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Purpose. To validate our hypothesis that a bisphosphonate (BP) having
a nitrogen-containing heterocyclic ring on the side chain, and with no
hydroxyl on the geminal carbon would possess increased activity, and
better oral bioavailability due to enhanced solubility of its calcium
complexes/salts and weaker Ca chelating properties.

Methods. A novel BP, 2-(2-aminopyrimidinio)ethylidene-1,1-bisphos-
phonic acid betaine (ISA-13-1) was synthesized. The physicochemical
properties and permeability were studied in vitro. The effects on macro-
phages, bone resorption (young growing rat model), and tumor-induced
osteolysis (Walker carcinosarcoma) were studied in comparison to
clinically used BPs.

Results. The solubility of the Ca salt of ISA-13-1 was higher, and the
log Bc.: pp stability constant and the affinity to hydroxyapatite were
lower than those of alendronate and pamidronate. 1SA-13-1 exhibited
effects similar to those of alendronate on bone volume, on bone osteo-
lysis, and on macrophages, following delivery by liposomes. ISA-13-
| was shown to have 1.5~1.7 times better oral absorption than the other
BPs with no deleterious effects on the tight junctions of intestinal tissue.
Conclusions. The similar potency to clinically used BPs, the increased
oral absorption as well as the lack of effect on tissue tight junction
of ISA-13-1 warrant its further consideration as a potential drug for
bone diseases.

KEY WORDS: bisphosphonates (diphosphonates); calcium-related
disorders; bone-related disorders; drug administration; drug absorption
tight junctions; mannitol.

INTRODUCTION

Several bisphosphonates (Fig. 1) are in use for the treat-
ment of various calcium-related disorders such as Paget’s dis-
ease, hypercalcemia of malignancy, tumor osteolysis and, most
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recently, in osteoporosis (1). The macrophage suppressive effect
of BPs has attracted interest recently as a possible approach to
pharmacotherapy in rheumatoid arthritis (2). The biological
effects of the BPs stem from their incorporation in bone,
enabling direct interaction with osteoclasts and/or osteoblasts
through a variety of biochemical pathways (3). A significant
drawback of the BPs is their very poor oral absorption (less
than 1%) which is further diminished by concomitant food
intake (4). The oral administration of BPs is associated with
Gl disturbances (5), and it is believed that they are absorbed
via the paracellular route with accompanied disruption of the
tight junctions (6,7). Therefore, the development of potent BPs
possessing increased oral absorption with no toxic effect is
of importance.

It appears that the incorporation of nitrogen-containing
heterocyclic rings increases their pharmacological activity (8,9).
The capacity of BPs to accumulate in bone is attributed to their
high affinity to HAP due to a tridentate interaction of the
phosphonic and hydroxyl functions with calcium. In the absence
of a hydroxyl group on the geminal carbon only bidentate
complexes can be formed resulting in lower affinities to calcium
and a better solubility of the calcium/salts complexes (10). The
latter characteristics could contribute to better compatibility
with food and increased oral absorption. We hypothesized that
a BP with a nitrogen-containing heterocyclic ring in the side
chain, and with no hydroxyl on the geminal carbon could show
increased activity as well as better oral bioavailability.

MATERIALS AND METHODS

Syntheses

Alendronate, ['“C}-Alendronate (Sp.Act.1 p.Ci/mg), Pami-
dronate, and ["*C]-Pamidronate (Sp.Act.1 nCi/mg) were syn-
thesized as described by Alferiev et al. (11) with some
modifications. Both the “cold” and radioactive 2-(2-Aminopyri-
midinio) ethylidene-1, 1-bisphosphonic acid betaine (ISA-13-
1) were synthesized by the nucleophilic addition of 2-aminopy-
rimidine to the activated double bond of vinylidene-1, 1-bispho-
sphonic acid, using the methodology developed by Alferiev et.
al. (12) as shown in Fig. 1. Elemental analysis and spectroscopic
methods showing the expected results identified the products.

Physicochemical Properties

Dissociation and Stability Constants

The dissociation constants (pKa) of alendronate and ISA-
13-1, and the calcium-complex stability constants (logf3) were
determined by high precision, potentiometrically controlled
titration (SCHOTT Gerite, Hofheim, Germany) and subsequent
iteration of titration data with the program ITERAX 2.01. For
pKa determinations, 50 ml of a solution consisting of 0.25
mmol BP, 1.5 mmol NaOH and 3.5 mmol NaCl was titrated
vs. 0.1 M HCI in equidistant steps of 0.1 ml at 25 * 0.1°C.
The pH was monitored using a glass electrode calibrated by
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the method of blank titration (8 and 2 titrations were performed
for pamidronate and alendronate, and for ISA 13-1,
respectively).

