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Abstract

The efflux process due to p-glycoprotein-like mechanisms of ciprofloxacin (CIP) and grepafloxacin (GRX) has been studied “in situ” in rats and
“in vitro” in Caco-2 cells. The results were modelled by a curve fitting procedure which allowed the characterization of the passive (Pd) and carrier
mediated parameters (Vm andKm) from the raw data without initial velocities estimation. CIP absorption in rat was characterized as a passive
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iffusion at the assayed concentrations. Although the involvement of an efflux transporter cannot be ruled out, its relevance in the tran
uoroquinolone is negligible. In GRX absorption, an efflux process is implicated and it is detected in both absorption models. GRX pe
epends on the intestinal segment, reflecting the previously reported different expression level of the efflux transporters along the g
rst attempt to correlate the “in vitro” and the “in situ” data has been done. The mathematical model has been constructed using ver
ssumptions and it will require further refinement but, nevertheless, the results are promising and demonstrate that a good modellin
elps to identify the system critical parameters and how the system behaviour change when the parameters are modified as it happ
ove from the “in vitro” to the “in situ” level. Predicted versus experimental permeability values show a good correlation, demonstratin

elevance of the secretion process “in situ” in rat can be predicted from the “in vitro” cell results.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Interest in research about the intestinal secretory transport
f drugs has grown considerably in recent years. Research has

ocused on the molecular characterization of the carriers belong-
ng to the ABC family (p-glycoprotein, P-gp; multi-drug resis-
ance system, MRP; and breast cancer resistant protein, BCRP)
nd on the identification of the drugs interacting with these

ransporters. The relevance of this secretion process remains
nclear since its presence at “in vitro” levels does not corre-
pond always with absorption problems “in vivo” even if some
eports have demonstrated an increase in the oral bioavailabil-
ty of some drugs (i.e. tacrolimus, cyclosporin and paclitaxel)
fter co-treatment with a P-gp inhibitor (Van Asperen et al.,
998).

∗ Corresponding author. Tel.: +34 96 3544916; fax: +34 96 3544911.
E-mail address: mbermejo@uv.es (M. Bermejo).

The main objective of our study was to test the releva
of the mediated efflux transport in the “in situ” model, in co
parison with the “in vitro”, and to investigate the physiolog
distribution of the efflux carrier in the rat intestine from a fu
tional point of view using two fluoroquinolones, ciprofloxa
(CIP) and grepafloxacin (GRX) as model compounds.
relevance “in vivo” of the observed efflux “in vitro” for th
class of compounds is still polemic. Both compounds h
been studied in “in vitro” models and it has been suggested
both undergo an intestinal secretion process mediated by
Verapamil-sensitive carrier (Hunter et al., 1993; Griffiths et a
1994; Ramon et al., 1994; Cavet et al., 1997; Yamaguchi e
2000). The structural modifications of GRX with respect to
parent compound led to a broader spectrum, longer half
larger volume of distribution and increased bioavailability, 7
(Efthymiopoulos, 1997; Efthymiopoulos et al., 1997) versus
50% (Lettieri et al., 1992). Unfortunately GRX was withdraw
from the market due to unexpected and serious ad
reactions. Nevertheless, the compound is a good quin

378-5173/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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34 M. Rodrı́guez-Ibáñez et al. / International Journal of Pharmaceutics 307 (2006) 33–41

model for studying the membrane transport mechanism of these
antibiotics in order to rationalize the design of new derivatives
with improved absorption and bioavailability.

Our main focus is located on investigating modelling pro-
cedures as tools for improving the prediction ability of “in
vitro” models. With this aim in mind, a non-linear curve fit-
ting method was employed to model the transport processes in
both systems and to characterize separately the passive and car-
rier mediated component. The parameter estimation was done
from the concentration versus time profiles or from the cumu-
lative amounts versus time datasets without estimation of initial
velocities. This is not the standard procedure in metabolism and
transport studies, but it is in agreement with the fact that by defi-
nition, Michaelis–Menten equation is a differential equation and
nowadays there are available tools for performing the numerical
integration of the differential velocity equation.

