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ABSTRACT

Report 27 p., 7 Fig., 6 Tab., 38 references.

OSTEOPOROSIS, REPARATIVE OSTEOGENESIS, MESENCHYAML STEM CELLS, OSTEOPHILIC POLYMER, CELL THERAPY, TARGETED CELL DELIVERY

The aim of the study is to develop and perform preclinical studies of a new method for stimulation of reparative osteogenesis in the zone of delayed fracture healing in osteoporosis and similar bone pathologies based on the combined use of cell therapy with mesenchymal stem cells (MSC) and a synthetic osteophilic bisphosphonate polymer.
This report reflects the research results of the project for the period of 2020.
 The effectiveness of the cell therapy with mesenchymal stem cells modified with a synthetic osteophilic bisphosphonate polymer was assessed in osteoporotic (estrogen-dependent) ulna fracture rat model in vivo. An intravital analysis of the bone density dynamics in the area of ​​osteoporotic ulna fracture showed a statistically significant 27.4% increase in bone density after 4 weeks and a 21.5% increase in bone density 6 months after ulna osteotomy in the group of animals that received 4 transplantations of polymer-modified MSCs. The results of the intravital observations were confirmed by the post-mortem histological analysis of the bone fracture zones.
The specific types of toxicity of the osteophilic polymer have been evaluated, including the mutagenic analysis, reproductive toxicity, allergenic and immunotoxic effects. The results of the preclinical studies have shown that there is no toxic effect of the polymer.
 3 articles were published in the peer-reviewed foreign scientific journals, indexed in the Web of Science or Scopus databases with a non-zero impact factor, as well as 3 publications in the scientific journals recommended by the KKSON MES RK. A patent was obtained for the invention "Method for treating bone fractures in osteoporosis and similar bone pathologies in the experiment."
Area of application: biotechnology and medicine.
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Есеп 27 б., 7сур., 6 кесте, 38 әдебиет тізімі.
ОСТЕОПОРОЗ, РЕПАРАТИВТІ ОСТЕОГЕНЕЗ, МЕЗЕНХИМАЛДЫ БАҒАНАЛЫ ЖАСУШАЛАР, ОСТЕОФИЛЬДІ ПОЛИМЕР, ЖАСУШАЛЫҚ ТЕРАПИЯ, НЫСАНАЛЫ ТРАНСПОРТТЫҚ ПЛАТФОРМА
Зерттеудің мақсаты-мезенхималық бағаналы жасушалармен (МСК) жасушалық терапияны және синтетикалық остеофильді бисфосфонат полимерін біріктіріп қолдану негізінде остеопороз және сүйек тіндерінің ұқсас патологиялары кезінде сынықтардың баяу өсуі аймағында репаративті остеогенезді ынталандырудың жаңа әдісін жасау және клиникаға дейінгі зерттеулер жүргізу.
Осы есепте 2020 жылы жүргізілген зерттеу нәтижелері көрсетілген.
In vivo жағдайында эстрогенге тәуелді остеопороз аясында жануарлардың шынтақ сүйегінің сынуы кезінде синтетикалық остеофильді бисфосфонат полимерімен модификацияланған мезенхималық бағаналы жасушалармен терапияны қолдану тиімділігі бағаланды. Эксперименталды түрде индукцияланған эстрогенге тәуелді остеопороз аясында ульнар сынуы аймағындағы сүйек тығыздығының өзгеру динамикасы зерттелді. сүйек тығыздығының өзгеру динамикасың ішкі ішілік талдау нәтижесі 4 аптадан кейін байқалды, яғни нәтижесі бойынша сүйек тығыздығының статистикалық маңызды 27,4%-ын және полимермен модификацияланған МСК 4 рет трансплантацияланған Жануарлар тобында ульнар остеотомиясынан кейін 6 айдан кейін сүйек тығыздығының 21,5%-ын көрсетті. Іштегі бақылаулардың нәтижелері post-mortem құбырлы сүйектің сыну аймағының гистологиялық препараттарын талдаумен расталды.
  Остеофильді бисфосфонатты полимердің уыттылығының ерекше түрлеріне, атап айтқанда мутагендікке, репродуктивті уыттылыққа, аллергиялаушы және иммунотоксикалық әсерге бағалау жүргізілді. Клиникаға дейінгі зерттеулердің нәтижелері полимердің уытты әсерінің жоқтығын көрсетті. 
   Web of Science немесе Scopus деректер қорында нөлдік емес импакт-фактормен индекстелетін рецензияланатын шетелдік ғылыми басылымдарда 3 мақала, сондай-ақ ҚР БҒМ БҒСБК ұсынған ғылыми басылымдарда 3 мақала жарияланды. "Экспериментте остеопороз және сүйек тіндерінің ұқсас патологиялары үшін сүйек сынуын емдеу әдісі"өнертабысына патент алынды.
Қолдану саласы: биотехнология және медицина. 
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DEFINITIONS, SYMBOLS and ABBREVIATIONS 

In this R&D report, the following terms are used with appropriate definitions.
 
	BISPHOSPHONATES
	– a class of drugs used to prevent bone loss and used to treat osteoporosis and similar conditions, contain two phosphonates (PO3)

	MESENCHYMAL STEM CELLS (MSC)
	- multipotent stem cells capable of differentiating into osteoblasts (bone cells), chondrocytes (cartilage cells), and adipocytes (adipose cells)

	OSTEOBLASTS
	– young bone-forming cells

	OSTEOCLASTS
	– giant multinucleated cells that resorb bone tissue by digesting the mineral component and breaking down collagen

	OSTEOPOROSIS
	– chronic progressive systemic disease of the skeleton or clinical syndrome manifested in other diseases, which is characterized by a decrease in bone density, violation of their micro-architectonics and increased fragility 

	FBS
	– fetal bovine serum 

	AT-MSCs
	– adipose tissue derived mesenchymal stem cells 

	PBS
	– phosphate buffer saline

	°C
	– Celsius degree

	pH
	– power of hydrogen, scale used to specify the acidity or basicity of an aqueous solution


	nm
	– nanometer


	Ca3(PO4)2
	– Calcium phosphate



 






INTRODUCTION
Osteoporosis is a chronic systemic disease that affects bone tissue and is accompanied by a decrease in bone density and strength, progressive loss of the bone mass and disruption of the bone micro-architectonics, which ultimately leads to a high risk of fractures. Currently, there are a number of promising approaches for the regeneration of bone defects, including the classic autologous bone grafts, as well as innovative methods using growth factors and synthetic scaffolds [1-5]. However, fracture healing is a complex process of bone regeneration, which depends on age and the presence of osteoporosis. In recent years, data have been obtained indicating that bone tissue regeneration in osteoporosis-associated fractures differs markedly from the healthy ones, and this may be important in assessing the effectiveness of new methods of treating traumatic bone tissue injuries associated with osteoporosis [6]. Thus, the development of effective methods for stimulating the processes of bone tissue regeneration in osteoporosis and similar pathologies is one of the priority directions in modern science and medicine. 
We have previously synthesized water-soluble polymer modified with bisphosphonate side chains that binds to mesenchymal stem cells (MSCs) and hydroxyapatites on the surface of bone tissue, thus, increasing their affinity to bone. The assessment of the chemical characteristics of the polymer was carried out with confirmation of its osteophilic potential in vitro [7]. The purpose of this study was to assess the biosafety and bioeffectiveness of cell therapy with mesenchymal stem cells modified with a synthetic osteophilic bisphosphonate polymer in vivo in a rat model with osteoporosis ulna fracture. 
To accomplish this task, in 2018, the effects of the polymer on proliferation, osteogenic differentiation of MSCs was assessed and its ability to inhibit the activity of osteoclasts in vitro was determined. As a result of the studies in 2018 (interim report for 2018, inventory number 0218RK00867), according to the Project schedule (Appendix A), all the tasks were completed:  
· The rat mesenchymal stem cells were isolated and the purity of the cell population was evaluated. As a result of sorting, homogeneous CD105 - positive cells were isolated from a heterogeneous population a for further research. 
· The effect of the osteophilic bisphosphonate polymer on the proliferation of MSCs was studied. According to the obtained data, the polymer was  not cytotoxic and did not affect the rate of MSC proliferation in vitro.
· The effect of the polymer on the osteogenic differentiation of MSCs in vitro was studied. The results of the study showed that the surface modification of MSCs with a polymer did not affect the processes of their osteogenic differentiation and these cells could be used for further experiments with laboratory animals.
· The ability of the polymer to inhibit osteoclast activity in vitro has been studied. The polymer at a concentration of 1 mg/ml inhibited osteoclast activity by 20% compared to the control group and 1.5% better than the commercially available alendronate at a similar concentration.
In 2019, it was planned to evaluate the short-term effectiveness of the polymer-modified MSC therapy in osteoporotic ulna rat fracture in vivo and to assess the acute and chronic toxicity of the polymer. As a result of the studies in 2019 (interim report for 2019, inventory number 0219RK00249), according to the Project schedule (Appendix A), all tasks were completed: 
· An animal model of ulna fracture with osteotomy of the shaft of the ulna was developed.
· An animal model of osteoporosis was created by bilateral ovariectomy.
· The assessment of the short-term (1 month) effectiveness of the polymer modified MSCs transplantations in vivo showed an increase in the rate of bone tissue regeneration in the area of the ulna fracture in rats.
· Acute and chronic toxicity assessment of osteophilic polymer was performed. The study of acute and chronic toxicity of the polymer showed the absence of toxic effects of the polymer on the organs and tissues of laboratory animals.
Research objectives for 2020: 
1. Evaluation of the (long-term) effectiveness of the polymer modified MSCs transplantations in osteoporotic ulna rat fractures in vivo;
2. Assessment of toxicity and biosafety of osteophilic polymer including specific types of toxicity such as mutagenicity, reproductive toxicity, allergenic and immunotoxic effects;
3. A patent filling;
4. Preparation of the publications.









MAIN PART
1 Literature review
  Osteoporosis is a chronic systemic metabolic bone disease associated with progressive bone loss, which is a predisposing factor for an increased risk of bone fracture in patients. More than 9 million osteoporosis-associated bone fractures are recorded worldwide each year, including 1.6 million hip fractures, 1.7 million fractures of the long bones of the forearm and 1.4 million clinical vertebral fractures [8]. The countries of Europe and America account for about 51% of all these fractures, and the remaining 49% are observed in the countries of the Western Pacific and Southeast Asia. [8, 9]. It is expected that in 30 years, the incidence of osteoporosis related hip fracture will rise by 310% among men and 240% among women [10]. 
Bone tissue in osteoporosis changes in terms of mineral composition and bone density compared to healthy bones [11]. The decrease of bone density is called osteopenia and it is caused by aging-associated bone resorption by osteoclasts, decline in the number of osteoblasts and reduced calcium absorption. A number of studies have been performed on developing the strategies aiming to preserve bone mass and decrease the risks of the fractures. However, fewer efforts have been made to explore osteoporosis-associated fracture healing strategies [6].
Number of promising approaches have been  reported for the improvement of bone defects, including classical autologous and allogenic bone grafts, as well as novel strategies such as application of growth factors and synthetic scaffolds [1-5]. However, osteoporotic fractures in aged patients are difficult to treat due to impaired healing and a problem of clinical fixation of the fracture in a weakened bone [12]. Over the last few years, the is increasing evidence of affected bone healing processes in osteoporotic patients, which may play a crucial role in assessment of new treatment strategies [6]. Thus, the development of alternative, clinically applicable therapies for the consequences of osteoporosis-associated and other pathological bone fractures is one of the priority areas of research.
There are several treatment strategies for osteoporosis and the most common drugs used are the bisphosphonates [13-15].  Bisphosphonates are chemical analogues of pyrophosphates (H2O3P-O-PO3H2), where the central group is a hydrolytically labile P-O-P linkage that has been substituted by the hydrolysis-resistant P-C-P bond. They selectively interact with hydroxyapatite groups at the site of bone resorption. Bisphosphonates also inhibit the enzyme farnesyl pyrophosphatase, which is of key enzyme in the metabolism of osteoclasts, by disrupting the functional activity of the osteoclasts and therefore stimulating bone formation. Bisphosphonate-based treatment is widely used in clinical practice to manage not only osteoporosis but also related conditions such as Paget’s disease. Bisphosphonates are also known to suppress osteolytic activity of the cancer cells in bone [13]. 
As mentioned, decrease in bone density and strength in osteoporosis happens not only due to increased osteoclastic activity, but also due to the age-related reduction in number of the osteoblast progenitors (i.e. mesenchymal stem cells, or MSCs). From this point of view, one of the most attractive approaches for treatment of osteoporotic fractures is MSCs therapy [16-18].  A method of treating osteoporosis is described where a patient is administered an intravenous biotransplant containing from 50 to 500 million of MSCs [19]. Another approach the implantation of cultured autologous or allogenic mesenchymal pluripotent stem cells injected into the bone injury zone to improve the processes of reparative osteogenesis [20-22]. The disadvantages of these methods are the lack of MSC’s affinity to bone tissue and the absence of inhibition of the osteoclasts activity.
We have previously described a water-soluble polymer modified with bisphosphonate side chains that binds to MSCs and increases their affinity to bone in vitro [7]. Bisphosphonates selectively interact with the hydroxyapatites and disrupt a functional activity of the osteoclasts [13]. In addition to the bisphosphonates, the polymer contains N-succinimidyl-carboxylates (NHS) that reacts with cell surface amino groups to create covalently coupled polymer-cell complexes. Attachment of the polymer to MSCs allows the cells to bind specifically to the hydroxyapatite component of the bone (Figure 1). In the present study, we have assessed a local transplantation of MSCs that are coated with synthetic bisphosphonate-containing polymer for their ability to stimulate ulna fractures regeneration in female rats with experimentally-induced estrogen-dependent osteoporosis; we also tested specific types of toxicity of the polymer. 

[image: ]
Figure 1 – Schematic polymer structure with its functional groups


2 Materials and methods
2. 1 Polymer synthesis and Isolation of rat MSCs  
Polymer  synthesis and methods for isolation of rat MSCs was described in details in previous report (interim report for 2018, inventory number 0218RK00867).
2.2 Coating of MSCs with the polymer
LVT-Luc2 transfected MSCs (106 cells) were incubated with the polymer (1 mg/ml in PBS, pH 8.0) for 10 min at 37 0С. After incubation, the cells were centrifuged at 300 g for 5 min, washed three times in PBS at pH 7.4.
2.3 Animal models of osteoporosis and ulnar fracture 
45 female Wistar rats at 12 weeks of age, average weight between 200-300g, were used in this study. The rats were kept in cages with temperature of (22±2) °C, a relative humidity of (55±10) %, and a 12 h light/dark cycle (7:00 am to 7:00 pm) with access to water and food ad libitum. All the experiments were executed according to the ethical guidelines of the U.S. Department of Health and Human Services (HHS), Registration of an Institutional Review Board (IRB) and agreed by the Ethics Committee of the Center for Life Sciences of Nazarbayev University (Registration number IORG 0006963). 
Osteoporosis was induced in 40 females through the bilateral ovariectomy (OVX)[23]. Later, three animals were excluded from the experiments due to unrelated health conditions. Five healthy female rats of the same age served as controls. Bone density was assessed before OVX and 3 months post-surgery using microCT IVIS Spectrum (Caliper, USA). After confirming osteoporosis, we next created non-critical ulna defect. Standardized osteotomy in left ulna shaft region 2.0cm proximal to the radiocarpal joint was performed under general anesthesia with isoflurane. The ulna was exposed by 1.0 cm incision. The osteotomy was created using Liston bone-cutting forceps 14.0cm. The wound was washed with 0.9% NaCl solution and closed in layers. Following the operation oral anesthetics were administered for 5 days to minimize animal distress. 
Starting the next day after surgery, solutions were administered locally into the ulnar fracture zones (into the site of surgical incision) once per week for four weeks as follows: sham control (200 µl of PBS) as a negative control; 200 µl of PBS containing polymer alone (1 mg/ml); 1х106 MSCs in 200 µl of PBS; 1х106 membrane-engineered MSCs in 200 µl of PBS. Bone density was measured locally at the zone of fracture next day after surgery and over the next 4 and 24 weeks. Rats that were not subjected to OVX but with ulna fracture served as a positive control.
2.4 µCT morphometry
A µCT machine (IVIS Spectrum CT; Caliper) was used in x-ray mode with 150µ voxel size, 440 Al fitter, 50 kV, resolution 425, FOV LxWxH 12x12x13 cm. The approximate dose was 52 mGv per scan. The 3-dimensional reconstruction and bone density assessments were performed using the Living Image 4.3.1 software (Caliper). The acquired image was exported in the DICOM format and stored.   The density of bone was defined as the optical density in the bone volume. Region of interest (ROI) was measured with 10mm cylindrical volume of interest positioned and the center of the fracture region. 
2.5 Histological assessment 
The rats were sacrificed in 4 and 24 weeks after the fracture by cervical dislocation under isoflurane anesthesia and the affected ulnar regions were removed. For the microscopic evaluation of regenerative processes at the fracture healing zone, the ulna was placed in 10% buffered formalin solution (pH 7.2-7.4). Bone fragments were decalcified, washed and embedded in paraffin. Microtome sections 7-10 microns in thickness were made from paraffin blocks, followed by hematoxylin and eosin staining. 
2.6 Comet assay (single-cell gel electrophoresis)
The comet DNA method was used (protocol 4250-050-K, Amsbio). 10-20 µl of cell suspension was mixed with 100 µl of 0.5% low-melting agarose (t0LMA = 37oC). This mixture was applied to prepared slides (substrate - 1% normal melting agarose), covered with a cover glass, and placed on ice. The slides were incubated on ice in a refrigerator for 10 minutes. The coverslips were removed; the slides were laid out in a cuvette with lysis solution (Amsbio) for 1 hour at 4°C. Further, all actions were carried out in a darkened room under the light of a yellow or green lamp. After 1 hour of lysis, the slides were transferred to the electrophoresis chamber and filled with a buffer for electrophoresis pH> 13 (for 1L of buffer - 30 ml of NaOH and 5 ml of EDTA taken from stock solutions - 10 N NaOH and 200 mM Na2EDTA) and left for 20 minutes. Electrophoresis was carried out for 20 minutes at a field voltage of 1V/cm and 300 mA. After electrophoresis, the slides were transferred to a fixative solution (70% ethanol) for 10 minutes. It was dried at room temperature in the dark and stained with SYBR Green dye for 2 minutes. Imaging and fluorescence analysis of the slides were performed using a trinocular transmitted light microscope with fluorescence (Olympus BX53 Japan). For each slide, at least 100 “comet DNA” were randomly analyzed and photographed, and the percentage of DNA in the “comet tail” was calculated using the TriTek CometScore ™ software. The indicator "% DNA in the comet's tail" reflects the amount of low-molecular-weight DNA in the form of fragments formed as a result of breaks and realization of alkali-labile DNA regions, and migrated towards the anode during electrophoresis. Cells were analyzed using a fluorescence microscope (Olympus BX53Japan) with TriTek CometScore software.


2.7 Reproductive toxicity study
Females received 3 study doses (200mg/kg, 100mg/kg, 50mg/kg) throughout the study, including two weeks prior to mating (to cover at least two complete estrus cycles), the variable time of conception, gestational age and at least four days after birth, up to and including the day before the planned sacrifice (14 days before mating, up to 14 days mating, 22 days - pregnancy, 4 days - feeding). The test substance was administered orally. Mating was carried out 1:1 (one female for one male). Each progeny was examined immediately after birth to establish the number and gender of pups, stillborns, live births, undersized (pups that are noticeably smaller than control pups) and the presence of obvious anomalies.
2.8 Assessment of allergenicity
The allergenic properties of the synthetic osteophilic bisphosphonate polymer were studied by patch test and conjunctival allergen provocation test.
Conjunctival allergen provocation test 
The assessment of the local irritating and allergenic properties of the osteophilic polymer on the mucous membranes of the eyes was carried out on rabbits of both genders weighing 2300-2500g (n=4). A liquid sample of a polymer in an amount of 0.05 cm3 was introduced with a pipette dispenser in the lower conjunctival fornix of the right eye of each laboratory animal. Distilled water was added to the left eye (control) in the same way. The state of the mucous membrane and the conjunctiva of the eyes of laboratory animals were visually observed and signs of irritation of the mucous membrane (blepharospasm, ptosis, lacrimation, vascular injection, eyelid edema) were registered in 24 hours after the test. Animals were monitored for 2 weeks.  Reactions are rated on the following scale (in points):
1) slight redness of the lacrimal duct;
2) redness of the lacrimal duct and sclera towards the cornea;
3) redness of the entire conjunctiva and sclera.
Patch allergen test 
3 drops of the test substance diluted in physiological solution were applied on the clipped area of the lateral surface of the skin, closer to the middle of the body. The substance is applied for 2 weeks, 5 times a week. Skin reactions were scored daily on a skin test scale (5).
2.9 Immunotoxicity studies 
To assess the immunotoxic properties of the osteophilic polymer, we studied the parameters of peripheral blood.
The study was carried out on white inbred mature rats of both sexes weighing 180-200 g. The animals were randomly assigned to the groups. The absence of external signs of the disease and the homogeneity of the groups by body weight (± 10%) were considered as a criterion for acceptable randomization. Each group included 10 animals. Information about the groups of experimental animals is presented in Table 1. 

Table 1 – Groups of experimental animals 
	Group
	Animal number
	Injected substance/amount

	RATS

	№ 1 Control
	5♀ 5♂
	PBS/5.0 ml

	№ 2 Experimental
	5♀ 5♂
	SOBP in PBS/200 mg/kg

	№ 3 Experimental
	5♀ 5♂
	SOBP in PBS /100 mg/kg

	№ 4 Experimental
	5♀ 5♂
	SOBP in PBS /50 mg/kg

	Note - * SOBP – synthetic osteophilic bisphosphonate polymer



To study immunotoxicity, the polymer solution was injected intraperitoneally in the maximum allowable volume of 5.0 ml for rats weighing 180-200 g once. The volume injected corresponds to the established requirements of the regulatory documents governing the maximum allowable volume of administration for laboratory animals [3].
When calculating dosages for immunotoxicity, we used the results of determining the parameters of the acute toxic effect of samples in rats after intraperitoneal administration (interim report for 2019, inventory number 0219RK00249). In this case, the LD50 of the polymer is 1000 mg/kg. Based on the calculation, the administered doses of the studied samples were: 200 mg/kg; 100 mg/kg and 50 mg/kg (respectively 1/5; 1/10; 1/20 of 1000 mg/kg) [3]. 
After 24 hours, after the  injection of the polymer, the animals were decapitated and blood was collected for hematological parameters. The main parameters of the peripheral blood were determined on a hematological analyzer "Abacus JuniorVet" ("Diatron", Austria)
2.10 Statistical analysis
If data have passed normality test, then they are presented as mean ± SD and mean differences between the experimental groups are tested using one-way ANOVA and/or unpaired t- test. If data have failed normality test, then they are presented as median (IQR 0.25-0.75) and Mann-Whitney Rank Sum Test is used to reveal differences between experimental groups. Values are considered significantly different at the p≤0.05 level. Statistical analyses are performed on the SigmaPlot 11.0 software. 






3 Results 
3.1 Evaluation of the regenerative potential of local transplantation of mesenchymal stem cells functionalized with an osteophilic polymer in osteoporotic ulna rat fractures in vivo
A model of estrogen-dependent osteoporosis in laboratory rats was created by OVX [23]. Ulnar fracture model was created in our lab based on the rabbit ulnar osteotomy model [24]. The model was used for the bone healing research and showed decrease in bone mineral density in osteoporotic condition. The ulnar fracture is also convenient in methodological way as no external fixation of the bone is needed. Adjacent radius serves as a splint and provides the weight bearing support.  Bone density was assessed one day before OVX and three months after surgery using the micro-CT IVIS Spectrum. We determined the ratios of final bone density (3 months after OVX) to initial pre-operation measurements in each animal. At a ratio equal “1” the bone density considered being unchanged; the ratio below “1” indicated decreased bone density. The induction of osteoporosis was considered successful if the bone density decreased by 10% or more, compared to the initial measurements. Figure 2A shows that in control animals the bone density slightly increased (by 8%), which was associated with normal physiological maturation of the animals. In contrast, in the group of animals subjected to OVX bone density decreased by ~20%, which indicated the development of estrogen-dependent osteoporosis. 
After confirming osteoporosis, we next created open fractures in ulnar regions. The following day we administered PBS, polymer, intact MSCs, and the membrane-engineered cells to the fracture zones. Bone density was evaluated at the fracture sites in 2 hours after the surgery and in 4th and 24th weeks. Differences in the bone density were calculated as a ratio of final bone density to initial density (at the time of fracture) in every individual rat. Then, the mean values were estimated for each group (Table 2, Figure 2C). If the ratio was equal to 1, then the bone density did not change; values >1 were considered as indicators of increased bone density and bone regeneration. Figure 2B shows representative X-ray images of the fracture sites 2 hours after the surgically performed fractures and 4 weeks later. 
As seen in Figure 2C and Table 2, four weeks after the surgery there was slight decrease of bone density in the control group (by 8.6%), in the groups that received only polymer (15.5%) and only MSCs (2.4%), yet we have not observed statistically significant differences among those three groups. In contrast, in the group of animals injected with membrane-engineered MSC bone density increased by 27.4% compared to the control (PBS). After 4 weeks 19 animals were sacrificed and 18 animals were left for further observations. After 24 weeks, we repeated measurements and found continuing decreases of bone density in the groups 1-3 (26.3%, 37.9% and 40.4 % respectively), and there were still no statistical differences among these three groups. At the same time, in the forth group we have observed 21.5% of increase in bone density compared to the negative control.
[image: ]
(A) Osteoporosis rat model: bone density analysis in 5 control (no OVX) and 20 OVX animals; data is presented as the ratio of the final bone density (3 months) to the initial (before surgery); data are presented as Mean ± SD, *-p≤0.05 compared to control (unpaired t- test); (B) Representative microCT images of the rat extremities after 2 hours and 4 weeks post-surgery (In Vivo Imaging System, Caliper, USA); (C) Bone density at the regions of the ulna fractures: data are presented as a proportion of final bone density (4 or 24 weeks after surgery) to the initial (2 hr after surgery); data are presented as Median (IQR 0.25-0.75), *p≤0.05 compared to a negative control, • p≤0.05 - compared to a positive control (pairwise comparison using Mann Whitney Rank Sum Test). Bone density was measured using microCT IVIS Spectrum.
Figure 2 – Osteoporosis rat model and bone density in ulna fracture after 4 and 24 weeks upon treatment 

As a positive control, we used a group of animals with ulna fracture who were not subjected to OVX surgery (n=5, positive control). As shown in Figure 2C and Table 2, there is significant difference in bone density in this group in four weeks after the surgery compared to the negative control (OVX and ulna fracture). Since the healthy bones in rats regains its biomechanical properties by 4 weeks [25], we terminated the measurements at this point and used the same data as a positive control for further experiments.
Figure 3 represents histological changes within fracture zones of ulna (cross-section) at 4 weeks after fracture.


Table 2 – Ratios of the bone densities measured at 4th and 24th week after fracture to the initial bone densities (in two hours after surgery)
	
Animal Group
	Relative bone density ratio (after fracture/before fracture)
Median (IQR 0.25-0.75)

	
	4 weeks
	24 weeks

	Negative control (OVX, ulna fracture)
	0.914 (IQR 0.671-1.053) (n=9)
	0.737(IQR 0.640-1.029) (n=4)

	Polymer 
	0.845 (IQR 0.727-0.994) (n=10)
*P=1.00
•P=0.032
	0.621(IQR 0.435-0.652) (n=5)
*P=0.066
•P=0.008


	MSCs 
	0.976(IQR 0.674-1.141) (n=8) 
*P=0.597
•P=0.354
	0.596(IQR 0.453-1.379) (n=4)
*P=0.486
•P=0.268


	MSCs+ Polymer 
	1.274(IQR 1.046-1.421) (n=10)
*P=0.003
•P=0.058
	1.215(IQR 1.124-1.754) (n=5)
*P=0.032
•P=0.095


	Positive control
 (no OVX, ulna fracture) 
	1.103 (IQR 0.971-1.148) (n=5)
*P = 0.046
	No data

	Note – Mann-Whitney Rank Sum Test was used to compare the differences between experimental groups: * - compared to a negative control; •- compared to a positive control.


 

[image: ]
(A) PBS (negative control) group, showing fracture gaps, broken periosteum, endosteum; the broken end is clearly separated (an arrow), (calibration=100µm); (B) Polymer group, showing immature bone tissue with fibrous tissue started to close the fracture gaps (two-headed arrow), (calibration=100µm); (C) Unmodified MSC group, showing bone regeneration and most of the bone tissue was connected to filling the gap (two-headed arrow), (calibration=100µm); (D) Modified MSCs with polymer group, showing most prominent osteogenesis and the fracture gaps filled with bone tissue (two-headed arrow), (calibration=100µm).
Figure 3 – Histological changes within fracture zones of ulna (cross-section) at 4 weeks after fracture (HE staining; upper panel - 10X, lower panel - 20X)

Prominent signs of bone damage had been observed in the control group in four weeks upon fracturing. In particular, fracture gaps, broken periosteum, endosteum could be seen. In the second group of animals, the polymer alone caused a slight beneficial effect, since we observed immature bone tissue with fibrous tissue started to close the fracture gaps. In the group injected with unmodified MSCs, the bone tissue revealed some signs of regeneration. In particular, we were able to see bone tissue connecting to filling the gap. However, the most noticeable osteogenesis was observed in the group injected with membrane-engineered MSCs, where the fracture gaps were filled with bone tissue. These observations are consistent with bone density measurements in ulna fracture zones after 4 weeks upon treatment, where we have observed 27.4% increase in bone density in the group of animals injected with membrane-engineered MSC compared to the negative control.  
Histological slices of ulna within fracture zones by 24 weeks upon fracturing are presented on Figure 4. As it could be seen from the images, in PBS control group multiple bone defects crossing the shear axis of the bones were still present. Bone tissue adjacent to the fracture showed moderate dystrophic changes and immature cartilaginous tissues filled in the fracture gaps could be seen. In the second group (polymer in PBS) uneven growths of immature cartilaginous tissues without clear boundaries in the fracture gaps were observed. There were also moderate to severe dystrophic changes of bone tissue.
[image: ]
(A) PBS (negative control) group, showing multiple bone defects crossing the shear axis of the bones were still present. Bone tissue adjacent to the fracture showed moderate dystrophic changes (red arrow). Immature cartilaginous tissues (yellow arrow) filled in the fracture gaps (calibration=100µm); (B) Polymer groups, showing uneven growths of immature cartilaginous tissues without clear boundaries in the fracture gaps (yellow arrows). there were also moderate to severe dystrophic changes of bone tissue (red arrow) (calibration=100µm); (C) Unmodified MSC groups, showing outgrowth of the immature cartilaginous tissue (yellow arrow) and a large number of polymorphic chondroblasts chaotically distributed within cartilaginous tissue (calibration=100µm); (D) Modified MSCs with polymer group, showing prominent osteogenesis and ossification (yellow arrows). Fracture gaps start to be filled with mature bone tissue. No pronounced dystrophic and degenerative changes in the bone sections (red arrow) (calibration=100µm).
Figure 4 – Longitudinal sections of ulna within fracture zones in 24 weeks upon fracturing (HE staining; 10X)

On the histological slices of the third group (injected with unmodified MSCs) showed fragments of bone tissue with moderate dystrophic changes: there where outgrowth of the immature cartilaginous tissue and a large number of polymorphic chondroblasts chaotically distributed within cartilaginous tissue. At the same time, we have not observed pronounced dystrophic and degenerative changes in the bone sections from the fourth group of animals. Bone tissue demonstrated sights of osteogenesis and ossification. Fracture gaps started to be filled with mature bone tissue.
Thus, consistent with the micro-CT data, the histological assessment of ulnar fracture zones demonstrated a significant difference in reactive and reparative processes across the experimental groups, with the most prominent regenerative outcomes derived from the treatment with polymer modified MSCs. 
3.2 Assessment of toxicity and biosafety of osteophilic polymer including specific types of toxicity - mutagenicity, reproductive toxicity, allergenic and immunotoxic effects
3.2.1  Comet assay (single-cell gel electrophoresis) 
To study the mutagenic effect of the polymer, we used the method of gel electrophoresis of individual DNA comet cells. Figures 5 and 6 show micrographs of cells of the control group and the group of polymer-modified MSCs. Figure 7 shows the analysis data for damage in the DNA tail. The data obtained shows that the percentage of damage in the DNA tail in the experimental group is slightly higher than in the control group (32.7% and 27.2%, respectively). However, no statistically significant difference was found between these groups (P = 0.310), which allows us to conclude that there is no mutagenic effect of the studied polymer on mesenchymal stem cells. 

