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Abstract—The transport of a new bisphosphonate, Tiludronate, was investigated on the human
adenocarcinoma cell line, CACO-2. Experiments were performed 7-16 days after cells achieved
confluence, conditions under which they form well-differentiated monolayers joined by tight junctions.
Tiludronate transport rate across CACO-2 monolayers was independent of the temperature (4° versus
37°), of the polarity of the cell membrane (apical-to-basolateral versus basolateral-to-apical), and of
the presence of metabolic poisons (sodium azide). Its transport was enhanced by either the presence
of EGTA in the incubation buffer, i.e. when extracellular Ca’* concentration was reduced, or by the
pretreatment of monolayers with EGTA, i.e. when the intercellular spaces and the tight junctions were
widened. Based on these different observations, we could suggest that Tiludronate mainly used the
paracellular pathway to cross the intestinal epithelium. An increase in the Tiludronate permeability
coefficient was also observed following treatment of cells with high Tiludronate concentrations, as a
consequence of the direct effect of this compound on the extracellular Ca®* ions. Hence, for high drug
concentrations, i.e. 20 mM, we observed a decrease in free extracellular Ca?* concentration, an increase
in the transepithelial electrical resistance and an increase in the transport of [*C]polyethyleneglycol
([*C]PEGy), a probe for the paracellular pathway. The results indicate that Tiludronate is transported
across CACO-2 monolayers by the paracellular route. Moreover, it can affect its own transport by its
concentration-dependent effect on tight junction widening.
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Recent advances in cell and tissue culture meth-
odologies, particularly the growth of differentiated
human cells, are providing new and potentially
powerful tools to investigate the transport of drug
molecules across specific biological barriers. Cell
systems provide the potential for rapidly evaluating
the permeability of a drug, for defining the
mechanisms of transport, and for testing novel
strategies for enhancing drug transport [1].

The human adenocarcinoma cell lines (HT-29,
T-84 and CACO-2) which reproducibly display a
number of the properties of differentiated intestinal
cells, have been widely used to study intestinal
epithelial differentiation because of their ability to
express morphological and biochemical features of
adult differentiated enterocytes. As the CACO-2
cell line displays the most highly differentiated
properties under standard culture conditions {2], it
appears to be the most relevant in vitro system for
investigating transepithelial transport processes
(3,4].

The CACO-2 monolayer differs from most other
cell lines of the same origin in that it spontaneously
differentiates into monolayer polarized enterocytes
and develops characteristics of the small intestinal
epithelium. Brush border hydrolase activities are
similar to those reported for normal villous
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enterocytes, suggesting a high level of apical
differentiation [2]. CACO-2 cells grown onto
collagen-coated membranes [5] form a tight
monolayer of polarized epithelial cells and thus
represent a potential transport model system for the
small intestinal epithelium [6]. After 15 days of
culture, CACO-2 cell monolayers possessed a
morphology similar to that described for the simple,
columnar epithelium of the small intestine. Thus,
the cells appear to undergo differentiation from
“crypt type cells” to “villus type cells” [2, 4].

CACO-2 monolayers have been used to evaluate
different transport systems: carrier-mediated trans-
port for phenylalanine [7, 8], taurocholic acid [9, 10],
L-a-methyldopa [11] and cephalosporins [12, 13],
passive diffusion for testosterone [14] and lipophilic
B-blockers [15], vasopressin analogs [16] and peptides
[17,18]. and paracellular transport for hydrophilic
P-blockers [19].

Correlation between oral drug absorption in
humans and apparent drug permeability coefficients
in the CACO-2 model has been established for
different products [20]. The results obtained so far
indicate that the performance of the cell models ts
in many cases at least as good as, and sometimes
better than, many conventional drug absorption
models [1, 4, 5].

Bisphosphonates are known to be poorly absorbed
when given orally {21-23]. Furthermore, absorption
of bisphosphonate varies extensively between and
within individuals rendering difficult any accurate
prediction of systemic drug concentration following
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Fig. 1. Chemical structure of disodium Tiludronate.

a standard dosage regimen of these compounds. The
reliability of drug absorption would be enhanced
and its variability reduced if absorption was
increased. The purpose of this study was to use
CACO-2 monolayers to evaluate the permeability
of a new bisphosphonate, Tiludronate [24, 25] and
to study mechanisms of its absorption under
controlled conditions.