The results, in terms of estimated parameters, are similar to
those obtained by the classical procedures and allow the estima-
tion procedure to be performed in one step and the evolution of
concentration (amount) to be predicted in lumen (cell system) at
any time point. Finally, we have attempted to predict from the “in
vitro” data, the “in situ” permeability values of GRX. The math-
ematical model has been constructed using a very simplistic
assumptions and it will require further refinement but, never-
theless, the results are promising and demonstrate that a good
modelling approach helps to identify the system critical parame-
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Surgical procedures were performed under anaesthesia (i.p.
administration of 1 g/kg of ethyluretane solution 25% (w/v)).
The study was approved by the Scientific Committee of the Fac-
ulty of Pharmacy and followed the guidelines described in the
EC Directive 86/609, the Council of the Europe Convention
ETS 123 and Spanish national laws governing the use of ani-
mals in research (Real Decreto 223/1988, BOE 67, 18-3-98:
8509–8511).

Test solutions were prepared in isotonic saline adjusted to pH
7.0 with 1% S̈orensen phosphate buffer (v/v). Volumes of 10 ml
of the test solution were perfused in the assays carried out in
the whole intestine of the rat, while 5 ml were used when the
experiments were performed in the different fractions.

Four concentrations of CIP were assayed in the whole intes-
tine (1.5, 15, 50 and 150�M). The highest was selected taking
into account the solubility of the compound in the vehicle and the
lowest was fixed according to the limit of quantification of the
analytical method. In order to assess the possible involvement of
a P-gp-like mechanism in the process, the lowest concentration
of CIP was also perfused in three segments of the tract, alone
and in the presence of verapamil 2 mM.

GRX was studied at two different concentrations (25 and
750�M) in the whole intestine. To test the influence of P-gp
in the secretion process of GRX, two 25�M solutions, with
and without 2 mM of verapamil, were perfused in the three seg-
ments. Based on the results from these experiments obtained
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. Materials and methods

.1. Compounds assayed

CIP was generously donated by Cenavisa (Reus, Spain
RX hydrochloride was donated by GlaxoSmithKline (Un
ingdom). Verapamil hydrochloride was purchased from Si

Barcelona, Spain).

.2. In situ absorption studies

Male Wistar rats, weighing 200–290 g, were used in
xperiments. The “in situ” perfusion (“closed loop”) rat
reparation based on Doluisio et al. method (Doluisio et al.
969) was adapted as previously described (Martin-Villodre et
l., 1986), and performed using the whole small intestine of
at, or a portion of 33 cm corresponding to proximal, med
r distal fractions from stomach. The bile duct was previo
losed with a ligature in order to prevent enterohepatic r
ling. This closed loop perfusion technique has been valid
n our laboratory as a predictive methodology for drug in v
bsorption (Merino et al., 1995; Sanchez-Castano et al., 2)
nd has been widely used to study intestinal absorption yie
ealistic transport parameters (Merino et al., 1989; Polache et a
991; Martin-Algarra et al., 1994; Ruiz-Balaguer et al., 199).

Animals were unrestrained in their cages, fasted over
rior to the experiment and allowed access to water “ad libitu
rs

d

d

t

he proximal segment was selected to perform further ex
ents. Seven concentrations (2.5, 25, 50, 250, 1250, 250
2500�M) of GRX were assayed in the proximal segmen
rder to kinetically characterize the transport.

Samples of the luminal fluid were collected every 5 min f
otal of 30 min, and analyzed for their drug content. The app
bsorption rate constantskapp were calculated by fitting a fir
rder equation to the drug concentration remaining in lu
ersus time data after correcting the concentration for the w
eabsorption process as described previously (Doluisio et al.
970; Martin-Villodre et al., 1986; Valenzuela et al., 2001). This
ay the remaining concentrations in lumen versus time
sed to fit the following first order equation:

= C0 e−kappt (0)

here theC values are the concentrations remaining in
uminal site at the sampling timest calculated after the wat
eabsorption correction,kappis the apparent absorption rate c
tant, andC0 is the extrapolated drug concentration at time z

The intestinal permeability values were calculated taking
ccount the relationship betweenkapp andPeff: Peff = (kappR)/2,
hereR is the radius of the perfused intestinal segment.
ffective intestinal permeability (Peff) of the tested compoun
means of five or six animals) was used as index of the effici
f absorption.

