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1 Two in vivo models, in the rat, were used to investigate, in the presence of different substrates,
the overall and net intestinal elimination of ciprofloxacin: an open-intestinal perfusion model and an
intestinal loop model respectively.

2 In the presence of quinidine, verapamil and cyclosporin (substrates of the P-glycoprotein (P-gp)),
plasma AUCs of ciprofloxacin were 1.5-2 fold increased, while biliary clearance (1.5-2 fold),
intestinal overall and net clearances (2—4 fold and 1.5-8 fold respectively) decreased. The weak
effect obtained with cyclosporin as compared to verapamil and especially quinidine, suggests, for
ciprofloxacin, the existence of transport systems distinct from the P-gp, as the OCT1 transporter
which could be inhibited by quinidine.

3 With cephalexin and azlocillin, two f-lactam antibiotics, plasma AUCs of ciprofloxacin increased
and biliary and intestinal overall clearances decreased in a similar fashion (1.3-2 fold), suggesting
the involvement of organic anion and/or cation transporters.

4 In the presence of structural analogues, the effect was dependent on the compound administered:
Sparfloxacin had no effect on intestinal clearance of ciprofloxacin. In contrast, with pefloxacin,
overall intestinal clearance of ciprofloxacin was decreased and net intestinal clearance increased.

5 The specificity of ciprofloxacin intestinal transport appears to be different from P-gp as outlined
by the lack of competition with sparfloxacin, a P-gp substrate. Ciprofloxacin intestinal elimination
seems to be mediated by organic anion and/or cation transporters and a mechanism sensitive to
quinidine and verapamil.

Ciprofloxacin; intestinal elimination; experimental models; P-glycoprotein; intestinal transporters

Abbreviations: AUC, area under the curve; Clb, biliary clearance; Cli, intestinal clearance; DIDS, 4-4'diisothiocyanostilbene-2-

2'sulphonic acid; P-gp, P-glycoprotein

Introduction

Ciprofloxacin is mainly eliminated via the kidneys, in man as
well as in the rat. However, intestinal secretion of ciprofloxacin
in humans represents about 10% of its total elimination
(Sorgel et al., 1989. In addition, in the case of chronic renal
failure in humans, its intestinal secretion is increased and
compensates partially for the reduced renal function (Roh-
wedder et al., 1990). The importance of intestinal elimination
of ciprofloxacin has been confirmed in the rat using an ex vivo
intestinal perfusion model (Rubinstein et al., 1994; Metz &
Sorgel, 1990) as well as intestinal loops (Dautrey et al., 1995).
This compound (Figure 1) has an acidic as well as a basic
group and its isoelectric point is at a pH of 7.41 (Ross & Riley,
1994). In the blood, it is mainly found as a zwitterion (roughly
80%) which is one of the electrically neutral forms of the
molecule but which also behaves as an anionic and a cationic
form. These properties allow ciprofloxacin to cross physiolo-
gical barriers by passive diffusion but also to use active
transport mechanisms such as anion and/or cation transpor-
ters, the P-glycoprotein (P-gp) whose substrates are diverse
structures, but which are most often hydrophobic, amphiphilic
or cationic compounds (Sharom, 1997). The mechanisms
implicated in passaging the intestinal barrier for ciprofloxacin
in particular and fluoroquinolones in general, have not been
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completely elucidated. Griffiths ez al. (1993; 1994) studied the
passage of different fluoroquinolones, including ciprofloxacin,
through Caco-2 cells in culture. They showed the presence of a
net secretory flux and suggested the existence of active
secretory mechanisms common to all fluoroquinolones. Using
the same model, Cormet ez al. (1995) and Cormet-Boyaka et
al. (1998) have demonstrated a net secretory flux of
sparfloxacin which was modulated by verapamil, which
increased sparfloxacin transport from the apical to the basal
side, suggesting the intervention of a multi-drug resistance-like
mechanism. The study of intestinal elimination of ofloxacin
enantiomers (Rabbaa et al., 1996), carried out in the rat using
the ex vivo intestinal perfusion model, showed that intestinal
clearance of the R-(+) form is greater than that of the S-(—)
form (0.304+0.03 ml min~! versus 0.234+0.03 ml min~").
Furthermore, the presence of ciprofloxacin, verapamil or
quinidine (the latter two substrates block P-gp) decreases the
intestinal clearance of the two ofloxacin enantiomers.

