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Abstract O This study was designed to examine the effect of
benzalkonium chloride/ethylenediaminetetraacetic acid (BAK/EDTA) on
the ocular bioavailability (Focuiar) O ketorolac tromethamine after ocular
instillation to normal and de-epithelialized corneas of rabbits both in vitro
and in vivo. The in vitro Focuar Of the formulations was measured in
flow-through perfusion chambers. For in vivo studies, a 35 uL dose of
0.5% ketorolac tromethamine with or without BAK/EDTA was instilled
into rabbit eyes with intact or de-epithelialized corneas. At 0.5, 1, 2, 4,
6, and 8 h postdose, rabbits were eu hanized, and the corneas and
aqueous humor were collected from both eyes. The ketorolac concentra-
tions from both in vivo and in vitro samples were quantified by reversed-
phase high-performance liquid chromatography. The in vitro study results
indicated that BAK/EDTA statistically significantly increased the Focylar Of
ketorolac through de-epithelialized corneas but not through intact corneas.
The in vivo study results showed that BAK/EDTA had no effect on he
Focuiar O ketorolac in rabbits with intact corneas, based on the values of
the area under the agueous humor concentration versus time curves
(AUCq—gn) of ketorolac. As expected, de-epithelialization of the corneas
produced a faster and greater ocular absorption of ketorolac as evidenced
by the smaller Trax and larger AUC values compared to those for he
intact corneas in vivo. However, BAK/EDTA decreased the ocular
absorption of ketorolac in rabbits with de-epithelialized corneas. The
half-lives (ti») of ketorolac in corneal issue and aqueous humor were
longer in rabbits with intact corneas than hose in rabbits with de-
epithelialized corneas. In conclusion, the in vivo Foeuar Of ketorolac was
not altered by BAK/EDTA in rabbits with intact corneas, but it was
decreased by BAK/EDTA in rabbits with de-epithelialized corneas.
Therefore, the formulation with ketorolac alone may be better as a post-
operative ocular analgesic.

Introduction

Steroids are used in the treatment of allergic ocular
disorders, corneal burns, uveal tract inflammation, and other
ocular inflammations, but their use is limited by their
tendency to increase intraocular pressure and to cause
cataracts upon chronic administration.! The advantage of
nonsteroidal anti-inflammatory drugs (NSAIDS) is that they
do not increase intraocular pressure.?

Ketorolac tromethamine is a potent NSAID, which is an
effective treatment for postoperative inflammation in eyes.
It is nonirritating when topically administered to eyes at
concentrations of up to 0.5% and does not increase intraocular
pressure.® The corneal epithelium is often damaged during
ocular surgery, and alterations of the corneal epithelium have
been shown to influence the corneal permeability of various
compounds. Also, preservatives such as benzalkonium chlo-
ride (BAK) are known to enhance the corneal permeability of
ketorolac in vitro.2 Therefore, the objective of this study was
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to evaluate the effect of BAK/ethylenediaminetetraacetic acid
(EDTA) (both known corneal penetration enhancers) on the
ocular bioavailability of ketorolac following ocular instillation
to both intact and de-epithelialized corneas of rabbit eyes.

Experimental Section

Ophthalmic solutions of 0.5% ketorolac tromethamine (pH 7.4) with
or without 0.01% benzalkonium chloride/0.1% EDTA were provided
by Allergan (Irvine, CA).

Female New Zealand albino rabbits weighing between 2 and 3.5
kg were obtained from Myrtle’s Rabbitry (Thomson Station, TN). The
rabbits were quarantined for at least 1 week upon arrival and
examined for clinically normal eyes. The rabbits were individually
housed with food and water provided ad libitum.

In Vitro Studies—Corneal Dissection—The rabbits were eutha-
nized with Eutha-6 (Western Medical Supply Co. Inc., Arcadia, CA).
The corneal epithelium was removed by careful scraping of the
cornea’s surface with a scalpel blade until the stroma was exposed.

De-epithelialization was confirmed by microscopic examination of
the corneas after scraping. The eyes were then enucleated, and the
corneas were excised. The freshly-excised corneas were mounted in
flow-through perfusion chambers as previously described.?

