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Abstract

Purpose We hypothesize organic cation

transporters (OCT) may have a potential role

in determining the pharmacokinetics and

toxicity of organic cation drugs applied

topically. Hence, in the present in vivo

study, we attempted to evaluate the role

of OCT in modulating the transport of its

substrates after topical application.

Methods New Zealand albino rabbits of

either sex were used. Transcorneal

penetration of OCT substrates

tetraethylammonium and metformin after

single instillation was evaluated in the

absence and presence of OCT blockers

(quinidine and atropine). Aqueous humor

(AH) samples were collected through

paracentesis amounting to 70–100ml under

topical anesthesia at various time intervals.

The samples were subjected for estimation

of both substrate as well as blocker

concentrations using liquid chromatography

mass spectrometry.

Results Topical pre-treatment (30 min before

substrate) of OCT blockers significantly

decreased the transcorneal penetration of

OCT substrates after single topical

administration. The levels of blockers

reaching AH in the presence of substrates

were also modulated at 60 min after its

administration as compared with its control.

Conclusion OCT are functionally active

in the uptake of their substrates from tear

to AH. Therefore, OCT in the corneal

epithelium may be positioned from apical

to basolateral. When administering their

substrates/blockers topically, both may be

competing for OCT for their uptake across

the cornea, thereby decreasing the corneal

penetration. Hence OCT can have a potential

pharmacokinetic role in modulating the

ocular bioavailability of their substrates

administered topically, which are used as

ocular therapeutics.
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Introduction

Topical administration of eye drops is a

conventional and patient-compliant mode of

drug administration to the eye.1 The majority of

the topically applied drugs for treating anterior

segment diseases utilize cornea as the main

pathway to enter the eye from tear to aqueous

humor (AH).2 Studies indicate that presence of a

physiological protective mechanism like

transporter proteins may be responsible for the

uptake or altered penetration of drugs across

the cornea.3–5 Most of the endogenous amines

having a physiologically important role are

organic cations (OC) and carry a positive

charge, so they are unable to permeate across
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the cornea. Therefore, a specialized transport process has

been reported to exist in the conjunctival and corneal

epithelial cells involved in the regulation of the transport

of various endogenous amines such as epinephrine,

dopamine, histamine, and serotonin from tear fluid.6–8

Polyspecific organic cation transporters (OCT) mediate

the facilitated transport of a wide variety of structurally

diverse OC, including many drugs, toxins, and

endogenous compounds. Few of the ophthalmic drugs

that are transported by OCT are atropine, timolol,

ofloxacin, and levofloxacin.9–12 In eye, these transporters

are expressed in various ocular tissues like the cornea,

iris, ciliary body, conjunctiva, and retina.13 Targeting

these transporters will be a smart way of drug delivery

aimed at optimal ocular bioavailability.1 The expression

of OCT in the cornea and conjunctiva has been well

documented.13 Many of the pharmacologically important

drugs in ophthalmic practice are substrates of OCT,

thereby their bioavailability is getting altered.4,14

Various studies in humans and animals showed the

modulation in the ocular penetration of various OC.

Additional administration of diclofenac sodium

significantly increased the mean intraocular pressure

(IOP) in patients undergoing latanoprost therapy.15

The effect of brimonidine in reducing the IOP was

significantly reduced after oral administration of

indomethacin.16 Even the possible drug-induced

systemic toxicity was reduced when two OC, timolol,

and phenylephrine were coadministered.17 Similarly,

Lee et al18 showed that the coadministration of timolol

with either pilocarpine or epinephrine significantly

reduced the ocular absorption and thereby the

concentration of timolol in the anterior segment tissues,

possibly by its change during the precorneal clearance.

All these findings have clinical importance; however, the

reason for these significant findings of modulation in the

ocular pharmacokinetics of OC is not clearly known.

