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Multiple pathways for fluoroquinolone secretion by human
intestinal epithelial (Caco-2) cells

'Simon Lowes & *'Nicholas L. Simmons
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1 Human intestinal epithelial Caco-2 cells, T84 cells, and MDCKII cells transfected with human
MDRI, were used to investigate the mechanistic basis of transintestinal fluoroquinolone secretion.

2 The fluoroquinolone grepafloxacin was secreted across Caco-2 monolayers by a saturable process
(Vimax =16.9+3.4 nmol.cm~2.h~"). Net secretion was reduced by 2-deoxyglucose/azide treatment to
reduce intracellular ATP.

3 Grepafloxacin inhibited ['“C]-ciprofloxacin (100 um) secretion across Caco-2 monolayers
(Kop.5=0.8 mM), and concurrently increased the cellular accumulation of ciprofloxacin from the
basal medium, indicating inhibition of export across the apical membrane.

4 The unconjugated bile acid, cholic acid, was secreted across Caco-2 monolayers, and this
secretion was sensitive to inhibition by the MRP-selective inhibitor MK-571, suggesting MRP2
involvement. Secretion of cholic acid (10 uM) across the apical membrane was also inhibited by
grepafloxacin (Kq5=0.3 mM), but not by ciprofloxacin.

5 In MDCKII-MDRI1 monolayers, net secretion of grepafloxacin was increased by 3.5 fold
compared with untransfected controls. Neither ciprofloxacin nor cholic acid showed net secretion in
either MDCKII or MDCKII-MDRI1 monolayers, showing that in contrast to grepafloxacin, neither
are substrates for MDRI.

6 In T84 monolayers, which express MDR1 but not MRP2, neither ciprofloxacin nor cholic acid
was secreted, whilst the V., for grepafloxacin secretion was lower than in Caco-2 cells, which
express both MDR1 and MRP2.

7 1In conclusion, the transepithelial secretion of grepafloxacin is mediated by both MRP2 and
MDRI1, whereas ciprofloxacin is a substrate for neither. Grepafloxacin also competes for the
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ciprofloxacin-sensitive pathway, which remains to be elucidated.
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Introduction

Secretion of fluoroquinolone antibiotics such as ciprofloxacin
into the gut lumen in man (Sorgel et al., 1989; 1991; Jachde
et al., 1989; Rohwedder et al., 1990) is an important route for
excretion of the unchanged drug to faeces (Parry et al., 1988;
Rohwedder et al., 1990). Our own work has provided an
insight into the cellular basis of this phenomenon (Griffiths et
al., 1993; 1994; Cavet et al., 1997). Using a human intestinal
cell model (Caco-2), we have shown active, saturable
secretion of ciprofloxacin, which is also subject to competitive
inhibition by other fluoroquinolones (Griffiths er al., 1993;
1994). Secretory transport of ciprofloxacin involves two
distinct transport steps: at the basolateral cell membrane,
ciprofloxacin is accumulated within the cytosol, with loss of
ciprofloxacin then occurring across the apical membrane
(Griffiths ez al., 1994; Cavet et al., 1997). The involvement of
MDRI1 (multidrug resistance gene product 1) P-glycoprotein,
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a member of the ATP-binding cassette (ABC) group of
transporters, in ciprofloxacin secretion may be discounted
(Griffiths et al., 1994; Cavet et al., 1997).

Recently, Yamaguchi ez al. (2000) have suggested that the
fluoroquinolone grepafloxacin is secreted by Caco-2 cells via
MDRI1. Matsuo et al. (1998) have also suggested that P-
glycoprotein is involved in fluoroquinolone secretion by
LLC-PK; (porcine kidney) cells. In addition, the biliary
secretion of grepafloxacin in mutant Eisai-hyperbilirubinae-
mic rats deficient in MRP2 (multidrug resistance-associated
protein 2, also known as the canalicular multispecific organic
anion transporter, cMOAT) was reduced to 38% of values
seen in control animals (Sasabe et al., 1998). Our own recent
work has shown that certain bile acids, such as cholic acid,
induce toxicity in Caco-2 epithelial monolayers when they are
preferentially presented at high concentrations from the
basolateral epithelial surfaces (Lowes & Simmons, 2001).
Furthermore, cholic acid is subject to active transepithelial
secretion, a process that would effectively clear the sub-
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mucosal space of toxic bile acids, so limiting toxicity (Lowes
& Simmons, 2001).

The purpose of the present work has been to test whether
MDRI1 and MRP2 may indeed contribute to the secretory
transport pathway for fluoroquinolones in human intestinal
cells, and to investigate whether the apparent contradictory
data on fluoroquinolone secretion may be reconciled by the
hypothesis that multiple ABC transporters with differing
specificities are co-expressed. Such ABC transporters may
then act in concert to mediate fluoroquinolone secretion.
Using both human intestinal Caco-2 layers and MDCKII
(Madin-Darby canine kidney) cells stably transfected with
MDRI1, we found that grepafloxacin is indeed secreted by
MDRI1, whereas ciprofloxacin and cholic acid are not.
Grepafloxacin also competes with the cholic acid secretory
pathway in Caco-2 cells, which is most likely represented by
MRP2. In addition, grepafloxacin and ciprofloxacin are
secreted by an additional pathway in Caco-2 cells, which is
distinct from both MDR1 and MRP2, demonstrating that
multiple ABC transporters contribute to the overall secretion
of fluoroquinolones.

Methods
Cell culture

Caco-2 cells were obtained from Dr I. Hassan (Ciba-Geigy
Pharmaceuticals, Horsham, Sussex, U.K.) and used between
passage numbers 95-114. These cells were cultured in
DMEM (Dulbecco’s Modified Eagle’s Medium) containing
glucose (4.5 gl"") and supplemented with non-essential
amino acids (1%), L-glutamine (2 mM), foetal calf serum
(10%) and gentamicin (30 pg.ml~"). T84 cells (passage
numbers 53—58) were maintained in a 1:1 combination of
high-glucose DMEM and Ham’s F-12 nutrient mixture,
supplemented with newborn calf serum (5% v v~'), HEPES
(15 mMm), and gentamicin (30 mg.1-"). Caco-2 and T84 cell
monolayers were prepared by seeding at high density
(5.0x 10° cells.em~?) onto tissue culture inserts (Transwell
3401, 12 mm diameter, 0.4 yum pore size uncoated poly-
carbonate filters, Costar). Monolayers were maintained at
37°C in a humidified atmosphere of 5% CO, in air.
Confluence was estimated both by microscopy and by
determination of Rt using a WPI EVOM voltohmeter fitted
with ‘chopstick’ electrodes (World Precision Instruments,
Stevenage, Hertfordshire, U.K.). Rt values were measured at
37°C in Krebs’ buffer (Hunter er al., 1993a, c), and were
typically in the range of 200-300 Q.cm®> for Caco-2
monolayers, and > 1500 Q.cm? for T84 monolayers.
MDCKII-MDRI1 cells are derived wild-type MDCKII cells
and are stably transfected with MDRI, resulting in over-
expression of the apical efflux pump P-glycoprotein (Horio et
al., 1989). Use of these cells was kindly authorized by Piet
Borst (Netherlands Cancer Institute, Amsterdam). The cells
were maintained in DMEM Glutamax (Gibco), supplemented
with foetal calf serum (10% v v~') and glutamine (1% v v ).
Wild-type MDCKII cells were from stocks described by
Barker & Simmons (1981) and chosen as controls for
MDCKII-MDRI1 cell layers on the basis of the similarity of
the low transepithelial resistance, cation-selective paracellular
pathway, and their known ability to secrete vinblastine

