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The search for new more effective techniques to repair bone fractures and defects is an urgent task of healthcare. Objective 
To explore the efficacy of a preparation containing etidronates of lanthanide and calcium ions in regenerative repair of bone 
defects. Material and methods The osteoblastic MC3T3-E1 and the osteoclastic RAW 264.7 cell lines were used in in vitro 
experiments at the first stage of the research. The agent was postoperatively injected in a bone defect of 36 rabbits on days 
3 and 5 to assess the preparation’s effect on regenerative repair of small defects with diameter of 2.5 mm. Radiometric and 
reactive morphological characteristics of bone tissue were evaluated at the fracture site at the beginning, middle and end of 
experiment. Results The above preparation was found to enhance osteogenic differentiation and stimulate accumulation of 
intracellular calcium in MC3T3 E1 cells. However, the preparation was not shown to inhibit RANKL-induced osteoclast 
differentiation in vitro. Histological and computed tomography findings demonstrated statistically significant differences 
between control and experimental animals (p < 0.01) and indicated to the preparation’s effect of promoting regenerative 
repair of small bone defects. Conclusion The series was the first to show the effect of the preparation containing etidronates 
of lanthanide and calcium ions as stimulating osteoblast activity in vitro and promoting early regenerative repair of small 
bone defects.
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 INTRODUCTION

The search for new more effective techniques to 
repair bone fractures and defects is an urgent task of 
healthcare [1]. Introduction of more effective agents 
stimulating bone regeneration is important to improve 
outcomes of an injury or a disease. The requirements 
the agents and preparations must meet include high 
biological activity and biocompatibility, osteogenic, 
osteoconductive, osteoinductive capacities; they must 
be biodegradable to be on a par with the rate of bone 
regeneration [2–6]. 1-Hydroethane-1, diphosphonic 
(etidronic) acids represent diphosphonates that are 
used as potassium and sodium salts (xydiphone, 
etodronate) in medicine for regulation of calcium 
metabolism in osteoporotic patients and pathological 
ossification through insoluble oxalates and calcium 
phosphates. The primarily ionic link type being typical 
for calcium ions and lanthanides and the proximity to 
Ahrens parameter (P·α = 2.6–2.8 eV·Å5/2) [7–9] are 
practical for lanthanide ions being injected as a complex 
to be incorporated in the structure of hydroxyapatite 
which is the basic mineral constituent of the osseous 

tissue. Early studies showed that lanthanides could 
suppress the development of cells (osteoclasts) being 
responsible for resorption of osseous tissue [10–13]. 
A combination of diphosphonates and lanthanides 
appeared to enhance synergic effect intensifying 
bone regeneration. The experimental work that 
supported the hypothesis indicated to accelerated 
bone regeneration at the fracture or defect site due 
to combined use of the elements reducing a period 
of recovery of physiological function of the injured 
bone [14, 15]. The studies emerged as a base for 
synthesis of a new pharmaceutical containing the 
above composition conventionally named as INROK, 
staged exploration of its effect on in vitro osteoblast 
and osteoclast differentiation and its capability to 
improve in vivo bone regeneration. 

Objective. The aim of the study was to explore 
in vitro osteoinductive properties of a preparation 
containing etidronates of lanthanide and calcium 
ions and assess the in vivo effect on reparative 
regeneration.
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MATERIAL AND METHODS

Reactive chemicals. INROK is prepared using 
proportions [16-18] described in patents (RU 2248210, 
RU 2521344, EP2848250) (RU 2248210, 
RU 2521344, EP2848250) and contains etidronic 
acid, calcium chloride, gadolinium nitrate (III), 
dysprosium chloride (III) related as 50:75:4:1 with 
рН 7.4 ± 0.1. The studies showed that concentration 
of free (free from soluble and insoluble complexes) 
forms of etidronates, Ca2+ and Ln3+(Gd3+ + Dy3+) 
in INROK measured 4·10-4 (orally administered 
xydiphone results in maximal concentration of 3·10-4 
in blood), 2·10-4 (in blood ~10-2) and ~10-15 mol/L, 
correspondingly. In addition to that, the majority of 
the components are bound in sedimentary, partially 
soluble forms so that the preparation is a suspension 
with a particle size of about 6 microns ("Malvern" 
Zetasizer Nano ZS instrument). Therefore, insoluble 
substances are sort of a vessel providing, according to 
Le Chatelier’s Principle, a constant, low (not exceeding 
the threshold of evident toxicity) concentration of 
active forms (etidronate and Ln3+) in the solution to 
be consumed during specific processes. The solution 
contains free sodium ions, chloride- and nitrate 
ions quantified as 5·10-2, 3·10-2 and 2.5·10-3 mol/L, 
correspondingly. 

