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Abstract

Purpose: The objectives of this work were (i) to screen ocular hypotensive prostaglandin (PGF2α) analogs—
bimatoprost, latanoprost, and travoprost as well as their free acid forms—for interaction with effl ux pumps on 
the cornea and (ii) to assess the modulation of effl ux upon co-administration of these prostaglandin analogs.
Methods: Cultured rabbit primary corneal epithelial cells (rPCEC) were employed as an in vitro model for rabbit 
cornea. Transporter-specifi c interaction studies were carried out using Madin-Darby canine kidney (MDCK) 
cells overexpressing MDR1, MRP1, MRP2, MRP5, and BCRP. Freshly excised rabbit cornea was used as an ex vivo 
model to determine transcorneal permeability.
Results: Cellular accumulation studies clearly showed that all prostaglandin analogs and their free acid forms 
are substrates of MRP1, MRP2, and MRP5. Bimatoprost was the only prostaglandin analog in this study to inter-
act with P-gp. In addition, none of these molecules showed any affi nity for BCRP. Ki values of these prostaglan-
din analogs obtained from dose-dependent inhibition of erythromycin effl ux in rPCEC showed bimatoprost 
(82.54 μM) and travoprost (94.77 μM) to have similar but higher affi nity to effl ux pumps than latanoprost (163.20 
μM). Ex vivo studies showed that the permeation of these molecules across cornea was signifi cantly elevated in 
the presence of specifi c effl ux modulators. Finally, both in vitro and ex vivo experiments demonstrated that the 
effl ux of these prostaglandin analogs could be modulated by co-administering them together.
Conclusion: Bimatoprost, latanoprost, travoprost, and their free acid forms are substrates of multiple drug effl ux 
pumps on the cornea. Co-administration of these molecules together is a viable strategy to overcome effl ux, 
which could simultaneously elicit a synergistic pharmacological effect, since these molecules have been shown 
to activate different receptor population for the reduction of intraocular pressure (IOP).

Introduction

Topical drug administration is the most preferred and 
convenient route to treat diseases affecting the ante-

rior segment of the eye. The ability of a drug molecule to 
achieve therapeutic levels in the anterior segment predomi-
nantly depends on the rate and extent of corneal permeation. 
However, ocular bioavailability following topical adminis-
tration is extremely limited (<5%) due to a variety of pre-
corneal factors.1 Low ocular bioavailability has also been 
attributed to the lipoidal nature of the corneal epithelium 
and the water-laden stroma that act as rate-limiting barriers 
for hydrophilic and lipophilic molecules, respectively.

In addition to the tight junctions expressed by the cor-
neal epithelium, more recently, effl ux pumps such as 
P-glycoprotein (P-gp) and multidrug resistance-associated 
proteins (MRP) have also shown to play a role in restricting 
ocular bioavailability.2,3 A number of effl ux pumps has been 
identifi ed on the human and rabbit corneal epithelial cells. 
P-gp (MDR1) was amongst the fi rst found to be functionally 
active on the rabbit cornea.4 Very recently, a half transporter 
of MDR1, that is, breast cancer resistance protein (BCRP) has 
been identifi ed on the human corneal epithelial cells and 
appears to play a role in drug effl ux.5 Earlier reports from our 
laboratory have revealed the molecular evidence of MRP2 

JOURNAL OF OCULAR PHARMACOLOGY AND THERAPEUTICS
Volume 25, Number 6, 2009
© Mary Ann Liebert, Inc.
DOI: 10.1089/jop.2009.0049

03_JOP-2009_0049.indd   487 12/18/2009   6:09:56 PM



HARIHARAN ET AL.488

that these prostaglandins are transported by MRP4/5.12 
Moreover, MRP1, a transporter closely related to MRP4/5, 
has been shown to transport the glutathione conjugate of 
PGA1.13 MRP1 and MRP2 have also been shown to translo-
cate another prostanoid, the proinfl ammatory leukotriene, 
LTC4.14–16 These reports clearly demonstrate that prostaglan-
dins are transported by various isoforms of MRP. Since cor-
neal epithelium expresses various isoforms of MRP such as 
MRP1, MRP2, MRP3, and MRP5, it was very important to 
examine if the corneal permeation of prostaglandin ana-
logs is limited by these pumps. These molecules may very 
well be substrates for more than one isoform of MRP, since 
overlapping substrate specifi cities for MRP1–4 have been 
reported.17

As described earlier, one of the viable strategies to over-
come effl ux is to co-administer the drug along with another 
substrate/inhibitor drug that can modulate effl ux as well 
as impart a synergistic pharmacological effect in the treat-
ment regimen.3 A dual advantage is realized since the effl ux 
is overcome by competitive inhibition and the co-adminis-
tered molecule is also indicated in the treatment regimen. If 
the prostaglandin analogs were found to interact with effl ux 
pumps on the corneal epithelium, a similar strategy can 
be adopted by administering these agents in combination. 
Various reports indicate that bimatoprost, which is an ethyl 
amide prodrug of 17-phenyl-PGF2α, is classifi ed as a pros-
tamide and exerts its action in lowering intraocular pres-
sure (IOP) through a novel prostamide receptor.18–21 On the 
other hand, its metabolite, bimatoprost-free acid (17-phenyl-
PGF2α) is also shown to lower the IOP by interacting with 
prostanoid FP receptors, thus being classifi ed as a potent FP 
receptor agonist.22–24 On the contrary, both latanoprost and 

and MRP5 on the human as well as rabbit primary corneal 
epithelial cells.6–8 In addition, mRNA expression levels of 
other isoforms of MRP, MRP1 and MRP3, have been reported 
in the human cornea, though functional activity and locali-
zation still remain to be assessed.9,10 With an array of effl ux 
transporters being identifi ed on the corneal epithelium and 
along with our earlier report that clearly demonstrates the 
role of effl ux pumps in restricting ocular bioavailability, it is 
imperative to screen potential ocular therapeutic agents for 
interaction with effl ux pumps.

