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ABSTRACT:

Intestinal secretory movement of the fluoroquinolone antibiotic, cip-
rofloxacin, may limit its oral bioavailability. Active ATP-binding cas-
sette (ABC) transporters such as breast cancer resistance protein
(BCRP) have been implicated in ciprofloxacin transport. The aim of
this study was to test the hypothesis that BCRP alone mediates
intestinal ciprofloxacin secretion. The involvement of ABC transport
proteins in ciprofloxacin secretory flux was investigated with the
combined use of transfected cell lines [bcrp1/BCRP-Madin-Darby
canine kidney Il (MDCKII) and multidrug resistance-related protein 4
(MRP4)-human embryonic kidney (HEK) 293] and human intestinal
Caco-2 cells, combined with pharmacological inhibition using 3-(6-
isobutyl-9-methoxy-1,4-dioxo-1,2,3,4,6, 7,12,12a-octahydropyr-
azino[1’,2':1,6]pyrido[3,4-b]indol-3-yl)-propionic acid tert-butyl ester
(Ko143), cyclosporine, 3-[[3-[2-(7-chloroquinolin-2-yl)vinyl]phenyl]-(2-
dimethylcarbamoylethylsulfanyl)methylsulfanyl] propionic acid
(MK571), and verapamil as ABC-selective inhibitors. In addition, the
regional variation in secretory capacity was investigated using male

Han Wistar rat intestine mounted in Ussing chambers, and the first
indicative measurements of ciprofloxacin transport by ex vivo human
jejunum were made. Active, Ko143-sensitive ciprofloxacin secretion
was observed in bcrp1-MDCKII cell layers, but in low-passage
(BCRP-expressing) Caco-2 cell layers only a 54% fraction was Ko143-
sensitive. Ciprofloxacin accumulation was lower in MRP4-HEK293
cells than in the parent line, indicating that ciprofloxacin is also a
substrate for this transporter. Ciprofloxacin secretion by Caco-2 cell
layers was not inhibited by MK571. Secretory flux showed marked
regional variability in the rat intestine, increasing from the duodenum
to peak in the ileum. Ciprofloxacin secretion was present in human
jejunum and was reduced by Ko143 but showed marked interindi-
vidual variability. Ciprofloxacin is a substrate for human and rodent
BCRP. An additional pathway for ciprofloxacin secretion exists in
Caco-2 cells, which is unlikely to be MRP(4)-mediated. BCRP is likely
to be the dominant transport mechanism for ciprofloxacin efflux in
both rat and human jejunum.

Introduction

Fluoroquinolone antibiotics such as ciprofloxacin are widely used
antimicrobial agents displaying broad-spectrum activity against both
Gram-positive and Gram-negative bacteria. At physiological pH (7.4),
ciprofloxacin exists predominantly as a zwitterion, with a shift toward
the cationic form at pH 6.5 (Sorgel and Kinzig, 1993). The octanol-
water partition coefficient (logP) value for this compound is —1.08,
suggesting moderately hydrophilic properties, which would serve to
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reduce lipid partitioning and passive transcellular absorptive perme-
ability (Zhao et al., 2002). In agreement with this assessment, cipro-
floxacin has been classified as a low-permeability compound (Volpe,
2004; Zakelj et al., 2006). In vivo it displays variable oral bioavail-
ability of between 50 and 80% (Sorgel et al., 1989a). Ciprofloxacin
plasma clearance in vivo is predominantly renal (Jaechde et al., 1989;
Rohwedder et al., 1990), but it is also subject to intestinal elimination
(Sorgel et al., 1989b, 1991) without undergoing significant metabo-
lism (Sorgel et al., 1989b). The intestinal elimination pathway be-
comes increasingly important for patients with reduced renal function
(Rohwedder et al., 1990).

The mechanisms responsible for ciprofloxacin secretion in the gut
have been widely investigated. As has been recently highlighted,
many fluoroquinolones are subject to ATP-binding cassette (ABC)
transporter-mediated efflux (Alvarez et al., 2008). In a previous study,

ABBREVIATIONS: ABC, ATP-binding cassette; P-gp, P-glycoprotein; MDR/mdr, multidrug resistance protein; MDCKII, Madin-Darby canine
kidney Il; BCRP/bcrp, breast cancer resistance protein; Ko143, 3-(6-isobutyl-9-methoxy-1,4-dioxo-1,2,3,4,6, 7,12,12a-octahydropyrazino[1’,2":
1,6]pyrido[3,4-blindol-3-yl)-propionic acid tert-butyl ester; MRP/mrp, multidrug resistance-related protein; h, human; KBR, Krebs-Ringer bicar-
bonate; PD, potential difference; HPLC, high-performance liquid chromatography; a, apical; b, basal; PA, passage; HEK, human embryonic kidney;
PCR, polymerase chain reaction; q, quantitative; WT, wild-type; CsA, cyclosporine; DIDS, 4,4'-diisothiocyanostilbene-2,2'-disulfonic acid;
MK-571, 3-[[3-[2-(7-chloroquinolin-2-yl)vinyl]phenyl]-(2-dimethylcarbamoylethylsulfanyl)methylsulfanyl] propionic acid; GAPDH, glyceraldehyde-

3-phosphate dehydrogenase.
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Griffiths et al. (1993) demonstrated saturable ATP-dependent secre-
tory transport in human intestinal Caco-2 cells with a number of
fluoroquinolones sharing a common secretory pathway (Griffiths et
al., 1993, 1994). Measurements of basolateral and apical transport
suggested the existence of distinct transporters at either membrane
domain (Griffiths et al., 1994) although transport characteristics were
distinct from those of vinblastine, a known P-glycoprotein (P-gp)
substrate (Cavet et al., 1997). Lowes and Simmons (2002) confirmed
the lack of involvement of MDRI1 in ciprofloxacin secretion using
wild-type and MDR1-transfected MDCKII cells. In addition, Merino
et al. (2006) have shown ciprofloxacin secretion using murine berpl-
transfected MDCKII epithelial layers, whereas in human BCRP-
transfected MDCKII cells ciprofloxacin secretion was evident only at
extended incubation times. In both cases, net secretion was inhibited
by the selective BCRP inhibitor 3-(6-isobutyl-9-methoxy-1,4-dioxo-
1,2,3,4,6, 7,12,12a-octahydropyrazino[1’,2":1,6]pyrido[3,4-b]indol-3-
yl)-propionic acid tert-butyl ester (Ko143) (Merino et al., 2006). In
berp knockout mice, ciprofloxacin plasma concentrations were 2-fold
greater after oral administration, suggesting significant involvement
of berpl in modulating systemic drug levels (Merino et al., 2006).

