect the histology and ultrastruc-
ture of the normal cornea Corneas from normal eyes were
treated with either PBS or free curcumin or curcumin nano-
particle to evaluate their effect on normal corneas. Histology
sections from free curcumin and curcumin NP treated cornea
showed normal architecture of cornea, similar to that of PBS
treated cornea (Fig. 8a).

Scanning electron microscopy showed normal architecture
of epithelial and endothelial cells in the cornea from free
curcumin and curcumin NP treated eyes that resembled the
PBS treated normal cornea. The cellular junctions were also
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Fig. 7 Curcumin NP prevents increased expression of MMPs in the
cornea. Real-time PCR shows increased expression of MMP2 (a) and
MMP9 (b) in the control cornea which was prevented in free curcumin
and curcumin NP treated corneas; the expressions in curcumin NP treated

curcumin

found to be unaltered in both the treatment groups (Fig. 8b).
Therefore, treatment of corneas with either free curcumin or
curcumin NP did not change its ultrastructure.

Nanoparticle-mediated delivery increased availability of
curcumin in the cornea On 14th day, 6 h after last treatment,
presence of curcumin within the cornea was quantified by
HPLC. Higher amount of curcumin was detected in the cor-
neas treated with curcumin NP compared to the corneas treat-
ed with free curcumin (19.88+4.9 vs 0.65+0.65 nug). There-
fore, nanoparticle-mediated delivery of curcumin prolonged
the availability of curcumin within the cornea.

Discussion

The attributes of nanoparticle-mediated drug delivery prom-
ises remarkable contribution in ophthalmology and for
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corneas were significantly lower than free curcumin treated corneas. Data
is expressed as mean=SD; N=3; *p<0.05 vs normal, #p<0.05 vs control,
@5<0.05 vs free curcumin
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Fig. 8 Curcumin NPs and free curcumin does not change the normal
architecture of cornea. a Histology sections of corneas from eyes
treated with free curcumin and curcumin NP shows normal corneal

architecture as corneas from PBS-treated eyes. b Scanning electron
microscopy also shows that the epithelial (7) and endothelial (i7) cells of
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prevention of corneal neovascularization in particular [11]. In
this study, we have shown the advantage of curcumin NP over
free curcumin for preventing corneal neovascularization in a
rat model of chemical injury.
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the corneas retained normal architecture following either free curcumin or
curcumin NP treatment; cell nucleus (V) and tight junction (J) of the
endothelial can be seen clearly. The architecture is comparable with
normal cornea

The MePEG-PCL curcumin NPs were smooth and without
cracks; the zeta potential and polydispersity index were appro-
priate for conferring its stability and prevention of aggrega-
tion. Our in vitro study with free curcumin has shown
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significant dose-dependent as well as time-dependent reduc-
tion of angiogenic sprouting in aortic ring assay. We observed
complete inhibition of sprouting with 20 uM free curcumin,
whereas same effect was evidenced with 5 uM curcumin NP.
Bian et al. [29] reported prevention of human umbilical vein
endothelial cell (HUVEC) proliferation by free curcumin.
Aortic ring assay mimics in vivo angiogenesis more closely
as it simulates the proteolytic activity, cell migration along
with proliferation of endothelial cells. Irrespective of the assay
system, curcumin inhibited endothelial cell proliferation and
prevented angiogenesis and curcumin NP showed increased
efficiency in our study.

Chemical injury is a prevalent cause of corneal neovascu-
larization clinically [30, 31]. In experimental setup, various
models are used for producing corneal angiogenesis, some
commonly used are, the suture induced, and chemical injury.
Among these, chemical injury model for corneal neovascular-
ization has been widely used due to the ease with which it can
be induced and easy visualization [32]. In this study, corneal
angiogenesis was induced with silver nitrate to obtain a robust
model for mimicking clinical inflammatory corneal neovascu-
larization. Considering topical eye drops as the most accessi-
ble and least invasive delivery route to the eye, we choose to
deliver curcumin NP topically.

We observed significant reduction in corneal neovascular-
ization following once daily treatment with curcumin NP for
14 days. Reduction of neovascularization with once daily free
curcumin was not remarkable; Kim et al. [33] reported pre-
vention of CNV following multiple daily dosing with
curcumin in rabbit eye. Histopathology of corneal sections
also supported the clinical findings; corneal sections from
curcumin NP treated corneas showed only very few capillaries
as opposed to huge number of capillaries in control and free
curcumin treated corneas. Consistent with these findings, we
also registered increased expression of VEGF in the control
cornea and its hierarchical reduction with free curcuin and
curcumin NP. Curcumin NPs also demonstrated significant
reduction of corneal inflammation. Both suppression of in-
flammation and VEGF played important role in prevention
of corneal neovascularization [34]; however, their individual
contribution could not be uncoupled in this study. Matrix me-
talloproteinase is another important player in inducing corneal
neovascularization [35]; therefore, we sought to evaluate its
expression following treatment with curcumin NPs and ob-
served significant reduction.

Our study also demonstrates that curcumin and curcumin
nanoparticles inhibit nuclear localization of NF«kB and there-
by exhibit anti-inflammatory and antiangiogenic activity in
corneal cells.

Though curcumin has exhibited potential antiangiogenic
activity in various systems including the eye [33, 36-38],
major concern with curcumin for topical use on the cornea is
its poor bioavailability [39], attributed by its chemical nature,

and like most ophthalmic drops, its reduced retention time on
the cornea.

Interestingly, consistent with our hypothesis, curcumin NP
have demonstrated significant improvement in activity over
free curcumin; this is further supported by our HPLC data
which shows increased availability of curcumin in curcumin
NP treated corneas compared to those treated with free
curcumin. This is the first study that demonstrates advantage
of using curcumin NP over free curcumin for prevention of
corneal neovascularization via topical route.

Histopathology sections and scanning electron microscopy
of corneas showed treatment either with free curcumin or
curcumin NP did not cause any alteration in the morphology
of its epithelial and endothelial cells therefore can be safely
applied to cornea via topical route.

Thus, we conclude curcumin-loaded MePEG-PCL NPs
are potential candidates for prevention of corneal
neovascularization.
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