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Abstract

The aim was to assess the composition, stability and biological activity of the complexes that are formed in the
solution on the interaction of calcium ions with Zolendronic acid (Zol) and study their effects on bone mineral density
(BMD) indexes in female rats with experimental osteoporosis. 40 reproductive Wistar rats with systemic osteoporosis
which was modeled by oophorectomy were under the study. Animals were divided into 4 groups (I — did not receive any
treatment with bisphosphonates, only sufficient consumption of calcium and vitamin D (Ca-D); Il — receive single dose
of Zol and Ca-D; Il — soluble calcium complexes of Zol (Ca-Zol) without additional use of Ca-D; IV — soluble calcium
complexes of Zol with Ca-D). BMD and bone mineral content (BMC) of total body and spine were measured before
treatment, after 1 and 3 months of observation by X-ray densitometer "Prodigy”. Our study showed the significant
positive changes in total body BMD in 1 and 3 months and spine BMD in 3 months of observation 2¢ group. Analysis
of BMD in rats of 3d group has not shown any significant changes of spine and total body in 1 and 3 months after its
injection. However, the administration of complexes calcium and Zol with Ca-D has positive effects on total body BMDs
in 1 and 3 months’ follow-up and spine BMD in 3 months of observation. Analysis of BMC indices in rats of 4" group
showed the positive changes in spine and total body indexes in 1 and 3 month of follow-up, however it was not found
any significant differences with animal of 2¢ group. Conclusion investigated soluble complexes of calcium and Zol in
combination with Ca-D supplementation showed positive effect on BMD and BMC indices, however, did not have any

benefits in comparison standard administration of Zol with Ca-D supplementation.
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Introduction

Osteoporosis and its complications is an important medical and
social problem that has a great impact on disability and mortality level
in community [1-3]. The largest class for treatment of osteoporosis is
bisphosphonates (BPs) that have the expressed antiresorbtive activity
with effect on bone destruction (resorption) [1,4-6]. Different studies
show that BPs inhibit bone resorption and they also slow down the
process of bone loss, maintaining the bone mass, microstructure and
strength in different site of skeleton in animals as well as in humans [1-
3,7-12]. Nowadays, the various BPs have the different effectiveness that
is from 1 to 2000, that is connected with their anti-resorbtive properties
due to their different chemical nature of substituent associated with
bisphosphonic group [1,6,13]. The most active BPs include a nitrogen-
containing heterocycle, particularly Zoledronic acid (Zol, H,L), that
showed its clinical efficacy in numerous experimental and randomized,
placebo-controlled studies [2-5]. However, at this time in order to
improve biological activity and efficiency of BPs in clinical practice,
the investigators are conducting the modification of BPs by different
substituent and studying their impact on the change in the biological
activity [2-5]. Thus, there is a great need to develop new compounds of
BPs, including Zol. Usually in treatment of postmenopausal and senile
osteoporosis all BPs are administered with sufficient consumption
of calcium and vitamin D (respectively 1000 mg/d and 400-800
IU/d) [1-3]. This becomes the grounds to investigate the therapeutic
efficacy of soluble complexes of bisphosphonic acid with calcium.
The combination BPs with calcium in one complex compound gives
the prerequisites to predict except anti-resorbtive action (due to the
presence of bisphosphonic acid) additional positive effect of calcium
and vitamin D (which affects the bone remodeling process, including its
mineralization). The aim of this study was to investigate the composition,
stability and biological activity of the complexes that are formed in the

solution on the interaction of calcium ions with Zol and compare their
effects on bone mineral density indexes in female rats with experimental
osteoporosis.

Materials and Methods

The study was conducted on 40 reproductive [14] female Wistar
rats (4 groups, 10 animals in each group. The age of the rats at the time
of study enrollment — 4 months, body weight is 200 + 10 g). The rats
existed under natural light and a standard diet with free access to food
(standard granulated feed-concentrate) and water. This experimental
study was performed at "Institute of gerontology named after D. E
Chebotarev NAMS Ukraine" and was conducted according to the rules
of the European Convention for the humane treatment of animals
[15]. Systemic postmenopausal osteoporosis was modeled by bilateral
oophorectomy with fitting ether anesthesia. Osteoporosis therapy was
started 4 months after the surgery. Animals were divided into 4 groups
depending on the type of treatment: the first group did not receive any
treatment with BPs, only sufficient consumption of calcium and vitamin
D from diet (Ca/D). The second group received a single dose of Zol
(in parenteral (intra-abdominal) solution) and calcium and vitamin D
supplementation with diet (Zol+Ca/D). The third group has got calcium
complexes of Zol (Ca-Zol) in solution parenterally once without
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additional use of calcium and vitamin D from diet. The fours group
received calcium complexes of Zol in solution once intra-abdominally
with calcium and vitamin D supplementation with diet (Ca-Zol+Ca/D).
Zoledronic acid monohydrate, a commercial drug (Sigma Aldrich), and
Ca(NO,),4H,0O (Sigma Aldrich) were used in the work.