The stability constants were determined in titrated solu-
tions containing a metal: ligand ratio of 1:1 (Ca:BP) of 0.002
M Ca and BP, and 0.01 M NaOH, ionic strength of 0.1 M
(NaCl) with 0.1 M HCI, using combined glass-electrode for
pH determinations.

Solubility of the Bisphosphonates

Solubility of the Ca salts of the BPs was determined by
analyzing the amount of BP that remained in the supernatant
of Tris buffer solutions (pH 7.4) containing 1 mM BP, and 1.2
mM CaCl, (ionic Ca physiological concentration). The solu-
tions were shaken (100 rpm) and incubated at 37°C. After 1
and 24 h, the solutions were centrifuged (1900 g, 10 min.), and
the BPs concentrations in the supernatants were determined at
305 nm for ISA-13-1, and by HPLC for alendronate (13).

Binding Affinity to HAP

The binding affinities of the BPs to HAP were calculated
from the BPs adsorption isotherms as described elsewhere (14).
The concentration of [SA-13-1 was determined at A = 305 nm.

Inhibition of HAP Formation and Dissolution

The inhibition of HAP formation and dissolution in the
presence of the tested compound were studied as described
previously (14). Following preliminary studies, the drug con-
centrations were chosen to be 0.1 mM and 0.048 M for the
inhibition of HAP formation and dissolution, respectively.

Intestinal Permeability

The permeability and oral bioavailability of ISA-13-1 were
studied in comparison to pamidronate. Pamidronate’s oral
absorption in animals and humans as well as its physicochemical
characteristics are similar to those of alendronate and other
BPs (1,8,10). All experimental animal studies adhered to the
“Principles of Laboratory Animal Care” (NIH publication #85-
23), and the guidelines of the Hebrew University of Jerusalem.
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Fig. 1. The nucleophilic addition of 2-aminopyrimidine to the activated
double bond of vinylidene-1,1-bisphosphonic acid for the synthesis
of 2-(2-Aminopyrimidinio) ethylidene-1,1-bisphosphonic acid betaine
(ISA-13-1), and structures of clinically employed BPs.
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The permeability of 1ISA-13-1 and pamidronate across a
segment of jejunal tissue were conducted in diffusion cells (1.88
cm?, 8 ml of bicarbonate-Ringer buffer, 37°C, and gas lift of
95% 0,~5% CO,). ISA-13-1 and ["*C]-pamidronate ({*C] 1
rCi/mg) at concentrations of 1 mM were added to the mucosal
bathing solution. Samples (1 ml) were taken from the serosal
bathing solutions at 15-min intervals, and were replaced with
buffer. Since mannitol is slowly transported via the paracellular
route and is used as a marker of the tight junction integrity
(15), the permeability of the jejunal tissue to D-mannitol (10
mM and a tracer amount of its *H isotope, 30 Ci/mmol) was
examined in the presence of both drugs.

In Vivo Absorption and Disposition

Absorption and disposition of ['*C]-pamidronate and of
[*“C]-ISA-13-1 (10 mg/kg) were examined in rats following
peroral administration of the drugs’ solution (via a stomach
tube). Male Sabra rats (250-300 g) were acclimated in meta-
bolic cages one week prior to the investigation, with free access
to water and food except for 16 h prior to drug administration
when only water was made available. The rats were sacrificed
24 h after drug administration, and drug amount in the tibia,
femur, kidney, liver, intestine, spleen, muscle, brain, urine and
feces were determined by radioactive measurements following
digestion of the specimens to CO, by means of a SampleOxi-
dizer (Packard, USA).

Effects on Bone Development

In preliminary experiments ISA-13-1 was found more
effective than pamidronate. Therefore, the activity of ISA-13-
1 was compared to that of alendronate, the most potent BP in
clinical use (1). Three-week-old male rats (Sabra) were treated
by daily intramuscular injections of 1SA-13-1 and alendronate
for 14 days at a dosage of 0.01 mg P/kg/day. The control group
received normal saline. The bones were analyzed as described
previously (14).

Walker Carcinosarcoma (WCS) Model

This model was used to evaluate ISA-13-1 effect on bone
resorption in a tumor osteolysis model (14). On day 2 of the
experiment, the rats were divided into 3 groups: Control (saline),
alendronate, and ISA-13-1 that received 50 pmol/kg, 0.5 ml
s.c. injections on days 2, 3, and 4. On days 6 and 9 the rats were
weighed. The amount of calcium in the urine were measured on
days 2, 3, 4, 6, 8 and 9, as well as the levels of pyridinum
crosslinks excreted in urine. Total urinary pyridinoline (PYD)
and deoxypyridinoline (DPD) were determined by HPLC as
described previously (16).