We hypothesize OCT may have a potential role in

determining the pharmacokinetics and toxicity of OC

drugs applied topically. In previous studies, transport

processes due to OCT were showed using ex vivo models

in excised cornea,19 in vitro corneal cells,19 and excised

conjunctiva20 for understanding the functional

importance of OCT. However, from the literature it was

also evident that cell line studies did not reveal (due to

minimal expression of transporters in the cell lines)

the active functional role of OCT in transporting the

administered eye drop.19 Studying the functional

importance of OCT in vivo can reveal their role in

the transport of organic cations across the cornea,

when administered topically. It is well known that

tetraethylammonium chloride (TEA) and metformin are

cation substrates of OCT, and atropine and quinidine can

inhibit the uptake of cation substrates.9,21–24 Hence, in the

present study we used these substrates and inhibitors

to understand the role of OCT in modulating the

transport of their substrates across the cornea after

topical application.

Materials and methods

Drugs and chemicals

TEA, quinidine sulfate and atropine sulfate were

purchased from Sigma-Aldrich (St Louis, MO, USA).

Metformin potassium chloride was a generous gift

from Microlabs, Bangalore, India. Homatropine

hydrobromide was purchased from Boehringer

Ingelheim, Ingelheim, Germany. All other chemicals and

solvents purchased from their respective commercial

sources.

Animals

New Zealand albino rabbits of either sex weighing

1.5–2.0 kg were used in this study. Animals were handled

in accordance with the guidelines of Association for

Research in Vision and Ophthalmology statement for the

use of Animals in Ophthalmic and Vision Research.

All the experimental procedures were reviewed and

approved by the standing Institutional Animal Ethics

Committee of All India Institute of Medical Sciences

(File No. 479/IAEC/09).

Preparation and administration of drug formulations

to rabbits

Formulations were prepared as described previously in

Nirmal et al.21 In brief, required concentrations of OCT

substrates TEA (7.85 mM) and metformin (7.85 mM), and

blockers quinidine (6.13 mM) and atropine (3.47 mM)

were dissolved in phosphate-buffered saline and pH

maintained at 7.4. The resulting solutions were filtered

through a 0.22-mm sterile Millipore filter (Millex GV filter,

Millipore, Billerica, MA, USA) to achieve terminal

sterilization. Fresh sterile solutions were prepared every

time before the experiments. All formulations (substrate/

blocker) amounting to 20ml were instilled topically to the

rabbit’s eyes using a calibrated micropipette and the eyes

were closed for a minute after instillation. In blocker

pre-treated animals quinidine or atropine was instilled

30 min prior to the commencement of substrate instillation.

Transcorneal penetration of topical OCT blockers

The animals were randomized into two groups (four eyes

for each time point). The groups were quinidine
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(group 1) and atropine (group 2). In both the groups, the

AH was collected at different time intervals (15, 30, 60,

and 120 min) and the AH kinetics of blockers were

evaluated. For collecting the AH, the corneas were

anesthetized with 4% lidocaine. AH was withdrawn with

a 30-G sterile hypodermic needle via paracentesis

amounting to 70–100ml and stored at � 80 1C until

further analysis by liquid chromatography mass

spectrometry (LC-MS/MS).

Transcorneal penetration of topical OCT substrates

The AH kinetics of OCT substrates (TEA and metformin)

in the absence and presence of blockers (quinidine and

atropine) was studied using rabbits. Animals were

randomized into eight groups (4 eyes for each time

point): TEA (group 3), metformin (group 4), TEA with

quinidine (group 5), TEA with atropine (group 6),

metformin with quinidine (group 7), and metformin with

atropine (group 8). In all groups, the AH was collected

at different time intervals (15, 30, 60, and 120 min)

according to the procedure given above.

LC-MS/MS analysis

LC-MS/MS instrumentation for TEA, other substrates

and blockers used in this study was used as described in

our previous study.25 For all analytes electron spray

ionization was used and the chromatographic eluents

were subjected to ionization in the positive ion mode at

5500 V. TEA was quantified as described in Nirmal et al.25

The method used for the analysis of metformin was

adopted from Mistri et al26 with slight modifications as

described in our previous study.25,27,28 The LC conditions

for metformin, quinidine, and atropine were followed

as given. An isocratic mobile phase containing 80%

acetonitrile with 0.1% formic acid and 20% aqueous

5 mM ammonium acetate containing 0.1% formic acid

was used. The mobile phase was 0.22 mm, filtered,

degassed online, and pumped at the rate of 0.5 ml/min.