MATERIALS AND METHODS

Chemicals. '*C-Labeled (specific radioactivity =
33mCi/mmol) and unlabeled Tiludronate (SR
41319B) was obtained from Sanofi Recherche,
Montpellier, France. Its chemical structure is
illustrated in Fig. 1. ["C]Polyethyleneglycolyyy
(["*CJPEG4n*) (M, 4000; sp. act. =13mCi/g,
[“CIPEG4u; M, 400; sp. act. = 15.3mCi/g), and
[*H]mannitol (M, 182; sp. act. = 30 Ci/mmol) were
purchased from Amersham International (Amer-
sham, U.K.) and New England Nuclear products
(Boston, MA, U.S.A.). [“C]Testosterone (sp. act. =
70 mCi/mmol) and [1-'*Clglucose (sp. act. =
50 mCi/mmol) were obtained from Dositek (Orsay,
France). [Ethyleneglycol-bis-( f-aminoethyl ether)-
N,N,N’,N']-tetraacetic acid (EGTA) was obtained
from the Sigma Chemical Co. (St Louis, MO,
U.S.A)).

Cell culture. CACO-2 cells, originating from a
human colorectal carcinoma [26], were obtained
from Dr A. Zweibaum (INSERM U-178, Villejuif,
France). CACO-2 cells were grown in 75-cm? flasks
at 37°in an atmosphere of 10% CO, using Dulbecco’s
modified Eagle’s medium (DMEM) supplemented
with 15% heat-inactivated fetal calf serum (FCS),
1% nonessential amino acids, 10 mM L-glutamine,
50 IU/mL penicillin, and 50 ug/mL streptomycin. D-
Glucose concentration in culture medium was 4.5
g/L. The medium was changed every other day until
the flasks reached 90% confluence. Under these
culture conditions cells became confluent 5-6 days
after seeding. The cells were detached from the
flasks by incubating the monolayers with trypsin
{(0.25% in phosphate-buffered saline (PBS) at
pH 7.4] containing 0.2% EDTA for 10 min at 37°.

* Abbreviations: TEER, trans epithelial electrical
resistance; PEG, polyethyleneglycol; FCS, fetal calf serum:
PBS, phosphate-buffered saline.
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Fig. 2. Hlustration of the permeable filter chambers used
for transport studies. CACO-2 cells are cultured on (.45 gm
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2 Alkaline 250
~ 20 phosphatase | 200 . m
[ 3 3
- 3 &%
>& 15 - 150 2 3
=€ B
5% 10 100 23
— - = O
c2 . 3z
3 5 Saccharase — 50 =
isomaltase
0 T T T 0
0 10 20 30 40

Culture Days

0 10 20 30
Post-Confluence Days

Fig. 3. Cell growth and sucrase-isomaltase and alkaline

phosphatase activities in CACO-2 cells over a 20-day

period. CACO-2 cells were cultured over 35 days. At

specified times cells were scraped., counted on a hematimeter

and brush borders prepared. Both sucrase isomaltase and

phosphatase alkaline activities are monitored as described
in Materials and Methods.

All tissue culture media were obtained from
EUROBIO Laboratories (Paris, France). Cells used
in this study were between passage 72 and passage
88.

For transport studies CACO-2 cells were seeded
onto 0.45-um pore collagen type I-coated inserts
(Millicell-CM; pore size = 0.4 um: diameter =
30mm: Millipore, Bedford. MA. U.S.A.) at
63,000 cells/cm”. A basic model of the permeable
filter chambers used is illustrated in Fig. 2. The
monolayers used in this study were 12-20 days
postseeding or 7-16 days postconfluence. A typical
cell growth curve of CACQO-2 cells obtained under
these incubation conditions is illustrated in Fig. 3.

Integrity of the monolavers. The integrity of the
monolayers was determined by measurement of
the potential difference (transepithelial electrical
resistance, TEER) [15. 19, 27] and by following the
transepithelial transport of a macromolecular
marker, PEGy [15]. The potential difference was
expressed as transmembrane resistance (ohms/cm-?)
after subtraction of the intrinsic resistance of the
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model (i.e. the resistance obtained over the cell-free
inserts). A monolayer with low TEER was assumed
to exhibit extensive leakage through imperfect
occluding junctions or holes in the monolayer
[15,19,27]. TEER values (230 % 50 ohms/cm?)
remained constant from day 12 through day 20.