Ciprofloxacin transport may occur through additional ABC trans-
porters. A recent investigation of bacterial resistance to fluoroquino-
lones has studied the impact of MRP transporters on ciprofloxacin
accumulation in murine J774 macrophages (Marquez et al., 2009). It
was noted that the resistant populations displayed increased expres-
sion of both mrp2 and mrp4 and reduced levels of intracellular
ciprofloxacin. With the use of small interfering RNA to selectively
deplete either MRP2 or MRP4, it was shown that mrp4 alone acts to
reduce ciprofloxacin accumulation (Marquez et al., 2009).

There are few direct measurements of ciprofloxacin secretion
across intestinal segments in vitro. Active secretion of ciprofloxacin
was observed in rat small intestinal tissue mounted in Ussing cham-
bers, with higher secretory flux being observed in distal than in
proximal small intestine (Zakelj et al., 2006). However, Rodriguez-
Ibafiez et al. (2006) demonstrated no regional variation in absorptive
ciprofloxacin permeability in the rat using the in situ gut loop tech-
nique. There are no ex vivo measurements of ciprofloxacin transport
in human intestine, and the impact of differential ciprofloxacin secre-
tory capacity along the proximal-distal axis of the gut remains unclear.

The objectives of the current study were 2-fold. First, the question
whether BCRP alone may mediate intestinal secretion of ciprofloxa-
cin was addressed by the use of murine berpl-, hBCRP-, and hMRP4-
transfected cell lines, together with Caco-2 epithelial layers in which
the selective BCRP inhibitor, Ko143, was used. Second, the extent of
BCRP-mediated ciprofloxacin secretion by human and rat intestine,
including investigation of regional variation in ciprofloxacin efflux in
the rat has been determined in excised intestinal tissue mounted in
Ussing chambers.

Materials and Methods

Materials. ['*C]Mannitol (specific activity 56 mCi - mmol ") was from
PerkinElmer Life and Analytical Sciences (Waltham, MA). ["*C]Ciprofloxacin
was a generous gift from Bayer (Wuppertal, Germany). Cell culture media and
supplements were from Sigma-Aldrich (Poole, Dorset, UK), and tissue culture
plastic flasks and culture plates were supplied by Costar (High Wycombe,
UK). All other chemicals were obtained from Sigma-Aldrich.

Ussing Chamber Experiments. Ethics approval for the use of human
intestinal samples from patients undergoing pancreatoduodenectomy to re-
move tumors of the head of the pancreas surplus to histopathological require-
ments was granted (Integrated Research Application System reference: 09/
H1006/2). Human tissue samples were collected from three such male patients
with their informed consent. None of the patients had undergone radiotherapy
or chemotherapy before surgery. Blood perfusion of the intestine was main-

HASLAM ET AL.

tained until the moment of excision. Approximately 10 cm of proximal
jejunum was removed and immediately placed in ice-cold Krebs bicarbonate-
Ringer solution, presaturated with carbogen. The tissue was then transported
from the hospital operating theater to the laboratories at AstraZeneca
(Macclesfield, Cheshire, UK). The mean time period between excision of
intestinal tissue and arrival at the laboratory was 88 * 19 min. Tissue was
prepared for use in the Ussing chambers as described previously (Haslam et al.,
2011).

Male Han Wistar rats (Harlan, UK), aged approximately 100 days and
weighing 250 to 400 g, were used in the experiments. Animal dosing and
surgical/anesthetic procedures were performed in accordance with UK law
and ethical guidelines described in the National Institutes of Health Guide for
the Care and Use of Laboratory Animal Care (NIH publication 85-23, revised
1985). For surgical procedures, rats were anesthetized using inhaled isoflurane
(induction 5%, 2 1/min and thereafter 3%, 0.7 1/min). After abdominal inci-
sions, intestinal lumens were occluded by thin cotton thread proximal to the
sections of tissue taken from duodenum (within 15 cm proximal to the pyloric
sphincter), jejunum (5 cm distal to the ligament of Treitz), ileum (2 cm
proximal to the ileocecal junction), and colon (2 cm distal to the cecum). The
segments were placed in a chamber containing ice-cold KBR perfused with
carbogen for 30 min. Removal by dissection of the serosal layer of the
duodenal, jejunal, and ileal sections and the serosa and muscularis externa of
the colonic sections was performed with the aid of a stereo microscope (Wild
MBS) and a light source (Schott KL 1500).

Intestinal segments (rat and human) were mounted as flat sheets in a
modified Ussing chamber (Navicyte; Harvard Apparatus Inc., Holliston, MA).
The exposed tissue surface area was 0.64 or 1.78 cm? for rat and human
sections, respectively. A four-electrode system was used for recording electri-
cal parameters. This consisted of two Ag/AgCl electrodes for potential differ-
ence (PD) measurement and two Ag/AgCl electrodes for current passage.
Asymmetry in the PD sensing electrodes was zeroed before tissue mounting.
Correction for the series fluid resistance was also made in assembled chambers
before tissue mounting. After 30 to 40 min of equilibration at 37°C, mean PD
values were comparable with those in previous studies (Polentarutti et al.,
1999), indicative of viable tissue segments.

