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Purpose. To investigate the effects of diabetes on transscleral retinal delivery of celecoxib in albino and
pigmented rats.

Methods. Albino (Sprague Dawley—SD) and pigmented (Brown Norway—BN) rats were made diabetic
by a single intraperitoneal injection of streptozotocin (60 mg/kg) following 24 h of fasting and diabetes was
confirmed (blood glucose >250 mg/dL). Two months after diabetes induction, the integrity of blood-retinal-
barrier in control versus diabetic rats from both strains was compared by using FITC-dextran leakage assay.
Fifty microliter suspension of celecoxib (3 mg/rat) was injected periocularly in both the strains in one
eye, 2 months following diabetes induction. The animals were euthanized at the end of 0.25, 0.5, 1, 2, 3, 4, 8,
and 12 h post-dosing and celecoxib levels in ocular tissues and plasma were estimated using a HPLC assay.
Results. Diabetes (2-month duration) resulted in 2.4 and 3.5 fold higher blood-retinal barrier leakage in
diabetic SD and BN rats, respectively, compared to controls. The area under tissue celecoxib concentration
versus time curves (AUC) for sclera, cornea, and lens were not significantly different between control and
diabetic animals. However, retinal and vitreal AUCs of celecoxib in treated eyes were approximately
1.5-fold and 2-fold higher in diabetic SD and BN rats, respectively, as compared to the controls.
Conclusions. Transscleral retinal and vitreal delivery of celecoxib is significantly higher in diabetic
animals of both strains. The increase in retinal delivery of celecoxib due to diabetes is higher in
pigmented rats compared to albino rats. Higher delivery of celecoxib in diabetic animals compared to

control animals can be attributed to the disruption of blood-retinal barrier due to diabetes.
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INTRODUCTION

Among the various eye diseases, diabetic retinopathy and
age related macular degeneration (ARMD) account for ~40%
vision loss or blindness in adults 40 years or older (1).
Traditional approaches in treating these diseases (e.g., laser
treatment and photodynamic therapy) delay vision loss by
controlled damage to the affected region of the retina but they
do not improve or reverse vision loss (2). Recent understand-
ing of the pathophysiological conditions of these diseases has
led to the development of various drugs including Lucentis®,
which not only prevents vision loss in ARMD but also helps in
vision gain (2). Further, various experimental small molecule
therapeutics like anecortave acetate (3), budesonide (4), and
celecoxib (5) have shown promising results in alleviating
diabetic retinopathy conditions in animal models. However,
delivery of most of these drugs by systemic mode of
administration is limited due to various physiological barriers
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like the inner-blood-retinal barrier, outer blood retinal barrier
and dose limiting systemic side effects. Intravitreal injections
and implants (conventional modes of drug delivery to the
retina) are associated with side effects such as retinal damage
and ocular infection. Previous studies from our group (6) and
others (7,8) have shown that transscleral drug delivery using
periocular (e.g., subconjunctival and sub-tenon) injections is a
viable alternative in localized drug delivery to the retina.
Sclera, with its larger surface area (about 95% of total
eye surface), hypocellular nature, ease of access (9), and high
permeability characteristics is shown to be a promising route
for delivery for both small (10) and high (11) molecular
weight drugs to the retina. The role of various parameters like
age of sclera (12), intra-ocular pressure (13), scleral thickness
(14), scleral hydration (15), choroidal blood flow (16),
lymphatic uptake (16), and retinal pigment epithelium (17) on
retinal drug delivery by transscleral route has been previously
reported. We have reported that the pigmented nature of
choroid and its affinity for lipophilic solutes reduces transscleral
transport of lipophilic molecules (e.g., celecoxib) more com-
pared to hydrophilic solutes (18). Pigmentation also decreases
transscleral delivery of molecules like celecoxib in vivo (19).
When a drug is injected by periocular injection, a bleb is
formed at the site of administration, which dissipates over
time. The drug would be either absorbed transsclerally to be
delivered to the retina or eliminated from the site of
administration through the periocular and conjunctival blood
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Table I. Body Weights and Blood Sugar Levels in Study Groups

Strain Group Blood glucose levels (mg/dL) ~ Weight (gm)
SD Control 129 + 12 225+ 10
SD Diabetic 426 + 24 218 + 24
BN Control 133 + 16 230 + 15
BN Diabetic 430 + 33 220 + 29

Blood glucose levels and weights for control and diabetic animals
were measured on day 1 and on day 60, respectively. The data are
expressed as mean+SD

and lymphatic systems. Based on the experimental data
obtained using rat models, we developed and validated a
pharmacokinetic compartmental model to understand the
drug disposition following periocular injection (20). Based on
this model in Brown Norway rats, the drug dissolution/release
rate constant for celecoxib in the periocular space was found
to be 0.017 min"'. The absorption rate constant into sclera
and choroid-RPE was found to be 3.61 x 10~* min' and
the drug elimination rate form the periocular site of
administration was estimated to be 0.12 min~!. Thus,
transscleral drug delivery is limited by multiple barriers.
From the studies done so far by various groups, the factors
influencing transscleral drug delivery can be grouped into (i)
physico-chemical parameters related to the drug and (ii)
physiological parameters related to the surrounding tissue.
However, there are no reports indicating the role of disease,
e.g., diabetes, on transscleral drug delivery.