Ocular hypotensive drugs (anti-glaucoma) represent 
an important class of therapeutic agents that are primarily 
absorbed through the cornea, following topical adminis-
tration. Among the various classes of glaucoma medica-
tions such as β-blockers, carbonic anhydrase inhibitors, and 
α2-adrenergic agonists, prostaglandin analogs (PGF2α ana-
logs) have emerged as fi rst-line treatment option due to its 
superior effi cacy. Naturally occurring prostaglandins, espe-
cially the F-series are relatively polar due to the presence of a 
carboxylic acid moiety and several hydroxyl groups, result-
ing in poor permeation across biological membranes. Hence 
prodrugs of PGF2α were synthesized that resulted in the 
currently marketed drugs such as bimatoprost, latanoprost, 
and travoprost. Latanoprost and travoprost are isopropyl 
ester prodrugs of PGF2α, whereas bimatoprost is an ethyl 
amide prodrug of 17-phenyl-PGF2α (Fig. 1).

The rationale to screen these potent PGF2α analogs 
was triggered by a recent article by Reid and colleagues, 
who reported that PGF1α, PGF2α, and PGA1 are high-
 affi nity inhibitors and therefore presumably are substrates 
of MRP4.11 Other prostaglandins such as PGA1 and PGE1 
inhibited MRP4 and MRP5 transport of cAMP, suggesting 
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free acid forms.
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essential medium (MEM, for rPCEC), Dulbecco’s modifi ed 
Eagle’s medium (DMEM, for MDCK-WT, -MDR1, -MRP1, 
-MRP2, -MRP5, and -BCRP cells), trypsin–EDTA solution, 
nonessential amino acids, and fetal bovine serum were 
procured from Invitrogen (Carlsbad, CA). Penicillin, strep-
tomycin, sodium bicarbonate, lactalbumin, HEPES, am-
photericin B, and polymyxin B sulfate were obtained from 
Sigma-Aldrich. Culture fl asks (75-cm2 growth area) were 
procured from MidSci (St. Louis, MO). Twelve-well culture 
plates (3.8-cm2 growth area per well) were obtained from 
Corning Costar Corp (Cambridge, MA).

New Zealand albino male rabbits weighing between 
2.0 and 2.5 kg were purchased from Myrtle’s Rabbitry 
(Thompson Station, TN). Studies were performed according 
to the animal protocol stated in ARVO Statement for the Use 
of Animals in Ophthalmic and Vision Research. Ketamine 
HCl and Rompun (Xylazine®) were purchased from Fort 
Dodge Animal Health (Fort Dodge, IA) and Bayer Animal 
Health (Shawnee Mission, KS), respectively. All other chem-
icals were obtained from Sigma-Aldrich (St. Louis, MO). 
The solvents were of HPLC grade and obtained from Fisher 
Scientifi c Company (St. Louis, MO).

Methods

Cell culture. Rabbit corneal epithelial cells were cultured 
according to a previously published method from our labo-
ratory.4 Cells were nourished with culture medium compris-
ing MEM, 10% FBS, HEPES, sodium bicarbonate, penicillin, 
streptomycin sulfate, and 1% (v/v) nonessential amino acids, 
adjusted to pH 7.4. Cells were grown in 75-cm2 culture 
fl asks and maintained at 37°C, in a humidifi ed atmosphere 
of 5% CO2 and 90% relative humidity. Culture medium was 
replaced every alternate day. Cells were subcultured after 
7 days (subculture ratio, 1:5) with 0.25% trypsin containing 
0.53 mM EDTA and plated at a density of 250,000 cells/well 
on 12-well culture plates.

MDCK-WT and MDCK-transfected cells overexpressing 
effl ux proteins were grown in culture medium comprising 
DMEM, 10% FBS, HEPES, sodium bicarbonate, penicillin, 
streptomycin sulfate, and 1% (v/v) nonessential amino acid, 
adjusted to pH 7.4. Cells were grown under similar condi-
tions as mentioned above and plated at a density of 250,000 
cells/well on 12-well culture plates.

Cellular accumulation studies

Preparation of drug solutions. Cellular accumulation stud-
ies were conducted on rPCEC (8–10 days post-seeding, pas-
sages 5–10) and MDCK-WT, -MDR1, -MRP1, -MRP2, -MRP5, 
and -BCRP cells (4–6 days post-seeding, passages 5–15). The 
medium was aspirated and cells were washed twice (once in 
10 min) with Dulbecco’s phosphate-buffered saline (DPBS; 
pH 7.4). Stock solutions of GF120918, MK571, and the pros-
taglandin analogs were prepared as mentioned earlier. Test 
solutions were then prepared by adding aliquots from the 
respective stock solutions and diluting with DPBS, pH 7.4, 
to achieve required concentration. The organic solvent con-
centration in the fi nal solution did not exceed 1% (v/v) and 
appropriate amount was added to control.