To initiate experiments, the KBR in “donor” or “receiver” wells was
replaced with 5 ml of KBR containing ciprofloxacin (1-100 uM) or KBR
alone. Inhibitors, where used, were added to both apical and basal wells.
Samples were removed at 30-min intervals up to 150 min, for analysis by
HPLC-mass spectrometry. Net secretion (J,.) was calculated from paired
adjacent tissues by subtracting apical-to-basal (/, ) from basal-to-apical (J,,_,)
flux. Fluxes were expressed as nanomoles per centimeter squared per hour
or as apparent permeability coefficients (P, P, and P, ,) and were calcu-
lated as reported previously (Soderholm et al., 1998). P,, Py, and P, are
expressed as centimeters per second.

Cell Culture. All cell culture was performed in a class IT laminar flow hood
(SafeFlow 1.2; BioAir Instruments, Pavia, Italy) under aseptic conditions.
Caco-2 cells were maintained in high-glucose (4500 mg/l D-glucose) Dulbecco’s
modified Eagle’s medium supplemented with fetal calf serum (10% v/v),
L-glutamine (1 mM), nonessential amino acids (1% v/v), and the antibiotic
gentamicin (30 pg/ml). Two Caco-2 cell strains were used: a high-passage
(PA) strain (115-120 passages) originating from Dr. I. Hassan as described
previously (Cavet et al., 1997) and a low-PA strain (passages 34—40) origi-
nating from AstraZeneca, displaying rapid growth and higher values of trans-
epithelial resistance (American Type Culture Collection, Manassas, VA).
Caco-2 cells were seeded onto 12-well Transwell supports (12-mm diameter,
0.4-pwm pore size, 1.14-cm? growth area) at high density (5 X 10° cells/cm?).
Cells were maintained at 37°C in a humidified incubator with 5% CO, in air.
Cells were grown to confluence for 14 days, and transepithelial electrical
resistance was measured using a EVOM voltohmmeter (World Precision
Instruments, Stevenage, Hertfordshire, UK). Typical resistance values were
250 Q - cm? for low-PA Caco-2 cells and 400 Q - cm? for high-PA Caco-2
cells.

MDCKII native, human BCRP-MDCKII, and mouse berpl-MDCKII cells
were a gift from Alfred Schinkel (Netherlands Cancer Institute, Amsterdam,
The Netherlands). MDCKII cell lines were cultured in minimum essential
Eagle’s medium with fetal calf serum (10% v/v), nonessential amino acids (1%
v/v), and L-glutamine (1% v/v) and a penicillin/streptomycin mix (1% v/v).
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Medium was replaced every 3 to 4 days. MDCKII cells were seeded onto
12-well Transwell supports and left for 5 to 7 days.

Native HEK (293/4.59) and MRP4-transfected HEK cells (293/4.63) were a
gift from Prof. P. Borst of the Netherlands Cancer Institute (Reid et al., 2003).
HEK?293 cell lines were maintained in high-glucose (4500 mg/l D-glucose)
Dulbecco’s modified Eagle’s medium supplemented with fetal calf serum
(10% v/v) and penicillin/streptomycin (1%, v/v).

Transepithelial Transport Experiments in Cultured Monolayers. Bidi-
rectional transepithelial transport experiments were performed using Caco-2
and MDCKII cell monolayers. Upon reaching confluence, cell monolayers
grown on Transwell plates were washed (three times) in a modified Krebs’
buffer consisting of 137 mM NaCl, 54 mM KCI, 1| mM MgSO,, 0.3 mM
NaH,PO,, 0.3 mM KH,PO,, 10 mM glucose, and 10 mM HEPES (buffered to
pH 7.4 at 37°C with Trizma base). Monolayers were placed in fresh base plates
and were allowed a 15-min equilibration period at 37°C before monolayer
integrity measurements. Acceptable Caco-2 monolayers generated transepithe-
lial electrical resistance values that were typically >200 () - cm”. Because
MDCK II monolayers display low R values, monolayer integrity was also
assessed by eliciting a dilution transepithelial PD by replacing the Krebs’
solution NaCl with 274 mM mannitol in the basolateral compartment, resulting
in a basal electropositive PD. PD values were typically in the range of 60 to 80
mV for confluent MDCKII monolayers.

Flux experiments were performed using identical apical and basal Krebs’
buffer composition with the addition of radiolabeled ['“C]ciprofloxacin (total
ciprofloxacin concentration 10 uM) or other substrate to the donor (apical or
basal) compartment. Samples were taken to determine absorptive (apical-to-
basal, J, ) and secretory (basal-to-apical, J, _,) fluxes at hourly intervals up to
3 h. J,. was calculated from paired epithelial monolayers by subtracting J,_,,
from Jy, flux. Flux calculations were performed as described previously
(Cavet et al., 1997). The passive paracellular flux was determined by concur-
rent measurement of [*’H]mannitol movement. Movement of mannitol into the
contralateral compartment was generally <2%. Monolayers in which con-
tralateral mannitol movement was >3% were discounted from the results,
based on compromised monolayer integrity. ['*C]Ciprofloxacin activities were
determined by liquid scintillation counting.

Cellular Ciprofloxacin Accumulation in HEK293 Cells. HEK293 cells
were seeded at 5 X 10* onto 12-well plates (Corning Life Sciences, Lowell,
MA). Medium was aspirated and replaced with transport buffer (Krebs’ buffer
with additional radiolabel and inhibiting agents). Cell were incubated at 37°C
for 1 h and were then washed with ice-cold Krebs’ buffer. Cells were then
treated with 500 ul of lysis buffer (0.05% Triton X-100), and samples were
collected for measurement and protein correction via a Bradford assay. Cel-
lular accumulation of ['*C]ciprofloxacin (10 uM) was determined by liquid
scintillation counting.

