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The mechanism of intestinal secretion of the difluorinated quinolone sparfloxacin was investigated with the
epithelial cell line Caco-2 and was compared to that of the P-glycoprotein (P-gp) substrate vinblastine. The
P-gp inhibitors verapamil and progesterone significantly increased the epithelial cell accumulation of both
vinblastine and sparfloxacin. This increase is likely to result from an inhibition of drug secretion since both
vinblastine uptake and sparfloxacin uptake are known to proceed through a passive transmembrane diffusion.
The unidirectional fluxes across cell monlayers grown on permeable filters indicated that a net secretion of
sparfloxacin and vinblastine occurred across Caco-2 cells. These secretions were significantly inhibited by the
MDR-reversing agent verapamil. We conclude that the P-gp is likely to be involved in the intestinal elimination

of the difluorinated quinolone sparfloxacin.

Sparfloxacin (Fig. 1) is a difluorinated quinolone antibiotic
with a broad spectrum of activity against gram-positive and
gram-negative bacteria (16). This fluoroquinolone exhibits very
good bioavailability following oral administration, with values
of about 80% for rats (14), dogs (16), and humans (15). Fluo-
roquinolones are only slightly metabolized in the organism,
and extrarenal routes have been considered important for their
elimination (10, 22, 24). In this regard, the fraction of fluoro-
quinolones eliminated in the intestine following oral adminis-
tration was estimated to range between 10 and 25% of the dose
ingested in humans, rats, and rabbits (20, 21, 24). Since biliary
secretion of fluoroquinolones accounts for the secretion of
only 1 to 3% of the oral dose, active transepithelial elimination
may be responsible for most of the drug excretion in the feces.

To date, the only secretory pathway that has been unequiv-
ocally characterized in the intestinal epithelium involves the P
glycoprotein (P-gp) (6, 27). The multidrug transporter P-gp is
a 170-kDa membrane glycoprotein which mediates the active
transmembrane transport of a variety of lipophilic substrates,
including Vinca alkaloids, steroids, anthracyclines, and quinine
derivatives, and is involved in the multidrug resistance (MDR)
that occurs during cancer chemotherapy (5). In the epithelial
cells of the gastrointestinal tract, as well as in other epithelia,
expression of the P-gp has been shown to be restricted to the
apical membranes of epithelial cells (2). This location is con-
sistent with a role of P-gp in the elimination of cytotoxic drugs
and other hydrophobic drugs into the intestinal lumen (5, 6).
Reports of two different studies have recently indicated that
the MDR-reversing agent verapamil effectively reduces the
transepithelial secretion of some quinolones across the rat
small intestine and Caco-2 cell monolayers, thus suggesting
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that P-gp may be involved in the intestinal elimination of these
drugs (7, 19).

The aim of the present study was to investigate whether P-gp
is involved in the secretion of sparfloxacin across the intestinal
epithelium. For this purpose, we have used the human colon
carcinoma cell-line Caco-2, which has been shown to exhibit
the morphological and functional characteristics of normal en-
terocytes (9, 17) and to express P-gp at the apical membrane
(12). The secretion and intracellular accumulation of spar-
floxacin were compared to those of the typical P-gp substrate
vinblastine. The effects of MDR-reversing agents on sparfloxa-
cin accumulation were also evaluated in differentiated Caco-2
cells. Undifferentiated Caco-2 cells and the undifferentiated
IEC-17 intestinal cell line were also used as control cells that
lacked MDR expression (18).

MATERIALS AND METHODS

Chemicals. Sparfloxacin was kindly provided by Rhone Poulenc-Rorer
(Antony, France), and ['*C]sparfloxacin (16.4 mCi/mmol) was custom synthe-
sized by Dainippon Pharmaceutical Laboratory (Osaka, Japan). [°H]vinblastine
(11 Ci/mmol) was obtained from Amersham (Les Ulis, France). Cell culture
media and reagents were purchased from Gibco BRL (Cergy-Pontoise, France),
and all other reagents were from Sigma (La Verpilliere, France).