.3. In vitro absorption studies

Caco-2 cells were a gift from Dr. M. Hu, Washingt
tate University, USA. Cells were maintained at 37◦C in an



M. Rodrı́guez-Ibáñez et al. / International Journal of Pharmaceutics 307 (2006) 33–41 35

atmosphere of O2:CO2 (95:5) and were grown in Dulbecco’s
modified Eagle’s Medium from Sigma (Barcelona, Spain) with
NaHCO3 (Panreac Qúımica, Barcelona, Spain) (3.7 g/l), HEPES
(Acros Organics, Geel, Belgium) (1.3 g/l) and glucose (3.5 g/l)
supplemented with 10% fetal bovine serum, 1% nonessential
amino acids, 200 mM (1%)l-glutamine, 100 IU/ml Penicillin
G, and 100 mg/ml Streptomycin (all from Sigma, Barcelona,
Spain). The medium was replaced every 2 days. Cell monolayers
were prepared by seeding at a concentration of 25 cells/�l (2 ml
total) onto tissue culture inserts (transwell cell culture insert sur-
face 4.2 cm2, 3�m pore size (Multiwell

TM
6-well, Becton Dick-

inson, France)). Confluence was reached 7 days after seeding,
and the transport experiments were conducted with the mono-
layers 12–14 days post confluence. The epithelial integrity of
the monolayers was checked by measurement of transepithelial
electrical resistance (TEER) (Millicel ERS

TM
device, Millipore,

Scharlab, Barcelona). The TEER values obtained ranged from
570 to 750� cm2. The solution used in all the experiments con-
tained Hank’s balanced salt solution (HBSS) (Sigma, Barcelona,
Spain) (9.8 g/l) with NaHCO3 (0.37 g/l), HEPES (5.96 g/l) and
glucose (3.5 g/l) (Hunter et al., 1991; Hu et al., 1994a; Hu et al.,
1994b).

To measure apical-to-basolateral (Pab) and basolateral-to-
apical flux (Pba), the test compound was included in the apical
and basolateral side, respectively. A shaker device was used
to maintain a constant agitation rate (50 rpm) and tempera-
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2.5. Statistical analyses

Student’st-test and one- or two-way ANOVA analyses fol-
lowed by a Scheff́e or T-3 Dunnet multiple test were performed
in order to detect statistical differences between permeability
coefficients. All statistical analyses were performed by means
of SPSS 10.0 (SPSS Inc., Chicago, USA).

2.6. Fitting of models to data

When the statistical comparison showed variations in the
permeability values obtained at different concentrations, the
concentration–time data or cumulative amounts versus time data
were used to characterize the kinetic model of the secretion pro-
cess.

The concentration–time data obtained “in situ” were
described with a combined kinetics of an active Michaelis–
Menten secretion and a passive absorption mechanism. The dif-
ferential equation describing the model was as follows:

dC

dt
=

[
−kd + Vm

Km + C

]
C (1)

where dC/dt represents the change in luminal drug concentration
with time (i.e. disappearance due to absorption),kd corresponds
to the passive absorption rate coefficient (from its value was cal-
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ure (37◦C) throughout the experiment. At fixed time poin
amples of 0.2 ml were taken from the receptor compart
or analysis of contents and replaced with an equal vol
f HBSS.

CIP was assayed at concentrations of 1.5, 50 and 150�M,
hile GRX was studied at 25, 50, 250 and 2500�M.

.4. Analysis of the samples

An original HPLC procedure was used to quantify the so
oncentration in the samples. The method was carried
n a Perkin-Elmer system (Perkin-Elmer, Barcelona, Sp
quipped with a Novapak C18 column (Waters, Barcel
3.9 mm× 150 mm). The mobile phase consisted of mixtu
f methanol (Scharlau, Barcelona, Spain), acetonitrile (S

au, Barcelona, Spain), and an aqueous solution cons
f 15 mM phosphate buffer, adjusted to pH 2.4 (for CIP
H 3.0 (for GRX) with orthophosphoric acid. The ratios

hese three solvent volumes were 25/5/70 for CIP and 20/2
or GRX. Analysis was carried out at 22◦C at a flow rate
f 1 ml/min.

Quantification was achieved by fluorometry, with an e
ation wavelength of 285 nm and an emission waveleng
45 nm. The retention time of CIP was 2.40 min and
etection limit was 50 ng/ml. GRX was eluted in 3.25 m
nd the limit was 25 ng/ml. Both methods were pr
usly validated (Merino et al., 1995; Sanchez-Castano et
000).