RNA Isolation and Quantitative PCR. RNA was isolated from confluent
flasks of epithelial cells or mucosal scrapings from intestinal tissue samples,
using a RNeasy Mini Kit (QIAGEN, Valencia, CA), according to the manu-
facturer’s standard protocol. Any contaminating DNA was digested with Turbo
DNA-free (Ambion, Huntingdon, UK). RNA was quantified using a ND-1000
spectrophotometer (Nanodrop Technologies Inc., Wilmington, DE), and integ-
rity was checked by measurement of the A,¢/»g nm Iatio, which was routinely
in the range of 1.8 to 2.0. cDNA synthesis from 1 ug of total RNA was
performed using the SuperScript First-Strand Synthesis System (Invitrogen,
Carlsbad, CA), according to the manufacturer’s protocol. Product amplifica-
tion by qPCR was performed with 2 ul of cDNA reaction, using qPCR
MasterMix plus Low ROX (Eurogentec, Seraing, Belgium) according to the
manufacturer’s guidelines. Negative controls involved omission of RNA from
the reverse transcription reactions and amplification with specific primer/probe
sets to confirm the lack of genomic DNA contamination. Gene-specific Taq-
Man primer/probe sets for ABCB1 (MDR1), ABCC2, ABCC4, and ABCG2
were purchased from Invitrogen.

Statistics. Results are expressed as mean * S.E.M. (of n experiments). For
statistics relating to J,.,, individual values of net flux from paired monolayers
were used. Individual experiments were conducted with at least three replicates
per condition, mean values being computed for n separate experiments. Sta-
tistical analysis was performed using one- or two-tailed Student’s 7 tests
(paired or unpaired as appropriate) with post hoc power calculations as
appropriate or one-way analysis of variance with a Bonferroni post-test for
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multiple comparisons (SigmaPlot 11; Systat Software, Inc., Chicago, IL). A
post hoc power calculation was made. Kinetic constants for Michaelis-Menten
kinetics and ICs, values were calculated by nonlinear regression with the
method of least squares (GraphPad Instat; GraphPad Software Inc., San Diego, CA).

Results

Ciprofloxacin Secretory Transport in Cultured Cell Lines. Cip-
rofloxacin flux was determined in the absorptive (J/,_,) and secretory
(J,.,) directions in MDCKII and Caco-2 cell layers (Fig. 1). In
wild-type MDCKII monolayers, the bidirectional fluxes were similar
with no significant net secretory flux evident (Fig. 1). The same
pattern was also observed in BCRP-MDCKII cells. In contrast, mu-
rine berpl-transfected MDCKII cell monolayers showed a marked net
secretion of ciprofloxacin compared with wild-type cell layers (n = 3,
P < 0.05). Efflux ratios (J,,_,/J,,) for ciprofloxacin transport (Fig. 1)
were 0.8, 0.8, 7.6, and 3.6 for WT-MDCKII, BCRP-MDCKII, berpl-
MDCKII, and Caco-2 cells, respectively.

Table 1 confirms high levels of murine berpl and human BCRP
mRNA expression in the respective transfected MDCKII cell lines.
Ciprofloxacin secretion was also evident across both high-passage
(Figs. 1 and 2C) and low-passage (Fig. 2B) Caco-2 cell monolayers.
Table 1 shows detection of hBCRP expression in both Caco-2 cell
strains although hBCRP mRNA expression relative to GAPDH in
low-passage Caco-2 cells is greater than that seen in high-passage
cells.

The pharmacological sensitivity of ciprofloxacin secretion by
berpl-MDCKII and Caco-2 cell layers was assessed. Ko143, a potent
and specific BCRP inhibitor (Allen et al., 2002), has an ICs, of 0.15
uM for increasing Hoechst 33342 accumulation in berpl-MDCKII
cells due to inhibition of efflux (Fig. 5A). At 1 uM, Ko143 completely
abolished net secretory ciprofloxacin flux in berpl-MDCKII cells
(0.24 = 0.02 to —0.05 = 0.03 nmol - cm™2-h™', n = 3; P < 0.05)
(Fig. 2A). Ko143 (1 uM) reduced net ciprofloxacin secretion in low
passage Caco-2 cells from 0.37 * 0.03 to 0.17 + 0.02 nmol - cm™ 2 -
h™!' (P < 0.05) (Fig. 2B) but had no significant impact on net flux in
the high passage Caco-2 layers (Fig. 2C) (from 0.39 = 0.06 to 0.33 =
0.04 nmol + cm~2 + h™! plus inhibitor, n = 9; NS). This result
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FiG. 1. Transepithelial ['“C]ciprofloxacin fluxes across confluent monolayers of
MDCKII, berpl-MDCKII, and Caco-2 cells grown on permeable Transwell sup-
ports. Total ciprofloxacin concentration was 10 uM. Fluxes were determined in the
apical-to-basal (/, ) and basal-to-apical (J, ,) directions, where secretory net flux
Joer = Joa — Jop *, significant differences in flux values in relation to MDCKII

monolayers, P < 0.05. n = 3 separate experiments.
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TABLE 1

Transporter mRNA expression levels (relative to GAPDH) in cultured
epithelial cells

Results are n = 3 repeats.

Cell Line BCRP (ABCG2) berpl (abeg2) MRP4 (ABCC4)
WT-MDCKII 0.71 £ 0.16
berpl-MDCKIT 0.02 = 0.01 3803.80 * 504.12

BCRP-MDCKII 20389.59 *= 377.91

WT-HEK293 0.42 = 0.05
MRP4-HEK293 94.67 = 2.39
Low PA Caco-2 26.87 *+ 0.69 2.12 = 0.18
High PA Caco-2 0.43 = 0.08 0.08 = 0.01

correlates with the different expression levels of BCRP mRNA be-
tween Caco-2 cell strains (Table 1).