The effect of disease state, particularly ocular infec-
tions like endophthalmitis on ocular pharmacokinetics
following topical and systemic delivery has extensively
been investigated by Bozkurt’s group (21-27). Results
from their studies in humans and animal models indicate
that inflammation in the eye can cause increased aqueous
and vitreous levels of antibiotics following topical and
systemic delivery. One of the possible reasons speculated
for the increased aqueous and vitreous levels is the
alteration in blood-retinal and blood-aqueous barriers. In
another study, Blair et al. (28) have shown that the induction
of diabetes in rats leads to diabetic retinal pigment
epitheliopathy, one of the early changes of diabetic retinop-
athy, and increased permeability of systemically adminis-
tered horseradish peroxidase. Zhang et al. (29) have
reported genetic differences in the blood-retinal barrier
breakage in Sprague Dawley and Brown Norway rats
following streptozotocin induced diabetes. However, the
effect of diabetes and the resulting breakdown of blood-
retinal barrier on transscleral delivery have not been
investigated. To this end, we investigated the effect of
diabetes on the transscleral delivery of celecoxib in the
current study. Celecoxib is a drug effective in alleviating the
biochemical changes associated with diabetic retinopathy (5)
and choroidal neovascularization (30) in a rat model. To
account for the differences in pigmentation and the blood-
retinal barrier breakdown between strains, we have investi-
gated the difference in ocular pharmacokinetics using
diabetic albino (Sprague Dawley) and pigmented (Brown
Norway) rats.
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MATERIALS AND METHODS
Chemicals

Celecoxib was purchased from Chempacific (Baltimore,
MD, USA). Sodium salt of carboxy methyl cellulose (CMC;
cat. no. C5678; viscosity: 50-200cps for 4% w/v aqueous
solution at 25°C), budesonide, 4.4kDa FITC-Dextran and
HPLC grade methylene chloride, glacial acetic acid and
acetonitrile were purchased from Sigma Chemicals (St. Louis,
MO). Pentobarbital sodium was purchased from Fort Dodge
Laboratories (Fort Dodge City, IA, USA).

Animal Studies

All animals were treated according to the ARVO
statement for the use of animals in ophthalmic and vision
research. Male Sprague-Dawley (SD; albino) and male
Brown-Norway (BN; pigmented) rats (SASCO) weighing
200-250 g were used in this study. Data for the control albino
(SD) and pigmented (BN) rats was obtained from our
previous study (19). Although it is easier to isolate eye tissues
from a rabbit model, we used rat models for the following
reasons. Rabbit retinal structure differs from the humans in
terms of the microvasculature of the retina. The rabbits lack
circulation in the inner retina (merangiotic retina) whereas
humans and rats have an euangiotic retina (circulation
present in the outer and inner retinal layers) (31). The rat
retina is therefore anatomically similar to the human retina as
compared to the rabbits. Also we were interested in studying
the progression of diabetic retinopathy in the long term and
no good model for diabetic retinopathy in rabbits exists. On
the other hand, rat models for diabetic retinal complications
are extensively utilized (32-40). In addition, publications from
our group and other groups have shown that the biochemical
changes in retina following induction of diabetes are similar to
those observed in human retina (6,32-43).

Induction of Diabetes

Induction of diabetes in rats was achieved using a
previously reported method (5). Briefly, both SD and BN
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Fig. 1. Influence of diabetes on Sprague Dawley and Brown Norway
rat blood-retinal-barrier leakage in normal (open square) and diabetic
rats at the end of 2 months. * Significantly (P=0.004) different from
control rats. Single dagger Significantly different (P=0.05) from SD
rats. Data are presented as mean=+s.d. for n=4.
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Table II. Influence of Diabetes on the Plasma Pharmacokinetic Parameters of Celecoxib in Sprague-Dawley and Brown-Norway Rats
Following Periocular Injection of Celecoxib Suspension to One Eye at a Dose of 3 mg/rat

Sprague Dawley rats Brown Norway rats
Control” Diabetic Control” Diabetic
Tmax (h) 1.52+0.61 1.62+0.29 1.68+0.24 1.34+0.55
Cumax (ng/ml) 425.24+97.26 431.28+56.54 480.22+21.11 450.88+36.79
t1 (h) 5.62+0.43 5.34+0.35 5.43+0.51 4.97+0.45
AUCy_, (ng.h/ml) 2,911+358 3,458+542 3,124+435 3,317+433
V4/F (ml) 6,740+1,615 6,524+£971 6,327+1,512 7,022£254
CV/F (ml/h) 1,043+129 958+125 1,127+148 1,022+204