(Hunter et al., 1993b). Transepithelial potential differences
were used as an estimate of MDCKII cell monolayer
confluence, and were measured in Krebs’ buffer using a
WPI EVOM voltohmeter, following iso-osmotic replacement
of the basolateral NaCl buffer with choline chloride
(basolateral solution electropositive). Potential difference
values were typically 19.0+0.4 mV for MDCKII cells and
33.540.7 mV for MDCKII-MDRI1 cells (both n=108).
Transepithelial electrical resistance (Rt) values for both
cell-types were 57.9+1.2 and 73.1+1.7 Q.cm? (both
n=108), respectively (following subtraction of filter resis-
tance).

Transepithelial transport experiments

Uptake and transport experiments with cholic acid, grepa-
floxacin, and ciprofloxacin, were performed 14—21 days after
seeding and 18-24 h after feeding. Transepithelial flux
measurements were performed at steady-state as described
previously, in a modified Krebs’ solution containing (all
mmol.l""), NaCl 137, KCl 54, CaCl, 2.8, MgSO, 1.0,
NaH,PO, 0.3, KH,PO, 0.3, glucose 10, HEPES/Tris 10
(pH 7.4 at 37°C) (Cavet et al., 1996; 1997). The experimental
composition of the buffers in the apical and basal chambers
were identical, except where stated otherwise. Radiolabelled
[’H]-cholic acid, ["*C]-ciprofloxacin, [*H]-vinblastine, and [*H]-
mannitol or ["*C]-mannitol as appropriate (0.1 uCi.ml~"' for
[*H] or for 0.3 uCi.ml~' [*C], adjusted to 10 uM for cholic
acid, 10 um for ciprofloxacin, 10 uM for vinblastine, and
100 uMm for mannitol) were added to either the apical or
basolateral chamber, and in each case an equivalent
concentration of unlabelled substrate was present in the
contralateral chamber. For grepafloxacin, since no radiolabel
was available, grepafloxacin fluxes were determined from the
appearance of grepafloxacin in the trans-compartment
(initially zero). Grepafloxacin transport was quantified by
its fluorescence at 422 nm, with excitation at 328 nm. Where
other drugs were present, equal concentrations were present
in both the apical and basolateral bathing solutions, except
where indicated. Grepafloxacin accumulating in the apical or
basal compartments after transport through Caco-2 cells was
confirmed as native drug by mass spectrometry (R. East-
mond, unpublished data). Experiments investigating the
effects of competitive inhibitors on grepafloxacin flux were
precluded by competing fluorescence emission at 422 nm.
Fluxes in the absorptive (apical-to-basal J,,) and secretory
(basal-to-apical Jy_,) directions were determined for 1 h (after
a 20 min pre-incubation to establish a state of linear flux) on
adjacent paired cell monolayers and are expressed as
nmol.cm~2h~'. The magnitude of passive (paracellular)
fluxes across the epithelium was determined by concurrent
mannitol flux determinations. If paracellular fluxes were
excessive (mannitol flux values of >2% per hour), data were
rejected.

At the end of the incubation period, each tissue culture
insert containing the cell monolayer was washed by
sequential transfer through four beakers containing 500 ml
volumes of Krebs’ buffer (pH 7.4) at 4°C to in order to
remove any loosely-associated radiolabel, and the filters/
monolayers were then excised from the insert using a scalpel
blade and placed directly into a scintillation vial containing
scintillation cocktail (OptiPhase HiSafe 2, Wallac). Cell
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monolayer-associated radiolabel was determined by scintilla-
tion counting. Cellular uptake is expressed as uM (Cavet et
al., 1997).

Where both transepithelial bi-directional fluxes were
measured, epithelial cell monolayers were paired during
experimental design for determination of J,, or J,. Net
transepithelial secretory fluxes were then determined (J,o =
Jyp.a—Jap). In addition, where cellular uptake was determined
across the apical and basolateral cell surfaces, it is possible to
calculate unidirectional fluxes across the apical and baso-
lateral border (Naftalin & Curran, 1974) using the following
equations:

Jae=Jpa R+Jap
Je—a = Jp—a.(1+R)
Jeob =Jasp.(1+1/R)
Jooe = Jpa+Jup/R

()

where J denotes the respective fluxes;,, , and . denote apical,
basolateral, and cell compartments, R is the ratio of cellular
uptake of the substrate from the apical media divided by that
from basal media. Permeabilities (P,.c, Pca, Peb, Ppc,) were
calculated from the unidirectional fluxes as follows:

Pa—c = Ja—c/Ca

Pc—a = Jc—a/(Aa + Ab)

Pep = Jc—b/(Aa + Ab)

Py e =Jp/Cp

2)

where C, and C, represent the concentration of substrate
(expressed as molar) in the ipsilateral (originating) apical and
basolateral compartments, respectively, and A, and Ay represent
the amount substrate (as a molar concentration) taken up across
the apical and basolateral cell borders, respectively (as
determined above).

Western blotting

Total protein was extracted from confluent flasks of Caco-2
and T84 cells by whole cell lysis, and protein content was
quantified using Bradford agent (Bio-Rad). Bis-Tris gels (4—
12%; NuPAGE Electrophoresis System, NOVEX) were used
to separate proteins, and proteins were then transferred onto
PVDF membranes overnight. Equal protein loading in all
lanes was confirmed by Coomassie staining. Membranes were
washed briefly in TBS (Tris-buffered saline) buffer (Tris-HCl
20 mM, NaCl 137 mM, and 0.1% Tween 20; pH 7.6), and
blocked with 5% non-fat dried milk in TBS buffer.
Membranes were then incubated with either the anti-human
MRP2 antibody (see Materials section) diluted 1:25 in TBS
buffer, or the anti-human MDRI1 antibody C219, diluted
1:100. After washing again in TBS, cells were incubated with
peroxidase-labelled anti-mouse secondary antibody (Amer-
sham, U.K.), and products were detected using an ECL+
Plus Western blotting detection system (Amersham, U.K.),
following manufacturer s instructions.