Cell lines and culturing. Macrophage cell line 
RAW 264.7 (ATCC, TIB-71) and pre-osteoblast cell 
line MC3T3-E1 (ATCC, CRL-2593) were purchased 
from American Tissue Culture Collection (ATCC, 
USA). RAW 264.7 cells were cultured in DMEM 
medium supplemented with 10 % fetal bovine serum 
(FBS) and 1 % penicillin/streptomycin, in a humidified 
atmosphere of 5 % CO2 (LamSystems, Russia) at 
37 ºC. MC3T3-E1 cells were cultured in T-75 flasks 
(Corning, USA) in Alpha Minimum Essential Medium 
supplemented with ribo- and desoxyribonucleotides, 
2 mM glutamine, 1 mM sodium pyruvate (Gibco, 
USA), 10 % FBS and 1 % antibiotics, in moist chamber 
at 37 ºC and in atmosphere of 5 % CO2 (LamSystems, 
Russia). Genistein (Sigma-Aldrich, USA) was used 
as a positive control to determine INROK’s capacity 
inhibit osteoclast differentiation (TRAP test).

Analysis of cytotoxicity using MTS test. The above 
cell lines were cultured at 96-well plates (Corning, 
USA) for 24 hours and incubated with 1–20 μM of 
INROK for the next three days. Culture supernatants 
were mixed with MTS reagent (Promega, USA) 

and incubated for 24 hours to assess viability of the 
cells using a microplate reader MultiScan (Thermo 
Fisher Scientific, USA) at the wavelength 492 nm. 
The half maximal inhibitory concentration (IC50) 
was determined at 48–72 hour incubation with the 
substance that suppressed viability of the cells by 
50 %. The findings were normalized with the cells 
cultured in the solvent medium (control). 

Tartrate-Resistant Acid Phosphatase (TRAP) 
staining (reliable method of identifying mature 
osteoclasts). The use of RAW264.7 cell line allowed 
a quality evaluation of the preparation being capable 
of inducing osteoclast differentiation. Leukocyte 
Acid Phosphatase assay kit (Sigma-Aldrich, USA) 
was used to demonstrate tartrate-resistant acid 
phosphatase. RAW264.7 cells were cultured in 
12-well plates (Corning, USA) 3 × 104 cells per well in 
full DMEM medium supplemented with L-glutamine, 
antibiotics (all reagents from RANEKO, Russia) 
and 10 % FBS (HyClone, USA). The next day of 
culturing the medium was replaced by the medium 
containing 50 ng/mL RANKL (R&D Systems, 
USA) and INROK or genistein (Sigma-Aldrich, 
USA) used as a positive control. The experiments 
were carried out in triple replications replacing the 
medium every two days of culturing. The cell culture 
medium was removed from the plate after 5 days, 
the cell monolayer washed with ice-cold phosphate 
buffered saline (PBS) and fixed in 3.5 % formalin 
for 10 minutes at room temperature. The cells were 
cleaned three times with distilled water and incubated 
with the above batch for 3 hours at 37 °C according to 
manufacturer’s recommendation. Mature osteoclasts 
were visualized with light microscopy in presence 
of multinucleated (containing three and more nuclei) 
TRAP-positive cells in 7 random fields of view in 
each of the experimental groups (control, cultured 
with genistein and INROK). 