The data are expressed as meanzs.d. for n=4

“The tissue concentrations for all control rats were taken from Cheruvu et al. (19), with permission from the Association for Research in Vision
and Ophthalmology

rats were administered with a single intraperitoneal dose of Milpitas, CA) 24 h after the administration of streptozotocin.
streptozotocin (60 mg/kg) prepared in 10 mM citrate buffer The animals with blood glucose >250 mg/dl were deemed
after fasting animals for 24 h. The blood glucose levels were  diabetic. Following the treatment, the animals were given free
measured using a glucometer (OneTouch Ultra, LifeScan, access to food and water for 2 months.
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Fig. 2. Influence of diabetes on celecoxib delivery following periocular injection in (open triangle) control
and (closed circle) diabetic Sprague Dawley rats. Key: Continuous line represents the ipsilateral eye and
broken line represents the contralateral eye. Data are presented as meanzs.d. for n=4. The tissue
concentrations for all control rats were taken from Cheruvu et al. (19), with permission from the Association
for Research in Vision and Ophthalmology.
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Blood-Retinal Barrier Leakage

The blood-retinal barrier leakage at the end of 2 months
in both SD and BN rats was determined using FITC-
dextran leakage assay, using previously reported method,
with some modifications (44). Briefly, after induction of deep
anesthesia, the animals were injected intravenously with
FITC-dextran (4.4 kDa, 50 mg/mL in PBS, 50 mg/kg body
weight). After 10 min, the chest cavity was opened, and the
animals were perfused with PBS (500 mL/kg body weight) to
remove the FITC-dextran remaining in the blood vessels.
This perfusion removes the tracer trapped in the blood
vessels, thereby allowing us to quantity only the tracer that
leaked from the blood vessels into the retinal tissue. Blood
samples were collected immediately before perfusion.
Immediately after perfusion, the retinas were dissected
and homogenized, and the FITC-dextran was extracted with
750 pL of water. The extract was centrifuged at 7,000 rpm
for 10 min, and the supernatant (500 pL) was used to
measure the fluorescence. Corrections for the blank were
made by subtracting the fluorescence obtained from eyes of
rats not injected with FITC-dextran. The amount of FITC-
dextran in the samples was quantified using a standard
curve of FITC-dextran in water. The amount of FITC-
dextran in the retina was normalized to the retinal weight
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and to the plasma concentration of FITC-dextran. The
blood-retinal barrier breakdown was calculated by using the
following formula (44):

Retinal FITC-dextran (ug)/retinal weight (g)
Plasma FITC-dextran (pg/pl) x circulation time (min)

Periocular Administration

At the end of 2 months following the induction of
diabetes, periocular administration of celecoxib suspension
was performed similar to previously reported method (45).
Celecoxib was suspended (60 mg/ml) in 0.5% w/v of CMC in
phosphate buffered saline (pH 7.4). The rats were anesthetized
with an intraperitoneal injection of sodium pentobarbital
(40 mg/kg) and (50 pl) of drug suspension was administered
into the posterior subconjunctival space of one eye (ipsilat-
eral) using a 27-gauge needle. The other eye (contralateral)
served as a control. The animals were allowed to recover
from anesthesia and water and food were provided ad libitum
until euthanization. The animals were euthanized at 0.25,
0.5, 1, 2, 3, 4, 8 and 12 h post-dosing with sodium
pentobarbital (250 mg/kg, i.p.). Blood samples were collect-
ed immediately after euthanization by cardiac puncture and

Table III. Influence of Diabetes on Ocular Tissue Pharmacokinetic Parameters of Celecoxib in Sprague Dawley Rats after Periocular Injection
of Celecoxib Suspension to One Eye at a Dose of 3 mg/rat