Inhibition of ciprofloxacin secretion in Caco-2 cells was also in-
vestigated using cyclosporine (CsA). It is now known that CsA
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FiG. 2. Net transepithelial ['*C]ciprofloxacin flux (J,,,) across confluent monolay-
ers of berpl-MDCKII cells (A), low-PA Caco-2 cells (B), and high-PA Caco-2 cells
(C) grown on permeable Transwell supports. Fluxes were determined in the pres-
ence and absence of Kol43 (1 uM) and MK571 (10 uM). Other experimental
details are as in the legend for Fig. 1. *, significant reductions in J, ., compared with
control values, P < 0.05. n = 3 separate experiments.
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inhibits both P-gp (Loor et al., 2002) and also BCRP, albeit at lower
affinity (Gupta et al., 2006; Matsson et al., 2009). Application of
high-dose (50 uM) CsA abolished net secretory ciprofloxacin flux in
berp1-MDCKII cells (from 0.24 + 0.02 to 0.04 + 0.02 nmol - cm ™ 2 -
h™', n = 3; P < 0.05 versus controls) but inhibited only a fraction of
net secretory flux in low passage Caco-2 cell monolayers (from
0.39 = 0.06 to 0.22 = 0.04 nmol - cm 2 -h™ ', n = 3; P < 0.05).
Taken together with Ko143 inhibition, these data suggest that BCRP
cannot account for all of ciprofloxacin secretion noted in either low-
or high-passage Caco-2 cells.

Previously, we have shown that the anion transport inhibitor 4,4'-
diisothiocyanostilbene-2,2’-disulfonic acid (DIDS) at 0.4 mM may
inhibit ciprofloxacin secretion across Caco-2 monolayers (Cavet et al.,
1997). Secretory ciprofloxacin flux was reduced but not abolished, in
both berpl-MDCKII cells (from 0.24 = 0.02 to 0.18 = 0.02 nmol -
cm 2-h" ', n=3; P <0.05) and low-passage Caco-2 monolayers
(from 0.39 + 0.06 to 0.14 += 0.03 nmol - cm 2>-h L, n =3P <
0.05), suggesting that DIDS is therefore not a definitive pharmaco-
logical agent with respect to the inhibition of ciprofloxacin secretion.

To test the possible involvement of MRP4 (Marquez et al., 2009),
ciprofloxacin accumulation was investigated in WT-HEK293 and
MRP4-transfected HEK293 cells. Uptake was significantly reduced in
the MRP4-overexpressing line in relation to the wild type (Fig. 3).
Addition of the MRP inhibitor, 3-[[3-[2-(7-chloroquinolin-2-
yl)vinyl]phenyl]-(2-dimethylcarbamoylethylsulfanyl)methylsulfanyl]
propionic acid (MKS571), increased ciprofloxacin accumulation in
MRP4-HEK?293 cells to the levels seen in untransfected cells (Fig. 3).
Ko143 at 1 uM was without effect on ciprofloxacin accumulation in
both control and MRP4-HEK?293 cells, confirming the relative spec-
ificity of this agent. MRP4 mRNA expression was detected in low
passage Caco-2 cells (Table 1). In both low- and high-passage Caco-2
cell monolayers, MK571 (10 uM) was without effect (Fig. 2, B and
C), confirming no MRP(4) involvement in ciprofloxacin secretion in
this model system. MK571 had no significant effect on ciprofloxacin
secretion in berpl-MDCKII cells (Fig. 2A).

Ciprofloxacin Secretion in Rat Intestinal Tissue. Figure 4 shows
that excised rat small intestine is able to maintain a substantial net
ciprofloxacin secretion from basal (blood) to apical (lumen) solutions.
Asymmetric permeability was noted in all regions of the small intes-
tine (duodenum, jejunum, and ileum), but no net secretion was ob-
served in the colon. Apical-to-basal permeability (P, ) displayed a
marginal increase along the proximal-distal axis of the gut (1.04 =
0.68, 2.73 = 0.67, 2.84 = 0.62, and 3.82 = 1.32 cm/s X 10~ ° for
duodenum, jejunum, ileum, and colon, respectively); however, secre-
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Fic. 3. Cellular accumulation of ["*C]ciprofloxacin (external concentration 10 uM)
in HEK293 and MRP4-HEK293 cells. Uptake was measured in the presence and
absence of the MRP4 inhibitor MK571 (10 uM) and the BCRP inhibitor Ko143 (1
uM). #, significant reduction in accumulation in the MRP4-HEK293 cells versus
wild-type HEK293 cells, P < 0.05. n = 3 separate experiments. #, significant
increases in accumulation through inhibition, P < 0.05. n = 3 separate experiments.
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FiG. 4. Ciprofloxacin permeability across excised sections of rat duodenum, jeju-
num, ileum, and colon. Ciprofloxacin permeability was determined in the apical-

to-basal (P,,) and basal-to-apical (P,_,) directions in adjacent tissue segments
giving net permeability (P, P,_, — P,). Total ciprofloxacin concentration in the

net
donor compartment was 30 uM. Ciprofloxacin concentrations were determined by
HPLC-tandem mass spectrometry. Data are mean * S.E.M. of n = 3 separate
animals. Inset, dose-response curves showing the net flux (J,.) of increasing
concentrations of ciprofloxacin in excised rat ileum (@) and berp1-MDCKII mono-
layers (O).

tory movement (P,_,) differed substantially (3.01 * 2.44, 6.75 =
2.65, 15.78 = 2.84, and 4.07 = 1.84 cm/s X 10 ° for duodenum,
jejunum, ileum, and colon, respectively). Secretory permeability was
greatest in the ileum which resulted in the largest transepithelial
asymmetry. Ratios of secretory (P,_,) to absorptive (P, ) permeabili-
ties were therefore 2.9, 2.5, 5.6, and 1.1 in the duodenum, jejunum,
ileum, and colon, respectively. The higher absorptive permeability in
the colon combined with the absence of net secretion indicates that
colonic delivery of ciprofloxacin may increase fractional absorption.