Cell culture. Caco-2 cells were a gift from G. Trugnan (Institut National de la
Santé et de la Recherche Médicale, Unité 410, Paris, France) and were used
between passages 30 and 65. Cells were maintained routinely at 37°C in an
0,-CO, atmosphere (95:5) and were grown as monolayer cultures in high-
glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 15%
fetal calf serum, 1% nonessential amino acids, 6 mM L-glutamine, and 200 pg of
gentamicin per ml, and the medium was replaced every 2 days. The confluence
was reached 7 days after seeding, and the uptake experiments were conducted
with the monolayers on days 11 to 13 postconfluence. In selected experiments,
Caco-2 cells were used at 2 days postseeding as undifferentiated control cells.

The rat IEC-17 cell line was kindly provided by M. Kedinger (Institut National
de la Santé et de la Recherche Médicale, Strasbourg, France) and was used
between passages 21 and 40. The cells were cultured at 37°C in humidified
atmosphere with 5% CO, and were maintained in DMEM containing 4.5 g of
glucose per liter, 200 wg of gentamicin per ml, and 4 pg of insulin per ml and
supplemented with 5% fetal calf serum. IEC-17 cells were seeded at 2 X 10*
cells/cm?, were grown in 75-cm? flasks, and reached confluence in 4 to 5 days.

Measurement of the uptake and accumulation of ['*C]sparfloxacin and
[*H]vinblastine. The uptake measurements were performed with confluent ep-
ithelial monolayers grown on 24-well plates as reported previously (2) after
incubation with 10 pM ['*C]sparfloxacin or 10 nM [*H]vinblastine as the sub-
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FIG. 1. Chemical structure of sparfloxacin (*, radiolabelled carbon).

strate. Briefly, the culture medium was renewed 3 h before the start of the
experiment. The culture medium was discarded and cells were preincubated for
15 min in HEPES-buffered saline (pH 7.4) containing 100 mM glucose (HSG).
The intracellular accumulation of sparfloxacin and vinblastine was measured at
37°C in HSG at times ranging from 20 s (initial rate of uptake) to 60 min
(accumulation). At the end of the incubation, the monolayers were washed three
times with ice-cold HSG (pH 7.4) and the cells were scraped into 0.5 ml of 0.1
M NaOH. The amounts of ["*C]sparfloxacin and [*H]vinblastine that accumu-
lated in the cells were determined by liquid scintillation counting and were
expressed as the number of picomoles per milligram of protein. The protein
concentration was determined by the method of Smith et al. (23), with bovine
serum albumin used as a standard. In most experiments, cells were used at 11 to
13 days postconfluence. As a negative control, we measured the effect of P-gp
inhibitors on ['*C]sparfloxacin and [*H]vinblastine accumulation in undifferen-
tiated Caco-2 cells (2 days postseeding) and in IEC-17 cells.

Efflux and intracellular retention of ['*C]sparfloxacin. For efflux measure-
ment, Caco-2 cells were grown in 24-well plates and were used on days 11 to 13.
The monolayers were washed before the loading of 10 uM ['*C]sparfloxacin
(0.16 w.Ci/ml) in uncomplemented DMEM and incubation for 60 min at 37°C.
After two further washings of the monolayers with HSG, the efflux was moni-
tored at 37°C for up to 40 min in 500 wl of HSG (pH 7.4). The amount of
radiolabelled quinolone recovered in aliquots collected at the indicated time
points was evaluated by scintillation counting and was expressed as the number
of picomoles per well. At each time point, the cell monolayers were washed twice
with cold HSG and were scraped into 0.5 ml of 0.1 M NaOH. The amount of
[*C]sparfloxacin retained in the cells was then quantified with a 250-ul aliquot
by liquid scintillation counting and was expressed as the number of picomoles per
milligram of protein.