The different studies carried out on Caco-2 cells in culture
or on the in vivo intestinal perfusion experimental models
provide evidence of the existence of intestinal secretory
mechanisms common to some fluoroquinolones and implicat-
ing P-gp-like transporters.

The aim of the present study was thus to determine the
mechanisms implicated in the intestinal secretion of cipro-
floxacin using two experimental models in the rat. The first
model, using an intestinal loop, allowed us to quantify
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Figure 1 Chemical structures of ciprofloxacin, pefloxacin and sparfloxacin.

intestinal secretion taking into account the reabsorption
processes. The second model was an open-intestinal perfusion
model with a sufficient perfusion flow (0.6 ml min~") in order
to keep the reabsorption phenomenon negligible (Dautrey et
al., 1995). Using these models, we were able to calculate
respectively net and overall intestinal clearances as well as
biliary clearance (bile was collected throughout the experi-
ment). The influence of different competitors of intestinal
transport systems (P-glycoprotein, anionic and cationic
transporters) on net and overall intestinal elimination of
ciprofloxacin were studied first. Then, other fluoroquinolones
with different physiochemical properties (Figure 1) were tested
in association with ciprofloxacin in order to demonstrate the
existence of common mechanisms for intestinal secretion.

Methods

Drugs and chemicals

Ciprofloxacin, pefloxacin and sparfloxacin were generous gifts
from Bayer (Puteau, France), Roger Belon (Montrouge,
France) and Rhone Poulenc-Rohrer laboratories (Antony,
France). Quinidine, cephalexin, azlocillin, verapamil were
purchased from Sigma (Saint Quentin Fallavier, France).
Cyclosporin was obtained from the injectable form used
clinically (Sandimmun® 5 mg ml~', Novartis laboratories,
Rueil Malmaison, France). Monopotassium phosphate,

employed in the preparation of solutions used for intestinal
perfusion was of analytical grade (Prolabo, Paris, France).
Isotonic saline, used for parenteral perfusions and for the
preparation of injectable solutions of ciprofloxacin and of the
different compounds tested were provided by the ‘Pharmacie
Centrale des Hopitaux’ (Paris, France). The reagents used for
the chromatographic analyses were of analytical grade:
methanol (Carlo-Erba, Milan, Italy), Pic B7® (Waters, Saint
Quentin en Yveline, France), triethylamine (Prolabo, Paris,
France), formic acid and phosphate monopotassium phos-
phate (KH,PO,) (Prolabo, Paris, France).

Animals

The animals used in this study were male Sprague-Dawley rats
(Charles-River, Saint Aubin les Elbeufs, France), weighing
between 250 and 300 g. All the investigations were performed
in accordance with the European Regulations for the use of
laboratory animals.

Intestinal preparation

The animals were anaesthetized using urethane (ethylcarba-
mate, Prolabo, Paris, France) at a dose of 1.5gkg'
administered i.p. and placed under a heating lamp to ensure
constant body temperature. A polyurethane catheter
(25 % 0.9 mm, Insyte® Vialon, Becton-Dickinson Laboratories,
Meylan, France) was placed in the carotid artery. A
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polyethylene tube (internal diameter 0.56 mm) was introduced
into the jugular vein.

The abdominal wall was opened via the linea alba in order
to gain access to the small intestine. The common bile duct was
isolated and after ligaturing the intestinal extremity, a
polyethylene tube (internal diameter 0.3 mm) was inserted for
bile collection. A 30 cm length of intestine starting from the
Treizt ligament was exposed. A first suture was placed 10 cm
from the pylorus, taking care to avoid the mesenteric veins,
while a second one was placed 20—30 cm distal to the first one.
A polyurethane catheter (25x0.9 mm, Insyte® Vialon,
Becton-Dickinson Laboratories, Meylan, France) was intro-
duced, at the level of the first suture, onto which a tube,
delivering intestinal perfusion fluid via a peristaltic pump is
fixed (Minipuls 2, Gilson, Villiers le Bel, France). The
perfusion liquid was maintained at 37°C using a thermostated
bath (Polystat 22 S 86602, Bioblock Scientific, Illkirch,
France). The liquid left via a polyethylene tube (internal
diameter 2.15 mm) place at the end of the isolated intestinal
segment. The abdomen was then covered with a compress
soaked with physiological saline. The intestinal perfusion
liquid was a 0.15M monopotassium phosphate solution
adjusted to a pH of 7.4. Before experiment, the intestinal
segment was rinsed with intestinal perfusion liquid at a flow
rate of 0.6 ml min~' during 30 min.

