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1. Introduction

ABSTRACT

The purpose of the study is to screen the interactions of fourth generation fluoroquinolone-gatifloxacin
with efflux pumps, i.e., P-gp, MRP2 and BCRP. Mechanism of gatifloxacin interaction with efflux trans-
porters may explain its acquired resistance. Such clarification may lead to the development of strategies
to overcome efflux and enhance its bioavailability at target site. This process will aid in the reduction
of dose volume, further eliminating the chances of systemic toxicity from topical gatifloxacin eye drops.
MDCK cell lines transfected with the targeted efflux transporters were used for this study. ['4C] Ery-
thromycin was selected as a model substrate for P-gp and MRP2 whereas Hoechst 33342 was employed
as asubstrate for BCRP. Uptake and transport studies of these substrates were performed in the presence of
gatifloxacin to delineate its interaction with efflux transporters. Further the efflux ratio in the presence of
gatifloxacin was calculated from bidirectional transport studies. The concentration of ['4C] erythromycin
and Hoechst 33342 was measured using scintillation counter and fluorescence plate reader, respectively.
A concentration dependent inhibition effect in the presence of gatifloxacin was revealed on [4C] ery-
thromycin uptake. The efflux ratio (BL-AP/AP-BL) of substrates was found to approach unity at higher
gatifloxacin concentrations. Increased concentration of gatifloxacin did not elevate uptake of Hoechst
33342. All these studies were validated with known inhibitors as positive control. Uptake and transport
studies support the hypothesis that gatifloxacin is a substrate for P-gp, MRP2 but not for BCRP. Possible
interactions of gatifloxacin with P-gp and MRP2 may be a possible mechanism for acquired resistance
of gatifloxacin. This information can be further extended to design prodrugs or formulations in order to
prevent development of acquired resistance and improve therapeutic efficacy with its reduction in side
effects.

© 2010 Elsevier B.V. All rights reserved.

duction of fourth generation fluoroquinolones in combating ocular
infections. These antibiotics were originally introduced for treating

Fluoroquinolones are widely prescribed antimicrobials for
prophylaxis and treatment of various ocular infections. These
compounds possess broad spectrum bactericidal activity and con-
centration dependent effect (Hooper, 1999, 2000; Hooper and
Wolfson, 1993; Turnidge, 1999). Depending on their range of activ-
ity, the agents are categorized into four different generations.
Nalidixic acid was the first quinolone to be introduced. Since then,
structural modifications have resulted in the development of later
generations. The second and third generation drugs like ofloxacin
and levofloxacin are mainly indicated in the treatment of bacterial
keratitis (Baker et al., 1996, Leibowitz, 1991). But the development
of bacterial resistance against these drugs necessitated the intro-
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systemic infections (Goldstein et al., 1999; Saravolatz and Leggett,
2003).

The fourth generation drug, gatifloxacin is approved for
the treatment of acute sinusitis, chronic bronchitis, community
acquired pneumonia and other respiratory infections. Gatifloxacin
is a new 6-fluoro-8-methoxyquinolone that is 2-4-fold more active
than the other quinolones (Ba et al., 2006). It shows increased
activity against gram positive and gram negative bacteria. Further-
more, the drug also showed activity against atypical pathogens
and anaerobic organisms (Bauernfeind, 1997; Ednie et al., 1998).
This expanded microbicidal activity makes it a potent drug in the
treatment of ocular infections caused primarily by gram positive
bacteria. Gatifloxacin inhibits both topoisomerase Il (DNA Gyrase)
and topoisomerase IV. Due to its dual site of action, two genetic
mutations are required for the development of bacterial resistance
unlike other fluoroquinolones which require only single mutation
(Hooper, 1999; Mather et al., 2002). This mechanism offers gati-
floxacin an additional path to resist mutation based development
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Fig. 1. Structure of gatifloxacin.

of bacterial resistance. Its structure is outlined in Fig. 1. Methyl
substituted piperazinyl group at C-7 position leads to increased
stability, half life of the drug and improved pharmacokinetic and
safety parameters over other fluoroquinolones. Moreover, absence
of halide substitution at C-8 position reduces photosensitivity com-
pared to other fluoroquinolones (Blondeau, 1999; Domagala, 1994;
Lipsky and Baker, 1999).