Radioactive studies. Cellular accumulation was initiated 
by adding 0.5 mL of [14C] erythromycin (0.2 μCi/mL) pre-
pared in DPBS, pH 7.4, in the absence and presence of test 

travoprost are isopropyl ester prodrugs, which readily get 
converted to its free acid form in the aqueous humor and 
iris–ciliary body.25,26 It is clear that the free acid form of 
latanoprost and travoprost are involved in lowering the IOP 
by prostanoid FP receptor signaling.25,26 Assuming that the 
free acid form is the predominant species of bimatoprost, 
latanoprost, and travoprost, it could still be important to 
co-administer them together, since these molecules exhibit 
binding affi nities to prostaglandin receptor subtypes, such 
as EP1 [Ki = 119 nM (latanoprost acid); 95 nM (bimatoprost 
acid)] and EP3 [Ki = 387 nM (bimatoprost acid)] receptors.27 
Knockout of EP3 receptors caused a signifi cant increase in 
the IOP reduction levels following prostaglandin analog ad-
ministration relative to wild-type mice.28 Moreover, clinical 
reports also reveal that IOP effects of the labeled concentra-
tions of bimatoprost or travoprost were additives to that of 
latanoprost, with bimatoprost showing a greater additive 
response than travoprost.29 In addition, patients unrespon-
sive to latanoprost have been shown to respond to bimato-
prost therapy, which clearly suggests that these molecules 
including the free acid forms might stimulate different re-
ceptor populations.30 Even if the free acid form is the major 
species in the aqueous humor, since they differ in their affi n-
ities to prostaglandin receptor subtypes, a possibility exists 
that there is an additive/synergistic pharmacological effect 
resulting from co-administration of these agents. The effec-
tive doses of these prostaglandin analogs may be reduced 
that can substantially reduce potential ocular side effects 
arising from repeated administration such as conjunctival 
hyperemia, iris cysts, cystoid macular edema, anterior uve-
itis, and reactivation of herpes simplex keratitis.31

Therefore, the objectives of this work are (i) to screen 
bimatoprost, latanoprost, and travoprost as well as their free 
acid forms for interaction with effl ux pumps: MDR1, MRP1, 
MRP2, MRP5, and BCRP and (ii) to assess the modulation 
of effl ux upon co-administration of these prostaglandin 
analogs.

Methods

Materials

Bimatoprost, latanoprost, and travoprost, their respec-
tive free acids, and PGF2α diethyl amide were purchased 
from Cayman Chemicals (Ann Arbor, MI). MK571, a specifi c 
inhibitor of MRP was procured from Biomol International 
(Plymouth Meeting, PA). GF120918 was a generous gift from 
GlaxoSmithKline Ltd. [14C] Erythromycin (specifi c activity 
51.3 mCi/mmol) was obtained from PerkinElmer Life and 
Analytical Sciences (Boston, MA). Stock solutions of the 
prostaglandin analogs were prepared in ethanol at a con-
centration of 10 mg/mL. Stock solutions of GF120918 (1 mg/
mL) and MK571 (25 mg/mL) were prepared in dimethyl 
sulfoxide (DMSO) and aliquots were diluted in Dulbecco’s 
phosphate-buffered saline (DPBS) to achieve the desired 
concentration.

MDCK-WT (wild-type) cells and MDCK cells transfected 
with the human MDR1 gene (MDCK-MDR1), human MRP1 
gene (MDCK-MRP1), human MRP2 gene (MDCK-MRP2), 
human MRP5 gene (MDCK-MRP5), and human BCRP gene 
(MDCK-BCRP) were generously provided by Drs. A. Schinkel 
and P. Borst (The Netherlands Cancer Institute, Amsterdam, 
Netherlands). Cell culture supplies that included minimum 
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LC/MS/MS

Sample preparation. All prostaglandin analogs were ana-
lyzed by LC/MS/MS. Sample preparation was carried out 
with liquid–liquid extraction technique. PGF2α diethyl 
amide was used as an internal standard for the analysis of 
all prostaglandin analogs in the positive mode of multiple 
reaction monitoring (MRM). Their corresponding free acids 
were analyzed in the negative mode using appropriate free 
acid form of other prostaglandin analog depending upon the 
analyte being measured. The organic solvent, ethyl acetate, 
was utilized to extract the drug from the aqueous phase.

(i) Cellular accumulation studies: Culture plates stored at 
−80°C were fi rst thawed at room temperature. Subsequently, 
the samples were centrifuged at 12,500g for 10 min to sepa-
rate cellular debris. Following centrifugation, 450 μL of the 
sample was removed and 25 μL of the corresponding inter-
nal standard was added. When both prostaglandin analog 
and their respective free acid were analyzed, 25 μL of the 
internal standard for both the positive and negative ion ana-
lytes was added accordingly. The samples were vortexed for 
10–15 s following the addition of internal standard(s). One 
and a half milliliter of the organic solvent, ethyl acetate was 
then added to the sample–internal standard mixture and 
vortexed for 3 min. For effi cient separation of the aqueous 
and organic layers, samples were centrifuged at 10,000g 
for 5 min. After centrifugation, the organic layer was col-
lected and dried in vacuum. The residue was reconstituted 
in 75 μL of distilled deionized water (DDW) with 0.1% for-
mic acid and 50 μL was injected onto the LC/MS/MS for 
analysis. When both the prostaglandins and their free acid 
forms were analyzed, the injection volume was reduced to 
25 μL for each analyte detection in the positive and negative 
modes. Standard solutions in DPBS were also extracted and 
quantitated by following an identical procedure.

(ii) Corneal transport studies: In these experiments, 25 
μL of the corresponding internal standard(s) was added to 
the sample. The samples were vortexed for 10–15 s follow-
ing the addition of internal standard(s). After that, 500 μL 
of ethyl acetate was added to the sample–internal standard 
mixture and vortexed for 3 min. Subsequent steps were sim-
ilar to those mentioned in the previous section.