Table 2 and Fig. 4 (inset) compare the kinetics of net ciprofloxacin
secretion (J,,.) in bcrpl-MDCKII epithelia with those for rat ileum.
The maximal secretory capacity of rat ileum is 2-fold greater than that
of berpl-transfected MDCKII cells (Table 2). For comparison, kinetic
data for ciprofloxacin secretion by Caco-2 intestinal epithelia are
shown (Table 2) emphasizing that a lower affinity secretion is seen
(Griffiths et al., 1993).

No significant effect of 100 uM verapamil on the absorptive (P, ),
secretory (P,_,), and net (P,.) ciprofloxacin permeabilities was ob-
served in rat ileum (Fig. 5B, inset), indicating that ciprofloxacin
secretion in rat intestine is not mediated by MDRI. In contrast,
marked attenuation of ciprofloxacin secretion in the ileum was ob-
served using the BCRP inhibitor Ko143 (Fig. 5B). Inhibition was only

TABLE 2

Ciprofloxacin net flux kinetics in cultured cell lines and rat ileum

Tissue K., Vinax
uM nmol + em™2 « h™!
Rat ileum 130.6 £ 1.2 17.3 £ 4.6
Caco-2 890 * 230 443+ 49
berpl-MDCKII 947+ 1.1 8.6 2.0

“ Caco-2 data are from Griffiths et al. (1993).
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FiG. 5. Comparison of the dose-dependent inhibition of rodent berp by Ko143. A,
increase in Hoechst 33342 cellular accumulation in berpl-MDCKII cells. B, inhi-
bition of net ciprofloxacin flux across excised sections of rat ileum expressed as a
percentage of control ciprofloxacin secretion with a donor concentration of 100 wM.
Other details as in the legend to Fig. 4. Data are mean = S.E.M. of n = 3 separate
animals. Inset, ciprofloxacin permeability across excised rat ileum in the absence
and presence of 100 uM verapamil.

evident at Ko143 concentrations in excess of 1 uM, with complete
inhibition of secretion at 10 uM with an ICy, of 5.45 = 0.16 uM
(Fig. 5B). This contrasts with the ability of Ko143 to inhibit bcrp
activity, as assayed by increased cellular accumulation of Hoechst
33342 in berpl-MDCKII cells (Fig. SA), in which the ICs, was
0.15 £ 0.06 uM.

ABC Transporter mRNA Expression along the Rat Intestinal
Tract. Intestinal segmental variations in the expression of mdrla,
mrp4, and berp mRNA was determined by quantitative PCR (Fig. 6).
For berp, the greatest level of expression (relative to GAPDH) was
observed in the ileum. This correlates to the magnitude of ciprofloxa-
cin secretion (Fig. 6). mdrla, berpl, and mrp4 all showed a similar
aboral increase in expression, with a peak evident in the ileum (P <
0.05; n = 3-5 animals, relative to duodenum). Expression of all
transcripts was lower in the colon than in the ileum. These results
confirm data reported in previous studies for berp (MacLean et al.,
2008). In contrast to these data, the same authors have reported higher
mdrla expression in the colon than in the ileum, although these data
were not significant. Stephens et al. (2002) reported higher P-gp
protein levels in the ileum and distal colon than in proximal colon.

Ciprofloxacin Secretion in Human Intestinal Tissue. Table 3
displays the P,,, P,,, and P, of ciprofloxacin, prazosin, and
atenolol across excised sections of human jejunum sourced from
pancreatoduodenectomy from three individual donors. Whereas all
three patient samples showed net ciprofloxacin secretion, there is



2326
£ 54
3 ] mdr1
© *
o 4- Bl bcrp
(o] .
p mrp4
2 34
®
[
c 2- *
o
a
A F"L ﬁL
o
X
wo
<& <&
3 O
& & g
O D
& >
Q

Fic. 6. Relative changes in mdrla, berpl, and mrp4 expression in the four separate
regions of rat small intestine determined by TagMan analysis after amplification
using gene-specific primers and probes. Expression is presented relative to the
housekeeping gene GAPDH. , significant differences in expression level relative to
the duodenum was noted for all genes of interest, P < 0.05. n = 3 tissue extracts
from separate animals.

considerable interpatient variability. Patient 2 shows values of P, _,
and net secretion that are ~10-fold higher than those of patients 1 and
3, despite control values for P, being of similar magnitude. In the
presence of 10 uM Ko143, a concentration sufficient to completely
attenuate active efflux in the rat intestine, net ciprofloxacin secretion
was reversed in patients 1 and 3, whereas it was markedly reduced in
patient 2. Expressing the effect of Ko143 on net ciprofloxacin secre-
tion as a percentage of change, net ciprofloxacin was changed by 134,
73, and 132% for patients 1, 2, and 3, respectively, with a mean of
113 = 20% (S.E.M.). This change was significant at P = 0.03
(one-sided ¢ test versus no reduction) with a power of 0.80 (post hoc
test « = 0.05). It may be concluded that there is a Ko143-dependent
reduction in ciprofloxacin secretion in human jejunum.

In contrast to the data for ciprofloxacin, data for prazosin are
consistent among individuals. Prazosin displayed net active secretion
in all three donors (mean values of 0.89 = 0.04 cm/s X 10~ ° for P, ,
and 2.48 + 0.03 cm/s X 10~° for P, ), giving a mean efflux ratio of
2.8. The variability in prazosin permeability between donors was not
as great as that seen for ciprofloxacin. Atenolol was included as an
internal measure of tissue integrity. Values of transintestinal atenolol
permeability were low compared with those for ciprofloxacin and
similar in both absorptive and secretory directions (mean values being
0.49 + 0.13 and 0.63 * 0.14 cm/s X 10~°, respectively).