Gatifloxacin has a high intrinsic activity with minimum
inhibitory concentration (MIC) of 0.1 wg/ml against many bacte-
rial species. Despite this expanded activity, the use of gatifloxacin
in ocular infections is limited by systemic toxicity upon admin-
istration. Subtherapeutic concentrations in the corneal aqueous
humor and iris-ciliary body can result from multidrug resistance
(MDR) associated efflux pumps. These pumps expel antimicrobial
agents out of cell, leading to suboptimal eradication of microbes.
An escalating dose may result in systemic toxicity. Several efflux
pumps have been identified in the eye. The ATP binding cas-
sette (ABC) transporters derive their energy from the hydrolysis
of ATP and utilize this energy to transport the drug molecules
out of the cell, thus imparting drug resistance. Though these
transporters are considered as drug-resistant pumps, they are
expressed in many normal tissues suggesting their role in cellular
transport of many endogenous substrates and therapeutic agents
(Gottesman et al., 2002). Several members of this family, i.e., P-
glycoprotein (P-gp/MDR1/ABCB1), multidrug resistance associated
protein 2 (MRP2/ABCC2/cMOAT) and breast cancer resistance pro-
tein (BCRP/ABCG2/MXR) have been identified on the rabbit and
human cornea (Dey et al., 2003; Karla et al., 2009, 2007). These
efflux pumps can act either alone or synergistically contributing to
multidrug resistance.

Understanding interaction of gatifloxacin with these efflux
transporters is important to better delineate the mechanism of its
acquired resistance which can lead to the development of novel
strategies to enhance drug bioavailability at target site. This study
can also aid in reduction of dose volume, further eliminating the
chances of systemic toxicity from topical gatifloxacin eye drops.

2. Materials and methods
2.1. Materials

Gatifloxacin was obtained from Bosche Scientific (New
Brunswick, NJ, USA). MDCK transfected cell lines express-
ing P-gp, MRP2 and BCRP were generous gifts from Drs. A.
Schinkel and P. Borst (Netherlands Cancer Institute, Amsterdam).
[ C]Erythromycin (specific activity: 51.3 mCi/mMol) was obtained
from Moravek Biochemicals (Brea, CA, USA). Quinidine and MK-571
were obtained from Sigma-Aldrich (St. Louis, MO, USA). Hoechst
33342, Ko-143, TrypLE™ Express, Dulbecco’s modified Eagle’s
medium (DMEM) and ATP determination kit were obtained from
Invitrogen (Carlsbad, CA, USA). Fetal bovine serum (FBS) was pur-
chased from Atlanta Biologicals (Lawrenceville, GA, USA). Culture
flasks (75 cm? growth area), 12-well plates (3.8 cm? growth area
per well), polyester transwells (pore size of 0.4 wm and 12 mm

diameter), and 96-well plates (0.32cm? growth area per well)
were purchased from Corning Costar Corp. (Cambridge, MA, USA).
All other chemicals were products of commercial grade and were
obtained from Sigma Chemicals (St. Louis, MO, USA) and Fisher
Scientific.

2.2. Cell culture

Madin-Darby canine kidney (MDCK) cell line is derived from
dog renal epithelial cells. It is extensively used as a model to study
membrane permeation (Irvine et al., 1999). The cell line has been
transfected with human MDR1, MRP2 and BCRP genes to gener-
ate MDCK cells over expressing P-gp, MRP2 and BCRP, respectively
(Evers et al., 1997, 1998; Pavek et al., 2005). These transfected
cell lines have been extensively employed to study drug efflux
mechanisms (Guo et al., 2002; Tang et al., 2002). MDCKII-MDR1,
MDCK-MRP2 and MDCK-BCRP cell lines of passage numbers 5-15,
5-15 and 5-10, respectively were used for our studies. Cells were
cultured in T-75 flasks at 37 °Cin a humidified atmosphere using 5%
CO, and were maintained with DMEM medium supplemented with
10% fetal bovine serum (heat inactivated), 1% nonessential amino
acids, 20 mM HEPES, 29 mM sodium bicarbonate and 100 j.g/ml of
penicillin and streptomycin. The medium was changed every alter-
nate day. Cells were allowed to reach 80-90% confluence which was
confirmed with a microscope and then passaged using TrypLE™
Express solution. The cells were seeded at a density of 25,000
cells/well in 12-well tissue culture-treated plastic plates and colla-
gen coated Transwell® inserts and at a density of 10,000 cells/well
in 96-well plates. These cells were then allowed to grow for 5-7
days and used for further studies.

