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Abstract

The major disadvantage concerning clinical use of bishosphonate drugs, like clodronate, is their poor and variable absorption
after oral administration. The objective of this study was to assess the effects of four different absorption enhancers—palmitoyl
carnitine chloride (PCCW\-trimethyl chitosan chloride (TMC), sodium caprate (C10), and ethylene glycdais(inoethyl
ether)N,N,N',N'-tetraacetic acid (EGTA)—on the transport of clodronate using Caco-2 cell culture model. The transport ex-
periments were performed in a normal (1.3mM) and in a minimum-calcium concentration (apically calcium-free medium
and basolaterally 10@M calcium concentration). In the normal calcium concentration, a strong enhancement in clodronate
permeation was observed with the enhancers: EGTA (2.5 mM), TMC (1.5% w/v), and PCC (0.2 mM) increased the transport
of 1 mM clodronate 190-, 20-, and 10-fold, respectively, and the transport of 10 mM clodronate 130-, 70-, and 35-fold. In the
minimum-calcium concentration, the effects of the absorption enhancers on the transport of clodronate were not so potent: TMC,
PCC, and EGTA caused 2- to 20-fold enhancement in clodronate permeation whereas C10 (10 mM) was without any effect.
According to the results, the permeation of clodronate through Caco-2 cells could be significantly promoted by the absorption
enhancers, which cause widening of the tight junctions and, thus, increase the permeability of the paracellular route.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction diseases, e.g. Paget's disease, hypercalcemia of ma-
lignancy, and osteolytic bone metastadelwgker and
Clodronate, a member of bisphosphonate drugs, Goa, 1994 A major problem in the successful clini-
inhibits osteoclastic bone resorption and is, therefore, cal use of bisphosphonates is their poor and variable
used in the therapy of bone and calcium metabolism intestinal absorption: for example, the bioavailabil-
ity of clodronate is about 2% after oral administra-
- tion (Yakatan et al., 1982; Pentikdinen et al., 1989;
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cells (Lin, 1996). According to the in vitro transport  culture model and in the minimum-calcium model
studies performed using human intestinal epithelial described byNicklin et al. (1995)
Caco-2 cells, the paracellular route is supposed to be
the main permeation route of bisphosphonates through
the epithelial barrieroulenc et al., 1993; Twiss etal.,, 2. Materials and methods
1994; Raiman et al., 2001 The oral absorption of
bisphosphonates is dramatically diminished when 2.1. Materials
the drug is taken with foodHogelman et al., 1986;
Laitinen et al., 200p Especially, the presence of &a Clodronate and f'C]clodronate (specific activity
and other divalent cations in the intestinal lumen may 2.7uCi/mg) were obtained from Leiras Pharmaceu-
retard the absorption since the divalent cations are tical Co. (Turku, Finland). Absorption enhancers—
able to form non-absorbable complexes with bispho- PCC, sodium salt of capric acid (C10) (99-100%
sphonatesHleisch, 199Y. In addition, the negative  purity), and EGTA—were all purchased from Sigma
charge and relatively large molecular size of bisphos- Chemical Co. (St. Louis, MA). TMC (degree of sub-
phonates complicate their paracellular transpbir,( stitution ca. 60%) was synthesized using the method
1996. Orally administrated bisphosphonates could described previously byKotzé et al. (1997)at
be absorbed to a small extent from the stomach, but the Department of Pharmaceutical Technology in
the main absorption site is the upper part of the small the Leiden University (Leiden, The Netherlands).
intestine Fleisch, 199Y. p-[1-1*C]Mannitol (specific activity 51.5 mCi/mM)
In order to improve the oral absorption of bispho- was acquired from DuPont NENProducts (Boston,
sphonates various methods, such as absorption enMA). Medium components and other reagents for cell
hancers and prodrug technique, have been employedculture were obtained from Gibco Life Technologies
(Ezra and Golomb, 200Q0In the prodrug strategy, (Paisley, Scotland\-[2-hydroxyethyl]piperazine\'-
more lipophilic derivatives of clodronicAhimark [2-ethanesulfonic acid] (HEPES) from Sigma, and
et al., 1999; Niemi et al., 199%nd etidronic acid rat tail type | collagen from Collaborative Biomed-
(Niemi et al., 200D have been synthesized and tested ical Products (Bedford, MA). For the MTT test,
in vitro as potential bioreversible prodrug molecules 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
of clodronate and etidronate. Moreover, dipep- bromide (MTT) was purchased from Sigma, sodium
tidyl prodrugs (Pro-Phe-pamidronate and Pro-Phe- dodecyl sulfate (SDS) from Merck (Darmstadt, Ger-
alendronate) which could utilize active transporters many), and N,N-dimethylformamide (DMF) from
(like hPEPT1) in the absorption have been studied Fluka Chemie AG (Buchs, Switzerland).
(Ezra et al., 2000 Among the chemical absorption
enhancers, calcium chelator EDTA has been tested in2.2. Cell culture
promoting absorption of alendronate and clodronate
in rats Janner et al., 1991and the effects of ethylene The Caco-2 cells were obtained from the Uni-
glycol-bis3-aminoethyl etherN,N,N’,N'-tetraacetic versity of California (San Francisco, CA). The cells
acid (EGTA) Boulenc et al., 1993and sodium lau-  were grown in a cell culture medium consisted of
ryl sulfate Boulenc et al., 1995aon transport of Dulbecco’s Modified Eagle Medium (DMEM) supple-
tiludronate through the Caco-2 cells have been inves- mented with 10% fetal bovine serum (heat-inactivated
tigated. at a temperature of 5& for 30min), 2mM
In the present study, the effects of four different ab- 1r-glutamine, 1% non-essential amino acids, 100 U/ml
sorption enhancers—palmitopk-carnitine chloride penicillin, and 10Qug/ml streptomycin in 75-cfcell
(PCC),N-trimethyl chitosan chloride (TMC), sodium culture flasks (Nunc, Roskilde, Denmark). The cul-
caprate (C10), and EGTA—on the transport of clo- tures were kept at 3T in an atmosphere of 7% GO
dronate through Caco-2 cells were evaluated. The in-  For the transport experiments, the cells between the
fluence of the extracellular calcium on the absorption passage numbers 45-53 were seeded at a density of
enhancement was studied by performing the trans- 80,000 cells/crhon the rat tail type | collagen-coated
port experiments both in the conventional Caco-2 cell Transwell polycarbonate cell culture inserts (24-mm
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diameter, 3.0sm pore size) (Costar Corporation,