Measurement of bidirectional transepithelial sparfloxacin and vinblastine
fluxes. For the measurement of bidirectional fluxes, Caco-2 cells were grown as
epithelial cell monolayers by seeding them onto permeable polyethylene tere-
phtalate filters (0.25 X 10° cells/4.91-cm? Falcon filter), and the monolayers were
used on days 11 to 13 postconfluence. The resistance of the epithelial cell mono-
layers was measured before the assays to evaluate their integrity. Preliminary
experiments have shown that higher concentrations of radiolabelled sparfloxacin
were required in order to obtain a significant signal in bidirectional flux assays.
Therefore, for these assays the sparfloxacin and vinblastine concentrations were
increased to 40 uM and 40 nM, respectively. Transport experiments were run at
37°C in phosphate-buffered saline (PBS; pH 7.4) containing 10 mM glucose. The
epithelial layers were washed twice with 2 ml of PBS prewarmed to 37°C.
Thereafter, 2.5 ml of PBS containing ['*C]sparfloxacin (40 pM) or [*H]vinblas-
tine (40 nM) was added to either the apical or the basolateral compartment, with
the same amount of unlabelled molecule being added simultaneously to the
contralateral compartment. The amount of radiolabelled material present in a
200-pl aliquot from the contralateral compartment was measured every 30 min
for 2 h. Steady-state apical-to-basal (/,;,) and basal-to-apical (/,,) fluxes were
calculated from the slope of ['*C]sparfloxacin or [*H]vinblastine accumulation in
the basal and apical compartments, respectively. The net flux (/,,.,) was calcu-
lated as the difference between J,;, and Jy,. Positive values of J,,., indicate ab-
sorption of the drug, whereas negative values represent secretion of the drug.

Effect of pharmacological agents and ATP depletion. Verapamil and proges-
terone were used as P-gp inhibitors for accumulation and flux measurements.
Stock solutions of these inhibitors were prepared in dimethyl sulfoxide (DMSO),
resulting in the presence of 0.01% DMSO in the experiments. Control wells
consisting of 0.01% DMSO in HSG were included in each experiment. ATP
depletion was achieved with a 15-min pretreatment of Caco-2 cells with 15 mM
sodium azoture and 50 mM 2-deoxyglucose.
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FIG. 2. Uptake, efflux, and intracellular retention of [**C]sparfloxacin from
the apical membrane of Caco-2 cells. (a) For the uptake, the cells were incubated
with 10 pM ['*C]sparfloxacin for incubation times ranging from 20 s to 60 min.
After 1 h, the cells were washed with ice-cold incubation medium and 500 pl of
buffer was added. (b) The efflux was measured as described in Materials and
Methods by taking an aliquot at the indicated time points, and the cells were
washed and scraped to determine the intracellular retention of [*C]-sparfloxa-
cin. Values are means = SDs of three experiments.

Statistical analysis. Data are presented as means *+ standard deviations (SDs)
of n experiments. Student’s unpaired ¢ test was used to test the significance of the
difference between two mean values. A P value of < 0.05 was considered statis-
tically significant.

RESULTS

Uptake, efflux, and cellular retention of sparfloxacin through
the apical membrane of Caco-2 cells. Figure 2a reports the up-
take of [**C]sparfloxacin during the loading period preceding
the measurement of efflux and intracellular retention. The up-
take of ['“C]sparfloxacin by the Caco-2 cell monolayers in-

TABLE 1. Effects of inhibitors of P-gp, ATP depletion, and the
fluoroquinolone sparfloxacin on [**C]sparfloxacin (10 wM) and
[*H]vinblastine (10 nM) accumulation after incubation
for 1 h at 37°C with differentiated Caco-2 cells”

Vinblastine Sparfloxacin
Inhibitor accumulation accumulation
(% of control) (% of control)
Control 100 = 10 100 = 7
Verapamil (100 uM) 357 = 65** 129 = 10*
Progesterone (100 wM) 601 + 198** 159 + 21%*
Vinblastine (100 pM) 131 = 11*
Sparfloxacin (100 wM) 109 =5
ATP depletion 368 * 23** 108 = 8