Effects on Macrophages

The drug was encapsulated in negatively charged
DSPG:cholesterol (67:33) liposomes as described in detail else-
where (17). The growth inhibitory properties of free and lipo-
some-encapsulated ISA-13-1 were studied with murine
macrophage cell line, RAW 264 (17). At the end of growth
period, cell growth was evaluated using an MTT assay except
that serum-containing medium was replaced with medium with-
out serum just prior to the addition of MTT (18). The effect
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Fig. 2. Representative micrographs of longitudinal sections through the upper tibial metaphysis (the upper part is the
growth plate, toluidine blue, X400). (a), control group; (b,c), rats treated daily for two weeks with 0.01 mg P/Kg/day

alendronate (b), and ISA-13-1 (c).

of ISA-13-1 on interleukin-6 (IL-6) from bacterial lipopolysac-
charide (LPS) induced RAW 264 cells was studied as
described (19,20).

RESULTS

Physicochemical Properties

The first pKa of ISA-13-1 is of the aromatic NH,, and
pKa,-pKa, are of the -POHs (Fig. 2 and Table 1). Thus, the
net charge at physiological pH is —2 (—3 of the -POHs and
+1 of the ring nitrogen). Similarly, alendronate’s net charge at
physiological pH is —2.

The stability constant for the calcium complex formation
(log Bcagp) of ISA-13-1 was found to be significantly lower
than those of the known BPs (Table 1). The solubility of 1SA-
13-1 Ca salt was more than two-fold than that of alendronate
(and pamidronate, data not shown). The obtained N (mol/g)
value of alendronate (the maximum amount of BP adsorbed
obtained from the slope of the Langmuir isotherm) was slightly
higher than that of ISA-13-1.

The inhibition of both HAP formation and dissolution in
vitro is a basic characteristic of BPs and it is in good correlation
with in vivo activity (14). ISA-13-1 was insignificantly less
active than alendronate in inhibiting HAP formation. Both drugs

were found significantly active with similar potency in inhib-
iting HAP dissolution (Table 1).

In Vivo Effects

Following treatment with ISA-13-1 and alendronate, bone
weight and ash quantity were increased in comparison to the
control group (Table 2). In addition, higher amounts of Ca
(statistically significant only for ISA-13-1) were found in the
ash in comparison to the control group. Bone volume was
positively affected to the same extent by both drugs (Table 2).
Histological examination of longitudinal sections through the
upper tibial metaphysis of control and treated rats revealed
relatively thin longitudinally oriented metaphyseal bone trabec-
ulae in the control group (Fig. 2a). Wide metaphyseal bone
trabecula was observed in rats treated with alendronate and
ISA-13-1 (Figs. 2b and 2c, respectively).

Walker Carcinosarcoma Model

Control group urine calcium levels increased during the
9 days period of the experiment (Fig. 3). Both drugs have
shown the tendency to maintain the normal urine calcium levels
with no significant difference between their potency at all time
points. No significant difference was found between the levels

Table 1. Physicochemical Properties of Alendronate and ISA-13-1

NaCl Alendronate ISA-13-1
Dissociation constants pKa,-pKa, —_ <1.33, 2.22, 6.36, 10.96, 11.82 <1, 1.10, 1.41, 5.82, 13.78
Calcium-complex stability constant (log3;, Ca:BP) — 758 * 0.11 5.54 * 0.005*
Solubility# in 1.2 mM Ca solution (% of initial drug concentration) — 375 £ 09 94.7 + 2.5*
Affinity to HAP N (mol/g), amount adsorbed at saturation — 287 X 1074 2.56 X 107
Inhibition of HAP formation (% of initial Ca) 17.0 = 2.2 854 * 6.8 777 1.5
Inhibition of HAP dissolution (% of control) 100.0 + 3.6 823 + 83 846 +92

# Solubility was determined after 1-h incubation. After 24 h of incubation (steady state) the solubility (% of initial drug concentration) of
alendronate and ISA-13-1 was 46.5 *= 2.1 and 55.2 *+ 1.8, respectively.
* Differences between alendronate and ISA-13-1 groups were termed statistically significant by the student’s t test (p < 0.05, mean * SD).
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Table 2. The Effect of Daily IM Injections (14 days) of Alendronate and ISA-13-1 (0.01 mg P/kg/day), on Bone Chemistry, and on the Upper
Metaphysis Histology (Computerized Histomorphometry)

NaCl

Alendronate ISA-13-1

Bone weight (mg) 219.75 = 31.75

Ash content (%) 45.07 = 1.78
Ca in ash (%) 3349 * 240
Cartilage (%) 15.40 * 0.69
Bone volume (%) 16.72 + 0.78
Bone marrow (%) 57.25 * 205

305.75 * 26.73* 27375 * 2357+

52.46 = 1.54* 52.30 = 2.24*
3477 = 4.38 3747 * 2.94%
19.17 = 2.34 20.77 = 0.76*
26.82 + 0.85* 25.62 = 1.07*
4345 £ 2.32* 4337 + 1.69*

* Differences were termed statistically significant by the paired t test (n = 8, p < 0.05, mean * SD). No significant differences in weight
gain, serum calcium, magnesium and phosphorus levels, and alkaline phosphatase activity were found between the control and the treated

groups indicating normal bone turnover.

at day O and those at all other days post treatment with both
drugs. Alendronate treatment resulted in a stronger, but statisti-
cally insignificant, hypocalcemic effect than ISA-13-1 on days
6 and 8.