To estimate the overall intestinal elimination, we used an
open model based on the continuous perfusion of the isolated
intestinal segment, with a constant flow rate maintained at
0.6 ml min~' throughout the experiment.

The study of net intestinal secretion was carried out on an
intestinal loop model. The animals were prepared as described

above. The segment was ligatured at both ends and filled with
perfusion liquid.

Protocol

Once the animals were prepared, the different compounds
tested were administered through the jugular vein. The doses
injected depended upon the different compounds and are
indicated in Tables 1 and 2. After 15 min, ciprofloxacin was
injected at a dose of 12.5 mg kg~ ! intra-jugularly in 1 min. A
blood sample (250 pl) was taken prior to injection to avoid
interference during the measurements, the other samples were
taken 2, 5, 10, 15, 30, 45, 60, 75, 90, 105 and 120 min after the
end of the injection. Intrajugular perfusion of physiological
saline at a flow rate of 3 ml h™' using an electric syringe
provided adequate hydration of the rats. Bile was collected at
15 min intervals. The perfusion liquid for the continuous
perfusion model was collected at 15 min intervals. In the case
of the model of intestinal loops, contents of the loop were
collected at the end of the experiment (after 120 min) and the
loop was rinsed with perfusion liquid.

Validation of the study models of intestinal secretion

The verification of the integrity of the intestinal mucosa was
carried out using diethylenetriaminopentaacetate (Sn) **™Tc
(TCK-6, Cis bio international, Gif-sur-Yvette, France). This
tracer, due to its size, does not cross the intestinal carrier and
can be used, in humans, to demonstrate the absence of lesions
(Jian, 1983). Two groups of three rats each were studied to
validate the models of the net and overall elimination. The

Table 1 Pharmacokinetic parameters of ciprofloxacin following parenteral administration, in the presence of competitors of intestinal
transport systems and structural analogues for the overall intestinal elimination model (n=5 for each group)
AUCy, 129 Clbo— 120 Clig— 120

Compounds (dose) (mg min~") (mg min~ ") (mg min~ 1)
Ciprofloxacin (12.5 mg kg~ 412439 0.27+0.04 1.75+0.24
+ Quinidine (15 mg kg™ ") 782+ 69%* 0.0940.04** 0.3740.09%*
+ Verapamil (5 mg kg™ ") 657 +59** 0.1240.03** 0.54 +0.14%*
+cyclosporin (15 mg kg™ 1) 563 +75%* 0.174+0.03** 0.88+0.19%**
+azlocillin (20 mg kg~"' then 6 mg h™") 553 +42%* 0.1240.02%* 1.0340.22%*
+ Cephalexin (20 mg kg™ ' then 6 mg h™") 541 4 54%* 0.1840.02%* 0.7940.15%*
+ Pefloxacin (50 mg kg™ 449 +48 0.28+0.06 0.8940.20%**
+ Sparfloxacin (10 mg kgfl) 5754 65%* 0.2940.05 1.35+0.32

AUC=area under curve; Clb=biliary clearance of ciprofloxacin, Cli=intestinal clearance of ciprofloxacin. *P<0.05 and **P<0.01
ciprofloxacin versus ciprofloxacin plus competitor. Quinidine, verapamil, cyclosporin: P-gp substrates; azlocillin, cephalexin: organic
anion and/or cation transporters’ substrates; sparfloxacin, pefloxacin: structural analogues.