The pH potentiometric titration of a solution of the system
Ca(NO,),:Zol=1:1 was performed with a carbonate-free 0.02 mol/L
KOH solution at 20 + 0.1°C. The concentration of Ca(NO,), and Zol in
initial solution was 1:10-* mol/L, the initial volume of the solution was
20 mL. The ionic strength was 0.15 mol/L KCI. The pH of the solutions
was measured with a Metrohm 827 lab pH meter at 20 + 0.1°C. The
pH meter was calibrated using standard buffer solutions with pH 1.68,
4.01, 6.86 and 9.18, taking into account the dependence of their pH
on temperature. The formation constants of calcium complexes with
Zol and their equilibrium concentrations were calculated using the
PSEQUAD program [16] and pH potentiometric data from the formula:
®=[M,LH,J/[MJ[L]'[H]"

To study the therapeutic action of Zol and its complexes with
calcium, solutions containing Zol and Ca(NOS)2 in equimolar
ratio (1:1) were prepared. The LD,  of the Mebiphon (methylene
bisphosphonic acid disodium salt), which was ~160 mg/kg for rats in
the case of intraperitoneal injection, was taken as a rough value of LD,
[17]. Based on the average weight of rats of 200 g at the beginning of
therapy, the dose of the bisphosphonic acid under investigation for one
rat was 0.75 mg. The test solutions had a Zol concentration of 0.75 mg/
mL (3.35 x 107 mol/L) and an equimolar concentration of Ca(NO,),
(3.35x 10 mol/L). All tested solution containing Zol and its complexes
with calcium were injected by intraperitoneal administration in sterile
conditions. Calcium and vitamin D was added to the diet along 3
months of observation period starting from the date of the start of
treatment in all groups. In vivo assessment of bone parameters was
performed using dual-photon X-ray densitometry "Prodigy" (GE
Medical systems, Model 8743. 2005; USA; program "Experimental
animals"), which allows to measure the bone mineral density (BMD)
and bone mineral content (BMC) of different parts of skeleton in small
animals. We have measure these parameters in spine and total body.
The measuring was performed three times (before treatment, after 1
and 3 months of observation) with fixation of the animal using a special
device and ether anesthesia. BMD and BMC indexes in studied regions
of the rats’ skeleton of all groups before treatment were not significantly
different. BMD measurement error using the DXA was + 0.01 g/
cm?’. Statistical analysis was performed using the software package
“Statistisa 6.0” Copyright® StatSoft. Inc. 1984-2001, Serial number
31415926535897. We used the following methods of statistical analysis:
comparing the means - by Student's t-test for independent groups,
evaluation of parameters’ dynamics in group - by Student's t-test for
dependent samples. Data are presented as M + SD. The critical level of
significance for statistical hypotheses testing considered p<0.05.

Results

Zol is a complexone containing two phosphonic groups, a hydroxyl
group and an imidazole residue. Zol exists in the zwitterionic form with
localization of negative charge on the phosphonate group and with
positive charge delocalized on the imidazole ring atoms. According to
the data of pH potentiometric titration, Zol is a tetrabasic acid (H,L),
for which the formation constants of protonated forms and dissociation
constants have been calculated (Table 1) [18]. The formation constants
of calcium complexes with Zol of the equimolar compositions [CaHL]
(IgB=16.11 (0.06)) and [CaL]* (1gf=9.60 (0.06)) have been calculated
from the data of two parallel pH titrations of the system Ca(NO,),:

Zol=1:1 (each curve contained over 50 points). In these complexes, Zol
is coordinated to calcium by two oxygen atoms of phosphonic groups
(Figure 1).

This assumption is supported by the fact that in calcium complexes
with Zol and in complexes of alkali and 3d-metals with Zol in the
crystalline state, the nitrogen atom of the imidazole ring of the ligand
are not involved in coordination to the metal ion [19-21]. Using the
calculated formation constants of calcium complexes with Zol, a
diagram of the equilibrium distribution of complexes of different
composition as a function of pH in the system Ca(NO,),: Zol=1:1 has
been constructed (Figure 2).

