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Abstract

The intestinal tolerability profile of the potent bisphosphonate compound zoledronate (CGP 42’446) has been
compared with that of pamidronate in 2 preclinical screening models. Despite being 2—3 orders of magnitude more
potent than pamidronate as an inhibitor of bone resorption, zoledronate (1-100 mM) was 2—4 fold less potent at
disrupting the permeability barrier of monolayers of an intestinal epithelial cell line (Caco-2) in vitro. In an acute in
vivo rat model, luminal perfusion of ileal loops with zoledronate, pamidronate or EDTA at a concentration of 30 mM
disrupted the intestinal permeability barrier within 1 h whereas 1 and 10 mM solutions had no effect. Since both
EDTA and bisphosphonates are powerful calcium chelators, these changes are most probably due to calcium
sequestration and a consequent loosening of tight junctions between the intestinal epithelial cells rather than to a
specific pharmacological action. Thus, in comparison to pamidronate, the high potency of zoledronate as an inhibitor
of bone resorption is not associated with a corresponding increase in the compound’s potential to damage the
intestinal mucosa. From these preclinical studies, it is predicted that zoledronate should have a higher therapeutic
ratio than pamidronate (anti-resorptive potency in bone versus adverse intestinal effects) in man. © 1997 Elsevier
Science B.V.
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1. Introduction variety of diseases characterized by elevated bone
resorption, notably tumour-induced hypercal-

Bisphosphonates have found widespread clini- cemia, Paget’s disease, osteoporosis and more re-
cal use as inhibitors of osteoclastic activity in a cently, bone metastases (Fleisch, 1995; Berenson
et al., 1996). Bisphosphonates are powerful cation
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in biological systems. As a result, these com-
pounds have a high affinity for the mineralized
bone matrix (Bisaz et al., 1978), a property which
contributes to their potent pharmacological effect
on this target tissue.

However, calcium complexation in the gas-
trointestinal tract is also a major factor contribut-
ing to the low bioavailability of these compounds,
typically less than 1% for all the currently avail-
able bisphosphonates (Fleisch, 1995). In order to
be therapeutically effective, these compounds
have to be given either by intravenous infusion, or
in much larger oral doses to compensate for their
low absorption. Oral administration of bisphos-
phonates may be associated with a variety of
adverse gastrointestinal reactions (Fleisch, 1995).
Although these are usually only mild to moderate
and do not normally require interruption of ther-
apy, there have been reports of severe reactions to
oral bisphosphonates (Lufkin et al., 1994; De
Groen et al., 1996).

Therefore, in the preclinical profiling of new,
highly potent bisphosphonates there is clearly a
need to investigate intestinal tolerability to ascer-
tain whether this unwanted adverse effect could
be dissociated from the desired, potent inhibition
of bone resorption. To this end, the intestinal
tolerability profile of the new potent bisphospho-
nate zoledronate was compared to that of the
reference compound pamidronate in two experi-
mental models:

1. the human intestinal epithelial Caco-2 cell line
in vitro;
2. the perfused ileal loop of the rat in vivo.

It should be emphasized that these investiga-
tions were performed as part of the preclinical
profiling of research compounds in order to select
development candidates. They were not intended
to replace the more extensive mandatory toxico-
logical studies.

2. Materials and methods
2.1. General materials

All tissue culture reagents were purchased from
Gibco. D-[1-'*C]-mannitol (55 Ci/mol) and D-

[PH(G)]-raffinose [10 Ci/mmol) were obtained
from New England Nuclear. The MTT-based in
vitro cytotoxicity assay kit and reagents for the
LDH assay were supplied by Sigma.

Flux experiments were performed in a ‘flux
medium’ comprising Hank’s balanced salt solu-
tion (HBSS) buffered to pH 7.4, with 25 mM
HEPES and 0.1% bovine serum albumin. A ‘cal-
cium-free medium’ was prepared from calcium-
and magnesium-free HBSS (Gibco). Calcium
chloride (100 M) was added to the calcium-free
medium to give a ‘minimum calcium medium’
(Nicklin et al., 1995).

2.2. Test compounds

Two bisphosphonates were investigated in this
study: pamidronate [3-amino-1-hydroxypropyli-
dene-1,1-bisphosphonic acid] and zoledronate [2-
(imidazol-1-yl)-1-hydroxyethylidene-1,1-bisphos-
phonic acid]. They were both synthesized by the
Chemistry Department, Pharmaceuticals Division,
Ciba-Geigy Ltd., Basle. To improve solubility for
routine use, the free acids were converted to
sodium salts by addition of two equivalents of 1N
NaOH. Ten-fold concentrated stock solutions of
the bisphosphonates were then prepared in phos-
phate-buffered saline, pH 7.4 and diluted for use
in 0.9% (w/v) saline or HBSS medium.