[“CIPEGue (38 ug/mL) was added to the apical
side of the monolayers. The radiolabeled marker
transported over CACO-2 cells was evaluated after
3 hr at 37° on a 0.5-mL aliquot part withdrawn from
the basolateral chamber. The samples were measured
in a liquid scintillation counter from Packard. Inserts
without cells were used to determine the maximal
transport of the marker during the same time period.
The results were expressed as the transported
percentage of the dose. The rate of ["“C]PEGyyy
transported was 0.1 = 0.02% per hr. These results
are in agreement with those previously reported
by other authors [15,19,27] who showed that
undamaged monolayers are impermeable to macro-
molecules such as PEGygq.

Preparation for transmission electron microscopic
examination. The inserts were washed in PBS buffer
(ph7.2) and fixed in a solution containing 2%
glutaraldehyde and 0.1 M sucrose in 0.1 M cacodylate
buffer (ph 7.3) for 1 hr at 25°. The cells were rinsed
in 0.1 M Hanks buffer and fixed with 1% osmium
tetroxide in 0.1 M sodium cacodylate-HCl buffer for
1 br at 25°. After dehydration, the preparation was
embedded in Epon resin, sliced with a Reichert
ultramicrotome, stained with uranyl acetate and lead
acetate, and examined and photographed on a
transmission electron microscope (Jeol 1008).

Measurement of drug transport. Drug solutions
were prepared from the radiolabeled isotopes and
the corresponding unlabeled compounds in Hanks
buffer to give final concentrations up to 1073 M. All
transport experiments were performed in a 10%
CO; incubator at 95% relative humidity and 37° in
serum-free Hanks buffer (pH 7.4) containing 1 g D-
glucose per liter.

The monolayers were agitated on a mixer
(Red Rocker, Hoefer Scientific Instruments, San
Francisco, CA, U.S.A.) at 16 rpm and a 10° angle.
The radiolabeled drug solutions were added either
to the apical or the basolateral side of the monolayer
and aliquot parts, usually 0.2 mL, were withdrawn
at previously determined intervals. Usually radio-
labeled drug solutions were added to the apical
compartment, except if specified, and the rate of
appearance of “C-labeled drug in the basal
compartment was monitored. After withdrawing,
the same volume of the buffer is added in the basal
compartment to keep constant the receiver fluid
volume. A maximum of four samples were taken
from each chamber at regular time intervals. All
inserts were checked for monolayer integrity by
evaluating the TEER before each experiment and
the transport of a paracellular probe after the end
of the experiment.

Radiocactive scintillation counting. Radioactivity
was determined by liquid scintillation counting of
0.05-0.2-mL aliquot parts of the incubation medium
in a Tricarb liquid scintillation spectrometer { Packard
Instruments). Results were corrected to dpm by
comparison with standard quench curves.
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Calculations. The apparent permeability coef-
ficient (P,p,) was determined as previously reported
[28]:

Papp = dQ/[dt X A X Cll]

where; dQ/dt is the transport rate (ug/sec) and
corresponds to the slope of the regression line
determined on at least four different time points, C;
is the initial concentration in the donor chamber
(ug/mL or ug/cm?), A is the area of the membrane
(5.7 em?).

HPLC analysis. The appearance of Tiludronate
in the receiving chamber was also quantified following
HPLC analysis, since studies from our [29] and other
laboratories [30-32] recently demonstrated that
CACO-2 expressed various enzymatic systems
involved in both endogenous compounds and
xenobiotics metabolism, such as cytochrome P450
monooxygenases,  UDP-glucuronosyltransferases
and glutathione-S-transferases. HPLC analyses were
performed on a Varian high performance liquid
chromatograph (Serie STAR 9000). UV detection
was monitored at 270 nm using ecither a VARIAN
9050 variable wavelength detector or a Waters 990
diode array UV-visible detector. Tiludronate was
separated from endogenous compounds on an
Ashipak column (250 X 4.6 mm; average particle
size 5 um) from Prolabo. Elution was carried out
isocratically at 1 mL/min using an acetonitrile (5%)/
18 g/L Na;PO,-supplemented Waters Pic A buffer
(95%) mixture. Retention time for Tiludronate
under these HPLC conditions was around 7 min.

Treatment with a specific calcium chelator. The
selective calcium chelator, EGTA, was used to bind
free extracellular Ca’* ions. All EGTA experiments
were performed under the same conditions as the
drug transport studies. The serum-free Hanks
medium (containing 1.2 mM Ca”*) wassupplemented
with2.5 mM EGTA. The medium containing EGTA
was added to the two compartments, apical and
basal, for periods of up to 45 min. The integrity of
the monolayers was checked a few hours after the
end of each experiment by the determination of
["*CJPEG.yy transport and by the measurement of
the TEER.