It is seen from the diagram that the complex formation of calcium
with Zol in 0.15 mol/L KCl begins at pH over 5, and that at the
physiological pH value, the complex [CaHL]  and [CaL]* anions are in
equilibrium in the solution. This allows us to investigate the biological
activity of the calcium complexes with Zol, which are formed in the
solutions containing Ca(NO,),:Zol=1:1 system.

Analysis of BMD indices in female rats after bilateral oophorectomy
which received only calcium and vitamin D supplementation with diet
did not reveal their positive dynamics at the spine and total body in
1 and 3 months of observation (Table 2). The combined therapy with
Zol and additional supplementation of calcium and vitamin D also did
not show any significant differences in BMD indexes of the spine in
1 months of follow-up, however it was observed after 3 months after

IgB HzL Determination
[HL]3- [H2L]2- [H3L]- [H4L] conditions
11.07 19.25(0,03) | 25.24(0,04) 27.78
pK4 pK3 pk2 PK1 0,15 ;”g'g‘ KCl,
11.07 8.18 5.99 2.54

Table 1: Formation constants of protonated Zol forms and dissociation constants.
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Figure 1: Complexes of zoledronic acid and calcium.
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Figure 2: Diagram of the equilibrium distribution of complexes of different
composition as a function of pH in the system Ca(NO,),:Zol=1:1(CCa(ll)=CZ
0l=1.10° mol/L) in 0.15 mol/L KCI.
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Spine BMD Total body BMD
Groups/indices | Before treatment After treatment Dynamics t P Before treatment | After treatment | Dynamics t P
In one month
1 (Ca/D) 0.133 + 0.009 0.132+0.012 | -0.001+0.014 0.15 0.89 0.098 + 0.006 0.102 £ 0.006 | 0.003 +0.008  1.16 0.28
Il (Zol+ Ca/D) 0.132+0.010 0.137 £ 0.007 | 0.004 £+0.013 = 1.08 0.31 0.098 + 0.005 0.104 £ 0.003 | 0.006 +0.005  3.58 0.006
Il (Ca-Zol) 0.121 £ 0.040 0.136 £0.012 | 0.015+0.046  1.05 0.32 0.102 £ 0.011 0.104 £ 0.007 | 0.001+0.008  0.52 0.61
IV (Ca-Zol + Ca/D) | 0.127 £0.010 0.135+0.010 | 0.008 £0.013 = 1.74 0.13 0.095 + 0.008 0.100 £ 0.005 | 0.006 +0.005  3.06 0.02
In three months
| (Ca/D) 0.135 + 0.007 0.115+0.046 | -0.019+0.044 1.17 0.29 0.099 + 0.006 0.102 + 0.006 | 0.003 +0.008  1.03 0.34
Il (Zol+ Ca/D) 0.132 £ 0.010 0.142+£0.013 | 0.009+0.013 = 2.33 0.045 0.098 + 0.005 0.108 £ 0.007 | 0.010+0.007 A 4.53 0.001
Il (Ca-Zol) 0.121 + 0.040 0.134+£0.012 | 0.013+£0.045 0.94 0.37 0.102 £ 0.011 0.108 £ 0.008 | 0.006 +0.011 = 1.63 0.14
IV (Ca-Zol + Ca/D) | 0.127 £0.010 0.140+0.010 | 0.013+0.016 = 2.31 0.049 0.095 + 0.008 0.112+0.006 | 0.018 +0.008  6.29 0.0004

Note: | (Ca/D) — the group of female rats that received only calcium and vitamin D in supplement; Il (Zol+Ca/D) — the group of rats that have got Zoledronic acid
in combination with calcium and vitamin D supplementation; 1l (Ca-Zol) — the group that received complexes of Zoledronic acid with calcium and without additional
calcium and vitamin D supplementation; 1V (Ca-Zol+Ca/D) — the group that have got complexes of Zoledronic acid with calcium and additional calcium and vitamin D

supplementation.

Table 2: Bone mineral density of spine and total body in female rats with experimental osteoporosis after treatment by different complex of zolendronic acid, g/cm?.