2.3. Preparation of drug solutions

['4C] Erythromycin was selected as a model substrate to study
MDR1 and MRP2 mediated efflux (Dey et al., 2004; Hariharan et
al., 2009) and Hoechst 33342 was employed as a model substrate
for BCRP mediated efflux (Robey et al., 2009). Uptake of these sub-
strates was quantified in the presence of various concentrations
of gatifloxacin (1 wM to 10 mM). Specific inhibitors such as quini-
dine (75 wM), MK-571 (100 wM) and Ko-143 (10 M) were selected
for MDR1, MRP2 and BCRP, respectively to delineate interaction of
efflux pumps with gatifloxacin.

2.4. Uptake studies

Uptake studies were performed in 12-well tissue culture-
treated plates with confluent cells, usually 5-7 days post-seeding.
The medium was aspirated from wells and cells were washed (3 x
10 min) with 2 ml of Dulbecco’s phosphate-buffered saline (DPBS)
containing 130mM NaCl, 2.5mM KCl, 7.5 mM NayHPO4, 1.5 mM
KH5;POg4, 1 mM CaCl,, 0.5 mM MgS0O4, 5 mM glucose, and 20 mM
HEPES at pH 7.4. Then 1ml of drug solutions (each containing
0.25 uCi/ml of [4C] Erythromycin) were added to the cells and
incubated at 37°C for 30 min. Then, solutions were removed and
uptake was terminated with ice-cold stop solution (200 mM KCl
and 2 mM HEPES). Later, cells were lysed overnight at room tem-
perature with 1 ml of 0.1% (v/v) Triton-X in 0.3N sodium hydroxide
solution. Aliquots (500 wl) of the cell lysate were then added to
scintillation vials containing 3 ml of scintillation cocktail (Fisher
Scientific, Fair Lawn, NJ) and radioactivity was measured with a
scintillation counter (Model LS-6500; BeckmanCounter, Fullerton,
CA), which can measure [14C] compounds with an efficiency of 95%.
Uptake in each well was normalized to protein content, estimated
by the Bio-Rad protein estimation kit using bovine serum albumin
as the standard.
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2.5. Accumulation of Hoechst 33342

Uptake study with Hoechst 33342 was performed in 96-well
plates 5-7 days post-seeding. The culture medium was removed
and cells were washed 3 times with DPBS buffer maintained at pH
7.4. Then cells were incubated for 15min at 37°C with 100 ] of
Hoechst 33342 (5 wM) alone, in the presence of Ko-143 (10 uM)
and various concentrations of gatifloxacin. Solutions were then
removed and uptake process was terminated with ice-cold stop
solution. Later, cells were lysed with 100 .l of 0.1% (v/v) Triton-
Xin 0.3N sodium hydroxide solution. Intracellular accumulation of
the dye was measured with a fluorescence spectrophotometer with
excitation and emission filters set at 370 and 450 nm, respectively.
Uptake in each well was normalized to the protein content.

2.6. Transport studies

Transport of [14C] erythromycin was quantified in the presence
of varying concentrations of gatifloxacin and in the presence of
specific inhibitors at pH 7.4 and 37 °C. Transport studies were car-
ried out with cells seeded on 12-well transwell inserts precoated
with collagen. Five to seven days post-seeding, the medium was
removed and the cell monolayers were washed with DPBS (3 x
10min). For apical (AP)-basolateral (BL) transport, 0.5 ml of test
solution was added to the AP side and 1.5 ml of DPBS was added to
the BLside. For BL-AP transport, 1.5 ml of test solution was placed in
BL side and 0.5 ml of DPBS was added to the AP side. These transport
experiments were conducted for a total time period of 3 h. Samples
(100 1) were withdrawn from the receiver chamber at time inter-
vals of 15, 30, 45, 60, 90, 120, 150 and 180 min and replaced with
the same volume of DPBS to maintain sink conditions. To the sam-
ples, 3 ml of scintillation cocktail was added and radioactivity was
measured with a scintillation counter.