Aqueous samples proceeding from the intestinal lumen
rom the “in vitro” assays were centrifuged and directly injec
nto the chromatographic system.
t

t
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-
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ulated the passive permeability component,Pd, as mentione
bove,Pd = (kdR)/2), Vm the maximum transport rate, andKm

he Michaelis–Menten constant (the concentration of subs
t which the transport rate is half of the maximum,Vm/2). The
m parameter obtained was normalized, taking into accoun

ntestinal surface to be compared with the value obtaine
aco-2 cells.
In the “in vitro” assays, the amounts accumulated in the re

or chamber divided by surface area versus time are comp
ith a similar equation to that mentioned above, with a pas
iffusional componentPd and an active secretion process (Vm
ndKm).

The apical-basal (A to B) and basal to apical (B to A) data
ere used to fit Eqs.(2) and(3), respectively.

pical to basolateral :
dQ

A dt
=

(
+Pd − Vm

Km + C

)
C (2)

asolateral to apical :
dQ

A dt
=

(
+Pd + Vm

Km + C

)
C (3)

hereA stands for the area of the monolayer and the rema
ymbols have already been presented.

In order to find the relationship among the “in vitro” and
itu” permeabilities the following equations were fitted sim
aneously to the data

pical to basal : Peff = Pd − Vm

Km + C
(4)

asal to apical : Peff = Pd + Vm

Km + C
(5)
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rat : P rat
eff = Sf

(
Pd − Vm

Km + C

)
(6)

wherePeff is the effective or experimental observed permeability
at each concentration andSf is a surface area correction factor.

The underlying assumptions in this model are the following:

(a) The paracellular permeability of GRX is negligible and
equivalent in both systems.

(b) The differences in passive permeability (Pd) are mainly due
to the difference in effective area for transport. An area factor
correction (Sf ) is included to consider this difference (see
below).

(c) Affinity for the transporter (Km) and maximal velocity (Vm)
are assumed to be similar in the whole small intestine. This
later point is based on the reported expression levels of P-gp
in Caco-2 and in intestinal tissue in rats by other authors
(Stephens et al., 2001).

The derivation of the model is described inAppendix A.
All the fitting procedures were carried out by means of Win-

nonlin v.4.1 software (Pharsight Corp., Palo Alto, USA).
The goodness of fit of the combined model of passive diffu-

sion and saturable efflux was compared with the simple passive
diffusion. The indexes of goodness of fit evaluated were the
correlation coefficients,r, the AIC (Akaike’s information cri-
t ecor’s
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Fig. 1. Examples of concentration of ciprofloxacin in luminal site during absorp-
tion assays. Experimental values and fitted lines for the lowest and highest
concentrations assayed.

by one of those transporters sensitive to verapamil (Dautrey
et al., 1999). Some authors have studied trans-intestinal elim-
ination of CIP after intravenous administration in rats and rab-
bits (Ramon et al., 1994; Rubinstein et al., 1994) and have
found non-linear relationship between the dose of CIP and the
amount recovered in the intestinal segment based on a saturable
efflux.

Moreover, some authors have demonstrated the existence of
a secretion mechanism for CIP and norfloxacin in Caco-2 cell
layers (Griffiths et al., 1994; Cavet et al., 1997), which exhibits
saturation kinetics and competition with other quinolones.

Therefore, with the results we obtained an efflux process
mediated by one transporter sensitive to verapamil cannot be
ruled out. Nevertheless, our data show that, at the concen-
trations used in this study, the active process was not rele-
vant since a first order kinetic can be fitted. As CIP perme-
ability was not dependent on the concentration we assumed
that the process could be described as an apparent first order
kinetic and Eq.(0) was used to obtain the apparent first order
constant. InFig. 1 the ciprofloxacin experimental and pre-
dicted concentrations in lumen versus time at the different
initial concentrations are represented. The determinations coef-
ficients of the first order regression was always higher than
0.99.

The fact that the CIP permeability coefficient is similar along
the whole intestine can be interpreted as: (a) a consequence of the
r (b) a
erion) values and the sum of squared residuals. Sned
-test was used to test the statistical signification of the dec
f the sum of squared residual in the more complex mo
inally, experimental versus predicted permeability values
orrelated in order to evaluate the prediction capability o
odel.