Determination of extracellular Ca>* concentration.
The concentration of Ca’* ions in the incubation
medium, i.e. Hanks buffer = 1.2 mM, was deter-
mined in the absence or the presence of increasing
concentrations of either EGTA or Tiludronate,
using an Ingold Type electrode. Calculations were
determined relative to the control value.

Enzymatic activity. Brush border preparation of
CACQ-2 cells was performed as described previously
{29]. Protein concentrations were determined by the
Bio-Rad assay according to Pollard et al. [33] using
bovine serum albumin as standard protein. Sucrase-
isomaltase (EC 3.2.1.48) activity [34] and alkaline
phosphatase (EC 3.1.3.1), with p-nitrophenyl
phosphate as substrate [35], were determined as
previously described.

RESULTS

Differentiation and characterization of CACO-2 cells
The index of differentiation of CACO-2 cells
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Fig. 4. Electron micrographs of CACO-2 cells. Electron micrographs of 20-day-old CACO-2 monolayers
(A). The quality of desmosomes and tight junctions are illustrated in the enlargement (B). mv =
microvilli; d = desmosomes; n = nuclear. The arrows indicate tight junctions.

under our incubation conditions was evaluated
according to two criteria: (1) the increased expression
of the marker enzymes sucrase-isomaltase and
alkaline phosphatase, two enzymes present at the
level of microvilli, and (2) the morphological aspect
of the cells by electronic microscopy.

The biochemical parameters achieved after various
periods of time in culture are shown in Fig. 3. From
these data it was obvious that the differentiation
process, characterized by the expression of saccharasc
isomaltase and alkaline phosphatase, occurred
continuously from day 8 up to day 30, which
corresponds to day 1 up to day 23 after cells achieved
the stationary phase of growth. The values obtained
were similar to those reported in the literature by
others [36-39]. An electron micrograph of CACO-
2 cells on postconfluence day 20 is illustrated in Fig.
4. Cells appeared cuboidal with a large distribution
of mature microvilli on the apical surface, constituting
a brush border membrane. We also observed
desmosomes and occluding junctions (tight junctions)
limited to the apical surface of the cells. These
different observations confirmed that after mono-
layers have achieved the stationary phase of growth,
CACO-2 cells spontaneously differentiated and
resemble both structurally and functionally the small
intestinal epithelium.

Transport of Tiludronate across CACO-2 monolayers
(a) Solubility of Tiludronate. Octanol-water

distribution determination showed that Tiludronate
was highly water-soluble. Under our incubation
conditions, i.e. up to 50 mM Tiludronate, more than
99% of ['*C]Tiludronate was recovered in the
aqueous phase. Although Tiludronate, as other
bisphosphonates, was reported to form polynuclear
complexes with Ca** ions [40], we did not observe
any increase in Tiludronate (1 mM) solubility when
EGTA (2.5mM) was added in the incubation
medium.

(b) Ca?* ions chelation. The effects of both EGTA
and Tiludronate on extracellular free Ca?* ions was
investigated. The concentration of extracellular Ca**
ions in Hanks medium was evaluated in the absence
or the presence of increasing EGTA or Tiludronate
concentrations ranging between 0.15 and 25 mM. A
50% complexation of Ca®* ions was achieved for
EGTA and Tiludronate concentrations around 0.5
and 20 mM, respectively. These data confirmed
previous observations from Bonneri et al. [40]. In
the following experiments, Tiludronate con-
centration was set at 1 mM, conditions under which
free extracellular Ca’* concentration was not
affected.

(c) Tiludronate transport. The permeability
coefficient for Tiludronate transport was evaluated
following addition of 1 mM Tiludronate in the apical
compartment. The permeability coefficient was
determined to be 4.0 x 1077 £2.2 X 1077 cm/sec
(N =8), based on experiments performed on
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Fig. 5. Effects of sodium azide and low temperature on
Tiludronate transport. Tiludronate (1 mM) was added in
the apical compartment of CACO-2 monolayers and
permeability coefficients were determined either at 37°, at
4° or in the presence of sodium azide. The permeability
coefficient was also determined following addition of
Tiludronate (1mM) in the basal compartment and
measurement of the radiolabel in the apical compartment
(opposite flux). Results are expressed as the mean + SEM
of four different inserts run in the same experiment. When
experiments were performed on separate days, results are
reported relative to their own control run simultaneously.

different cell preparations and on 10-16 days
postconfluence cells. Similar results were obtained
when quantification was performed following HPLC
analysis (data not shown). The apparent large inter-
experiment variability was mostly due to the fact
that Tiludronate transport was relatively low due to
its type of transport (discussed further in the
following paragraphs). The effect of the aqueous
boundary layer on Tiludronate transport was also
investigated. No increase nor decrease of Tiludronate
transport was observed when the angular rotation
was increased from 16 to 150 rpm. However, under
the same conditions, testosterone permeability
coefficient increased from approximately 50 to
290 x 107%cm/sec (data not shown).