2.7. Data analysis

['4C] Erythromycin accumulated inside the cells or transported
across the cell monolayers in the presence of various concen-
trations of gatifloxacin and specific inhibitors were calculated
according to Eq. (1):

CPMsample x Cdonor

1)
CPNldonor (

Csample =
CPMgample and CPMgqnor denote average values of CPM counts of
sample and donor (in quadruplicate), respectively; Cyonor repre-
sents the concentration of donor used and Csymple represents the
concentration of sample.

2.7.1. Calculation of K; and Vinax
['4C] Erythromycin concentration obtained from uptake studies
is fitted to Michaelis—Menten equation as shown in Eq. (2):

V= Vmax X [C]
Ki +[C]
V represents the observed rate of uptake at a concentration [C]

and Vmax is the maximum rate of uptake and K; is the apparent
inhibition coefficient of the respective efflux pump.

(2)

2.7.2. Calculation of efflux ratios
Cumulative amounts of radioactive substance transported
across the cell monolayers for the total time period was calculated
using Eq. (3):
t=t-1

Q =(Cs x V) + X(Cs x Vp) (3)
t=0

C; is the amount of radioactive substance transported ata time t, V},
is the volume of the sample withdrawn and V; is the total volume
in the receiver chamber.

Flux value (J) is calculated according to Eq. (4):

AQ
At xA

J= (4)
AQ/Atrepresents the amount of radioactive substance transported
per unit time across the cell monolayers with a cross-sectional area
A.

Permeability (P) value was then calculated according to Eq. (5):

J

P =
Cdonor

(5)
Thus the efflux ratio was calculated from AP-BL and BL-AP perme-
ability studies as shown in Eq. (6):

BL — AP permeability
AP — BL permeability

Efflux ratio =

(6)

2.8. ATP assay

The cells were seeded in 96-well plates at a density of 10,000
cells/well and allowed to reach confluence. 5-7 days post seed-
ing, the medium was removed and the cells were washed with
DPBS (3x 10min). The cells were exposed to various concentra-
tions of drug solutions (100 ul) at 37°C for 30 min. Later, drug
solutions were removed and lysis solution (100 1) was added. The
lysate from the cells was then used for quantitative detection of
ATP using ATP Determination Kit (Molecular Probes, Invitrogen).
ATP solution (5 mM) available in the kit served as a control and
ATP inhibitors such as ouabain (1 mM), sodium azide (1 mM) and
2,4-DNP (1 mM) served as positive inhibitors. Luminescence was
then measured using a microtiter plate reader (SpectraFluor Plus;
Maennedorf, Switzerland) and it was normalized to protein count,
estimated by the Bio-Rad protein estimation kit using bovine serum
albumin as the standard.

2.9. Statistical analysis

All the experiments were conducted at least in quadruplicate
(n=4), and results are expressed as mean + the standard deviation
(SD). Statistical comparison of mean values was performed with
one-way analysis of variance (ANOVA) or a Student’s t-test (Graph
Pad INSTAT, version 3.1). A P-value of <0.05 was considered to be
statistically significant.

3. Results

3.1. Uptake of [14C] erythromycin in the presence of 75 uM
quinidine and 2.5 mM gatifloxacin in MDCKII-MDR1 cells

[*4C] Erythromycin uptake was performed in the presence of
75 M quinidine and 2.5mM gatifloxacin. Uptake of [14C] ery-
thromycin was higher by 107% and 67% in the presence of 75 uM
quinidine and 2.5 mM gatifloxacin, respectively (Fig. 2).