LC/MS/MS. QTrap® LC/MS/MS mass spectrometer 
(Applied Biosystems, Foster City, CA) equipped with Agilent 
1100 Series quaternary pump (Agilent G1311A), vacuum 
degasser (Agilent G1379A), and autosampler (Agilent G1367A; 
Agilent Technology Inc., Palo Alto, CA) was employed to 
analyze samples from cellular accumulation, transport, and 
ocular tissue distribution studies. HPLC separation was per-
formed on a XTerra® MS C18 column 50 × 2.1 mm, 3.5 μm 
(Waters, Milford, MA). The mobile phase consisted of 65% 
acetonitrile and 35% water with 0.1% formic acid, pumped at 
a fl ow rate of 0.3 mL/min. Analysis time was 4 min per run 
and all analytes eluted within 1–2 min. Multiple reaction 
monitoring (MRM) mode was utilized to detect the com-
pound of interest. The mass spectrometer was operated in 
the positive ion detection mode for the quantifi cation of all 
prostaglandin analogs (bimatoprost, latanoprost, and travo-
prost). Negative ion detection mode was used for the quanti-
fi cation of free acid forms. The precursor and the secondary 
ions generated were: bimatoprost +416.1/362.1; latanoprost 
+433.0/105.0; travoprost +500.9/207.0; PGF2α diethyl amide 
(internal standard) +444.3/426.3; bimatoprost-free acid 

compounds. Incubation with drug solution was carried out 
for 15 min at 37°C. Following incubation, the drug solution 
was aspirated and cell monolayers were washed twice with 
1 mL of ice-cold stop solution (210 mM KCl, 2 mM HEPES) 
to arrest cellular accumulation. Finally, cells were lysed with 
1 mL of 0.3% NaOH containing 0.1% Triton-X solution and 
stored overnight. Cell-associated radioactivity was quan-
tifi ed with a scintillation counter and the rate of cellular 
accumulation of [14C] erythromycin was normalized to the 
protein content in each well.

Non-radioactive studies. Cellular accumulation was ini-
tiated by adding 0.5 mL of drug solution (in the presence 
or absence of competing substrates) to the wells. Incubation 
was carried out over a period of 15 min at 37°C. At the end of 
incubation period, drug solution was removed and the cell 
monolayers were washed twice with 1 mL of ice-cold stop 
solution to arrest cellular accumulation. Finally, 0.5 mL of 
DPBS, pH 7.4, was added to each well and the culture plates 
were stored at −80°C overnight to allow the cells to lyse. The 
following day, intracellular drug concentration was quanti-
fi ed by liquid chromatography tandem mass spectrometry 
(LC/MS/MS). The rate of cellular accumulation of the drug 
was normalized to the protein content in each well.

Corneal transport studies

A typical side-by-side diffusion apparatus was used. New 
Zealand albino rabbits weighing 2.0 to 2.5 kg were eutha-
nized by an overdose of pentobarbital through the marginal 
ear vein. The eyes were carefully enucleated and washed 
with ice-cold DPBS (pH 7.4) to remove any traces of blood. 
Subsequently, a small incision was made in the sclera and 
the cornea was excised carefully. The cornea was mounted 
in such a way that the epithelium faced the donor chamber 
(tear to stromal-directed sampling). The side-by-side dif-
fusion apparatus was maintained at a temperature of 34°C 
(corneal temperature in vivo) by circulating water through 
the jacketed chambers of diffusion apparatus. Drug solution 
(3 mL) was added to the half-chamber facing the epithelial 
side of the cornea (donor chamber). In the other half-cham-
ber (receiver chamber), 3.2 mL of DPBS (maintained at 34°C) 
was added and both the chambers were stirred continuously 
with magnetic stir bars. The buffer volume in the receiver 
chamber was maintained slightly higher in order to gen-
erate higher hydrostatic pressure to maintain the shape of 
cornea throughout an experiment. Sink conditions were 
maintained throughout the experiment. Two hundred 
microliter aliquots were removed from the receiver chamber 
at appropriate time intervals and replaced with an equal vol-
ume of DPBS (pH 7.4, maintained at 34°C). Storing aqueous 
solutions of prostaglandin analogs for more than a day is 
usually not recommended, and hence all samples were pro-
cessed immediately (refer to sample preparation section) at 
the end of an experiment. Further analysis of the samples 
was carried out by LC/MS/MS.

Analytical procedure

Scintillation counter. Radioactivity in cellular accumula-
tion experiments with [14C] erythromycin was measured by a 
scintillation counter (Model LS 6500; Beckman Instruments 
Inc., Fullerton, CA).
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Results

Cellular accumulation of [14C] erythromycin in rPCEC 
in the presence of specifi c inhibitors, prostaglandin 
analogs, and their corresponding free acids

Cellular accumulation of [14C] erythromycin was signif-
icantly elevated (160% and 370% relative to control) in the 
presence of GF120918 (P-gp inhibitor) and MK571 (MRP 
inhibitor), respectively (Fig. 2A). In addition, cellular accu-
mulation of [14C] erythromycin increased signifi cantly in the 
presence of all prostaglandin analogs—bimatoprost, latano-
prost, and travoprost (Fig. 2A). In contrast, cellular accumu-
lation of [14C] erythromycin did not alter signifi cantly when 
the corresponding free acid forms of prostaglandin analogs, 
with the exception of travoprost-free acid, were co-incubated 
with [14C] erythromycin (Fig. 2B).