“ Values are the means = SDs of three experiments. A statistically significant
difference from the level of accumulation for the control is indicated as follows:
* P < 0.01; **, P < 0.001.
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TABLE 2. Effects of P-gp inhibitors on [**C]sparfloxacin (10 pM)
and [*H]vinblastine (10 nM) accumulation after incubation
for 1 h at 37°C with either IEC-17 cells or
undifferentiated Caco-2 cells at
2 days postseeding”

Vinblastine
accumulation
(% of control)

Sparfloxacin
accumulation
(% of control)

Cell and inhibitor

IEC-17 cells
Control 100 = 3 100 = 7
With verapamil (100 wM) 89 + 4 89 =5
With progesterone (100 uM) 139 * 6* 90 * 13
Caco-2 cells
Control 100 = 6 100 = 32
With progesterone (100 uM) 114 x£9 115 =35

“ Values are means * SDs of three experiments. *, P < 0.05.

creased sharply, and a plateau was reached after 30 min. On
the other hand, the efflux of radiolabelled sparfloxacin mea-
sured during a 40-min period is reported in Fig. 2b. The efflux
of [**C]sparfloxacin measured thereafter was extremely rapid
and reached a plateau within 20 min. At this time point, no
further loss of drug could be detected and about 20% of the
initial amount of ['*C]sparfloxacin was retained in the cells.
Effect of P-gp substrate and inhibitors on the accumulation
of sparfloxacin and vinblastine in epithelial cells. The addition
of 100 wM verapamil or progesterone during the 1-h incuba-
tion significantly increased the level of accumulation of [*C]
sparfloxacin in differentiated Caco-2 cells (days 11 to 13 post-
confluence) by 30 and 60%, respectively. These two inhibitors
also induced four- and sixfold increases in the level of accu-
mulation of [*H]vinblastine, respectively (Table 1), suggesting
that common mechanisms are involved in the secretion of [**C]
sparfloxacin and [*H]vinblastine. We also observed that a 10-
fold excess of vinblastine caused a small increase (30%; P <
0.05) in the level of sparfloxacin accumulation, whereas a 100-
fold excess of sparfloxacin failed to modify the retention of
vinblastine in the Caco-2 cell line, suggesting differences in the
affinity for the transporter. The ATP depletion also resulted in
different effects on sparfloxacin and vinblastine accumulation.
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In fact, while only 70% ATP depletion was achieved, this
treatment significantly increased (3.5-fold) the level of accu-
mulation of vinblastine (Table 1). In contrast to the results for
vinblastine, ATP depletion did not enhance the accumulation
of sparfloxacin by differentiated Caco-2 cells (Table 1).

In order to further determine the involvement of P-gp, the
effect of P-gp inhibitors on sparfloxacin accumulation were
tested with undifferentiated Caco-2 cells and IEC-17 cells. Nei-
ther 100 wM progesterone nor 100 wM verapamil affected the
accumulation of [**C]sparfloxacin in undifferentiated Caco-2
cells (day 2 postseeding) and in the crypt-like cell line IEC-17
(Table 2). The same results were observed for [*H]vinblastine,
except that the addition of progesterone increased the level of
vinblastine accumulation in IEC-17 cells. The latter effect was
not observed in undifferentiated Caco-2 cells.

Transepithelial sparfloxacin and vinblastine fluxes across
Caco-2 cell monolayers. Sparfloxacin and vinblastine exhibited
comparable patterns of transepithelial fluxes, with J,, fluxes
being greater than J, fluxes, indicating that both drugs were
secreted by the epithelial cells (Fig. 3). In agreement with the
well-known involvement of the P-gp in the secretion of vin-
blastine, pretreatment of Caco-2 cell monolayers with 100 uM
verapamil significantly reduced (~50%) the J, ., flux of vinblas-
tine (Table 3). Significantly increased sparfloxacin J,,, fluxes
with a subsequent reduction (—82%; P < 0.05) of the net
secretion of this fluoroquinolone were observed in verapamil-
treated monolayers.