. Results and discussion

.1. Ciprofloxacin

The mean permeability values obtained in the perfusion
es carried out in the whole intestine of the rat at four diffe
oncentrations of CIP are listed inTable 1. The one-way ANOVA
est did not show significant differences among the condi
ssayed. Thus, under these conditions, its absorption c
escribed as a passive process.

In order to confirm the results and test the influence of the
f absorption, experiments were carried out in various segm
sing the lowest concentration of CIP, free of additives an

he presence of the P-gp inhibitor verapamil. Results are
resented inTable 1. Differences were detected using the tw
ay ANOVA test. Permeability was significantly lower in t
roximal segment. Although with no statistical differences
ffect of verapamil was also higher in this part of the intest

Multiple efflux systems with distinct substrate specifici
epending on the intestinal location have been identifie
at intestine (Saitoh and Aungst, 1995; Emi et al., 1998) and
heir contribution to fluoroquinolones secretion pointed
Dautrey et al., 1999; Yamaguchi et al., 2002). Dautrey et al
eported the existence of an efflux process of CIP med
 educed contribution of the efflux to the global process; or
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Table 1
Ciprofloxacin permeability values and standard deviation obtained in “in situ” perfusion studies and “in vitro” studies (S.D. denotes standard deviation)

Ciprofloxacin permeabilities (cm/s (S.D.))

Concentration (�M) Whole intestine Intestinal segments Caco-2 cell line

Proximal Medium Distal Pab Pba

1.5 8.25e−6 (3.05e−6) 7.90e−6 (2.18e−6) 1.33e−5 (3.10e−6) 1.65e−5 (7.22e−6) 3.08e−6 (3.71e−7) 6.68e−6 (1.34e−6)
15 1.20e−5 (3.92e−6)
50 1.20e−5 (2.34e−6) 2.99e−6 (2.92e−7) 5.95e−6 (3.74e−7)
150 1.11e−5 (4.43e−6) 3.32e−6 (3.33e−7) 6.47e−6 (2.36e−7
1.5 +Va 1.02e−5 (3.11e−6) 1.41e−5 (3.87e−6) 1.86e−5 (2.89e−6)

a FromRodriguez-Ibanez et al. (2003).

result of other active processes working in the opposite direction
(lumen–enterocyte) that would saturate when the concentration
is increased, thereby resulting in the same permeability in all the
conditions assayed. Neither possibility can be discarded in the
light of the results obtained. According to the high variability
found in permeability values, the second possibility is feasi-
ble (Tartaglione et al., 1986). Nonetheless, we can assume that,
given that the addition of verapamil does not produce significant
differences, a possible secretion process is irrelevant or insen-
sitive to the said compound. Since the lowest permeability was
found in the proximal segment, where the expression of P-gp
is lower than down the intestine (Fricker et al., 1996), proba-
bly, this transporter is not implied in CIP absorption. Our results
agree with those of Lowes and Simmons who demonstrated that
neither P-gp nor MRP2 are implicated in CIP secretion (Lowes
and Simmons, 2002).

Similar results were obtained using Caco-2 cells. Perme-
ability values of ciprofloxacin in Caco-2 cells are grouped in
Table 1. Apical and basal permeability values remained con-
stant when the concentration was altered. In contrast, the ratio
basal/apical permeability was higher than 1 (Fig. 2), pointing
to a possible secretion of CIP, probably related to one of the
ATP-binding cassette proteins. In fact, these ratios reduce to 1
in the presence of verapamil, quinidine (substrate of the OCT 1
transporter) andp-aminohippuric acid (substrate of MRP trans-
porters) (Rodriguez-Ibanez et al., 2003). The fact that “in vitro”
t itu”
c rter
i

F
m

3.2. Grepafloxacin

In order to study the linearity in the absorption process of
GRX, two concentrations were assayed in the whole intestine of
the rat. As illustrated inTable 2, permeability increases signifi-
cantly as the concentration rises from 25 to 750�M, suggesting
a possible active secretion process. To prevent saturation and
to study the regional dependence of this mechanism, the lowest
concentration, in the absence and in the presence of 2 mM ver-
apamil, was selected to determine permeability values in three
different segments of the small intestine of the rat. Results are
summarized inTable 2.