Materials

['“C]-Ciprofloxacin (specific activity 258.26 uCi.mg~'") and
unlabelled ciprofloxacin were generous gifts from Bayer
(Wuppertal, Germany). [“*C]- and [*H]-Mannitol (specific

activities 50 Ci.mmol~' and 30 Ci.mmol~' respectively), and
[’H]-cholic acid (specific activity 24.5 Ci.mmol~') were from
New England Nuclear (Stevenage, Hertfordshire, U.K.). [*H]-
vinblastine was from Amersham (Buckinghamshire, U.K.).
MK-571 was bought Affiniti Research Products Ltd (Mam-
head, Exeter, U.K.) and was stored at —20°C as a 9 mMm
stock solution in dimethylsulphoxide (DMSO). The mono-
clonal mouse antibody (IgG2a) to human MRP2 (M,III-6)
(Kool et al., 1997) was bought from Alexis Biochemicals
(Nottingham, U.K.) and was stored at —20°C. M,III-6 reacts
with an internal epitope of the 190 kDa human MRP2
(manufacturer’s data sheet). The antibody does not cross-
react with the human MDR1, MRP1, MRP3, or MRP5 gene
products. Cell culture media and supplements were from
Sigma (Poole, Dorset, U.K.), and tissue culture plastic flasks
and culture inserts were supplied by Costar (High Wycombe,
U.K.). All other chemicals were supplied by Sigma.

Statistics

Results are expressed as mean+s.e.mean (n). For statistics
relating to J,e individual values of net flux from paired
monolayers were used. For unidirectional fluxes and perme-
abilities, individual values calculated from data derived from
paired monolayers (above) were used. Statistical analyses were
performed using Student’s unpaired z-test or one-way analysis
of variance (ANOVA) with a Bonferroni post-test for multiple
comparisons (GraphPad Instat, SanDiego, U.S.A.). Kinetic
constants for Michaelis-Menten kinetics were calculated by
non-linear regression with the method of least squares
(GraphPad Prism, SanDiego, U.S.A.).

Results
Transepithelial grepafloxacin fluxes in Caco-2 epithelia

Absorption of the fluoroquinolone antibiotic grepafloxacin
(Jap) across Caco-2 epithelia showed a linear dependence upon
medium concentration (Figure 1); the calculated absorptive
permeability (Pu.p=7J,/C,) was 7.6x 1072 cm.h~!, which
exceeds concurrently measured values of mannitol permeability
(0.5x 1072 cm.h~"). Figure 1 demonstrates that grepafloxacin
was also secreted from basal to apical solutions in Caco-2
epithelia; that is, the basal-to-apical flux (J,,_,) of grepafloxacin
exceeded apical-to-basal flux (J,). Net secretion (J,e)
demonstrated saturation kinetics, with half maximal saturation
being observed at 0.15+0.8 (s.e.mean) mM, and a maximal
secretory capacity (Vmax) of 16.9+3.37 nmol.cm~2.h~! (data
from three to eight monolayers). At higher apical concentra-
tions of grepafloxacin (1.0 mMm), absorptive flux was
181.6+4.3 nmol.cm~2h~! (n=5), which clearly exceeds the
capacity of the secretory component (data not shown).

With an external grepafloxacin concentration of 0.1 mM,
there was no asymmetry in steady-state cellular grepafloxacin
uptake across the apical and basolateral surfaces (1.51+
0.08 mM, n=6) compared to that at the apical surface
(1.36 £0.04 mM, n=6). The apparent cell-to-medium ratio
(C/M) was approximately 14 for loading from either the
apical or basal solution, which exceeds the value observed for
ciprofloxacin transport by Caco-2 epithelia (Griffiths et al.,
1994; Cavet et al., 1997). Figure 1B also shows that there is a
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Figure 1 Concentration-dependence of transepithelial fluxes and
cellular uptake of grepafloxacin by Caco-2 epithelial monolayers.
(A) Transepithelial grepafloxacin fluxes were determined in the apical
to basal (J,.p) and basal to apical (J,,_,) directions. Net secretory flux
(Jner) shown as Jy,_,—J.p. Least-square Michaelis-Menten fit for J,¢ is
shown. Concurrent measurements of [*H] or ['*C] mannitol were
determined in order to confirm maintenance of monolayer integrity
during flux measurements. n=5-6 epithelia (uptakes) or paired
epithelia (fluxes) per data point. Data are the mean+s.e.mean. (B)
Concentration-dependence of steady-state values of cellular grepa-
floxacin measured across apical or basal cell borders. Solid lines are
the Michaelis-Menten least-square fits. Other details as in (A).

concentration-dependent reduction in the C/M accumulation
ratio within the cell.

In Caco-2 cell layers incubated in the presence of 50 mM 2-
deoxy-D-glucose and 15 mM sodium azide to deplete
intracellular ATP (Griffiths er al., 1993), there was a
significant reduction in grepafloxacin net secretion (Figure
2). After 1 h in 2-deoxy-D-glucose/azide, there was, however,
a small but non-significant increase in the mannitol fluxes
that were measured concurrently; J,, was increased from
0.2040.01 to 0.2440.02 nmol.cm~2h~" (both n=6, P>0.05
versus controls); J,., was increased from 0.22+0.03 to
0.2740.03 nmol.cm~2h~" (both n=6, P>0.05 versus con-
trols). Therefore, as with ciprofloxacin secretion, grepaflox-
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Figure 2 Effect of 2-deoxy-D-glucose/sodium azide treatment on
the transepithelial fluxes of grepafloxacin across Caco-2 monolayers.
Transepithelial grepafloxacin fluxes were determined using 10 um
grepafloxacin. Fifty mm 2-deoxy-D-glucose and 15 mm Na azide were
present in both apical and basal solutions concurrently. n=6 paired
epithelia per data point. *P <0.05 versus control values. Other details
as in Figure 1.

acin secretion is reduced with 2-deoxyglucose/azide treatment
to deplete intracellular ATP.

Effect of grepafloxacin upon the transepithelial transport
and cellular uptake of ciprofloxacin

Since competing fluoroquinolones interfere with grepafloxacin
in the fluorescence determinations, the ability of grepaflox-
acin to compete for the ciprofloxacin secretory pathway in
Caco-2 cells was tested. Figure 3 demonstrates that
grepafloxacin was an effective inhibitor of ciprofloxacin net
secretion (Ko s5~0.8 mM), primarily by a reduction in Jy_,
(Figure 3A). In addition, grepafloxacin increased the steady-
state uptake of ciprofloxacin across both cellular borders, the
effect upon basolateral accumulation being most marked at
0.3-0.5 mm grepafloxacin (Figure 3B). This pattern of
inhibition is consistent with a more pronounced inhibition
of exit permeability than entry permeabilities for ciproflox-
acin.