DISCUSSION

The gastrointestinal secretion of fluoroquinolones repre-
sents a quantitatively important route for the clearance of
these antibiotics (20, 24). However, the mechanism involved in
this secretion is still a matter of debate. Griffiths and coworkers
(8) have recently proposed the existence of a carrier-mediated
process specifically located at the basolateral membrane of the
enterocyte-like Caco-2 cells. This carrier would be responsible
for an accumulative transport of fluoroquinolones including
norfloxacin and ciprofloxacin, with a diffusive leak of these
fluoroquinolones across the apical membrane. However, a po-
tential role of the P-gp in this secretion was also suggested by
the report that the net secretion of ciprofloxacin across the
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FIG. 3. Time dependence of ['*C]sparfloxacin (40 uM) (a) and [*H]vinblastine (40 nM) (b) flux across Caco-2 cell monolayers. Apical-to-basal (®) and
basal-to-apical (V) transport were determined by measuring the level of accumulation of the radiolabelled drug in the contralateral compartment. Values are means *
SDs of three to five experiments.
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TABLE 3. Unidirectional (/,;, and Jy,) and net (/,,.,) fluxes of
["*C]sparfloxacin (40 M) and [*H]vinblastine (40 nM)
across Caco-2 cell monolayers and effect of
the P-gp inhibitor verapamil on fluxes®

Inhibitor Jab Toa Jnet
Sparfloxacin (pmol - h™' - cm™?) 376 =51 740 =55 —363 £43
Sparfloxacin + 100 pM verapamil 552 = 89* 616 £ 74  —63 * 15*
Vinblastine (fmol - h™! - cm™?) 8=1 126+4 —118=4
Vinblastine + 100 M verapamil 44 = 1* 98 * 6* —54 = 6*

“Values are means = SDs of three to five experiments. *, a statistically
significant difference (P < 0.05) from the control flux.

membranes of cells of this cell line was partly inhibited by the
P-gp inhibitor verapamil (—38%) (7). Although the latter hy-
pothesis is supported by a recent observation made by in situ
perfusion that the P-gp inhibitors inhibited the secretion of
ofloxacin in rat intestinal segments (19), there is so far no
formal proof of either mechanism. In this report, we show that
P-gp inhibitors interfere with the secretion of sparfloxacin
across Caco-2 cell monolayers and provide a possible explana-
tion for the actual controversy in this matter.

The P-gp has been shown to be expressed in the apical
membranes of differentiated Caco-2 cells (12) and to be re-
sponsible for the net secretion of many drugs including Vinca
alkaloids, cyclosporin A, anthracyclines, and celiprolol (5, 11,
27). Our results provide evidence for the involvement of P-gp
in the secretion of sparfloxacin across differentiated Caco-2
cell monolayers as well. Indeed, in our study the net secretory
flux of vinblastine across differentiated Caco-2 cells was inhib-
ited by the MDR-reversing agent verapamil. As observed with
vinblastine, a significant inhibition of sparfloxacin net secretion
across differentiated Caco-2 monolayers was achieved with 100
wM verapamil. While verapamil significantly reduced the J,
flux of vinblastine, only a marginal reduction of this flux was
observed for sparfloxacin. This observation suggests that P-gp
is more efficient at preventing the apical uptake of sparfloxacin
than at preventing its release from cells. In fact, a P-gp inhib-
itor can affect J,,, fluxes by favoring the entry of molecules and
by inhibiting the release of molecules, while for J,,, fluxes, such
an inhibitor can affect only the release. On the other hand, we
have previously shown that sparfloxacin strongly binds to the
brush-border membranes (4). Therefore, it is possible that the
low level of decrease in sparfloxacin J,,, flux in the presence of
verapamil mirrors the ability of P-gp to release this molecule
from the intracellular compartment. This hypothesis is consis-
tent with our previous report that sparfloxacin strongly binds to
cell membranes (3, 4). Thus, epithelial cells cultured on a filter
were not used for further investigations of P-gp involvement in
sparfloxacin secretion.