Dosing and Sampling—Glutathione-enriched bicarbonate Ringer’s
solution (GBR) was added to the receiver chamber* and bubbled with
0,/CO; (95%/5%). One hundred fifty microliters of the 0.5% ketorolac
tromethamine formulation was instilled into the donor chamber inflow
line followed by 100 uL of blank GBR. One minute after dosing, blank
GBR buffer was infused into the donor chamber at a flow rate of ~28
uL/min. The donor effluent was collected over four 60 min intervals,
and the volume and drug concentrations were measured. Samples
of 100 uL were collected with replacement from the receiver chamber
at 15, 30, 45, 60, 90, 120, 150, 180, 210, and 240 min postdose. The
ketorolac concentrations in all samples were quantified by HPLC. At
the end of the experiment the corneas were weighed, soaked in 1 mL
of methanol overnight, dried at 120 °C, and reweighed. The corneal
hydration was calculated, and the methanol extracts were assayed
for ketorolac content by HPLC.

In Vivo Studies—De-epithelialization of Corneas—Rabbits were
anesthetized with ketamine (Ketaset; Fort Dodge Labs, Fort Dodge,
1A) and xylazine (Xylazine; American Animal Health; Wisner, NE).
One drop of proparacaine (Opthetic; Allergan Inc., Irvine, CA) was
topically applied to the cornea of the left eye. The corneal epithelium
of the left eye was removed by scraping of the cornea’s surface with
a scalpel blade until the stroma was exposed. The right eye was used
intact. For another set of animals, both eyes were scraped.

Animal Dosing and Tissue Collection—One 35 uL drop of 0.5%
ketorolac tromethamine ophthalmic formulation with or without BAK/
EDTA was instilled into the lower cul-de-sac of each eye after the
animals recovered from the general anesthesia. The upper and lower
eyelids were gently held closed for ~10 s to maximize drug—cornea
contact. At 0.5, 1, 2, 4, 6, and 8 h postdose, six rabbits each were
euthanized, after which the cornea and aqueous humor were collected
and each stored in amber glass tubes containing 1 mL of methanol.
All samples were stored at —20 °C until analysis. Additional rabbits
(two rabbits per formulation) were treated with placebo formulations
with or without BAK/EDTA, and tissues were taken at 2 h postdose.

HPLC Analysis—The methanol extracts were centrifuged at 15009
for 15 min, and the supernatants were dried and reconstituted in
mobile phase for HPLC analysis. A Beckman pump Model 126 (San
Ramon, CA) was used to deliver the mobile phase at a flow rate of
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Figure 1—Effect of BAK/EDTA on the penetra ion profiles of ketorolac through
intact and de-epithelialized rabbit comeas in vitro. Comeas were perfused with
0.5% ketorolac tromethamine solutions with or without BAK. Values are mean +
SEM, n = 8.

1.5 mL/min. A dry-packed precolumn was placed between the injector
(Wisp 710B, Waters Assoc., Milford, MA) and the analytical column
(Spherisorb ODS 5x, 4.6 mm x 25 cm, Alltech, Deerfield, IL). The
effluent was monitored at 254 nm with a UV detector (Beckman Model
166, San Ramon, CA). The injection volume was 50 uL. The retention
time and lowest limit of quantitation of ketorolac were ~10.8 min
and 15 ng/mL, respectively. Standards of ketorolac tromethamine
ranging from 0.015 to 20.0 ug/mL were analyzed with samples. Assay
selectivity was verified by analysis of ocular tissues from animals
treated with placebo formulations.

Data Analysis

In vitro Studies—The maximum cumulative total mass of
drug in the receiver chamber (Qmax) Was directly obtained from
the cumulative amount of ketorolac versus time curve, which
was corrected for the mass of drug removed during sampling
at each time point. The in vitro ocular bioavailability was
calculated as Fyoyjar = QOmax/dose.