Table 2 Pharmacokinetic parameters of ciprofloxacin following parenteral administration, in the presence of competitors of intestinal
transport systems and structural analogues for the net intestinal elimination model (n=35 for each group)

AUCy_ 129 Clby_ 20 Clip_ 120
Compounds (dose) (mg min~ ") (mg min~ ") (mg min~ )
Ciprofloxacin (12.5 mg kg™ ") 371459 0.25+0.04 0.3940.05
+ Quinidine (15 mg kg™ ") 802+ 70** 0.0840.03** 0.0540.03**
+ Verapamil (5 mg kg™ ') 627 +42%* 0.14+0.03%* 0.08 +0.04**
+cyclosporin (15 mg kgfl) 6114 58** 0.1640.02** 0.20+0.03**
+azlocillin (20 mg kg~ then 6 mg h™") 490 + 59% 0.1240.05%* 0.53+0.15
+ Cephalexin (20 mg kg ™' then 6 mg h™") 526+ 79* 0.1940.04* 0.25+0.09*
+ Pefloxacin (50 mg kg~ ") 452 +64* 0.314+0.06 0.75+0.15%**
+ Sparfloxacin (10 mg kg™ ") 563 4 52%* 0.3340.03* 0.3140.07

AUC=area under curve, Clb=binary clearance of ciprofloxacin, Cli=intestinal clearance of ciprofloxacin. *P<0.05 and **P<0.01
ciprofloxacin versus ciprofloxacin plus competitor. Quinidine, verapamil, cyclosporin: P-gp substrates; azlocillin, cephalexin: organic
anion and/or cation transporters’ substrates; sparfloxacin, pefloxacin: structural analogues.



S. Dautrey et al

Intestinal elimination of ciprofloxacin in rats 1731

animals were prepared as described above. An intrajugular
injection of 300 mCi was carried out and the radioactivity of
the intestinal content measured after 120 min. In the two
groups the activity was less than 0.1% of the injected activity,
irrespective of the model of intestinal elimination. The lack of
passage of the tracer across the intestinal barrier demonstrated
the integrity of the intestinal mucosal lining.

Based on these results, the duration of the experiment was
fixed at 120 min to avoid eventual alteration in the intestinal
mucosa and in the viability of the animals which might occur
with longer experimentation times.

Analytical assay

The blood samples were centrifuged and the plasma collected
and frozen at —20°C as were the other biological samples.
The plasma samples (50 ul) were treated with a methanolic
solution containing an internal standard (ofloxacin, Diamant
laboratories) in order to precipitate proteins, were again
centrifuged and the supernatant collected. Biliary samples
(20 pl from each collected sample) were diluted 1/50 in a
solution of monopotassium phosphate 0.15 M, pH 7.4,
containing the internal standard. Intestinal perfusion liquid
(500 ul from each collected sample) was diluted by half in a
solution of 0.15M monopotassium phosphate, pH 7.4
containing the internal standard. Measurements in different
biological liquids were carried out by reversed-phase high-
performance liquid chromatography coupled with fluori-
metric detection (Rubenstein, 1994). The method was linear
over the 0.1-40 mg 1! concentration range. Intra- and inter-
day coefficients of variation were less than 10%. The limit of
detection was 0.03 mg 1~' while the limit of quantification
was 0.1 mg 171

Pharmacokinetics and statistical analysis

The amount of ciprofloxacin eliminated intestinally was
calculated by cumulating the quantities eliminated during the
different time intervals. It is expressed per unit of intestinal
area (obtained from the length and diameter of the intestinal
segment studied). The quantity eliminated in bile is obtained in
a similar manner and is expressed in mg. The area under the
curve corresponding to plasma concentrations between 0 and
120 min (AUC,_15) was calculated using the trapezoidal
method (Siphar®™, SIMED, Créteil, France).

Net and overall intestinal clearances (ul min~' cm~?) and
biliary clearances (ml min~') of ciprofloxacin were obtained
from the ratio of the quantity eliminated between 0 and
120 min for each pathway respectively over AUC_, 5.

The results are expressed as means +s.d. and the statistical
analysis was performed using the Mann-Whitney non
parametric test. The significance level was set at 5%.

Results

Analysis of plasma AUCs,_,,, of ciprofloxacin (Tables 1 and
2) showed no significant differences between the two intestinal
elimination study models, either in the presence or in the
absence of competitor or structural analogues. However, the
plasma AUCs,_, 5 of ciprofloxacin were significantly increased
in the presence of different competitors (P <0.05). This was
observed in both models studied. Among the structural
analogues, only pefloxacin did not significantly increase
plasma AUCs,_ 5 of ciprofloxacin in the net intestinal
elimination model.