3.2. Uptake of [14C] erythromycin in the presence of 100 uM
MK571 and 2.5 mM gatifloxacin in MDCK-MRP2 cells

[*4C] Erythromycin uptake was performed in the presence of
100 uM MK571 and 2.5mM gatifloxacin. Uptake of [14C] ery-
thromycin was significantly higher by 177% and 164% in the
presence of 100 wM MK571 and 2.5 mM gatifloxacin, respectively
(Fig. 3).
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Fig. 2. Uptake of ['4C] erythromycin (0.25 pCi/ml, 51.3 mCi/mmol) in MDCKII-
MDR1 cell monolayers in the presence of 75 wM quinidine and 2.5 mM gatifloxacin.
*P<0.05. Values represent mean =+ standard deviation (n=4).

Fig. 3. Uptake of ['4C] erythromycin (0.25 .Ci/ml, 51.3 mCi/mmol) in MDCK-MRP2
cell monolayers in the presence of 100 WM MK-571 and 2.5mM gatifloxacin.
*P<0.05. Values represent mean + standard deviation (n=4).

3.3. Dose-dependent inhibition of [14C] erythromycin uptake in
MDCKII-MDRI1 cells in the presence of quinidine and gatifloxacin

Concentration dependent uptake of [C] erythromycin in
MDCKII-MDR1 cells was studied with varying concentrations of
quinidine and gatifloxacin. IC50 values of gatifloxacin and quini-
dine from the dose-response curves (Figs. 4 and 5) were calculated
to be 359.0+90.1 wM and 981.2 + 115.67 nM, respectively. K; val-
ues of gatifloxacin and quinidine were calculated by the method

Fig. 4. Dose-dependent inhibition of ['C] erythromycin (0.25 pCi/ml,
51.3mCi/mmol) uptake in MDCKII-MDR1 cell monolayers in the presence of
gatifloxacin. Values represent mean =+ standard deviation (n=4).

Fig. 5. Dose-dependent inhibition of ['C] erythromycin (0.25 pCi/ml,
51.3mCi/mmol) uptake in MDCKII-MDR1 cell monolayers in the presence of
quinidine. Values represent mean = standard deviation (n=4).

Fig. 6. Dose-dependent inhibition of ['C] erythromycin (0.25 pCi/ml,
51.3mCi/mmol) uptake in MDCK-MRP2 cell monolayers in the presence of
gatifloxacin. Values represent mean =+ standard deviation (n=4).

of Cheng and Prusoff (1973) and were estimated to be 385.5 & 88.6
and 1.23 +0.161 pM, respectively.

3.4. Dose-dependent inhibition of ['4C] erythromycin uptake in
MDCK-MRP2 cells in the presence of MK571 and gatifloxacin

Concentration dependent uptake of ['4C] erythromycin in
MDCK-MRP2 cells was studied in the presence of varying concen-
trations of MK571 and gatifloxacin. IC50 values of gatifloxacin and
MK571 from the dose-response curves (Figs. 6 and 7) were cal-
culated to be 5232 +390.5 and 188.4 £+ 28.23 wM, respectively. K;
values of gatifloxacin and MK571 were calculated by the method of
Cheng and Prusoff (1973) and were estimated to be 5365 +218.4
and 174.71 £ 18.17 uM, respectively.

Fig. 7. Dose-dependent inhibition of ['C] erythromycin (0.25 pCi/ml,
51.3mCi/mmol) uptake in MDCK-MRP2 cell monolayers in the presence of
MK-571. Values represent mean + standard deviation (n=4).



118 D. Kwatra et al. / International Journal of Pharmaceutics 395 (2010) 114-121

Fig. 8. Dose-dependent effect of gatifloxacin (0.25, 0.5, 1 and 2.5 mM) on the apparent permeability of [4C] erythromycin (0.25 Ci/ml, 51.3 mCi/mmol) across MDCKII-
MDR1 cell monolayers. Control represents transport of ['4C] erythromycin alone, transport of ['4C] erythromycin in the presence of quinidine (75 M) is the positive control.
Transcellular transport of ['4C] erythromycin was measured in the AP-BL and BL-AP direction. Values represent mean + standard deviation (n=4).