In saline-treated rats, some decline in both PYD (Fig. 4a)
and DPD (Fig. 4b) excretion was observed after tumor injection.
However, the decline was significant only in DPD levels at day
9 in comparison to time 0. In both PYD and DPD levels, there
were no significant differences between all time points after
time point 0. In alendronate treated tumor-bearing rats, the
excretion of PYD and DPD showed a steady decline until 6
days after tumor injection. However, at day 8, concentrations
of both crosslink components started to increase again. The
reductions in crosslink excretion of alendronate treated rats at
days 4 and 6 were significant in comparison to day 0 and in
comparison to the control group at these days. Very similar
findings were observed in the ISA-13-1 treated rats, both in
regard to the magnitude and time course of change. No statisti-
cally significant differences were found between alendronate
and ISA-13-1 at all time courses. In both groups, the change
in DPD excretion was more pronounced than that observed in
PYD excretion.

Effect on Macrophage Cell Line

Encapsulation of ISA-13-1 in negatively charged DSPG
liposomes considerably enhanced its growth inhibitory potency
on RAW 264 cells compared to free drug (Fig. 5a). Based on
the ICs; values, liposome-encapsulated ISA-13-1 (IC5, = 1.8
M) was about 110 times more potent than its free counterpart

(ICso = 196 pM). Free I1SA-13-1 had an inhibitory effect on
IL-6 secretion from macrophages (Fig. 5b), but this was attrib-
uted to cytotoxic effects of ISA-13-1, since the cell viability
was also decreased after the drug and LPS treatment (Fig. 5c¢).
At non-cytotoxic concentrations, liposome-encapsulated ISA-
13-1 slightly enhanced the LPS-induced IL-6 production
(Fig. 5b).

Permeation, Absorption and Disposition Studies

The permeability of rat jejunum to ISA-13-1 was twice
that of pamidronate (Fig. 6a). The transport rate of mannitol
was not affected by the presence of ISA-13-1 (Fig. 6b). In
contrast, the transport rate of mannitol was increased in the
presence of pamidronate.

Significant levels of both drugs were found in the feces,
urine, bone, and in the intestinal wall. The bioavailability of
ISA-13-1 was 1.5 times higher than pamidronate as evidenced
by urine drug levels, or 1.7 times higher by comparing the
urine PO/1V concentrations of the drugs. However, drug concen-
tration in the bone was the same for both groups (0.02% of the
administered dose).

DISCUSSION

Physicochemical Properties

The solubility of ISA-13-1 Ca salt was found to be signifi-
cantly higher than that of alendronate, presumably due to biden-
tate chelation in ISA-13-1 as compared to alendronate (Table

Table 3. Distribution of Pamidronate and 1SA-13-1 as % of the Administered Dose in Rats 24 h After 1V (1 mg/kg) and PO (10 mg/kg)
Administrations

Pamidronate ISA-13-1

v PO v PO
Urine 24.20 * 8.54 048 > 0.04 21.13 * 1.27 0.71* = 0.12
Femur 222 * 022 0.02 * 0.003 1.81* + 0.06 0.02 * 0.006
Kidney 0.08 = 0.01 0.001 = 0.0008 0.09 * 0.01 0.001 * 0.0002
Liver 449 * 161 ND 0.69* > 0.11 ND*
Spleen 0.19 > 0.05 ND 0.10* = 0.02 ND*
Intestine ND 0.24 * 0.09 ND 0.05* > 0.01

Note: Neither drug was detected in plasma, muscle, brain, or in the intestinal tissue after [V or PO administration. Neither drug was found in
the spleen and liver following PO administration. * Differences were termed statistically significant by the Mann-Whitney test (n = 6, p <

0.05, mean * SD).
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Fig. 3. The inhibition of tumor osteolysis in rats bearing transplanted
WCS Calcium amounts in urine. * Differences were termed statistically
significant, in comparison to control at the same time point, by the
Kruskal-Wallis nonparametric ANOVA test and by the post-hoc Dunn’s
multiple comparisons test (n = 4-6, mean * SE, p < 0.05).