Cellular accumulation of prostaglandin analogs and 
their corresponding free acids in MDCK-MDR1, 
-MRP1, -MRP2, -MRP5, -BCRP, and rPCEC in the 
presence of specifi c inhibitors

These studies were conducted with unlabeled prosta-
glandin analogs and their corresponding free acid forms 
according to the protocol described in the Methods section. 
Cellular accumulation studies were carried out at a concen-
tration of 10 μM for prostaglandin analogs and at 100 μM 
for their free acid forms. Ten times higher concentration of 
the free acid form was used in order to achieve the detec-
tion levels, since the membrane permeability of the free acid 
forms are reported to be very low. GF120918 (2 μM) was 
used as the specifi c inhibitor in both MDCK-MDR1 as well 
as -BCRP cells, since it was reported to inhibit both P-gp and 
BCRP effl ux pumps. On the other hand, MK571 (50 μM), an 
inhibitor known to inhibit almost all isoforms of MRP, was 
used for interaction studies with MDCK-MRP1, -MRP2, and 
-MRP5 cells. No conversion of bimatoprost to its free acid 
form was detected during the course of the experiment (15 
min), but the free acid forms of latanoprost and travoprost 
were detectable. Hence, for latanoprost and travoprost, the 
total concentrations of both the parent as well as the free 
acid forms were taken into account.

Table 1 provides a comprehensive overview of all pos-
sible interactions for prostaglandin analogs and their cor-
responding free acid forms with various effl ux pumps 
studied. It was observed that the cellular accumulation 
of bimatoprost signifi cantly elevated in the presence of 
GF120918 in MDCK-MDR1 but not in MDCK-BCRP cells. 
Interestingly, latanoprost and travoprost did not exhibit any 
statistically signifi cant increase in their cellular accumula-
tion with GF120918 in both MDCK-MDR1 and -BCRP cells. 
All three prostaglandin analogs, bimatoprost, latanoprost, 
and travoprost, showed signifi cant interactions with all the 
isoforms of MRP studied, that is, MRP1, MRP2, and MRP5. 
On the other hand, free acid forms of bimatoprost, latano-
prost, and travoprost did not produce statistically signifi cant 
interactions in MDCK-MDR1 and -BCRP cells. However, 
these compounds interacted signifi cantly with all isoforms 
of MRP (MRP1, MRP2, and MRP5). Table 2 summarizes the 
substrate specifi cities of all the prostaglandin analogs and 
their free acid forms with respect to P-gp, MRP1, MRP2, 
MRP5, and BCRP effl ux pumps.

–387.0/342.7; latanoprost-free acid –389.0/344.9; and travo-
prost-free acid −456.9/160.9. The turbo ion spray setting and 
collision gas pressure were optimized (IS voltage: ±4500 V, 
temperature: 300°C, nebulizer gas: 40 psi, curtain gas: 30 
psi). MS/MS was performed using nitrogen as collision gas. 
Peak areas for all components were automatically integrated 
with Analyst™ software and peak-area ratios (analyte peak 
area/IS peak area) were plotted against concentration by 
weighted linear regression. The analytical data with the cur-
rent MRM method showed excellent linearity extending to 
nanomolar range. The limits of quantifi cation were found to 
be 15 ng/mL for all prostaglandin analogs and their respec-
tive free acid forms. The method generated rapid and repro-
ducible results.

Data treatment

Permeability measurements across rabbit cornea. Cumulative 
amounts transported across cell monolayers and rabbit cor-
nea were plotted as a function of time. Linear regression of 
the amounts transported as a function of time yielded the 
rate of transport across the cell monolayer (dM/dt). Rate 
divided by the cross-sectional area available for transport 
(A) generated steady-state fl ux as shown in Equation 1.

Flux = (dM/dt)/A (Eq. 1)

Slopes were then obtained from the linear portion of the 
curve to calculate apparent permeability (Papp) through nor-
malization of the steady-state fl ux to the donor concentra-
tion (Cd) according to Equation 2.

Papp = Flux/Cd (Eq. 2)

Affi nity measurements. For dose response studies in which 
[14C] erythromycin uptake was inhibited, the inhibitory 
effect of unlabeled bimatoprost, latanoprost, and travoprost 
was described by Equation 3.

Y
x H

� � 
�

�
min

max min
log

1 10 50IC −( )
 

(Eq. 3)

where x denotes the logarithm of the concentration of the 
prostaglandin analog, Y is the cellular accumulation of 
[14C] erythromycin, IC50 represents the inhibitor concen-
tration where the effl ux of [14C] erythromycin is inhibited 
by 50%, and H is the Hill constant. Y starts at a minimum 
(min) value (at low inhibitor concentration) and then pla-
teaus at a maximum (max) value (at high inhibitor concen-
tration) resulting in a sigmoidal shape. IC50, estimated from 
Equation 3, was used to calculate the Ki of the prostaglan-
din analogs by the method of Cheng and Prusoff in which 
Ki is equivalent to IC50/(1 + C/Km), where C indicates the 
concentration of the ligand.32 Data were fi tted to Equation 
3 with a transformed nonlinear regression curve analysis 
program (GraphPad Prism version 4.0, GraphPad Software 
Inc., San Diego, CA).

Statistical analysis

Cellular accumulation studies were conducted at least 
in quadruplicate and corneal transport experiments were 
conducted at least in triplicate. All results are expressed as 
mean ± standard deviation (SD). Student’s t-test was applied 
to determine statistical signifi cance between 2 groups, with 
P < 0.05 being considered to be statistically signifi cant.
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163.20, and 94.77 μM for bimatoprost, latanoprost, and travo-
prost, respectively.