In vivo Studies—the maximum concentration (Cpax) of
drug in the aqueous humor and the time required to reach
GCmax (Tmax) Were obtained from the aqueous humor concentra-
tion versus time curves. The area under the concentration
versus time curve (AUC) was calculated as previously de-
scribed.® The half-life (t12) of ketorolac was given by ti, =
0.693/k, where the rate constant (k) for ketorolac was obtained
by log linear regression of the last three points (terminal
portion) of the aqueous humor or corneal concentration versus
time curve. Student’s ftest was used to compare values
between groups. The level of statistical significance was set
at oo = 0.05.

Results

In Vitro Studies—The effects of BAK/EDTA on the corneal
absorption of ketorolac through intact and de-epithelialized
corneas are shown in Figure 1 and Table 1. BAK/EDTA
increased the corneal absorption of ketorolac in both intact
and de-epithelialized corneas. As expected, de-epithelializa-
tion of the corneas markedly increased the corneal absorption
of ketorolac from both formulations, as evidenced by shorter
Tmax and larger Fqcular values compared to those for the intact
corneas. BAK/EDTA increased the Focular of ketorolac, but this
increase was statistically significant only in the de-epithe-
lialized corneas (Table 1). The ketorolac concentrations
remaining in the corneal tissue 4 h after exposure to the
ketorolac formulations with and without BAK/EDTA were 113
+ 17 and 142 + 15 ug/g, respectively, in the intact corneas.
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In the de-epithelialized corneas, the concentrations were 173
+ 12 and 123 + 15 ug/g with and without BAK/EDTA,
respectively.

In Vivo Studies—The in vivo studies showed that the
aqueous humor concentrations of ketorolac correlate well with
the corneal tissue concentrations (Figure 2). BAK/EDTA had
no effect on the corneal tissue or aqueous humor concentra-
tions of ketorolac in rabbits with intact corneas (Figure 2,
panels A and B, respectively). De-epithelialization of the
corneas initially increased the corneal tissue and aqueous
humor concentrations of ketorolac, but the concentrations
decreased more rapidly than in rabbits with intact corneas
(Figure 2, panels A and B). In rabbits with de-epithelialized
corneas, BAK/EDTA decreased the corneal and aqueous
humor concentrations of ketorolac compared to those of
ketorolac alone.

On the basis of the pharmacokinetic parameters, BAK/
EDTA had no effect on the ocular absorption of ketorolac in
rabbits with intact corneas (Table 2). De-epithelialization of
the corneas produced a faster and greater ocular absorption
of ketorolac as evidenced by shorter 7,,, and larger G, and
AUC values than for the intact corneas (Table 2). However,
BAK/EDTA decreased the ocular absorption of ketorolac in
the de-epithelialized corneas as evidenced by lower C,,, (2.98
+ 0.36 ug/mL) and AUC (403 + 47 ug-min/mL) values than
those of ketorolac alone (7.39 % 1.15 ug/mL and 854 + 96 ug--
min/mL, respectively). BAK/EDTA had no effect on T,
values in either intact or de-epithelialized corneas.

In rabbits with intact corneas, the apparent half-lives (t1,2)
of ketorolac in corneal tissue were longer (3.36 h without BAK/
EDTA and 5.34 h with BAK/EDTA) than those in rabbits with
de-epithelialized corneas (1.60 and 2.41 h, respectively) for
both formulations. The half-lives of ketorolac in aqueous
humor correlate well with corneal tissue half-lives. In aque-
ous humor, the half-life of ketorolac was shorter for rabbits
with de-epithelialized corneas compared to that of rabbits with
intact corneas (Table 2). BAK/EDTA had no effect on the half-
lives of ketorolac (Table 2).

Discussion

Our in vitro results are in agreement with previous reports
in which BAK increased the in vitro corneal penetration of
various compounds such as fluorescein,” horseradish peroxi-
dase,® prednisolone phosphate,’ dexamethasone and pilo-
carpine,!0 and ketorolac.® In the present study, BAK in-
creased the corneal penetration of ketorolac in vitro (Table
1). Two mechanisms have been suggested to explain the BAK-
enhanced corneal penetration of ketorolac: (a) BAK may
disrupt the integrity of the epithelial membrane; and (b) BAK
and ketorolac may form a more lipid-soluble ion pair, which
may enhance corneal penetration.? However, the exact mech-
anism by which BAK enhances corneal penetration of ketrolac
is not known.