2.3. Caco-2 cells

The Caco-2 human colon adenocarcinoma cell
line (Fogh et al., 1977) was obtained from Profes-
sor C. Hopkins (Imperial College, University of
London). Cells of passage number 80-100 were
used for these experiments.

2.4. Animals

All the in vivo experiments described in this
report were performed with male rats, 180-230 g
body weight, strain Tif:RAIf(SPF), supplied by
the animal farm of Ciba-Geigy Ltd. (Sisseln,
Switzerland).
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2.5. Caco-2 cell monolayers in vitro

Caco-2 cells were seeded at a concentration of
2 x 10° cells per well onto permeable polycarbon-
ate filters (Transwell™, Costar) and grown for
14-17 days in Dulbecco’s minimal essential
medium supplemented with foetal calf serum
(10% v/v), non-essential amino acids (1% w/v)
and penicillin/streptomycin (1% w/v). The mono-
layers were equilibrated in the appropriate flux
medium for 15 min at 37°C. The apical medium
was replaced with 2 ml of donor solution contain-
ing 20 uM ["C]-mannitol at a concentration of
0.5 x 10° dpm/ml, together with various concen-
trations of unlabelled bisphosphonate. At various
time intervals, 2.5 ml aliquots of medium were
removed from the receiving chamber and replaced
with fresh medium. After the final sample of
receiver medium had been taken, the medium was
replaced in both the donor and receiver chambers
and the cells were incubated for a further 20 min
at 37°C. The transepithelial electrical resistance
(TER) of the monolayers was calculated from
potential difference measurements as described
previously (Nicklin et al., 1995). The resistance
was corrected for the resistance of a blank filter
without cells and multiplied by the filter area (4.71
cm?). The filters were washed three times in phos-
phate-buffered saline containing 0.04% (w/v)
sodium azide at 4°C and retained. Media and
filters were assayed for radioactivity by liquid
scintillation counting.

2.6. Cytotoxicity assays

The effect of the bisphosphonates on cell in-
tegrity was measured by the release of LDH and
by a reduction in the conversion of MTT to the
insoluble formazan derivative. Caco-2 cells were
seeded at a concentration of 2 x 10° cells per well
into 24-well plates and grown for 6 days as de-
scribed above but without penicillin/streptomycin.
The cells were preincubated for 30 min at 37°C in
1 ml of minimum calcium medium. The medium
was replaced with 0.5 ml of the same medium
containing pamidronate or zoledronate at concen-
trations of 1, 5, 10 and 25 mM. Controls con-
tained medium alone or medium containing

0.05% Triton X-100. After 2 h at 37°C, 20 ul
aliquots of medium were transferred to a 96-well
plate to measure LDH activity. To each aliquot
was added 235 ul of a solution containing 0.1M
KH,PO, (pH 7.2), 0.69 mM sodium pyruvate and
0.1 mg/ml reduced f-nicotinamide adenine dinu-
cleotide (NADH) and the assay was allowed to
proceed for 3 min. The reaction was stopped with
50 ul oxamic acid and the optical absorbance at
340 nm was measured in a microplate reader. The
cell monolayer was then stained using the MTT
assay kit as follows. To each well 0.18 ml of flux
medium minus phenol red was added, followed by
20 ul of a 5 mg/ml solution of MTT in the same
medium. After 1 h at 37°C, 200 ul of MTT
solubilization buffer (10% Triton X-100 in acidic
isopropanol) was added and the plate was shaken
for 30 min to dissolve the precipitate. The optical
absorbance of 100 wul aliquots was measured at
570 nm in a microplate reader.

2.7. Acute intestinal tolerability in the perfused
rat ileal loop in vivo

An acute in vivo rat model, based on the leak-
age of a plasma marker into the ileal lumen, was
developed to test the local intestinal tolerability of
drugs. The non-metabolizable saccharide,
raffinose (mol. wt. 504), was used as a marker
compound, since it does not normally traverse the
intact intestinal mucosa (Hamilton et al., 1987).
Given a stable plasma level of this marker, its
appearance in the luminal perfusate is an early
measure of damage to the mucosal permeability
barrier (e.g. loosening of the tight junctions be-
tween the epithelial cells).