1). From the stability constants of the calcium- BP-complexes
it can be concluded that the calcium complex of [SA-13-1 is
significantly weaker (by two orders of magnitude) than that of
alendronate (Table 1). In addition, the binding affinity of 1SA-
13-1 to HAP (Table 1) was slightly lower than that of alendro-
nate. This could be expected since only a bidentate rather than
tridentate binding to Ca could be formed due to the lack of a
geminal hydroxyl group (21,22). Adsorption to HAP affects
activity in the in vitro model of HAP dissolution (14,23). Indeed,
it was found that both compounds significantly inhibited HAP
dissolution (Table 1). Inhibition of both HAP formation and
dissolution by ISA-13-1 indicates that it has a “crystal poison-
ing” effect (24), a characteristic of the BP family. The anticalci-
fication effect of ISA-13-1 (via “crystal poisoning”) in the
subdermal rat model of bioprosthetic heart valve calcification
has been documented (14). The crystal poisoning feature can
predict to some extent the antiresorption effect of BPs in vivo
(10,14). Indeed, as shown in this study (see below) both BPs
were found as effective antiresorption agents in vivo in the
experimental models of young intact-rat (Table 2 and Fig. 2),
and the WCS (Figs. 3 and 4).

Antiresorption Effect

The treatment by ISA-13-1 resulted in a positive effect on
bone development similar to alendronate (Table 2). A nitrogen-
containing heterocyclic ring contributes to the high potency
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Fig. 4. The inhibition of tumor osteolysis in rats bearing transplanted
WCS PYD (4A) and DPD (4B) molar flow. * Differences were termed
statistically significant, in comparison to control group at the same
time point, by the Kruskal-Wallis nonparametric ANOVA test followed
by the post-hoc Dunn’s multiple comparisons test (n = 4-6, mean *+
SE, p < 0.05).

of novel BPs such as risedronate and zolendronate (25). The
hydroxyl on the geminal carbon has been found to be important
for intracellular activity, rather than merely affecting chelation
potential (22). This recent study demonstrates that the differ-
ences between the inhibitory effects of amino-substituted ana-
logs of hydroxy BPs and hydroxy-BPs tested on bone resorption
are due to differences in cellular effects resulting from the
substituent on the geminal carbon. Since [SA-13-1 (N-heterocy-
cle having no geminal hydroxyl) and alendronate (containing
an aminoalkyl side-chain and a geminal hydroxyl) exhibited
similar potency, it is plausible to assume that the contribution
of the N-containing heterocyclic ring in 1SA-13-1 to potency
compensated for the lack of the geminal hydroxyl group. Fur-
thermore, the lack of a geminal hydroxyl group may contribute
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secretion, and (C) viability of RAW 264 cells in vitro (mean * SD,
n = 3-5).

to lower amounts of residual BP in bone and avoid concerns
of long-term effects (8).

WCS Induced Bone Destruction

In control rats, PYD and DPD values declined continu-
ously, a well-known phenomenon due to skeletal growth and
maturation (16). However, between 4 and 6 days after tumor

Cohen et al.
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Fig. 6. The rate of the drug (1 mM) permeation across a segment of
jejunal tissue mounted between two chambers of a diffusion cell (A),
and the permeability of the jejunal tissue to mannitol (10 mM, B) in
the presence of ISA-13-1 and pamidronate (1 mM). * Differences were
termed statistically significant by the Mann-Whitney test (n = 4, mean
* SD, p < 0.05).

injection a subtle increase was seen for both crosslink compo-
nents. This increase may well reflect the increased bone resorp-
tion due to tumor-induced bone destruction. This explanation
is supported by the similar increase in urine calcium values at
the same time period (Fig. 3), and the significant osteolysis
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observed at the same period by X-rays (data not shown). In
both groups of treated rats, a rapid and pronounced reduction
in crosslink excretion with a tendency to maintain the normal
urine calcium levels was noted. These findings are consistent
with a BP-induced inhibition of osteoclast activity and bone
resorption. Although DPD is a more bone specific component
(PYD also occurs in cartilage and other connective tissues),
the BP-induced change was similar for both DPD and PYD
crosslinks. The reducing effect of the BPs on pyridinium cross-
links was more pronounced at the earlier time periods. Similar
findings have been reported previously following alendronate
treatment noting that urinary excretion of the pyridinium cross-
links reflects bone resorption in chronic but not always in acute
conditions (26).