Additionally, the ophthalmic solution with BAK also con-
tains a low concentration of EDTA (0.1%). EDTA, a known
calcium-chelating agent, has been shown to act on cell
junctions by interfering with calcium ions and altering inter-
cellular integrity.!! EDTA also disrupts the plasma mem-
brane and consequently increases intercellular permeability.!!
EDTA has been shown to increase the absorption of various
compounds through intact corneas.!?!? Therefore, it is likely
that EDTA in conjunction with BAK may jointly increase the
extent of absorption through de-epithelialized corneas. Our
results cannot exclude this possibility in that BAK/EDTA
markedly enhanced the in vitro penetration of ketorolac
through de-epithelialized corneas compared to that of ketoro-
lac solution without BAK/EDTA (Figure 1).
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Table 1—Pharmacokinetic Parameters after an Acute Administration of 0.5% Ketorolac Tromethamine Solutions with and without BAK/EDTA to Intact

and De-epithelialized Rabbit Corneas in Vitro®

Comeal Treatment BAK/EDTA Ceomea” (19/Q) Qrax” (19) Trex® (Min) % Focuiar®
Intact - 113+17 3441077 236 +4 0.636 +0.122
+ 142 +15 6.07 +£1.00 236 +41 1.07+0.18
De-epithelialized - 123+15 133+18 135+21 248+0.28
+ 173+12* 258+36" 105+10 464 +057

aValues are mean + SEM, n = 8. ® Ketorolac concentration in comeal tissue, measured at the end of the 4 h perfusion. ¢ Maximal cumulative mass of ketorolac
in receiver chamber. ¢ Time required to reach Qmax. € Percent ocular bioavailability. f Statistically significantly different from solution without BAK/EDTA in de-epithelialized

comea (p < 0.05).
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Figure 2—Effect of BAK/EDTA on ketorolac concentrations in comeal tissue (panel
A) and aqueous humor (panel B), after topical application of a 35 uL eye drop of
0.5% of ketorolac trome hamine wih or without BAK/EDTA to intact and de-
epithelialized rabbit comeas in vivo. Values are mean = SEM, n = 6 for intact
comea, n = 12 for de-epithelialized comea.

Table 2—Pharmacokinetic Parameters of Ketorolac in Aqueous Humor
following Topical Application of a 35 xL Eye Drop of 0.5% Ketorolac
Tromethamine either with or without BAK/EDTA to Intact and
De-epithelialized Rabbit Corneas in vivo

AUCp_ex?
Comeal Treatment BAK/EDTA Cra® (4g/ML) Tmad (h) £i°(h) (ug-min/mL)
Intacte —  0229+0071 4 222 571+89
+  0245+0028 1 200 572+73
De-epithelialized" - 739%115 1 0.746 854 +96
+  298+036'9 05 0594 403+47*

aMaximum concentra ion of ketorolac in aqueous humor. ® Time required to
reach Cnax. ©Mean apparent half-life of ketorolac in aqueous humor. ¢ Area under
aqueous humor concentration vs time curve from 0 to 6 h. € Values are mean =
SEM, n = 6. "Values are mean + SEM, n = 12. 9(*) Statistically significan ly
different from solution with BAK/EDTA in de-epithelialized comea (p < 0.05).

When ketorolac solutions with and without BAK/EDTA
were instilled into rabbit eyes in vivo, BAK/EDTA failed to
increase the corneal penetration of ketorolac. This may be
due to the fact that the corneal penetration enhancement of
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BAK/EDTA is dependent on various conditions such as the
concentration of BAK used in the dosing solution, number of
ophthalmic doses administered, coadministration with other
compounds, and the species tested. It has been reported that
0.01% BAK! and 0.02% BAK!5 increased the corneal perme-
ability of fluorescein and inulin, respectively, in rabbits in
vivo. In contrast, 0.01% BAK failed to increase the corneal
permeability of inulin.!®> Similarly 0.01% BAK did not alter
the corneal permeability of fluorescein in humans in vivo.
Additionally, three repeated administrations (50 uL each) of
0.01% BAK/0.1% EDTA with 2 min intervals failed to increase
the corneal permeability, but five repeated administrations
of this solution did increase the corneal permeability in
humans in vivo.'® Additionally, it has been reported that
neither 0.34 nor 1.0% EDTA eye drops had any influence on
the anterior chamber fluorescein concentration in humans.!3
Therefore, it is not surprising that, in the present study, a
single ophthalmic dose of 0.01% BAK/0.1% EDTA had no effect
on the corneal penetration of ketorolac in rabbits with intact
corneas.