(d) Effects of sodium azide and low temperature
on Tiludronate transport. The permeability coefficient
of Tiludronate was also evaluated in the “basal-to-
apical” direction. The transport rate of Tiludronate
appeared to be not statistically different in either
the “basal-to-apical” or in the “apical-to-basal”
direction, i.e. the opposite flux. Likewise, no effect
was observed when incubation was performed at 4°
(Fig. 5). The effect of sodium azide, an energy
potson, was examined on the permeability coefficient
of Tiludronate across the CACO-2 monolayers. The
presence of 1.0mM sodium azide in the apical
compartment has no effect on Tiludronate transport,
as illustrated in Fig. 5.

(e) Effect of calcium-chelator treatment of CACO-
2 cells on Tiludronate transport. In the following
experiments, the selective calcium-chelator EGTA,
at an extracellular concentration of 2.5 mM, was
used to bind free extracellular Ca’* ions. Previous
studies performed by Artursson and Magnusson [19]
on the CACO-2 cell model had already showed that
the minimal effective concentration of EGTA on
the transmembrane resistance was 2.5mM for a
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Fig. 6. Effect of EGTA co-incubation on Tiludronate
transport. [“C]Tiludronate (1 mM final concentration} was
added to the apical side of CACO-2 cells and its appearance
in the receiving chamber was monitored (l). At the time
indicated by the arrow, EGTA (2.5 mM final concentration)
was added and the [“C]|Tiludronate appearance was
determined in the absence (@) or the presence (O) of
EGTA. Results are expressed as the mean = SEM of three
different inserts run in the same experiment.

maximal exposure of 45 min. Under these incubation
conditions, TEER decreased from 2537
ohm x cm? to 147 = 3ohm X cm?. The transmem-
brane resistance was completely restored after a 2-
hr incubation period at 37°, EGTA-treated cells
being indistinguishable from control monolayers
(data not shown).

Tiludronate (1 mM final concentration) was added
to the apical side of the cells and its appearance in
the receiving chamber was monitored as a function
of time over 2 hr. After 30 min, EGTA (2.5mM
final concentration; 200 uL of a 25 mM pH adjusted-
EGTA solution containing 1 mM Tiludronate) was
added on the apical side of the cells and its influence
on Tiludronate transport was evaluated. Results are
illustrated in Fig. 6. Following addition of EGTA,
a time-dependent increase in drug transport was
observed over the first 30 min of co-incubation, a
maximal rate of Tiludronate transport being achieved
after45 min. INEGTA-treated CACO-2 monolayers,
we observed a 7.7-fold increase in drug transport
compared to control monolayers.

A clear effect of the reduction of the extracellular
Ca’* concentration was observed for the hydrophilic
drug, Tiludronate, as illustrated in Fig. 7. The
transport of the latter was evaluated after a 30-min
exposure to the low Ca’* medium, i.e. in the
presence of 2.5 mM EGTA (conditions under which
extracellular Ca’* ions are chelated and tight
junctions widened). Then EGTA-containing medium
is removed and 37°-fresh medium added. A 6.6-fold
increase in Tiludronate transport was observed
during the subsequent 30 min period. This increase
in permeability was reversible since the transport
rate returned to normal levels after a 4-hr recovery
period in EGTA-free medium at 37°. Similar
experiments were also performed with testosterone,
a lipophilic endogenous compound which is known
to be passively transported across CACO-2 cells.
The reversible opening of the junctional complex
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Fig. 7. Effect of EGTA-pretreatment of CACO-2 cells on
Tiludronate transport. The transport of [“C|Tiludronate
(1 mM final concentration) over CACO-2 monolayers was
measured before (@), immediately after (O) and 5 hr after
() a 45-min treatment of cells with 2.5mM EGTA.
Results are expressed as the mean + SEM of three different
inserts. The same monolayers were used in all three
experiments.

had no effect on the transport rate of testosterone
(18.0 X 107+ 2.7 X 10~%cm/sec versus 18.8 X 107°
*+ 1.8 X 107%cm/sec before and after the 45-min
pretreatment of monolayers with EGTA, respect-
ively).