Effect on Macrophage Cell Line

Free and liposome-encapsulated ISA-13-1 exhibited
growth inhibitory potency on RAW 264 macrophages (Fig. 5)
comparable to that of aminobisphosphonates such as pamidro-
nate, indicating that liposome-encapsulation provides a very
effective way to deliver the drug to macrophages (17). IL-6
secretion was dose-dependently inhibited by free ISA-13-1 at
>300 M. This action is, however, attributed to the decreased
viability of macrophages after the drug and LPS treatment,
suggesting that the observed effect may be secondary, and not
due to any specific action as produced, ¢.g., by clodronate (19).
Similarly to aminobisphosphonates such as pamidronate (20),
and alendronate (Mo6nkkonen et al., submitted), liposome-
encapsulated ISA-13-1 slightly augments the LPS induced IL-
6 secretion from macrophages at low concentrations (0.3—1
1M). This increased cytokine secretion from macrophages is
suggested to underlie the acute phase response observed in
patients treated for the first time with aminobisphosphonates
Q7).

Permeation, Absorption and Disposition Studies

BPs are not absorbed via the transcellular pathway due to
their high hydrophilicity but they are absorbed via the paracellu-
lar pathway (6,7) which is sealed by tight junctions. Absorption
via the paracellular pathway is restricted to low MW drugs, an
obstacle to the absorption BPs of a MW =250. An additional
obstacle is the BPs negative charge which is repelled by the
negatively-charged brush border membrane. It is well known
that good solubility in the GI tract is an important determinant
of absorption. It is worth noting that elevated transepithelial
transport of pamidronate has been observed when minimal cal-
cium and magnesium concentrations have been used in Caco-
2 monolayer transport experiments (28). Thus, the better perme-
ability of ISA-13-1 compared to pamidronate across the jejunal
tissue (Fig. 6a) can be rationalized by the better solubility of
ISA-13-1 Ca salt (14).

The increased transport of mannitol, a paracellular absorp-
tion marker (15), in the presence of pamidronate, (Fig. 6b),
indicates that pamidronate absorption is associated with opening
of the tissue tight junctions. It has been reported that pamidro-
nate caused cytotoxic effects on monolayers of human intestinal
epithelial (Caco-2) cells and affected epithelial transport (7).
This widening of the intracellular space has been suggested as
the mechanism of absorption of pamidronate (7), alendronate
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(4,29), and tiludronate (30), all acting as self-paracellular
absorption enhancers. Indeed, pamidronate has been utilized as
a promotor for rectal drug absorption due to its calcium chelat-
ing properties and widening of the tight junctions (31). This
feature of BPs is similar to the promoting effect of the calcium
chelating EDTA on intestinal drug absorption based on Ca
depletion (31). 1t can be assumed that the weaker bidentate
complex of ISA-13-1 with Ca and other metal cations in the
intestinal epithelium, in comparison to pamidronate and alen-
dronate, resulted in a less impeded permeability of the new BP
that had no effect on the tight junctions. This phenomenon of
certain BPs may have relevance to the known gastrointestinal
side effect of BPs in rodents and humans (32,33), and the
avoidance of IM injections due to tissue necrosis at the injection
site (1). The lack of ISA-13-1 cytotoxic effect on intestinal
epithelium, as well as on tissue necrosis following IM injections
is of significance in further evaluating this compound as a
potential drug.

The pharmacokinetic data following IV administration of
both BPs and PO administration of pamidronate are similar to
those obtained in other studies on BPs (4). The better oral
absorption of ISA-13-1 (X1.5-1.7) can be attributed to the
better solubility of ISA-13-1 in the presence of Ca and other
cations. Nevertheless, a similar concentration in the bone was
found for both drugs that could be due to pamidronate’s better
affinity to bone.

The BPs accumulated in the intestinal wall following PO
administration most probably as insoluble complexes with tis-
sue constituents including metal cations. The significantly lower
concentration of ISA-13-1 trapped in the intestinal wall in
comparison to pamidronate (ca. 5 times) is also consistent with
weaker complexes and a more soluble ISA-13-1-calcium and
other salts. Itis conceivable that the lower intestinal-wali uptake
could result in less toxic effects of this BP on the GI tissue,
than the effects encountered with the PO use of pamidronate
and other BPs (32,33). The observed lower ISA-13-1 concentra-
tion in the intestinal wall and the lack of effect on the tight
junctions could be very important in the process of further
evaluation of this potential drug.

Bisphosphonate disposition in noncalcified tissues shortly
after IV administration has been documented, and it is markedly
lower than in calcified tissue with the exception of the kidney
(4). While drug levels in the kidney represent the elimination
process, elevated levels in the liver and spleen are believed
to be due to the metabolic/elimination process by the RES
(macrophages) of BP metal complexes formed especially fol-
lowing rapid high IV dose administration (34). It is important
to note that following IV administration markedly higher levels
of pamidronate in comparison to ISA-13-1 have been detected
in both the liver (X6.5) and the spleen (X2). These findings
could be explained again, by the more stable and less soluble
complex formation properties of the former BP.