Spine BMC
Groups/indices Before After treatment, Dynamics t
treatment
I (Ca/D) 2.18 £ 0.31 2.46+0.37 | 0.29+0.54 15
Il (Zol+ Ca/D) | 2.18+0.45 246+031 | 0.28+0.58 1.53
I1l (Ca-Zol) 2.44 +0.48 255+054  0.11%0.27 1.3
IV (Ca-Zol + 2.23£0.21 260£026 | 0.38+024 | 447
Cal/D)
| (Ca/D) 2.20 £0.32 236+£024 | 0.16£043 | 097
Il (Zol+ Ca/D) | 2.180.45 25+035 | 0.32+048 2.1
Il (Ca-Zol) 244 +0.48 263+0.31 | 0.19:0.55 1.1
IV (Ca-Zol + 2.23£0.21 2.81£035 | 059+040 | 4.18
Ca/D)

Total body BMC

Before .
P treatment After treatment, Dynamics t p
In one month

0.18 11.08 £ 0.71 11.80+0.83 = 0.72+0.88 2.32 0.053
0.16 11.55+0.87 12.39+0.71 0.84 £ 0.68 3.91 0.004
0.23 11.73 £1.38 1217 +1.12 | 0.44+0.83 1.67 0.13
0.003 11.56 + 0.74 1226 +0.76 = 0.70 £ 0.69 2.87 0.02

In three months
0.37 11.11£0.76 1213+£0.79 | 1.02+1.10 2.45 0.049
0.06 11.55+0.87 1268+0.79 1.13+0.88 4.04 0.003

0.3 11.73 +£1.38 1261+1.15 | 0.88+1.16 24 0.04
0.004 11.56 + 0.74 12.89+0.38 1.33+0.92 4.08 0.005

Note: | (Ca/D) — the group of female rats that received only calcium and vitamin D in supplement; Il (Zol+Ca/D) — the group of rats that have got Zoledronic acid
in combination with calcium and vitamin D supplementation; Il (Ca-Zol) — the group that received complexes of Zoledronic acid with calcium and without additional
calcium and vitamin D supplementation; IV (Ca-Zol+Ca/D) — the group that have got complexes of Zoledronic acid with calcium and additional calcium and vitamin D

supplementation.

Table 3: Bone mineral content of spine and total body in female rats with experimental osteoporosis after treatment by different complex of zolendronic acid.

Zol administration (BMD dynamic amounted 0.009 + 0.013 g/cm?
(p=0.045)) (Table 2). Furthermore, we have found the reliable changes
in total body BMD in 1 and 3 months of observation (BMD dynamic
amounted 0.006 + 0.005 g/cm? (p=0.006) in 1 month and 0.010 + 0.007
g/cm? (p=0.001) in 3 months accordingly). Analysis of DXA indices in
female rats received the soluble complexes calcium and Zol without
additional of calcium and vitamin D administration has not shown any
significant changes of spine and total body BMD in 1 and 3 months
after its injection (Table 2). However, the administration the complexes
calcium and Zol with calcium and vitamin D supplementation has
positive effects on total body BMDs in 1 or 3 months’ follow-up (BMD
dynamics composed 0.006 + 0.005 g/cm?* (p=0.02) and 0.018 + 0.008 g/
cm? (p=0.0004) accordingly).

We have also found the significant positive changes of BMD index
of spine in 3 months of observation in female rats that received complex
calcium and Zol with calcium and vitamin D supplementation.
Furthermore, we did not establish any significant changes between
BMD parameters after 1 and 3 months of observation in dependence on
additional calcium and vitamin D supplementation in female rats which
received complex of calcium and Zol (III and IV group). Analysis of
spine BMC indexes of female rats after bilateral oophorectomy did not
show any dynamics in 1 and 3 months’ follow-up depend on types of
therapy that deny the negative effects these treatment regimens on bone

mineralization in spine in these periods of time. We did not find any
significant differences in spine BMC indexes after 1 or 3 months’ follow-
up in female rats with experimental osteoporosis that receive calcium
and vitamin D supplementation alone (I group). Furthermore, it was
shown the positive tendency in total bode BMC dynamics in 1 month
of observation and significant different after 3 month of observation
(BMC dynamics composed 1.02 + 1.10 g, p=0.0049). Also we did not
establish any negative effects in spine BMC indexes after 1 or 3 months’
follow-up (Table 3) in rats that receive Zol with calcium and vitamin
D supplementation (II group). Moreover, we have found the reliable
changes in BMC indexes of total body in female rats with experimental
osteoporosis after 1 or 3 months™ follow-up, which have got Zol in
combination with calcium and vitamin D supplementation (Table
3). Administration of soluble complex calcium and Zol and without
additional use of calcium and vitamin D did not lead any significant
changes in spine BMC indexes after 1 and 3 months of treatment and
total body BMC index in female rats after bilateral oophorectomy after
1 month of observation. However, we have found significant increase
of total body BMC index after 3 months of follow-up in female rats
with experimental osteoporosis that received this complex without
additional administration of calcium and vitamin D (BMC dynamics
composed 0.88 + 1.16 g, p=0.04) (Table 3). Analysis of BMD indices
in female rats after bilateral oophorectomy which received soluble
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complex calcium and Zol in combination with calcium and vitamin D
supplementation (IV group) showed the significant positive changes in
spine and total body BMC indexes in 1 and 3 month of follow-up.