Quantification of the TRAP activity. With the 
differentiation of RAW 264.7 cells into mature 
osteoclasts accomplished after 5-day culturing the 
culture medium supplemented with RANKL was 
removed, the cell monolayer washed twice with ice-
cold PBS and fixed in 3.5 % formalin for 10 minutes 
and then with ethanol and acetone (ratio 1:1) for 
60 seconds. The samples were dried and incubated 
in reactive mixture containing 50-mM citrate buffer 
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(pH 4.5) supplemented with 10 mM sodium tartrate 
and 6 mM p-nitrophenylphosphate. After one-hour 
incubation the samples were placed in a 96-well 
plate containing equal volume of NaOH (0.1 N). 
Quantification of tartrate-resistant acid phosphatase 
activity was produced with microplate reader 
MultiScan (Thermo Fisher Scientific, USA) at the 
wavelength 405 nM. TRAP activity was measured 
with regard to control (solvent) samples.

Determination of osteoblast activity in vitro 
(quality and quantitative reaction using Alizarin 
Red). The capability of INROK compound induce 
accumulation of calcium in osteoblasts was assessed 
with Alizarin Red stain. Murine pre-osteoblast 
MC3T3-E1 cells were cultured at 6-well plates 
(1 × 105 cells/well) for 72 hours in atmosphere of 
5 % CO2 and at 37 °C. Then the culture medium was 
replaced with Osteogenesis Induction #1 medium and 
cultured for the next 6 days with the medium renewed 
every 2–3 days. The medium of MC 3T3-E1 cells 
cultured for 6 days was replaced with osteogenesis 
induction medium № 1 containing Alpha Minimum 
Essential Medium, 10 % FBS, 0.2 mM ascorbic 
acid 2-phosphate solution, 10 mM glycerol Acid 
2-Phosphate Solution that was replaced every 
3 days. Six days later the medium was replaced by 
osteogenesis induction medium № 2 supplemented 
with melatonin (positive control). The cells were 
cultured with INROK cells and the solvent (control) 
in medium # 1. Six-day culturing was followed by 
Alazarin Red staining to evaluate mineralization. 
MC3T3-E1 cells were washed twice with ice-cold 
PBS and fixed in 4 % formalin and stained with 2 % 
Alazarin Red (pH 4.2). Then the cells were washed 
with PBS and visualized with light microscopy 
(Olympus BX 63, Japan). Quantification was 
produced with microplate reader MultiScan (Thermo 
Fisher Scientific, USA) at the wavelength 560 nM. 
The dye was extracted from the cell samples within 
30 minutes using 10 % ethanoic acid and culture 
supernatants were plated on 96-well plates. 

In vivo experiments. Experiments were carried 
out on 36 outbred rabbits as a preclinical trial at the 
department of veterinary surgery according to GOST 
ISO 10993 (R) and approved by Local Ethic Board 
of the Kazan State Medical University (Protocol № 9 
dtd November 25, 2014. Local injury to the medial 
surface of the proximal tibia was produced by drilling 
the cortical bone to form a blind cylindrical defect 
3 mm in diameter [19]. The animals were subdivided 
into two groups. Control rabbits received no INROK 
injections in trauma site. Experimental animals received 
0.2 ml INROK locally injected in the cortical defect on 
postoperative days 3 and 5. Experimental studies lasted 
for 56 days. Histological examinations of the marginal 
bone defect and the regenerate bone were performed on 
days 7, 14, 28 and 56. Morphometric parameters of the 
regenerate bone that filled the perforated hole included 
such structural components as granulation, connective 
and cartilaginous tissues; reticular fibrous and lamellar 
tissues; leukocytic and necrotic masses. The material 
collected was fixed in 10 % neutral buffered formalin, 
decalcified, dehydrated and embedded in paraffin. 
Histological preparations (microtome sections of 
5-7 mcm) were stained with hematoxylin and eosin, 
and pyrofuxin using van Gieson method. Morphometric 
technique was applied to quantitatively assess the 
structures [20–21]. The calculations were produced in 
percentage from the total area of the histological section.