In conclusion, the preclinical pharmacology of ISA-13-1,
a novel nitrogen-containing heterocyclic bisphosphonate with
no hydroxyl on the geminal carbon, validated our hypothesis
that such a derivative would possess potency and increased
bioavailability. These characteristics as well as the lower dispo-
sition in the intestinal wall and the lack of deleterious effects
on the GI tissue warrant its further consideration as a potential
drug for bone diseases.



1406

ACKNOWLEDGMENTS

This research was supported in part by grants (I-316-186/

93 and 1-383-188/94) from the German-Israeli Foundation for
Scientific Research and Development (GIF). E. Breuer, A. Hoff-
man and G. Golomb are affiliated with the David R. Bloom
Center for Pharmacy at the Hebrew University of Jewsalem.

REFERENCES

2.

10.

1.

12.

H. Fleisch. Bisphosphonates in bone disease: From the laboratory
to the patient, The Parthenon Publishing Group, NY, 1997.

N. Makkonen, M. R. Hirvonen, T. Teravainen, K. Savolainen,
and J. Monkkonen. Different effects of three bisphosphonates on
nitric oxide production by RAW 264 macrophage-like cells in
vitro. J. Pharmacol. Exp. Ther. 2T7:1097-1102 (1996).

G. A. Rodan. Mechanisms of action of bisphosphonates. Annu.
Rev. Pharmacol. Toxicol. 38:375-388 (1998).

J. H. Lin. Bisphosphonates: A review of their pharmacokinetic
properties. Bone 18:75-85 (1996).

P. C. D. Groen, et al. Esophagitis associated with the use of
alendronate. New Engl. J. Med. 335:1016-1021 (1996).

J. H. Lin, L.-W. Chen, and F. A. Deluna. On the absorption of
alendronate in rats. J. Pharm. Sci. 83:1741-1746 (1994).

I. M. Twiss, R. de Water, J. den Hartigh, R. Sparidans, W. Ramp-
Koopmanschap, H. Brill, M. Wijdeveld, and P. Vermeij. Cytotoxic
effects of Pamidronate on monolayers of human intestinal epithe-
lial (Caco-2) cells and its epithelial transport. J. Pharm. Sci.
83:699-703 (1994).

W.K. Sietsema and F. H. Ebetino. Bisphophonates in development
for metabolic bone disease. Exp. Opin. Invest. Drugs 3:1255~
1276 (1994).

E. Van Beck, M. Hoekstra, M. Van de Ruit, C. W. G. M. Lowik,
and S. E. Papapoulos. Structural requirements for bisphosphonate
actions in vitro. J. Bone Miner. Res. 9:1875-1882 (1994).

J. M. Van Gelder and G. Golomb. The evaluation of bisphospho-
nates as potential drugs for the treatment of calcium-related disor-
ders. In A. Ornoy (eds.), Animal models for human related calcium
metabolic disorders, CRC Press, Boca Raton, 1995, pp. 181-205.
N. V. Mikhalin, I. S. Alferiev, 1. L. Kotlyarevskii, and A. V.
Krasnukhina. Method of preparation of higher 1-hydroxyalkyli-
dene-1,1-diphosphonic acids or their mixtures or salts. Russian
Patent SU 1,719,405. Chem. Abst. 117:234254x (1992).

I. S. Alferiev and N. V. Mikhalin. Reactions of vinylidenediphos-
phonic acid with nucleophiles, Commun. 5, Addition of heterocy-
clic amines and trimethylamine to vinylidenediphosphonic acid.
Bull. Russ. Acad. Sci., Div. Chem. Sci. 44(8):1528—1530 (1995).

. L. E.King and R. Vieth. Extraction and measurement of pamidro-

nate from bone samples using automated pre-column derivatiza-
tion, high-performance liquid chromatography and fluoresence
detection. J. Chromatogr. 618:325-330 (1996).

H. Cohen, V. Solomon, 1. S. Alferiev, E. Breuer, A. Ornoy, N.
Patlas, N. Eidelman, G. Hagele, and G. Golomb. Bisphosphonates
and tetracycline: Experimental models for their evaluation in
calcium-related disorders. Pharm. Res. 15(4):606—613 (1998).

. P.W.Swaan, G.J. Marks, F. M. Ryan, and P. L. Smith. Determina-

tion of transport rates for arginine and acetaminophen in rabbit
intestinal tissues in vitro. Pharm. Res. 11:283-287 (1994).

S. P. Robins, A. Duncan, N. Wilson, and B. J. Evans. Standardiza-
tion of pyridinium crosslinks, pyridinoline and deoxypyridinoline,
for use as biochemical markers of collagen degradation. Clin.
Chem. 42(10):1621-1626 (1996).