Calculation of unidirectional permeabilities (see Methods)
indicates that at the apical membrane exit permeability (P..,)
decreased from 1.78+0.27x102cm.h~'  (n=8) to
0.3940.02x 1072 cm.h~!' (n=8, P<0.05 vs control) in the
presence of 3 mM grepafloxacin. In contrast, the entry
permeability at the apical membrane (P,.) was largely
unaffected, from 1.4540.06x10>cm.h~! ®=8) to
1.014+0.14x 1072 cm.h! (n=8). Thus the ratio of apical
permeabilities P,/P., changes from 0.8 (secretion) to 2.6
(absorption). These data show that entry and exit pathways
at the apical membrane are dissimilar, and that the
absorptive permeability for ciprofloxacin and grepafloxacin
(above) is likely to result from access to an absorptive brush-
border transporter. At the basolateral membrane, grepaflox-
acin  decreased the exit permeability (P.,) from
2.5740.76 x 107> cm.h~' (n=8) to 0.4340.08 x 1072 cm.h ™!
(n=8, P<0.05 vs control) in the presence of 3 mMm
grepafloxacin. In addition, the entry permeability across the
basolateral membrane (Pp.) was also decreased, from
4.7340.39x 1072 cm.h~' (n=8) to 1.41+0.12x 1072 cm.h !
(n=8, P<0.05 vs control) in the presence of 3 mM
grepafloxacin. It should be stressed that grepafloxacin does
not decrease the ratio of permeabilities Py./P.i at the
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Figure 3 Concentration-dependent grepafloxacin inhibition of ci-
profloxacin secretion across Caco-2 monolayers. (A) Transepithelial
ciprofloxacin (100 uMm) fluxes measured alone and in the presence of
increasing concentrations of grepafloxacin in both the apical and
basolateral compartments. J,o, shown as Jy,—J.. n=8-9 epithelia
(uptakes) or paired epithelia (fluxes) per data point. (B) Cellular
ciprofloxacin from apical or basal bathing solutions in the presence
of increasing grepafloxacin concentrations. Other details as above.

basolateral membrane, which increases from a 1.8 fold
asymmetry in controls to 3.3 fold plus 3 mM grepafloxacin.
This indicates that the ability to accumulate ciprofloxacin at
the basal membrane is not impaired. Inhibition of transe-
pithelial ciprofloxacin secretion therefore results primarily
from inhibition of ciprofloxacin exit from the cell across the
apical border.

Effect of grepafloxacin upon transepithelial transport and
cellular uptake of cholic acid

The unconjugated bile acid, cholic acid, was also subject to
secretion by Caco-2 epithelia (Figure 4A). At 20 uM cholic
acid, Jp., (0.9640.09 nmol.cm2h~'; n=12) exceeded J,.
(0.2540.03 nmol.em~2h~"; n=12, P<0.05). P, for cholic
acid (1.2x 1072 cm.h~") was lower than that for grepaflox-
acin (7.6 x 1072 cm.h~'; above). Cellular accumulation of
cholic acid across the basolateral cell membranes
(53.4+5.1 uMm, n=12; cell-to-medium ratio of 2.7 fold) was
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Figure 4 Concentration-dependence of inhibition of cholic acid
fluxes across Caco-2 monolayers by grepafloxacin. (A) Transepithelial
fluxes of cholic acid (20 um) alone and in the presence of increasing
concentrations of grepafloxacin for apical to basal flux (J,.,) and
basal to apical flux (Jp.,). Net secretory flux is Jyee=Jpa—Jab.
Increasing doses of grepafloxacin were present in both apical and
basolateral compartments. n=12 epithelia (uptakes) or 12 paired
epithelia (fluxes) per data point. (B) Concentration-dependence of
grepafloxacin on cellular cholic acid measured across apical or
basolateral surfaces. Other details as in (A).

marked relative to that across the apical membrane
(10.6 £ 1.2 uM, n=12; cell-to-medium ratio 0.5 fold). Grepa-
floxacin was also an effective inhibitor of cholic acid net
secretion (Kos5=0.3 mM) by Caco-2 cells (Figure 4A).
Inhibition occurred primarily by a reduction in Jy_, (Figure
4A). Furthermore, grepafloxacin increased the steady-state
uptake of cholic acid across both cellular borders, the effect
upon basolateral accumulation being most marked (Figure
4B). At 3 mM grepafloxacin, the cell-to-medium ratio for
basal accumulation of cholic acid was increased to 5.9 fold,
whereas that for apical accumulation increased to 1.9 fold.
This pattern of inhibition is similar to that observed for
grepafloxacin inhibition of ciprofloxacin secretion (above).
Calculation of unidirectional permeabilities (see Methods)
indicates that a reduction in the apical membrane exit
permeability in the presence of 3 mM grepafloxacin is likely
to account for the observed inhibition of transepithelial
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secretion (P, decreased from 1.854+0.18x1072cm.h~' to
0.4740.02x 1072 cm.h~!, both n=12; P<0.05 vs control).
Grepafloxacin does not inhibit entry of cholic acid (P, in
controls 2.1940.17x 1072 cm.h~"' vs 3.404+0.21 x 1072 cm.
h~! in the presence of 3 mM grepafloxacin, both n=12).
Thus, grepafloxacin increases the ratio of permeabilities P,_./
P... at the apical membrane from 1.18 fold in controls, to
7.28 fold plus 3 mM grepafloxacin. The differential action of
grepafloxacin suggests that the entry and exit pathways for
cholic acid at the apical membrane are likely to be separate.
Grepafloxacin was capable of inhibition of exit at the basal
membrane to only ~350% of controls in the presence of
3 mMm grepafloxacin (P.,, was decreased from 2.60+0.40 x
102cm.h~! to 1.3440.12x 1072 cm.h~!, both n=12; P<
0.05 vs control), whereas Py,_. was largely unaffected (controls
11.06+0.57x 1072 cm.h~! to 10.3940.75x 1072 cm.h~! in
the presence of 3 mM grepafloxacin, both n=12; n.s.,
P>0.05). It is worth noting that high concentrations of
grepafloxacin were not toxic to monolayer integrity; for
example, mannitol J,, in the control condition was
1.9640.58 nmol.cm2h~', and in the presence of 3 mM
grepafloxacin, mannitol J,, was 2.114+0.40 nmol cm—2h~!
(n.s., P>0.05; both n=12).

The ability of Caco-2 cells to secrete grepafloxacin, and for
grepafloxacin to inhibit both cholic acid secretion and
ciprofloxacin secretion, suggests that fluoroquinolones are
common substrates of an endogenous ciprofloxacin/cholic
acid secretory capacity. Inhibition of secretion of both
substrates by grepafloxacin occurs by inhibition of an apical
membrane efflux transport.

Role of MDRI in grepafloxacin/ciprofloxacin/cholic acid
secretion

To investigate the role played by MDRI in grepafloxacin
secretion, we have utilized MDCKII epithelial layers
permanently transfected with MDRI1, as well as parental
MDCKII layers as controls (see Methods). Figure 5 shows
that net secretion of the MDRI1 substrate vinblastine (10 um)
by MDCKII epithelia was increased 2.6 fold in MDCKII-
MDRI1 transfected monolayers. This increment in net
vinblastine secretion results from both a reduction in J,4
and an increase in J,,. MDRI1 transfection also decreases
vinblastine cellular accumulation across both apical and basal
cell borders. In parental MDCKII cell layers, cellular
accumulation across the apical cell border was 384.1+
54.8 uM, and this was reduced in MDRI1 transfected cell
layers to 33.6+3.4 uMm (P<0.01, n=15). Across the basal cell
border, accumulation was 398.7+53.9 uM, and this was
reduced in MDCK-MDRI1 cell layers to 106.8+10.9 um
(P<0.01, n=15). These data are similar to those reported
for vinblastine fluxes in other MDRI-transfected MDCK
cells (Horio er al., 1989). The main action of MDRI
transfection is to increase the exit permeability across the
apical membrane P., (Table 1), entirely consistent with
MDRI1 expression at this location.