The comparison of sparfloxacin influx and efflux revealed
very similar patterns with a very high initial rate and with a
plateau being reached after 20 min. Our results are consistent
with a fast and labile binding of sparfloxacin to membrane
components, which can bias the direct measurement of its
efflux. However, it is possible to estimate the extent of spar-
floxacin secretion by measuring its level of accumulation at the
plateau. Indeed, this accumulation depends on both uptake
and secretion, and we have previously shown that sparfloxacin
uptake occurs through a passive transmembrane diffusion (3).
A 30% increase in the level of sparfloxacin accumulation was
observed in Caco-2 cells treated with verapamil or vinblastine;
verapamil is a P-gp inhibitor and vinblastine is a P-gp substrate.
These results are consistent with the observation by others that
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an excess of vinblastine inhibits the MDR-mediated secretion
of celiprolol across Caco-2 cell monolayers (13) and strongly
suggest a role for P-gp in sparfloxacin secretion. Interestingly,
a 60% increase in the level of sparfloxacin accumulation was
induced by progesterone, which is the most potent inhibitor
of P-gp function among steroids (5). Furthermore, consistent
with the low level of metabolism of sparfloxacin, we have pre-
viously reported the absence of metabolites after 1 h of incu-
bation of sparfloxacin with Caco-2 cells (3). Taken together,
these results support the existence of common pathways of
sparfloxacin and vinblastine secretion and that these pathways
involve P-gp.

It is surprising that ATP depletion did not affect sparfloxacin
accumulation in differentiated Caco-2 cells since this treatment
was reported to influence the secretion of fluoroquinolones by
Caco-2 cell monolayers cultured on filters (6). This discrepancy
in the effect of ATP depletion could result from the incomplete
depletion in our experiments (30% residual ATP). However,
since vinblastine accumulation was enhanced by the same
treatment, one might speculate that other secretion systems
exist for sparfloxacin. Another possible explanation would be
that the fraction of sparfloxacin that binds to the membranes
was larger than that secreted via the P-gp. The absence of an
increased level of sparfloxacin accumulation in response to
progesterone observed in undifferentiated Caco-2 cells or IEC-
17 cells provides additional support for a role of P-gp in the
secretion of sparfloxacin. In this regard, the expression of the
P-gp transporter is restricted to the brush-border membrane of
the intestinal epithelium and increases as cells differentiate (2,
26). However, progesterone treatment induced a 39% increase
in the level of vinblastine accumulation by IEC-17 cells but not
by undifferentiated Caco-2 cells. The latter result points out
the potential differences between these two cell lines and the
factors influencing the choice of which system to use as an ex-
perimental system.

In conclusion, the interaction between sparfloxacin and the
P-gp inhibitors reported here support the hypothesis of an
active involvement of P-gp in the secretion of this fluoroquin-
olone. The structural, chemical, and uptake characteristics of
sparfloxacin are in accordance with those of most of the P-gp
substrates (5): (i) sparfloxacin is a polycyclic molecule, (ii)
sparfloxacin possesses the highest level of liposolubility among
the fluoroquinolones (25, 28), and (iii) we have previously dem-
onstrated that uptake occurs by passive diffusion through the
apical membrane of Caco-2 cells (3). However, the measure-
ment of sparfloxacin accumulation does not allow us to com-
pletely rule out the involvement of a second secretory mecha-
nism located in the basolateral membrane that is involved in
the elimination of fluoroquinolones (8). In this regard, a 4,4'-
diigothiocyanostilbene-2,2’-disulfonic acid- and verapamil-sen-
sitive system has recently been suggested to be responsible for
the secretion of ciprofloxacin by Caco-2 cells (1). Since fluo-
roquinolones are barely metabolized (15), their potential to
interact with P-gp inhibitors may have significant consequences
in vivo. Thus, coadministration of sparfloxacin with another
P-gp substrate or inhibitor could modify the elimination and
thus both the efficacy and the local toxicity of one of these drugs.
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