Rats were anaesthetized with Inactin® (100 mg/
kg i.p.), the trachea was cannulated to maintain a
patent airway and cardiovascular function was
monitored via a cannula in the carotid artery.
Body temperature was measured with a rectal
thermocouple and automatically maintained at
37°C with an infrared lamp. In order to prevent
renal clearance and maintain a stable plasma level
of the raffinose, the renal arteries, veins and
ureters were ligated bilaterally via an abdominal
incision. A 10 cm length of distal ileum was
cannulated at both ends, the luminal contents
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were rinsed out with 0.9% saline, and the loop
was then continuously perfused with fresh saline
from a reservoir at a flow rate of 10 ml/h. The
perfusate was collected in 2.5 ml fractions every
15 min. All perfusion solutions were warmed to
37°C by passage through a heating coil controlled
by a thermocouple mounted in the cannula at the
entry point into the ileal loop.

After a 2-h stabilization period, a 0.5-ml load-
ing bolus of raffinose (0.15 mM) was injected
intravenously to saturate any binding sites, fol-
lowed 10 min later by a similar bolus injection
labelled with [*H]-raffinose (10 xCi). Perfusion of
the ileal loop and collection of the perfusate was
continued, first with saline for 1 h and then for a
further 2 h with a solution of the test compound
(3, 10 or 30 mM) adjusted to isotonicity by the
addition of solid NaCl. Arterial blood samples
were collected at 1 and 3 h after injection of the
radiolabel. At the end of the experiment the rat
was killed with an overdose of Inactin and a urine
sample was collected from the bladder. The level
of radioactivity in the samples of blood, urine and
ileal perfusate was determined by liquid scintilla-
tion counting.

3. Results

3.1. Effect of bisphosphonates on the integrity of
Caco-2 cell monolayers

The effect of pamidronate and zoledronate on
the flux of ["*C]-mannitol across the Caco-2 cell
monolayer is shown in Fig. 1. The apical donor
chamber contained calcium-free medium and the
receiver chamber contained flux medium. Both
bisphosphonates increased mannitol flux in a
dose-dependent manner at concentrations of 5
mM and above, but the effect of pamidronate was
more pronounced than that of zoledronate. As the
lower concentrations of zoledronate had a rela-
tively small effect, an additional higher concentra-
tion of 100 mM was also tested and it produced
an effect similar in magnitude to that of 50 mM
pamidronate. In the controls without bisphospho-
nate, the mean mannitol flux (expressed as a
percentage +S.D. of the donor solution) in-

creased from 0.26 +0.09 at 15 min to 1.1 +0.27
at 120 min.

The TER was measured across the cell mono-
layers at the end of the experiments described
above and the results are shown in Fig. 2 (solid
symbols). Pamidronate at concentrations of 1 mM
and above decreased the TER, whereas with zole-
dronate a decrease was first observed at a concen-
tration of 5 mM. For each concentration of
bisphosphonate the decrease in TER produced by
zoledronate was lower than that obtained with an
identical concentration of pamidronate. At the
higher concentrations of bisphosphonate, the
TER values reached a plateau of about — 70%,
indicating that the electrical resistance barrier of
the cell monolayer had sustained maximal dam-
age. The mean ( + S.D.) control TER value of cell
monolayers incubated for 2 h in medium lacking
bisphosphonate was 412 + 59 ohms.cm?,

In addition to the TER curves, Fig. 2 also
shows a replot of the mannitol flux data (open
symbols) from Fig. 1 to permit a direct compari-
son of the effects of the 2 bisphosphonates on
both parameters. From these dose-response
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Fig. 1. The effect of pamidronate and zoledronate on the
permeability barrier of Caco-2 cell monolayers, as measured
by ['*C]-mannitol flux. Unlabelled bisphosphonate was added
to the apical chamber at concentrations of | mM (A), 5 mM
(V¥), 10 mM (@), 25 mM (4), 50 mM (M) or 100 mM (%),
together with 20 M ['*C]-mannitol in calcium-free medium.
The total accumulation of ['*C]-mannitol in the basal chamber
was determined as described in Section 2. Mean values of
triplicate experiments are shown; for clarity, error bars (S.D.)
are only given where they are not obscured by the symbols.



J.R. Green et al. / International Journal of Pharmaceutics 153 (1997) 59—66 63

-100 100

-75

..50 .