Forabetter understanding of Tiludronate transport
across CACO-2 monolayers, we compared the effect
of EGTA on the permeability coefficient of
Tiludronate and mannitol which has already been
described as a marker of the paracellular transport
in this epithelial model [1]. The permeability
cocfficients for both mannitol and Tiludronate
were similar at 3.50 x 1077 = 0.15 X 1077 cm/sec
and 3.3 x 1077 £ 0.6 x 1077 cm/sec (SEM; N = 3),
respectively and were affected in a similar manner
by the presence of 2.5mM EDTA, 265X
1077+ 0.3 x 1077 em/sec and 23.1 X 1077 £ 3.2
1077 cm/sec for mannito! and Tiludronate, respect-
ively.

Effect of Tiludronate on the paracellular pathway

(a) Effect on monolayer morphological aspect.
Examination of untreated 15-day postconfluence
CACO-2 monolayers by scanning electron micro-
graphy did not reveal any discernible gaps or holes
in the monolayer, in the shape and the density of
microvilli or in the quality of the desmosomes and
the tight junctions (Fig. 8). When CACO-2
monolayers were incubated for 30 min with either
2.5mM EGTA or 30 mM Tiludronate, the normal
polygonal shape of the untreated CACO-2 cells was
lost and cells appeared contracted and rounded. This
suggests a common effect of both EGTA and
Tiludronate at the level of the monolayers, although
occurring at a 10-fold higher concentration for
Tiludronate compared to EGTA.

(b) Effect on TEER. The effect of Tiludronate on
TEER was evaluated following addition of 1 or
50 mM Tiludronate in the apical compartment.
TEER values of 10-day postconfluence monolayers

X. BOULENC e al.

were 224 = 10 ohm x cm® (Fig. 9). Following treat-
ment of CACO-2 monolayers with Tiludronate, we
observed a time-related decrease in the TEER,
achieving a plateau value at 174 = 8 ohm x cm?® and
88 = 3 ohm X cm?, 40 min after addition of 1 and
50 mM Tiludronate, respectively. Under the latter
conditions, i.e. a 40-min exposure to 50 mM
Tiludronate, the TEER was almost completely
restored after a recovery period of 30min,
202 = 26 ohm x cm* (N = 3)in untreated cells versus
175 = 18 ohm x ¢cm? (N = 3) in Tiludronate-treated
cells. This Tiludronate-mediated decrease in TEER
was similar to that observed following a 45-min
pretreatment of CACO-2 cells with 2.5 mM EGTA.

(¢c) Effect on PEGyy paracellular transport.
PEGy,y, a marker for paracellular transport. has
been intensively used to evaluate the permeability
of the CACO-2 cell monolayers. The filters
containing 15-day postconfluence CACO-2 cells
were essentially impermeable to the test compound.
A coefficient of permeability of 6 x 1077 = (.3 x
107 cm/sec was achieved for CACO-2 cells of
postconfluence day 10 to day 20. [“CIPEGgy flux
across the monolayer wasincreased up to 60 x 1077 =
10 x 107 cm/sec when  15mM  Tiludronate
was added in the apical compartment. In a similar
manner, the permeability coefficient for PEGy,, was
330 X 1077 =9 x 1077 cm/sec following addition of
2.5mM EGTA (Fig. 10).

This increase in PEGy,, flux for Tiludronate
concentrations exceeding 5 mM could be attributed
either to an opening of tight junctions by Tiludronate,
a consequence of the binding of free extracellular
Ca®* jons or to a cytotoxicity occurring at high
non-physiological Tiludronate concentrations. This
hypothetical cytotoxic effect of Tiludronate was
investigated by evaluating both membrane integrity
(Trypan blue dye exclusion) and the ability of
monolayers to transport different markers such as
testosterone, which cross the cells by passive
diffusion, and glucose which is actively transported
by CACO-2 cells. Glucose transport was determined
at a single drug concentration, i.e. 1 mM and over
a 60-min period. As reported in Table 1.
characteristics of CACO-2 cells remained similar
before or after 1-hr exposure to a high Tiludronate
concentration, in terms of both cell viability and
probes transport. Moreover we demonstrated that
6 hr following a 60-min treatment of CACO-2 cells
with 50 mM Tiludronate, CACO-2 cells with 50 mM
Tiludronate, TEER values remained similar to those
obtained before Tiludronate treatment (data not
shown).