The samples were loaded into a 96-well tray and injected

using an auto sampler and kept at 20 1C. Twenty

microliters of the sample was subjected to quantification

for 5 min run time.

Quantification of metformin was performed using

the multiple reaction monitoring (MRM) mode, based

on parent/product ion transitions 130/71. Compound-

dependent parameters such as declustering potential,

entrance potential, collision energy and cell exit potential

were set at 41, 8, 35, and 5 V, respectively. Nitrogen gas

flow for collision-induced dissociation and dwell time

were kept at 4 (arbitrary value) and 100 ms, respectively.

The method used for the quantification of quinidine

was adopted from Liu et al29 with minor

modifications.27,30 The MRM transitions were 325.2/

172.1 (transition 1) and 325.2/79.1 (transition 2).

Compound-dependent parameters such as declustering

potential, entrance potential, collision energy, and cell

exit potential were set at 58, 10, 47, and 10 V for transition

1, and at 57, 10, 61.64, and 5.5 V for transition 2,

respectively. Nitrogen gas flow for collision-induced

dissociation and dwell time were kept at 3 (arbitrary

value) and 100 ms, respectively.

The method adopted from Chen et al31 with minor

modifications27,30 was used for the quantification of

atropine. The MRM transitions were 290.11/124.

Compound-dependent parameters such as declustering

potential, entrance potential, collision energy, and cell

exit potential were set at 79, 4, 35, and 10 V, respectively.

Nitrogen gas flow for collision-induced dissociation and

dwell time were kept at 3 (arbitrary value) and 100 ms,

respectively.

The source-dependent parameters of the mass

spectrometer were gas 1 (30 psi); gas 2 (60 psi); curtain

gas (10 psi); ion spray voltage (5500 V); and temperature

(350 1C) for metformin, quinidine and atropine.

The transitions for homatropine were 276.1/142.

Homatropine was used as an internal standard (IS)

for all the drugs, and the conditions were followed

as described in Nirmal et al.25

Standard and sample preparation

The stock concentrations of TEA, metformin, quinidine,

and atropine used were 7.84, 7.85, 6.13, and 3.468 mmol/

ml. The stock solution was diluted with 50% methanol

containing 0.1% formic acid to reach the required

concentrations ranging from low to high. The stock

solution (3.63 mmol/ml) of IS was further diluted to reach

1.8 nmol/ml in the extraction solvent containing 70%

acetonitrile with 0.1% formic acid. Twenty microliters

of AH sample was extracted using 200ml of extraction

solvent, vortexed for 1 min, and subjected to

centrifugation. The clear supernatant of 100 ml was

transferred to 96-well plates and subjected to

quantification.

Pharmacokinetics and statistical analysis

The area under the curve (AUC) of AH concentration

upto 2 h (AUC0–2) was calculated by using the linear

trapezoidal rule using standard formulae.32

The results are represented as mean±SEM. Student’s

t-test (unpaired) was used to compare the significance

between the control and blocker pre-treated groups

using SigmaStat statistical software programme ver.2.0

(Jandel, San Jose, CA, USA).
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Results

Transcorneal penetration of OCT blockers in the absence

of substrates

The transcorneal penetration shows the maximum

concentration of quinidine and atropine reached at

30 min was 1.13±0.38 and 0.54±0.06 nmol/ml,

respectively, after a single topical application (Figure 1).

Based on this observation the blocker pre-treatment time

has been fixed as 30 min before the substrate

administration.

Effect of OCT blockade in the transcorneal penetration

of TEA

TEA (referred to as control) was administered either

alone or in the presence of quinidine or atropine (referred

to as quinidine pre-treated or atropine pre-treated).