[image: ]
Figure 5 – Micrographs of nuclei from the control group during Comet Assay. 20Х.
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Figure 6 – Micrographs of nuclei after exposure to polymer during Comet Assay. 20Х.

[image: ]
*P=0.3, Mann Whitney Test, SigmaPlot
Figure 7 – Quantitative analysis of DNA damage upon exposure of MSCs to the osteophilic polymer

3.2.2 Reproductive toxicity study
In the study of reproductive toxicity, 3 dosages of the polymer were used, which were determined earlier in the study of acute and chronic toxicity (200mg/kg, 100mg/kg and 50mg/kg). Reproductive parameters included the calculation of the number of females with signs of copulation, females that reached pregnancy, the study of gestational age, the number of stillbirths and the numerical ratio of the sexes. 
According to the results of the study (Table 3), it was revealed that the polymer does not have pronounced reproductive toxicity and does not affect the course of pregnancy in white outbred rats. Reproductive parameters did not depend on the dosage of the drug. The drug also did not cause developmental anomalies and congenital malformations, and also did not affect sexual preference at birth. 

Table 3 – Reproductive toxicity study results[image: ]

3.2.3 Assessment of allergenicity 
The allergenic effect was studied using a conjunctivial test and the patch skin test. According to the results of the study of the conjunctival test (Table 4), the polymer does not have an allergenic effect at a working concentration of 100 mg/kg. The indicators corresponded to the control, without the appearance of undesirable reactions, with the exception of a slight reddening of the lacrimal duct.

Table 4 – Conjunctival test results
[image: ]

To study the sensitizing effect of the polymer, the patch skin test was used. Skin reactions were scored daily on a skin test scale. This experiment reveals the danger of developing non-allergic contact dermatitis, depending on the dose of the studied drug. According to the results of the study presented in Table 5, it was concluded that there is no allergenic effect of the polymer on the skin of the animals.
	
Table 5 – Patch skin test results
[image: ]

3.2.4 Immunotoxicity studies
In the present experiment, the immunotoxic effect of the osteophilic polymer was assessed according to the white cells parameters in the peripheral blood: lymphocytes, monocytes and granulocytes. The results showed that the polymer did not affect any hematological parameter. The content of neutrophils, eosinophils, basophils, monocytes and leukocytes were normal relative to the control in all study groups (Table 6). 



	
Table 6 – Leukocyte blood count in rats after a single intraperitoneal injection of the polymer compared to the control
	                 
White blood cells %
	
Groups


	
	
Control

	
50 mg/kg
	
100 mg/kg
	
200 mg/kg

	Rod neutrophils
	3,0±0,6
	3,2±0,7
	3,1±0,5
	3,3±0,7

	Segmented neutrophils
	21,1±2,1

	24,7±1,3
	25,6±1,8
	26,8±1,8

	Eosinophils
	1,3±0,4

	1,5±0,4
	2,4±0,7
	3,3±0,6

	Basophils
	0,1±0,1

	0,0±0,0
	0,1±0,1
	0,5±0,2

	Monocytes
	3,5±0,5

	3,1±0,6
	2,7±0,6
	4,0±0,6

	Lymphocytes
	71,0±2,1

	67,5±1,9
	66,1±1,9
	62,1±1,5




3.3 Discussion of the research results 
Delayed fracture healing in estrogen-dependent osteoporosis is associated with increased osteoclast activity and decreased MSCs [26, 27]. In this regard, MSC transplantation is a promising approach for the treatment of bone pathologies, especially in age-related diseases such as osteoporosis. [28, 29]. However, at the moment, the isolation of a clinically significant amount of autologous MSCs in the elderly is a serious problem and, therefore, it becomes necessary to further expand MSCs in vitro. In turn, in vitro expansion of MSCs changes its surface receptors profile and affects its homing ability in comparison with freshly isolated MSCs [30-32]. In addition, transplanted MSCs can be a source of abnormal cell proliferation, for example, in breast cancer [33]. In order to overcome these limitations, we added bone-targeting moiety to MSCs through membrane engineering with bisphosphonate-containing polymer that have a high affinity for hydroxyapatite. Coating of MSCs with the polymer allowed the cells to bind specifically to the HA component of bone [7]. In vitro the polymer was shown to be non-cytotoxic while not interfering with the differentiating potential of the MSC (interim report for 2018, inventory number 0218PK00867). Besides having a targeting moiety, bisphosphonates also inhibit farnesyl pyrosphosphate synthase (FPPS), a key enzyme in osteoclast metabolism. Alendronate groups in the polymer preserved its functional activity compared to the therapeutic doses of commercially available alendronate analogues (interim report for 2018, inventory number 0218PK00867).
Assessment of the acute and chronic toxicity was performed in vivo and showed that there was no toxic effect of the polymer on the organs and tissues in laboratory animals (interim report for 2019, inventory number 0219RK00249).
For in vivo assessment of the fracture-regenerating potential of MSCs coated with bone-targeting polymer in osteoporotic conditions we have created a model of estrogen-dependent osteoporosis by bilateral oophorectomy (OVX) (interim report for 2019, inventory number 0219PK00249). Since most osteoporotic conditions are estrogen-dependent, the animal model of OVX is generally accepted and approved by the FDA [34].
We have also developed a model of an induced slow-healing ulna fracture by osteotomy of the middle third of the ulna diaphysis (interim report for 2019, inventory number 0219RK00249). As a rule, slow-healing bone fractures in healthy rats regain their biomechanical properties by 4 weeks [26] and completely heal by 12 weeks [35, 36]. However osteoporotic condition delays the fracture repair. According to studies of Namkung-Matthai et al osteoporosis affects fracture healing in the early stage and result in 23% decrease of bone density and reduced bone callus formation after 3 weeks of fracture [37]. Data acquired by Kubo et al showed impaired bone regeneration in the late period of fracture healing. By 12 weeks radiological and histological analysis revealed decreased bone density and diminished callus quantity that impaired woven bone formation [38]. Consistent with published studies, our results showed that bone density in the control group decreased by 8.6% at 4 weeks and dropped to 26.3% at 24 weeks. 
The group of animals treated with bisphosphonate polymer alone showed a similar 15.5% decrease in bone density after 4 weeks, which subsequently showed a sharp 37.9% decrease after 24 weeks. However, these data are not statistically significant and require further study. In turn, the injection of only MSCs led to a slight stabilization of the dynamics of the decrease in bone density after 4 weeks, but by 24 weeks the bone density reached the same decrease by 40.4% as in the control group. These data may indicate that MSCs had some positive effect immediately after their administration, but did not have a prolonged effect. In contrast, the group receiving polymer-functionalized MSCs showed a statistically significant increase in bone density (27.4%) at the fracture site after 4 weeks. The long term effect of the injection of polymer modified MSCs led to persistent maintenance of bone density at 21.5% monitored after 24 weeks, although, histological picture did not significantly improved, compared to 4 weeks. It might be a consequence of ongoing osteoporotic process, since we discontinued treatment after 4th week. 
 Fracture healing generally proceeds in three phases. The first phase stage is reactive in nature and is characterized by fracture hematoma, inflammation, and formation of granulation tissue. During the second reparative phase, collagen fibers connect the broken bone ends, while osteoblasts start to form spongy bone. Some spicule may also appear at this point. In parallel with the formation of bone tissue, resorption of areas of collagen fibers that are not part of the bone trabecula is observed. The resulting fibrocartilaginous callus is converted into rigid calcified tissue (woven bone) by endochondral ossification. The final phase is bone remodeling during which the bone is restored to its original shape, structure, and mechanical strength.
In our study, histological assessment of the control group after 4 weeks has demonstrated some evidence of the early reparative processes with fibrous union of old bone fragments. Groups 2 and 3 had additional evidence of mineralization and bone spicule formation, while the group with polymer-coated MSC showed active osteogenesis with formation of fibrocartilaginous callus. Although, we did not observe complete fracture healing by 24 weeks in any of the groups, the most pronounced formation of woven bone was seen in group 4. We have suggested that surface modification with bisphosphonate groups enhanced the regeneration process in two ways: first, by increasing the recruitment of transplanted MSCs to bone damage sites, thus providing growth factors and potential differentiation into osteoblast cell, and second, by disrupting the functional activity of the osteoclasts and therefore decreasing the process of bone resorption.



















CONCLUSION
	As a result of the studies carried out in 2018-2020, all the planned tasks were completed in full (Appendix A).
In 2018, rat mesenchymal stem cells were isolated and the purity of the resulting cell population was assessed; the effect of an osteophilic bisphosphonate polymer on the proliferation of MSCs was studied; the effect of the polymer on the osteogenic differentiation of MSCs in vitro was studied; the ability of the polymer to inhibit osteoclast activity in vitro was evaluated (interim report for 2018, accession number 0218RK00867).
	In 2019, animal models of osteoporosis  and ulna fractures were developed; an assessment of the short-term efficacy of polymer-modified MSC therapy in osteoporotic ulna fractures  was performed in vivo, and the acute and chronic toxicity of the polymer was studied (interim report for 2019, inventory number 0219RK00249).	
	As a result of the research carried out in 2020, according to the calendar plan, all tasks were also completed in full: 
· The long-term efficacy of the new approach to stimulate reparative osteogenesis in vivo was assessed. The results showed a statistically significant 21.5% increase in bone density in 6 months after ulna osteotomy in the group of animals receiving 4 transplantations of polymer-modified MSCs.  Intravital observations were confirmed by post-mortem histological analysis of the ulna fracture zone.
·   Assessment of specific types of toxicity such as mutagenicity, reproductive toxicity, allergenicity and immunotoxicity have shown no toxic effect of the polymer in small laboratory animals.
·  3 articles in international peer-reviewed journals and 3 articles in domestic scientific journals (Appendix B) were prepared and published on the results of research for the entire period of the project and a patent for an invention was obtained (Appendix D).
The data obtained allow us to conclude that the proposed combined approach based on the use of cell therapy with MSCs modified with polymer is an effective and safe method to stimulate reparative osteogenesis in osteoporosis-associated fractures. The results of our preclinical studies can be used as a baseline model of the Clinical Trials Protocol. We believe that the use of cell therapy with MSCs functionalized with an osteophilic polymer will improve the results of treatment of osteoporosis-associated and other low-energy traumatic fractures, shorten the duration of treatment, and reduce the percentage of disability among patients of this category.
 Thus, as a result of these studies, a method was developed for creating a tissue-engineered biotransplant, which has shown its effectiveness and safety to stimulate reparative osteogenesis in osteoporosis-associated traumatic bone tissue injuries. The results of the preclinical studies performed can be used as a baseline model for the Clinical Trials Protocol. We believe that the use of cell therapy methods for polymer-modified MSCs will improve the results of treatment of osteoporosis-associated and other low-energy traumatic fractures, shorten treatment times, and reduce the percentage of disability among patients of this category. 
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Appendices 1.1-1. __
to the Agreement No.__ dated _______2018
for grant funding
 
TECHNICAL SPECIFICATIONS AND
CALENDAR WORK PLAN
 
Under contract No. _____ dated __________________2018
 
1. NAME OF THE CONTRACTOR: Private institution "National Laboratory Astana"
 

1.1 Priority: 4 - Life and Health Sciences
1.2 By sub-priority: 4.2 - Scientific and innovative biomedicine (Regenerative Medicine) 
1.3 On the topic of the project: No. AP05130075 " Development and preclinical study of a method of stimulation of osteoporotic bone fracture regeneration based on cell therapy by adipose mesenchymal stem cells coated with synthetic bone-targeted polymer".
1.4 The total amount of the project  is 36 000 000 (thirty six million ) tenge, including a breakdown by year, to carry out works in accordance with paragraph at 3:
- for 2018 - in the amount of 12,000,000 ( twelve million ) tenge;
- for 2019 - in the amount of 12,000,000 ( twelve million ) tenge;
- for 2020 - in the amount of 12,000,000 ( twelve million ) tenge.

2. Characteristics of scientific and technical products by qualification characteristics and economic indicators
2.1 Direction of work: Basic and applied research in biomedicine.
2.2 Scope: Medical biotechnology
2.3 End result:
- for 2018: Effect of polymer on proliferation, osteogenic differentiation of MSCs and its ability to inhibit the activity of oseoclasts in vitro  will be evaluated
- 2019:  Effectiveness of the polymer modified MSCs transplantations in osteoporotic ulna rat fractures in vivo will be evaluated
- for the 2020 year: A method for creating a tissue-engineered biograft based on a synthetic osteophilic bisphosphonate polymer and a mesenchymal stem cells will be developed.
2.4 Patentability: No
2.5 Scientific and technical level (novelty): High    
2.6 The use of scientific and technical products is carried out: by the Contractor
2.7 Type of use of the result of scientific and (or) scientific and technical activities: The results of preclinical studies can serve as a basis for the development of a clinical trial protocol with the subsequent introduction of the proposed method into practical health care with the development of new methods of cell therapy for the treatment of patients with impaired regeneration in the zone of osteoporosis-associated bone fractures, which will lead to an improvement in the quality of life and decrease in disability in patients with this categories.
 

3. Name of work, terms of their implementation and results
	Job code, stage
	Name of work under the Agreement and the main stages of its implementation
	Period of execution
	Anticipated results

	
	
	Start
	ending
	

	Calendar plan for 2018

	1
	Evaluation of the effect of polymer on proliferation, osteogenic differentiation MSCs and its ability to inhibit the activity of oseoclasts in vitro
	January 2018 
	Till November 1, 2018 
	The effect of polymer on proliferation, osteogenic differentiation of MSCs and its ability to inhibit the activity of oseoclasts  in vitro will be evaluated 

	1.1
	Isolation and cultivation of mesenchymal stem cells from  rats, assessment of the purity of the obtained population of MSCs
	January 2018
	March, 2018
	Mesenchymal stem cells from rats will be isolated and cultured, purity of the obtained population of MSCs will be assessed

	1.2
	Evaluation of the effect of osteophilic bisphosphonate polymer on the proliferation of MSCs isolated from the adipose tissue of rats
	April 2018 
	June 2018 
	The effect of osteophilic bisphosphonate polymer on the proliferation of MSCs isolated from the adipose tissue of rats will be evaluated

	1.3
	Evaluation of the effect of the polymer on the osteogenic differentiation of MSCs in vitro
	July 2018 
	September  2018 
	The effect of the polymer on the osteogenic differentiation of MSCs in vitro will be evaluated

	1.4
	Evaluation of the ability of a polymer to inhibit the activity of oseoclasts in vitro
	October 2018 
	Till November 1, 2018
	The ability of a polymer to inhibit the activity of oseoclasts in vitro will be evaluated

	Calendar plan for 2019

	2
	Evaluation of the effectiveness of   therapy with mesenchymal stem cells modified with a synthetic osteophilic bisphosphonate polymer in fractures of the ulna of animals against the background of estrogen-dependent osteoporosis in vivo
	January 2019
	Till November 1, 2019
	Effectiveness of   therapy with mesenchymal stem cells modified with a synthetic osteophilic bisphosphonate polymer in fractures of the ulna of animals against the background of estrogen-dependent osteoporosis in vivo will be evaluated

	2.1
	Creation of an animal model of induced fracture of the ulna with osteotomy of the shaft of the ulna
	January 2019 
	March 2019 
	Animal model of induced fracture of the ulna with osteotomy of the shaft of the ulna will be created

	2.2
	Creation of an animal model of osteoporosis by bilateral oophorectomy
	April 2019 
	June 2019 
	Animal model of osteoporosis by bilateral oophorectomy will be created

	2.3
	Evaluation of the effectiveness of using a new method for stimulating reparative osteogenesis in vivo
	July 2019 
	September   2019 
	The effectiveness of using a new method for stimulating reparative osteogenesis in vivo will be evaluated

	3
	Evaluation of toxicity and biosafety of an osteophilic bisphosphonate polymer
	October 2019
	Till November 1, 2019
	Toxicity and biosafety of an osteophilic bisphosphonate polymer will be evaluated

	3.1
	Assessment of acute and chronic toxicity
	  October 2019
	Till November 1, 2019
	Acute and chronic toxicity will be assessed

	Calendar plan for 2020 

	2
	Evaluation of the effectiveness of   therapy with mesenchymal stem cells modified with a synthetic osteophilic bisphosphonate polymer in fractures of the ulna of animals against the background of estrogen-dependent osteoporosis in vivo
	January 2020 
	March 2020 
	Effectiveness of   therapy with mesenchymal stem cells modified with a synthetic osteophilic bisphosphonate polymer in fractures of the ulna of animals against the background of estrogen-dependent osteoporosis in vivo will be evaluated

	2.1
	Evaluation of the effectiveness of using a new method for stimulating reparative osteogenesis in vivo
	January 2020 
	March  2020 
	Long-term effectiveness of using a new method for stimulating reparative osteogenesis in vivo will be evaluated

	3
	Assessment of toxicity, biosafety of osteophilic bisphosphonate polymer
	April 2020 
	Till November 1, 2020
	Toxicity and biosafety of osteophilic bisphosphonate polymer will be assessed

	3-2
	Study of specific types of toxicity: mutagenicity, reproductive toxicity, allergenic effect, immunotoxic effect
	July 2020 
	Till November 1, 2020 
	Specific types of toxicity: mutagenicity, reproductive toxicity, allergenic effect, immunotoxic effect will be studied

	4
	Preparation of publications 
	January 2020 
	Till November 1, 2020 
	2 articles will be published in peer-reviewed foreign scientific journals indexed in the WebofScience or Scopus databases with a non-zero impact factor, as well as 2 publications in peer-reviewed foreign and domestic scientific journals 

	5 
	Obtaining a patent for the invention "Method of treating bone fracture in osteoporosis and similar pathologies of bone tissue in the experiment"
	January 2020 
	Till November 1, 2020
	Patent for the invention "Method of treating bone fracture in osteoporosis and similar pathologies of bone tissue in the experiment" will be obtained








APPENDIX B

Publication list for the years 2018-2020
B.1 – Publication list for the year 2018
B. 1.1 - Conference abstracts published in Kazakhstan:
1. Y.I.Safarova, F.S. Olzhayev, B.A. Umbayev, H.Murata, A.Russell. Regenerative potential of mesenchymal stem cells functionalized with an osteophilic polymer in fractures of tubular bones in experimentally-induced osteoporosis in rats. Materials of International Symposium  «Astana Biotech» – 2018. - June 12-13, Astana, Kazakhstan, P. 77 UDK 57.016.35 – in Russian
B. 1.2  Publications in international peer-reviewed scientific journals with a CiteScore percentile of at least 50 in the Scopus database:
	1. Bauyrzhan Umbayev, Abdul-Razak Masoud, Andrey Tsoy, Dauren Alimbetov, Farkhad Olzhayev, Alla Shramko, Aiym Kaiyrlykyzy, Yuliya Safarova, Terence Davis, Sholpan Askarova. Elevated levels of the small GTPase Cdc42 induces senescence in male rat mesenchymal stem cells. Biogerontology, 2018 ,Volume 19, Issue 3-4, Pages 287-301 https://doi.org/10.1007/s10522-018-9757-5 ,  IF – 3.77 , Procentile – 98, Q1 – in English
B. 1.3  Publications in scientific journals recommended by the KKSON MES RK
	1.  Olzhaev F.S., Safarova (Yantsen) Y.I., Tsoy A.K., Umbayev B.A., Askarova Sh.N. Cell therapy approach for correction of osteoporosis-associated fractures using adipose-derived mesenchymal stem cells functionalized with polymer. Vestnik KazGU. Biological series,  2018; 4(77):59-72 – in Russian
B.2 – Publication list for the year 2019 
B. 2.1 - Conference abstracts published in Kazakhstan:
1. Askarova Sh.N., Safarova (Yantsen) Y.I., Olzhayev F.S. Promising approaches for treatment of traumatic bone tissue injuries using bioengineering and cell therapy. Materials of 3d Congress of Orthopedic Traumatologists of the Republic of Kazakhstan and VII Eurasian Congress of Orthopedic Traumatologists. – Nur-Sultan, 2019. – P. 77 – in Russian
B. 2.2  Publications in scientific journals recommended by the KKSON MES RK:
	1. Safarova (Yantsen) Y.I.,  Olzhayev F.S , Umbayev B.A., Yerkebayeva A.S., Karenkina A.S., Kotov I.V.,  Russell A.J.,  Askarova Sh.N. Perspective approaches for treatment of low-energy injury bone of bone tissue using bioengineering and cell therapy.  Science and Healthcare
 2019, 5 (Т.21), p.68-80 – in Russian
B.3 – Publication list for the year 2020
B. 3.1  Publications in international peer-reviewed scientific journals with a CiteScore percentile of at least 50 in the Scopus database:
	1. Yuliya Safarova (Yantsen), Farkhad Olzhayev, Bauyrzhan Umbayev, Andrey Tsoy, Gonzalo Hortelano,Tursonjan Tokay, Hironobu Murata, Alan Russell and Sholpan Askarova. Mesenchymal Stem Cells Coated with Synthetic Bone-Targeting Polymers Enhance Osteoporotic Bone Fracture Regeneration. Bioengineering, 2020, 7(4):125; https://doi.org/10.3390/bioengineering7040125 , Procentile – 63, Q2 – in English
	2. Yuliya Safarova, Bauyrzhan Umbayev, Gonzalo Hortelano, Sholpan Askarova. Mesenchymal stem cells modifications for enhanced bone targeting and bone regeneration. Regenerative Medicine, 2020 Apr;15(4):1579-1594. https://doi.org/10.2217/rme-2019-0081, IF - 2.598, Procentile – 56, Q2 – in English
B. 3.2  Publications in scientific journals recommended by the KKSON MES RK:
	1. Olzhayev F.S., Safarova (Yantsen) Y.I., Umbayev B.A., Tsoy A.K. and
  Askarova Sh.N. Animal model of ulna fracture in experimentally induced osteoporosis. Vestnik KazNMU, 2020, Accepted for publication – in Russian
B 3.3  Patents for invention:
1. Sholpan Askarova, Farkhad Olzhayev, Yuliya Safarova, Bauyrzhan Umbayev, Andrei Tsoy. A method of treating bone fractures in osteoporosis and similar bone pathologies in experiment. Patent for invention of the Republic of Kazakhstan №34147 from 07.02.2020 – in Russian
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Otetika BANNA OCTEODIION OMMEpa Ha
OCTEOKTACTHYIO AKTHBHOCTE

OCTEOKAACTIAR MPHPOA BLIETEMILIX KAETOK
Ghina MOATBEAENa ¢ MOMOIIbIO OKPACKH HA K-
THBIOCTE, TAPTpAT-pesHCTENTHOf KHCAON ociar
rasut (TRAP), BHCOKAS aKTHBHOCTS, KOTOPOH TpH-
cyma wakpodaraw # ocTeokacTaw, OCTEOKTACTE
1o cBOEi MPHPOZE MPOHCXOTAT OT FeNOMOYTHYE-
CKOfi HHIH, HTO 1 OBYCATBTHBACT HX CXOKECTS ©
akpodarawi. Eme ool Xapaktephoil ocober-
HOCTHIO OCTCOKTACTOR ABTACTCA WATHWHC GOThe

woro komsectsa aaep ot 1040 10 100, Ha Pie-
cyke 8 npeicTarenbt GoTorpadHK MoyeHHOM
KYAKTYPH OCTEOKIACTOR, KIETKH HNEIOT GOTbIIIOE
KoMHeeTRO a1 (okpacka TeMATOKCHAMHOM N0
Jiaowne (Gill's Hematoxylin)), dopma xrerox ne-
TIDABITLHAR OBATLHAS W MOTHTOHATLHAS, HHOPIA
WMEET OTPOCTKH, KOTOpbIE MIOCTETIENIO CTMBAIOTCA
¢ ofuum dorom. B ey dYHKUMORATEHEX 0cO-
GentocTeii 0CTEOKIACTOR (1ETPAZAIIS  KOCTHOI
“TRAHH) KIETKI MOTYT CONEpHaTS JHI0COMATLHbE
nyshphKi.

PHey MoK 8 BI0RO-KOMIPACTHLE CHIBMKI OCTEORTACTOR, OKPUIEHIILX 10 MeTory TRAP:
Bepximit pat — 0. x110; mpsait paa— 06, x20

1% OUEHKH BAAIA HOTHMEPA 1A AKTHBIHOCTE
ocTeoknacTos mposomwk oueny Pit Assay. Ha
prcytike 9 moKasaikt MikpodoTorpadin, a KoTox
PHIX Goree CheTIbie yIACTRH (YKINHbI CTpEnKaMH)
ABTAOTCA YHICTKANH PESOPOHPOBIHOT0. MaKpO®
{Daranm BeICCTBY, WNHTHPYIONICTO KOCTHYIO TKaHE
(OsteoPlates,  Corning). ~TomepxHocTs  creTbx
HACTIOB HSNEPAIH C HOMOLIBIO TIPOTPAMHOTO 0Ge-
Cnieserna Fiji W paccuyThisan npouekt ot oGueii
‘momaz MikpodoTorpadi.

Ha Pucynke 10 noKasansi jansbie Kommses
CTREHHORO aHANSA MO pesopin. B Ka-
HecTBe pedepeHTHOTO BemecTBa GPATH KowMep:
weckwit npenapar, conepai aieniponar. s
TIPEICTABEHHbIX JQHHKIX BIVIHO. HTO B KOHTPOTb=
1O rpynIie MPONCIIT oUW pesopOiH cocTa-
B 26%. Tlomviep & Konuentpaum 0.5 Mo/t
YMEHbUIGET GarouTapiyIo aKTHBHOCTL Makpodas
TOB Ha 5%, a B KOHUECHTpAIH 2P\ MOWTH Ha
85% 1 uneeT exOMii ibexT ¢ arenponaTom B
~KoHuenTpattan Anr/un. Takiw 0Gpasom, pesyasta-
“THI MPOBEEIHOTO KOTHYECTBEINION ANATIIA COOT=

BETCTBYIOT OAWAGENHIM H HIOKXILIBAIOT, STO KOl
HENTpaA MOnMMEPa OGPATHO MPOMOPUMONATEA
oA pesopGuposaNHoii nosepxiocTH. Uen
BUILIE KOHUEHTPAUMA 0CTEOHILHOTO MOTHMEDA.
Ten aKTBHee MHTHOMDYETCA (epyeHT (apienu
nupodociaTasa, KOTOPHI WMECT KIkouCROE SHaE-
HHE B METAGOTIIME OCTEOKTACTOR.

Prcynon 9— Oxpansarane Pit Assay 110 weroy Ban Kocea
06, X10. Kpaciabi c1peavi YXasaubi Mecra pesopoun
KOLIREHOBOR0 MOKPHTI, IHTHPYIOILETD KOCTHYIO THAI

68 Becrim, Cepia nozorimiceran, Xob (77). 2018




image91.png
Omracn ©.C.n 3p,

3
5
H
=z
:
i
, Hunm I
Kompows  Tomwep05 Toamiepl Hommep2  Ancmmpomar  Arempomar
wrhen S e i e
Putcyore 10— Koiicerensil s pesopano nosepsoeri
ar oG mioua (p=0.001, onc-way ANOVA)
Saxmonenme BawAInA Ha cKopocTh mpodepaui AT-MSCs

B pesyibTare NOBEACHHMX HCCIEIOBANHIT
GUTH BEUICTOHB ATMNOSHBE  MEiCHXHMATEHbC
CTBOMOBbE KIETKH W AKHPOBOY TRAHH KPHIC  1IpO=
BejieHa OLEHKA MHETOTH MOy eHHO
AT-MSCs. BHit0 nokasao, 410 chekemsomipo-
BaNAs CTPOMANBHAS (paKIMS AHPOROF TKAHH
KPHIC MPEZICTABIIEH TETEPOTEHHOI KACTOUHO 1o~

ARUHEH, CoNepRAIEH FENATIONTHHECKHE KIETRH,
KIETKH — IPEUECTBEHHAKI IHIOTEIHOUMIOB H
MeSEHXHMAILILE CTBOOBHE KICTKH. B pesyitita-
e coprupoBiit CD105 — MOTOKHTEABHb KIETOK
W3 FETEPOTeNHOli TIONY.TALIN VTR AQTHETINX He=
crenoBanyii GhiTa NOTYYEHa TOMOTEHHAS KIETO
nax kyavTypa AT-MSCs,

Buno msyueHo BaManme  ocTeopuIBHOTO
Grchoconatiioro momvepa 1 nponmdepar
o AT-MSCs, BHIETEHHBIX 13 AUDOBOH TKaHH
Kpbic. COPIACHO MOTYHEHHBIN TAHHEIM NOTHMED
He ABTACTCH IHTOTOKCHUHBIM W He OKasbiBacT

in vitro.

Bhuio H3YHEHO BAMAHHE NOAMNEDA Ha OCTEO
resmyio adibepertuponky AT-MSCs in vitro. Pe-
3yTHTATH TIPOBEEHHOTO HCCAETIOBANMA TIOKASATH,
w0 nosepxHocTHas momnpikais AT-MSCs no-
MMEDOM He BAMAET HA MPOLLECCH! HX OCTEOTEHHOT
ndpepernmponky.

Bhuna wiytena criocoGHOCTh MOTHMEpA. HHH
GHPOBAT, AKTHBIOCTE OCTEOKIACTOR in Vilro. Buio
HOKA3AHO, 410 OCTEOpHIbHEIH 1I0IMMED HHIHGHDY=
€T (GarouNTapIYI0 AKTHBIOCTS, OCTEOKIACTOB Npi=
MO MponopuHOHATEHO Choeii KoHIeHTpaLI 1 Ha
YPOBIIE, MPEBOCXOTAIEM GKTHBIOCTS PedieperTiio-
To euecTra anenapoHaTa,

To pesynvratam nccaenonanii, AT-MSCs,
DYHKIMOHATSHPOBAHHBIE OCTEOHTBHEN MOMH-
MEPOM, NOTYT GbITh HCTOAB30RANb 1A AQThIIETi=
X SKCTIEPUMERTOB Ha TaGOPATOPHEIX ABOTHEX
© EHIO otteHKH HEKTHBHOCTH CTHMYIHIIN pe-
TIapATHBHOTO OCTEOTEHERA IpH OCTEONIOpOsE in Vivo.
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Beino  gokasaHo, 4to nonumep He o6napaet
LUMTOTOKCUYECKUM [ENCTBMEM U He OKasblBaeT
BMNUAHNUS Ha npouecchl OCTEOreHHoW
AndbdepeHumposkn MCK in vitro. C uenbko
OLIEHKM pereHepaTMBHOro noteHuvana MCK
MOANMDULMPOBaHHbBIX OCTEOMUNbHBIM nonumepom

KasaxctaH

bina — CO3AaHa  MOfenb  WHAYLMPOBAHHOTO
nepernoma JIOKTeBOW KOCTMW Y KpbIC C OCTEOTOMMEN
Anadusa nokresoun KocTu Ha doHe
3KCNEepUMEeHTanbLHo 3CTPOreH-3aBUCUMOro
ocTeonoposa. Moaenb nepenoma foKTEBON KOCTH
Gbina BbinonHeHa B 4 rpynnax (no 5 XKUBOTHbIX).
XKuBOTHbIM (rpynna 3) B 30HY WHAYLUMPOBAHHOIO
nepenoma InokTeBon kocTu 1 pas B Hegenw B
TeYeHue 1 Mec. BBOAUIN MCK
MOAWUULIMPOBaHHbIE OCTEOMUITbHBIM MONMMEPOM
B KOHUeHTpauun 1x106 kneTtok/mn Ha 1 mr/mn
nonuvepa; rpynne 1 wu rpynne 2 BBOAUNW
OCTeoPUIIbHbIA nonumep U MCK cooTBETCTBEHHO,
B TO BpeMs Kak YyeTBepTas rpynna (KOHTponb) He
nonyyana HWKaKoro neyeHus. AHanus
MOPOMETPUM NPOBOAUMN C MOMOLLLIO MUKPOKT
(In vivo Imaging System, Caliper, USA).