Tissue Condition  Tpax (h)  Chax (ng/g tissue)  Typ (h)  AUCo-. (ng. h/g of tissue) CI/F (g/h) V4/F (g tissue)
Ipsilateral eye
Sclera Control 1.90+0.58 176.39+41. 22 6.10+1.30 860.05+57.99 4.78+0.59 27.03+6.02
Diabetic 2.00+£0.25 180.24+32.55 5.97+1.21 885.24+68.44 4.92+0.49 24.11+£5.24
choroid-RPE  Control 1.00+0.00 55.14+15.64 2.40+0.10 252.27+34.58 33.15+5.5 115.33+24.30
Diabetic 1.00+0.00 63.03+12.24 2.25+0.77 249.57+12.04 30.27+7.7 120.42+20.78
Retina Control 1.25+0.50 159.79+32.12 5.99+2.38 670.94+103.69 4.60+0.71 38.31+11.24
Diabetic 1.25+0.51 208.73+19.18* 6.06+0.96 1,059.33+125.78* 3.50+0.82 30.34+3.17
Vitreous Control 0.88+0.25 116.34+24.90 5.5+1.70 368.40+52.14 8.31+1.22 56.24+14.25
Diabetic 0.80+0.25 205.35+29.86* 5.19+1.74 576.50+143.89* 40.38+3.05* 189.02+40.60*
Lens Control 1.00+0.08 10.87+2.89 8.71+3.03 185.94+48.05 93.21+28.33 720.12+617.24
Diabetic 1.57+0.11 9.74+1.91 7.97+1.35 180.67+31.22 101.17+21.11 717.54+341.17
Cornea Control 0.88+0.75 78.88+11.31 9.64+0.62 936.38+102.90 7.81+0.67 53.25+11.24
Diabetic 0.79+0.21 75.23+12.10 9.12+0.75 942.55+90.21 6.91+0.52 50.17+£9.91
Contralateral eye
Sclera Control 2.00+0.00 4.59+1.94 5.2+2.20 19.44+3.98 162.21+£33.12 932.12+123.11
Diabetic ~ 2.00+0.00 4.22+1.07 5.88+1.21 18.36+2.64 159.22+30.57  1,077.64+97.48
choroid-RPE  Control 1.00+0.00 6.99+0.86 2.15+0.10 21.33+0.86 244.2+16.87 757.35+68.99
Diabetic 1.00+0.00 5.87+0.59 2.53+0.31 22.42+0.95 238.5+21.27 832.13+73.25
Retina Control 1.88+0.80 4.65+2.74 4.70+1.93 13.80+3.92 232.21+63.25 1,294+507.21
Diabetic ~ 2.00+0.40 6.32+0.35% 6.28+1.78 18.42+0.58* 125.10+23.24% 1,127+290.68
Vitreous Control 2.75+0.96 0.53+0.30 7.10+2.66 2.80+1.13 1,161.21+320.98 9,392+3,535
Diabetic  2.50+0.5 0.80+0.07* 5.19+0.67 3.50+0.15 1,264.22+111.18 15,233+1,978
Lens Control 1.38+0.75 0.75+0.19 7.70+2.31 0.59+0.19 1,101.22+308.21 11,296 +1,855
Diabetic 1.50+0.87 0.79+0.11 7.13+1.97 0.55+0.08 1,097.11+256.11 11,321+1,752
Cornea Control 2.00+0.00 3.41+0.32 7.21+2.05 0.65+0.33 197.78+79.34 1,239.25+136.97
Diabetic  2.00+0.00 3.22+0.57 6.99+1.97 0.67+0.19 200.22+39.28  1,973.12+149.17

The data are expressed as mean+=SD for n=4. The tissue concentrations for all control rats were taken from Cheruvu et al. (19), with
permission from the Association for Research in Vision and Ophthalmology. Cp.x, CI/F, and V4/F values in ipsilateral eye were significantly
(p=0.0001) different compared with the contralateral eye in all groups
*P<0.05 (significant difference compared to the corresponding control SD rat tissues)
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the eyes were enucleated and frozen at —80°C. The ocular
tissues including the sclera, choroid-RPE, retina, vitreous, lens,
and cornea were isolated. Isolation of the ocular tissues was
achieved using the following procedure. Empty eppendorf tubes
(1.0 ml) were maintained at freezing temperatures by dipping
them in dry ice and ethanol mixture before enucleating the eyes
from animals. Immediately following the enucelation, the eyes
were collected into the above tubes. The eyes were stored
at —80°C prior to analysis. To minimize the redistribution of the
drug during isolation, the following procedure was adopted.
Isolation of the ocular tissues in cold conditions was achieved
using a cooled dissection blade (kept at —80°C) and using a
porcelain platform cooled using dry ice. Isolation of the
individual tissues was achieved by observing the eye under
dissection microscope. The eye was cut along the limbus area to
isolate the anterior tissues: cornea and the lens. From the
posterior section of the eye, vitreous (solidified) was collected.
The retina and choroid-RPE were gently peeled from the
adherent sclera using the dissection microscope. The ocular
tissues were weighed and the celecoxib concentration was
estimated using a previously reported HPLC assay (6).
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HPLC Analysis of Celecoxib

Plasma and ocular tissue celecoxib levels were estimated
as described previously (45). Briefly, the isolated ocular tissues
were homogenized using 200 pl of PBS buffer and a Tissue
Tearer (Biospec Products, Racine, WI, USA). To 200 pl of
plasma or tissue homogenate, 5 pl of 40 pg/ml of budesonide
was added as an internal standard and mixed thoroughly.
Methylene chloride (2 ml) was added to the contents and mixed
thoroughly for 15 min using a vortex mixer (Scientific Industries,
Inc., Bohemia, NY, USA). The organic layer was separated and
evaporated (N-evap Organomation, Berlin, MA, USA). The
residue was reconstituted in 200 pul of mobile phase, centrifuged
for 10 min at 12,000x g, and 100 pl of the supernatant was
injected onto Waters HPLC system that included a pump
(Waters TM 616, Milford, MA), a controller (Waters 600S), an
autoinjector (Waters 717 plus), and a PDA detector (Waters
996) set at a range of 190-400 nm. The drugs were separated
using a 25 x 5 mm Discovery C-18 column (Supelco, Emery-
ville, CA, USA) with a particle diameter of Sum and a pore
size of 100 A. The mobile phase for the assay consisted of