AH levels of TEA in the control group reached its Tmax

at 30 min after the single topical instillation. The TEA

levels in AH in the quinidine pre-treated group

(0.14±0.01 nmol/ml) were significantly (Po0.05)

reduced when compared with the control group

(0.73±0.22 nmol/ml) at 30 min (Figure 2). The

transcorneal penetration of TEA in the blocker

pre-treated groups showed that the blocker was effective

till 30 min after TEA instillation (Figure 2). Percentage

penetration of the control and quinidine pre-treated

groups was found to be 0.47% and 0.41%, respectively.

The AUCs of the control and quinidine pre-treated

groups were 0.73 and 0.64 nmol/ml �h, respectively.

The Cmax of TEA in the control group was

0.73±0.22 nmol/ml. At the same time point, blocker

pre-treatment decreased the TEA penetration to

0.14±0.016 nmol/ml, which was found to be 5.2-fold less

compared to control (Table 1). Atropine had a significant

effect on the transcorneal penetration of TEA. The Cmax

of TEA in the control group (0.73±0.22 nmol/ml) was

significantly (Po0.05) decreased to 0.076±0.002 nmol/

ml at 30 min in the atropine pre-treated group (Figure 2).

In case of percentage penetration, the atropine

pre-treated group was 2.5-fold less than the control

group. The AUC and Cmax of TEA were decreased to

2.4- and 10.4-fold in the presence of atropine (Table 1).

Fate of quinidine and atropine in the presence of TEA

Quinidine/atropine (referred to as control) was

administered either alone or in the presence of TEA

(referred to as experimental). The estimation of quinidine

levels in AH showed that the transcorneal penetration of

quinidine was higher than that of TEA in the control and

quinidine pre-treated groups. In the presence of substrate

(TEA) penetration of blocker to AH decreased drastically

(Figure 1a, Supplementary Data). Atropine levels

reached AH in both the control and experimental groups

(Figure 1b, Supplementary Data). However, atropine

levels in both groups were less when compared with

TEA (control) (Figures 2 and 1b, Supplementary Data).

Effect of OCT blockade in the transcorneal penetration

of metformin

Metformin (referred to as control) was administered

either alone or in the presence of quinidine or atropine

(referred to as quinidine pre-treated or atropine pre-

treated). The maximum aqueous level of metformin

(Cmax) for the control group was attained at 30 min,

and was found to be 0.108±0.03 nmol/ml. In the

quinidine pre-treated group, the metformin levels were

significantly decreased to 0.02±0.005 nmol/ml at 30 min

(Po0.05). It shows that there was a 5.4-fold decrease in

Figure 1 Transcorneal penetration of quinidine and atropine in
the absence of substrate. Mean concentration–time profile of
quinidine and atropine in the AH was measured after single
topical administration in rabbit’s eye. The values are shown as
mean±SEM.

Figure 2 Transcorneal penetration of TEA in the absence and
presence of blockers. Mean concentration–time profile of TEA in
the AH was measured after single topical administration
in rabbit’s eye. Note: TEA alone (control); TEA in the quinidine
or atropine pre-treatment group (quinidine or atropine pre-
treated). The values are shown as mean±SEM. *Po0.05.
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the penetration of metformin in the quinidine pre-treated

group compared with the control group. The above

results imply that the blocker was effective till 30 min

after metformin instillation (Figure 3). The percentage

penetration of metformin in the quinidine pre-treated

group was 0.042%, whereas in the control group it was

0.058% . This shows that the blocker pre-treated group

was 1.6-fold less than the control group. The AUC of the

control and quinidine pre-treated groups was 0.091 and

0.066 nmol/ml �h, respectively (Table 2). The levels of

metformin in the atropine pre-treated group were less at

the initial time points and gradually increased at later

time points. Metformin levels in the atropine pre-treated

group, as shown in Figure 3, were significantly (Po0.05)

decreased as compared with the control at 30 min. The

aqueous concentration of metformin at 30 min was

0.027±0.008 nmol/ml in the atropine pre-treated group

and was found to be four fold less than that in the control

group. In case of percentage penetration, the blocker

pre-treated group was 1.9-fold less than the control.