3.5. Polarized ['4C] erythromycin transport across MDCKII-MDR1
cell monolayers in the presence of quinidine and varying
concentrations of gatifloxacin

Bidirectional transcellular transport of [!4C] erythromycin
across MDCKII-MDR1 in the presence of gatifloxacin (0.25, 0.5, 1
and 2.5mM) was performed. [14C] Erythromycin transport alone
was considered as the negative control and [14C] erythromycin in
the presence of 75 wM quinidine served as the positive inhibitor
for MDR1. A significant polarization in the transport of [14C]
erythromycin across MDCKII-MDR1 cell monolayer was evident.
Apparent permeability (Papp) value of [4C] erythromycin transport
in the B-A direction was more than 5-fold higher than the AP-BL
direction (Fig. 8). Transport of [14C] erythromycin from apical to
basolateral side across MDCKII-MDR1 monolayers was significantly
elevated in the presence of gatifloxacin (0.25, 0.5, 1 and 2.5 mM)
(Fig. 8). No significant difference in [14C] erythromycin permeabil-
ity was observed in the presence of 0.5-2.5 mM in AP-BL direction.
The same concentrations of gatifloxacin also showed marked inhi-

bition of the BL-AP transport of [14C] erythromycin across the cell
monolayers. Efflux ratios calculated as the ratio of Papp in BL-AP
direction to AP-BL direction of the substrate were found to progres-
sively decrease and approach unity with increasing concentrations
of gatifloxacin.

3.6. Polarized ['4C] erythromycin transport across MDCK-MRP2
cell monolayers in the presence of MK-571 and varying
concentrations of gatifloxacin

Bidirectional transcellular transport of ['4C] erythromycin
across MDCK-MRP2 cells in the presence of gatifloxacin (0.25,
0.5, 1 and 2.5mM) was monitored. [14C] Erythromycin transport
alone served as the negative control and [14C] erythromycin in
the presence of 100 WM MK-571 was considered as the positive
inhibitor for MRP2. A significant difference in polarized transport of
[*4C] erythromycin across MDCK-MRP2 cell monolayer was noted.
Papp value of [14C] erythromycin transport in the BL-AP direction
was more than 7-fold larger than in the AP-BL direction (Fig. 9).

Fig. 9. Dose-dependent effect of gatifloxacin (0.25, 0.5, 1 and 2.5 mM) on the apparent permeability of ['4C] erythromycin (0.25 p.Ci/ml, 51.3 mCi/mmol) across MDCK-MRP2
cell monolayers. Control represents transport of ['4C] erythromycin alone, transport of ['#C] erythromycin in the presence of MK-571 (100 wM) is the positive control.
Transcellular transport of ['4C] erythromycin was measured in the AP-BL and BL-AP direction. Values represent mean + standard deviation (n=4).
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Fig. 10. Accumulation of 5 wM Hoechst 33342 in MDCK-BCRP cells alone (—ve) and
in the presence of gatifloxacin (0.5, 1,2.5,5and 10 mM). Ko143 (10 pM)was used as a
(+ve) inhibitor of BCRP mediated efflux. *P<0.05. Values represent mean =+ standard
deviation (n=6).

Transport of [14C] erythromycin from apical to basolateral side
across MDCK-MRP2 monolayers was significantly elevated in the
presence of gatifloxacin (0.25, 0.5, 1 and 2.5 mM) (Fig. 9). Same
concentrations of gatifloxacin also showed marked inhibition in
BL-AP directional transport of [14C] erythromycin. Efflux ratios
continuously became lower and approached unity with increasing
concentrations of gatifloxacin.

3.7. Accumulation of Hoechst 33342

Accumulation of Hoechst 33342 (a specific BCRP substrate) was
determined in confluent MDCK-BCRP cells. ABCG2 specific inhibitor
Ko-143 (10 wM) was added as a positive control for the inhibition
studies. Hoechst 33342 uptake was not found to be significantly
different in a concentration dependent manner in the presence of
gatifloxacin (0.5, 1, 2.5, 5 and 10mM) (Fig. 10). In the presence
of Ko-143 (10 M), the dye uptake was found to rise by 2.5-fold
(Fig. 10).