PE3YJIbTATHI

llokanbHoe BBefeHWE KOMBUHMPOBaHHOM
Tepanun MCK mMoanduumpoBaHHbIX nonMmepom
nokasanu 34%-Hoe yBENMUYEHUEe MNNOTHOCTU
KOCTeih BO Bpemsi nepuoga 3aXuBrEHUs nocne
nepenoma nokTeBon KocTu. [ns noaTBepxaeHus
A0NrocpoYHoro athekTa NPUMEHSIEMOro noaxoaa
Bbino nposefeHo UccneaoBaHue Ha NpOTSKEHWe
24 Hepenb. AHanus KOCTHOM NNOTHOCTM nokasan
CTabunbHbIA 3PPEKT B pereHepauun KOCTHOIA
TKaHW B rpynne XWBOTHbIX NONYYaBLUUX NEYeHne.
Mpn npoBefeHWM aHanMsa rUCTONOTUYECKNX
npenapaToB 30Hbl NeperiomMbl TpybyaTon kocTu y
SKCNepUMEHTanbHbIX XUBOTHbIX TPETLEW TPYNMbI
ObiNo OTMeYeHa BbICOKas aKTUBHOCTb MPOLIECCOB
penapaTtMBHOrO OCTeoreHesa C  COMUAHLIMM
paspactaHuaMU He3penbiX KINeToK, BbISBMEHbI
3penble ocTeobnacTbl, y4acTku nponudepaLnm
Ha MOBEPXHOCTU yXe CPOPMUPOBAHHBIX KOCTHbIX
Ganok. Ha rpaHMue C  MATKUMK  TKaHsSMMK,
Habnioganu obpasoBaHue y3noBaTbIx
0CTe000pasyLMX KNETOYHbIX NPonMdepaTos no
TUNY KOCTHOW MO30MN.
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PETEHEPATOPHBIN [I0TEHLMA ME3EHXHMA/IbHBIX CTBOJIOBB!

TOK, OYHKITIOHAJIHM3HPOBATITTBIX OC TEO®HILHBIM HOAHMEPOM,

OMAX TPYBYATBIX KOCTE#i HA ®OHE HH1Y LIHPOBAHHOTO
OCTEOTIOPO3A

Kl
1IPH TIEPE.

‘National Laboratory Astana, Nazarbayev University, Republic of Kazakhstan
“School of Engincering. Nazarbayev University, Republic of Kazakhstan
‘Instinute for Complex Engineered Systems. Carnegie Mellon University, USA
e-mail: shaskarova@nu.echi.kz

B llactoatiee BpevA, Ha (OHE PINOID BIPACTAHIA TACTOTH OLTEOTIODO3-RCCOMLHPOBMIbIX.
MEPENANIOR KOG [¢1i, PEreHEpALIA KOCTHO TKAI1H C BOCCIUHORISHIEN H3HITATROM TTICTONpXIICKIONIL-
K ARTACTCA MEPENEKTHIILM HATPABISHHEN KICTOHHO GuoHIKeRepIN, CHIDKERIE NI0THOCIH 1
TPOSHOCTH KOCTIN 1P OC1COLOHPO3e POHCXOINT 1 TOLKQ H3-30 YCHA it (hy HKIMONANSHOR axcit e
HOCTH OCICOKIACTOR, HOW R DCRYILITTE CHIKEHIE KOTHNCCTRA K1 TOK- IPCALICCTBHKITKOR 0CTE0AAC:
TOR 1 PA3BITIE TAK HAZBIBAEMO (OCTCOI CHUOI HEIOCTATONHOCTI, 7 KK CIICICTLHE, LIEBOIMOKHOCTH
QfieCTIoHHTh HATICARLNIL YPOBEHS 0CTEOENAPAILHIL [l CTIMYTHPOBIHTIA TONCCCOB PELILPATHBHOND
QETCOTCHERA § 301HC 3AMCIICHHOTO CPATIEHHA TICPC.IOMOB HPH OCTEONOPOTE H CXOKHX IE1 OO
KOCTHON TKAHH MPENOHEH HOSMOKHOCTS MPHMEREHTIS MCICLXHMATBHBIX CTROTOBBIX K1eToK (MCK),
ABUOUUINGA IPOTRHITOHEIMH KICIKAMI OCTEOreHe3a. B KIICCTDE TapIerIoi TPanCnopTHOH mnaThop-
I OUATAM HAPY LN OCTEOTCHEsA G| paspaloTa ocTeods i Suchochonatistii noxmep
PBP--NHS, emocobi i c1aGineno canskimames ¢ MCK. [[poniBenesa ofienka xiitee iy xapacte-
PUCIIK LOIIMEDA C TIOTTRCIIAICIICN €70 OCTEOHTLHONO I01ClILUAL in Vitro. BriTa Mponeiena olLci ke
IO OKeUHHOCTH ToOMUMED ¢ HomowIbio Luminescent Viability Assay, Koropas noka3ata, w70 moamep
FEORTBARCT LATOTOKCHHECKNN THICTAICH H 11 OKATBIRAZT BTHAHIS HA [IDOLICCCLLOCTCOrCHHON THdhdbe-
pesmponsn MCK in viro. C nemsio onennku percueparisioro otenriana MCK, gy meusostamtsipo-
BUHMAIX OCTCO A REIM LIOINCPON, 651712 COSANA MOAC:Lb HIIYUHPOBAHHOTO NEPLIOMA IOKLCEOT
KOCTI Y KPBIC € OCTEOTOMNCH tiadhisa T0KTEROT KOCTH 119 (OIIE IKCIICPHMCHTATARATA 3CTPOTCII-
JABICHMOLO OCTEONOPO3A. MOSICH L ICDEA0MA TOKTEBOW KOCTH Gbiiia BLUIOAHERA B 4 FPYTAX Mo 5
HUBOTHII § Ka7K.107 (GETErX GecTiopOLIX Kpbic). KNBOTHEIM |1 2 TPy I BBOILLH TGO TOAHMED,
60 MCK. JKuROTI1M 3 rpymns 8 308y 1EDC10MA 0KTCBOR KOCTH | P2 B HEAEIIO B 1CHCIIC MECAT
85011 MCK, MO HILIPOBaRHEIE OCTEOHH-TLITLIM IOAHMEPOM, B KORIERTparH | x 10° KneTox/M:1 a
13453 HOANEDA. 4 TRYTING (KOITPOAE ) HE TOTYTATA FMKAKOL O IeueHITA. PeRTreROrpadHIo 0Hac i
HEPENONA 1 WIS MAOTHOCTH KOCTHOI TKANM MPOROANH ¢ HOMOWILIO MitkpoK T (7 viva Imaging
System, Caliper, USA). PesyanTarin nee:1cA0a1ii NOKIIATH, 170 TOKAIDIOC BICACHIE MOAHGHIPO-
sarwex MCK IDHBOAIIO K 3HATHTETLHOMY YDE/I4€ U0 II0TROCTIT KOCTHON Tkt (12 34%). Lpit
THCTONONICCRHY MEC: G AOBAHILX SOHI IEPETOMa 1Py 4410 KOCTH Y FKCTIEPIIMEH TabIILiX SKHBOLHLLX
3PS OTMETATI GO:ICE WbIAEHHBE IPHSHAKH TIDOLICCCO PEIIAPATHEHOTO 0CTEOTERE3, OTACHLIIEIC
YHUCHN HOBOOGPAIORANAON (OO0 KOCTHON TRAFTH (.1 1EACTAB1CHbI COTMTRBIMI PA3PACI A i
MIIC3pCitLLX K1CTOK. 112 MOREPXIOC Y yke CHOPMTIPORARHHIX KOCIILIX S10K BEIABIATIICK 3pEHIC
0CTEORTACTE ¢ YHaCTRaMH MPOTdepallti. Ha rpauntie ¢ MATKHMH TRAISMI GLIO OTHEHEHO 0BpazoRa-
HHC YTI0RATLIX 0C1C00GPAYIONINX KACTOMIILIX Upoitk)epaToR o THITy KoeTHO! Mo30in. L1pi BBeaeHmI
TOTHIO MOMINCD 1t MCK 001y EHHEIE PE3Y. 11141 b1 116 GuL1H CTATHCTITICCKM M0C OKCPIIb L
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SKCIEPHMEHTE
(57) Msoperenne oTHocHTES K MeAwIHIE, & HMEHHO K
TPIBMATQIONHI 1 OPTOTICAMH,  NPENASHACHO IS
SICHCHNA  TPABNATHICCKHX  HOBERIEHM  KOCTHOT
TN YTeM  CTHMyIMpoBAHMY  mpOieccos
PENAPITHBNORO OCTEOREHESA B SOHE AMEATEHHOTO
Cpaeuis nEPEIONOB NPH  OCTEONIOpO3E H  CXOIX

3amueii  puspaGoramioro
criyamposanie  npoueccos

cnocoba  amaserca
penaparnaiora

P ——
HEPEIONOR MDH OCTCONOP3C H CXOKIX NATOIOUAX
KoCTUO  TamW WA OCHOBE  KOMGHHMDOBAHHOTO
HHMCHEHI KACTONION TEPANN MEICHXHNATLNH
ersaomnm caersann (MCK) - emrermccroro
ocreofuasioro GhedoconaTioro noxmiepa.

CROCOG BTOUACT HHLEKIHONNYIO HMILIAHTLIO
KOMGHHAII MEICHXHMATLHIX CTBOTOBLX KICTOK B
ace 110° kierowfhen m 1 wrhut cmeTieKor0
ocreofuasioro GucocponaTioro nomepa B oy
WMCLICHOTO  CPAEHMS  OKCHCPHMCHTATLHOM
KHBOTHOH MOAETH OCTEONOpOS:.

C om0 uenio cosuaeICcs IKCHEpUMEHTATLIAS
MOACT  SCTPOICH-SBHCHMOTO  OCTCONOpaRI ¢
noMow0  GwmTepamLmO  OmpOKTOMEN i
OCTeONOpOTIICKOFO  NEPCTONA IOKTCROM KoCTH y
canoK GecriopoausX Kpuc, BuIOTSIOT BBCAcHHE 200
JT CYCHIeHIIN MEICHNAMATLHA  CTROTORSX. KACTOK,
MOAHINOBIHHLX CHITETHUECKINN  OCTEOPH LN
GicfoconaTian notivepoy, & pacraope PBS ¢
Komenrpaneii MCK - 1310° wreroxhen 1 1 srfaer
OCTEOpHALIOTO moTMNEpa, ORI PaS B HeAETO TP
HepeowaX Ha (BOHE MOACTHPOBANHA OCTEONOPOTA B
resene 4 nezet,

H30BpeTaiie MOOAICT YIYUINTL  MACTHOCTE
KOCTUOH TR W OPCAOTEpATINL  OTpIATELIYIO
QMUY HOKASATEeH PeNAPAIIN KOCTHOF TKaH npit
OCTEONOpO 1 CXORIIX MATOIOTIEX KOCTHOH TRa 1
yaywmnm.  obpomaime  KocTHof  Mosoan  upi
OCTE0I0pO' ACCONN HPOBANNLX HEpEAOMEX.

Lipe (1D g (€1 21 (61)
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HsoGperenie OTHOCHTES K MeANNEE, & HMCHHO K
TPIBMTQIONH 1 OPTONAMH, B NPENASHICHO IS
Cruvyamposamms  npoueccos  penaparmsioro
ocTeorenesa B SoHe  aMEAIHNOTO  cpamenns
HEPEAONOR MM OCTCONOP3C H CXOAIX NATOIOFUAX
KOCTHOfi  TKANN WA OCHOBE  KOMOHHMDORAHHOTO
HPHMCHEHI KACTONUROT] TCPANN MEICHXHMATSN I
oeTeopisioro GueocdonaTioro nommiepa.

Octeonopos - 5T0 xpomuceroe  ceTeNio
3aGozeBaIe, BOSIUKIONICE B PERYISTATE CHIDKEHIS
aOTHOCTH W mpouwiocTH  KocTHOf  Tamd,
HpHBOZIICE K BHCOKOMY pHCKY  BOSHHKHOBCHHS
natororcekix  neperosos.  Octeoncmi,  man

CHmRCHIE KOCTHOF MAOTHOCTH, NPOMCXOANT HE TOTLKD
B peryLTATe yoemenI oCTCOKTCTHOT aKTIBHOCTH
. pesopbumm xoctm »  mpouecce  KocTHOrO
NeTABOMIN, HO W 3 CHCT yMeHMICHN KIeTOK-
npeamecTB G IMKOD OCTCOGTACTOR - MeAHXMATIY
crsozomix werox (MCK) » comsin ¢ sospacrimis

wsenemnmn, B macrosuge  Bpews,  cormcio
cramermieckint muman 8 Kasaxcrane ocreonoposon
crpuaior 12,50% wenumn w 9,09% wywnn
OCTRONOpo? OTHOCHTEA K FPYIINe BOIPICT-HBHCHMEY
saGonesannii, noOMY  ysemmwenie  cpeaneii
HpOIOmRNIC ALHOCTI K3, KOTOpOE  HaGmOAGeTCH

ceffuge B Kiaxcrane m B MUPe, MOACT HDHBCCTH K
POCTY OCTEQHOPOSHLIX GOTLHLX, M COSTANHE HOBHX
MCTOZOB s ieedus W OpOQIAKTHKH AanOTO
3O IeBANIS SBIRCTCA OTHHM M3 BIKHULX HANDARICHITE
8 compeneroi nayke.

Ha cerouimmmmii MoMewr B kumieckoii
MeaMUMHE UpH TepANHH KOCTHMX nOBpERACHMi 1A
{otie OCTCONOPMA N CXOUX HATOIOMAX. KOCTHOI
TKAN  HCTOTAYIOTCA  pIUMMHMC  OCTCORGHHC

NaTCpHT O ayroTANCIUTANIOD KocTh 20
e
cmrermiccimm Gnovarepuazon [Nakase T. Fujii M.,
Myoui A.. Tamai N., Hayaishi .., Ueda T, Hamada M..
Kavai H. Yoshkawa HUsc of hydroxyapatic
ceramics for treatment of nonunited osscous defect after
open fracture of lower limbs. #/Arch Ortbop Trauma
Surz. 2009:120(1 11153947, Roshan James, Meng
Deng.. Cato T. Lanrencin, Sangamesh G. Kumbar.
Nanocomposites and bone regencration./fFronticrs of
Miaterials Science. Decerber 2011, V.5, Issue 4, P.342-
357]. Hanfonee nepencxmmmunin GHoNaTepmazasit
78 CTiY SN OCTROr@HESa AMIOTES KoTCKCHH
Matepuama  ma  ocnome  Gucochonaon 1
rApoRCHanaTiTa, K HanGOTce G MO chOCNY
cocTany  KocTHOH TRaNH OB
Eue ommme nowan mampamtcacyt . sescrnn
ocreonopon swmerea kcrownas Tepamns, Chpkeimc
FAOTHOCTH I TPOUHOCTH KOCTH MPOCKOIT HE TOTKO
[T S —
ocreokmacTon, @ TakEe B pewymTaTe Cken
KOTHICCTBA KAETOK-IPEAUICCTOCHNKOB 0CTeOBTCTOD
e T R —
HOROCTATOUWOCTIN, W KaK CACACTBHE HEBOWORHOCT
ofecnens naanesauii yposens ocreopenapau, B
ot comn iornm yicH G npLOKCH)
somowmocTs, mpmiencin ayraronmumax MCK 1
P ———

B pasKax TKAHCRORO MICKUNPUT GKTYATLHN
SWIHETC He TOTHKO BHPAIMBAIHE 1 TPAHCIAITALIS
MCK, Ho 1 mowck azexsamiiax GHOCOBMCCTHMMX
noaurencii ain MCK s ux KouGHAmposannoro
nenomaomams, B To e BPOMA MenOm3oRaue
PO KICTOUMLY GHONMIANTATOR U TKaNC-
comvecTIMLIX HocHTeACH He pemacT Beex mpodien
PeHIPATHBHOO OCTeOreHes, TAK KaK KA M3 HIX
HAPAAY ¢ HOTOITCALHLNI CBORCTRANN MNCET CBOI
wnasyaTge HenocTiTk, B cotin ¢ ot Ha

nacrosuui  MOMeNT  cymectsyer  octpas
HODXOUMMOCTE  HOMCKA  HOBMX  HOXOAOB,
oGecneumaonx. [ yeonis

penaparumioit perencpanmn Kocraoii T [dos Reis
F.B. Faloppa F.. Fernandes H. Alberioni WM., Stahel
PF. 217 Outcome of diaphyseal forcarm fracture-
nonunions treated by autologous bore grafting and
compression plating./ Ann Surg Imov Res. 2009 May
183:5]

Mmecren  cnocod  aeuenns ocreonopasa,
XapaKTepIBYIOUMicA TeM, TO ACHTY  NpOBOAST
wiyrpmennoe  mexemme  GoTpancrnaTaTa,
comepamero o 50 70 500 ML MeHITMLX
cronomax ketox [nar. PO 2265442 Ty A.A.
(RU). Ulawenxon LA, (RU). Baxanon HA. (RUY.
Pramnosa AA. (RU) Vrawes WA (RU)
Tomsurreiin JUB. (RU): Maxapon A B. (RU); Pemm
BC. (RU); Cabypuma ILH. (RU); Garxyammos T.X.
®RU)

Himceren cnocod aeucnms neperoson nyre
BBCACHAA B OBCTS TNEAICHHOFO CPACHIR KOCTEH 1
OO CYCTAR MEHXHNATLEX CTBOTORLIX KICTOK,
BETHILX 1 KocTHOQ Mo3r mannenTa [Kozocon
HI.. Cencanon BJL. Fommns B.H., Bexoropomen
CH. Benmiko ASL Wi O.A. Craonomsc
crerian o Tpamaronorin n xupyprin.  Conpeveac
MeTOmH Acucmn Gomex ¢ Tpamvam u X
octomnenmam. Matepuanis Beepoceniicxoii tayno-
npaTiriceroii Konpepenun, - Kypran, 2006. - C. 207-

209]. Hepocrarkom metoma smiseres  orcyrcrsie
HOBCPXHOCTH,  OGAYAOUICH  BHCOKO-Ar CSHBHNH
cooiicrsanm,  HeoGxommoii a1 (ukcaumn
MCSCHUIILY  CTBOIOBMX  KICTOK € HEnbo

Aaneiiueii wx AufdepenmposKoii 5 octeoGracTs

Hssecren  make  ciocod  cramyaumm
pemaparwnoro  octeoremess,  miHowmOuMii
HILEKINONNYIO  MMIUGHTAINO B 30HY  KOCTHOTO
HOBPEKICHN  KYITHBHPOBIHIX  AYTCIOMHAIX
[ — CcTpoNaB KaeToK-

npenecTsennkos. [re—
MyATHnOTeHTHLY CTROIOMY KieTOR/ - Injectable
bone [Yamada Y, Hata K, Ueda M., din Calcium. 2002
Feb;] 2(2): 22 §-32]. Bueacrte ayTowieTox npososr ¢
HOMOUILIO HELCKUMN  BBeCH KICTO B
MSCS/PRP ccrena.

Oncanmaii cnocod snmetes nanGozee Gumakin
0 TEXIINCCKGI CYIIOCTHH K NEVIOAREHNONY. DK,
On uMeer ruammii  HEAOCTITOK - OTCyrCTBHC
omTIMATLHLX yeioBME B tome nOSpeAICHHA AT
TPANCTIANTHPORANHLX B ATy 30Hy KICTOK. B 3omc
naGmopaercs  passiTie oKccymamsuoi  am
BoCATNTEAbHO ekt B OGIACTH TPABMI KOCTHO
TRGHN,  CONPOBOAMOUIAG  TKAHCBLN  AUMAOION,
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HOBLIUICHHLM  OCMOTHNECKIN JBICHHEN, SaACPAKOi
B0 B TRAMEX, HATHUHOM TEHROUNTAPHLLX (BepMEHTOB,
MTO ABASCTCS  HCGNATONPHATHUNI  YCAOBSMH T3
npanupepan w udepenunposk  pacenx

Lensio nacrosuiero wsoGperenns ApaseIcs HONCK
HoBoro  ciocofa  cTuMyampoBanKA  mponeccos
PENAPITHBNORO OCTEOREHESA B SOHE AMEAIEHHOTO
cpaeima_nepetoMon fpi ocTeonopoe . CXowI

Tocrassentias nem AOCTATACTCH Tew, wro s

KOCTHOTO MO MOTKHX KHBOTHMX  BRCISIOT
Mesexmamane  cmomomwe  krerki  (MCK),
oGnanaiome  ocreoremmun norenmIoN;

HAPAUIBAIOT X 7 HEOTXOANMOTO KOTHHECTS in Vitro
W B KOMGMAUMH ¢ CHETCTWSECKHM OCTEOBIILN
HomMepoN, conepRamero B cBoci  CTpYKTYpe
Gucpoconamss, BBOZAT enocpeaCTREHHO B 0y
Memlemio  cpacraomierocs  nepeioMa i
CTUMYIHPOBAIS | peTCHEPATHBHX IPOUECCOB TP
0CTeONOpO3e M CXOKIX HATOIOMIAX KOCTHOT KAl

Tpepsmracsaaii nomniep mieer  dynkumoaILHYIO
NHS-rpynny, KOTOPaA KORAACHTHO CRATMBICTER ©
MMM © KpOOKCHTGHGMM  FpyRRaN,

HAXOIAILIMMICS A TIOBSPXHOCTI KIETOUHMX MeMOPaH
Huuwe NHS.  rpymns  npusano  obecnewrri,
MOCiCTBE  HoANMEPS ©  KICTKAMH, B TN
MCCHNIMATLLNH CTROROBMMN KaeTkan. Tax Kak
GutcchochOaTL HMEIOT BHCOKYIO CTTEHS CPOACTBA K
FuApOKCHANATHTaM, CocTaIsIO nouTH 213 CyXoil
MaCCM  KOCTH, AGMMMF  CHNTCTHUCKHA  HOTHMCD,
TN ¢ TOBEPUIOCTHMMH MOTCKYHMH KICTOK
HPEKYPCOOR OCTCOBHCTOR, CHOCOREH OCYUICCTRITL
TRUNC-CHEUNINECKYI0 JOCTIRKY  KICTOR B _owirn
HOpuKCHI KOCTUO  Taim 1A oGpaioN,
IOKATIOBATL, NPOLECCH KICTOMHO Perapaii,

‘Orase 1 HOBI3HA HPEATIFAENOTO HaNH CrI0c0Ga
onpeenseTes neckoTbkMH napaverpax. Bo-nepux,
LIS CHITESa TIQIHMEPOB Mb IDELIATaCM HCTIOTKIOBATE.
[ — peaktio paukanLOf
nomepusau ¢ neperocon arosa (ATPII), uto act
HAM  BOWOKHOCTE  KONTDOINPORATL  KOTIUCTEO
Berpmmacwix  BC rpynn, u  coormercraciio,
2 eKTHRHOCTS, CRATLIBANIA HIOTIMEPA © KOCTLIO. Bo-
sropux, ocobennocr ATPII aiimess nossonsior
KOMTPIHpOBATL UTAHY HOTMMEPHOR eI, wTO
TAGKS  MOWCT | OKITICS  BUKHEM  (BaKTOpOM,
oecnewnsmouti  crenems  GHororeckoi
ammiocTH  cammmmMX  wiek  Ommaxo
HHHLMIHATLIAS HOBSHA SAIIONACTCS B PHPIGOTEE
HOBOTO CRIOCOR PENIPATHRNOFO OCTEOCHERA B 0iie
FMETEHNOTO CPAEIIA TIEPETONOR MPit ACTEANOPOE
KOMGHHNPOBINHOFD. MPHMGHCHNS KACTOUNOT Tepatii
curreTieckoro  octeodimsioro  GcdocdonaTioro
noaepa.

Peartsyior ciocos ceayioun 0Gpasos.

1. Ixcnepmverransias acts IN VITRO

11 Bugenenie  MESCHXMAILHIX _CTBOAOBNX
KICTOR I3 KOCTHOTO MO3FA MGAKIX AGOPATOPHLI.

Mesermmsamomae  crsononwe et Goan
BUACKEI S KOCTHOTO MOBJ KOMIAKTHMX. KoCTCi
e maGopatopmeex ammomerx. Mopporormcexnii
npofalin KACTOK Gbit MOATBCpIEH MHKPOCKOMICCL
Mesermunamsmic cTnanonse xneren
xcnpeccnposan na coocii novepxiocTn CD10S 1
CD9D, © 1o pews Kax xcnpecens CD34 u CDI9
omyremonam.  bam  nowsams  perymrata
ORpauNBANNA ANTHTERINH WA MeraTHBNE MapKEDH
CD34 1 CD 19 (mner spacneii) 1 npoveac oxpacka
srToumix sep DAPI (nvex cmii): a - nerarmomuii
wapxep CD34; b - nerarmmui mapsep CDI (urypa
1), CD34 smmaseres wapxepon ma snaoTeanATLILE
N T ——
npicyrerayior » kocriow mosre. CD 19 npecTanaser
coboii pancaewGpanmuii rmsonparenn,
xenpecenpyewsii na nonepxocti Bminpouon. Ha
urype Ib piama Tonbko ke, okpamenmie DAPL
6e3 mpucyrerans D19 nowrwomex rerox. Ha
urype 2 mpeacranaens pesym T Oxpammma
MCK nosmmmnm amienas (uset spacksii) 1
oxpacka_rtoumax saep DAPI (mner cumiii): a -
waprep Thy-1(CD90); b vapxep Endoglin (CD 105)
OcropHas momy1suNS KTETOK HKCrpeCCHPYET MapKepH
MCK Thy-1 (CD90) n Endoglin (CD 10) (¢urypa 2)
L2 Hupbepenipoms  sesemisanie
bun ompaboran  wetox  mipdepenunponkn
miann. MCK xymsmimiposamn o ocreoremoii cpese
(StemPro Osteogenesis Differentiation Kit, Invitrogen).
KoTOpas conepmaTa haKTop pocTa neoGroMMC A1
r— ocreorenes. Toxmepmacne
Andpbepenuatn nposom ¢ nowoutio KpackTer
na mummenne axmupmocTH  menowmof  dochaTa
(ALP  Staining). roropas smaseres _noxaarenes
anippepenmamin MCK b octeowrra. Ha gurype 3
noKasaN MHKPOCKOMIECKHE (pOTOrpaiHH KTETOuNLX
ymayp  MCK: somrpom  (MCK  6es
AoBanncrms ocreorenmoi cpen). crpasa - octeous
(auppepemumponamme  MCK),  oxpamenmie  na
axrumnocts menownoii docdurases. Bepmii paa -
oGuextin x10, i - ofsexrin x20. Hacsmenmaii
posomui meT comaeTeTBCTRYET 0 BaMMORCTCTBII
depwenmon  xpacwTencii b wecrax  nossumeniof
axtmnocTn  menowmoii  gochatmu (purypa 3).
Pe3yTuTaTea IOBEACHTOND HECTCAOBANNS AOKITHBAIOT,
10 kymmusmposanne MCK » octeoremmofi cpexe

nporKemnn 14 aneli npuBOmIT K mwAyEUH WX
ocreorennoi upipepentuan

13 Cumres u  ouema  xaparepueri
ocreofuasioro notiNepa

C nowomnio  meroa  pammsamsuoil

HonINepma ¢ neperocoy atowa_cmesposan
ocrcofummaii nomep  PBPALNHS,  xoropuit
ApexcTaRTACT cooit nekyceTaeno ciTeanpoRarm
Bextop A7 HexCHaNpaRICIIOT0. CRTMB KK C
KACTRANM, TIK 1 € PUADOKCHATATITANH KoETIO TRaN
S ¥ S —
ocrcofumioro  nommepa | PBPENHS  ©
eI CTRORORA  KAcTRaMI | Guao
noayuena mpn sommepa namepa | wrfn
2610 (racrowun, eumeparype 37°C n pi 80 1

3
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speviern wkyGawn 10 syt (purypa 4). Ha urype
nowmano: A - cactaoe mone, b - (ayopecuantu
(ums somr vosoywacms n owncomn wonekya
ayopecucnia 480 me 1 520w cootveremanic)
Obuermn x10.

Tposcaens  onewsa  xpamsocpounoi
renrocpounoi  wiorokcwocT  octeousoro
nomniepa PBP-£NHS nomniepa tia npopepariminac
TpOUCCCH  MCSGHNIMATHILY  CTOOION  KICTO
Cormeno  nonysenm  aawman,  A0cToncpHoi
pusms wexay  crenenso  mpomnpepan
sompamsimx  MCK . MCK.  obpadorasmsix
nommicpow  PBP-FNHS, ne  mabmozarocs, o
comacTemCTOYCT, 1TO AN MORMNEP He OKaMBICT
BupaEemor  kparsocpouioro (4 waca)  w
ronrocpounoro (T2 waca) Toxemeckoro wppexta
KYTLTYDH MCOHXINGIILY. KICTOK in Vitro (urypa
S). Mm ocncpmventa MCK (1+Ix106hm )
wikyGnponan ¢ | wrfur PBP-ENHS mommiepa na
npovskeini 10 i, povtm 3 pasa n macesnn
96-nynoumaii maamuer. Uepes ompeacrcmoe Bpen
(0. 1.2, 4, 24, 48, 72 wacon - xpamumn » mikyGatope.
npn 370C, 5% COx) noawzm pearent (Luminescent
Assay) u wowepumn moMmmcC UGS cnar ¢
nowousio puacpa Synergy Hybrid Reader (Biock,
USA). Knernn comannuic ¢ nommicpost » oo
mTaTemaoR  cpexe  nenomsobam B Kateere
Konpons s nozinepa na Anpepenan0
Oxpaumsanme na axTusnocTs, weaounoi docgaras
Gum npomeacno ma 14 aems xyaTbHpoBaIL
biazo noxaano, wro nozmvep PBP-ENHS ne namser
ma mpoucce octeoremnof anppepenmann MCK

(durypa 6). Ha Qurype 6 ecra momwmentioii
akmuocrn  mesownoil  docharim  ykasam
crpemann,  obtexrun  x10. Kaeran,
sopupuuposanse  PBP-ENHS  mommepos,

ofanaior enocofocTHio CTabmmLO MpHcOCANNATLCS
X parwenTane KocTHO TRAMM i Vitro, W “T0 meHHO
namwae ymsmonaTsbY GncocdonaTisx rpymm B
cTpysType moamiepa ofecneumact ero. cpoacTmo K
socmnoii mamn (purypa 7). Jlua oxenepmwenta
socTmue gparwenmsi, wiwyGuposanmxes ¢ MCK,
Morummposanisn  mommsepos  PAP-ENHS.
(@urypa 7A) n nommsepow PBP--NHS (Grrypa 7B).
KomwwecTocmmaii  amamn  mwomamn  KocTiy
parwemon, miciouury ma  choe  movepxocTi
moopecumpyiomme wreTK n0 oHomenO K obuiei
nowa gparverrra (Grrypa 7C).

2 Sxenepmveranuan wacm IN VIVO

RenepmenTamsas acth paGom BumOTCHA B
yeromux  JlaGoparopmn  Guomnwenepmn 1
perencparumoil emmum Y «National Laboratory
Astanay (san. 2-p Gnosormsccxwx nayx, PhD LILH.
Acxaposa), na 20 GecriopomILX noToPOIpEMX Gemu
spbicax-canicay waceoii 250420 1 » pospacte 2 wec..
paszenemmx wa 4 rpynm. Kupormix conepmamt b

yeromusx  susapus mp  |2-uacosow  nepuore
Ocmeuenus,  KoMwaTHOR Tewnepatype  2082°C,
masoctn  50-70%.  Kopaemne  mmorinax

OCYMECTRISTI COFTACHO YCTAHOICHHOMY pamony ©
HpHMcHeHeM KOMGHKOPMA 13 1aGOPATOPHLIX KPHC
MbIIGH. DRCTIGPHMEHTE BIIOMIATI B COOTRCTCTRIN C
THYECKHMI HOPMMH OGpAMCHIS ¢ KHBOTHIMH, ©

4

cobmonenuen  pexowensaunii 1 TpeGosanuii
ESponeiickoii KONBEHUM 1O SAMTE MOSBOHOUMX
SKHBOTHLLX, HCTOAB3YEMMX /LTS SKCIEPHMEHTOB Wil 5
X ayansx neas (CrpacGypr, 1956).
Mopjosorieckue Hecae ORI BLTOTHEHS B
‘yenomsx. Kacheapss narooreckoil anatonmi (sas. -

ap men mayk mpop. KB Manexenoss) AO
Meanumnckuii Y unsepenrer Actara.
21 Comamme womenn ocreonopasa y

aBopaTOpHLEX HKNBOTILLX.