Fate of quinidine and atropine in the presence of

metformin

Quinidine/atropine (referred to as control) was

administered either alone or in presence of metformin

(referred to as experimental). Aqueous quinidine level in

the control was slightly less than that in the experimental

group (Figure 2a, Supplementary Data). The levels of

blocker reaching AH were higher when compared with

the substrate (metformin). The levels of atropine in the

control and experimental groups were higher than

metformin levels, indicating higher aqueous penetration

of the blocker than the substrate (Figure 2b,

Supplementary Data).

Discussion

Many of the clinically interesting ophthalmic drugs are

OC, due to which their transport across the corneal

epithelium heavily depends on transporter carriers.4

Despite the restriction offered by the corneal epithelium,

transcorneal penetration is the major route of entry for

drugs from tears to AH.5 Hence, cationic drugs may

utilize some uptake transporters for their permeation

across biological membranes.19,20,28 Presence of

transporters like OCT in the conjunctival and corneal

epithelial cells to reabsorb various endogenous amines in

the tear fluid has been well recognized.6–8 Moreover,

evidence from molecular biology studies from our

laboratory and others showed the presence of various

OCT in cornea.13,27,30 OCTN1 and OCTN2 were

suggested to be present at the apical region of cornea.33

Drug absorption can be greatly enhanced by targeting

endogenously expressed transport systems.34 Hence the

objective of this study was to investigate the functional

importance of OCT-mediated carrier system on in vivo

corneal penetration using appropriate substrates and

blockers as pharmacological tools. To achieve this,

TEA20,23,35–37 and metformin23,38–42 were used as OCT

substrates. Quinidine23,36,43–45 and atropine9,23 were

used as OCT blockers. The substrates and blockers

were quantified in AH using LC-MS/MS and their

representative peaks were shown (Figure 3,

Supplementary Data). For the first time in this study we

showed the functional importance of OCT in the cornea

for transport of topically applied xenobiotics using an

in vivo rabbit model.

The factors contributing to precorneal disappearance

of topically administered drugs include drainage

through the lacrimal fluid pathway, absorption through

Table 1 The calculated pharmacokinetic parameters of TEA in AH after topical administration

Parameters Control Quinidine
pre-treated

Fold
(decrease)

Atropine
pre-treated

Fold
(decrease)

Percentage penetration (%) 0.47 0.41 1.2 0.19 2.5
AUC0–2 (nmol/ml h) 0.73 0.64 1.5 0.30 2.4
Concentration at 30 min (nmol/ml) 0.73 0.14 5.2 0.07 10.4

Note: TEA (control); TEA in the quinidine or atropine topical pre-treatment group (quinidine or atropine pre-treated). The decrease in fold was calculated

from control vs quinidine or atropine pre-treated.

Figure 3 Transcorneal penetration of metformin in the absence
and presence of blockers. Mean concentration–time profile of
metformin in the AH was measured after single topical
administration in rabbit’s eye. Note: Metformin alone (control);
metformin in the quinidine or atropine pre-treatment group
(quinidine or atropine pre-treated). The values are shown as
mean±SEM. *Po0.05.
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the conjunctival pathway, corneal absorption, and non-