3.8. ATP activity assay

An ATP activity assay was performed in all the MDCK cell lines
post-30 min treatment with gatifloxacin (0.75, 1.25, 2.5 and 5 mM).
Ouabain, sodium azide and 2,4 dinitro phenol at a concentration of
1 mM were used as positive inhibitors of ATP activity. No signifi-
cant difference was observed in the ATP activity of the treated cells
when compared to the vehicle control. Significant difference was

observed in the activity in the presence of all the three inhibitors
compared to the control (Fig. 11).

4. Discussion

Gatifloxacin is a highly effective broad spectrum antibiotic indi-
cated in treatment or prophylaxis of ophthalmic infections. The
drug suffers from severe systemic toxicity issues (Mohr et al., 2008;
Onyenwenyi et al., 2008) even though it shows negligible ocular
toxicity (Choi and Chung, 2009; Donnenfeld et al., 2004). Develop-
ment of drug resistance in ocular therapy has required an increase
in dose which in turn may lead to systemic toxicity. The aim of
the present study was to delineate the role of efflux transporters
(P-gp, MRP2 and BCRP) in the development of gatifloxacin resis-
tance. MDCK cells transfected with individual efflux transporters
were selected as in vitro models to study the drug resistance.

Cellular uptake of [14C] erythromycin across MDCKII-MDR1
cells was enhanced by almost 2-fold in the presence of quinidine
(75 wM). Gatifloxacin (2.5 mM) also raised the uptake of [14C] ery-
thromycin by 1.6-fold even though at a much higher concentration
(Fig. 2). This concentration of gatifloxacin is still less than the con-
centration used in marketed ophthalmic solution ZYMAR® (0.3%,
w/v or approximately 8.0 mM). This 2-fold increase in the rate of
erythromycin uptake by the MDCKII-MDR1 cell line in the presence
of quinidine, a known substrate and/or inhibitor (Jain et al., 2004),
confirmed that MDCKII-MDR1 cells express P-gp. A significant rise
in erythromycin uptake by higher concentrations of gatifloxacin
also suggests that this fluoroquinolone is a substrate of P-gp.

In a similar study, cellular uptake of [4C] erythromycin across
MDCK-MRP2 cells was also higher by 1.8-fold in the presence
of MK571 (100 wM), a known inhibitor of MRPs (Luders et al.,
2009). Gatifloxacin (2.5mM) also elevated the uptake of [14C]
erythromycin by 1.7-fold (Fig. 3). These results confirm that MDCK-
MRP2 cells express MRP2 and gatifloxacin is a substrate of MRP2.

Affinity pattern of [14C] erythromycin in the presence of both
quinidine and gatifloxacin was determined by dose-dependent
studies in MDCKII-MDRT1 cells. Lineweaver-Burk transformation
of quinidine suggests noncompetitive inhibition of erythromycin
efflux by P-gp where as gatifloxacin appears to cause competi-
tive inhibition, suggesting that quinidine and gatifloxacin may or
may not share a common site of binding on the transporter (data
not shown). A comparison of K; values indicates that quinidine
probably exhibits much higher affinity toward P-gp relative to
gatifloxacin (Figs. 4 and 5). Similarly affinity pattern of [14C] ery-
thromycin in the presence of both MK-571 and gatifloxacin was
determined by dose-dependent studies in MDCK-MRP2 cells. The

Fig. 11. ATP activity assay in MDCKII-MDR1, MDCK-MRP2 and MDCK-BCRP cells lines post-30 min treatment with different concentrations of gatifloxacin. Ouabain, sodium
azide, and 2,4 dinitro phenol were used as positive inhibitors of ATP. *P<0.05 and **P<0.01. Values represent mean + standard deviation (n=38).
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Lineweaver-Burk transformation in this case suggested noncom-
petitive inhibition for MK-571 and revealed competitive inhibition
for gatifloxacin. These results suggest that MK-571 and gatifloxacin
may or may not share a common binding site on MRP2 (data not
shown). A comparison of K; values indicates that MK-571 proba-
bly has a much higher affinity toward MRP relative to gatifloxacin
(Figs. 6 and 7).