Computerized transverse axial scanning 
tomography was produced on postoperative days 7, 
28 and 56 using multispiral Brillance 64 computed 
tomograph (Philips). Multiplanar reconstruction 
(MPR) sagittal imaging of the regenerate bone was 
used for quantitative assessment of the cortical density 
at the defect site [22]. The defect was identified in 
interactive mode and the area was calculated in 
Hounsfield (HU) units. Statistical analysis was 
performed with SPSS Version 13.0 statistic software 
package using  Student’s t-test and Bonferroni 
correction. A value of p < 0.05 was considered 
statistically significant.

RESULTS

INROK does not inhibit osteoclast differentiation 
from RAW 264.7 cells

RANKL/RANK-induced signaling pathways 
have been proven to play an important role in in vitro 
regulation of osteoclast functional activity. RANK-

expression murine macrophage RAW 264.7 cell 
line was used to determine the effect of the study 
preparation on functional activity and differentiation 
of osteoclasts. RAW 264.7 cells were cultured in 
special medium for differentiation of osteoclasts 



564

Genij Ortopedii, Vol. 25, no 4, 2019

Original Article

(see Material and Methods for details) supplemented 
with FBS and RANKL (50 ng/mL). Then the TRAP 
staining was used to visualize mature multinucleated 
osteoclasts. Since the earlier tests showed evident 
inhibition activity of genistein in differentiation of 
osteoclasts [23–24] the compound was employed 
as a control at the stage of study. The RAW 264.7 
cell line was shown to readily differentiate into 
osteoclasts upon exposure to RANKL (Fig. 1 a, b). 
Multinucleated cells considerably decreased 
with genistein that proved its capability to inhibit 
differentiation of osteoclasts from RAW 264.7 cells 
with qualitative and quantitative tests (Fig. 1c, d, g). 
The effect of the compound was dose-dependent. 
The experiment showed that INROK did not inhibit 
osteoclast differentiation from RAW 264.7 cells 
(Fig. 1 e, f, g). Cytotoxicity MTS assay showed that 
the concentrations of 100–1000 µM used for the 
compound did not result in death of RAW 264.7 cells 

and did not inhibit the division rate throughout the 
culturing period. 

INROK stimulates formation of osteoblasts from 
MC3T3-E1 cells in vitro

Qualitative and quantitative methods with Alizarin 
Red staining were used to study capability of INROK 
induce bone mineralization. Cells incubated with 
melatonin were used as a positive control. We detected 
considerable increase in alizarin-positive cells in 
samples incubated with melatonin and INROK as 
compared to controls cultured in a special medium 
stimulating osteogenesis (Fig. 2 a-g). A 0.5 and 1 mM 
concentrations of INROK were found to have evident 
mineralizing effect as compared to melatonin. The 
findings were confirmed with qualitative analysis of 
calcium deposition (Fig. 2 f). Cytotoxicity MTS assay 
showed that a 100–1000 µM concentrations of INROK 
did not result in death of МС3Т3 cells and did not inhibit 
the division rate throughout the culturing period. 

Fig. 1 INROK makes no effect on osteoclast differentiation 
and does not inhibit tartrate-resistant acid phosphatase (TRAP) 
activity. RAW 264.7 cells were incubated with RANK ligand 
(50 ng/mL) for 5 days with no INROK (b) or with INROK to 
stimulate osteoclastic activity. Cells cultured without INROK 
and RANK ligand (a) were used as a negative control, and cells 
cultured with genistein (c, d) were used as a positive control. 
Multinucleated TRAP-positive osteoclasts were identified with 
staining after 5 days; (g) quantification of TRAP activity: К1, 
control without exposure to the study compound; К2, following 
RANK ligand exposure (positive control) (### p < 0.001)
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INROK stimulates in vivo healing of bone defects
Observation of experimental animals showed that the 

general condition, nutrimental irritability did not change 
throughout the experiment. Rabbits could well tolerate 
neuroleptanalgesia and surgical intervention. They 
could re-ambulate after 30–35 minutes with nutrimental 
irritability restored after 3–5  hours. Histological 
examination of bone tissue showed decreased 
inflammation in experimental animals after 7 days of 
observation as compared to controls (5.5 ± 0.8 % and 
14.6 ± 1.4 %), and statistically significant decrease 
(nearly twofold) in the area of perforation (27.6 ± 2.1 % 
and 15.9 ± 1.4 %). Regeneration normally started with 
proliferation of blood vessels and migration of fibroblasts. 
Mesenchymal elements located between vascular loops 
indicated to the formation of granulation that was shown 
to increase in experimental group by 16 % (70.6 ± 1.1 % 
and 53.6 ± 3.1 % (р < 0.05), correspondingly). Controls 

demonstrated signs of necrosis and calcification of bone 
tissue at edges of the defect (Fig. 3). No reparation was 
observed in control group at the time. 