In vivo ocular bioavailability is known to be altered by
changes in lacrimation;!? that is, increased lacrimation causes
increased washout of drug, thereby decreasing the ocular
absorption of drug from the precorneal region. BAK is known
to cause ocular irritation.!® Therefore, one can speculate that
BAK may enhance ocular absorption of ketorolac in rabbits
with intact corneas as it does for other compounds37-9.14.19 put,
at the same time, BAK in combination with EDTA (another
potential ocular irritant) might have produced increased
irritation, and thus increased lacrimation, thereby reducing
drug absorption. This effect could be expected to be exacer-
bated in the de-epithelialized cornea inn vivo. Our results are
consistent with this hypothesis. In the de-epithelialized
corneas, BAK/EDTA decreased ocular absorption of ketorolac
as evidenced by lower Cphax and AUC values than those
observed after topical administration of ophthalmic solution
with ketorolac alone, which was shown to be nonirritating
when applied to the corneal surfaces of rats, dogs, and rhesus
monkeys at concentrations up to 0.5%.20

We need to explain why the corneal penetration enhance-
ment of BAK/EDTA was observed in vitro, but not in vivo.
This is likely due to the fact that the in vitro model is
completely devoid of complication by variability in precorneal
factors such as blinking, lacrimation, tear turnover, and drug
washout. Therefore, the corneal penetration enhancement of
BAK/EDTA was not diminished in vitro.

It has been reported that de-epithelialization of the cornea
increased the penetration of pilocarpine, dexamethasone, and
sorbitol.!”2! In agreement with these reports, our in vitro and
in vivo results showed that de-epithelialization of the cornea
produced faster and greater ocular absorption of ketorolac as
evidenced by shorter Tmax and larger AUC values (Tables 1
and 2). These results suggest that the corneal epithelium is
rate limiting in the ocular absorption of ketorolac.

The mean apparent half-life of ketorolac in aqueous humor
was longer in rabbits with intact corneas than in rabbits with
de-epithelialized corneas (Table 2). These results correlate
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well with the corneal tissue half-lives of ketorolac, suggesting
that the corneal epithelium may be acting as a reservoir for
drug accumulation, similar to the situation reported for
ketorolac?? and pilocarpine.?> Thus the longer half-lives
observed in rabbits with intact corneas may be due to a
continued flux of drug into the aqueous humor from the
corneal reservoir as previously reported.?223

Our results indicate that the corneal epithelium is impor-
tant in the elimination/loss of drug from the anterior chamber.
It has been reported that the mean half-life of [**C]ketorolac
in the anterior chamber after intracameral injection to rabbits
with intact corneas was 2.1 h.22 In this study, the mean half-
lives of ketorolac in aqueous humor after ophthalmic admin-
istration to rabbits with de-epithelialized corneas were much
shorter (0.594—0.746 h). It is likely that, once the drug
reaches Cnax in the aqueous humor, it may diffuse back
through the cornea. This would lead to a more rapid elimina-
tion of ketorolac from the aqueous humor of rabbits with de-
epithelialized corneas than that observed after intracameral
injection where the corneal epithelium of rabbits was still
intact.??

In conclusion, BAK had no effect on the ocular absorption
of ketorolac in intact corneas in vivo. The ocular absorption
of ketorolac was increased by de-epithelialization of the
corneas in vivo, but it was decreased by BAK. Therefore, the
formulation with ketorolac alone may be better as a postop-
erative ocular analgesic. This result is unexpected and should
be of interest to ophthalmic formulators.
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