1000

100

10

1

(ng/g Tissue)

Celecoxib in Choroid-RPE

Time (hrs)

Celecoxib in Retina
(ug/g Tissue)

1000

100

10

Celecoxib in Vitreous
(ug/g Tissue)

Time (hrs)

Fig. 3. Influence of diabetes on celecoxib delivery following periocular injection in (open triangle) control
and (closed circle) diabetic Brown Norway rats. Key: Continuous line represents the ipsilateral eye and
broken line represents the contralateral eye. Data are presented as meanzs.d. for n=4. The tissue
concentrations for all control rats were taken from Cheruvu et al. (19), with permission from the Association

for Research in Vision and Ophthalmology.
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acetonitrile and aqueous buffer mixture (70:30 v/v). The buffer
was 0.1% acetic acid in water adjusted to pH 3. The drugs were
monitored at 250 nm and drug peaks were integrated using
Millennium software (version 2.0). The retention times for
celecoxib and budesonide were 7.1 and 5.2 min, respectively.
The limit of detection of celecoxib was 1 ng in the lens and 0.5 ng
in the sclera, choroid-RPE, retina, vitreous, lens and cornea.

Pharmacokinetic Parameters Estimation

The plasma and ocular tissue concentration-time profiles of
celecoxib were analyzed by non-compartmental analysis using
Winnonlin (Version 1.5, Pharsight). A model (200; Scientific
Consulting, Inc.) with extravascular input was selected for the
noncompartmental analysis and the samples were weighted
uniformly. The area under the plasma/tissue concentration-time
curve (AUCy_, ) was calculated by the log linear trapezoidal
method in which the area from the last concentration point
Tiast (nanograms per milliliter for plasma or micrograms per
gram for ocular tissues) to infinity was calculated as Cj,o/K,
where Cj,s Was the concentration at T, and K (h™) was the
rate constant calculated from the terminal phase. The terminal
phase rate constant was obtained using data from 3 to 12 h.
The units for AUC are nanograms. (hour per milliliter) and
micrograms. (hour per gram) for plasma and ocular tissues,
respectively. In each tissue, the maximum concentration
observed (Cpax) and the time at which Cy, occurred (fnax)
were determined. Also, the apparent volume of distribution
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(V4/F), apparent clearance (CI/F), and terminal half-life
(T1,) were estimated. F indicates fraction absorbed. For
comparison of pharmacokinetic parameters between the
control and diabetic animals in albino and pigmented
strains, eight random noncompartmental analyses were
performed on the SD and BN rat data (n = 4 for each time
point) and the derived parameters were compared as
described under statistical analysis. The percentage of local
drug delivery was determined as described previously (45).

Statistical Analysis

Data are expressed as mean + SD. The statistical compar-
isons between the tissues of control and diabetic rats of both the
strains were performed using non-parametric Mann—Whitney
test. Comparison of FITC-dextran leakage in retina and drug
concentration comparisons between different tissues were
performed using an ANOVA with Tukey’s post-hoc analysis.
Differences were considered significant at p < 0.05.

RESULTS
Animal Weights and Blood Sugar Levels

Summary of body weights and blood sugar levels in
control and diabetic SD and BN rats is tabulated in Table I.

There is no significant difference in the average body weight
and blood sugar levels between the strains.

Table IV. Influence of Diabetes on Ocular Tissue Pharmacokinetic Parameters of Celecoxib in Brown Norway Rats after Periocular Injection
of Celecoxib Suspension to One Eye at a Dose of 3 mg/rat