Biliary clearances of ciprofloxacin (Tables 1 and 2)
measured in the presence of competitors in the two models
studies reflect the increased plasma AUCsq_ ;5 and the
variation in biliary elimination. Thus, biliary clearance of
ciprofloxacin was significantly decreased in the presence of the
competitors tested, in both models. The concomitant admin-
istration of structural analogues gave variable results: in the
model of net intestinal elimination pefloxacin did not modify
biliary clearance by ciprofloxacin whereas sparfloxacin did.

Net and overall intestinal clearances of ciprofloxacin
(Tables 1 and 2) in the presence of the different competitors
tested are the reflection of variations in intestinal elimination
and of the increase in plasma AUCSs,_, 5. All the competitors
as well as the structural analogues with the exception of
sparfloxacin significantly decrease overall intestinal clearance
of ciprofloxacin. The greatest effect was obtained with
quinidine and verapamil which decreased overall intestinal
clearance of ciprofloxacin by 79 and 69% respectively. Net
intestinal clearance was not modified in the presence of
azlocillin and sparfloxacin. Only pefloxacin increased the
ciprofloxacin net intestinal clearance, whereas the other
compounds decreased it, notably quinidine and verapamil
which reduced it by 87% and 79% respectively.

Discussion

The results obtained in plasma, bile or intestine show that
substrates of specific transporters or structural analogues of
ciprofloxacin are able to modify its pharmacokinetics in vivo.
The findings confirm the important role played by transport
mechanisms in membrane passages of ciprofloxacin at the
biliary or intestinal levels.

The existence of such transport systems has been
demonstrated in numerous tissues and notably in organs
which have a secretory function, such as the kidney, bile ducts
and the intestine. They are localized at the apical membrane of
cells like P-gp (Tsuji & Tamai, 1996) or at the basolateral
membrane like OCT-1 (Zhang et al., 1998). For this reason, in
order to study the mechanism(s) involved in its intestinal
elimination, ciprofloxacin was administered parenterally at a
dose of 12.5mg kg~! (a dose which is compatible with a
linearity of biliary and intestinal kinetics [Dautrey et al., 1999])
alone, and in the presence of different compounds potentially
capable of interacting with it. These compounds were
administered parenterally 15 min before ciprofloxacin in order
to optimize diffusion into the different organs. They were
structural analogues (pefloxacin, sparfloxacin), P-gp substrates
(verapamil, quinidine and cyclosporin A) (Tsuji & Tamai,
1996) or betalactams: cephalexin whose intestinal absorption
depends in the transporter of di- and tripeptides PepTl
(Cormet et al., 1997) and azlocillin which is known to decrease
renal and extrarenal clearances of ciprofloxacin in humans
(Barriere et al., 1990). The action of the different compounds
was studied through plasma AUC, biliary clearance as well as
net and overall intestinal clearances of ciprofloxacin. The latter
reflects the variations in plasma AUCs and in the quantities of
ciprofloxacin eliminated by the intestine. The distinction
between overall and net intestinal clearance allows one to
determine whether or not the compounds tested had an effect
on intestinal reabsorption of ciprofloxacin (Figure 2).

In the presence of quinidine, verapamil and cyclosporin,
plasma AUCs of ciprofloxacin are increased by a factor of
1.5 to 2, while biliary clearance is decreased in a similar
fashion. Overall intestinal clearance is divided by a factor
between 2 and 4 depending on the compound administered,
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The reabsorbed fraction of ciprofloxacin is expressed as a percentage obtained from the

following equation :