-25

(douop Jo °4) xnj} [oUUBW

TER (% change vs. control)

o
L

T T T T T T TTTT T T T T T T

1 10 100
Bisphosphonate concentration (mM)

Fig. 2. Dose-response curves for the effects of pamidronate
(circles) and zoledronate (squares) on the transepithelial elec-
trical resistance (TER) and mannitol flux across Caco-2 cell
monolayers. TER (solid symbols) was measured as described
in Section 2 at the end of the experiments, mean percentage
changes versus control (4 S.D.) are given from triplicate
measurements on each filter, with 3 filters per concentration.
For mannitol flux (open symbols), the data for the 2 h time
point from Fig. 1 have been recalculated as percent of the total
counts initially present in the apical donor chamber.

curves, EC;, values (i.e. the concentration of bis-
phosphonate required to alter the given parame-
ter by 30% — an arbitrary level) were calculated
by graphical interpolation. For mannitol flux,
the EC;, value of zoledronate is 4-fold higher
than that of pamidronate (40.7 mM and 10.3
mM, respectively), whereas for the TER the
EC,, value of zoledronate is 1.9-fold higher than
that of pamidronate (2.3 mM and 1.2 mM, re-
spectively).

Cytotoxic effects of the bisphosphonates were
measured by monitoring the release of LDH or
the conversion of MTT to formazan. Neither
compound caused any increase in LDH levels
in the medium (data not shown) so there was
no evidence of gross damage to the cell mem-
brane. By contrast, both compounds caused
some reduction in the conversion of MTT
(Table 1). The Caco-2 cells appeared to be
slightly more sensitive to pamidronate than zole-
dronate, with the onset of toxicity being ob-
served at 10 mM and 25 mM, respectively, but
this limited amount of data did not permit
statistical analysis.

3.2. Acute intestinal tolerability in the perfused
rat ileal loop in vivo

Preliminary control experiments with the model
demonstrated that stable plasma levels of [*H]-
raffinose were maintained for several hours with
no radioactivity detectable in urine, and very little
leakage of the marker into the ileal loop lumen
when it was perfused with saline (data not
shown). As a positive control for the model,
solutions of the powerful calcium chelator
ethylenediaminetetraacetic acid (EDTA) at con-
centrations of 1, 10 and 30 mM were perfused
through the ileal loops. It was predicted that
EDTA would remove calcium ions from the tight
junctions between the mucosal cells and cause
leakage of the plasma marker raffinose into the
luminal perfusate. As shown in Fig. 3 (upper
panel), perfusion of a 30-mM solution of EDTA
caused a pronounced increase in marker leakage,
beginning within 1 h and continuously increasing
until the experiment was terminated after another
hour. Perfusion with the 2 lower concentrations of
EDTA (3 and 10 mM) had no detectable effect.

Fig. 3 (middle panel) shows the effect of an
intraluminal perfusion of pamidronate on the
leakage of the plasma label into the perfusate.
Concentrations of 3 and 10 mM pamidronate had
little effect whereas perfusion with 30 mM
pamidronate caused a large increase in leakage of
the plasma marker into the ileal lumen within 1 h.

Table 1
The effect of pamidronate and zoledronate on the viability of
Caco-2 cells

Concentration MTT activity (% of control)
(mM)
Pamidronate Zoledronate
0 100 100
1 96 +4 92+6
5 92+7 96 + 4
10 85+3 94+ 6
25 72+ 12 68 + 14

The conversion of MTT to formazan was measured as de-
scribed in Section 2 following a 2-h incubation in the presence
of increasing concentrations of bisphosphonate (1-25 mM).
Results are the mean and range of duplicate incubations.
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Fig. 3. Effect of intraluminal perfusion of EDTA, pamidronate
or zoledronate on the mucosal permeability of rat ileal loops
in vivo. Mucosal permeability was measured by the leakage of
[*H]-raffinose from the plasma into the luminal perfusate.
Saline was perfused intraluminally at 10 ml/h for 3 h followed
by a solution of the test compound (]) at the same flow rate
for approximately 2 h at concentrations of 3 mM (A), 10 mM
(V) or 30 (@).

Similarly with zoledronate, an increase in the
leakage of the marker was first observed at a
bisphosphonate concentration of 30 mM, with the
lower concentrations of 3 and 10 mM having no
effect (Fig. 3, lower panel). Despite a slightly
longer perfusion time, the maximum radioactivity
(dpm/ml) measured in the luminal fluid during
perfusion with 30 mM zoledronate was 25% and
40%, respectively, lower than that observed with
identical concentrations of pamidronate or
EDTA. Additional data would be required to test
whether this difference is statistically significant.