Discussion

Previous studies have highlighted the importance of active efflux
transporters in the secretion of ciprofloxacin and other fluoroquino-
lones into the intestinal lumen (Cavet et al., 1997; Lowes and Sim-
mons, 2002), a clinically important route for elimination (Sorgel et al.,
1989, 1991). We have confirmed that murine berpl mediates active
efflux of ciprofloxacin across the apical membrane of bcrpl-overex-
pressing MDCKII cell monolayers, which showed a significant in-
crease in secretion relative to that of wild-type cells (Merino et al.,
2006). A statistically significant ciprofloxacin secretion in the human
BCRP-transfected MDCKII cell line was not seen at 2 h, in agreement
with Merino et al. (2006), who reported only modest levels of net
ciprofloxacin secretion by BCRP-MDCKII monolayers, with a small
statistically significant difference between J, , and J,_, only being
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observed with prolonged incubation at 4 h with no difference reported
at 2 h. Comparative studies have shown lower levels of substrate
efflux in BCRP-MDCKII cells compared with those in berpl-
MDCKII cells for a number of compounds, including benzimidazoles,
fluoroquinolones, troglitazone sulfate, and mitoxantrone (Merino et
al., 2005, 2006; Enokizono et al., 2007; An and Morris, 2010). The
original hBCRP-MDCKII cell line (Pavek et al., 2005) was generated
from a full-length human BCRP cDNA (a gift from Susan Bates,
National Cancer Institute, Bethesda, MD) (Miyake et al., 1999; Oz-
vegy et al., 2001). The hBCRP transfected to form the hBCRP-
MDCKII cell line is the wild type with arginine at position 482 variant
(Pavek et al., 2005). An R482G mutation is acquired during mitox-
antrone selection and results in structural (transmembrane domain)
and functional (substrate recognition) changes in the BCRP protein;
other studies highlight the impact of the amino acid mutations at
position 482 (Honjo et al., 2001; Volk et al., 2002), but this does not
explain the differences noted in this and other studies. Because high
levels of BCRP mRNA were detected in BCRP-MDCKII cells in this
study, differences in transepithelial secretory transport between the
human and murine cell lines may result from differences in post-
translational modifications of mouse/human proteins in the dog kid-
ney cell line or from inefficient translation of BCRP mRNA into
similarly high levels of functional protein.

Because of the possibility of false-negative results for substrate
specificity arising from the use of BCRP overexpressing cell lines to
determine substrate-transporter interactions, a pharmacological ap-
proach to identify BCRP-mediated transport can be used. With use of
mouse berpl-transfected cells, Ko143 gave a dose-dependent increase
in Hoechst 33342 accumulation with an ICs, of 0.15 uM, similar to
the previously reported values for berp inhibition (Allen et al., 2002;
Muenster et al., 2008). Furthermore, the net secretion of ciprofloxacin
was completely abolished by the specific BCRP inhibitor Ko143, in
contrast with the partial inhibition evident with CsA and DIDS,
P-gp/BCRP, and anion exchange inhibitors, respectively. Ko143 in-
hibition is therefore a useful tool for defining BCRP-mediated trans-
port in intact epithelial layers.

Because ciprofloxacin shows net secretory transport in Caco-2 cell

TABLE 3

Individual donor P, values for ciprofloxacin and prazosin and atenolol

movement across excised human jejunum mounted in Ussing chambers

Ciprofloxacin, prazosin, and atenolol permeability across excised sections of human
jejunum from pancreatoduodenectomy. Permeability was determined in the apical-to-basal
(P,.,) and basal-to-apical (P, _,) directions in adjacent tissue segments, giving net permeability
(Pt = P, — P,). Total drug concentrations in donor compartments were 30 uM for
ciprofloxacin, 10 uM for prazosin, and 100 uM for atenolol. Kol143 was present at 10 uM.
All receiver drug concentrations were determined by HPLC-tandem mass spectrometry.
Individual data from three separate human donors.

Efflux Ratio
Pa—b Pb—a Pne[ (Pb—a/Pa—b)
emls X 1070
Donor 1
Ciprofloxacin 10.14 20.67 10.53 2.04
Ciprofloxacin + Ko143 11.02 7.45 —3.57 0.68
Prazosin 0.50 3.01 2.51 6.02
Atenolol 0.24 0.40 0.16 1.68
Donor 2
Ciprofloxacin 13.07 118.25 105.18 9.05
Ciprofloxacin + Ko143 66.07 94.42 28.35 1.43
Prazosin 1.61 2.59 0.98 1.61
Atenolol 0.65 0.61 —0.04 0.94
Donor 3
Ciprofloxacin 11.60 19.57 7.97 1.69
Ciprofloxacin + Ko143 15.61 13.07 —2.54 0.84
Prazosin 0.55 1.85 1.3 3.36
Atenolol 0.59 0.89 0.30 1.51
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monolayers, it is apparent that an interaction with a human efflux
transporter(s) exist. Secretion of ciprofloxacin in low-passage Caco-2
cells is only partially reduced by Ko143 (53%). The inability to fully
inhibit net ciprofloxacin flux in Caco-2 cells indicates that additional
and distinct mechanisms other than BCRP exist to maintain active
ciprofloxacin secretion. Evidence for a distinct mechanism can be
found in the data from the high-passage Caco-2 cells, in which
Kol43-insensitive ciprofloxacin secretion is maintained in the pres-
ence of only minor expression of BCRP mRNA (relative to GAPDH).