{d) Effect of Tiludronate on |“C|Tiludronate
transport. The Tiludronate transport rate across
CACO-2 cells was investigated over 60 min foliowing
addition of either | or 20 mM ["“*C]Tiludronate in
the apical compartment, after which the permeability
coefficients for Tiludronate transport were evaluated.
When Tiludronate concentration was increased from
1 to 20mM, we observed first a steady state
in Tiludronate permeability coefficient around
5.0x 1077 % 1.2 x 10”7 cm/sec up to a 5mM con-
centration, and then a concentration-related increase
in the permeability coefficient to achieve
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Fig. 8. Scanning electron micrographs showing the surface of the CACO-2 cell monolayers,

Postconfluence 10-day CACO-2 cells were incubated for 30 min in the absence (A) or the presence of

either 2.5 mM EGTA (B) or 50 mM Tiludronate (C) and scanning electron micrographs are performed.
The cracks are artefacts from the preparation of the specimens.
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Fig. 9. Effect of Tiludronate on TEER of CACO-2

monolayers. TEER was evaluated on 7-day postconfluence

cells before (M) or after addition of 1 mM (Q) or 50 mM

(O) Tiludronate in the apical compartment of CACO-2

monolayers. Results are the mean = SEM of four different
inserts run in the same experiment.
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Fig. 10. Effect of Tiludronate and EGTA on PEGyy, flux
across CACO-2 monolayers. Fifteen to twenty day
postconfluence CACO-2 monolayers were incubated over
1 hr with [“C]PEGy in the absence or the presence of
either 2.5 mM EGTA or 15 mM Tiludronate. [“C]PEG
flux across the cell membrane was monitored and the
permeability coefficient of PEG,,, determined every 15 min
over 90 min. Results are the mean of three different inserts
performed in a single experiment,
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Table 1. Cytotoxic effect of Tiludronate on CACO-2 cells

Tiludronate-treated

Untreated cells cells
Cell viability
Trypan blue dye exclusion (%) 94 =2 93+3
Protein recovery (mg/10° cells) 2.3+0.5 2103
Permeability coefficient
Testosterone; (cm/sec) X 107° 7.4+05 8.6 0.2
Glucose*; (cm/sec) x 107° 6.1+13 6.8+1.2

CACO-2 cells were incubated for 1 hr with 50 mM Tiludronate and different cell

characteristics were determined.

* Determined at a single glucose concentration, i.e. 1 mM.

200 x 1077 = 4.6 x 107" cm/sec at 20mM Tilu-
dronate.

DISCUSSION

The human intestinal epithelial cell line, CACO-
2, provides a cellular model to study the differentiated
functions of intestinal enterocytes. CACO-2 cells
spontaneously differentiate in culture to polar cells
possessing microvilli and enterocytic properties.
Confluent monolayers form tight junctions between
cells; thus monolayers exhibited the electrical
properties characteristic of an intestinal epithelium.
The region of the normal human GI tract represented
by the CACO-2 model is still under investigation.
While the presence of brush border hydrolases and
transport pathways for bile acids and cobalamin are
properties of the distal ileum, the electrical properties
are more indicative of a colonic epithelium [1, 10,
20].

CACO-2 monolayers are being widely used to
study the transepithelial transport pathways which
differ in basic properties such as specificity,
saturability, competitiveness, unidirectionality etc.
CACO-2 cells were demonstrated to actively
transport L-a-methyldopa [11]. Active carriers have
been shown to be time, pH, concentration, glucose
and temperature dependent. Furthermore, this kind
of transport was inhibited by neutral as well as basic
amino acids and by metabolic inhibitors. CACO-2
monolayers have recently been used to investigate
the active transport of ions and different endogenous
products, such as bile acids, vitamins and amino
acids, over the intestinal epithelium. Saturation
kinetics are generally an indication that the transport
is not via passive diffusion. Hence, Hu and Borchardt
[11] demonstrated that the permeability of L-a-
methyldopa, which uses a transcellular transport,
was disproportionally higher at 1 mM than at a
higher concentration, i.e. 2.5 mM.