Cambridge, MA). The medium was changed every
other day and the day before use (apical volume
1.5ml and basolateral volume 2.6 ml). The cells were
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medium for 60 min before the transport experiments
were performed. In addition, the effects of PCC
(0.2mM), TMC (1.5% wl/v), and EGTA (2.5mM

both apically and basolaterally) on the transport of

used for the transport studies 21-27 days after seed-[**C]mannitol (0.3.Ci/ml) were studied in the con-

ing on the membranes. The integrity of each batch

ventional model and the effects of C10 (10 mM) in

of the monolayers was determined by measuring the the minimum-calcium model. The samples (30D

transport of $*C]mannitol (0.3.Ci/ml) through the
three individual monolayers.

2.3. Transport experiments

The transport experiments were performed in the
normal (1.3mM) and in the minimum-calcium con-
centration (a calcium-free apical donor solution and
a basolateral receiver solution containing L00
calcium concentration)Nicklin et al., 1995. Prior
to the experiments, the cells were washed twice with
Hanks’ Balanced Salt Solution (HBSS) supplemented
with 25mM HEPES (pH 7.4) in the conventional
Caco-2 model. In the minimum-calcium model, the
cells were washed first with HBSS/25 mM HEPES
(without Ca and Mg), and after that the apical sides
with HBSS/25mM HEPES (without Ca and Mg)
and the basolateral sides with HBSS/25 mM HEPES
containing 10QwM calcium. The transport studies
were performed from the apical to the basolateral
direction at 37C. Clodronate solution (1 or 10 mM)
(0.44uCi/ml) in HBSS/25mM HEPES (pH 7.4)
with/without absorption enhancer was added to the
apical compartment, and the samples (jLOOwere
withdrawn every 30min for 3h from the basolat-
eral compartment. The volume removed from the

were mixed with 4.5 ml of scintillation liquid (Ultima
Gold, Packard, Groningen, The Netherlands), and
the 14C activities of the samples were measured by
Wallac 1218 Rackbeta Liquid Scintillation Counter
(Wallac, Turku, Finland). The apparent permeability
coefficients Papp were calculated according to the

equation:
1
ACo

do

dr
where dQ/dt is the permeability rateA is the diffu-
sion area of the monolayer, a@y is the initial donor
solution concentration.