Discussion

Osteoporosis is an important skeletal disease characterized by low
bone mass and microarchitectural deterioration of bone tissue with
a resulting increase in bone fragility and risk of fractures [1,2]. It is a
considerable public health issue. Low-trauma fractures are the clinical
consequence of osteoporosis and are major cause of morbidity and
mortality and health expenditure worldwide. Bisphosphonates are the
largest class of anti-resorbtive agents with are widely used in clinical
practice. Nowadays, there are different generations of bisphosphonates
with various types of prescription. For treatment of osteoporosis all of
them usually are administered with sufficient consumption of calcium
and vitamin D (respectively 1000 mg/d and 400-800 IU/d) [1-3]. This
becomes the grounds to investigate the therapeutic efficacy of soluble
complexes of bisphosphonic acid with calcium. New bisphosphonic
acids were found during previous years [22-27], nevertheless, there
is a great need to develop new compounds of BPs, including ones
from different generation. The aim of this study was to investigate the
composition, stability and biological activity of the complexes that are
formed in the solution on the interaction of calcium ions with Zol and
compare their effects on bone mineral density indices in female rats
with experimental osteoporosis. Our analysis showed that BMD indices
in female rats after bilateral oophorectomy which received only calcium
and vitamin D supplementation with diet were not changed at the
spine and total body in 1 and 3 months of observation confirming the
literature data [1-3] about the small and insufficient efficacy of calcium
and vitamin D use only in treatment of postmenopausal osteoporosis.
The combined therapy with Zol and additional supplementation of
calcium and vitamin D also did not show any significant differences
in BMD indexes of the spine in 1 months of follow-up, however it was
observed in 3 months after Zol administration. Furthermore, we have
found the significant changes in total body BMD in 1 and 3 months
of observation that confirms the literature data [3,10] about expressed
effect of Zol in combination with sufficient calcium and vitamin D
supplementation in the treatment of osteoporosis. Analysis of DXA
indices in female rats received the soluble complexes calcium and Zol
without additional of calcium and vitamin D administration has not
shown any significant changes of spine and total body BMD in 1 and
3 months after its injection that confirmed the necessity of combined
therapy. However, the administration of complexes calcium and Zol
with calcium and vitamin D supplementation has positive effects on total
body BMDs in 1 or 3 months’ follow-up. Furthermore, we have found
the significant positive changes of BMD index of spine in 3 months of
observation in female rats that received complexes calcium and Zol with
calcium and vitamin D supplementation, Some studies showed that
bisphosphonates have shown the influence on mineralization of bone
tissue due to decreased bone turnover rates and the prolongation of
secondary mineralization [3,10]. We did not find any reliable differences
in spine BMC indexes after 1 or 3 months” follow-up in female rats
with experimental osteoporosis that receive calcium and vitamin D
supplementation alone. Analysis of spine BMC indexes of female rats
after bilateral oophorectomy did not show any dynamics in 1 and 3
months’ follow-up depend on types of therapy that deny the negative
effects these treatment regimens on bone mineralization in spine in
these periods of time. Furthermore, it was shown the positive tendency
in total body BMC dynamics in 1 month of observation and significant
different after 3 month of observation. Also we did not establish any
negative effects in spine BMC indexes after 1 or 3 months’ follow-up
in rats that receive Zol with calcium and vitamin D supplementation.

Moreover, we have found the reliable differences in BMC indexes of
total body in female rats with experimental osteoporosis after 1 or 3
months” follow-up, which have got Zol in combination with calcium
and vitamin D supplementation. Administration of soluble complexes
calcium and Zol and without additional use of calcium and vitamin
D did not lead any significant changes in spine BMC indexes after 1
and 3 months of treatment and total body BMC index in female rats
after bilateral oophorectomy after 1 month of observation. However,
we have found significant increase of total body BMC index after 3
months of follow-up in female rats with experimental osteoporosis
that received this complexes without additional administration of
calcium and vitamin D. Analysis of BMC indices in female rats after
bilateral oophorectomy which received soluble complexes of calcium
and Zol in combination with calcium and vitamin D supplementation
showed the positive changes in spine and total body BMC indexes in
1 and 3 month of follow-up. In conclusion, our study has shown that
investigated soluble complexes of calcium and Zol in combination
with Ca-D supplementation showed positive effect on BMD and BMC
indices however did not have any benefits in comparison standard
administration of Zol with Ca-D supplementation.
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