J. Monkkonen, M. Taskinen, S. O. K. Auriola, and A. Urtti.
Growth inhibition of macrophage-like and other cell types by

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

Cohen et al.

liposome-encapsulated, calcium-bound, and free bisphosphonates
in vitro. J. Drug Target 2:299-308 (1994).

. FE E. Nargi and T. J. Yang. Optimization of L-M cell bioassay

for quantitating tumor necrosis factor in serum and plasma. J.
Immunol. Methods 159:81-91 (1993).

. N. Pennanen, S. Lapinjoki, A. Palander, A. Urtti, and J. Monkko-

nen. Macrophage-like RAW 264 cell line and time-resolved fluor-
oimmunoassay (TRFIA) as tools in screening drug effects on
cytokine secretion. Int. J. Immunopharmacol. 17:475-480(1995).
N. Pennanen, S. Lapinjoki, A. Urtti, and J. Monkkonen. Effect
of liposomal and free bisphosphonates on the IL-13, 1L-6 and
TNFa secretion from RAW 264 cells in vitro. Pharm. Res.
12:916-922 (1995).

G. Golomb, A. Schlossman, H. Saadeh, M. Levi, J. M. Van Gelder,
and E. Breuer. Bisacylphosphonates inhibit hydroxyapatite forma-
tion and dissolution in vitro and dystrophic calcification in vivo.
Pharm. Res. 9:143-148 (1992).

R. J. Brown, E. van Beek, D. J. Watts, C. W. Lowik, and S. E.
Papapoulos. Differential effects of aminosubstituted analogs of
hydroxy bisphosphonates on the growth of Dictyostelium dis-
coideum. J. Bone. Miner. Res. 13:253-258 (1998).

J. M. Van Gelder, E. Breuer, A. Omoy, A. Schlossman, N. Patlas,
and G. Golomb. Anticalcification and antiresorption effects of
bisacylphosphonates. Bone 16:511-520 (1995).

M. D. Francis and R. G. G. Russell. Diphosphonates inhibit
formation of calcium phosphate crystals in vitro and pathological
calcification in vivo. Science 165:1264-1266 (1969).
J.R.Green, K. Muller, and K. A.Jaeggi. Preclinical pharmacology
of CGP 42’446, a new, potent, heterocyclic bisphosphonate com-
pound. J. Bone Miner. Res. 9:745-751 (1994).

C. D. Egger, R. C. Miihlbauer, R. Felix, P. D. Delmas, S. Marks,
and H. Fleisch. Evaluation of urinary pyridinium crosslinks excre-
tion as a marker of bone resorption in the rat. J. Bone Min. Res.
9:1211-1219 (1994).

D. H. Schweitzer, M. Oostendorp-van de Ruit, G. van der Pluijm,
C. W. G. M. Lowik, and S. E. Papapoulos. Interleukin-6 and the
acute phase response during treatment of patients with Paget’s
disecase with the nitrogen-containing bisphosphonate dimethylam-
inohydroxypropylidene bisphosphonate. J. Bone. Miner. Res.
10:956-962 (1995).

P. L. Nicklin, W. J. Irwin, I. F. Hassan, and M. Mackay. Develop-
ment of a minimum calcium Caco-2 monolayer model: calcium
and magnesium ions retard the transport of pamidronate. Int. J.
Pharm. 123:187-197 (1995).

S. C. Sutton, K. Engle, and J. A. Fix. Intranasal delivery of
the bisphosphonate alendronate in the rat and dog. Pharm. Res.
10:924-926 (1993).

X. Boulenc, E. Marti, H. Joyeux, Y. Roques, and G. Fabre. Impor-
tance of the paracellular pathway for the transport of a new
bisphosphonate using the human Caco-2 monolayers model. Bio-
chem. Pharmacol. 46:1591-1600 (1993).

E. J. van Hoogdalem, A. T. Wackwitz, A. G. de Boer, and D.
D. Breimer. 3-Amino-1-hydroxypropylidene-1, 1-diphosphonate
(APD): a novel enhancer of rectal cefoxitin absorption in rats.
Pharm. Pharmacol. 41:339-341 (1989).

E. G. Lufkin, R. Argueta, M. D. Whitaker, A. L. Cameron, V. H.
Wong, K. S. Egan, W. M. O’Fallon, and B. L. Riggs. Pamidronate:
an unrecognized problem in gastrointestinal tolerability. Osteopo-
rosis Int. 4:320-322 (1994).

F. Lanza, M. E Rack, T. J. Simon, A. Lombardi, R. Reyes, and
S. Suryawanshi. Effects of alendronate on gastric and duodenal
mucosa. Am. J. Gastroenterol. 93:753-757 (1998).

J. Monkkonen, H. M. Koponen, and P. Yalitalo. Comparison of
the distribution of three bisphosphonates in mice. Pharmacol.
Toxico. 65:294-298 (1989).