Granulation and connective tissue appeared to 
transform into cartilaginous tissue in controls after 
14 postoperative days. An area of connective tissue 
measured 68.0 ± 2.5 % in experimental animals 
that was 1.5 times more than that in controls 
(48.2 ± 0.6 % (р < 0.05)). Some cases of the group 
developed reticular fibrous tissue with trabeculae 
being linked to the edges of perforation. Reticular 
fibrous tissue showed threefold increase in the area 
(18.2 ± 0.6 %, р < 0.05) as compared to controls 
(6.0 ± 1.0 %). Bone defect closed in the majority 
of the cases. Enchondral osteogenesis was observed 
in singular cases. Inflammatory reaction next to 
reparation was either slightly manifested or absent 
(Fig. 3 c, d). 

Fig. 2 INROK stimulates bone mineralization in 
MC3T3-E1 line cells. Calcium deposition can 
be visualized with alizarin red staining: (а) cells 
with no exposure (negative control); (f) cells 
exposed to melatonin (positive control); (c–e) cells 
after exposure to INROK (100–1000 mcM); (g) 
quantitative analysis of the intensity of staining. 
Cells cultured without the supplement of INROK 
and melatonin were used as a control (К)
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Perforating hole was replaced with reticular 
fibrous tissue and diffused calcificated trabeculae at 
28-day observation. Cartilaginous tissue was nearly 
absent and measured 4.0 ± 0.9 % in controls and 
0.6 ± 0.1 % in experimental animals, and the bone 
marrow was filled with hematopoietic components 
spread over bone trabeculae (Fig. 3 e, f). 

The bone completely and uneventfully healed in 
all the animals after 56 days of experiment. Lamellar 
bone (98.8 ± 0.2 %) with extensive network of 
vascular channels, restored bone marrow and the 
surrounding sift tissues could be visualized at the site 
of perforation in experimental animals (Fig. 3 g, h). 
The controls showed areas of necrosis and destruction 

of cartilaginous tissue and the lamellar bone occupied 
88 % of the section (88.7 ± 0.6 %).

Computed tomography (СT) densitometry 
findings

CT findings showed statistically significant 
(р = 0.001) increase in densitometry values of the 
regenerate bone in experimental animals at 7 days 
of experiment that was 2.5 fold as compared 
to those in controls (916.6 ± 26.5 HU and 
366.6 ± 33.6 HU, correspondingly) (Fig. 4). The 
regenerate density measured 1120.6 ± 27.1 HU in 
experimental animals, increased 4 % as compared 
to that in controls (1078.2 ± 57.4 HU) at the end of 
experiment.

Fig. 3 Histological picture of bone tissue in control (to the left) and INROK animals (to the right). Stained with hematoxylin 
and eosin: (а, b), necrotic and decalcified bone tissue at the edges of perforation (а), granulations (b) observed at 7 days of 
experiment; (c, d) granulations and connective tissue transformed into cartilaginous tissue (c) coarse fibrous tissue structured 
with trabeculae filling perforating hole (d) seen at 7 days of experiment; (е, f) cartilaginous tissue transformed into coarse 
fibrous tissue (e), coarse fibrous tissue restructured into lamellar bone (f) at 28 days of experiment; (g, h) lamellar bone and 
cartilaginous fragments and necrotic foci (g) and the formed system of Haversian canals (h) observed at 56 days of experiment

Fig. 4 CT scan of the pelvic limb of a rabbit produced at 7 days of experiment: tibial bone density measured with MPR in 
(a) controls, (b) experimental group 
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RAW 264.7 cell line. 

CONCLUSION

1. The series allowed presentation of the 
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