The permeability values of GRX are lower in the proxi-
mal and distal segments than in the medium one. The two-way
ANOVA test showed significant statistical differences between
the permeability values obtained in the different segments.
Regional expression of MRP2 transporters is higher in the proxi-
mal segment (Stephens et al., 2001), so this carrier could produce
a decrease in the net absorption at this site. The lower value for
permeability obtained in the distal portion could be explained by
the higher expression of P-gp in this portion of the intestine or
by physiological factors. It has previously been demonstrated in
different animal species that the ratio cholesterol/phospholipids
increases along the length of the small intestine, producing a
downward increase in the tightness of the epithelium (Kararli,
1995). Thus, there is a decrease in passive diffusion as a conse-
q
a

e of
G
t er
i ental
e rease
a gher
i l.,
2 ld be
t X in
t nnot
r istal
p ed in
m
c p and
M ine,
i Par-
he effect of verapamil can be evidenced contrarily to “in s
ould be attributed to the highest expression of the transpo
n this system.

ig. 2. Ratios between basolateral-apical (Pba) and apical-basolateral (Pab) per-
eabilities of ciprofloxacin obtained in Caco-2 cells.
s
uence of the smaller surface area of the membrane (Ungell et
l., 1998).

The addition of verapamil leads to a significant increas
RX permeability in the three segments. As seen inFig. 3,

he ratio of GRX permeability with/without verapamil is high
n the proximal segment. There is considerable experim
vidence showing that the expression levels of P-gp inc
borally but that the expression levels of MRP2 in rat are hi

n the proximal segment (Mottino et al., 2000; Stephens et a
001). These facts support the hypothesis that MRP2 cou

he main efflux transporter implicated in the secretion of GR
he rat, although considering our experimental results we ca
ule out the contribution of P-gp, since permeability in the d
ortion has the same value. The same results were obtain
ale Sprague–Dawley rats byNaruhashi et al. (2002)who con-

luded that GRX has a secretion process mediated by P-g
RP2 and which is greater in the proximal portion of intest

n accordance with the higher expression levels of MRP2.
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Table 2
Grepafloxacin permeability values and standard deviation obtained in “in situ” perfusion studies and “in vitro” studies (S.D. denotes standard deviation)

Concentration (�M) Grepafloxacin permeabilities (cm/s (S.D.))

Whole intestine Intestinal segments Caco-2 cell line

Proximal Medium Distal Pab Pba

2.5 3.40e−5 (6.58e−6)
25 2.03e−5 (4.96e−6) 3.38e−5 (6.22e−6) 4.76e−5 (8.24e−6) 3.11e−5 (3.66e−6) 1.10e−5 (2.41e−7) 2.73e−5 (1.45e−6)
50 3.80e−5 (3.31e−6) 1.28e−5 (3.24e−6) 2.27e−5 (1.24e−6)
250 4.10e−5 (5.12e−6) 1.44e−5 (2.70e−7) 2.45e−5 (1.49e−6)
750 3.82e−5 (4.21e−6)
1250 5.12e−5 (7.35e−6)
2500 7.32e−5 (1.05e−5) 2.30e−5 (1.56e−6) 2.13e−5 (1.49e−6)
12500 7.71e−5 (9.66e−6)
25 +Va 5.07e−5 (1.19e−5) 6.16e−5 (1.04e−5) 4.03e−5 (6.71e−6)

a Rodriguez-Ibanez et al. (2003).

allel,Yamaguchi et al. (2002)concluded, using mdr1a/1b(−/−)
mice, that grepafloxacin in secreted into the intestine by P-gp.

Since the effect of verapamil was most noted in the proxi-
mal segment, different concentrations of GRX were perfused in
this part of the intestine so as to evaluate the consequences on
absorption. Results are listed inTable 2where it can be seen
that permeability significantly increases as concentration rises.
Accordingly, the absorption process of this quinolone is not lin-
ear, and there would seem to be a secretory process that acts
opposite to passive diffusion, reducing the magnitude of the

F
g
i
b

absorption. The results obtained “in situ” were confirmed “in
vitro”. In fact, the active process implied in the absorption can
also be observed: apical permeability increases and basal values
decrease as concentration is raised from 25 to 2500�M. The
ratio basal/apical permeability is higher than one for the three
lower concentrations, and the secretory system is probably sat-
urated at the highest concentration—i.e. the ratio basal/apical
permeability equals one. We have previously demonstrated in
Caco-2 cells that the transporter(s) are sensitive to verapamil,
quinidine and ciclosporin A (Rodriguez-Ibanez et al., 2003).