Papp =

2.4. MTT test

The effects of PCC, C10, and EGTA on the Caco-2
cell viability were studied by the MTT method.
The Caco-2 cells were inoculated in microwells
of 96-well microtiter plates (Nunc, Roskilde, Den-
mark) at a density of 50,000 cells/well. After 24 h,
the cells were exposed to the absorption enhancers
from half-logarithmic dilution series for 3h at 3T.
Then, the medium was aspirated and exchanged to the
serum-free medium and 28 MTT solution (5 mg/ml)

basolateral compartment was always replaced with was added. After 2h, 100l SDS+ DMF buffer, pH

fresh prewarmed HBSS/25mM HEPES. The con-

4.7, was added to dissolve the formazan precipitate.

centrations of the absorption enhancers used were: The developed color was measured at a wavelength

0.2mM PCC, 1.5% w/v TMC, 10mM C10 (only in
minimum-calcium model to avoid precipitation with
calcium), and 2.5mM EGTA (both in the apical and

of 570 nm with a multiwell scanning spectrophotome-
ter (Multiscan Plus, Labsystems, Helsinki, Finland).
The results are expressed as percentage of the control

the basolateral compartments). EGTA was added to value.
the apical and the basolateral chambers because in

previous studiesNoach et al., 1993; Collares-Buzato
et al., 1994, it has been shown that application of
calcium chelator (EDTA or EGTA) especially into
the basolateral chamber is of major importance to
provoke opening of junctional complex. To avoid
precipitation of TMC with clodronate, the cells
were incubated with 1.5% w/v TMC in serum-free

2.5. Statistical analysis

The results are expressed as mears.D. Sta-
tistical differences were evaluated using one-way
ANOVA, followed by the Fisher's LSD for mul-
tiple comparisons *(P < 0.05; **P < 0.01; ***

P < 0.001).
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3. Results

As a marker for integrity of the Caco-2 cell mono-
layers, F*Clmannitol transport through the cells
was followed. In the normal calcium concentration,
1.4+ 0.6% (Papp = (4.5+£2.0) x 10" cm/s,n = 21)
of the initial mannitol concentration was transported
through the cells in 3h. In the minimum-calcium
model, mannitol transport slightly increased be-
ing 19 £ 0.6% (Papp = (5.6 = 1.6) x 10~" cm/s,

n = 24).

Clodronate was poorly transported through the
Caco-2 cells: the apparent permeability coefficient
(Papp) obtained for 1 mM clodronate wa.5+0.2) x
10" cm/s @ = 15) (Fig. 19. When the concentration

J. Raiman et al./International Journal of Pharmaceutics 261 (2003) 129-136

of clodronate was increased to 10 mM, the transport
increased twofold Rapp = (1.0 £ 0.4) x 10~7 cmis,

n = 8) (Fig. 19. All the studied absorption en-
hancers improved the transport of clodronate through
the cells. PCC (0.2mM) increased the transport of
1 mM clodronate by a factor of about 10 £ 3), the
pretreatment of the cells with TMC (1.5% wi/v) by a
factor of 20 ¢ = 3), and EGTA (2.5 mM) by a factor

of 190 @ = 3) (Fig. 19. When 10 mM concentration
of clodronate was used, the enhancement factors for
PCC, TMC, and EGTA were 35:(= 3), 70 ¢ = 3),

and 130 ¢ = 3), respectively Kig. 19. Experi-
ments with C10 were not performed in the normal
calcium concentration because C10 precipitated with
calcium.
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Fig. 1. The effects of the absorption enhancers on the apparent permeability coeffitiggtfdr 1 mM (white bars) and 10 mM (grey
bars) in normal (a) and in minimum-calcium concentration (b}=(3-24).
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Fig. 3. The effects of PCC, C10, and EGTA on the viability of Caco-2 cells. The values are means of three independent experiments.

In the minimum-calcium model, the permeability in the presence of 0.2mM PCC 28t 5.9% ( = 3)
of 1 mM clodronate increased 12-fol@{yp, = (6.3 + of the initial mannitol concentration was transported
3.8) x 10" cm/s,n = 8) and that of 10mM 38-fold  through the cells in 3hRig. 2. The corresponding
(Papp = (37.7£9.0) x 10~"cm/s,n = 6) as compared  percentages for TMC and C10 wer®4-0.1% (1 =
with the corresponding apparent permeability coeffi- 3) and 29 + 0.1% (= = 3), respectively.
cients obtained in the presence of calcilfig( 1b). In According to the MTT assay results, EGTA and
the absence of calcium, EGTA and PCC were the most PCC did not affect the viability of the Caco-2 cells
effective agents in enhancing clodronate’s permeation (Fig. 3). C10, instead, decreased the viability: as a con-
(Fig. 1b. The absorption enhancers did not, however, centration of 10mM (the same concentration which
cause such a dramatic enhancements in the clodronatevas used in the transport experiments), the viability
permeation as compared to the permeabilities obtaineddecreased to 20% of the control vall&d. 3).
in the presence of calcium. The enhancement factors
in the minimum-calcium model ranged from 2 to 20,
C10 being almost without any effedtiy. 1b). 4. Discussion