BUIaTepaTLIA  OBAPIOKTONMS  NDOBOAILTACE Y
canok Gemuix GecriopoaHLIX KpHC B Bo3pacTe 2 Mecatia
Onepauss  sumoamsmCs  NOA  WArmSLHOMHMN
HapKo30M ¢ HeromA0RaNMEN pacTaopa Maodaypara &
Kouewtpaunn 02:03% o cKopocTHO o
Kacopoza 2 wahum. Tlocie Tpexkparhoii oGpaGorsi
OUCPAUNONNOTO  TA  BANOMMAICH  CrAAIpTHA
Guarepasuas  oBapuOKTOMMA. ONEHKY IAOTHOCTH
KOCTHON TRAHI MpOMSBOAULIH HETIOCPEICTACHHO Epe
W WA TpOTUKCHNN TpeX MecAUCB MoCIC yAaIeHAZ
swanakos npu nowoum wkpoKT VIS Spectrum
(Caliper, USA). 3anyex nporpassiss ocymeemamiacs co
CHOAIOUNMH  IGAMETPAMH 4T3 KOMILOTEpHOF
Touorpadu: suicora obpasua - 4.0 cw, momae
nOKpuTA - D. JL18 AHATHNSA NOTYUEHHMN AN 1
HOAYSCHIA TPRXMEPHORD IOBPAKCHIA HCMOALIORI
nporpasny Livinglmage, a maioke onumo ROI s
oupeereNs  KOCTHOR  miOTHOCTH  OnpereACHHLX
VHACTKOB. AMAINS AMHAMHKH WIMEHEHIS HIOTHOCTH
Kocrioit Tkamn ((urypa §) nposomwm Merozow
CooTHOMICHIA UHATLHOT MLIOTHOCTH KOCTHOl TKalH,
MsMepABIIETicA epes TPH MecsUA Hocie mpoBeeHi
onepammn & mamnoii nromocrn. Ha gurype 8
HOKI3AHA OUEHKA IHIOTHOCTH NPABOI 1 7B HOKTEBOl
KOCTH 70 M NOCIe  WAVMPOBIHHOFO SCTpOTCH-
aamnemoro ocreonoposa y kpic. [o. pesymmatan
HCCIHEAOBANIS Y MPOOTEPHPOBZINHLAX KHBOTHLLX HEpes
3 wec. nocie omapiKTOMIN HaGmORLIOCH ~25%-0¢
OCTOBEpHOE. CHIDKCHNE ILIOTHOCTH KOCTHOW TKaH,
TO CBCTEALCTBYET 0 PASBHTHN SCTPOTEH -SaBHCHNOTO
0CTe0N0pO Y KN BOTHLX 3T FPYMILL

22 Ouemsa  perencpamusoro  norenumaia
MOANHINPOBIHHLX OCTEOBITLHEIN HOTMEPON 2
KCHEpUMENTATLHOH  KHBOTHOR  MOZETH  mepeiONa
SOKTEBOHl KOCTH Ha (OHE HIYAYHPOBANHOTO SCTPOTeH=
HamicHMOro ocTeonopo.

Jlms  ouemkw  perenepatusoro  noenumaia
MOAHINPOBIHHLX OCTEOBITLLN NOTINEPON Giita
COVmEA MOZST.  MHAYWHPOBAHOTO mEpeiONa
SOKTEROH KOCTH Y KpHC ¢ OCTeOTOMMEH AMapisI
AOKTEROM KOCTi 13 (POHE IKCTICPHMEHTATL HO SCTDOFCH~
amcHMOro ocreonopo.

B et ONCpATHBHOTO BMCWIATETLCTSA HKHBOTHOE
e Kopwwan 1 ne now. C EALI0 NpeAoNEpaHOHO

nomoToBKH  ofnacTL  omcpamiomHoro  noms
saGmarospenenno ocsobouuch OT weper. i
MHMUMAUN  HHFATINONNON  AHCCTESMH KHBOTHOC

HOMCWTIOCh B KAMEpY CHTeMH FasoBoii anectesin
Harvard Apparatus ¢ nenomaonamies 5% pacaopa
Hsoaypana npw ycaosuax 1.0 ahm xucaopom (Os).
Tocae  NOFpyKeHUA KHBOTHOFO B XHYPIICCKYIO
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Cramno  mapkos A nopepRanms  anectesun
wenomaonam 1,5% yposem. Maoaypana. Jatce
TPOXKPATHO B WINOKHX  HPEACTAN  BMROTHSIH
0GpaBOTKY OHCPALHOMHOTO RO HOCACIOBITELHO,
DASICTLHLINI CTEPILTLHLINI MIPICBLINH TAMTONANH,
OGHILHO. COUCHHLMH BOTHMM PACTBOPOM HOBHAOH-
Hiom (10% pacraop Beraanna») s resene 3 . o
MADKHPOBOUHOTE W HINI BIANOANATCA HCHi L] Pazpes
Kou B npoeKun H0KTeB0f Koo, Tymun nyrem ¢

wcnomaosamne v tuna  HALSTED-
MOSQUITO-DE  BAKEY  wetomon  pasasirariss
Okpywaowx  Tamed  ocTpuM  myres ¢

HCHOALSOBANIEM  MIKPOXHPYDIMECKI  HOXHHIL
MCTOZOM JWCCCKLIMH TOZ BHSYATLHMM  KOMTDOEM
B0 XHPYPIHICCIIL ACCTYII K JOKTEBOH KOCTH
Jlaree ¢ noMommio  Kycauek  ocymecraisi
ocreotommo  soxresoii  kocru.  Tpomssomics
KOMTPQIL Ha HHOPOANHE Tena, FEMOCTI ¢ HOCTONMLN
KPUTHEM  NOCICONCPALMONNOH  aMM  HHTLIO
Wlasricop®» 4-0 na aTpasvaTiroii nre. Buonusan
‘oGpaoriy nocieonepaumonHofi paa 10% pactopon
Beraamay. Tlocte 3aKpHTIA Mo pa MAFAMALIO
aHeCTeTHKa NPEKPALATH, & MAFATILIO KHCIOPOTA He.

ocrmapmBa g0 mMsoma WS maposm  u
oomarentoro  mpoGyapenns uorioro. B
HocaCONCpAHONHON  mepHOZe  BeeM  KpHCaM

HEAOCTARISI CBOGO AT AHHAMHICCKH PRI,

JlafopaTopiie KpHEW ¢ SKCHCUMCHTATLM
CTPOTeH-SABHCHMA OCTEOOPOSOM GHLTH paseacHst
3 4 KerICp NN AL TPy

Tpynna Kowrpos - ssenenme 200 u pactsopa
PBS;

Tpynna 1 - sseacme 200 1 pactsopa
ocreopummoro mommepa 5 PBS B xonuenrpait
D,

Tpynna 2 - meenemne 200 1 cycremsun
MCSCHNIMATLHLX CTROTORLIX KIOTOK B pacTROpe PBS o
KomenrTpammn 1x10° kieToR/sa,

Tpynna 3 - msenemne 200 i cycremsun
MOAMPHINPOBIHHLIX OCTEOPHILLN TOTHMEPON, B

pacmope PBS ¢ xomcrpaungi MCK - 1x10°
KACTOR/A 1 IMEALT OCTCOpHILIIOFO HoMEPa.
Jaree motwsn  (pyma 3) b somy

MY IHpOBAMHOTO nepenoMa TOKTeBOf KoeTH 1 pas B
HEACTO  BBOULIN  MOM(HIPOBANHLE  HOTHMEPON
MCK; mpynne | u rpynne 2 usoriax ssopui
ocTeoprasimait nommep u MCK cootaereraciio, B To
BpeNS KAk ueTRGPTAs IpyNNa (KONTPOTE) e Rozyuaa

B Tedchme Bero dKcrepuMeNTa HPOBOAWIN
isyanoe  maGuogemse s mGoparopui
HuBoTUMH B GuOKImeM  #  OTImCHHOM
nocaconepauonON  nepuope  (outee  cocTommme,
noseaene, annerur, onopocnocofioeTs,
onCpHPOBAIIO  KONUHOCTH, | CoCTOAIE  KOKHOTO

HOKpOBA 1 MK Tiawei B oGmCTH onepauun). L1
OUCHKI AUHAMIKH (OPMHPOBAHA KOCTHOF MO3QTH Ha

HPOVAKCHII HeTUDEX HCCT: IPOBOMLN OrleiRy
HIOTHOCTH  KOCTHOH TKANM B MCCTAX neperona.
Jlamsse  npercramiem 5 me  cooTHomenis

‘punamioii naomocri kocraoit Tramn (3 secaua) &
WO, JlocTOBCpHOCTS  AaHEY  WpEACTABIOHI

recton Crisoeima (pvalue 0,05, n=11) Jarent
Cpennce waueme G0 mOACTANO A KKAOH
mymu (urypa ). Knsormx mmozuan s
Srcnepuvenma 3041 e sxenepmventa 1o 5
ocofeit s kaacaoii rpynmna, Ha durype 9 nokasaina
peryavrams ouensa pieximnocn wnexeunn MCK,
oMY ocTeo LN nOTNCPON 13
B
Wt ma one  maymmpomioro  semporeit-
mIOrO ocTonopoza Y KpLG

2.3, Mopdononmicckie et neeaeomai,

Toce  mamexewns o oxcnepuenma
HGOPATOPHL UBOTHLLX BAETATH JOKTERYIO KoCTE,
sarepua onemnmamn J——
Tlaroruerozoriecrie necxeommA T A0KTCROT
KoeTi B 3ore nepetoNa, HecagOm tepes 30 cyToK
Hoce waecenna Tpama. Bozonuceraii MaTepiT
ducuponan n10% neimpamnon  pacmaope
‘popyaniia (pH 7.2- 7.4). Oparuentsa KocTioi Tkt
HOmEraTCl NpEAAMTEILNO Ak, ©
Hocteayoumeii  merozonceroil  oGpaoTION 10
ofuenpmazoi Texsoaorn ¢ Ko » napadun, s
HapauoRLEX GI0KOB ISFOTARINELAN MUKDOTOMILC
cpes omumoii 710 wmxpon - ospaummn
revORIAIMON 1 cwioN n o mysam n
creroommmiceron supockone Leica Microsystems

(Teprans).
Omeuamen  caafin  nmasima  perencpaui
KocTHOl TNy KOWTDONMI KNBOTHY, e

HOTBCPIINIXCH TETEHI0, B KHBOTHLIX HoTy @B
Tazko nommep (gurypa 9). B To ke cavoe spavs, y
SKUBOTHLIX, TIOTYSGBLIX BHYTPHBEHHYIO HITENIIMO
MCK  naGmonatocs 13%  ysemusenme naornocts
KOCTHOH TIAHH B MECTAX HEPEIOM, OIAKO OHO He

Guio  crammcruseckn  pocrosepmn.  HanGoree
e pesyILTATH  HAGHOmNCH B Py
moTILX, noysasuix et

oA posaAX ocTeo s noEpon MCK
(@nrypa 9). Ha perrasionc i cumvgax, nozyuennix
4epes “eTHPC HEACIH MOCAE NEPEAONA, eTRO BHANO
{opapoBaIHE KocTHOR Moo, HpH TTOM MAOTHOCTS
KOCTIOR T B oW yuacTRax Aocroncpuo
yoemmmsazace na 34%. (gurypa 10). Ha Gurype 10
nokaai oTorpadun AoKTERCH N Tyvcnoi Koctei
en0i BPXHGH  KOHEUHOCTH  TABOPATOPIEX KD,
CamaE ¢ oMo KoMMLIOTEpHORD TOMOTPal
IVTS Spectrum (Caliper, USA). Bepxui psx - cayers
2 waca mocre meperowa (upyprivicckni nyres).
o paz - cnyers 4 e

[ T ———
HEpeoNOR TpYBUETLX KOCTEHi y KCHCPHNCITATLLX
RuBOTHLY TpeTRCH YNGR oTMErCHi Gatce
BpRCIC NI IpOUCCCOD  penapaTHBHOrO
octeorenes. Otaeauue yiacrin nosooGpOBaNHON
@tor0207  KoCTHOR TN Guimi  mpeACTamiC
connamam paspacrum nespensx xaerox. Ha
HOBEPXHOCTI YiKe CHOPMUPORAIILX. KOCTHLX GatoK
LTI BUARICHA 3pETHC OCTEOGTACTI, € yuACTRANH
sponngepaum, Ha rpamme ¢ searsimn mansn
miGmozazocs J— yanonaruax
octeooGpasyiou KeTouNs MpOIhpIOD o THIY
wocnof wosann (purypa 11). Ha durype 11 nowasanst
peryaTaTs  rHCTOROMMCCKOE  nECICAOBHE 30

5
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Hepeowa TpyBUITO KOCTH Y IKCCPUMEHTATHL.
uorix. A memio, A - Kompomnas rpyuma -
AMCTpOGieCKIe WIMCHEHHS KIETOK KoCTHOM TKANH ©

npusHaKaH BaKyoTsAIIH 1 AcbopMan ep; B -
Ipyana 1 (Tlozmsiep)  nepasioscpas Mimepasatus
KoCTUO  TKAWN ¢ yuacTKaMm  mATHHCTOrO

oGussecrsaenns; B - Tpynma 2 (MCK) -
HEpaBHOMEpHO  YTOTIEHHS  HAKOCTHHIM 32 cHeT
FHIICPILIASHI KINGHATLHLX KICTOK BHYTOHNErO CAOS;
I - Tpynna 3 (Iomep+MCK) - mozoaan koctias

TG, COOPMUPOBINNAI WD HCIEAMX  KICTOK.
Ofexma x100.

B pesymrate nposenenix ecnetosannii Guut
paspaboTan  momwi  cnoco  criymmumi

PeNaPATHRNOr0 OCTCOFeHC3 B 30HE MEETONA KOCTEHE
PN OCTEONIOPO: i CXOIKIX FITOTO AX KOSTHOI TRt
ommaoumics  Tew, 0 HCnOmyioT
KOMGHHNPOBINHOE HPHMEHCHHE KACTOWION Tepatin
cutrreTieckoro  octeodimioro  GicdocdonaTioro
nomepa. B paspaBoran ocTeofutbiail nomNCD,
nposeseNa ero Xinieckas Xapastepuctka. I vitro
HCCHCAOAN  HOKISIN OTCYTCTBHE | TOKCHUOCTH
nomeps ma  npopepanmo  MCK  u mx
Andbepenumanmo 8 ocreounty. B noxrsepen
OCTEOpIILHIAI NOTEHINAT CHITETHIECKORD HOAMMEPa

in vitro. CornacHo  mosyuenM AN G0
HOKISNO, IO HCHOTIOBNHE AAMHOTO NOAXOMA
YBAMNIO  perenepalmo  KoCTHOR TKamM  np

Hepesowe Ha AUBOTHOF Mozem ocTeomoposa Ha 35%
10 CPABHEHIIO € KOHTPOALHON FpYTOF

Jlansii crioco npeacTaszet cofoil noseiuii
OO B CTHMY S PeNapaTHBHOff per eHeparit npit
i KoeTILX nepeioNos 1 one BospicT-
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Abstract: Osteoporosis is a progressive skeletal disease characterized by reduced bone density
leading to bone fragility and an elevated risk of bone fractures. In osteoporotic conditions, decrease
in bone density happens due to the augmented osteoclastic activity and the reduced number of
osteoblast progenitor cells (mesenchymal stem cells, MSCs). We investigated a new method of cell
therapy with membrane-engineered MSCs to restore the osteoblast progenitor pool and to inhibit
osteoclastic activity in the fractured osteoporotic bones. The primary active sites of the polymer are
the N-hydroxysuccinimide and bisphosphonate groups that allow the polymer to covalently bind
to the MSCs’ plasma membrane, target hydroxyapatite molecules on the bone surface and inhibit
osteolysis. The therapeutic utilty of the membrane-engineered MSCs was investigated in female rats
‘with induced estrogen-dependent asteoporosis and ulnar fractures. The analysis of the bone density
dynamics showed a 27.4% and 21.5% increase in bone density at 4 and 24 weeks after the osteotomy.
of the ulna in animals that received four transplantations of polymer-modified MSCs. The results of
the intravital observations were confirmed by the post-mortem analysis of histological slices of the
fracture zones. Therefore, this combined approach that involves polymer and cell transplantation
shows promise and warrants further bio-safety and clinical exploration.

Keywords: osteoporosis; bone fracture; mesenchymal stem cells; targeted cell delivery

1. Introduction

Osteoporosis is a chronic progressive metabolic bone disease that predisposes patients to an
increased risk of bone fracture. Each year, there are more than 9 million fractures associated with
osteoporosis, including 1.6 million hip fractures, 1.7 million of the forearm, and 1.4 million clinical
vertebral fractures [1]. Of all these fractures, 51% are attributed to Europe and the Americas, while
the rest belong to the Wester Pacific region and Southeast Asia [1,2]. It is expected that in 30 years,
the incidence of asteoporosis-related hip fracture will rise by 310% among men and 240% among
women 3]
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Bone tissue in osteoporosis changes in terms of mineral composition and bone density compared to
healthy bones [4]. The decrease in bone density s called osteopenia and it s caused by aging-associated
bone resorption, decline in the number of osteoblasts and reduced caldum absorption. A number of
studies have been performed on developing strategies aiming to preserve bone mass and decrease
the risks of the fractures. However, fewer efforts have been made to explore osteoporosis-associated
fracture-healing strategies 5]

A number of promising approaches have been reported for the improvement of bone defects,
including classical autologous and allogenic bone grafts, as well as novel strategies such as the
application of growth factors and synthetic scaffolds [6-10]. However, osteoporotic fractures in aged
patients are difficult to treat due to impaired healing and a problem of dlinical fixation of the fracture in
a weakened bore [11]. In recent years, there has been increasing evidence of affected bone healing
processes in osteoporotic patients, which may play a crucial role in the assessment of new treatment
strategies [5]. Thus, the development of alternative, clinically applicable therapies for the consequences
of asteoporosis-associated and other pathological bone fractures is one of the priority areas of research.

‘There are several treatment strategies for osteoporosis, and the most common drugs
used are bisphosphonates [12-14]. Bisphosphonates are chemical analogues of pyrophasphates
(H;03P-0-PO;Hy), where the central group is a hydrolytically labile P-O-P linkage that has been
substituted by the hydrolysis-resistant P~C~P bond. They selectively interact with hydroxyapatite
groups at thesite of bone resorption. Bisphosphonates alsoinhibit the enzyme farnesy | pyrophosphatase,
‘which is of key importance in the metabolism of osteoclasts, by disrupting the functional activity of the
osteoclasts and therefore stimulating bone formation. Bisphosphonate-based treatment is widely used
in clinical practice to manage not only osteoporosis but also related conditions such as Paget's disease.
Bisphosphonates are also known to suppress the osteolytic activity of the cancer cells in bone [12].

Decrease in bone density and strength in osteoporosis happens not only due to increased
osteoclastic activity, but also due to the age-related reduction in the number of osteoblast progenitors
(i.e., mesenchymal stem cells, or MSCs). From this point of view, one of the most attractive approaches
for the treatment of osteoporotic fractures is MSC therapy [15-17]. A method of treating osteoporosis
is described where a patient is administered an intravenous biotransplant containing from 50 to
500 million MSCs [15]. Another approach is the implantation of cultured autologous or allogenic
‘mesenchymal pluripotent stem cells injected into the bone injury zone to improve the processes of
reparative osteogenesis [19-21]. The disadvantages of these methods are the lack of MSC's affnity to
bone tissue and the absence of the inhibition of the osteoclasts activity.

We previously described a water-soluble polymer modified with bisphosphonate side chains
that binds to MSCs and increases their affinity to bone in vitro [22]. Bisphosphonates selectively
interact with the hydroxyapatites and disrupt the functional activity of the osteoclasts [12]. In addition
to the bisphosphonates, the polymer contains N-succinimidyl-carboxylates (NHS) that react with
cell surface amino groups to create covalently coupled polymer~ell complexes. The attachment
of the polymer to MSCs allows the cells to specifically bind to the hydroxyapatite component of
the bone (Figure 1). In the present study, we assessed the effects of the polymer on the MSCs'
proliferation, subsequent differentiation down to the osteogenic lineage, and the activity of the
osteoclasts in vitro. We have also tested a local transplantation of MSCs that are coated with synthetic
bisphosphonate-containing polymer for their ability to stimulate ulnar fracture regeneration in female
rats with estrogen-dependent osteoporosis.
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Figure 1. Schematic polymer structure withits functional groups.

2. Materials and Methods

2.1. Polymer Synthesis

‘The polymer was synthesized using an atom transfer radical polymerization (ATRP), according
to our previously published protocol [22]. Briefly, the core molecule, copolymer between
dimethylacrylamide (DMAA), and acrylic N-hydroxysuccinimide (NHS) monomers, is modified
by covalent binding to bisphosphonate following polymerization. ATRP works by adding successive
‘monomers to one end of a growing polymer chain which results in the majority of the polymer chains
‘undergoing near synchronous growth. For the cell binding moiety, the end modification of the polymer
is also an NHS group giving the polymer the ability to bind to amino and carboxyl groups on the cell
surface membranes. The synthesized polymers were characterized by gel permeation chromatography
‘measures of molecular size (length), and NMR to determine the concentration of bisphosphonates.

2.2 Isalation of Rat MSCs

Bone marrow cells for our experiments were obtained from necrascopy samples of Wistar rats
that were not treated with any compounds. MSCs were isolated according to a previously described
procedure [23]. Briefly, femurs were harvested in sterile conditions, rinsed in a mixture of phosphate
bufered saline (PBS) and antibiotics for 5 min, dissected of all soft issue, transected at their epiphysis,
and their marrow cavities were rinsed repeatedly with a mixture of heparin and Dulbecco’s minimum
essential medium (DMEM, Gibco). The harvested cells were collected, centrifuged at 1000 rpm for
10 min. Cell pellets were resuspended with DMEM, and equal-volume percoll separator liquid with
a density of 1.052 g/mL was added to a tube. The single nucleated cell layer was separated after
centrifugation at 2000 rpm for 30 min. The MSC layer was resuspended in DMEM and centrifuged at
2000 rpm for 10 min. After washing, the cells were plated in DMEM culture medium that contained
10% fetal bovine serum (FBS) and cultured to the third passage. Cells were characterized as MSCs by
flow cytometry. The mesenchymal nature of the sorted cells was confirmed by CD90, CD105, CD34,
CD45 and CD31 immunofluorescent staining (Figure 2).




image22.png
Bioengiering 2020,7, 125 of16

€D90

Figure 2. Inmunofluorescent staining of the mesenchymal stem cells (MSCs) for the markers CD31,
CD34, CD45, CDI0 and CD105 with DAPLstained nucle; (calibration = 50 um).

2.3, Transfection of MSCs with a Luciferase Gene Reparter Vector LVT-Luc2

Firefly luciferase lentiviral particles (LVT-Luc2) were used (Eurogen). Cells were seeded with
final density 2 x 10° per well in a 6-well plate. Lentiviral particles were thawed at room temperature.
Two hundred microliters of lentiviral particles (0.5 x 10° transduction units per mL) were added to
each well. To enhance transfection, protamine sulfate (Sigma Aldrich, St. Louis, MO, USA) was used.
Protamine sulfate was dissolved in MilliQ water and added to each well to obtain a final concentration
0 100 ugfmL. The plate was incubated for 24 h at 37 °C, 5% COy. After 24 h, the medium was changed
to complete the DMEM (15% FBS, 1% Pen/Strep). Seventy-two hours later, the cells were assessed
for transfection efficiency using the VIS Spectrum CT (In Vivo Imaging Spectrum, Caliper, USA).
For the in vitro bioluminescent assay, D-luciferin Firefly (Caliper, USA) was used. Stock solution was
prepared ata concentration of 30 mg/mL in sterile water by gentle inversion, aliquoted and stored at
~20 °C. Working solution was prepared in pre-warmed complete medium with the final concentration
150 pg/mL (1200). Prior to imaging, the old medium was aspirated from the wells and Luciferin
working solution was added to each well. The plate was assessed under IVIS in bioluminescence mode.

2.4. Coating of MSCs with the Polymer

LVT-Luc2-transfected MSCs (106 cells) were incubated with the polymer (1 mg/mL in PBS, pH 8.0)
for 10 min at 37 °C. After incubation, the cells were centrifuged at 300 g for 5 min, washed three times
in PBS at pH 7.4,

2.5, Cell Viability Assay

Cell-Titer Glo Luminescent Cell Viability Assay (Promega, Madison, W1, USA) was used to assess
the effect of the polymer on the MSCs” proliferation in vitro. The number of metabolically active cells
was quantified based of the ATP presence. MSCs (10 x 10%/m) were incubated with 1 mg/mL of
polymer for 10 min, washed 3 times with PBS, plated on a 96-well plate (Costar, Washington, DC,
USA) and cultured for 0, 1, 2, 4, 24, 48 and 72 h at 37 °C, under 5% CO,. At certain time points,
the CellTiter-Glo® Reagent was added directly to the wells and shook for 2 min using an orbital
shaker. To stabilize the luminescent signal, the plate was incubated at room temperature for 10 min.
Luminescence signals were measured with a Biotek Hybrid Reader (Biotek, Winooski, VT, USA).
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2.6, Osteogenic Differentiation of MSCs

Membrane-engineered MSCs were seeded in 24-well culture plates and incubated in complete
DMEM (15% FBS, 1% Pen/Strep) for 12 h. Then, the medium was changed to an osteogenic medium
(StemPro Osteogenesis Differentiation Kit, Invitrogen, Waltham, MA, USA) and the cells were cultured
for 14 days. Osteogenic medium was changed every 2-3 days. As controls, non-modified and modified
MSCs were cultured in complete DMEM. After 14 days of incubation, all the cells were stained for
alkaline phosphatase (ALP)

2.7. Osteaclast Differentiation

Osteoclasts were derived from rat bone marrow according to the protocol of Tevlin et al. [24].
Briefly, bone marrow cells were isolated and separated using a gradient cell separation medium.
Furthermore, additional cells were cultured in macrophage induction medium (MEM, 10% FCS, 1%
PenfStrep, 10 ng/mL macrophage colony-stimulating factor (M-CSF) and after 3 days changed to
osteoclast induction medium (MEM, 10% FCS, 1% Pen/Strep, 10 ngfml M-CSF + 10 ng/mL RANKL).
‘The steoclastic nature of the obtained cells was confirmed by staining with tartrate-resistant acid
phosphatase (TRAP, Sigma Aldrich).

2.8. Bone Resorption Assay

An steoclast resorption assay was performed using a commercially available 24-well plate
pre-coated with inorganic bone mimetic surface (Coming, Sigma). The cells were seeded at a
concentration 0f 2 x 10" per well. The next day, the medium was changed to contain the polymer
ata concentration of 0.5, 1 and 2 mg/mL. The control group was treated with the normal osteoclast
induction medium, and the commercially available alendronate (Landromax, GlobalPharm) was used
asa positive control. On the7th day of in vitro culture, the cells were incubated with the 10% bleach
solution and counterstained with Von Kossa staining to visualize unresorbed substrate. Images were
taken using Zeiss Microscope and analyzed using FIJI software for the resorbed and unresorbed area.

2.9. Animal Models of Osteaporasis and Ulnar Fracture

Forty-five female Wistar rats at 12 weeks of age, with average weight between 200 and 300 g, were
used in this study. The rats were kept in cages with a temperature of (22 £ 2) °C, a relative humidity
of (55 4 10)%, and a 12 h light/dark cycle (7200 am. to 7:00 p.m.) with access to water and food ad
libitum. All the experiments were executed according to the ethical guidelines of the U.S. Department
of Health and Human Services (HHS), Registration of an Institutional Review Board (IRB) and agreed
by the Ethics Committee of the Center for Life Sciences of Nazarbayev University (Registration number
10RG 0006963).

Osteoporosis was induced in 40 females through bilateral ovariectomy (OVX) [25]. Later, three
animals were excluded from the experiments due to unrelated health conditions. Five healthy female
rats of the same age served as controls. Bone density was assessed before OVX and 3 months
post-surgery using the microCT IVIS Spectrum (Caliper, USA). After confirming osteoporosis, we next
created a non-critical ulnar defect. Under general anesthesia with isoflurane, standardized osteotomy
was performed in left ulna shaft region 2.0 cm proximal to the radiocarpal joint. The ulnar was
exposed by a 1.0 cm incision. The osteotomy was created using Liston bone-cutting forceps of 140 cm.
‘The wound was washed with 0.9% NaCl solution and closed in layers. Following the operation, oral
anesthetics were administered for 5 days to minimize animal distress.

Starting the next day after surgery, solutions were administered locally into the ulnar fracture
zones (into the site of surgical incision) once per week for four weeks as follows: sham control (200 L
of PBS) as a negative control; 200 uL of PBS containing polymer alone (1 mgfmL); 1 x 10° MSCs in
200 uL of PBS; and 1 x 10° membrane-engineered MSCs in 200 L of PBS. Bone density was measured
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locally at the zone of fracture the next day after surgery and over the next 4 and 24 weeks. Rats that
‘were not subjected to OVX but with ulna fracture served as a positive control

2.10. Survival Assessment of Transplanted MSCs

An evaluation of the viability and distribution of the luciferase-labeled cells at the fracture
site was performed once per week with microCT (VIS Spectrum CT, Caliper, USA). First, a fresh
stock solution of Luciferin at 15 mg/mL was prepared in DPBS wjo Mg2* and Ca2* and sterilized
through a 02 pm filter. Luciferin was injected at a concentration of 10 uL/g (150 mg/g) of body
weight intra-peritoneally 10-15 min before imaging. A kCT machine (VIS Spectrum CT, Caliper, USA)
‘was used in Bioluminescence Mode. Images were obtained using the Living Image 43.1 software
(Caliper, USA).

2.11. uCT Morphometry

A BCT machine (IVIS Spectrum CT; Caliper) was used in x-ray mode with 150 p voxel size, 440 Al
fitter, 50 kV, resolution 425, FOV L x W x H 12 X 12 x 13 cm. The approximate dose was 52mGy per
scan. The 3-D reconstruction and bone density assessments were performed using the Living Image
431 software (Caliper). The acquired image was exported in the Digital Imaging and Communications
in Medicine (DICOM) format and stored. The density of the bone was defined as the optical density in
the bone volume. A region of interest (ROI) was measured with a 10 mm cylindrical volume of inerest
positioned and the center of the fracture region.

2.12. Histological Assessment

‘The rats were sacrificed 4 and 24 weeks after the fracture by cervical dislocation under isoflurane
anesthesia and the affected ulnar regions were removed. For the microscopic evaluation of regenerative
processes at the fracture healing zone, the ulnawas placed in 10% bufered formalin solution (pH7.2-7.4).
Bone fragments were decalcified, washed and embedded in paraffin. Microtome sections 7-10 microns
in thickness were made from paraffin blocks, followed by hematoxylin and eosin staining,

2.13. Statistical Analysis

If data have passed the normality test, then they are presented as the mean + SDand the mean
differences between the experimental groups are tested using one-way ANOVA and/or unpaired ttest.
1 the data have failed the normality test, then they are presented as the median (IQR 0.25-0.75) and the
Mann-Whitney Rank Sum Test is used to reveal differences between the experimental groups. Values
are considered significantly different at the p < 0.05 level. Statistical analyses were performed on the
SigmaPlot 110 software.