However, since most drugs are transported over
the intestinal epithelium by passive diffusion, the
CACO-2 model was investigated for its usefulness
in studying the passive diffusion of various drugs
such as f-adrenoceptor antagonists. S-Blockers were
transported by passive diffusion over the CACO-2
cells [15]. The transport was therefore not saturable
and the transport rate from the luminal to the

basolateral side of the monolayer was the same as
that in the opposite direction. The epithelial
monolayer is comprised of the lipophilic cell
membranes and the intercellular junctions between
the cells. The intercellular spaces are sealed by tight
junctions which reduce their pore radius to a few
Angstrom units [41]. The contribution of this
paracellular pathway to the total permeability of the
epithelial monolayer is only significant for drugs that
are transported slowly across the cell membrane,
e.g. hydrophilic compounds with a low molecular
mass and very low partition coefficients [20].

The intestinal absorption of various bis-
phosphonates i.e. 1-hydroxyethylidene-1,1-bis-
phosphonate (HEBP) and dichloromethylene bis-
phosphonate (CI,MBP), has already been shown
[22, 23] to be low and in the order of a few per cent
in humans. Furthermore, their absorption varied
both between individuals and within the same
individual, making accurate oral dosage of these
compounds difficult {21-23]. Based on the obser-
vation that bisphosphonates formed polynuclear
complexes with calcium 21, 22]and were precipitated
as calcium-bisphosphonates, Janner er al. [21}
investigated whether the calcium chelator EDTA
could improve intestinal absorption of different
bisphosphonates, including CI,MBP, in the rat.
Indeed, EDTA did increase the absorption of these
bisphosphonates but only at certain doses of these
compounds and at high EDTA concentrations,
making this chelator unsuitable for clinical use.
Among various explanations for this increase in
bisphosphonate availability, they suggested that
EDTA could directly enhance intestinal
permeability, a consequence of the reversible
decrease in the calcium and magnesium content of the
intestinal epithelium associated with ultrastructural
alterations at the level of tight junctions. EDTA has
also been described as enhancing the intestinal
absorption of drugs such as heparin and synthetic
heparinoids by increasing theirintestinal permeability
[42].

In this study, we demonstrated the paracellular
transport of Tiludronate, a new bisphosphonate,
across CACO-2 monolayers. The transport of
Tiludronate was relatively slow, independent of the
temperature (4° versus 37°), of the polarity of
the cell membrane (apical-to-basolateral versus
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basolateral-to-apical), of the absence or presence of
a metabolic inhibitor (sodium azide), but highly
dependent of EGTA, a calcium chelator which
reduces the extracellular calcium concentration, i.e.
conditions under which the intercellular spaces were
widened and the tight junctions were resolved at the
ultrastructural level. This increase in Tiludronate
transport following EGTA-treatment, was preserved
for only a few hours after EGTA removal, consistent
with its reversal effect on tight junction widening.
This is in agreement with different findings which
show that hydrophilic drugs with a low lipid solubility
are transported at a slow rate across the cell
membrane. Under these conditions, when the
transcellular transport rate is reduced, the transport
through the alternative paracellular route becomes
more marked.

When CACO-2 cells were exposed to increasing
Tiludronate concentrations of up to 20mM, we
observed (i) a decrease in the TEER, (ii} an increase
in the transmembrane transport of mannitol (data
not shown) and PEG,y. two probes of the
paracellular component, and (iii) an increase in the
permeability coefficient of Tiludronate. These
different phenomena could be the consequence of
either an indirect effect of Tiludronate on tight
junction regulation, by decreasing free Ca’* ions,
or a cytotoxic effect on CACO-2 cells. Although an
effect of Tiludronate on membrane characteristics
could not be completely excluded, we demonstrated
that CACO-2 cells exposed for 3 hr with 50 mM
Tiludronate did not accamulate Trypan blue dye, a
marker of cellular integrity, nor did they exhibit any
change in the passive diffusion of testosterone [14]
or in the active transport of glucose. This is in
agreement with previous studies of Van Hoogdalem
et al. [43] who reported that, due to its calcium
binding properties, 3-amino-1-hydroxypropylidene-
1,1-diphosphonate could be a potential paracellular
absorption promoting agent. These studies suggest
that following treatment of patients with Tiludronate,
the drug could increase its own transport across the
intestine wall and hence increase its bioavailability.
These observations could explain the non linear
pharmacokinetics of Tiludronate in healthy vol-
unteers receiving increasing dosages of Tiludronate
[24, 25, 44]. Although studies on many other drugs
and comparison with their percentage of absorption
in vivo will be required to determine how far one
can extrapolate from the in vitro system to the whole
animal or to man, the current results indicate that
the cell culture system provides a convenient model
for characterizing transport systems and measuring
transport rates across an isolated human cell barrier.
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