Marquez et al. (2009) have recently demonstrated a role of MRP4
in limiting ciprofloxacin uptake in macrophages, with a lesser role for
BCRP-mediated efflux. We therefore investigated the role of MRP4
by looking at ciprofloxacin uptake into MRP4-overexpressing
HEK?293 cells (Wielinga et al., 2002). There was a significant reduc-
tion in ciprofloxacin accumulation in the MRP4-HEK?293 cells rela-
tive to the wild-type controls. In addition, an increase in ciprofloxacin
accumulation (inhibition of MRP-mediated efflux) was evident after
the inclusion of the known MRP(4) antagonist MK571 (van Aubel et
al., 2002; Reid et al., 2003; Wu et al., 2005) in both the wild-type and
transfected cells. The impact of MK571 in both wild-type and trans-
fected cell models suggested that HEK293 cells express endogenous
levels of MRP4, which has been confirmed by qPCR analysis. Be-
cause Ko143 does not affect accumulation, it is evident that MRP4 is
responsible for mediating the export of ciprofloxacin from these cells
(limiting cellular accumulation).

In low-passage Caco-2 cells, MRP4 mRNA expression was also
confirmed. Net ciprofloxacin secretion across Caco-2 cells, although
partially responsive to inhibition by Kol43, was insensitive to the
MRP inhibitor MKS571. This indicates a likely role for BCRP in active
ciprofloxacin transport in Caco-2 cells and also makes the existence of
an MRP-mediated route for active efflux unlikely. It has recently been
convincingly demonstrated that MRP2 plays no role in mediating
ciprofloxacin uptake in macrophages (Marquez et al., 2009), whereas
MRP4 can mediate ciprofloxacin efflux. Taking together the differ-
ence in apparent affinity for ciprofloxacin secretion seen in Caco-2
epithelia compared with that seen for berp-transfected MDCKII epi-
thelial layers (Table 2), we may conclude that in human intestinal
Caco-2 epithelia, a major component of secretion is not via BCRP and
an alternative transport pathway remains to be identified. The alter-
native role of organic anion-transporting polypeptide (Vanwert et al.,
2008; Kalliokoski and Niemi, 2009) transport systems now needs to
be investigated.

To investigate ciprofloxacin secretion by native intestine, we have
used excised sections of rat intestinal tissue mounted in Ussing
chambers. Given the ambiguous evidence reported in previous pub-
lications (Rodriguez-Ibdfiez et al., 2006; Zakelj et al., 2006), it was
interesting to note that regional differences in secretory flux and
permeability do exist. Net secretion of ciprofloxacin peaked in the
ileum, suggesting higher active transport in this region. There was no
net secretion evident in the colon. Expression analysis by qPCR has
also indicated a regional difference in transporter expression, with
MDR1, BCRP, and MRP4 all showing peak expression in the ileum.
Previous studies have confirmed the trend for higher expression of
P-gp and BCRP in the distal small intestine (Englund et al., 2006;
MacLean et al., 2008) or colon (Stephens et al., 2002), although some
studies have reported similar levels of protein across all regions
(Berggren et al., 2007; Lowes et al., 2010). The expression data
presented here correlate with the functional data, indicating that the
maximal secretory transport capacity noted in the ileum is matched to
the regions of highest efflux transporter expression. Ciprofloxacin
secretion in the rat ileum is completely inhibited by Ko143; however,
the potency of this inhibition is much lower compared with Ko143

2327

inhibition of Hoechst 33342 accumulation in the berp1-MDCKII cells.
Verapamil had no impact on ciprofloxacin secretion, contradicting
previous in vitro Caco-2 studies in which complete inhibition of efflux
was noted (Rodriguez-Ibaiiez et al., 2003). The pharmacological spec-
ificity for Ko143 inhibition of ciprofloxacin secretion indicated by the
present data, combined with the segmental distribution of ciprofloxa-
cin secretion and BCRP mRNA expression suggests that, at least in
rodent intestine, ciprofloxacin secretion is mediated primarily by
BCRP. Previous reports have discounted the involvement of MDR1
and MRP2 in ciprofloxacin secretion (Lowes and Simmons, 2002;
Marquez et al., 2009) and the present study has confirmed no involve-
ment of MDRI in the rat ileum.

This study has for the first time also confirmed active secretion of
ciprofloxacin in the human intestine using the Ussing chamber tech-
nique. Absorptive permeability is of a magnitude similar to that of the
rat duodenum; however, the secretory component is larger, giving rise
to a higher efflux ratio. Although absorptive permeability was very
similar for each individual donor, there was considerable variability in
secretory ciprofloxacin movement (Table 3). This result is in contrast
with the data generated for the dual P-gp/BCRP substrate, prazosin,
which displays substantially lower variability. Addition of the specific
BCRP inhibitor Ko143 reduces net ciprofloxacin secretion by 113%,
an effect that is statistically significant despite the interpatient vari-
ability in ciprofloxacin transport data. It may be concluded that, as
with the rat small intestine, ciprofloxacin secretion is likely to be
mediated predominantly via BCRP in the human jejunum. Further
experiments are required to substantiate the Ko143-independent cip-
rofloxacin secretory component suggested by the data from donor 2.
Because a substantial increase in absorptive permeability may also be
observed after Ko143 inhibition, we suggest that BCRP may play a
role in partially limiting human absorption of ciprofloxacin in vivo.

In conclusion, this study has demonstrated that ciprofloxacin is
likely to be a substrate for BCRP in human intestinal cells (Caco-2),
as indicated by sensitivity to Ko143 inhibition. It is also likely that
alternative transport pathways exist. Both rodent and human intestine
display active secretion of ciprofloxacin, which is completely atten-
uated after the addition of a specific BCRP inhibitor (Ko143). It is
therefore likely that BCRP is the predominant transporter responsible
for ciprofloxacin secretion in both rat and human intestine.
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