In a similar fashion, net secretion of grepafloxacin (10 um)
was increased from 0.4440.04 nmol.cm=2h~! (n=12) in
normal MDCKII epithelia to 2.56+0.06 nmol.cm2.h~!
(n=12) in MDRI1 transfectants (a 3.5 fold increase) (Figure
5). Cellular accumulation of grepafloxacin was not, however,
reduced in MDRI1 transfectants. In parental MDCKII cell
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Figure 5 Role of MDRI in grepafloxacin secretion tested using
MDCKII-MDRI1 transfected epithelia. Transepithelial fluxes of
vinblastine, grepafloxacin, ciprofloxacin and cholic acid were
measured in (A) control MDCKII epithelia and in (B) MDCKII-
MDRI transfected epithelia. J,; shown as J,,—J,. Vinblastine,
ciprofloxacin and cholic acid fluxes determined using 10 um
unlabelled vinblastine in apical/basal bathing solutions. Grepaflox-
acin fluxes determined using 10 uM in either apical or basal solutions
with trans-compartment without drug. For ciprofloxacin and cholic
acid, n=6 paired epithelia per data point. For grepafloxacin and
vinblastine, n=12-15. *P<0.05, significantly different from
MDCKII control values.

layers, cellular accumulation across the apical cell border was
86.8+2.3 uM (n=12), and this was not reduced in MDCKII-
MDRI1 cell layers (96.6 +3.4 uM, n=12). Across the basal cell
border, accumulation of grepafloxacin was 100.0+1.8 um
(n=12), and again this was not reduced in MDCKII-
MDRI1 epithelia (138.9+4.9 uM, n=12). Calculation of
unidirectional permeabilities for grepafloxacin (Table 1)
shows that MDRI1 transfection leads only to a modest
increase P., that was not statistically significantly different
from parental layers. An important assumption of the
calculation of permeabilities (see Methods) is that substrate
is uniformly distributed within the cytosol of the cell. For
grepafloxacin this assumption may not be valid.
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Table 1 Calculated unidirectional permeabilities for vinblastine and grepafloxacin in MDCKII and MDCKII-MDR1 monolayers

Permeabilities (x 10~2cm.h—

P(l—(' P(‘—a P(‘—h Ph—(‘
Vinblastine MDCKII 18.6440.89 0.4940.13 0.254+0.06 20.334+1.13
Vinblastine MDCK-MDRI1 9.3241.08* 2.9040.46* 0.4140.10 27.36+0.84*
Grepafloxacin MDCKII 24.44+1.54 1.5440.07 1.2840.11 28.32+1.90
Grepafloxacin MDCK-MDRI1 23.854+1.58 1.6940.09 0.824+0.11 34.63+2.71

Transepithelial fluxes of vinblastine and grepafloxacin (both 10 uM) were measured in control MDCKII epithelia and in MDCKII-
MDRI transfected epithelia. Unidirectional permeabilities were calculated as described in the Methods section, and are expressed as

emh™! (x107%). n=12-15. *P<0.05, MDCKII-MDR1 vs MDCKII wild-type.

In contrast to grepafloxacin, neither ciprofloxacin nor
cholic acid showed net secretion in either MDCKII epithelia
or MDCKII-MDRI1 transfectants (Figure 5). Thus, neither
ciprofloxacin nor cholic acid is a substrate for MDRI.

In order to test whether other fluoroquinolones are subject
to MDRI-mediated secretion, we have tested the ability
of ofloxacin, norfloxacin pefloxacin and cipro-floxacin to
inhibit vinblastine secretion (10 uM) across MDCK-MDRI
epithelia. Whereas both 100 uM verapamil and 3 mMm
grepafloxacin reduced net vinblastine secretion from
2.3+40.11 nmol.cm2h~!' (n=4) to 0.60+0.05 nmol.cm >h~'
(n=4) and 0.0940.06 nmol.cm2h~"' (n=4), respectively, no
significant  inhibition was observed with ofloxacin
(2.2240.045 nmol.cm~2h~'; n=4), norfloxacin (2.32+
0.045 nmol.em=2h~"; n=4), pefloxacin (1.7440.06 nmol.
cm~2h~'; n=4), and ciprofloxacin (1.8240.03 nmol.cm>h~';
n=4).

Inhibition of cholic acid secretion across Caco-2 cells by
MK-571

In a previous study, we demonstrated that cholic acid
secretion was ATP-dependent, and subject to inhibition by
the relatively non-specific MDR/MRP inhibitors verapamil
and cyclosporin A (Lowes & Simmons, 2001). Given that
cholic acid was not secreted by MDCKII-MDRI1 cells, the
contribution of MRP family members to cholic acid secretion
was tested using the leukotriene D, (LTD,4) receptor
antagonist and MRP-selective inhibitor MK-571 (Bichler et
al., 1996). Figure 6 shows the ability of MK-571 at increasing
concentrations to modulate cholic acid transport (10 uM) in
Caco-2 monolayers. Net secretion of cholic acid was virtually
abolished at the highest concentration of MK-571 tested (J,e
at 50 um MK-571 was 0.052+0.014 nmol.cm2h~! vs
control value at 0.50440.035 nmol.cm~2h~!; P<0.05, both
n=12). This was brought about by both a reduction in Jy_,
and an increase in J,, (Figure 6A). There was also an
increase in cholic acid accumulation across the basolateral
membrane; ANOVA testing showed that overall, MK-571
significantly increased cholic acid Ay, although individual
post-tests showed significance at 5 and 25 um MK-571
(Figure 6B). The increase in the accumulation of cholic acid
across the basolateral membrane suggests that the reduction
in Jy_, is brought about by inhibition of cholic acid exit at the
apical membrane. Given that MRP2 is currently the only
MRP family member known to be expressed at the apical
membrane, it is likely that this inhibition represents MRP2
blockade. At concentrations of MK-571 less than 10 uM, no
inhibition of cholic acid secretion occurred. Rather, the basal-
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Figure 6 Concentration-dependent MK-571 inhibition of cholic
acid secretion across Caco-2 monolayers. (A) Transepithelial cholic
acid fluxes (10 uM) measured alone and in the presence of increasing
concentrations of MK-571 in both the apical and basolateral
compartments. J,., was calculated as J,_,—J,,. =12 single epithelia
(uptakes) or paired epithelia (fluxes) per data point. *P<0.05, Je
significantly different from control. (B) Cellular cholic acid from
apical or basal bathing solutions in the presence of increasing MK-
571 concentrations. *P <0.05, significantly different from controls.

to-apical flux was increased, with a concurrent decrease in the
apical-to-basal flux (Figure 6A), and this was coupled with an
increase in cholic acid Ay (Figure 6B; P<0.05 at 5 um MK-
571).
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Contribution of MRP2 to cholic acid and grepafloxacin
transport by human intestinal Caco-2 and T84 monolayers

In order to ascertain the protein expression of MDRI and
MRP2 in Caco-2 and T84 cell types, Western blot analysis was
carried out on both Caco-2 and T84 protein extracts using the
monoclonal antibodies M,III-6 (MRP2) and C219 (MDRI1).
Figure 7 shows that whereas MDRI1 protein was readily
detectable in T84 extract at two different protein loading
densities, MRP2 protein was not detectable in T84 cells at
either low or high protein loading. Both MDR1 and MRP2
were readily detectable in the Caco-2 extract (Figure 7).