% =[(overall Cli - net Cli)/ overall Cli]x100

Figure 2

whereas for net intestinal clearance the factor lies between 1.5
and 8. The weak effect obtained with cyclosporin, as
compared with verapamil and especially quinidine, could
result mainly from its vasoconstrictor effect (Mason, 1989)
and suggests the existence of other transport systems, distinct
from the P-gp for ciprofloxacin. These results support those
obtained by Cavet et al. (1997) who showed, using cell
culture of the Caco-2 and MDCK lines (epithelial cells of
canine renal tubules) that P-gp is not involved in the efflux of
ciprofloxacin. Furthermore, a study carried out in our
laboratory showed that the accumulation and efflux of
ciprofloxacin are identical in wild type LLC-PK1 cells and
in the same cells transfected by the human mdr-1 gene
(unpublished data). Other arguments are in favour of the
existence of other carriers distinct from P-gp: (i) inhibition of
P-gp by cyclosporin is greater than that of quinidine and
verapamil (Jetté et al., 1995); (ii) quinidine decreases
intestinal elimination of cationic substrates by a mechanism
distinct from P-gp like inhibition of the OCT1 transporter
(Bair et al., 1992; Emi et al., 1998; Nagel et al., 1997) and (iii)
a recent study (Cavet et al., 1997) showed that ciprofloxacin
is secreted in Caco-2 cells by an anionic transport system
which is sensitive to cera and 4-4'diisothiocyanostilbene-2-2'-
sulphonic acid (DIDS). This decrease in intestinal secretion of
ciprofloxacin under the influence of DIDS was found in a
study carried out in parallel on a model of a everted sac in
vitro (Dautrey et al., 1998). However, the important action of
quinidine on intestinal elimination of ciprofloxacin, observed
in vivo, could not be reproduced with this model, the latter
being diminished by only 20% suggesting the involvement of

Intestinal clearances (Cli) of ciprofloxacin alone and in the presence of competitors.

specific in vivo factors (Dautrey et al., 1998). The greater
effect of verapamil and quinidine on net intestinal elimination
with respect to overall intestinal elimination can be explained
by an increased reabsorption of ciprofloxacin. Indeed, the
inhibition of intestinal elimination may facilitate absorption
of a compound by hindering the exit of the cell from the
apical side directly following its entry on the same side such
as described for substrates of P-gp (Emi et al., 1998).

Globally, these results point towards a preferential
transport of ciprofloxacin by anionic and cationic carriers,
which is confirmed by the inhibitory effects of cephalexin
and of azlocillin on biliary and overall intestinal clearances
of ciprofloxacin. Indeed, in the presence of cephalexin and
azlocillin, plasma AUC of ciprofloxacin are increased by a
1.3 to 1.5 factor. By contrast biliary and overall intestinal
clearances are decreased by a 1.3 to 2 and 1.7 to 2.2 factor
respectively. Cephalexin, like ciprofloxacin, is an amphoteric
molecule which at physiological pH is in the form of a
zwitterion and an anion (Inui e al., 1985). It is secreted at
the level of the renal tubules by anionic and cationic
transport systems (Inui ef al., 1985). It could thus compete
with ciprofloxacin at both biliary and intestinal levels.
Azlocillin is a ureidopenicillin found in anionic form at
physiological pH which reduces urinary elimination of
ciprofloxacin probably by competing at the level of tubular
secretion (Barriere et al., 1990). The decrease in biliary and
overall intestinal clearances of ciprofloxacin observed in the
presence of these two betalactams could thus be explained
by competition at the level of organic anion and/or cation
transport systems.
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Plasma AUC of ciprofloxacin in the presence of pefloxacin
are little or not modified. By contrast, sparfloxacin increases
them by about 40%. Biliary clearance of ciprofloxacin is
unchanged in the presence of structural analogues with the
exception of the model studying net intestinal elimination with
sparfloxacin. In the intestine, sparfloxacin, which is demon-
strated to be a substrate of the P-gp (Cormet-Boyaka et al.,
1998) has no effect and pefloxacin decreases, by a factor of 2,
overall intestinal elimination, and increases net intestinal
elimination of ciprofloxacin by 90%. The results with
pefloxacin confirm those of Griffiths et al. (1994). With respect
to net intestinal clearance, its increase in the presence of
pefloxacin suggests a competition at the level of ciprofloxacin
reabsorption, which supports the decrease of the intracellular
accumulation of ciprofloxacin in the presence of pefloxacin
observed by Griffiths et al. (1994). The difference observed
between the two fluoroquinolones tested may be explained by
their different structures (Figure 1). Pefloxacin is methylated in
position N,, which leads to a decreased pl of the molecule
which becomes lower than 7 (Sorgel & Kinzig, 1993a). By
contrast, sparfloxacin is not N-methylated and its pl is close to
7.4, as for ciprofloxacin (Sorgel & Kinzig, 1993a).
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