Corneal transport of prostaglandin analogs in the 
presence of specifi c inhibitors

Corneal transport of bimatoprost was performed alone 
and in the presence of both GF120918 and MK571, since 
bimatoprost was found to be a substrate for P-gp as well as 
MRP. On the other hand, corneal transport of latanoprost 
and travoprost were studied only in the presence of MK571. 
In case of bimatoprost, both the parent ester and the free acid 
forms were equally predominant and hence concentrations 
of both species were taken into account while calculating 
fl ux. But, latanoprost and travoprost hydrolyzed completely 
into their free acid forms and the parent ester species were 
below the detection limit. The corneal permeability values 

Dose-dependent inhibition of [14C] erythromycin 
efflux in rPCEC in the presence of prostaglandin 
analogs

To determine the inhibitory potency, dose-dependent 
inhibition of [14C] erythromycin effl ux, in the presence of 
varying concentrations of bimatoprost, latanoprost, and 
travoprost, was carried out. As shown in Fig. 3A–3C, cellu-
lar accumulation of [14C] erythromycin increased in a dose-
dependent manner in the presence of all three prostaglandin 
analogs. A modifi ed log [dose]–response curve was applied 
to fi t the data in order to obtain the IC50 values. Inhibition 
constant, Ki, was calculated by the method of Cheng and 
Prusoff using the equation: IC50/[1 + (C/Km)]. Michaelis con-
stant, Km, for erythromycin was determined to be 473.74 ± 
86.7 μM (data not shown). The resulting IC50 and Ki values 
were close (up to 2 decimal points) and found to be 82.54, 
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(latanoprost, travoprost) and steroids (6α-methyl predniso-
lone, prednisolone). Cellular accumulation of bimatoprost 
was signifi cantly elevated in the presence of all the com-
pounds tested (Fig. 4). Travoprost (~230%) inhibited the 
effl ux of bimatoprost to a larger extent than latanoprost 
(~180%). On the other hand, 6α-methyl prednisolone (~200%) 
exhibited a higher inhibitory potential than prednisolone 
(~150%).

Corneal transport of bimatoprost in the presence of 
other prostaglandin analogs

Transcorneal permeation experiments were carried out 
to delineate the modulation of bimatoprost effl ux in the 
presence of other prostaglandin analogs such as latano-
prost and travoprost. As seen in Figure 5, the permeability 
of bimatoprost (0.74 ± 0.05 × 10−5 cm/s) across rabbit cor-
nea was signifi cantly higher in the presence of latanoprost 
(1.02 ± 0.09 × 10−5 cm/s) and travoprost (1.32 ± 0.05 × 10−5 
cm/s). Travoprost showed a stronger inhibition of bimato-
prost effl ux since it increased the corneal permeability of 
bimatoprost by 1.8 times, relative to latanoprost that raised 
the permeability by 1.4 times.

Discussion

The role of effl ux pumps on corneal drug absorption fol-
lowing topical administration is a new and emerging fi eld. 

of bimatoprost, latanoprost, and travoprost increased by 
1.67, 1.79, and 2.11 times, respectively, relative to appropriate 
control values (Table 3).

Cellular accumulation of bimatoprost in rPCEC in 
the presence of other prostaglandin analogs and 
corticosteroids

In order to examine the modulation of effl ux due to co-
administration, cellular accumulation of bimatoprost was 
carried out in the presence of other prostaglandin analogs 

Table 1. Cellular Accumulation of Prostaglandin Analogs and Their Corresponding Free Acids in the 
Absence and Presence of Specific Efflux Inhibitors—GF120918 2 μM (P-gp and BCRP) and MK571 

50 μM (All Isoforms of MRP)

Drug ± inhibitor

Cellular accumulation (% control)

MDCK-MDR1 MDCK-MRP1 MDCK-MRP2 MDCK-MRP5 MDCK-BCRP rPCEC

Bimatoprosta

 B   100.0 ± 12.9 100.0 ± 9.6  100.0 ± 18.3  100.0 ± 12.9   100.0 ± 15.4   100.0 ± 17.6
 B + GF120918    259.3 ± 14.1** — — —    97.7 ± 17.0   205.7 ± 3.9**
 B + MK571 —   237.8 ± 33.1**   474.9 ± 31.7**   209.0 ± 21.1** —   297.3 ± 14.4**
 BA 100.0 ± 4.0 100.0 ± 7.4   100.0 ± 18.1  100.0 ± 19.2 100.0 ± 5.5   100.0 ± 17.0
 BA + GF120918   92.3 ± 5.4 — — —  107.3 ± 23.4  107.6 ± 4.5
 BA + MK571 —   298.5 ± 40.1**   414.1 ± 24.1**   278.7 ± 26.8** —   276.8 ± 35.9**
Latanoprostb

 L    100 ± 11.5 100.0 ± 7.3  100.0 ± 12.9 100.0 ± 8.8   100.0 ± 13.1   100 ± 7.0
 L + GF120918 111.0 ± 8.2 — — —   95.9 ± 4.7  102.5 ± 18.4
 L + MK571 —    194.9 ± 11.2**   355.38 ± 6.05**   212.3 ± 26.4** —    267.9 ± 56.8**
 LA   100.0 ± 14.2 100.0 ± 3.0 100.0 ± 5.9 100.0 ± 7.8   100.0 ± 16.4  100.0 ± 23.7
 LA + GF120918   87.8 ± 7.6 — — —    98.3 ± 12.6  96.7 ± 10.0
 LA + MK571 —    267.4 ± 33.0**   382.0 ± 91.2**    287.9 ± 18.7** —   301.3 ± 40.6**
Travoprostc

 T  100 ± 7.6  100.0 ± 10.1 100.0 ± 5.7 100.0 ± 9.7  100.0 ± 18.2  100.0 ± 12.6
 T + GF120918  99.0 ± 5.6 — — —    89.1 ± 24.7  99.1 ± 11.7
 T + MK571 —   189.3 ± 19.5**   245.9 ± 27.0**   205.3 ± 19.7** —   153.1 ± 16.5**
 TA   100.0 ± 10.8   100.0 ± 17.5  100.0 ± 29.8  100.0 ± 15.3 100.0 ± 4.8 100.0 ± 7.5
 TA + GF120918   92.8 ± 13.1 — — —   104.6 ± 19.0   89.0 ± 12.6
 TA + MK571 —   278.0 ± 26.9**   675.4 ± 59.2**   313.1 ± 37.6** —   434.9 ± 22.8**

aBimatoprost (B, 10 μM), bimatoprost-free acid (BA, 100 μM).
bLatanoprost (L, 10 μM), latanoprost-free acid (LA, 100 μM).
cTravoprost (T, 10 μM), travoprost-free acid (TA, 100 μM).