Figure 8 contrasts the ability of Caco-2 and T84 cells to
secrete cholic acid and the fluoroquinolones grepafloxacin
and ciprofloxacin. All three substrates were subject to net
basal-to-apical secretion by Caco-2 monolayers.

In contrast to Caco-2 cells, cholic acid was not subject to
secretion by T84 monolayers (Figure 8A). Since cholic acid
was not secreted by MDCKII-MDRI1 cell monolayers, it is
likely that the lack of secretory transport by the T84
monolayers may be attributed to the lack of MRP2
expression. It should be noted that cellular cholic acid
accumulation (substrate concentration 10 uM) across the
basolateral membrane of T84 monolayers was similar to that
in Caco-2 cells (T84 Ay, 17.79+0.97 uMm, n=11, vs Caco-2 A,
19.98+1.24 um, n=4; P>0.05), indicating that lack of
permeation across the basolateral membranes cannot explain
the absence of cholic acid secretion by T84 cells.

Grepafloxacin was secreted by T84 monolayers (Figure
8B); the basal-to-apical transport (0.69 +0.02 nmol.cm 2h~',
n=06), however, was substantially lower than that observed
for Caco-2 cells (1.1640.09 nmol.cm=2h~!, n=6; P<0.05 vs
T84). In fact, the apparent V... for net secretion of

T84

grepafloxacin (determined in a separate set of experiments)
was reduced to 5.9241.56 nmol.cm~2h~! in T84 cells (n=4),
compared with the corresponding value in Caco-2 cells at
16.89+3.38 nmol.cm2h~' (n=4; P<0.05 Caco-2 vs T84).
Given that the level of MDRI1 protein expression is similar in
both cell types (Figure 7), these data are consistent with the
lower V,.x value in T84 monolayers resulting from the lack
of detectable MRP2 protein expression in this cell line. The
fact that cholic acid and grepafloxacin show cross-inhibition
of secretion by Caco-2 monolayers, and that cholic acid
secretion is also inhibited by the MRP-selective inhibitor
MK-571, suggests that MRP2 may mediate both cholic acid
and grepafloxacin secretion.

Ciprofloxacin was subject to secretion across Caco-2 but not
T84 monolayers (Figure 8C), confirming that MDR1 does not
contribute to ciprofloxacin secretory transport. Accumulation
of ciprofloxacin across the basolateral membrane of T84 cells
was greater than that in Caco-2 cells (T84 Ay, 59.15+1.72 uMm,
n=6, vs Caco-2 Ay 11.26+0.84 uM, n="7), again confirming
that the lack of ciprofloxacin secretion across the apical
membrane of T84 cells is not due to impermeability of
ciprofloxacin across the basolateral membrane.

Contribution of MRP2 to the transport of

Sfluoroquinolones including ciprofloxacin

In order to investigate further the overall contribution of
MRP2 to the transport of fluoroquinolone antibiotics, we
examined the ability of other fluoroquinolones (all at 3 mMm)
to interact with cholic acid secretion in Caco-2 monolayers.
Figure 9 shows that ofloxacin, norfloxacin, and pefloxacin all
significantly reduced the net secretion of cholic acid
transport, mainly by a reduction in the basal-to-apical flux.

Caco-2

[ I

A

25pg 50pg  25pg 50 ug
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-. 190 kDa

Figure 7 Western blot analysis of MDR1 and MRP2 protein expression in Caco-2 and T84 cell extracts. Protein extraction and
immunodetection were carried out as described in the Methods section, using the mouse anti-human monoclonal antibodies C219
(MDR1) and M,III-6 (MRP2). Lanes were loaded with either 50 pug or 25 pug protein. Coomassie blue staining confirmed equal

protein loading in the appropriate lanes.
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Figure 8 Transepithelial fluxes of cholic acid, grepafloxacin, and
ciprofloxacin across Caco-2 and T84 monolayers. (A) [*H]-cholic acid
fluxes were determined using 10 uM unlabelled cholic acid in apical/
basal bathing solutions. (B) Grepafloxacin fluxes were determined
using 10 uM in either apical or basal solutions, with the appropriate
trans-compartment without drug. (C) ["*C]-ciprofloxacin fluxes were
determined using 10 uM unlabelled ciprofloxacin in apical/basal
bathing solutions. For grepafloxacin, n=6 monolayers per data
point. For cholic acid, n=3 (Caco-2) or 4 (T84) monolayers per data
point. For ciprofloxacin, n=7 (Caco-2) or 6 (T84).

However, of these three fluoroquinolones, only pefloxacin
increased the accumulation of cholic acid at the basolateral
membrane (Ay), consistent with inhibition of exit across the
basolateral membrane. Norfloxacin reduced Aj, suggesting
that competition for entry into the cell across the basolateral

membrane occurred, whereas ofloxacin caused no apparent
alteration in cholic acid accumulation across either mem-
brane, suggesting a balance of inhibition at both the entry
and exit sites for cholic acid in the basal-to-apical direction.
Ciprofloxacin failed to inhibit cholic acid secretion (Figure
9a); in fact, there was a small but significant stimulation in
the basal-to-apical flux, which was reflected as an increase in
accumulation across the basolateral membrane (Figure 9b).
However, this was limited to the highest testable concentra-
tion of ciprofloxacin (3 mM due to solubility limits), and
following further investigation into the concentration-re-
sponse relationship (Table 2), it was apparent that lower
concentrations of ciprofloxacin were without effect. The
effects of bile acids themselves on ciprofloxacin secretion
(100 uM) in Caco-2 monolayers were then investigated.
Cholic acid and taurocholic acid, at both low (100 um) and
high concentrations (1 mM), failed to exert any inhibitory
effect on ciprofloxacin transport or intracellular accumulation
in Caco-2 monolayers (Table 2). We also tested the ability of
MK-571 to inhibit ciprofloxacin secretion. In the control
condition, J,. was 187414 pmol.cm 2h~' (n=4); in the
presence of 10 uM and 25 um MK-571, J,.; was 234+4 and
19449 pmol.cm~2.h~", respectively (both n=4, P>0.05 vs
control). The lack of effect at 25 um MK-571 contrasts to the
inhibition of cholic acid secretion at the same concentration
of MK-571 observed in Figure 6. However, at 50 uM MK-
571, ciprofloxacin J,,, was reduced by 59% (to
37437 pmol.em~2h~"; n=4, P<0.05), but this occurred
solely through an increase in J,,. Taken together, these data
suggest that ciprofloxacin, unlike grepafloxacin, appears not
to be a substrate for MRP2.