3. Results

3.1. Effect of the Polymer on Viability and Osteogenic Differentiation of MSCs

‘The results of the viability assay of MSCs coated with polymer and control (uncoated) cells are
presented in Figure 3. Consistently with our previous study, there was no significant difference
between the viability of the control group and the membrane-engineered cells. Thus, the membrane
engineering of rat MSCs with the polymer at a concentration of 1 mg/mL did not affect either the
short-term (4 h) or long-term (72 h) cell growth in vitro. Difference between the groups was not
statistically significant, p = 0,383,
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Conrascs ot o s

Figure 3. Effect of the polymer on the MSCS' viability and csteogenic differentiation. (4) el viabilty
assay (p = 0383, one-way ANOVAY (B) the differentiation was performed for 3 weeks with Osteo Pro
Differentiation Kit and assessed for early asteogenie actvity with alkaline phosphatase (ALP) assay. Dense
pink coloris amarker for asteogenesis (areas shown with white arrows), 10x (calibration = 100 um).

‘The alkaline phosphatase staining of coated and uncoated MSCs incubated in PBS or osteogenic
‘medium s presented on Figure 3B. Alkaline phosphatase is a marker of early osteogenesis and in the
areas of inreased alkaline phosphatase activity, a dark pink color is produced (white arrows). As seen
from the images, there is no alkaline phosphatase activity in MSCs cultured in DMEM. Conversely,
‘when cultured in osteogenic medium, both control MSCs and membrane-engineered MSCs expressed
a similar level of alkaline phosphatase and these results are in agreement with our previous study [22].

3.2. Synthetic Palymer Inhibits Osteoclastic Activity In Vitro

Osteoclast differentiation of bone marrow-derived cells was confirmed by tartrate-resistant acid
phosphatase (TRAP) staining. The high activity of TRAP is one of the key features of macrophages and
osteoclasts. Osteoclasts are derived from the hematopoietic lineage that determines their similarity
‘with macrophages. Another characteristic feature of osteoclasts is the presence of a large number
of nuclei (from 1040 to 100). Figure 4A shows a representative microphotograph of the osteoclast
culture where the cells have a large number of nuclei; the shape of the cells is an irregular oval or
polygonal, which sometimes has processes that gradually merge with the general background. Due to
the functional features of osteoclasts (bone degradation), cells contain lysosomal vesicles.

Toassess the effect of the polymer on the activity of osteoclasts, a pitassay was performed. Asa
reference substance, a commercially available alendronate (Londromax@©, GlobalPharm) was used.
Figure 4B shows images where lighter spots (indicated by arrows) are the bone-mimicking substance
resorbed by macrophages. Resorbed area images were taken using the Zeiss Inverted Microscope
Axio Observer and analyzed using FIJI software by calculating an un-resorbed area over the total
area (Figure 1C). From the presented data, it is seen that in the control group the percentage of the
resorption area was 26%. The polymer ata concentration of 0.5 mg/mL reduced the phagocytic activity
of macrophages by 50% and by almost 85% at a concentration of 2 mg/mL, which was similar to the
effect of alendronate at a concentration of 4 mgfmL. Thus, the results of the quantitative analysis
show that the attachment to the polymer did not affect the osteoclast inhibitory properties of the
bisphosphonate molecules.
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Figure . Synthetic polymer inhibits osteoclastic actvity. (A) brtzate-rsistant cid phosphatase (TRAP)
Staining of the osteoclass, 10x calibration = 100 ) (B) pit assay: lightareas—resorbed by osteoclasts,
10% (calibration = 100 pm); (C) quantiative analysis of pit assay: data are presented as a percentage.
of the resorbed area over the otal area (data are presented as the mean £ 5D, **p < 0.001, one-way
'ANOVA multiple comparisons with control group (Holm-Sidak method)).

3.3. Osteaporsis Modeling and In Vivo Optical Imaging of the Fractured Bones

A model of estrogen-dependent osteoporosis in laboratory rats was created by OVX [25].
Ulnar fracture model was created in our lab based on the rabbit ulnar osteotomy model [26]. The model
was used for the bone healing research and showed a decrease in bone mineral density under
osteoporotic condition. The ulnar fracture wasalso convenient in a methodological way as no external
fixation of the bone was needed. The adjacent radius serves asa splint and provides the weight-bearing
support. Bone density was assessed one day before OVX and three months after surgery using the
‘micro-CT IVIS Spectrum. We determined the ratios of final bone density (3 months after OVX) to
initial pre-operation measurements in each animal. Ata ratio equal to “1”, the bone density considered
being unchanged; the ratio below “1” indicated decreased bone density. The induction of osteoporosis
‘was considered successful if the bone density decreased by 10% or more, compared to the initial
‘measurements. Figure 5A shows that in control animals the bone density slightly increased (by 8%),
‘which was associated with the normal physiological maturation of the animals. In contrast, in the
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‘group of animals subjected to OVX, bone density decreased by ~20%,which indicated the development
of estrogen-dependent asteoporosis.

Rt Lt

Nt pager NsCo MG

Figure 5. Bone density measurements and representative micro-CT images of the ulna fracture.
(A) Osteoporasis rat model: bone density analysis in 5 control (no OVX) and 20 OVX animals; data
are presented as the ratio of the final bone density (3 months) to the initial (before surgery); data are:
presented as the mean = D, * p < 0.05 compared to the control (unpaired ttest); (B) the representative
microCT images of the rat extrenmities after 2 h and 4 wecks post-surgery (In Vivo Imaging System,
Caliper, USA); and (C) the bone density in the regions of the ulna fractures: data are presented asa
proportion of final bone density (4 0r 24 weeks after surgery) to the initial (2 h after surgery); the data are:
presented as the median (IQR 0.25-075),* p <005 compared toa negative control,» p < 0.05—compared
toa pasitive contral (painwise comparison using Mann~Whitney Rank Sum Test). Bone density was
measured using microFCT IVE

pectrum.

After confirming osteoporosis, we then created open fractures in the ulnar regions. The following
day we administered PBS, polymer, intact MSCs, and the membrane-engineered cells to the fracture
zones. Bone density was evaluated at the fracture sites in 2 h. following the surgery and on 4th and
24th week. Differences in the bone density were calculated as a ratio of final bone density to initial
(at the time of fracture) in every individual rat. Then, the mean values were estimated for each
group (Table 1). If the ratio was equal to 1, then the bone density did not change; values >1 were
considered as indicators of increased bone density and bone regeneration.

densil
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‘Table 1. Ratios of the bone densities measured at 4th and 24th week after the fracture to the intial bone
densities (in two hours afier surgery).

Relative Bone Density Ratio (after Fracture/before Fracture)
Animal Group Median (igr 025-0.75)

4 Weeks 24 Weeks
Negative contzal (OVX, ulna fracture) 0914 (1QR0671-1059) (1=9) 0757 (QR 0680-1039) (n
0845 (1QR0727-0994) (1= 10) 0621 (IQR 0.435-0.652) (1 =

Polymer “p=100 =006
032 op=0008
0976 (IQRO.674-1141) (1 =8 0.59 (IR 0.455-1.579) (n = 4)
MSCs . *p=0486
ep=0354
1274 (QR1046-1421) (1= 10) 1215 (IR L124-1758) (n = 5)
MSCs + polymer . *p=0032
. op=0095
Positive control 1103 1QRO971-1.148) (n = 5)
(10OVX, ulna fracture) “p=00i6 Nodai

Note: Manm-Whitney Rank Sum Test was used 1o compare the diffrences between the experimental group:
*Zcompared toa negative control;+—compared to.s positive control. OVX—ovarisctomy.

As seen in Figure 5C and Table 1, four weeks after the surgery, there was slight decrease in bone
density in the control group (by 8.6%),in the groups that received only polymer (15.5%) and only MSCs
(24%), yet we did not observe statistically significant differences among those three groups. In contrast,
in the group of animals injected with membrane-engineered MSCs, the bone density increased by
27.4% compared to the control (PBS). After 4 weeks, 19 animals were sacrificed and 18 animals were
left for further observations. After 24 weeks, we repeated the measurements and found continuing
decreases in bone density in groups 1-3 (26.3%, 37.9% and 40.4%, respectively), and there were still no
statistical differences among these three groups. At the same time, in the fourth group, we observed a
215% increase in bone density compared to the negative control

Asa positive control, we used a group of animals with ulna fracture that were not subjected to
OVX surgery (n = 5, positive control). As shown in Figure 5C and Table 1, there was a significant
difference in bone density in this group in four weeks after the surgery compared to the negative
control (OVX and ulna fracture). Since the healthy bones in rats regain their biomechanical properties
by 4 weeks [27], we terminated the measurements at this point and used the same data as a positive
control for further experiments

Figure 5B shows the representative X-ray images of the fracture sites 2 h after the surgically
performed fractures and 4 weeks later.

‘Tomonitor the dynamics of the interstitial distribution of the transplanted cells, the MSCs were
transfected with Luc-LVT lentiviral particles. To detect the bioluminescent signal of luciferin, an in vivo
optical imaging system VIS Spectrum CT was used. The results of a bioluminescent analysis for the
luciferase expression are shown in Figure 6. The luminescent signal was clearly detected within one
‘week after cell transplantation in MSCs and MSCs + polymer group, and we did not see any significant
difference in the luminescent signal in those two groups. However, the signal could not be detected by
the end of the second week in both groups. This could be either because of a low number of survived
MSCs or the migration of the transplanted cell deep into the bone tissue, which makes itdifficult to
detect a bioluminescent signal due to the limited resolution of the imager.
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Figure 6. Bioluminescent analysis of the transplanted cels ofthe group that eceived MSCs only and
palymer-coated MSCs. MSCs (10X 109 cellsfnL) were transfected with firely lucferase lentiviral
particles (LVT-Luc2). Before analysis, Luciferin was injected at a dose of 10 /g, Bioluminescence
analysis was performed after 20 min.

3.4. Post Mortem Histological Assessment of the Regenerative Potential of MSCs Modifed with
Bone-Targeting Polymer

Figure 7 represents the histological changes wi
4 weeks after fracture. Prominent signs of bone damage have been observed in the control group in

in the fracture zones of ulna (cross-section) at

four weeks after fracturing. In particular,the fracture gaps, broken periosteum, and endosteum could
be seen. In the second group of animals, the polymer alone caused a slight beneficial effect, since we
observed immature bone tissue with fibrous tissue started to clase the fracture gaps. In the group
injected with unmodified MSCs, the bone tissue revealed some signs of regeneration. In particular, we
were able to see bone tissue connecting to flling the gap. However, the most noticeable osteogenesis
was observed in the group injected with membrane-engineered MSCs, where the fracture gaps were
filled with bone tissue. These observations are consistent with bone density measurements in ulna
fracture zones after 4 weeks since the treatment, where we observed a 27 4% increase in the bone density
i the group of animals injected with membrane-engineered MSCs compared to the negative control.

Histological slices of ulna within fracture zones by 24 weeks upon fracturing are presented on
could be seen from the images, in the PBS control group, multiple bone defects crossing
of the bones were still present. Bone tissue adjacent to the fracture showed moderate
dystrophic changes and immature cartilaginous tissues filled in the fracture gaps could be seen. Inthe
second group (polymer in PBS), uneven growths of immature cartilaginous tissues without clear
boundaries in the fracture gaps were observed. There were also moderate to severe dystrophic changes
in bone tissue.
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Figure 7. Histological changes within the fracture zones of ulna (cross-ection) at 4 weeks after fracture
(hematoxylin and eosin (H&E) staining; upper panel—10x, lower panel—20x). (A) PBS (negative
control) group, showing fracture gaps, broken periosteum, endosteum; the broken end is clearly
separated (an arrow), calibration = 100 un); (B) polymer group, showing immature bone tissue with
fibrous tissue which started to close the fracture gaps (iwo-headed arrow), (calibration = 100 um);
(€) unmodified MSC group, showing bone regeneration and most of the bone tissue was connected to
filling the gap (two-headed arrow), (calibration = 100 um); (D) modified MSCs witha polymer geoup,
showing the most prominent osteogenesis and the fracture gaps fille with bone tissue (two-headed
amow), (calibration = 100 pm).

Figure . Longitudinal sections of ulna within fracture zonesin 24 weeks upon fracturing (H&E staining;
10X). (A) PES (negative control) group, showing multple bone defects crossing the shear axis of
the bones were stll present. Bone tisue adjacent to the feacture showed moderate dystrophic
changes (red arrow).  Immature cartiaginous tissues (yellow arrow) filled in the fracture gaps
(calibration = 100 um); (B) polymer groups, showing uneven grow ths of immature carilaginous
tissues without lear boundaries in the fracture gaps (yellow arrows). There were also moderate to
severe dystrophic changes in bone tissue (re arrow) (calibration = 100 wm); (C) unmodified MSC
groups, shaowing outgrowth of the immature cartilaginous tssue (yellow arrow) and a large number of
polymarphic chondrablasts chaoticaly distributed within cartlaginous tisue (calibration = 100 um);
nd (D) modified MSCs with the polymer group, showing prominent osteogenesis and cssification
(vellow arons). Fracture gaps stat tobe filled with mature bone tisue. No pronounced dystrophic
and degenerative changes in the bone sections (red arrow) (calibration = 100 ).

On the histological slices of the third group (injected with unmaodified MSCs) were visible
fragments of bone tissue with moderate dystrophic changes, including where the outgrow th of the
immature cartilaginous tissue and a large number of polymorphic chondroblasts were chaotically
distributed within the cartilaginous tissue. At the same fime, we did not observe the pronounced
dystrophicand degenerative changes in the bone sections from the fourth group of animals. Bone tissue
demonstrated the sights of osteogenesis and ossification. Fracture gaps started to be filled with mature
bonetissue.
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Thus, consistently with the micro-CT data, the histological assessment of ulnar fracture
zones demonstrated a significant difference in the reactive and reparative processes across the
experimental groups, with the most prominent regenerative outcomes derived from the treatment with
polymer-modified MSCs.

4. Discussion

Delayed fracture healing in estrogen-dependent osteoporosis is associated with an increase in
osteodast activity and a decreased number of MSCs [26,29]. In this regard, the transplantation of MSCs
is a promising approach for the treatment of bone pathologies espedially in age-associated conditions
such as osteoporosis [21,30]. However, the isolation of  clinically relevant number of autologous
MSCs from aged individuals is problematic and the cells must be expanded in vitro. In tum, the
in vitro expansion of MSCs alters its surface receptors’ profile and affects its homing ability compared
to that of freshly isolated MSCs [31-33]. In addition, transplanted MSCs tend to home to the sites of
abnormal cell proliferation such as breast cancer [34]. In order to overcome these limitations, we added
bone-targeting moiety to MSCs through membrane engineering with bisphosphonate-containing
polymers that have a high affinity for hydroxyapatite. The coating of MSCs with the polymer allowed
the cells to bind specifically to the HA component of bone [22]. The in vitro polymer was shown to
be non-cytotoxic while not interfering with the differentiating potential of the MSC. Besides having
a targeting moiety, bisphosphonates also inhibit farnesyl pyrosphosphate synthase (PPS), a key
enzyme in osteoclast metabolism. Alendronate groups in the polymer preserved its functional activity
compared to the therapeutic doses of commerdially available alendronate analogues.

For the invivo assessment of the fracture-regenerating potential of MSCs coated with
bone-targeting polymer in osteoporotic conditions, we created a model of estrogen-dependent
osteoporosis by OVX. There are different animal models that mimic post-menopausal
estrogen-dependent type losteoporusis and age-related type Il osteoporosis. As most of the osteoporotic
conditions correspond to the estrogen-dependent type, the OVX animal model is generally accepted
and approved by the FDA [35].

We also developed a model of non-union bone fracture created by ulnar osteotomy. The non-union
bone fracture in healthy rats are expected to regain its biomechanical properties by 4 weeks [27] and
heal completely by 12 weeks [3,37]. However, osteoporotic condition delays the fracture repair.
According to the studies of Namkung-Matthai et al. osteoporosis affects fracture healing in the early
stage and results in a 23% decrease in bone density and reduced bone callus formation after 3 weeks of
fracture [35]. Data acquired by Kubo et al. showed impaired bone regeneration in the late period of
fracture healing. By 12 weeks radiological and histological analysis revealed decreased bone density
and diminished callus quantity that impaired woven bone formation [39]. In agreement with published
studies, our results demonstrated that bone density in the control group declined by 8.6% in 4 weeks
and dropped further to 26.3% in 24 weeks.

‘The group of animals that received only the bisphasphonate polymer showed a similar 15.5%
decrease in bone density after 4 weeks which, however, proceeded to a dramatic 37.9% decline after
24 weeks. However, these data are not statistically significant and need further investigation. In tum,
the injection of plain MSCs resulted in a mild decrease in bone density after 4 weeks, but by 24 weeks,
the bone density reached the same 40.4% decrease s n the polymer group. These data might indicate
that MSCs had some beneficial effect immediately after their injection but does not have a prolonged
effect. In contrast, the group that received coated MSCs showed pronounced statistically significant
increase in bone density (27.4%) in the fracture zone after 4 weeks. The long-term effect of the injection

of polymer-modified MSCs led to the persistent maintenance of bone density at 215% monitored
after 24 weeks, although the histological picture did not significantly improve compared to 4 weeks.
It might be a consequence of ongoing osteoporotic process since we discontinued treatment after the
fourth week
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Fracture healing generally proceeded in three phases. The first phase stage was reactive in nature
and was characterized by fracture hematoma, inflammation, and the formation of granulation issue.
During the second reparative phase, collagen fibers connected the broken bone ends, while osteablasts
started to form spongy bone. Some spiculemay alsoappearat this point. The resulting fibrocartilaginous
callus is converted into rigid calcified tissue (woven bone) by endochondral ossification. The final
phase is bone remodeling, during which the bone is restored to its original shape, structure, and
‘mechanical strength.

In our study, the histological assessment of the control group after 4 weeks demonstrated some
evidence of the early reparative processes with the fibrous union of old bone fragments. Groups 2
and 3 had additional evidence of mineralization and bone spicule formation, while the group with
polymer-coated MSCs showed active osteogenesis with the formation of a fibrocartilaginous callus.
Although we did not observe complete fracture healing by 24 weeks in any of the groups, the most
pronounced formation of woven bone was seen in group 4. We suggested that surface modification
‘with bisphosphonate groups enhanced the regeneration process in two ways: first, by increasing the
recruitment of transplanted MSCs to bone damage sites, thus providing growth factors and potential
differentiation into the osteoblast cell, and second by disrupting the functional activity of the osteoclasts
and therefore decreasing the process of bone resorption.

5. Conclusions

In conclusion, in the present study, we demonstrated that the use of MSCs coated with a synthetic
bone-targeted bisphosphonate polymer was a more effective method for stimulating reparative
osteogenesis in the zone of the delayed fusion of osteoporosis-associated fractures compared to the
treatment with unmodified MSCs. Therefore, this combined approach that involves polymer and cell
transplantation shows promise and warrants further biosafety and clinical exploration.
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Abstract Mesenchymal stem cells (MSCs) repre-
sent a promising cell source for cellular therapy and
tissue engineering and are currently being tested in a
number of clinical trials for various diseases. How-
ever, like other somatic cells, MSCs age, and this
senescence is accompanied by a progressive decline in
stem cell function. Several lines of evidence suggest a
role for the Rho family GTPase Cded2 activity in
cellular senescence processes. In the present study, we
have examined aging-associated Cded2 activity in rat
adipose-derived mesenchymal stem cells (ADMSCs)
and the consequences of pharmacologieal inhibition of
CdeA2 in ADMSCs from aged rats. We demonstrate
that ADMSCs show a decreased rate of cell growth
and a decreased ability lo differentiate inio
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chrodrogenic, stcogenic and adipogenic cel lineages
as 2 function of rat age. This is accompanied with an
increased staining for SA-f-Gal activity and increased
levels of Cded2 bound to GTP. Treatment of ADMSCs
from 24-month old rats with three Cde42 inhibitors
significantly increased proliferation rats, decreased
SA--Gal staining, and reduced C&ed2.GTP. The
Cded inhibitor CASIN increased adipogenic and
asteogenic differentiation potental in ADMSCs from

24-month old rats, and decreased the levels of radical
oxygen species (ROS). pl6™<* levels, Feactin, and
the activity of the ERKI/2 and INK signaling path-
ways that were all elevated in these cells. These data
suggest that ADMSCs show increased rates of senes-
cence as rats age that appear to be due 1o clevated
Cded2 activity. Thus, Cde42 plays important roles in
MSC senescence and differentiation potential, and
pharmacological reduction of Cded2 activity can, at
least partially, rejuvenate aged MSCs.

Keywords CASIN - Cded2 - c-Jun Neterminal
Kinase -Cell proliferation - Differentiation - ERK1/2
MLI41 - MSC - SA-B-Galactosidase - Senescence
zcLa78
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Introduction

Mesenchymal stem cells (MSCS) represent a promis-
ing cell source for cellular therapy and tissue engi
neering due to their ability o proliferate and
differentiate into various cell types, including those
that make up tissues such as bane, ligament, tendon,
cartilage and adipose (Cheng et al. 2013; Femandez
Vallone etal. 2013). MSCs are currently being tested
ina number of clinical trials for various diseases that
include myocardial infarction, siroke, disbetes and
cartilage defects (Kramer et al. 2012; Wang et al
20122). However, there are some limitations for
therapeutic use of MSCs. In the case of allogeneic
transplantation of MSCs from healthy young donors.,
the production of the desired quantity and quality of
MSCs needed for clinical application mostly depends
upon culture conditions (Chen et al. 2009; Sotirapou-
lou et al. 2006), while autologous therapy is also
limited by the patient's age (Dai et al. 2009; Mareschi
etal. 2006). Like other somatic cells, MSCs age, and
this senescence is accompanied by a progressive
decline in stem cell function. In addition, the ability of
human MSCs to divide reduces with age of the
individual (Mareschi et al. 2006). Aged MSCs can
share many characteristics of aged somatic cells,
including reduced  replicative potential. reduced
telomere length, enlirged cell morphology with stress.
fibres, and the production of inflammatory markers
(Sethe et al. 2006). These aged cells also have a
reduced ability to differentiate into various tissue
types (Sethe et al. 2006). However, although under-
standing the basic molecular mechanisms of stem cell
aging has significant implications for regenerative
medicine and stem cell therapy. the mechanisms of
MSC aging remain obscure (Lee et al. 2006; Mareschi
etal. 2006; Sethe et al. 2006; Yue et al. 2005).
There is evidence suggesting the involvement of a
small Rho family GTPase, Cded?2. also known as cell
division control protein 42 homolog, in cell aging and
senescence-associated inflammation (Ito et al. 2014;
Kerber et al. 2009; Wang et al. 2007). Elevated levels
of activated Cded2 (Cded2 bound to GTP) are
associated with various age-related pathologies.
including reduced lifespan, reduced wound healing,
muscle wasting, atheroselerosis and osteoporosis (Ito
etal. 2014; Wang et al. 2007), and are associated with
carcinogenesis, diabetes, cardiovascular and neurode-
generative diseases (Hooff etal. 2010; Lee et al. 2014;

2 springer

Loirand et al. 2013; Raut et al. 2015; Stengel and
Zheng 2011). At acellular level increased Cded2-GTP
resuls in up-regulation of senescence related proteins.
such as ps3, p21™A" and pl 6™ in mouse embry-
onic fibroblasts and human endothelial cells (1o et al.
2014; Wang et al. 2007) and the activation of siress.
related MAP kinase pathways such as p38 that can
lead to increased inflammatory markers in IMR-90
foetal lung cells (Chretien et al. 2008).

In human adult-derived MSCs Cdc42 plays multi-
ple regulatory roles, including in the processes of
osteogenic and adipogenic differentiation (Gao et al.
2011; Jirong Wang 2014; Shin et al. 2014), and
clevated CdcA2-GTP levels kead to MSC morphology
changes and clevated F-actin stress fibres that are
features associated with cellular senescence (Xu
2017). In addition, an altered microenvironment
causes an increased expression of Cded2 in mouse
MSCs that may lead to senescentlike changes
(McGrail et al. 2012), and with advancing adult age
there is an increasing deficit of callular proliferation
and signal transduetion control in MSCs that leads to
adipogenic differentiation (Raggi and Berardi 2012).

‘The above data, taken together with the observation
that clevated Cded2 activity in aged mouse
hematopoietic stem cells (HSCs) is causally linked
1o HSC aging, and correlates with a loss of polarity in
‘aged HSCs (Florian et al. 201), suggest that Cdcd2-
GTP activity may be involved in MSC senescence and
differentiation potential. Any up-regulation of Cdcd2-
GTP activity may. in tum, be associated with
difficulties obtaining MSCs for therapeutic use (Dai
etal. 2009; Mareschi et al. 2006). Thus, in the present
study, we have examined aging-associated Cdcd2
activity in adipose-derived MSCs isolated from rats of
different ages and tested the effects of pharmacolog-
ical inhibition of Cde42 in MSCs isolated from aged
animals.

Materials and methods
Animals

1.3, 6, 12 and 24 months old male Wistar rats were
used in this study. The rats were housed in cages with
controlled temperature (22 = 2 °C), relative humidity
(55 10%) and a 12-h light/dark cycle (07:00=19:00
light) with free access to water and a standard rat diet.
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All the experiments were performed in accordance
with the ethical guidelines of the U.S. Department of
Health and Human Services (HHS), Registration of an
Institutional Review Board (IRB) and approved by the
Ethics Committee of the Center for Life Sciences of
Nazarbayev University (Registration Number IORG
0006963).

Adipose-derived mesenchymal stem cell isolation
and characterization

Lolation and_characterization of adipose-derived
MSCs (ADMSCs) was performed according t0 pre:
ously described protocol (Arana et al. 2013) with
minor modifications. The procedure used here is fully
described in the Supplementary Methods. ADMSCs
are herein defined as CDI0S-sarted cells that have
been subsequently cultured for 4-5 passages and are
CD317, CD34~, CD45™, CD* and CDIOS® (see
Supplementary Methods and Figures).

Culture medivm

ADMSCs were routinely cultured in Dulbecca’s
Modified Eagle Medium (DMEM) containing 15%
FBS and 1% Penicillin/streptomycin (herein called
Complete Medium), unless othervise siated.

Multipotent differentiation of ADMSCs

CDIOS sorted ADMSCs (passage 4) were plated in
6ovell plates ot a density of 20,000 cells/em? for
adipogenesis. 10000 cells/ent’ for asteogenesis and
chondrogenesis and grown until 80% confluence prior
to starting differentiation. Osteogenic differentiation
f MSCs was induced under the influence of 10 nM -
slycerol phosphate, 0.1 yM dexamethasone, and
100 M 1-ascorbic acid 2 phosphate. Chondrogenic
medium consisted of 10 ngmL TGFBL. 0.1 M
dexamethasone, 50 gl ascorbate-2-phosphate,
40 mg/mL proline. and 50 mg/mL Insulin-Trans fer-
rin-sodium sclenite. Adipogenic medium contained
1M dexamthason. 5 ng/ml insulin, and 0.5 M
3-isobutyl-l-methybanthine. Differentiation media
was replaced every 3 days for a total of 21 days.
Cells incubated in osteogenic, chondrogenic and
adipogenic media were fixed in 4% formaldehyde
and stained with 40 mM Alizarin Red . 1% alcian
blue and Oil Red O, respectively

Quantification of adipocyte differentiation

ADMSCs that had undergone adipogenic differentia-
tion were fixed in 4% formaldehyde for 1 h, washed
with 609% isopropanol and stained with Oil Red O
solution (in 60% isopropanol) for 5 min followed by
repeated washing with PBS. After microscopic obser-
vation, Oil Red O was destained by 100% isopropancl
for 15 min and aspirates were colkected for further
analysis (Bony et al. 2015). The optical density (0.D.)
of the isopropanol containing Oil Red O was measured
1540 nm with Synergy Hybrid H1 Microplate Reader
(Biotek, USA).

Quantification of osicogenic differentiation

Osteogenic differentiation was evaluated with Ali-
zarin red saining for calcium deposition. Briefly,
ADMSCs were fixed in 4% formaldehyde for 15 min,
stained with 40 mM of Alizarin Red S for 30 min,
incubated in 10% acetic acid and collected using a cell
scraper into the micro centrifuge tubes. After cen-
rifugation supernatants were transferred to new tubes.
and 10% ammonium hydroxide was added to neutral-
ize the acid while ensuring the pH ranged between 4.1
and 4.5. O.D of the Alizarin red was measured a
405 nm with Synergy Hybrid H1 Microplate Reader.
‘The Alizarin red concentrations were calculated based
on the standard curve.

Cell proliferation

ADMSC suspensions were seeded at 5000 cellsfvell
in a 48-well plate in Complete Medium and contin-
wously incubated for 24-120 hin a humid incubator at
37°C, 5% CO». ADMSC proliferation rates were
analyzed using a cell counting kit-8 (CCK-8, Sigma-
Aldrich) according to the assay protocol. The volume
of cell counting kit solution added to cach well
amounted to 10% of the total volume of solution in the
well. The plate was incubated for 2 h in an incubator at
37°C with 5% CO. 100 il of suspension was
collected from each well, pipetied into a 96-well plate
and the absorbance measured at 450 nm using a
Synergy Hybrid HI Microplate Reader (Biotek, USA)
at 24 1 intervals
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Experiments with Cdc4?2 inhibitors

ADMSCs were cultured for 16 h in complete culture
medium containing one of the following Cded2
inhibitors: CASIN (5 M, Sigma Aldrich), MLI4I
(10 M, Sigma Aldrich), ZCL278 (25 M, Sigma
Aldrich). The cells were washed in PBS and subjected
for further measurements (Westem blot, SA-f-Gal
assay, ROS generation analysis, Actin-green and Oil
red O and Alizarin Red saining and MAPK assays)
For the cell proliferation assay. ADMSC suspensions
were sceded at 5000 cells/well in a 48-well plate and
cultured for 16 h in complete culture medium con-
waining one of the Cdcd2 inhibitors, after which the
culture medium was replaced with complete medium
without inhibitors and the cells incubated for up to
20n,

SA--Gal staining

To assess the expression of senescence associated f-
mlactosidase (SA--Gal) in cells a Senescence Cells
Histochemical Staining Kit (Sigma Aldrich) was used
according to the manufacturer’s protocol. Bricfly.
passage 5 ADMSCs were fixed in Fixation Buffer for
6-7 min, stained with Staining Mixture and incubated
at 37 °C without CO, ovemight, The percentage of
cells expressing f-galactosidase was calculated as the
rtio of blue-stained cells: total cells x 100 with at
least 500 cells counted.

‘Western blot analysis

Cded2 levels were measured using a Cded2 detection
kit (Cell Signaling) according to the manufacturer’s
protocol. Briefly, ADMSCs were harvested in 0.5 mL.
ysis buffer containing | mM of PMSF. Lysates were
collected and the active form of the protein (Cdcd2-
GTP) was immunoprecipitated using glutathione
resin. Extracts containing Cde42-GTP were sonicated
and resolved by SDS-PAGE gel electrophoresis. After
electrophoresis, proteins were transferred to nitrocel-
lulose membranes. The blots were incubated with
blocking solution (Tris-buffered saline, pH 7.4, 5%
BSA, 0.5% Tween 20 [TBS-T]) for 1h at mom
temperature. Membranes were washed and incubated
with mouse anti-Cded2 antibody (Cell Signaling,
1:200 dilution) ovenight at 4 °C. After washing with
TBS-T, membranes were incubated with anti-mouse
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1gG, HRP-linked Antibody (Cell Signaling, 1:2000)
‘and anti-biotin HRP-linked Antibody (cell signaling,
1:1000) for 1h at room temperawre. Blots were
washed 3 times with TBS-T and incubated for | minin
LumiGLO substrate, scanned in a BioRAD ChemiDoc
MP imager and processed using ImageLab software
(BioRAD). Ratios of Cdcd2-GTP to total Cded? were
caleulated for each sample and nomulized to the
1 month's conirol

PI6™S* protein expression level was detected at
16 KDa. The ADMSC were harvestedin 700 pL lysis
buffer (Cell Signaling Technology, USA). The con-
centration of the protein in the lysate was determined
using BCA protein assay according to the manufac-
turer's protocol (Pierce BCA Protein Assay Kit,
‘ThermoFisher Scienific USA). Briefly, equal amounts
ofthe lysates (25 L) with total protein concentrations
of 1000 g/ were collected, sonicated and sepa-
rated in a precast PAGE gel (Biorad USA). The
separated proteins were then transferred onto
Immun-Blot ® PVDF Membrane (Biorad USA).
Blocking was done in Tris buffered saline containing
16 tween 20 (TBS-T) and 5% BSA (Sigma, USA) for
I'h at room temperature. Then membranes were
washed 3 times with TBS-T and incubated with
primary p16™** Monoclonal Antibody (1:1000,
‘ThermoFisher Scientific) overnight at 4 °C and goat
anti-mouse  IgG—horseradish peroxidase (1:500,
Santa Cruz) for an hour at room temperature. For
quanification, blots were scanned in a BioRAD
ChemiDoc MP imager and intensity of protein bands
was measured as optical density using the ImageLab
software (BioRAD) and normalized to the 1 month's
control.