EGTA and PCC had the strongest effect also on the
transport of mannitol through the Caco-2 cells: inthe  As also previously shownRaiman et al., 2001
presence of 2.5mM EGTA 32+ 1.1% (» = 3) and clodronate was very poorly transported through the
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Caco-2 cells. The low permeability coefficient in- the calcium concentration in the gastrointestinal tract
dicates that the paracellular pathway is the main and because of the variability in the permeabilities,
permeation route of clodronate through Caco-2 cells. even obtained in controlled conditions, like in Caco-2
The low permeabilities of paracellularly transported cell model @Artursson and Magnusson, 199® has
drugs are a consequence of the small surface areaalso been noticed that the absorption enhancement
of the intercellular spaces and the tight junctions obtained with calcium chelator EDTA is more depen-
between the epithelial cell\ftursson et al., 1996 dent on the basolateral than the apical application of
In the minimum-calcium model, the permeability of the calcium chelatorNoach et al., 1993
clodronate was significantly enhanced. This indicates A long-chain acylcarnitine PCC (0.2 mM) increased
the strong role of calcium in the restriction of bispho- the permeability of clodronate in the presence of cal-
sphonate absorption which is probably due to com- cium, but in the smaller extent than EGTA. In the
plexation of bisphosphonate into a non-absorbable minimum-calcium concentration, PCC increased sig-
form (Fleisch, 199). The transport of clodronate nificantly the permeation of clodronate and almost the
was dose-dependent: higher concentration resultedsame permeabilities were achieved with PCC as with
in slightly increased permeability. It is earlier re- EGTA. PCC was also as effective as EGTA in pro-
ported that bisphosphonates may enhance their ownmoting the transport of mannitol through the Caco-2
absorption since they are able to bind calcium and, cells. It has been previously shown that 0.2 mM PCC
thus, increase the permeability of the tight junctions enhances transport of hydrophilic marker molecules,
(Boulenc et al., 1993; Twiss et al., 1994n fact, lucifer yellow and ruthenium red, through Caco-2
because of the calcium binding ability of bispho- cell monolayers and that PCC reduces rapidly and
sphonates, they might act as potential absorption C&" independently transepithelial electrical resis-
enhancers themselvegan Hoogdalem et al. (1989) tance (TEER) lochman et al., 1994 PCC appears
studied the effects of 0.5-6% w/v pamidronate on not to cause apical cell membrane lysis, but PCC acts
rectal absorption of cefoxitin in rats. A maximal ce- by disrupting tight junctions. HoweveDuizer et al.
foxitin bioavailability of 854+ 10% was achieved by  (1998) have demonstrated that, for example, leakage
infusion with 4% w/v of pamidronate compared with of lactate dehydrogenase is significantly increased
14+ 12% without pamidronate. at PCC concentrations 0£0.2mM in Caco-2 and
EGTA was the most effective absorption enhancer >0.1mM in IEC-18 cells.
in promoting the transport of clodronate through In the case of TMC, the pretreatment of the Caco-2
Caco-2 cells, both in the presence and in the absencecells with TMC prior to the transport experiments re-
of calcium. EGTA had the strongest effect also on the sulted in significantly higher clodronate permeabili-
transport of mannitol through the cells. As a calcium ties, both in the presence and the absence of calcium.
chelator, EGTA is much more potent than bisphos- Under the influence of TMC (1.5% w/v), the mannitol
phonates since, for example, a 50% complexation of transport increased 2.7-fold.
C&t ions is achieved at the concentration of 0.5mM Interestingly, C10 (10 mM) only very slightly in-
EGTA and 10-20 mM of tiludronateBpulenc et al., creased permeability of 1 mM clodronate and did not
1995H. Powerful calcium chelating agents, like EDTA  at all affect the permeability of 10 mM clodronate. The
and EGTA, cause G& depletion which, in turn, transport of mannitol, however, was increased 1.5-fold
leads to considerable changes in the cells, inducing by C10.