Tissue Group Tmax (h)  Chax (ng/g tissue)  Typ (h)  AUCy_., (ng. h/g of tissue) CI/F (g/h) V4/F (g tissue)
Ipsilateral eye
Sclera Control  1.75£0.50  175.27+16.58 4.48+0.69 899.40+111.70 4.38+0.62 27.87+3.80
Diabetic 1.75+0.50 172.24+42.11 4.51+0.70 843.79+77.33 4.26+0.63 27.49+3.71
choroid-RPE Control  1.00+0.00 91.81+14.62 3.69+0.25 367.12+66.06 22.25+2.44 86.7+14.71
Diabetic  1.00+0.00 91.00+23.28 3.95+0.24 345.13+18.26 21.93+2.80 79.83+22.36
Retina Control  1.00+0.00 55.50+9.41 6.12+0.96 476.82+57.77 14.5+0.54 128.25+21.17
Diabetic  1.00+0.00 120.56+15.09* 5.96+1.20 1,165.58+42.10%* 7.47+0.46* 48.01+9.47*
Vitreous Control  1.00+0.00 35.26+5.15 3.23+0.57 232.94+25.11 41.85+2.99 195.75+40.577
Diabetic  1.00+0.00 73.62+13.81* 3.35+0.46 576.63+57.26* 20.53+2.44* 101.43+5.12*
Lens Control  1.00+0.00 10.83+1.33 8.11+0.07 175.65+32.96 84.55+£6.54 379.65+26.26
Diabetic  1.00+0.00 12.88+1.81 8.23+2.14 169.44+24.30 81.22+1.46 326.14+41.51
Cornea Control  0.31+0.13 86.88+6.91 9.58+0.17 921.04+133.12 7.9+0.48 52.1+2.66
Diabetic  0.79+0.21 76.23+12.10 9.42+1.06 927.16+42.78 7.47+0.84 52.18+11.48
Contralateral eye
Sclera Control  2.00+0.00 4.01+0.37 3.60+0.18 20.50+2.48 194.88+18.87 1,011.3+107.39
Diabetic  2.00+0.00 422+1.07 3.88+0.51 19.54+1.53 205.74+21.46 1,016.60+204.51
choroid-RPE  Control  1.00+0.00 23.02+2.69 4.13+0.18 42.84+4.25 70.15+3.62 215.08+16.10
Diabetic  1.00+0.00 24.47+5.06 3.86+0.42 41.89+3.35 69.51+9.89 230.46+59.43
Retina Control  1.25+0.53 2.26+0.55 5.91+0.68 9.57+0.97 460.35+50.32 3,895.95+308.33
Diabetic 1.25+0.20 5.49+0.31* 5.88+1.20 14.10+0.54* 225.48+27.26%  1,308.68+99.21*
Vitreous Control  2.50+0.58 0.12+0.01 4.70+0.48 1.74+0.13 3,244.65+435.55 21,783.28+1,186.2
Diabetic  2.50+0.50 0.31+0.02* 5.06+1.03 3.10+0.22%* 1,502.85+90.69* 10,876.22+1,530.70*
Lens Control  1.41+0.00 0.72+0.08 8.17+1.53 0.63+0.12 651.23+52.91 7,606.27+962.6
Diabetic  1.50+0.87 0.75+0.14 7.13+1.97 0.62+0.07 697.73+123.46  7,988.86+1,647.89
Cornea Control  2.00+0.00 3.69+0.18 7.64+0.39 0.70+0.22 175.1+£12.93 1,167.7+83.88
Diabetic  2.00+0.00 4.12+0.63 7.19+1.57 0.69+0.15 170.29+19.21 1,157.28+131.56

The data are expressed as mean=SD for n=4. The tissue concentrations for all control rats were taken from Cheruvu et al. (19), with
permission from the Association for Research in Vision and Ophthalmology. Cp.x, CI/F, and V4/F values in ipsilateral eye were significantly

(p=0.0001) different compared with the contralateral eye in all groups

*P<0.05 (significant difference compared to the corresponding control BN rat tissues)
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Blood-Retinal Barrier Leakage

Blood-retinal barrier leakage estimated using FITC-
dextran in control and diabetic SD and BN rats are shown
in Fig. 1. Induction of diabetes led to significant increase in
the blood-retinal barrier leakage in both the strains. In the
case of SD rats, the blood-retinal barrier leakage due to
diabetes (37.78 + 7.47 pl/g per min of plasma) was ~2.5 fold
higher compared to the control rats (15.68 + 3.33 pul/g per min
of plasma). For BN rats, the blood-retinal barrier leakage
(56.50 + 6.41 pl/g per min of plasma) was ~3.3 fold higher in
diabetic rats compared to control rats (16.88 + 2.39 pl/g per
min of plasma).

Plasma Pharmacokinetics of Celecoxib

The plasma pharmacokinetic parameters of celecoxib
following periocular administrations of celecoxib to BN and
SD rats at a dose of 3 mg/rat are given in Table II. The
plasma AUCs in diabetic SD (3,458 + 542 ng.h/ml) and
diabetic BN (3,317 + 433 ng.h/ml) rats showed no significant
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differences compared to control SD (2,911 + 358 ng.h/ml) and
control BN (3,124 + 435 ng.h/ml) rats. Similarly, no significant
differences were seen with the other pharmacokinetic param-
eters, as summarized in Table II.

Ocular Tissue Pharmacokinetics of Celecoxib

Similar to our earlier findings with control SD and BN
rats (19), the ocular tissue-concentration profiles in diabetic
rats exhibited a rise and a fall, consistent with drug entry and
elimination from the tissues. Celecoxib concentrations in all
the ocular tissues for the dosed eyes (ipsilateral) were higher
than the undosed (contralateral) eyes (p = 0.0001).