Each data point represents mean ± SD (n = 4). *Represents signifi cant difference from control P < 0.01.

Table 2. Substrate Specificities of All the 
Prostaglandin Analogs and Their Free Acid Forms to 

P-gp, MRP1, MRP2, MRP5, and BCRP Efflux Pumps

Drug

Interaction

MDR1 MRP1 MRP2 MRP5 BCRP

B Y Y Y Y N
BA N Y Y Y N
L N Y Y Y N
LA N Y Y Y N
T N Y Y Y N
TA N Y Y Y N

Abbreviations: Y, yes; N, no.
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as P-gp, BCRP, and various isoforms of MRP.5,8,10 (iii) Finally, 
it has been very clear from the recent literature that these 
multi drug resistance pumps have overlapping substrate 
specifi cities. A drug molecule is often categorized as a sub-
strate to more than one effl ux protein, thus enduring a syner-
gistic effl ux action by multiple effl ux pumps. Hence, drastic 
reduction in precorneal drug concentration, combined with a 
multitude of effl ux pumps with overlapping substrate speci-
fi cities, renders effl ux a signifi cant factor in the ocular absorp-
tion of drugs applied topically to the eye. Previous work from 
this laboratory has already reported that corneal absorp-
tion of erythromycin, a substrate of both P-gp and MRP2, is 
restricted by the effl ux pumps on the corneal epithelium.3 In 
this study, the objective is to screen several anti-glaucoma 
drugs to examine if their corneal permeation is restricted 
due to effl ux pumps. Effl ux is more clinically relevant in case 
of anti-glaucoma drugs, since most are delivered as topical 
eye drops. In addition, prostaglandin analogs, which in most 
cases are the fi rst-line treatment option, are administered at 
a relatively low concentration (bimatoprost—0.03%, latano-
prost—0.005%, and travoprost—0.004%), thus making effl ux 
to be of high clinical relevance.

Though protein expression levels of P-gp, BCRP, and var-
ious isoforms of MRPs have been reported on the corneal 
epithelium, the functional activity has been demonstrated 
only for P-gp and MRP2. Previous study from this labora-
tory indicates that erythromycin can be selected as a good 
model substrate to study both P-gp- and MRP2-mediated 
effl ux.3 Hence, a preliminary interaction experiment was 
carried out in rPCEC, by studying cellular accumulation of 
erythromycin in the presence of prostaglandin analogs. A 
signifi cant increase in erythromycin uptake in the presence 
of GF120918 and MK571 corroborated with our earlier re-
sult that both P-gp and MRP are functionally active on the 
rabbit corneal epithelium (Fig. 2A). Moreover, the extent of 
enhancement in the presence of MK571 was signifi cantly 
higher than that obtained with GF120918, which suggests 
the possibility of isoforms of MRP, other than MRP2 that 
may be active. Moreover, all prostaglandin analogs in-
cluding bimatoprost, latanoprost, and travoprost signifi -
cantly elevated cellular accumulation of erythromycin that 
strongly indicates that these PGF2α analogs interact with 
effl ux pumps (Fig. 2A). Surprisingly, the free acid forms of 
these prostaglandin analogs did not increase the uptake of 

Multidrug resistance pumps such as P-gp, MRP, and BCRP 
can severely limit corneal drug absorption. Poor ocular bio-
availability following topical administration has always been 
attributed to precorneal factors and highly selective corneal 
epithelium, but not to any effl ux pump that might effl ux mol-
ecules out of the corneal epithelium into the precorneal fl uid. 
But in fact, recent reports from our laboratory clearly dem-
onstrate the signifi cance of effl ux on corneal epithelium,2,3,5,7,8 
which might be due to the combination of more than one of 
the following reasons: (i) precorneal factors such as drug so-
lution drainage, continuous tear turnover, blinking, nasolac-
rimal drainage, and loss due to absorption by conjunctival 
blood vessels and lymphatics play a signifi cant role in limiting 
the precorneal drug concentration. On an average there is a 
10-fold decrease in the precorneal drug concentration, within 
5–10 min of topical administration, due to all these factors 
acting simultaneously.33 Therefore, such signifi cantly lower 
precorneal drug concentration makes the effl ux transport-
ers on the corneal epithelium highly relevant. (ii) A variety 
of effl ux transporters are expressed on the human corneal 
epithelium that includes multidrug resistance pumps such 
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FIG. 3. Dose-dependent inhibition of [14C] erythromycin 
(0.2 μCi/mL) effl ux by (A) bimatoprost, (B) latanoprost, and 
(C) travoprost in primary corneal epithelial cells (rPCEC). 
Each data point represents mean ± SD (n = 4).