Determination of level of reactive oxygen species.
(ROS)

The 5-(and 6-)chloromethyl-2. 7-dichlorodihydroflu-
orescein diacetate (CM-HXDCFDA, Life Technolo-
gies) was applied to determine ROS production in the
cells. The acetate groups of CM-HIDCFDA cleaved
by intracellular esterases react with oxygen radicals to
produce highly fluorescent adduct that is raped inside
the cells causing an increased fluorescent intensity of
the cel. For ROS measurements, cells were seeded in
96 well plates, reated with CASIN in phenol-red free
DMEM for 16 h, and incubated with CM-HIDCFDA
(25 §M) for 1 h. Fluorescent intensity of CM-
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H2DCFDA were measured using microplate reader
Synergy H1

Labeling of Feactin

For assessment of actin polymerization, ADMSCs
were grown on cover slips until S0% confluency. Cells
were fixed in 3.7% paraformaldehyde solution for
30 minand permeabilized using 0.1% Triton X-100in
PBS for 5 min. Cell kibeling was done with Acti
green™ 488 ReadyProbes™ reagent according to
manufacturer's protocol (Life Technologies, USA) at
room temperature for 30 min.

Quanitative immunofiuorescence microscopy
QM)

Bright-field illumination and fluorescence microscopy
images were oblained on an Olympus IX83 fluores-
cence microscope coupled with a cooled CCD camera
and analyzed on a computer with a CellSens Dimen-
sion imaging software. Fluorescent imaging parame-
ters were st as follows: 20X, NA 095 objective;
exposure time for image acquisition—400 ms. Back-
‘ground was subiracted for al images prior to analysis.
To quantify actin polymerization, the intensity of
Actin-green™ 488 ReadyProbes™labeled F-actin
per call area was calculated and then nomalized by
the intensity of the labeled Factin in control cells (1-
month old ADMSCs without treatment)

MAP kinase assays

The total concentration and the phospho-kinase/total
kinase ratio for the JNK and ERK1/2 kinases were
determined in ADMSC whole cell lysates using MSD
MAP Kinase Total and Phosphoprotein Assay Kits
(Meso Scale Discovery). All procedures were per-
formed according to the manufacturer’s protocol.
Briefly. whole cell lysates were prepared using the
buffer provided with the kit. Cellular debris was
cleared from the lysale by centrifigation at
10.000xg for 10 min. To make the sandwich for
electrochemiluminescence immunoassay cell lysates
were added 1o the wells of plates pre-coated with
capture antibodies and incubated for 3 h. Afierwards
the plates were washed 3 times followed by incubation
with detection antibody for 1 h. After a final wash,
150 L of Read Buffer was added to each well and the

plates analyzed on MSD QuickPlex SQ 120. Bicin-
choninic Acid Assay was used as loading control,

Statistical analysis

Data are reported as mean < SD. Proliferative activity
of ADMSCs was tesied using two-way ANOVA with
post hoc comparison. A one-vay ANOVA and
regression analysis were conducted to compare the
effect of age on SA-R-Gal staining. In all other
experimens the unpaired 1 test was applied o test
mean differences from at least three independent
wrals. Values were considered significantly different
when P < 0.05. Statisteal analyses were perfommed
with Graphpad Prism 7.1 software.

Results
Characterization of the ADMSC phenotype

Freshly isolated cells from adipose tissue were
heterogencously positive for hematopoietic markers
CD34 and CD45, endothelial marker CD31, and
mesenchymal markers CD105 and CD showing a
mixed cell population (data not presented). CD10S
sorted cells after being cultured for 4-5 passages were
more homogeneous: ~ 90% of the cells from rats of
all age groups were positive for specific mesenchymal
CD90 and CDI0S markers (Lotfy et al. 2014), and
negative for CD34, CD45 and CD31 cell surface
markers (Supplementary Figs. 1a, b). These cells are
thus deemed to be MSCs and are the cells referred to s
ADMSCs in this paper.

Differentiation capacity of ADMSCs isolated
from rats of different ages

To further provide evidence of the mesenchymal
nature of these cells their mult-lineage differentiation
potential was evaluated. The passage 4-5 CDI0S-
positive cells were able to differentiste towards
osteogenic, chondrogenic and adipogenic lineages
(Supplementary Fig. 2). However, visual appearance
of Alazarin Red S and alcian blue stained cells
revealed reduced osteogenic and chondrogenic differ-
entiation capacities of ADMSCs isolated from 12 to
2-month old animals (Supplementary ~Fig. 2)
Decreased adipogenic differentiation was confirmed
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by quantification of Oil Red O (Fig. 1a). Our results
indicated that ADMSCs from 1-month old donors
accumulated mare fat droplets in their eytoplasm after
incubation in adipogenic medium and staining with
0il Red O compared to ADMSCs from the 12-monih
old and 24-month od rats (P < 0.05, unpaired f test).

Praliferative activity of ADMSCs isolated
from rats of different ages

We measured the proliferative activity of ADMSCs
isolated from rals of different ages using the CCK-8

:

%4 SAf-Gal posive staned calls.

density (01l Red O)

assay (Fig. 1b). The proliferative activity of ADMISCs
from all age groups peaked on the second day. afier
which the cells entered a relatively stationary phase.
Both the growth rates and proliferation peaks of
ADMSCs decreased with increased age of the animals.
ADMSCs isolated from 1-month old rats had signif-
icantly greater proliferative capacity than ADSMSCs
isolated from older animls.
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Fig. 1 Propetics of ADMSC isolated from rats of different
ages(n = 25, Srats per group). a Quantitative analysisor Ol red
O stained ADMSCs; data shown as Mean & SD, P < 0.05
(unpaied 1 test). b Proliferatve activity as asessed by CCK-
assay pltted as optcal density versus days. CCK-§ asay: two-
way ANOVA with post hoe amlysis (F = 5324, dr= 4y
e < 001 (1 morth vs. 36, 12, > 24 month; 3 month
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V.3 24 month): ¢ < 0.0003 (6 morih vs. 3 menth); s ot
Signiicant G- 24 month vs 6, 12 month). € Bar chart showing
percenuige of ADMSCs staining for SA-f-Galuctosidase
actsity P = 0001 (ane way ANOVA and regression analysis.
d Western blot depicting levels of active and total Cded2.
© Quanificaion analysis of Cded2-GTPhotal Clei2: P
= 0.05 (unpaired stest)
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Expression of SA-f-Galactosidase in ADMSCs
isolated from rats of different ages

One widely used biomarker of cell senescence s an
increased expression of senescence assaciated f-
galactosidase. Phase contrast images of SA-B-Gal-
stained ADMSCs and the percentage of SA-B-Gal-
positive cells are shown in Supplementary Fig. 3 and
Fig. lc. One way ANOVA tests revealed significant
differences between the ADMSCs from different rat
age groups (P < 0.001). Furthermore, regression
analysis showed that the percentage of SA-B-Gal-
positive ADMSCs gradually increased from approx-
imately 10% in | month old rats to S0% in rats of
24 months of age (P < 0.001).

Expression of Cded2 in ADMSCs from rats
of different ages

Significant correlations have been reported hetween
clevated levels of Cdc42 and loss of polarity.
functional deficiencies. and impaired sclf-renewal
capability in mouse hematopoietic stem cells (Florian
etal. 2012). It has also been demonstrated that Cded2.
levels vary across age groups in mice (Wang et al.
2007). Western blot analysis showed increased
Cde42-GTP levels in ADMSCs isolated from 6 to
24 months old rats compared to cells isolated from
‘younger animals, with the highest expression of Cde42
being detected in ADMSCs of 24-month old animals
(Fig. 1d, ¢): indeed there s a progressive increase in
CdeA2-GTP levels with increasing age.

Effects of the Cde42 inhibitor CASIN
on the growth kinetics and cellular pherotype
of ADMSCs from young and aged rats

We tesied the consequences of pharmacological
inhibition of Cdc42 in ADMSCs isolated from
24-month old rats in comparison with younger animals
(1-month old) using CASIN. Assessments by Wester
blot showed significantly higher levels of Cde42-GTP
in ADMSCs isolated from 24-month old animals
compared to 1-month old rais and a significant
reduction of the Cde42-GTP levels in ADMSCs from
both aged and young rats by CASIN (Fig. 2a, b).
CASIN did not affect the low kevels of expression

old rats. but significantly decreased the percentage of

SA-p-Gal-positive cells in ADMSCs isolated from
2d-month old rits compared to untreated control
(P < 0,001 unpaired 1 test) (Fig. 2d: Supplementary
Fig. 4). However. this treatment did not reduce the
level of SA-f-Gal-positive_cells to that seen in
ADMSCs from young rats (Fig. 1d). ADMSCs from
older animals had increased levels of the cyclin-
dependent kinase inhibitor p16™** compared to cells
from younger animals (Fig. 21, c), and CASIN
treatment decreased this expression to the level seen
i the young control (P < 0.05; unpaired f tes)

Using CCK-8 analysis to assess ADMSC growih
Kinetics showed that CASIN improved the impaired
proliferative activity of ADMSCs from aged rats
(Fig. 2¢). However, this treatment did not affect
growth the rate of cells from 1-month old animals
(Fig. 26) and was not able to increase the proliferation
rate of cells from older animals to the levels seen in
ADMSCs from young rats (see Fig. 2e. f).

‘The production of high levels of Reactive Oxygen
Species (ROS) has been associated with cellular
senescence (Chandrasckaran et al. 2017; Colavitti
and Finkel 2005; Davall et al. 2016). In agreement
with previous reports, fluorescent analysis showed an
~ 600% increase of ROS level in ADMSCs from aged
rats compared 1o younger controls (P < 0001
unpaired 1 test) (Fig. 2¢). This increased ROS pro-
duction in ADMSCs from aged rats was atienuated by
CASIN with no significant effects on CM-H2DCFDA
intensity in younger cells.

Impaired actin polymerization is another hallmark
of cell senescence (Kasper et al. 2009; Li 2017; Xu
2017). and it can be mediated by the upregulation and
activation of Cded2 (Tang and Gunst 2004; Zlotoryn-
ski 2015). We employed QIM of F-actin labeled with
Actin-green™ 488 ReadyProbes™ cells to quantify
actin polymerization in ADMSCs isolated from young
and old animals. QIM data showed that aging
promoted actin polymerization in ADMSCs (P
< 0001; unpaired 1 test) while treatment with CASIN
reduced F-actin intensity in old cells (P < 0.05;
unpaired 1 test) (Fig. 2h and Supplementary Fig. 5.).
although not 1o the level seen in ADMSCs from
1-month old rats, and does not cause a reorganization
of the cytoskeleton structure in the younger control
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“Fig.2 Propertes of CASIN treated ADMSCs from 1 months
1d (YOUNG) and 24 month old (OLD) rats (n = 20, 5 ats per
roup). a Wester bt depicting levels o activ and toal Cde 2
and total PIGINKda in Cded2 inhibitor teated ADMSCs
compared to the untreated corsrols. b Quintiication ratio of
the Cdet2-GTPHoul Cded2: *P = 0.05 (unpuired 1 tes).
 Quintitative analysis of the toial PIGNKda: * = 0.05
(unpaird 1 tes). d Percentage of SA-B-Gal-posiive ADMSCs
in the experimental and control (unreated) groups; *P = 0.05
P = 000 (urpaired 1 tex). ¢, f Prolientive actiity of
Cded? inhibitor treated ADMSCs compured to wniresied
conrolsas assessed by CCK-B assay. g ROS leels in ADMSCs
isolated from 1 month old and 24 months old rats: P = 0.05
4P < 0001 (unpuired 1 tes). b Actin polymerizaion in
ADMSCs isolated from 1 month old and 24 morths old ras:
P < 005, “¢%P < 0001 (unpaired  tes)

CASIN increases adipogenic and osteogenic
differentiation of ADMSCs from aged rats

A decreased differentiation capacity is a hallmark of
MSC aging (Maredziak et al. 2016). Quantitative
spectrophotometric analysis of Oil Red O confirmed
that the amount of dye in the aspirate collected from
the cells of 24-month old rats was 1.8-fold lower
(P < 0.05, unpaired f test) than the amount collected
from cells of young rats (Figs. la, 3a). Inhibition of
Cded2 by CASIN significantly improved the adi-
pogenic differentiation of ADMSCs from the aged
rats, although this did not reach the levels seen in
ADMSCs from the young rats (Fig. 3a).

Similarly, quantification of Alizarin Red $ that
represents caleium deposition in cells and serves as
marker of osteogenic differentiation has demonstrated
that the amount of mineralized matrix in 1-month old
rat cells after incubation in osteogenic medium was
approximately tenfold higher compared o cells of old
rats (P < 001, unpaired 1 test) (Fig. 3b). In turn,
CASIN treatment enhanced the osicogenic different
ation of ADMSCs from aged rats by more than twice
(P < 0.05, unpaired 1 test), yet this was not up 0 the
levels scen in ADMSCs obtained from young rats
(Fig. 3b).

CASIN reduces ERK1/2 and JNK phosphorylation
in ADMSCs from aged rats

‘There isevidence suggesting the involvement of MAP
kinases in MSC senescence and inhibition of their
differentiation capacities (Bost et al. 2005; Jaiswal

etal. 2000; Jin et al. 2010; Wang et al. 2005). In tum,
Cded2 bas been shown 1o regulate MAPK/ERK
signaling pathways under conditions of stress (Cheng
etal. 2004; Ly etal. 2017; Wang etal. 2005). Thus, we
measured the activation of ERK1/2 and c-Jun N-ter-
minal kinase (INK) in ADMSCs, and tested the effects
of the Cded2 inhibitor CASIN. Results obiained using
the Meso Scale Discovery immunoassay demonstrated
significantly increased phosphorylation of ERKI1/2
and INK in ADMSCs isolated from 24-month-old rats
in comparison with cells isolated from 1 month old
rats (Figs. 3¢ d). As the activation of these kinases is
via phosphorylation, this implies an increase in their
activity. Treatment with CASIN  significantly
decreased the phosphorylation of ERK1/2 (63%) and
INK (65%) in ADMSCs from 24-month-old rats to
levels similar to that seen in ADMSCs from young
rats, implying reduced kinase activity (Figs. 3¢, d)

Inhibition of Cdc42 in ADMSCs isolated from 24-
month old rats by three different compounds.

To confirm that all above mentioned effects of CASIN
resulted directly from Cded? inhibition, and not duc 1o
inhibitor off-arget effects, we applied two additional
inhibitors of Cde2 (ZCL278 and ML-141) and
assessed their effects on proliferation capability and
expression of SA-B-Gal in ADMSs isolated from
24 months o rats. Assessment of the Cdcd2.GTP
level by Western blot has confirmed inkibition of
Cded2 activity in aged ADMSCs by all three com.-
pounds (Fig. 42). These inhibitors also resulted in a
significant decrease in the percentage of SA-f-Gal-
positive.cells compared to untreated control (P
= 005; unpuired 1 tes), with the most prominent
effects seen with CASIN and ZCL278 (Fig. 4b and
Supplementary Fig. 6). Using CCK-8 analysis to
assess ADMSC growth kinetics showed that CASIN,
MLI41 and ZCL2T8 improved the impaired prolifer-
ative activity of ADMSCs from aged rats (Fig. 40).

Discussion

Cded2, an abundant small Rho GTPase, is up-
regulated in some age-related chronic diseases,
tumors, and aging-associated cellular signaling pathe
ways (Hooff et al. 2010; Ito et al. 2014; Kerber etal.
2009; Lee etal. 2014; Loirand et al. 2013; Raut etal.
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Fig. 3 Propetics of CASIN treated ADMSCs from aged rats
(0= 15,5 rais per group). a Adipogenic differeniation of
CASIN teated ADMSCs rom aged rats (CASIN) compaed o
wireaied ADMSCs from aged (OLD) and 1 momh old
(YOUNG) rts. Quanitative analysis of Oil red O sained el
data shown a5 mean £ SD, *P < 0.05 (umpaired 1 test). b
Quaniative colormetric results of Alizarin Red § saining for

2015; Stengel and Zheng 2011; Wang et al. 2007).
There s data indicating that Cdcd?2 is involved in
differentiation and prolferation of MSC (Gao et al.
2011; Jirong Wang 2014; Raggi and Berardi 201
Shin et al 2014). In the present study, we have
investigated aging-associated Cded2 activity in adi
pose-derived MSCs isolated from male rats of differ-
ent ages and tested the effects of pharmacological
inhibition of Cdc42 in MSCs isolated from aged
animals. We focused on males in order to exclude
gender effects since there is accumulating evidence
that age-related alterations of mesenchymal stem cells
can be modulated by sex hormones and estrogen
decreases Cded2 activity (Azios etal. 2007; Breu et al.
20115 Fossett et al. 2012; Kawagishi-Hotta et al.
2017). However, an important question remains
whether the activity of Cded2 plays similar role in
aging processes of ADMSCs from female animals yet
further research s needed to clarify this issue,
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oseogenic differemsiation: duta shown s mean & SD.
P <001, 4 < 005 (wpaired 1 tex). . d Ratio of pERKI/
2ERKIR levels (€) and pINK:INK levels @) in CASIN ested
ADMSCs from aged rats (CASIN) compared 1o unireaied
ADMSC from aged (OLD) and 1 month old (YOUNG) ras.
Data shown as mean & SD, *P < 0.05 (wnpuired 1 test)

Results from this study show that the capability of
adipose-derived MSCs (ADMSCs) from rats 10 pro-
liferate decreases in proportion to the age of the
animal. This reduced proliferative ability is associated
with increased levels of activated Cde42 and
increased proportion of SA-B-Gal stained cells, sug-
gestive of cellular senescence. In adition, the multi
potent differentiation ability of ADSMSCs reduces
with increased animal age for the asteogenic, chron-
drogenic and adipogenic cel lineages. These dta
suggest that an increasing proportion of MSCs show
signs of cellular senescence with increasing rat age.
‘When ADMSCs isolated from rats at 24 months of
age are cultured in the presence of three different
inhibitors of Cded2 activity they show a much
improved proliferation capability and a sigrificantly
reduced staining for SA-B-Gal. These effects are
associated with a reduction i the levels of aciivated
Cded2. The most effective inhibitor, CASIN, reduces
SA-f-Gal staining to kevels similar to that sen in
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Fig. 4 Inhibition of Cded2 by different compaunds in
ADMSCs isolated from 24 months old ats (n = 20,5 ats per
sroup). a Western blt depictinglevels o actve and toal Cde42
szed MSCS after treatment with thee different Cded2
intibiors. b percentage of SA-f-Cal-positive ADMSCS in the
experimental and contol (unreaied) groups. *P < 0.05 (un-
puired 1 1ex). ¢ CCK- asay: two-way ANOVA with post hoc
analysis (F = 5079, df = 3), *#4+P < 00001 vs contral

ADMSC from 6-month old ras. As these inhibitors
are all chemically distinct and have distinct modes of
action, with CASIN and ZCL278 competing with
‘guanine nuclcotide exchange factors and ML-141 non-
competitively preventing GTP binding to Cded? (Lin
and Zheng 2015). these data strongly suggest the
improved proliferation and reduced SA-f-Gal stining
result from Cded2 inhibition, and are not due to
inhibitor off-trget cffects. In addition to clevaed
Cdcd2-GTP levels, ADMSCs from 24-month old rats
have clevated levels of the cyclin-dependent kinase
inhibitor p16™**, and elevated formation of F-actin
stress fibres, both features of senescent cells (Guay

etal. 1997; Liuetal. 2009). CASIN treatment reduced
P16™*4 Levels 1o that seen in ADMSCs from young
rats, and increased the adipogenic and osteogenic
differentiation ability of ADMSCs from aged rats and
reduced actin polymerization in these cells, although
this was not increased 1o the capability sen in
ADMSCs from 1-month old animals.

Thus, it appears that ADMSCs isolated from
24-month old rats show several signs of increased
cellular senescence and a reduction of differentiation
potential compared to ADMSCs from younger ani-
mals that s due, a leastin part, o elevated Cde42, and
that these effects increase with animal age. In addition,
small molecule inhibition of Cdc42 activity can result
in partial rejuvenation of ADMSCs from aged rats.
These results concur with data from mouse that show
increased active Cded2 with age in various fissues
(Xing et al. 2006), and that constitutively increased
Cded2 activity results in aging-like phenotypes in
mouse hematopoetic stem cells (HSCs) (Florian et al.
2012). In the later example, pharmacological reduc-
tion of Cde42 activity using CASIN results in partial
rejuvenation in the HSCs. In conclusion, the data
demonstrate the involvement of Cde42 activity in stem
cell aging and suggest a common mechanism of aging
is seen i different stem cell lineages.

So how does increased Cded2 activity have these
effects? One possibility is via the MAP kinase ERK1/2
and INK signaling pathways that are involved in
cellular senescence processes and whse activity
increases during aging (Jones and Lancaster 2015;
King et al. 2007; Mylabathula et al. 2006; Shin et al.
2005). The Cde42 GTPases are invalved in the
regulation of ERKI/2 and INK (Coso et al. 1995;
Frost et al. 1997), suggesting that up-regulation of
Cded2-GTP activity may kead to increased cellular
senescence via activation of these pathways. The ERK.
and INK pathways are also implicated in differenti-
ation of MSCs. For example, activation of ERK1/2
inhibits adipogenic differentiation in mouse cells
whereas siRNA depletion of ERK1/2 increases this
(Kim etal. 2007), and total and phosphorylated ERK 1/
2 levels are reduced at arly stages of human MSC
adipogenic differentiation (Donzelli et al. 2011).
Moreover, there is data demonstrating that erythro-
poietin inhibits adipogenic differentiation of bore
marrow derived mouse MSCs via activation of ERK.
(Liu et al. 2015). Firally, an inhibitory role has been
demonstrated for JNK in both adipogenesis and
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ostcogenesis in human MSCs (Gu et al. 2015;
Tominaga et al. 2005). Thus, the increased aging and
reduced differentiation capacity seen in ADMSCs
from aged rts may be dueto increased Cded?2 aciivity
affecting the ERK1/2 and INK signaling pathways.
This idea is supported by the observation that phos-
phorylation of both ERK1/2 and JNK is increased in
ADMSCs with animal age, and CASIN inhibition of
Cded2 results in reduced cellular senescence and
increased adipogenic and osteogenic differentation
potential associated with reduced activation of these
Kinases.

Studies have suggested that oxidative stress is
major factor accelerating cell senescence (Brandl et al
2011: Davalli et al. 2016). and there is evidence for a
eritical role of NADPH oxidases-mediated ROS
signaling pathways in aging process (Sahoo et al
2016). In adition, suppression of NADPH oxidase by
apocynin partially reversed the aging process and
enhanced osteogenic potential of MSCs (Sun et al.
2015). Our results demonstrated that ROS production
increasedin ADMSCs from aged rats and that this was
attenuated by CASIN. These data, together with the
observation that Cded2 regulates NADPH oxidase
activation (Ascer etal. 2015; Qian et al. 2005; Wang
etal. 2012b) suggests the possibility that inhibition of
Cded? leads to an improvement of ADMSC prolifer-
ation and differcntiation via suppression of NADPH
oxidase activity.

Finally, it has been demonsirated that exposure of
MSCsisolated from younger rats to serum from older
animals inhibited cell proliferation and survival by
activation of excessive Wnt/f-catenin cell signaling
pathway (Zhang et al. 2011). In wm, activation of
Wa/fcatenin signaling induced a DNA damage
response (Xu et al. 2008) leading to up-regulation of
p16™5% resulting in an induction of cellular aging
(Kosar et al. 2011). As activation of pI6™*** can
result from Cde42 GTPase activation (Chen et al
2013). and, according to our finding, inhibition of
Cded? activity by CASIN decreases the expression of
P16, it is possible that the increased senescence
seen in ADMSCs from aged mats resulis from up-
regulated Wi/B-catenin signaling. albeit this is spec-
ulation. However, possible support for this comes
from data showing that pon-canonical WntSa signal-
ing can induce aging-associated phenotypes in HSCs
from young mice via activation of Cdcd2 (Florian
etal. 2013).

2 springer

In conclusion, our data demanstrate the involve-
ment of Cdcd2 in male rat mesenchymal stem cell
aging and differentiation potential, although the
precise mechanisms of Cdc42 action are not clearly
understood and require further investigations. Under-
standing the basic molecular mechanisms underlying
stem cell aging should provide new insights into the
development of new sirategies for rejuvenation treat-
ment, regenerative medicine and stem cell therapy.
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Bocedwe: B nocneniee SEU TDMEHEHH  YTONOTIMHX MEIRHOMANSHSX CTEON0BNX wmeTok (MCK),
SENAIOWXCA NPOTEHHTOPHIN KIETKEVM OCTEOTEHE33, 8 KEHECTAE AKTWEATOPOR PEaRATHBHOTO OCTEOIEHERR 8 J0HE
SAMEEHHOT0. COALLEHYS NEPENONOB DA OCTEONOPOSE W CXOKHX MATONDIHSK. KOCTHOH TKAHH, SETHETCA O 3
MIEpOTeKTHEHX HaTDABINEA i Kay“HoiX HCCMENOSaKW, B 3TOR CasaH, 8 CoTpyaHwecrae ¢ Camegie Melon Universiy
(USA), B KevecTae TapreTHOR TpaKanOpTHOH MIGTCOpM, Guin Pa3AGOTaH CNOGOGHeIA CTaBANIHO CatabiEarscs o MCK
ocreotunssi GhcqocposaTHH nonawep PBP-FNHS. Pasee Guin NOKa3aHo, IO in Vi nomwwep cnocoGes
WHTHOADOBATS OCTEOKTACTHYIO BKTHEHOCTS, H 8 T0 Xe SPEMS He SETAETCH LHTOTOICHHIN W He OKEIBAET BTUTHIR Ha
MoyECCe oCTeoreHHoTt eperLypoa MCK.

Liens UCCNEAOBRHWS: MPOBECTH [OWTAHINECHHE WOCTETORRHHS OCTPOR # XPOHIIECKDH TOKGIHOCTH TOTAIEDa,
OUHHT,  pereHEpaTHEHIH  NOTEHLYEN NOKAMHOR TPBHCINGKTALYH  MESBHKHAMLAIX _CTBOMOBBIX  AIETOK,
DyHKUORAIIADOZBHHLLX OCTEOXDANHSM OTMMEDOW, N NEPENOMEX NOKTEEOR KOGTH MENKHX NEBOPATOpHSIX KHEOTHSIX
3 (oK SKCIEPAMEHTANSHO WHBYLHPOBSHHOTO OCTEONOPOS3.

Meroas: [17 NONTBEDKTEHHS KIWHINNECKOR SXdeKTHEHOCTH MpHEeHss MCK, MOTMPHpOBaHHLIX OCTeOdDANLSM
IOTHMEPOW, G IPOBEe o HCCIEIOBBHA i VO G COIHHEM MOTIET HIYLIDOBGHHORD NEDENOMa NOKTESO KOGTH y
KpHIC KA (DOHE SICTEPHIEHTANHOTO. SCTDOTeH-JAEHCHIONO OCTEOTOPOZA.  VCCEORAKHS OCTOH W XPOHWECKOH
TOKGAVHOCTH OCTEOGHTHOTO GHGOCHORATHOT NONHMED NPOBOTHNIC: Ha B3 PIT] Ha NIXB «HapoKansbil uewTD
HCNEPTHGH eXaPCTIEHHLIX CDEITS, KITETWA NETHLIHCKOTO HEGNEHIS W NEAMUWHCION TeXHNKY, MAscrepcTea
3npascoxpaess Pecny G KasaxcTan

PesyLari: 11Dkt 1€+l BHaTMAS JHAWKH KOUEHEHIE KOCTHO IMOTHOCTH B 3048 NEDENONa NOKTEBOH KOTTH Ha.
0He SACTDAVEHTANHO WHLYLHPOBZHHOTO SCTPOTEH JABHCHIOTO OCTEONOPOTA NOKBEN CTATHCTIMECKH 3HawN0e 27%-
HOE YBEIHYRHHE MINOTHOCTH KOCTHOH THGHH “EPE3 4 HEreMK NOCNE OCTEOTOMA NOKTEEOH KOCTH 8 DYNE KHEOTHGIK,
MONyEBLINK 4-X WATHYIO TOBHCTINAKTAUMO MOTWDHpOBHHLIX nomimepow MCK.  Pesynarsi npxasessx
HaGnionesA G NONTBEPKIEHsI POSHTMOMem GHAIOM THCTONOTWECKNX MDENGPATOR 30K NEPENOMa TPYG4aToM
KoGTH. aysesie AWHaIMIH SHYTDHTRaHeS0TO pacnpeneness MCK NOKE3ar Haniwe TDEHCINGKTHDOBHHLIX KTETOK B
30H€ KOGTHOTO fecheXTa Ha NPOTKEHH KEK MIAKHMYM OTHOR HETETH NOCTE TOKAIHOR HHLERLAN KNETOOTO NENGPaT.
PesybTaTs! AOKHHANE COX HCCTEN08HH GHOGE3ONACHOCTH NOKESAH OTCYTCTEME. OCTPOR  XPOIEKOR TOKCHHOCTH
nonmepa.

BuiB0as: Mlonyessbie AaHH-Ie NOIEOMIM CAENGTS SAKTIOISHHE O TOW, ST0 NPEANDKEHHSIA WyTSTHNTAKETHG oA
IODXOR, OCHOBAHHIR Ha NPHNEHEHW KNETONHOR Tepann MCK, MOBKDHLHPOSAHHIX. OCTEOMTHSI NOTHUEDOM,
WMEOUY & CR0EM COCTABE 58 YHKLYOHATsHIE MDY ~ GHODOCGDOHETHYIO W THAPOKCHCYKLHMHTHYN, SENSETCH
Gesonackbi W XHPEKTHBHSI CTIOCOGOM CTHMYALYM PEaGaTHEHOTO OCTEOTEHESA NPH OCTEONOPOS-ACCOLYHPOSBHHX
TDABMATHYECHX NOBPEATHHTX KOCTHOR THGHH.

Kmodeesie COBa:  0CMIEONODO,  PENGpAMUSHl  OCTEG2EHES,  MESEHIMGIHE  CTSOTOSSE  KTEmKL,
OGMEOR U i NONUMED, KTEM 042 MEDAIUS, MaP2BHAS MPGHGTOPHaS MNAMBOPS.
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Abstract

PERSPECTIVE APPROACHES FOR TREATMENT
OF LOW-ENERGY INJURY BONE TISSUE INJURIES
USING BIOENGINEERING METHODS AND CELL THERAPY

Yuliya 1. Safareva (Yantsen)", hitps:/iorcid.org/0000-0003-0695-0413
Farkhad S. Olzhayev", https:lorcid.orgl0000-0002-1906-6654

Bauyrzhan A. Umbayev?, https:lorcid org/0000-0002-0286-7252

Akmaral S. Yerkebayeva?, htps:/orcid org/0000-0002-0395-262K

Aisulu S. Karenkina?, htps:/orcid org/0000-00020782-3099

Ivan V. Kotov?, hitps:/orcidorg/0000-0003-00744520

Alan J. Russell4, https:/orcid.org/0000-0001-5101-4371

Sholpan N. Askarova*, https:/orcid org/0000-0001-6161-1671

" National Laboratory Astana, Nazarbayev University, Nur-Sultan city, Republic of Kazakhstan;
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Introduction: Autologous mesenchyma stem cell (MSC) are osteogenesis progeritor cels that acivae th reparatve.
processes in te zone of delayed fracture heaing n osteoporosis and simiar bone pathologes. Use of MSCs i regenerative
mediine s one of the promising areas of scientic research. I tis reqard, in cooperaton with Camegie Mellon Universty
(USA), an osteaphiic bisphosphorate polymer capabe of stably binding to MSC has been developed as a targeted transport
platfom. It has been previously shown tha the polymer s able to inhisit steociastic actty i vito, and, at the same e, it
s not ytotoxic and does nat afectth osteogenicdifeeniaton of MSCs.