Ocular Tissue Pharmacokinetics of Celecoxib—Control
vs Diabetic Sprague Dawley Rats

The ocular tissue concentration-time profiles of control
and diabetic Sprague Dawley (SD) rats following periocular
injection of celecoxib are shown in Fig. 2 and the pharmaco-
kinetic parameters are summarized in Table III. The tissue
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Fig. 4. Ocular tissue concentrations of celecoxib following periocular injection in diabetic Sprague Dawley
(open triangle) and Brown Norway (closed circle) rats. Key: Continuous line represents the ipsilateral eye and
broken line represents the contralateral eye. Data are presented as mean=s.d. for n=4.
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AUCs were compared between control and diabetic rats for
both ipsilateral and contralateral eyes in Fig. 5. The celecoxib
AUC in sclera, choroid—-RPE, cornea and lens between the
control and diabetic albino (SD) rats were not significantly
different either in the ipsilateral or in the contralateral eye.
The celecoxib AUC for the ipsilateral retina (1,059.33 +
125.78 pg.h/g) and vitreous (576.50 + 143.89 pg.h/g) in
diabetic rat were approximately 1.5-fold (p = 0.001) higher
compared to the control rat retina (670.94 + 100.69 pg.h/g)
and vitreous (368.40 + 52.14 pg.h/g). In the contralateral eyes,
diabetic rat retinal (18.29 + 1.58 pg.h/g) and vitreal (3.50 +
0.95 pg.h/g, p =0.04) AUC for celecoxib were about 1.3-fold
(P = 0.04) higher compared to control rat retina (13.80 +
3.92 pg.h/g) and vitreous (2.80 + 1.13 pg.h/g).

Ocular Tissue Pharmacokinetics of Celecoxib—Control
vs Diabetic Brown Norway rats

The ocular tissue concentration-time profiles of control
and diabetic Brown Norway rats following periocular injec-
tion of celecoxib are shown in Fig. 3 and the pharmacokinetic
parameters are summarized in Table IV. The tissue AUCs
were compared between control and diabetic rats for both
ipsilateral and contralateral eyes in Fig. 5. The celecoxib
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Fig. 5. Extent of celecoxib delivery (AUC_« pg.h/g tissue) to the
ocular tissues following periocular injection (3 mg to one eye) in
control and diabetic Sprague Dawley (SD) rats. Data are presented
as mean=s.d. for n=4. * P=0.05 compared to the control rat tissue.
The tissue concentrations for all control rats were taken from
Cheruvu et al. (19), with permission from the Association for
Research in Vision and Ophthalmology.
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AUC in sclera, choroid-RPE, cornea and lens between the
control and diabetic pigmented (BN) rats were not significant-
ly different either in the ipsilateral or in the contralateral eye.
The celecoxib AUC for the ipsilateral retina (1,165.58 +
42.10 pg.h/g) and vitreous (576.63 + 57.26 pg.h/g) in
diabetic rat were approximately two-fold (p = 0.001) higher
compared to the control rat retina (476.82 + 7.77 pg.h/g) and
vitreous (232.94 + 25.11 pg.h/g). In the contralateral eyes,
diabetic rat retinal (14.10 + 0.54 pg.h/g) and vitreal (3.10 +
0.22 pg.h/g, p = 0.05) AUC for celecoxib were about 1.5 and
1.8-fold (P = 0.05) higher compared to control rat retina (9.58 +
0.77 pg.h/g) and vitreous (1.74 + 0.13 pg.h/g), respectively.

DISCUSSION

Transscleral delivery is emerging as a safer alternative to
the intravitreal mode of delivery for treating retinal disorders.
In this manuscript we have investigated the effect of
experimental diabetic state on the transscleral delivery of a
lipophilic molecule in two rat strains. We have demonstrated
that diabetes can increase the delivery of celecoxib to the
retina following periocular administration probably due to
the breakdown of the blood retinal barrier as a consequence
of diabetes progression. There is a 1.5 and 2.4 fold increase in
the retinal celecoxib AUC ratio (diabetic/control) in the SD
and BN rats, respectively.

Drugs can be delivered to the retina following periocular
administration by three routes: (i) passive diffusion across
scleral, choroidal, and retinal pigment epithelial layers (trans-
scleral pathway) (ii) systemic absorption of drug from the site
of injection followed by its delivery through various blood
vessels to the retina (46), and (iii) local haematogenous
pathway (47). However, previous studies from our group
(19,45) have shown that local delivery probably through the
transscleral pathway accounts for >95% of the retinal
celecoxib AUC in the ipsilateral (dosed) eye following
periocular administration.

Increase in the AUC of celecoxib in retina as well as
vitreous of diabetic rats (both SD and BN strains), could be
due to the increased delivery as a result of the breakdown of
the blood retinal barrier. The blood retinal barrier can
breakdown at the level of the retinal endothelium (the inner
blood-retinal barrier) or at the level of the retinal pigment
epithelium (outer blood retinal barrier). Increased perme-
ability at any of these anatomical locations can lead to an
increase in the availability of the drugs to the retina.