Table 3. Transcorneal Permeability Values of 
Bimatoprost (B, 50 μM), Latanoprost (L, 50 μM), and 
Travoprost (T, 50 μM) Alone and in the Presence of 

Specific Efflux Inhibitors (GF120918 2 μM, MK571 50 μM)

Drug ± inhibitor Permeability (× 105 cm/s)

B           0.74 ± 0.05
B + GF120918 + MK571           1.23 ± 0.016*
L           2.02 ± 0.02
L + MK571            3.61 ± 0.26**
T            1.11 ± 0.14
T + MK571            2.35 ± 0.26*

Each data point represents mean ± SD (n = 3). (**) and 

(*) represent signifi cant difference from control (P < 0.01) and 

(P < 0.05), respectively.

Abbreviations: B, bimatoprost; L, latanoprost; T, travoprost.
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Hence, interaction of bimatoprost (but not latanoprost and 
travoprost) with P-gp could possibly be explained by the 
ethyl amide group at carbon-1 position of bimatoprost. It is 
further strengthened by the fact that even the free acid form 
of bimatoprost (devoid of ethyl amide linkage at carbon-1 
position) does not interact with P-gp.

On the other hand, the free acid forms of these prosta-
glandin analogs are excellent substrates for MRP1, MRP2, 
and MRP5 (Table 1). Hence, it is evident that during the inter-
action experiment with erythromycin, adequate inhibitory 
intracellular concentration levels of these molecules was not 
achieved due to their poor membrane permeability charac-
teristics. It is interesting to note that all the prostaglandin 
analogs along with their free acid forms did not interact with 
BCRP. Since latanoprost, travoprost, and their free acid forms 
are not substrates of P-gp, it is logical that these molecules 
do not interact with BCRP as well, since BCRP possesses one 
half of the MDR1 P-gp protein structure. Due to the structural 
similarity between P-gp and BCRP, both effl ux transporters 
share common substrates. Surprisingly, bimatoprost being a 
substrate for P-gp did not interact with BCRP (Table 1). Thus, 
molecular binding sites of these proteins need to be investi-
gated to understand this anomaly. Similar results have been 
obtained with lopinavir in the past, which is a good substrate 
of P-gp but not BCRP1.34 The extent of inhibition with the free 
acid forms of the prostaglandin analogs in the presence of 
MK571 in MDCK-MRP1, -MRP2, and -MRP5 cells is higher 
than their parent ester moieties. A slight reduction in the 
affi nity of the prostaglandin analogs toward effl ux pumps 

erythromycin signifi cantly (with the exception of travoprost) 
(Fig. 2B). The reason for this could be attributed to inade-
quate concentration levels of these prostaglandins achieved 
intracellularly, owing to their poor membrane permeability. 
Hence, experiments were carried out with the free acid forms 
as substrates, by co-incubating with specifi c effl ux inhibitors 
for further confi rmation.

Functional activity of effl ux transporters such as MRP1, 
MRP5, and BCRP have been reported recently from this 
laboratory.5,7,8 Hence, delineation of the affi nity of these 
prostaglandin analogs toward MRP1, MRP5, and BCRP, 
in addition to P-gp and MRP2, are warranted. Since litera-
ture reports suggest rapid conversion of PGF2α analogs to 
their respective free acid forms in the cornea, interaction 
studies delineating their affi nity toward effl ux pumps are 
necessary.25,26 The results clearly show that bimatoprost inter-
acts with P-gp, whereas other prostaglandin analogs do not 
(Table 1). The difference in chemical structures of these pros-
taglandin analogs might help explain their affi nity toward 
P-gp. Carbon-1 position of bimatoprost has an ethyl amide 
group, whereas both latanoprost and travoprost possess 
an isopropyl ester group (Fig. 1). Also, there is a saturated 
double bond between the carbon-13 and carbon-14 positions 
of latanoprost, which is retained in case of bimatoprost and 
travoprost. In addition, travoprost has a phenoxy group at 
the carbon-16 position and a trifl uoromethyl group at the 
meta position on the phenoxy ring. The phenoxy group is 
absent in case of bimatoprost and latanoprost, but these mol-
ecules possess a phenyl ring at the carbon-17 position (Fig. 1). 
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analogs and steroids (Fig. 4). Hence, if glaucoma is also as-
sociated with infl ammation, co-administration of steroids 
could not only play a therapeutic role in the treatment reg-
imen but also modulate the effl ux of prostaglandin analogs, 
thus playing a dual role. In both in vitro cellular accumula-
tion and ex vivo corneal transport studies, it was observed 
that the extent of inhibition of bimatoprost effl ux was higher 
in the presence of travoprost than latanoprost (Figs. 4 and 5). 
This result could again be associated with the affi nity pat-
terns as exhibited by their individual Ki values (latanoprost 
= 163.20 μM and travoprost = 94.77 μM).

Thus, our study clearly indicates that currently marketed 
prostaglandin analogs such as bimatoprost, latanoprost, and 
travoprost are substrates for multiple drug effl ux pumps. 
Their hydrolysis product (free acid form), which is an active 
metabolite, is also a substrate for drug effl ux pumps on cor-
nea. Ex vivo transport studies clearly indicate that the per-
meation of these molecules across cornea is restricted due to 
active effl ux. But administration of these molecules in com-
bination is shown to overcome effl ux by competitive inhibi-
tion. Amongst the prostaglandin analogs, bimatoprost and 
travoprost exhibit higher effl ux inhibition potential than 
latanoprost. Therefore, it is a viable strategy to administer 
these prostaglandin analogs in combination, so as to over-
come effl ux and simultaneously elicit a synergistic pharma-
cological effect, since these molecules have been shown to 
activate different receptor population for the reduction of 
IOP. If other conditions such as infl ammation is associated 
with high IOP, then introduction of steroids in the treatment 
regimen might also result in modulation of effl ux. Finally, 
effl ux modulation could be seen as a strategy to reduce 
the effective dose, since most of the topically administered 
agents are associated with ocular side effects following 
repeated administration.
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