disruption of actin filaments, disruption of adherent  According to the MTT test results, EGTA and
junctions, diminished cell adhesion, and activation PCC did not remarkably decrease the viability of the
of protein kinasesl(eCluyse and Sutton, 19%97In Caco-2 cells. At the concentrationsl mM EGTA
addition to these effects on the cells and tight junc- rather increased the viability which is in agreement
tion permeability, calcium chelators may enhance with the results obtained bBoulenc et al. (1995b)
bisphosphonate absorption by reducing the formation An increased viability could be, at least in part, due
of bisphosphonate—calcium complexdarfner et al.,  to increased transport of tetrazolium salt inside the
1991). It is, however, unlikely that EGTA could be cells. C10, however, decreased the viability of Caco-2
used in vivo, since many endogenous factors affect cells by 80% at the concentration of 10 mM which
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was used in the transport experimehisdmark et al. Boulenc, X., Roques, C., Joyeux, H., Berger, Y., Fabre, G., 1995b.
(1998)have reported similar results with C10: 13 mM EiSPhOS_P?Or;?“eIS ir?tchrel"’_‘sle(cﬂght 1'2‘;”0“3” | Pleftheas:ity inltthe
- uman Intestinal epithelial aco-Z) moael. Int. J. arm. y
C10 decreased the dehydrogenase activity of Caco-2 13-24. P
cells to 223420.2%. It has also been shown that C10 Collares-Buzato, C.B., McEwan, G.T.A., Jepson, M.A., Simmons,
at high concentration (0.5% w/v) damages plasmaand  N.L., Hirst, B.H., 1994. Paracellular barrier and junctional
nuclear membranesSékai et al., 1998 The effects protein distribution depend on basolateral extracellulaftCa
of TMC on the viability of Caco-2 cells were not in cultured epithelia. Biochim. Biophys. Acta 1222, 147-158.
. . Duizer, E., Van der Wulp, C., Versantvoort, C.H.M., Groten, J.P.,
evaluated in t_hIS StUdy due to short of th_e compound. 1998. Absorption enhancement, structural changes in tight
In conclusion, the effects of four different ab- junctions and cytotoxicity caused by palmitoyl carnitine in
sorption enhancers on the permeation of clodronate  Caco-2 and IEC-18 cells. J. Pharmacol. Exp. Ther. 287, 395—
through Caco-2 cells were studied in the presence and  402. S _
in the absence of calcium. A strong enhancement in Ezra, A., Golomb, G., 2000. Administration routes and delivery
. systems of bisphosphonates for the treatment of bone
clodronate pe_rmeat_lon through the cells was observed, resorption. Adv. Drug Deliv. Rev. 42, 175-195.
only C10 being without any effect. These results Ezra, A, Hoffman, A., Breuer, E., Alferiev, 1.S., M&nkkonen,
indicate that absorption of clodronate could be signif- J., El Hanany-Rozen, N., Weiss, G., Stepensky, D., Gati, .,
icantly increased by the absorption enhancers which ~ Cohen, H., Térmalehto, S., Amidon, G.L., Golomb, G., 2000.
affect the permeability of the tight junctions. It must, A peptide prodrug approach for improving bisphosphonate oral
: . absorption. J. Med. Chem. 43, 3641-3652.
however, be empha5|zed that the results obtained us'Fleisch, H., 1997. Bisphosphonates in Bone Disease. From the
ing Caco-2 cells should not be directly extrapolated  Laboratory to the Patient, 3rd ed. The Parthenon Publishing
to the in vivo situation, because the opening of the Group, New York.
tight junctions will only occur in the direct contact ~Fogelman, I, Smith, L., Mazess, R., Wilson, M.A., Bevan, J.A.,
with the absorption enhancer and the mucosal sur- 1986. Absorption of oral diphosphonate in normal subjects.

. . . . Clin. Endocrinol. 24, 57-62.
face which is easy to achieve in the Caco-2 cells, but yochman, JH., Fix, JA. LeCluyse, L., 1994. In vitro and in

most probably not in the vivo situation. Furthermore, vivo analysis of the mechanism of absorption enhancement by
the clinical usefulness of the absorption enhancers  palmitoylcaritine. J. Pharm. Exp. Ther. 269, 813-822.
remains unclear and should be further clarified. Janner, M., Muhlbauer, R.C., Fleisch, F., 1991. Sodium EDTA

enhances intestinal absorption of two bisphosphonates. Calcif.
Tissue Int. 49, 280-283.
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