There have been conflicting reports in the literature
regarding the anatomical location of the breakdown of blood
retinal barrier in rats (48-50). The location and extent of the
barrier breakdown has been also related to the kind of tracer
used for the blood retinal barrier breakdown measurements
(51-56). In a comprehensive study with fluorescein as a
marker, using fluorophotometry and confocal microscopy, De
Camro et al. (51) have shown that 8 days after induction of
diabetes there is a significant breakdown of the blood-retinal
barrier mainly at the inner blood retinal barrier with some
albeit lesser damage to the RPE. In older studies using HRP
as a tracer, leakage was demonstrated at the level of both
RPE and retinal vasculature (28,49). Studies using lanthanum
as a tracer demonstrated leakage at the level of RPE but not
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retinal vasculature (57,58). Thus, the probable location of
breakdown is still controversial.

We have previously evaluated the blood-retinal barrier
breakdown in streptozotocin induced SD 2-month diabetic
rats using a 4 kD FITC-dextran leakage assay (41). Others
have used the same technique for evaluating the blood retinal
barrier breakdown in normal and diabetic rats with different
diabetes duration (44,57,59). In this study we used the same
technique to evaluate the blood-retinal barrier breakdown in
both the SD and BN rats. We observed that the blood-retinal
barrier breakdown in SD rats was similar to the previous
study (41), which validates the procedure. We also found that
the blood retinal barrier leakage was 1.5-fold greater in
diabetic BN rats as compared to diabetic SD rats. This result
is in agreement with previous studies of Zhang et al. (29).
However, the limitation of the technique is that it cannot
measure the relative contribution of the outer and inner
blood retinal barrier breakdown.

All the blood-retinal barrier breakdown studies evaluat-
ed the increased permeability of the markers when adminis-
tered systemically. It is likely that the inner blood retinal
barrier plays a more significant role in retinal delivery when
the drugs are administered systemically. However, for peri-
ocular administration, the outer blood retinal barrier becomes
more important than the inner blood retinal barrier as the
drug has to cross the outer blood retinal barrier before

Cheruvu, Amrite and Kompella

gaining access to the neural retina. Even a small increase in
the outer blood retinal barrier permeability can lead to a
significant increase in the local delivery of the drug to the
retina by the periocular route. Thus, increased celecoxib
delivery to the retina and the vitreous following periocular
administration might at least in part be due to the breakdown
of the outer blood retinal barrier.

When we compared the retinal and vitreal celecoxib levels
in the ipsilateral and contralateral eyes we found that the
diabetic/control ratio of retinal celecoxib AUC was 1.6 and 1.33
in the ipsilateral and contralateral retinas of SD rats, respec-
tively, and 2.44 and 1.50 in the ipsilateral and contralateral
retinas of BN rats, respectively. Thus, the delivery increase was
greater in the ipsilateral eye as compared to the contralateral
eye further suggesting that the outer blood retinal barrier might
also be compromised in these diabetic rats.

In some tissues, including sclera, choroid, cornea and the
lens, there is no difference in celecoxib delivery in diabetic vs.
control rats (Figs. 2, 3, 4, 5, 6, and 7). This can be explained on
the basis that drug delivery to these tissues is not directly
dependent on the blood retinal barrier. As planned in this
study, the control and diabetic animal weights were nearly
matched (Table I). Therefore, the plasma AUC as well as
other plasma pharmacokinetic parameters did not differ
between the control and diabetic rats in both the strains
(SD and BN rats) following periocular injection of celecoxib
(Table II). Thus, the observed differences in the dosed eye
drug levels in the retina and the vitreous between control and
diabetic rats for the two strains cannot be attributed to
differences in plasma levels or pharmacokinetics, confirming a
role for local factors such as the blood-retinal barrier leakage
and tissue pigmentation or genetic makeup of the rats in the
observed differences.

We utilized rats that were diabetic for 2 months in the
current studies because we have previously observed (41) that
there is a significant enhancement in the blood-retinal barrier
breakdown at this time point. It is likely that the blood-retinal
barrier breakdown progressively worsens with time and
hence evaluation at later time points could lead to an even
greater increase in the celecoxib retinal AUC. An increase of
50-140% in the retinal AUC (depending on the strain)
indicates that the differences might be clinically meaningful.
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Whether the pathophysiology of the breakdown of the blood-
retinal barrier is similar in humans and rats is still a matter of
active scientific investigation; however, the breakdown of
blood-retinal barrier has been demonstrated in humans using
vitreous fluorophotometry and some similarities in the early
pathophysiological changes in the retina as a result of
diabetes have been observed in rats and humans (60-62).
The results from this study indicate that the disease state has
to be taken into consideration when designing therapy for
retinal disorders by the periocular route. Further studies
using molecules with different physicochemical properties
than the one examined in this study, would be beneficial in
evaluating if this observation would hold for other types of
molecules including macromolecules.

In summary, the retinal and vitreal drug levels following
transscleral delivery of celecoxib differ between healthy and
diabetic animals. The findings of this study are clinically
relevant because the breakdown of blood-retinal barrier
reported in most patients during the early stages of diabetic
retinopathy and the corresponding increase in retinal and
vitreal concentration support the case for transscleral drug
delivery.
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