Discussion

The fluoroquinolones are a group of structurally similar
compounds; the only difference between ciprofloxacin and
grepafloxacin is that grepafloxacin has two additional methyl
groups, one at position 5 in the heterocyclic ring, and the
other in the piperazine ring (Figure 10). The calculated
absorptive permeability across Caco-2 monolayers for
grepafloxacin was 7.6x 1072 cm.h~', which exceeded that
for ciprofloxacin (1.9 x 1072 cm.h~!, Griffiths & Simmons
1994). Grepafloxacin has enhanced lipophilicity compared to
ciprofloxacin, as evidenced by their relative partition
coefficient (log P) values. These values are quoted as 0.66
for grepafloxacin (Ito ez al., 1999) and 0.025 for ciprofloxacin
(manufacturer’s data sheet). In addition to grepafloxacin
absorption, and consistent with the findings of Yamaguchi et
al. (2000), the present data show that grepafloxacin is
secreted by an active process across Caco-2 intestinal
epithelia. Concurrent with net secretion, we demonstrate
apparent cellular accumulation of grepafloxacin in both
Caco-2 cells and in MDCKII epithelia. It is possible that
both the enhanced absorption and the increased cellular
permeability of grepafloxacin in Caco-2 and MDCKII
epithelia may represent dissolution in membrane lipids, or
alternatively, access to additional transport systems.

Due to the sensitivity of grepafloxacin secretory fluxes to
cyclosporin A, Yamaguchi et al. (2000) concluded that both
grepafloxacin and levofloxacin were MDRI1 substrates. Using
MDR1-transfected MDCKII cells, we have confirmed that

British Journal of Pharmacology vol 135 (5)
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Figure 9 Effect of fluoroquinolone antibiotics on the bi-directional
fluxes of cholic acid across Caco-2 monolayers. (A) Transepithelial
[*H]-cholic acid (10 um fluxes were measured alone and in the
presence of various fluoroquinolones (3 mMm) in both the apical and
basolateral compartments. J.,., was calculated as Jy.,—J.p. (B)
Cellular cholic acid from apical or basal bathing solutions in the
presence of various fluoroquinolones. n=4 single epithelia (uptake
data) or paired epithelia (flux data) per data point. *P<0.05,
significantly different from control values.

grepafloxacin shows an enhanced transepithelial secretion in
MDCK-MDRI layers compared with MDCKII controls, in a
similar manner to that observed with vinblastine, a known
MDRI1 substrate. Grepafloxacin accumulation in MDCKII-
MDRI1 cells is not reduced compared to the wild type
MDCKII cells. This behaviour is different from that observed
with vinblastine, where marked reductions are observed upon
MDRI1 transfection. The basis for this difference is not
known, but the accumulation of grepafloxacin may not be
homogeneous, or even cytosolic; calculation of unidirectional
permeabilities in MDCKII-MDRI1 transfectants may there-
fore be in doubt (see Results), since intracellular substrate is
assumed to be evenly distributed within the cytosol. The

access of some substrates to MDR1 has been hypothesized to
occur via the membrane lipid rather than the cytosol (Stein,
1997). When dissolution of substrate in lipid exceeds the
ability of MDRI1 to extract it, substrate concentrations within
lipids will be limited mainly by the physicochemical
constraints of partitioning from aqueous to lipid phases
(Stein, 1997). Clearly, either the location or local concentra-
tion (via cytosol or lipid) must differ between vinblastine and
grepafloxacin in order to explain the grepafloxacin accumula-
tion data in MDCK-MDRI epithelial layers.

Using mdrla (—/—) knockout mice, deLange et al. (2000)
have studied the permeation of a number of fluoroquinolones
into brain; they found only limited permeation of norfloxacin,
ciprofloxacin and fleroxacin, but enhanced permeation of
sparfloxacin compared to normal controls. This suggested that
sparfloxacin was an mdrla substrate, but that ciprofloxacin
was not. Using MDRI1 transfected LLC-PK; cell monolayers,
deLange et al. (2000) showed that whereas nor-floxacin and
ciprofloxacin transport showed no asymmetry, sparfloxacin,
fleroxacin and pefloxacin were subject to net secretion. Our
present data using native MDCKII cell layers (Hunter et al.,
1993b) and MDCKII-MDRI1 epithelial monolayers also show
a marked difference between the ability of fluoroquinolones to
be subjected to MDR1-mediated secretion; thus ciprofloxacin
is not subjected to transepithelial secretion either by native
MDCKII cell monolayers nor MDCKII-MDRI1 transfected
epithelia. Ciprofloxacin, ofloxacin, norfloxacin and pefloxacin
are all incapable of inhibition of vinblastine secretion by
MDCK-MDRI1 cell monolayers. The possession of two
additional methyl groups by grepafloxacin, relative to
ciprofloxacin, therefore appears to confer the ability of
enhanced secretion by MDCKII-MDRI1 cell layers. These
data are in agreement with our previous studies on
ciprofloxacin transport, which showed that the anti-MDRI1
monoclonal antibodies MRK 16 and UIC2, which have been
shown to be effective inhibitors of P-glycoprotein transport
activity (Hunter et al., 1993c), and which inhibited vinblastine
secretion, had no effect on the secretory flux of ciprofloxacin
in Caco-2 cells (Cavet et al., 1997). The differential handling of
grepafloxacin and ciprofloxacin by MDCKII-MDRI1 cells is
different from the observation that both fluoroquinolones
undergo secretion by Caco-2 cells. It is evident, therefore, that
fluoroquinolones are secreted by at least two distinct
mechanisms in Caco-2 cells.

Grepafloxacin inhibited ciprofloxacin secretion, and in
addition increased its cellular (basolateral) accumulation.
Calculation of the unidirectional ciprofloxacin permeabilities
at both the apical and basolateral membranes shows that
grepafloxacin increases the ratio of permeabilities across the
basolateral membrane (Py./P..;) through a decrease in P.
Thus ‘active’ accumulation at the basolateral membrane is
not altered. The main site of inhibition by grepafloxacin is at
the apical membrane; P._,, the rate-limiting step, is markedly
reduced. This is consistent with grepafloxacin inhibiting an
apical ABC-type transporter mediating ciprofloxacin secre-
tion. Thus it is likely that grepafloxacin secretion itself does
not involve MDRI1 alone, but rather multiple pathways
mediating grepafloxacin exit.