In both systems, “in situ” and “in vitro”, we can assume
a kinetic that combines a passive diffusion from the lumen to
the enterocyte and an active transport in the opposite direction.
Kinetic parameters of the combined kinetic model and of the
simple passive diffusion model in both experimental systems,
“in vitro” and “in situ” as well as the parameters indicatives of
the goodness of the fit are shown inTable 3. Either “in vitro” or
“in situ” the best fit corresponded to the more complex model
that includes diffusion and saturable efflux. The predicted con-
centrations in the intestinal lumen versus time, as well as the
predicted values with both models applied for the higher and
lower doses are outlined inFig. 4for comparative purposes.

The parameters obtained “in vitro” are very similar to those
obtained byYamaguchi et al. (2000)using the same cells, despite

Table 3
K assive
d cess
i

G ents

P
W
R
P
V
K

ig. 3. (A) Ratios between in situ permeability coefficients (Peff) of
repafloxacin in the presence and absence of verapamil obtained in thre

ntestinal segments of rat. (B) Ratios between basolateral-apical (Pba), apical-
asolateral (Pab) permeabilities of the compound obtained in Caco-2 cells.

W
R
F

W
S rs
i

e

inetic parameters of the passive diffusion model and the combined p
iffusion and active efflux model, quantifying grepafloxacin absorption pro

n situ in rat and in vitro in Caco-2 cells

RX absorption parameters In situ studies In vitro experim

d (cm/s) 4.27e−5 (1.40e−6) 2.5e−5 (7e−7)
SS 5.76 38.81

0.97 0.96

d (cm/s) 8.36e−5 (9.49e−9) 2.17e−5 (4.83e−7)

m (�mol cm−2 s−1) 3.1e−5 (1.4e−5) 3.4e−6 (1.7e−6)

m (�M) 750 (270) 410 (236)
SS 3.99 24.22

0.994 0.979
73.64 (p = 3.4e−29) 6.56 (p = 2.3e−23)

eighted sum of squared residuals (WSS), correlation coefficients (r) and
nedecor values (F) and their signification (p) are also listed. The numbe

n parenthesis indicate standard error of the parameters.
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Fig. 4. Examples of concentration of grepafloxacin in luminal site during absorption assays. Experimental values and fitting lines for the lowest and highest
concentrations assayed. (A) Assuming passive diffusion and (B) considering passive diffusion and Michaelis–Menten transport.

inter-laboratory variability, but differ from those determined by
Lowes and Simmons (2002).

The comparison of the results obtained “in situ” and “in vitro”
shows that in both systems it is possible to detect the presence
of an efflux process that becomes saturated at the highest con-
centration. We have assumed that the compound has a minor
paracellular permeability in both system based on the molec-
ular weight of the compound and in our previous experience
with quinolone absorption in rats (Bermejo et al., 1999). On the
other hand, it is possible that either P-gp and MRP2 contribute
to the efflux process in both systems and we have considered an
equivalent contribution of these transporters. The results of the
simultaneous fit of Eqs.(4)–(6)are summarized inTable 4. Data

Table 4
Kinetic parameters of the simultaneous fit of “in vitro” and “in situ” permeabil-
ities using Eqs.(4)–(6)

GRX absorption parameters Parameter value Standard error CV%

Pd (cm/s) 1.80e−5 1.00e−6 8.09
Vm (�mol cm−2 s−1) 1.02e−5 4.90e−6 48.02
Km (�M) 1000.04 473 47.27
Sf 4.30 0.48 11.18
R2 >0.95
SSR 0.166e−9
AIC −329.78

P uare
r

used for fitting the equations were the effective permeability
values obtained “in situ” in rat (proximal segment) at different
initial GRX concentrations (Table 2second column) and the api-
cal to basal and basal to apical permeability values obtained in
Caco-2 cells (Table 2fifth and sixth columns). The indexes of
goodness of fit are also included inTable 4.