4. Discussion

The human Caco-2 cell line has been used
extensively to model the intestinal transport and

cytotoxic characteristics of drugs in vitro (Ar-
tursson, 1990; Artursson and Magnusson, 1990;
Hilgers et al., 1990; Wilson et al., 1990). In order
to avoid the formation of insoluble bisphospho-
nate-calcium complexes in this model, a modified
system with a minimum calcium concentration
was developed by Nicklin et al. (1995).

In this minimum-calcium Caco-2 cell model,
both pamidronate and zoledronate had broadly
similar properties, as would be predicted from the
dominant influence of the common bisphospho-
nate group. Nevertheless important quantitative
differences were apparent: both compounds in-
creased mannitol flux, indicating a reduction in
the permeability barrier of the cell monolayer, but
the EC;, value of zoledronate was 4 times that of
pamidronate. When the TER was measured as an
indicator of monolayer integrity, the EC,, value
of zoledronate was 1.9 times that of pamidronate.
Similar detrimental effects of bisphosphonates on
the integrity of Caco-2 cell monolayers in vitro
have been reported previously (Twiss et al., 1994;
Boulenc et al., 1995; Nicklin et al., 1995). This
effect of bisphosphonates on monolayer integrity
is most probably due to a loosening of the tight
junctions between cells as a result of calcium
chelation and a consequent increase in paracellu-
lar transport. This conclusion is supported by the
finding of similar changes in Caco-2 cell monolay-
ers after treatment with the calcium chelator
EGTA (Artursson and Magnusson, 1990; Boulenc
et al., 1995).

In our experiments with a minimum concentra-
tion of calcium in the medium, neither
pamidronate nor zoledronate (1-25 mM) had any
detectable effect on the viability of the Caco-2 cell
monolayer as measured by LDH release. This
contrasts with the findings of Twiss et al. (1994),
obtained with a conventional calcium-containing
medium, who reported that pamidronate (9-33
mM) did increase LDH release. However, with
the more sensitive MTT assay, cell viability was
dose-dependently decreased by pamidronate
whereas zoledronate appeared to be less cytotoxic.

In the acute rat model of intestinal tolerability
in vivo, the threshold concentration at which lu-
minally perfused solutions of pamidronate or
zoledronate began to cause damage to the ileal
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mucosa was in the range 10-30 mM. Again in
this assay, the effect of zoledronate was less pro-
nounced than that of pamidronate. As EDTA
solutions produced similar effects, the most prob-
able cause of the damage is sequestration of cal-
cium ions from the cellular tight junctions of the
mucosal epithelium, resulting in increased paracel-
lular transport of the plasma marker. This effect
of EDTA on the intestinal permeability barrier is
well known (Cassidy and Tidball, 1967; Nadai et
al., 1972) and can be utilized to increase the oral
bioavailability of poorly absorbed drugs
(Schanker and Johnson, 1961; Windsor and Cron-
heim, 1961), as can bisphosphonates (Shrewsbury
et al., 1982; Gural et al., 1985; Van Hoogdalem et
al., 1989).

From our in vitro results we conclude that both
pamidronate and zoledronate (1-50 mM) have
qualitatively similar effects on the integrity and
viability of the Caco-2 cell monolayer. However,
for a given concentration of bisphosphonate, the
effect of pamidronate was approximately 2—4 fold
more pronounced than that of zoledronate, de-
spite the fact that the latter is 2—-3 orders of
magnitude more potent as an inhibitor of bone
resorption (Green et al., 1994). Thus it appears
that the observed effect on the intestinal mucosa
is predominantly due to the calcium chelating
properties of the bisphosphonate group rather
than to a specific pharmacological effect. The in
vivo results provide further evidence that the gain
in potency of zoledronate as an inhibitor of os-
teoclastic bone resorption is not accompanied by
a parallel increase in this compound’s potential to
damage the intestinal mucosa.

Since zoledronate is so potent, the envisaged
clinical dose required to inhibit bone resorption is
expected to be in the range 10-100 wpg/kg, or
0.6—6.0 mg for a 60-kg patient. It can be calcu-
lated that the 6.0 mg dose dissolved in the 24 ml
mean fasting volume of gastric juice in the adult
stomach (Dubois et al., 1977) would produce a
local concentration of 0.7 mM, which is well
below the level at which zoledronate had any
effect in the present studies (5-25 mM). Thus,
based on these preclinical data, it is predicted that
zoledronate should have a good intestinal tolera-
bility profile and higher therapeutic ratio than

pamidronate (anti-resorptive potency in bone ver-
sus adverse intestinal effects) in man.
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