A classical indication of the involvement of efflux in transport
kinetics is the difference in permeation rates of the substrates in the
apical to basolateral and basolateral to apical directions (Polli et al.,
2001). If a compound is a substrate for P-gp, the apical to basolat-
eral transport (AP-BL) is considerably lower than the basolateral
to apical transport (BL-AP). The ratio of this transepithelial trans-
port (BL-AP) vs. (AP-BL) is represented as efflux ratio and this ratio
approaches one when the transport of a substrate at both direc-
tions remains same. Transepithelial bidirectional transport of [14C]
erythromycin across MDCKII-MDR1 cells reveals that the transport
in the absorptive direction (AP to BL) was significantly lower than
in the secretory direction (BL to AP) (Fig. 8). This asymmetric per-
meation is due to the apically polarized P-gp efflux transporter,
for which erythromycin is a very good substrate. In the presence
of quinidine (75 wM), the apparent permeability (Papp) for secre-
tory transport of erythromycin decreased significantly where as
the absorptive transport increased significantly bringing the efflux
ratio down to 1.3 as compared to 7.2 in the control (Fig. 8). A similar
concentration dependent decrease in the rate of secretory transport
as well as increase in the absorptive transport rate was observed in
the presence of gatifloxacin in MDCKII-MDR1 cells (Fig. 8).

In a similar study performed in MDCK-MRP2 cell monolayers,
the transepithelial permeability of [4C] erythromycin in the baso-
lateral to apical and apical to basolateral direction again generated
an efflux ratio of 5.3. Further, the efflux ratio across MDCK-MRP2
cells in the presence of MK-571 (100 wM) decreased significantly
(efflux ratio=1). A similar trend in decrease of (BL-AP) transport
as well as increase in the (AP-BL) transport rate was evident in the
presence of increasing concentrations of gatifloxacin (Fig. 9). These
results further confirm our earlier observations that gatifloxacin is
recognized by both P-gp and MRP2 as a substrate.

Uptake of the fluorescent substrate was found to rise signifi-
cantly in the presence of Ko-143 confirming the presence of BCRP
in MDCK-BCRP cells. However, such uptake was ineffective in the
presence of different concentrations of gatifloxacin suggesting that
this fluoroquinolone is not a substrate of BCRP (Fig. 10).

One possible reason for the inhibition of efflux observed in the
presence of gatifloxacin can be its action on ATP. Since these efflux
transporters are ATP dependent proteins, any decrease in amount
or activity of ATP can result in the potential decrease in the sen-
sitivity of the substrate for the transporter. To test this hypothesis
an ATP assay was performed in the presence of various gatifloxacin
concentrations in all the MDCK cell lines used during this study.
The ATP activity did not diminish in any of the cells treated with
gatifloxacin where as a significant decrease in the ATP activity was
observed in the presence of all the three ATP inhibitors. Hence this
negates the possibility of an indirect inhibition of P-gp and MRP2
mediated efflux by gatifloxacin via ATP inhibition (Fig. 11).

In this study we attempted to delineate the possible role of
major efflux proteins in the acquired drug resistance of gatifloxacin.
Initial uptake studies suggested a possible interaction between
gatifloxacin and efflux transporters (P-gp, MRP2). Concentration
dependent affinity analysis further suggested that gatifloxacin may
act as a substrate for both P-gp and MRP2. This hypothesis was fur-
ther supported by the concentration dependent reduction in efflux
ratios in both MDCKII-MDR1 and MDCK-MRP2 cells.

Earlier reports by Li et al. (2009) studied the interaction of gat-
ifloxacin with P-gp but did not find any significant involvement of
the transporter in the translocation of gatifloxacin. The cell line

used in that study was rat endothelial cell line (RBMEC) which
expresses relatively lesser amounts of P-gp. For this reason trans-
fected cell lines were used in this study so that the expression of
the efflux transporters can be assured.

In conclusion, this report indicates that efflux transporters may
play animportantrole in the development of gatifloxacin resistance
which in turn may limit drug concentration at the target site or may
inhibit drug uptake by the microbes. Knowledge of drug interac-
tion with these efflux transporters can aid in the development of
strategies to better circumvent these efflux transporters.
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