specific absorption in other precorneal tissues. Although

the functional role of OCT is known to be active from

apical to basolateral in the conjunctiva,20 the role of OCT

in the cornea is not clear as of now. Some transport

process does exist in the corneal epithelia and is known

to reabsorb the cationic endogenous amines from the

tear. A study conducted in our laboratory to evaluate the

effect of OCT blockade on the tear kinetics of OCT

substrates administered topically concluded that OCT are

involved functionally in precorneal disposition of

topically applied drugs.27,30 The precorneal disposition

route of xenobiotics and corneal uptake of endogenous

amines probably utilize OCT to transport from tear to

AH across the cornea. A similar observation has been

found using timolol coadministration with either

pilocarpine or epinephrine and showed significant

reduction in ocular absorption of timolol possibly due to

its alteration during precorneal clearance. But the

possible role of OCT in cornea was not known at that

time.18

Hence, investigating the transcorneal penetration of

topically applied OCT substrates can reveal the role of

OCT in the cornea. To understand the role of OCT in

corneal penetration of its topically applied substrates,

AH of the rabbits was sampled by paracentesis at various

time intervals for the quantification of both substrate as

well as their topically applied blockers. To reduce the

volume-induced tear drainage, the applied volume was

kept at a minimum of 20ml having either the substrate or

the blocker. The dose was fixed based on the IC50 value

of TEA, metformin, atropine, and quinidine for OCT

interaction from the literature.23

To determine the blocker pre-treatment time, Tmax of

the blockers quinidine and atropine reaching AH after

single topical administration was studied individually in

controlled conditions. Therefore, the blocker pre-

treatment was chosen at 30 min before the administration

of substrates to study the modulation of transcorneal

penetration of substrates. Topically applied TEA showed

a maximum aqueous concentration at 30 min after its

instillation. In this experiment, quinidine (blocker) pre-

treatment significantly reduced the concentration of TEA

at 30 min to the extent of 5.2-fold. When atropine was

used as the blocker, the concentration of TEA was

reduced to an extent of 10.4-fold in the AH (Table 1).

Similar to TEA, metformin has also shown a maximum

aqueous concentration (Cmax) at a Tmax of 30 min. Blocker

pre-treatment with quinidine and atropine showed

5.4- and 4-fold reduction in the aqueous concentration of

metformin at the 30-min time point. The difference in the

inhibitory effects of quinidine and atropine toward the

uptake of TEA and metformin may be due to the

difference in the contribution of individual OCT to the

uptake of TEA and metformin. In the presence of TEA or

metformin, blocker concentrations were generally found

to be reduced as compared with their control. From the

above observation it was understood that topical blocker

pre-treatment significantly affected the uptake of OCT

substrates from the precorneal area to the AH. Therefore,

it was evident that OCT are present in the cornea from

apical to basolateral, and may have a functional role in

the uptake of their substrates across the cornea when

applied topically as it has been reported in the

conjunctiva.20

At equimolar concentration, TEA showed 7 times

higher aqueous Cmax compared to metformin in the

control experiments. Quinidine and atropine both

showed almost similar percentage of aqueous

penetration in the control studies at 30 min post

instillation. This shows that both of them were unlikely

to have any difference in the available OCT isoform

susceptibility in cornea. Further studies are needed to

clarify the substrate specificity to the various isoforms of

OCT. OCT may be having a vital role in the uptake of

topically applied drugs having OCT susceptibility. When

administering OCT substrates/blockers topically, both

may be competing for OCT for their uptake across the

cornea, thereby decreasing the corneal penetration.

The altered levels of OCT blockers in the presence of

OCT substrates as compared with their control levels

further support the above finding (Figures 1 and 2, and

Supplementary Data). The observation from the present

study would be having therapeutic relevance when two

OCT substrates/blockers are administered concomitantly

in ocular topical drug therapy. This interaction might

render low aqueous bioavailability of topically applied

drugs, especially when alkaloids like atropine and their

Table 2 The calculated pharmacokinetic parameters of metformin in AH after topical administration

Parameters Control Quinidine
pre-treated

Fold
(decrease)

Atropine
pre-treated

Fold
(decrease)

Percentage penetration (%) 0.058 0.042 1.6 0.036 1.9
AUC0–2 (nmol/ml h) 0.091 0.066 1.3 0.056 1.6
Concentration at 30 min (nmol/ml) 0.108 0.020 5.4 0.027 4.0

Note: Metformin (control); metformin in the quinidine or atropine topical pre-treatment group (quinidine or atropine pre-treated). The decrease in fold

was calculated from control vs quinidine or atropine pre-treated.
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derivatives are extensively used along with other cationic

drugs like anti-infectives, anti-glaucoma, anti-

inflammatory, and anti-histaminics as ocular medication.

To conclude, OCT in the cornea may be functionally

active from tear fluid to AH. OCT can have a potential

pharmacokinetic role in modulating the ocular

bioavailability of their substrates administered topically,

which are used as ocular therapeutics.

Summary

What was known before

K The gene expression evidence of OCT in the cornea.

What this study adds
K Functional importance of OCT in the cornea.
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