Goa: to perform prediinical studies of acute and chronic polymer toxicy, {0 assess the regenerative potental of ocal
ransplantation of MSCs fundtionaiized with an osteophiic polymer in experimentally induced osteoporotic uina fracture of
sml aboratory animals.

Methads: To confirm the therapeutic potential of MSCs functonalized with osteaphilc polymer, in vio studies were
onducted on rats with the experimentally induced ulna fracture and experimental estrogen-de pendent osteoporosis. Studies
of acute and chronic toxicty of an osteophilc bisphosphonate polymer were carried out on the basis of the Republican Stte
Pharmacopoeia Laborator at the National Center for Expertse of Medicines, Medical Devices and Medical Equipment,
Miisty of Health of the Repubic of Kezakhstan

Results: Inravita analyss of the bone density dynamics in the zone of ulna fracture showed a sttistcally sgniicant
27% increase i bone densit 4 weeks afer osteotomy ofth uina in the group of aimals receiving 4 transplantatons (once
per week) of the MSC modiied with the polymer. The resuls of intraitl observations were confirmed by post-mortem
analyss ofhistological sices of the fracture zone. A study ofthe dynamics of intersiial istriouion of the MSC showed the
presence of transplanted cels in the area of the bone defect for a least one week tter local ijecton of the moxified cel
‘The results ofprecincal biosafety studies have shown the absence of acute and chronic polymer toxicy.

‘Conclusion: The data obtained allowed us to conclude that the propased combined approach, based on the use of cel
therapy for MSCs modified with an osteophic polymer, which has two funcional groups - bisphosphonate and
hydroxysuccimide, i a sae and an effective way to stimulate reparative osteogenesis in osteoporosis-associated traumatic
bone injuries

Keywords: osteoporosis, reparative osteogeness, mesenchymal stem cells, osteophilc pofymer, cell therapy, targeted
deliery.

Tyiingewe

BUOMHXEHEPUS XKOHE XACYIWA TEPANMUACHIH KONAAHY
APKBISIbI CYVEK TIHAEPIHIH A3 HEPTUSANbI XKAPAKATTAPBIH
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Kipicne: COHFsl yaKuTra OCTeOfeHextiH MPOreHATOPNS  XACYLGNEDS GONbiN  TaGBINAT  8yTONOTHAMLIK
wesesomansik Garakanel xacyuanapns (WEX) naiganasy ocreonopoiari Xoke con CHFKT CyReK THepki
MTOROTACHHAATH Gl KTAASH GBS GHHTEIeNy aMBRIHIA DETEDATHET OCTEOIEHEXIH KOSWDFaL PeTikie
KOaKY P JEPTTEYNEDTiA NEPCEXTHEANLK GaF TTapsikeik Gipi Gonin TaGeinage. Ockirak GainassicTs, Kapsery
Mennow Yweeporreriues (AKL) Gipnece oTupan, WakcarTsl kenix nnatopuacs perise MEX-vex Typakrsl
Gaiinassicruipyra kabinerr ocreodwnoni PBP-FHS ocreodunei Gucdooosar nomiuepi kacang. Bypui 6 in viro
NaFRaFHIA NONHIEDIH OCTEOMACTIKANLIK GENceHRniTI TEHEH ANATHKLIFK, COHSMEN Gipre O LHTOTORCHKENLIK
enmec xawe MEXCH OCTeorenni Capanasysa ecep eTneTik KepeeTir.

MaKcarbi: Xeren Awe CO3HA NOTMMEDT Y TTaMbiFsH IEPITeyTe GaruITTaNFas KIVHWKAFa Aeiier IeprTeynep
HYPILy, SKCEPHUEHTANTLI OGTEONOPO3 BACHEA K IEDTXAHAK XaHYPTADIIH WHIKTAK CyRerl CoraH XeFRIa,
OCTeODATL  NOMWMEDME  KYMHC  XGCBHTOH  MESBRGMWANSK  OGFaHaNN  XACAUENADSM  Xeprinici
TOEHCTAHTAUYACHIHSIH KENNLa Keny aneyer Garanay.

‘Baicrep: Ocreoduneni nonwmepen wonbmauasras MEX-H KONIEHYISH KAWENSK TG pacray
i, in Vv sepTTeynEpikie SCTPOrEHE TOYeNS OCTECNOPOANEH WHIYKUNANAHFAH  re)KADHKTADIAFs! Gl MOZEN
Xacay apKeinl SepTTeynep Kyprising. OCTe0dN ik GACCHOXPOHAT NOTHUEDiFi XET1eN XaHE COSBITMANS! YT iFbid
3eprrey KasaKeras PecnyGnikace! fescaynii cakTay MAHCTD ik «[IOpITi S8TTaD Wel MeTMLHENSIK yibiNIap
CapaNTaY YT OpTanBiFHeiKp EPTIAHACHHDR HertHaE Kyprin

Homuwenep: SKCrepIRHTNsf SCTDOTEHe Toyendi OCTEONOpOSgsIH HCTEPHMENTANLL SCTPOreHTe Toyeng
CTEONOpa3H BSCHHER WSHTAK CYFEr Co¥yol BANGFHHIGFLI CYAK TFSIIFLIALIH B3Py MHAMGCHHbIH SMDIIK
Tangaye! wonKbAaaKFaH 4 ece nonwep MEX TDBHCTINAKTAYM aNFaH KAHYAPNaD TOBHHOR WIHTAK CyFeriin
CTECTOMNSCHAaH 4 a1Ta ETEHHeH Ke CYHeX To Rl 2 % XORADHINaY i KEPCETT,

Tipi Kesine GaKunayabIH HOTWKENEPi AITINTIH Coky AAMAFLIKGIK THCTONOTHNK MDENEPATTPH erien Kefisri
Tangay apieins PACTanaL. MEX-H WATEPCTHHANLS TEPAIT AHGUMKACHH JEDTTEY HECYLLa NPENapaTLIKSH XeprinicTi
VBN KaH e 1eW ferenge Gip BN iLIHTE CYFeK akaysl SAUBFLHIA TPAHCITIEHTALYS KaCYLIANAPHIHLI Bonys
KepeeTr KnusKara Aefin GAOMOTHANLIK KaJinCianik JepTTeyNepiiK HOTIKENEDi XEen ASHe Ca3bTMans! NOMAVEDN
YT KT XOKTHIFSH KEPOETT,

KopsiTuimgst  Anisrak  MoniWeriep e  dywyosanms  Tobel Gap - Gacqooposar  Kewe
THIPOICHCYKLYIME OCTEOPHTL MOMMVEDUEN NOTWDWEUNATARFaH MEXCH ACYUANK TEPAMMACSH KOTaRyFa
Heri3genex yCkelIFaH YLTWIMAGTHETI Tocin, OCTEONOpo3Fa GaRNEHSICTHI CYHeK Tikkin XEPaKaTTaKYH! peragaTvari
cTerese3 bHTAnaALLIPYIH KEYINGS XaHe T O £en TYXIpLIM KaCaY R MY Gepa

Tyiindi G306 OCMEONOpO3, Penapamusi 0CTIE0ZEHES, MEIeHXUMaNbIK Barasansi Xacyuanap, oomeopunsdi
OUMED, KaCYa MEDANUACS, MAKCAMITS | KENik NTaMpopuacs..
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Opurunabuse uccretoBanms

Beeaenwe

B HACTOALIgE Epeus, C GYDHLIM PAIEHTHEM METOR0B
PereHEDaTHEHOR METLYHSI 1 GHORXEHEDHN, MDHMEHE-
Wi METOWOH TEPATAA SBIFETOH  MepCneKTIEHM
HaNABINEHHEM § MK OCTEOMDDOS-A000LHHPORAHHSIX
WYX HHOGHEDIVECOX  NEpENON0B  KOCTel.
‘CHIHEHAE MIOTHOCTH  DOSHOCTH KOCTH NPH OCTEONOpO3E:
IPOHCAOEHT, B0-TEEIX, 533 YCHTEHS QYHKLOHANEHOH
THBHOCTH OCTEOKNACTOR, #, B0-8TOpHX, & peaynsTate
CHKEHIS  IOMIECTE  KMETOKTDEUIECTIEHHHOD
CTEC6ACTOR  PASBHTIS TaK HAIIEASNOR GOCTEOrEHHOR
HEOCTATONHOCTHY, ¥, 1aK CPEACTEN, HESOIOKHOCTH
oBeCnesHTs HaMERALINR ypoBest ocTeopenapa. B
O CBEM, TDBHCTITEHTALA MESEHXAMBNSHBIX CTEOTDBX
knetox (MCK) srvercs onsm w2 wawGonee woro-
GRUBOUMX NOTIOT0B B yMLEHNH pereHepaL
KOCTHOR TX@HA NDH NETONOTWHECKAX TPYHOSEXHEEIOUINX
Nepenonax, Tax KaK faHHHe KNeTOH SENAOTON
eCTeCTaHHHIM  MPENUIECTBEHHAIAMA  OGTEOBNECTOS,
GNAA0T  WANYHOMOTyTHDYOLMY  CBORCTSAM,
000Gy CeKpeTHPORATS DAKTOPHI POCTa, YCKOpIUE
npoLecce! soccrasoenenys iaeh (8.

CYUECTS/eT f12a OCHOSHIX NYTH TPaHOTRGHTLYM
MCK: chcremssih  mectisin. Cucrewsoe  ssenese
BMNGET  GHYTDHBEHHYD W SHYTOHGDTEDHAMHYO
WHLEKLIO CYCTIEINO KNETOK, TOTIA KAK MECTHOE
aBenesie 0BT MPAMYI0 THBHITIBHTALWO KIETOK &
30wy wirepeca [5], Pawwe WocnenosaHA 8 obnacTi
KNETONHOR  TPHCTIGHTONOTA  NOKGZAMK,  ST0 NpH
oicrewsom  seeneww  Gonwes  sacrs
TOEHCTANTUPOSAHHIX  WETOK B Nepeyio  Ouepens
NONaZAET B TErive, OTKYIA OWH TWGO STUMHPYIOTCH,
W60 TOCTeness0  MWTDADYOT & pyrve  TK@M
[25:9.23,7,10]. Murpauus MCK s ners, kax nonaraor, &
OCHOBHOM OGYCNOBEHa BOCTEIMTENsHbIMM MPOLECCa,
IPOTEKAIUH B APYTHK BHYTPEHHIK ODIAHAX, TaK 12K B
omy caceh Gronorw, MCK  senmorca  odess
“yeCreuTenssIM K xeuosy CCL21, supabarsizai-
LIEWYCH KNETKAMH COCYCTOND SHIOTENHA BOMKIH J0Hst
aocnanesws (27, 21]. Tawm o6pacon, #a ppextverocTs
oncrenmoro seenea MCK 8 crysae naTonorh KocTHOR
TIGHA MOTYT B GHTENSHOR WEDE BIWATa ADYTHE
XOOHECKHE. COCTORHHS, NPHCYTCTEJOLINE & OpTHITHE
peuniexTa. [loyrin HENOCTATKON CHOTEUHOTO S8efeHHs
MCK SEnsers arperauy TDaHCTNaHTHpORaHHSIX KNETOK &
OGNACTAX aHOWANSHOR NPONKDEDALYH KNETOK, HENDHIED
NDH paKE WOMONHOR  XePedwl, KWK W ADYTAX
oHonorHvecHi 3a6anesar [20). C 31O TouKH e,
B CryGe TepamN NATONOTWA KOCTHOH TXAH, MECTHES
TOEHCTAHTALY SETAETCA NpEANONTHTeNsHed, TaK rak
GecnerazeT noxansioe seeniee 3500NDND Myna MCK
HenOCpencTEeHHO & 304y fecherTa.

Tew e MeHee, 5 HeOTOpLIX HONEOBAHITK CTEHTCA
107 CoeHvE CIOCOBHOCTS K BKHERKHO METOK 38H
OTCYTCTEI KHCNOPORE H MHTATENSHSIX SEUIECTS B7aMM OT
kposoTOKa [26]. Mpuesesne WeTonos nosepxwocTHoi
MOTUEWKELYA KDETOK 3 (BHHOM CTYNBE MOKET YMJHLINTS
VEXGHIN XOPNE, A TAKKE, § SASHOMMOCTA OT
QYHKORATLHON  BITUBHOTH  TWIBHISI,  WRTS W
coserasuh apext.

I08EpIHOCTHaS NODPWELS KIETONHOH MEUGpaHe:
MOXET YMMUNTS SDPEXTHBHOCTS XOyUHHE 38 CHET
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MM, AMEIOLINX BICOK0 BAXDAHHOCTS K KOCTHOR TkaHH
B wecrenosamsx Guan et al w Yao et al Guna
paspatoraka  nomiepsas  oHCTPyKS  LLP2A-Ale,
Koropes nocpencraon muraknsl  LLP2A catasieanacs G
NOBEQXHOCTLIO ATETOWOH  MewSpaHsl, @ TapreTHan
ROCTABKA K KOCTHOR THGHH OGECTEWBANACs A CeT
BICOK0H ADPUHHOTA aNHIPORATA K KOCTHOR TIaHH

[1233) Mpwensensin & sawen  wocnenosam
ocreotpunssui nonmep PBP-LNHS wueer 8 caoen
cocrase e (yMposansue e~

GHebocchoRaTHyIO 1 rHIPOKGHCYKRLMTHYO (NHS). NHS-
YIG COCOGH KOBANEHTHO CEATIEATLCA C aMHKHLINN 1

KEPEOICHTHMN  TDYTANY,  HEXODALMMNGY KA
MIOBEQXHOCTH  KIETOUHIX  WeMOpal, OBeCnedHEaeT
E3MMONEICTINE  NONANEPD G MESHXMANHMN

TEONOBLIM KneTkawH. B CaD0 0vepens, GHooccokaTy,
wieouye  BHODyD  CTenews  cponcrEa K
THAPOKGHENGTHTAM, COCTaEAOYM MOSTH 213 CyXoR
MBCCH! KOCTH, G OfOR CTOPOHS, NPHIEAKS OGECTEAEATS
ADPHAHOCTS  YHKUYOHAMKIADOBHHSX  NOTAMEPON
KNETOK K KOCTHOR TKGWA, 4, C APYIOR CTOpOWS,
WHTWWpOBETS DETOUHTEDHYHD AKTHEHOCT OCTEOTACTOR

B HaLIHX NpenyLYX PAGOTAX Gena NOKEIAH0, 1O
nonywep cnocobes CTabmo caRsiEaTcl © MCK 1
KOCTHOR THGHSO, He OKEIABAET SMAAHHA Ha MPOLECCH
KneTowoR  NponWbEpAA W OCTeorewHOR
avdpepesposn  MCK, w ofnanaer ocreomacr-
WHTWOWpyOURA aKTHBsoCTSO n viro (6, 24] Liensio
HACTOALLETO  WOLTENIORAHHA  SBANOCs  AOKTUHHYECHOE
WCCEN0BaHYE  OCTOOH W XPOWNEOIOR  TOKGIHOCTH
MONIEPa, 3 TAKKE OUEHKA DErEHEATHEHOTO NOTeHHENE
MOKEsHOH TDEHCINAHTALYH VEIEHIHMATEHX CTEONDBX
KNETOK  HKUHOHANVMPOSHHGIX  OCTEORTHIM
MONMIEPOW, NpH  NEPENONEX NOKTEBOR KOCTH MeMKAX
NaGOPATODHLIX KHEDTHSIX Ha (DOHE HCTEPHMEHTANLHO
WHAYLADOBEHHOTD OCTEON0pOza.

Meroaet

Tonysesue u kynemusuposasue MCK

MCK ssigensm w3 tocTHoro wosra Geppessbix 1
60nLLEGEPLOBHIX KOCTE 4 HEOEMLHIX KDHIC COMACHO
onycassony pasee mpororony (M), Brpare, TpyGiatsie
KoCTH (Gempere, Mnesestie) pHC nOuewAN &
dpocchamieii Gydep, conepkaun 1% awTHGHOTHOB
(nesmpmIVHCTIETIOWAE), # OWLATH 0T WA
e, OMKDHSH YIATATH, @ 43 CHAGWI08 BbEETH
KOCTHSIA MO3T C MOWDSO MONHOLEKHOR. MUTaTENHOR
penst DMEM, conepwaue 10% FBS (berantias Geies
cuiB0poTHa) 1% aHTWHOTKOS. Beigenemsyi accy
pecyCneNpOBETH W OV & TpOGHDIY, C
nocreaywm uesTDDyrpOasHEM MpH 300g B TesRHHE
10 msyr. Mocne ynanewss cyneprarasTa ocaxnensie
KNeTHA pasBOTAIA & nomouewOR cpene DMEM u
auicensaN +a wymsTypantibie MaTpace. 110 AOCTIKEHHH
95% KOHDTIOSHTHOCTH NDOSOTHII MEXBHHIECHYI0 OHWCTRY
xynsypss MCK nyTew ectomussass kynsrypansweix
WaTpaCos Ha opbuTansHo weitkepe npw 800 ooparax &
TedeHHe 1 4aca. 3aTew KNETKH MOHOCNOR NEPECeNBEM Ha
NOKpOBK  CTEma W MDOSOTMTA  OUEHKY  SHOTOTS
nonyeHOi KynTYPH. Ouesty YHCTOTs KyneTypsl MCK
NpOBORMTH G OUOWSD  WuysodryOpesteKTHoro
avania MCK werarvassix wapiepos CD34 # CDI9,
KOTOpbIE HCTPECCHPYIOTCA B FENONOSTIHECKI KTETKAX, &
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Taie ceuypueckix MCK nosimvensix uaptepos CDY0
DS,

Toasaperyus MCK noukbepaskss resmuaupycHsms
exmopou u Guomowuecues A1l asanus i viro

Buifi HCNONb3088HS! NEATHBHDYCHSIE SBCTHS! LVT-
Luc2 (Eurogen). Knemor seicewsam ¢ iokessoi
nnorHocTH0 211065 KNETOK 8 12-MowE MnaHUETs.
TlesTUGMPYCHIE YACTAUS OTTGHEANA NP KOWHATHOR
Teuneparype. 200 nesTvEpyCHX SacTy (0 5xi0e6
TOGHCAYLMDYOLYX EXMEML Ha MA) HOGAENAIM © KEKYO
nysy. [ younewss  Tpascdberumm  ucnonsaoeam
nporamus cynschar (Sigma Adrich). Mporans cynschar
pacreopsn  aoge MiliQ n pobaEnsn 5 kakayo nysky
% pocTIReHHA hkanoHoR KowesTpaU 00T
Mnauky wsyGuposam o Teveswe 24 dacoe i 37°C,
SCO:. Mlocne cpeny 2auessny 4a oMKy MATATeNbky0

CuAme3 U XuMUECKaS CTpyYKTYpa OCMEOUTLHO20
6uccpoaporamioeo nonuwepa PBP-NHS

Tlpolecc CHATE3R H XHIMMECKER CTPYKTYpa 0CTe0-
unstoro_ Guapocdionarsoro nonwmepa  PBP-NHS
6ol onyGRUKOBHH 8 HaLIWX MpETHAYLLNX paBoTax (6,
2]

Oywuuonanusauus MCK ocmeocpunsseiu nonuuepou

Toavopeusposarie  MCK  wiwybnposans ¢
OnMEPOU 8 KokueATRaLY 1 Ml a npOTKeHH 10
WHYT 8 B015WOR Gave 37°C 8 1 un PBS npw pH 8.0,
locrie wiyGaLH E286Cs KNTOK UEKTDADYIWPOBEIM DK
300 & Teseswe 5 wiHyT, npousizan 8 PBS npu pH 7.4;
npoLenypy NoSTOps TpK paza.

‘Modens 0cme0nopa3a u nepenoua noKesoi Koo

Monens ocreonopaza y NaGOPaTOpHAX IpHiC Guine.
030K Ny TeN NPOENEHHA CTaHATHOR GANATEpENtHOR
osapuosrrowmn  (OVX). MnorsocTs  KooToR  Tkas
OugHWBBIH HENOCPENCTEEHHO NEPe OnepaLpelt 1 epes
T WECSUE NOCTE pOBENEHIS  OBADHOGKTOWM C
OO0 CHCTEMS A5 CTHECHOTO WMAZKNHTA i VIvO
IVIS Spectrum CT (Perkin Elmer, USA). Ocreonopos
(CHTNCA NONTEEPKIEHHSIN TDH YMEKSLIEHH MNOTHOCTH
xocrkoR THakw Ha 10% W Gonee ™ cpaskeso C
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cpeny DMEM (15% OBC, 1% New/Crpen). Crycrs 72 saca
POBOAKTH BHAIKS A SDPEXTHBHOCT TOZHCIDEKM C
OO0 CHCTEMS AT OTTECKONO WIMEKIHTA in V0
IVIS Spectrum CT (Perkin Elmer, USA). fins i viro
GHonOUMHHCUEHTHOTO  aKaK3a  WonOms30Band  D-
niowkpepws ceernaa (Perkin Elmer, USA). Marodssi
pacrecp forosunn ¢ KowuewTpaueR  J0urhun 8
CTEpATSHHX  JONOBKRK,  BYDATHO _ NEpeSOpaiABas,
pasnveam u xpasunn npn -20°C. Paboui pactaop
FOTOBKTA C HCTONL0EBHHEM NOROIDETOR MHTETENsHOR
CPEN AT [OCTAKEHS  HKANLHOR  KOHLEHTPRLYM
150uriun (1:200). Nepen nposeneswen axanica c
OO0 WMWINEDa DAGONWR pacTEOp ACGaBANA B
KEKIYO Ny AWK NpOSOMTM 8 peie
GHOMOUMHHCUSHYM, IOHTPONEM CIPKATH  KDETKN,  He
nogze praBLuvecs TpaHcperLH (PHCyHOK 1)

PuicynoK 1. fleTeku GMomOMMHMCeHA nonynAui MCK, TPaHCibeunpoaasHsix - (nywin Ne 2 )
W HE TPEHCAeUMPOBZHHSIX TIOWDEDEIHbIM NEHTUBHPYCHLIM BEKTOPOM - [y 1 1 5.

nepeckauabHO. 1N OleH  perexepaTiEKor0
notesuana  wonubnposakex  MCK, knemor
DYHKLHORATHIHPOBEIM NOTHMEPON COTACHO OTHCAHHOH
abilie METonKe; Gana Wanons:0%aKa 0TpaCOTANKA B
Hauuei PEGOPATOpHH MOTENs HPYPTWIECKOTO eperoua
~MOKTEB0 KOCTH Y KPHIC G OCTEOTONMER AWACDHS NOKTESOH
KOCTH (DACHOK 2) K3 Q0Ke  SICTEpHMEHTATHOTO
CTPOre H-BHCHIOT0 OCTEONOpO3E.

AHaUS KOGMHOI ANOMHOGIT G NOWOLLLI0 UMUONEpa
ukpoKT VIS (Calper, USA)

PAQVOANA  TDIHENHEA OUEHKE MOTHOCTH
KOCTHOR TKGHA 8 304 TePENOUA_NOBOMNEC NpH
nowou annapaa wkpo KT (IVIS Spectrum CT, Perkin
Eimer)) pas o wepeno. Monomsosand wipokT
pacepou sorceneit 150u, 40 ansr, 50 18, paspewsve
425, FOV LW 12x12413 o, MpuGnusrensias noza
cocraguna 52 Ml Ha OO OHApOSaHHE. 3-MepHaS
PEKOHCTDYELY  OUEHKA MNOTHOCTH KOCTH BNOTHATACS C
wCrons308HeN _ MporpaukOro  obecnesens  Living
Image 431 (Calper). Monysessoe waoGpaxeswe Gano
aanoprposako & popuare DICOM w coxpaeso Ha
Xecrow pucke. [NOTHOCTs KOCTH  ONpeZening  kax
OTieCRyko AROTHOCTS 3 0Gee KooTH.
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PhcyHoK 2. OCTEGTOMHS ROKTEBOM KOCTH,

Tucmonoaueckui ananus

Mocne swiegess 3 KanepmenTa, naGopaTopHLie
HUBOTHNE  YWEDUENATAC  NyTeM  UEDEHKENLHOR
CnOaLM O WSOANYPaHOSON aHeECTESHeR, NOKTesaA
KOcTs  Omiendnacs o7 conyiCrayouwx  THased,
IPOBCEHINACS MBKPOCKONVEOHaR OUEHKE Warepyana. fIna
MMRDOCKONIMECKOR OLEHKH DOLSOC08 PEreHEDaLi 8 30HE
CoauEHA  nepenowa,  TKAW  MOKTEBOR  KocTi
IOBpEXTEHHOR KOHESHOCTH i SBEMICHDOBaHY 8 10%
weimpanison  pactaope  popuanisa  (H 72-74)
OparuesTs  OCTHOR T Gund  roneepryT
npenEAPTENLHOR  feKAMBMHALM, C  NOCPeRyOUEH
THCIONONINECIOR  06paBoTION 0 OBUIENpHHATON
TeHOROWA C 3anHBIOR & napadhis. Vs napapmAOBX
6008 Guine  KrOTORNEHS!  WWKDOTOMHIE  CDEH
TonuwoR 710 WKPOH G NOCPeRyOUEH  OKpACIO
feMATOTAAON W 0IOM  H  Kayesen B
CBETOONTIECHOM IMIDOCKONE.

Vauyocbmoopec eIl aHanu3 2ucTONo2HECKLX
Gpea0a M HamAle HapHEPOS TOLIKDOPaSI & KoGTHOI
meaHu & sowe nepenoua

Toavcaywposasssie  noukpepacon  knemst
HaNKHPOSATH H2 THCTONDTINECHIX CPE3EX G NOUOLLSO
wiyHodnioopecuexTHoro avaniza. Asritena Goat Luc
Ab (Abcam) WoroMs308arn KaK nepeiHLE aKTHTENE 1
Rabbit AntiGoat Alexa488 HL (Alexa Fluor® 488) (Abcam)
xax sropisie. MioGpaxews Ganu nonjiess C
OMO 0 KO#boKaNLHOTO MHKpoCkona Carl Zeis LSM 700.

Misyuesue 00Tp0il U XpOAUNECKOI  MOKCUIHOGTU
oameopunsHoz Guccpoccpoamiceo. nonuwepa PBP
NHS

VIGnef08aHs OGTPO . XDOHIMECKOR TOKGHHOGTH
octeopunior0  GncqocposaTHOr0  nonwwepa
nposomucs #a Gase P a MXB  eHauokansssi
LEHTD SKCTEPTIGH NEKEDCTBeHHbIX CPLCTE,  Wanemvi
VEMUHCIOTO. HAMEEHAS W METMLUHCIOH TEXsORD,
Myscrepcrsa 3npasooxpaseis Pecnybnm Kasaxcran

Vocneposasie 0GTPOR TOGIHOCTH TPOBOTANOCS Ha
12 Gerkix W Gpesei X IOM0BO03DENBIX KpLICaX 0GOEro nora
waccoil  180-2001, paieneHHX Ha B TPy
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HogoTHle  pacTpenensnAcs N0 ToynaM  cysaiu
oGpam B KaCTEE  KDTEDHS  NpHEWREMOH
PAHIOUAALYN CHTANH OTCYTCTENE SHELIHAX NDIHAKDS
36ONEBaHIA 1 TOMOTEHKOCTS TPy M0 WaCse Tena
(10 %). Kneorsin nepeoi uCanenoeaTensCioi oyt
6Lin0 SBenek0 5 un BOTHOTO DACTEOPA nonNEpa B
Hasans+oh £05e 500 MKT BHYTPHGPOLINKHO ELNHORDRTHO,
XHBOTHIM KOHTPOT:HOR TPy GLIna B6€feAa 80AA ATS
WHbENLH 8 Ton Xe oGbewe. Ha npormKesn 14 cyTo
vabTioDamM 3 COCTORHAGM  LEPCTHOD NOROSA
CIUMCTHX  OBONONEK  XHBOTHSIX,  NOBEEHECKMN
PeaRLNAIM, PETHCTPHPOSANH MACCY Tena. O HeraTHEHOM
BV SBegEHHBIX HCCIERYRMIX OGPILOB CYMM O
KIMHECK  CHUTIONEW  WHTOKGH@UM  (0Buee
COCTORHWE  XOUBOTHIY,  OOOGEHHOTH  OBEEHH,
VHTEHOIEHOCTS JBHTATENbHOR BKTHEHOCTH, PEAKLH A
S8yK0aIe 1 CAETOBSIE PATIDENATENH, COTTORHE KOKHOTO
# BOMOCTHOMO NOKPOS3, OKPAOK CAMCTEX OGO,
AVHBIMIE MAOGH Tena, MOTpOGTIEHHO KOPHOS  BORH,
CuepTHOCTH.

Vayese XPOHECHOR TOKGAHOCTH MPOROTANOCS KA
6ensix wGpegHsix MNOBOIPeNsIX IPLICaX 0BOETD Noa
waccon 180-200 1, paspenesseix ka 4 Ty, KoaoTHble:
pacnpenensic o fyau. cry@ism obpazon. B
KENECTEE KDHTEDAS, PHEMNENOH PEHIOWSAM CVATENH
OTCYTCTEME  SHEWHNX NDKMAKOS  SaDONSAHNA W
roworesocTs oy no uacce Tena (+10 %). B xakayo
yny Goino BKknoteso o 10 K@oTHBIX. N e
XPOHNECKOH  TORCWNHOCTH  WCTOyeNse  0Bpaiil
BB0HINHC BH TOAGPOLINHO & MBKOIMATEHO FONYCTINON
oBsen 5.0 un A kpuic uacco 180-200 1 8 Tedene 28
aveil. W pACWETe [OMDOROK [T XPOHECKDH
TOCIRHOGTH  UCTOMe308ars_pesynLTaTl _ ONpegenens
IBPAMETHO OCTOTD TOKCHECKOND EFCTEN OOPE3L08 Ha
KpHICaX DA SHYTDHGPOUMHOM SBeneRN. B nasHOM
crysae 1150 wecneayeusix o6paaios cocraemser 1000
wrikr, WX0s W3 aCieTa Seomisie Mol Hecneayeusix
ofpaxuos cocrasun: 200 wrlr; 100 wkr w 50wk
(cooteercraewso 1I5; 110 1120 or 1000 ek
HaGnonesve 2 OB COCTORHHEM, _NOSETEHWE,
BHIATENbHOR AKTHHOCTSH0 KHEOTHIX BETIOCS B TeseHHE
28 e, B nepasii ness Nocne sBeneHHs npenapaTa
XHBOTHbIE HEXORMTACH 00 HENDEDHIEHIM HEGTOEHHEM.
Ha nporsKewn ecero SicrepuweTa KaGnomank ca
COCTORHEM WEPCTHOTD MOKDOB3  CAUCTLIX OGONDIEK
XUBOTHX, NOBSTEHEOHNN EZKLIANN, PETICTDAPOSaIH
uaccy Tena. O HEraTAMOM  STURHAM SBeneHsix
MPENEPATOR CYITA N0 KIHHECKIN  CAUTTONEM
WHTORCHKGL (0BLLEE OCTOSHHE XHEOTHbIX, 00OBEHHOCTH
IOBGfeHS, WHTEHCHBHOCT ABHTTENLHON aKTHEHOCTA
TA), AMHGIWKE MACCH T3, CMEPTHOCTH. BuNHCTAT
Cpefee awavewHe NOMNERHSIX BEMKWH W CTaHIapTHO
omnosee.