The mathematical model used to correlate the “in vitro” and
“in situ” permeabilities showed that the area correction factor
Sf is around 4 accordingly with the results obtained by other
authors (Stewart et al., 1995). This difference is explained by
the differences in absorptive surface in the “in situ” versus the
“in vitro” model as this later one presents microvilli but not villi
or folds. Even if this model has been constructed using very sim-
plistic assumptions, the results are promising and demonstrated
that a good modelling approach helps to identify the system crit-
ical parameters and how the system behaviour changes from the
“in vitro” to the “in situ” level. Predicted versus experimental
permeabilities “in vitro” and “in situ” are represented inFig. 5. It
is important to notice that in this plot of predicted versus experi-
mental values we have included in a single linear correlation the
values obtained in two different experimental models, “in situ”
in rats and “in vitro” in Caco-2 cells, with the single assump-
tion that the main difference between both systems is the actual
effective area for transport. The plot is far from being perfect as
probably there are more differences in both experimental sys-
tems as it could be a slightly different paracellular resistance or
d hose
arameterSf represents the area correction factor; SSR: weighted sum of sq
esiduals; AIC: Akaike’s information criteria.
d
ifferent expression levels of the transporter. But even if t
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Fig. 5. Experimental vs. predicted permeabilities of grepafloxacin obtained “in
vitro” and “in situ” by the simultaneous fit of Eqs.(4)–(6). Black circles corre-
spond to apical to basal and basal to apical GRX permeabilities. White circles
are “in situ” permeability data.

factors have not been considered in this preliminary model the
results indicate that a simultaneous modelling of “in situ” and
“in vitro” data is achievable.

The relevance of a secretion process depends on several fac-
tors, such as the affinity for the carrier, its level of expression and
the physicochemical characteristics of the drug that determines
its passive permeability (Doppenschmitt et al., 1999; Lentz et
al., 2000). Our results support the hypothesis that the cell system
is not only a good model to reproduce the absorption by passiv
diffusion in physiological membranes but it could be also used
to assess the relevance of the efflux process in the entire anim
even if more data will be necessary to obtain a good scaling
factor for active processes.

Based in a previously established correlation between
bioavailability and permeability in rats for a family of fluoro-
quinolones (Sanchez-Castano et al., 2000) it is expected that the
efflux process could have a minor effect on GRX oral absorp-
tion. The lower permeability value obtained “in vitro” and “in
situ” (when the functionality of the transporter is maximal) is
enough for assuring a fraction absorbed closer to 80%. Actu
ally, the absolute bioavailability determined experimentally in
rat in our laboratory at a dose providing much higher luminal
concentrations reached this value (so fraction absorbed was
least 80%), so under saturating conditions for the efflux process
other factors limit the complete absorption of the compound.
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Appendix A

A.1. Rationale of model construction

In cell monolayers the experimental observed permeability
at each concentration,Peff is calculated from the effective flux,
i.e. amount of compound transported by unit time and unit area.
The surface area used for the calculations correspond to the area
of the insert. As the cells form a monolayer in the insert, this
area value does not account for the increase in surface area due
to the presence of microvilli.

dQ

A dt
= PeffC

whereA is the surface area of the monolayer.
In our experimental set up for rat in situ experiments we

measure the concentration versus time evolution reflecting the
disappearance of the drug from the lumen because of the absorp-
tion process. From the absorption rate constants values obtained,
permeabilities are calculated using the area/volume ratio. For
this calculation we actually use the surface area of the geomet-
rical cylinderA instead ofA′, the actual surface area available
due to Kerkring’s fold, villi and microvilli

dC

dt
= kaC = A′

V
PeffC
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s

A′ is the surface area available for absorption that incl
he increase due to Kerkring’s folds, villi and microvilli. Th
alue correspond toA timesSf , whereA is the surface of th
eometrical cylinder andSf is the increase surface factor due

olds and villi.

dC

dt
= ASf

V
PeffC,

dC

dt
= 2πRL

πR2L
SfPeffC

As we are using an estimation of the intestinal surface
hat is lower than the real value, the experimental permea
alue in rat is overestimated (i.e. already includesSf ).

dC

dt
= 2

R
SfPeffC = 2

R
P rat

effC, P rat
eff = SfPeff

This is one of the reasons for obtaining permeability va
n rat (human) that use to be 5–10-fold higher than the c
ponding values in Caco-2 cells.
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