In a similar manner to grepafloxacin inhibition of
ciprofloxacin transport, it is apparent that grepafloxacin
inhibits cholic acid secretion by Caco-2 epithelia. As with
ciprofloxacin, cholic acid is neither secreted by MDCKII cell
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Table 2 Interaction between ciprofloxacin and the bile
acids cholic acid and taurocholic acid in Caco-2 monolayers

Jp_o (mmol.em~2h™Y) A4, (um)

Cholic acid (10 pum)+

Control 1.2240.02 77.304+1.44
Ciprofloxacin 0.05 mMm 1.284-0.01 77.98+5.97

0.5 mm 1.2940.02 85.65+3.18

1 mmMm 1.33+0.04 84.27+7.71

3 mM *1.6540.01 *146.754+6.34
Ciprofloxacin (100 um) +

Control 2.2640.08 78.9543.66
Cholic acid 0.1 mm 2.4540.12 85.3446.43
Taurocholic acid 0.1 mm 2.1140.14 74.77+6.27

Control 4.5840.38 97.3549.49
Cholic acid 1 mM 4.9840.38 104.7412.45
Taurocholic acid 1 mm 4.0240.33 11.684+12.62

Basal to apical (J,_,) fluxes of [*H]-cholic acid (10 pum) and
[“C]-ciprofloxacin (100 uM) were determined alone (control)
or in the presence of unlabelled ciprofoxacin, cholic acid or
taurocholic acid, n=4-9 epithelia per data point. *P <0.05,
significantly different from control values.

0
K\N N
ol
Ciprofloxacin

CHs

o

Grepafloxacin

HN

Figure 10 Molecular structures of the fluoroquinolone antibiotics
ciprofloxacin and grepafloxacin.

monolayers nor by MDCKII-MDRI1 transfected cell mono-
layers. Cholic acid is therefore not a substrate for MDRI1. It

is likely that cholic acid, as with certain other bile salts, is a
substrate for MRP2 (cMOAT) action (Miiller & Jansen,
1997; Akita et al., 2001).

In order to confirm a role for MRP2 in cholic acid secretion,
we have used the MRP-selective inhibitor MK-571. Although
MK-571 is an inhibitor of several MRP family members, the
only MRP family member shown at present to be expressed at
the apical membrane of intestinal epithelia is MRP2 (Cui et al.,
1999; Miiller & Jansen, 1997). At a high dose (50 um), MK-571
was an effective inhibitor of cholic acid secretion, consistent
with MRP2 involvement at the apical membrane.

At lower concentrations of MK-571 (<10 uM), rather than
showing an inhibition of secretion, there was an apparent
stimulation of the basal-to-apical transport (and hence net
secretion) of cholic acid. This was surprising, but a number of
explanations are possible. Firstly, MK-571 is a potent
leukotriene receptor antagonist (Jones et al., 1989). Bile acids
are known to stimulate the release of LTC4 in human jejunum
(Casellas et al., 1991), and LTB, synthesis in Caco-2 cells
(Dias et al., 1994). Thus leukotriene receptor blockade may
remove an inhibitory regulation on transport. Leukotrienes
and MK-571, however, are both agonists for the peroxisome
proliferator activated receptor (PPAR) nuclear receptor
family (Boie et al., 1993), and since MRP2 itself possesses a
PPAR regulatory site on its 5'-untranslated region (Stockel et
al., 2000), PPAR activation would result in an increase in
MRP2 mRNA levels, and subsequently MRP2 expression. It
is also possible that MRP2 at the apical brush-border
membrane is dynamically regulated. For example, a recent
study using liver has demonstrated that intracellular pools of
ABC transporter proteins, including sister P-glycoprotein (the
liver bile salt export pump BSEP), MDRI1, and MDR3, can
be localized to the canalicular membrane within 15 min given
an appropriate stimulus (cyclic AMP or taurocholic acid)
(Kipp et al., 2001). Thus, it may be possible that MRP2 is
regulated in an analogous way in the intestine via second
messenger systems. Finally, it is possible that the apparent
stimulatory effect of lower concentrations of MK-571 on
cholic acid secretion was due to a direct action on MRP2. A
recent study has postulated that, owing to substrate-protein
binding characteristics, certain ABC transporter substrates/
inhibitors may stimulate ATPase activity at lower concentra-
tion and inhibit ATPase activation at higher concentrations
(Seelig & Landwojtowicz, 2000).

An alternative method to investigate the role of MRP2 in
cholic acid secretion is the use of T84 cell layers. Although
T84 cells express MDRI1, the current data provide no
evidence for MRP2 protein expression. This is in contrast
to Caco-2 cells, which express both MDR1 and MRP2. The
absence of cholic acid secretion across monolayers of T84
cells is therefore consistent with cholic acid not being an
MDRI1 substrate, but is also consistent with MRP2 mediating
secretion in Caco-2 cells. Since grepafloxacin is capable of
inhibition of cholic acid secretion across Caco-2 monolayers,
this indicates that MRP2 may also be involved in
grepafloxacin secretion in Caco-2 epithelia.

The conclusion that grepafloxacin transport is also
mediated by MRP2 is supported by studies carried out in
rodent liver. For example, in MRP2-deficient rats, Sasabe et
al. (1998) found that the hepatobiliary clearance of
grepafloxacin was reduced by 38%, whereas the excretion
of the 3-glucuronide metabolite via the same route was
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completely abolished. Not only do Sasabe e al. (1998) show
here that grepafloxacin is an MRP2 substrate, it also clear
from the data that grepafloxacin secretion in the liver must be
mediated by multiple secretory transporters. As well as
expressing MRP2, the canalicular membranes of human
hepatocytes also functionally express MDRI1 (Schuetz et al.,
1995). Therefore both MRP2 and MDRI1 are likely to
contribute to the hepatic secretion of grepafloxacin.

Although grepafloxacin may inhibit ciprofloxacin secretion
in Caco-2 epithelia, ciprofloxacin is without effect upon cholic
acid secretion (present data). Taken together with the lack of
ciprofloxacin secretion by T84 monolayers, grepafloxacin
must be secreted across Caco-2 monolayers by at least three
distinct mechanisms (MDR1, MRP2, and a pathway shared
with ciprofloxacin). Interestingly, the exact mechanism of
ciprofloxacin efflux across the apical membrane of Caco-2
cells (and human intestine) still remains elusive (Griffiths et
al., 1993; 1994; Cavet et al., 1997). Although ciprofloxacin
secretion shows ATP-dependence, and sensitivity to MDRI1
blocking agents such as verapamil (Cavet et al., 1997), it is
clear that MDR1 does not in fact contribute to ciprofloxacin
secretion, owing to the lack of inhibition by the anti-MDRI1
monoclonal antibodies MRK16 and UIC2 (Cavet et al.,
1997), and the lack of enhanced secretion by MDRI-
transfected MDCKII or T84 cells (present data).

Analysis of the expression of MRP-family members
expressed in Caco-2 cells suggests that MRPI, 2, 3 and 5
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