Cmamucmueowd axanus

Mlonyesssie nasHbE NpeCTaBNeHS & SHOE Cpeaeh
+ cTawnapTHaR nomewkoCTS cpenwen skl (Meant
SEM).  Crasmpmee  omosews  wexay
KCTEPHMEHTANLHLIUH TYMAMH OUEHHEENACS C NONOLLEID
OmHOBAKTOPHOTD  IWCEPOIOHHOTO  akanKsa _ (one-vay
ANOVA). 3HaUBHHA CAMTAHCs AOCTOBEDHO PAITMHAMH
TP p < 0.05. AV MPOSORUIGA G HanOTL3BaHEM
cTamHCTINecioR nporpawn SigmaPlot,
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Pesynurari

Oueika. pezesepamop020 romesuuana fokansHol
MDEHCNTAHALL ME3EHXUMNLHbX CMED0RLIX KTEMOE,
yHUUHANLSUDOBG X OGTIEO(PUTLHOM  MOMUMEDOU,
DU MEDENOUEX TOKTESO00) KOG METKUX TE60paMOpHsX
HUBOMHIX Ha pOHE. HCTEPUMEHMINSHO UKOYUUPOSH-
Ho2o ocmeonopos.

Monens ocTeonopoza y RaGOpaTOpHIX KpHC CoYAaEH
TyTeM yganess SILHHKOS. YEATEHNE NHIIOS SETRETCH
DWHOR SCTDOEHSABHONIOND OCTEO0paZa; B CHET
VMEHUHS  IOHIGHTALYN  SCTDOTEHA  YMEHBLIBETCA
KOHIGHTDGLYA KaMLUTONHG, STO_ MDWEOZHT K noTepe
WWHEDAToHIX BELIECTS, 3 & CCOBRHHICTH KaMb, #,
COOTETCTEEHHO OXPYIKOCTH OGN, ApyTAA XpderTon
CHONEHHS KOHUEHTDELYN CTPOTEH B KOO SBIAETCH
Younese OCTEOKNACTHOR aKTHBHOCTH. MCKORA K2 e~
OIAMOND, CUTATEDATLHES  OBADHOTOMNS  SETFETCH
XHpeKTIBHbIM CIOCOBOM COYFaHA MOREIH 0OTEOMDPO33,
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Yaaneie SNHAKOS TPOKIOTNTH Y CaMOK_Gensix
Gecnoponssix kpeic & soapacre 2 mecaa. Ouery
MOTHOCTH  KOCTHOR  TKGW  NpOKISOMMH
HENOPECTEEHHO TIeDe]  Ka POTAKEHIM TDEX MeCALED
nOGne yaneHHs SUHIKOS DA NOUOUM WAKPOKT VIS
‘Spectrum CT (Perkin Eimer, USA). Ouesry nposognu &
enwnax wamepenys Hounsefied. Y rpynns: Kyeorseix ¢
KCTEPHMEHTATHO-WA Ty IPOSAHHIM OCTEONOPOS0N Y
KOHTOONbHOR [Pyl (63 YORPEHHA  AHNos)
ONPEENAN MNOTHOCT: KOGTHOR TKaKH MPaBOF # NeaoR
aepeii KoseHOTH

AVATHG  [WHAWHKN HOVHEHHS MDOTHOCTH 10CTHO
TNGHY, PENCTAENEHHNA A PHCYHKE 3, MpOBOBWTH
METOOU COOTHOLLEHS (PHHaNSHOR MOTHOCTH KOCTHOR
THGHN, WINEPABLIEICA YEDES TDA MECSLA nocre
IDOSEeHHA ONEDELY, K HajBNSHOH MNOTHOCTH KOCTHOR
THGHN (HENOCPICTEEHO Nepen onepaLyel), Koropas
npHpasKHBaNaCs K envHLe.
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PicyHoK 3. AATHS KOCTHOM IOTHOCTH  30pOBII 1 OVX KHOTHIX.

(Rastie npenCraznesti & 340 COOTHOIEHH EHHaNSHOR MOTHOCTH KOCTHOH TkaKH (3 Mecae)

KHavans40f (10 ONEDATHEHOT0 BUELIATEN,CTEa); ACTOBPEHOCTS ABHHIX NDEFCTAENEHG TECTOM
Croionesa (" - p<0.05 o cpasseswo ¢ KoKTpONE, 1=20)

pn cooTsowesm paskowy 1 - ANOTHOCTS KOGTHOR
THGHA OCTABANGCs HEWMEHHOR, eCT  Iwavewne >,
SHEWT, MMOTHOCTS KOCTHOR TXGH YBENIMNECS, €CTH
Jaewe <l MAWT MOTHOCT  KOCTHOR T
yuessumnacs, aKTWENe  OcreONOpoTIECtHe
npolecce. M3 picyka 3 BHIHO, 4TO Y KONTDOMHbIX
MUBOTHLIX, He NOTEPTLINICS MPOLEAYDE OSPHIIKTON,
INOTHOCTS TIaHH HESHEMHTENbHO NOBS LANAC (TDAEDHO
#a 10%), 470 CBYE8HO C HODMENHSI HSHONOTIECKM
a3pocnerHen XHEOTHuIX. HaNDOTvS, Y MpooTepuposaskeix
HUBOTHLIX SEDES TOH MECAUD NOCPE. 0BEPHOIKTOWNM
vabiopanocs  ~25%08  QOCTOBEPHOS  CHIKBHHS
IROTHOCTH  KOCTHOR TKGHH, “TO  CBMIETENSCTayer O
PASEUTIN SCTPOTEH-SaBHOHNOTO OCTEOMDPOTA Y XHBOTHSIX
30i rpynne

C yensio oues peresepaTha0ro noresuyrana MCK,
MOTMPMPOSaHHLIX OCTEOHTSHLIM MOTMIEDOM, Gaine.
C030EHa MORENs WHIYUHPOSBHHOTO NEDENOMa NOKTESOR
KOCTH ¥ KpHIC C OGTETONMHER MHachiza NOKTEBOR KOCTH Ha
QoM CIEPIMSHTATHO  SCTDOTEH-JEBCHIOT
ocreonopaza (pucyox 3). Mogens neperowa noTeaoh
KocTH Guina Beiokena & 4 ynmax (o 5 KHBOTHI).
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HogoTHle NEPROH YT KA KOHTPONEM W He
IONYNaa HHKEIOTO NEYEHHS: KHEOTHSIM STOPOR # TPETseh
YN SE0TUTH NHO OCTEOMTLHSIA NOTMMED, NHGO
1p0cT0 MCK, 3 T0 8Detis KaK X00THbIM YeTaepTo iyt
somum NCK,  vompuuposasssie ocreodusstim
nonuwepou, & kosyexTpauy 1x10 kneroxiun. Mpouenypy
TOEHCTINAHTALYM KIETOK W NONHNEDE MDOBOTWIM D23 B
Helemo Ha MPOTIKeHH SeTupEX Herens. [Ing olesn
V214 CDODIMDOBEHS KOCTHOR MOSOH A MDOTAREH N
UETHPEX. Henens POBOIHTH OLEHKY MNOTHOCTH KOCTHOH
THGHH & MECTaX NEpenowa. Pa3iHLY 8 KOCTHOR NNOTHOCTH
BLICHHTIEAI 12K COOTHOUEHHE (HHENSHOR NROTHOCTH (4

HeOens) K hasanoHoR (va  MOWEHT nepenow),
NpAEHHOR K COWME, Y  KAKIOR  KpbCH
VHMBAIYANHO. 3aTeM  cpefvee  Javewue o0

NOCHTEHO [ KBXIOR YNl # NDECTABNeNO Ha
picye 4. Mlpn CoOTHOWEHHM DaBHOMY 1 - MNOTHOCT:
KOCTHOR THGHH OCTANECH HEHSMEHHOR, eCni JHatesve <1,
SHEWT NOTHOCTs KOGTHOR THEHH YMEHSLIIACS €T
Jaewe >1, WAWT MMOTHOCTS  KOCTHOR  TRaHM
yeenwiunace, THBMPYIOTO  peresepaTaHe
npoyecce. Ha pucyKe 4 B1HO OTCYTCTBME. MHHEMI





image74.png
Hayka u 31pasooxpasenme, 2019, 5 (T.21) Opurunabubie uceteroBan s

ereHEpaLH CTHOR TIGHH  KOHTPONHIX XIHEOTHSIX, He  10CTOBEPHOE 27% YBETUEHHE MNOTHOCTH KOCTHOR TKaHH B
IOZBEPTLLNXCH NEXeHHID, W XABOTHSIX NIOMYGBLINK TONHO  MECTAX NEPENONa (pHCYHOK 4), 3 HA PEHTIEHORCKNX
nonmep Wik Tomsko MCK. B To e CaMoe BpeMS, y  CHINKEX, NOMyMEHHHX %pe3 UeTspe Hegen nomne
HUBOTHLIX,  OMYNGBLNX  MECTHYO  WHLEKWO  TEDENONa, “ETKO BW1HO GOpUMPOSAHHE KOCTHOR MO3OMH
WoRKpHposaskeiX MCK HaGnioganocs CamicTineot  (pHcyoK 5).

)
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PucyHOK 4, OLeHKa SXPeTHBHOCTH BBEACHY MORKDHIHPOBHHbIX OCTEOHNSHLIM
nanwwepow MCK npw nepe iowe fioKTes0i KOCTH Ha (yoHe OCTEONopo3a.

(Koniecraessie asuie NPeCTABNEHS B EWRE MIOTHOTH KOGTHOR THGHA B S0HE OCTEOTOM YEPE3 YETHpE Heem
IOCTE KaNANA SICTEPAVEHTE, HODUEKIOBGHHLIE K MNOTHOGTH KOCTHOR TKEHY, HIMEDEHHOR HENOCPECTBRHHO NocTe
onepaTvaHoro suewaTensCTEa (npApaBHessa KenwLe). locToBepHOCTS kX penCranexa Tecrom One Way.

ANOVA (** - <0.001 no cpasesio ¢ rosTporeu,

Tpynma 3 (MCK + Tpymma 4 (MCK +
(Toamvep+PBS) PBS) Toamvep+PBS)

Tpymna 1 Tpymna 2

Korrpoas

PHiCyHOK 5. DOTOTDEWH NOKTEBO'H W My 4eBOH KOCTei NIEBO BepXHeil KOHESHOCTH NaGOpaTOPHLIX KPIC,
‘CRENHHLIE C NOMOLLLIO CHCTE M1 ATA ONITWHECKOTO WMWEKWHT in vivo VIS Specrum CT (Perkin Eimer, USA)
BepXHUl PAR - CNYCTA 2 4aCa N0 NRPENIONG (0CTEOTOMMM), HHXHWH PAA - CTYCTS 4 Hegemk,
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Mpn  nposenesws  postmotem  axanwa
THGTONOTIMECKHX MDENagaTos 30K NEpENOMsl TPYGHETOR
KOCTH Y KOEPUMEHTANSHLIX  KHEOTHIX  ETEEpTON
YN, 10 CPAZHEHHID C KHBOTHSINM APYTHX Ty, ine
OTHENeHa BHICOS AKTHEHOCTS MOLECCOB PENGPATIEHOTO
OCTeOreHERR G COMMIALIM PESDACTAHHAUMN  HESPENX

KeToK BuEneKsl  Spenie  OCTEOGACTH, yGCTIN

MPONMPEPaLYM Ha NOBEPKHOTH YK CHOPIMPOZAHHSIX
KocTHX Ganok. Ha mpasie C Mo TRaHM,

Habnonans O6pa30BaHe YANORATIX 0CTEQOGPaTYOUINX
KNETOWSX NPOTHCEPATOR MO THNY KOCTHOR MO3OMH
(prcyoxs).

PUcyHoK 6. TWCTONOMUECIHR 2HaNVKs KOCTHOR TKGHH B 30HE NEPENOME.
A~ KOATPORLHaS FpYNa; 6 - YNNG, NONySaBLLas TONSKO NONMMEP; B ~ Tpyna, nory 2B TonsKo MCK;
- (PYIna, NONY42BLLZH KOMGHWPOBHHOE Nesete MCK, G yHKLHOHAUSHPOBaHHbIX NOTHMEPON.

9 oTCexvEaNS QWMWK SHYIATIGHESOT0
PACTDENENHIS  TPAHOINHTADOBAHHLX  KIETOK Gt
wonanaceas MCK, TDaHOBRUDORBHHE NEATIEHDYCHIM
sacmgam LueLVT ¢ nowkdepacoi. Mlawbepasa - 310
DepueT, CYBCTPRTOU AN KOTOPORO SETSETCA MOLbEDH
i NG B KNETH, SHCIDSCIPYOLIAE NOLHKPEDSSY,
OUDEDHHS CUCTROTCA B HCYTCTEwM HKHOTD chepuesTa

MCK

1Hegern

 OBpa0BaHeM OCANOUKEEDHA W ICTHGIT HEPIHO &
aue coem - Guonowsecusuwo [N feTenym
GHOMIOUHEGLEHTHOTD CHHENE NIOUYDEPHRA HOTONL30BAIH
CTENY A ONTINECIT0 MARIVTa in viro VIS Specium
CT (Perkin Eler, USA). Peaynami GronoieciesTior
aHaB Ka KCPECONO TOLYKDEPETS! MKEIaH HA PICYHIE

7.
MCK+I

PUCYHOK 7. EHOIOMHHECUEHTHLIH ZHNA3 TRZHCNGHTHPOEGHHLIX KNETOK.

THOMMHECUEHTHAR CHIHEN YETKO AETEKTHPOZANGS Ha
MPOTANEHHH OTHOR HEJEIM NOCT TPAHCINGHTALYM
KNETOK 8 TOETEH W METBEDTON IKCTEpHMEHTANHbIX
YNeX, OfHaKo Ha TPETe! Heene CHTHan He yAanoss
RETeXTUpOBaTS B OGEX TPyTNEX XHEOTHSIX. BOOXHO,
370 GERIAHO C MHGO G HH3KHM KOMHNECTEOU BHIKHELIX
MCK, 71450 MATaLHe KNETOK & ryGisy KOCTHOR TKaKH,
470, BaHaY OTpaHHEHHOH PSPELIBOLIER CTOCDBHOCTH
WHAIKED3, SATPYIHAET JETENLHID GHOMIOUAHECLEHTHOTO
curvana.
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[l pansweiuero wayienns AnvaN SHYTDHTIE-
HeBOTO paCTpeRNEHI TPGHCITAHTHPORZHHGIX KTETOK
66 MpoReAEH MAMYHOGCOPECLEHTHSI aHaTWa THCTC-
oTeCHX Cpe303 Ha HaMHE WaPKepoR Mo pepads!
& XoCTHOT: TRaHH 8 304 Nepenola, Peaynsras avania
wnpodoTorpad, npeacTasne ke Ha picye B,
NOFTaEPAN HaNIKC MOKPEPR - MOMOKGHTEMLHHX
KneTor 8 CocTaBe KoCTHOR Trak#, 41O ABET Ha 00HOBR-
WA NONATATS O XHIHECIOCOGHOCTH W AH(XDEPeHLALIM
TpascnnasposaHsx MCK 8 KneTi-ocTeo6nacTs.
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tlexasss

PHCYHOK 8. HMMYHHOGTIOOPECUEHTHBIA ZHTI3 Ha TIOUNIDEPa3-TONOKHTENLHLIE KNETKH.
Bbink ucnons08aHb aTuTena Goat Luc Ab +AntiGaat Alexa4g8 produced n rabbit, 20X

(Kowcpoxanseti wwkpockon Carl Zeis LSM 700)

Zloknususeckoe uocnedosaiue OGP MOKCUHOGU
rotuuepa

MDA opokpaTHOm Sy TPHGpOUHHOM _ Serenn
Wecnenyensx 06gax08 KEoTHuM B 0% 500 urhe
OBLiee COCTOSHHE HUBOTHSIX OMITHOR # KOKTDONHOR
YS! HE KOMEHHTOCE, NE0EKA B0 BOEX OTTHBIX TPYNaX
W +aBNonanocs. Peaky Ha TaKTAbHie, Gonessie,
dBpoBNe W coeToBNe  paNpAXWTEnd Gemn  6es
s [11 YEEAIeHs SIOMMOR 03 HasENLHGS
o 500 wr Guma ssenewa nostopo. Mocne
[EyapaTHOTO BEeeHNA HEENSHOR 0% 500 MK
OCTORHHE NUBOTHBIX TaKKE He KAUEHHNOGs. Boenewsan

cymmapHEA 703 HCCPR eI OGPAL08 B NEDECHETe Ha
axenoe  coepwiewe  cocrasura 1000 i
IOBEIeHIECINE DEAKIM SKCTEDHNEHTANLHSX KHBOTHSIX
He GTINOHANHCS OT HODWS. B COCTORHM WEPCTHOTO 1
KOKHOTO  10KD0B3  MATONOTNECKIX  WUEHEHMH  He
oGsapykero, llepcrs  Gnectauas, rycras,  moTHO
npANeraiowIas, X0OLIO yAEpRYEANacs. [laNAKa HACCH
TENa  KepWMeNTANHSX  KHEOTHMX  Gena
nonoTensoN (a6 1). Kax suas0 K TaGmAL
KABOTHIE 3 OTLITHOR DY NAGAENAIM & BEce B
TedeHHe S02r0 Nepuona aGMOREHS. MOCE OHOHEHS
KCEPHMENTE KHEOTHIE Gl AKAMHTHPORaNS!

Totinuua 1. [NHaMAKa WaCCH! TeNa SHCTEPHMEHTANHBX KDL

W | fow,nyme awnsa wacos 1, cyron oGHE Raara onea Fonpoct

| meewm Gon “epeaddvaca | Uepes? preir | Uepes 4 gron | weccurena,r
TT107 | OMB6E0¢ | Q10307 | 91936k 2495

T |Kompomie | Gigareos | dieaszod | Size0s | Btestet2 &104

3 Toom ST64, 1207 | Q1846207 | 1808:02 | Q1936208 | 9%05
dteare 03 | 80 05 | S1w00rtd | dveser 10 | dwed

[In% Quen COCTOR_ SHYTPRHHX OpraH08, Guin
IPOBEEHO  BCIDTHE KHEOTHIX HCTEDHIHTTEHOH 1
KOHTPOHOF Y. BicyanHtie HBMONEHHA NORBANN,
70y AUEOTHbIX OGEHK Y Cepile GLIND paBHILHOA
QOpULI, NepAKaDD WCToR, GE3 Craex W HanoKeH,
MMOKEDE PASHOUEDHO OKPAULEHHSIR, HACHLLEHHOD LBET,
Ge3 wowesewn nosepeocT  flenve  coeTrie,
PAEHOUEHOR ORAH  KOHOKCTEH, Mleses rrakas,
Grecruas, pasouepio OaweHHa, 63 ysacTios
YONHEHHA CTOYKTYDS # USETA, KDAR OfraHa. TYnSE, 10
ope w paswepy nesess cOOTBeTCTayeT Hopue. Mok
PABHOEHO OKJAURHN, NEB3A W NDABAR NONH He
pasnaaoTcs. KOpIOAOe W OO0 SEUECTED WHeET
\eTOke AL, NEQIENTOB KA MOBEPRHOCTA_OpIaHOS,
VOHEHNS  OKICKK, IOHOHCTEHM K OTUEHEHO,
Crusicran Wenyowa iCras, poxoeas, Ges HanOKeh
Kiwessne anacrivsih, 63 craex w aedpopuay, 663
SWEMBIX HADYLIH LENOCTHOGTH, CIVHCTER OpTaHa Ge3

~AGbexTos, ManKaR, GRECTALA, HOPNO YaNaKHeHHaA
a acew nporsKesy. 11030GHYi0 MATONOIOBHATOMNECKY
KapTHY KABNIORAI Y ECEX MORONITHSIX KHBDTHS, 410
030DHT 06 OTC/TCTEM NETONOTWECKIX KMEHeHMi &
A i TIGHAX, BHSERHHLIX BOSEETCTENEM HTLTYENOTD
npenzpare.

Hownuruseckoe
moKcusHoGT nonuMEpa.

Pe3ynLTaT #CCneNOsaHHA XPOHHMECIDH TOKGHHOTTH
NONMIEDa OGN, TO B TEdeHHE B0ET0 OTHTHOIO
iepHoRa e KEOTHAIX OTCyTCTEOara. Banee TON0, &
Tedee  HCIEDNNTA e  HAOTOTATHCS  NPKIEKH
VHTOKOHGLI,  TOTWIED b OKG3AN  OTDALETENEHOM0
AR K (AWK MDADOCTE MacH Tena. Ha
TPOTAKeHM  50EM0  WCODE[OsaMR  HaGmepanach
nonowrenssas  pwawwa  waod  Tema
HCTEPHEHTANHSIX KHBOTHIX 126N 2.

uccnedosake  posuNeckol

Tatiua 2. IMHEMAKa WCCH! TeNa SKCTEPHMEHTANSHBX KDL

Mepon foocre

aeepienys npenapara Kosrponsias roymne.

o ssenesws npenapara 21802410 3181,4£02
“epes 24 vaca Q180241031814 £02
vepes 7 avet 21898408 3190,1£10
vepes 14 e 91860404 3195,0£02
vepes 21 e 91990408 31985204
vepes 28 e 92031407 3205905

MppocT uaccs: ena, ¢ 9229 345
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Boc K0TS B rpaax

Mormep
21850403 31826201
21850203 31826201
21920203 31938202
21966408 31979203
22010201 32005+ 04
92062401 32089+02
9217 33
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Cocroske  1OKHOO W WePCTHORO  N0KpoSa.
HCTEPAEHTANLHLIX KHBOTHSIX B XOfE FHCTEPHMENTA
6410 5 Npegenax Hopusi. Baseweakse BHyTPeHHIX
opraon KpuC (cepue, Nedens, nenve, cencsedta i
IO4M) He YCTAHOBHNO SHEYHILX PIUNHA 8 MACOBHIX
KOXHPHUVEHTEX SHYTEHHHX ODIEHOB CTEDAMENTANL-
HX KHEOTHIX, 91O COWIETELCTajeT 06 OrcyTeTaim
TOKGRECKOT0 BT WCCTEOYEUOrO  0GDANA KA
SHYTDEHHIHE ODTaHY H CHCTEMS

Taoe Gina MOB.NEHE OUEKIA BNVSHHA CHHTETH-
4ECHO10 0CTEOHNLHOTO GO ORATHOTO MONMMEa Ha

Science & Healthcare, 2019 (Vol. 21) 5

nepupepireccyio  Kposs 14 HopuaTEHmM
nokazarens. - Mocnenyensii obpasey  se  oxazan
ENUAHAS i HE OIMH TEUGTONONECKHA NoKazaTent, B
VACTHOCTH,  YpOBEHS TEMOTIOGHHE Y KDHC, KOTODSIM
aBonuni wecnenyewsih oBpasey & Aozax 200 wrkr; 100
wrikt w 50 urkr, paskanca cooreeTcraenso or 1590 rin
B0 1790 in omocensio wowtpons 1720 rin
‘Conepasie SPATPOUNTOR, NAIDLYTOD H THOUBOLTOB
TOKe GLInH & NPETIeNaX HOPII CTHOHTE oHO KOHTPONS
(rabrmua ).

o

Tatinuua 3. Noasare m nepubepwieckoi kpoew (oBui awan vs Kpoaw).

CyTeTHIBCHH OGTE0A#1 GACHOCDORRTHAIA NOnWMED
Tloza 200 ks 700 urhkt 0wt

WBC™ 9,88:0.1 14,6:1,01 70120

[ 9652001 102+0,02

WD 003102

GRA' 0.20:1.0

Y% 9673004

W% 034001

GRY% 152102

REC” 5,1010,02 8064012 6 Al
HGE” 1594001 178:1,01 178101 172:2.01
HCT- 4601201 31,16:006 51,6640,07 41,740,15
MOV 56,240,01 57.130.10 53,0:0.1 60,1002
MCH 208002 20402 19,1202 73017
MCHC™ 387:1,02 396:0.10 399,101 376,2+0.03
PLT 7785100 8129:101 8524015 948,730,05

“WBCneiuqumst, LYM-uncpoyums, MID-wowouums, GRApavynodumss LY% - % nuscpouumos, Mi% - % woouumos, GRY% -%
epanynouumos, REC<pumpoyums, HGB-2ovoznotus, HCT-2oamorpu, MCV-cpedul obse spumpoyumos, MCH-cpcdhee
‘codepanue zeu0zn051ia ¢ pumpotume, MCHC-Gpedin KOMICATpayLA 260210542 & 3pumpouuma, PLT-mpasGoyumer.

Nposeriessoe. NETOMODAONDTINECKOR  HICTEZOBBHHE
SHYTDEHIAK ODIEHOB MONONSTHIX NYEOTHIX, KOTOpSM
BB HKTETIMECHH OCTEOPMblA GHOpOCDORETHIA
ONAMED, 033NN GRENATS JANTOAEHHE 06 OTCYTCTaM!
ENHEHHA & TRHAX OPIaHOS, B THCTONOTVMECHDM CTDOBHW,
HaGTIONANCA Ly OYBTORIH OTeX # TOTHOKPORHE COCYOE
OGHapyKesisie TICTONOUNECKHE  KONEHEHHS  YSBCTIOR
SHYTDEHIAK ODIAHOB  KHOTHSX CBIETENCTE)eT 06
OTCYTCTBNM TOICINEOKOTO AEFCTEN Ha BHYTPEHHHIE ODTaK,

a HeOOndUMe WoMeHews CaRNGHH G NpoLECCOM
nexavram

OGcykaenve

Ocrenopos  npencrasnier  coBoi  Xpomesioe

ucTenH0e 336oneBaie, NOaKAOLES KOCTHYI TkaHS
COMPOROKAIEECA CHAKEHHEM NNOTHOCTH W MPONHOCTH
Kocrel, MPOMpeccHpyiOLIEH NOTePeR KOGTHOR MaCCH! W
HaDYLHYEU  KOTHO  MIDOZDUTEKTOHIKY,  STO 3
KOHEAHOM HTOre DASOIAT K HCOKOMY DHCKY NEPEONC.
M0 gasseim BO3 OCTEONOpO3 SaHHNGET HETREDTOE UECTO
8 Wpe B CTDJKTYpe SACONEBGHW, HAPATY C CEPRENHO-
COCyRHCTIMN,  OHKOROTNECKHIM  3a0onesaHM W
caxapram awaeron (13, 15]. Comaco Mexayaponsoi
‘OprasHaaLi N0 BONPOCaM OCTEOOPO33, 3 MR RakHLI
3aonesaken CTaEKT 0kon0 200 INNICHOB Kewus
(htpsihvwwiohoneheattorg). B Kamxcrae
ocreonopazou crpanar 12,50% xesums W 909%
uyks. OXWIRETCS, 10 K 2050 00y KOMWHECTSO
GONLbiX OCTEONODOSOU & WADE YBEMAWTCS Gonee ven &
oW Paza, & YACTOT NEPENOUOS WeAKH Gerpa, Cauoro
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ONACHOMO W TOYAMOIBKHBEMOTO  OCPOKeHS
CTeONOpaza, YBETUHTCA y MyK Ha 310%, @y Kesum
wa, 240% (htps:Ihwiw iofbonehealthorg). Mo mporwozan
CEUYGINCTOS,  PACTPOCTPHEHHOCTs  WHBATWIHOCTH,
BCNeCTENE OCTEONOpOTACCDUMMORHHSIX NEPENONOS K
2025 rony & wApe cOCTABHT 0KoND 26 MK, Cryaes,
GO CRyaE CUETH N0CrE nepenona Genpa AOCTHHET
nopagka 700 e 8 rog [13, 151

Chiesie MNOTHOCTH  KOCTER WK oCTOneHS
NIPOHCHOQWT B PE3YNLTATE YBEMAEHUA PE0PBLMM KOCTH
OCTEOWIACTAN B MDOUECOS  KOCTHOTO WETABOMHIMA
(0BH0ENEKS KOCTH), B03DACTHOTO. JMEHSUEHHS KIETOK-
npenuecTseNHM08  OCTEOBTACTOB W ocnaGNeHOR
aBcopbiymn  tambus.  BonouwkcTEO  Haykx
WCCEN0BH  HTDABNEHO Ha  COREDUIEHCTEORAHHE
METON0B. NESEHAR 1 COXPaREHNA KOCTOH MAcCH! #,
Ak OGPEIOM, YMEHSLIEHHS DHCKA NRDENOWOR. C ApyToi
CTOOH TODEII0 MeHSLIE KINEK  HeNOCPERCTBEHHO
IPOLeCCH PeresepaLyh KOCTHON TKEHH NDH NEPENOue a
0e OCTEOT0POIa M0 CPABHEHHD C HCCTEAOBEHHSNIN,

nOcBsUeHHSM  DENOTDAUEHWO  Nepenomos
ocreonopasa 1],

Ha fassll WOUEKT AR DereHeDaM KOCTHIX
ReeKTO8 CYLIECTBYET DA NEPCEKTHBHSX MOXOR0B,
BMNGH  KNACOMCHE  BYTOOTIHSE  KOCTHbE
TOEHOINHTATH, & TAKKE WHHOBAUWOHHSE WETOR C
npWeKeKHEU | GAKTODOB DOCTE W CHHTETINEDHAX

cxacponnos [22,16,19,17,1). Tew se uesee, saxvanese
IePenow0s - 310 CNOKHLIA TDOLECC peresepaL KooTHOR




image78.png
Hayka u 31pasooxpasenme, 2019, 5 (T.21)

Opurunabuse uccretoBanms

THGHA, KOTODHA BEHCHT OT EOACTA W Hanws
ocreanopaza. B Noceiwe onbl G Nonyers: fakbe,
COMETENLCTayOUE O TOU, SO PETeHEPaUNA KOCTHOR
TIGHA W2 (OWe  OCTEOMDPOS-ACOOUMMPORARHHLX
IEPeNois EMETHO OTIWMZETCH OT 30DOBOH, M 370
MOXET WIETs BIKHOE JHGUBHNHE NDH OLEHKE BIMSHIA
HOBOTO NEDTEKTHEHOTO NOIXOTA NESEHHA OCTEOTOPO3-
accoumposameix nepenowos [11]. TawmoGpason,
paspabora SPeKTHRLX METON0B  CTHMYIMpOZaHS
NPOLECcD  perekepaM  KOCTHO TRAHN 8 0He
3MENEHHOTO CPALLEHS NEPENOUOS NDH OCTEONOPOZe 1
CXONUX NETONDTHX SBTAETC OUM K3 MDAODHTETHX
HanpaBeHH i B COBPEIEHH O HayKe | MEIMHe.

B HACTORLICE PRI CYLECTEYET HECIONSKD NETOR0B
PeseHIS OCTEONOPO33, HO_ HEWGQTEE CACTPOCTOAHEHHLI
SENAOTA nexapcra Ha 00H0Be  GACOCPORATHX
coenymest [24,31]. BHOPOCHORAT! SERITCA BHaNOTEMH
nipodocderos  (HZ03PO-POIHD, e uestpensian
ruponuTeCK nabunan P-OP casds aesera va
rHponOyCTOREYi0 P-C-P rpynIy. s 3amonercr-
BT & CeNeNTVEHOM ODANE G TWIDOKCHATATHTHSIMN
YNENH Ha PENPGTHEHON NOBEPHOCTH KOCTHOR TKaHH,
CHORBOT METICOMAIN # QYHKOHENSAYIO  AKTEHOCTS
CTEOTECTOR, Tel CaIM MRS COPOCT PP
KOCTHOH TRaH, 3 TaHKE CTHAYIMpY'OT OBpE30BaHHE HOBOR
xoorw. Mpenepars 18 ooose  Guapocdonaros
MPHNHSIOTCA & VETMHGION TPAKTHE He TONO ANA
DeveHIs OCTEONOPOIa, HO W Tk 3a00nEBaH KaK
Goneasts MlagveTa # WATWTHAHTHGR EDKGTLLIENIS.
BUOOXPOHATE TaRKE CIOGOGHSI NOTARMATS OCTEQMHTHYED-
Y0 CHOCOBHOCTS PaHDESX KNeToK 3 KacTisx Tk [2).

Cokesme TDOTHOCTA A MDOSHOCTH KOCTH N
OCTEONOpOR  MOKCIONAT He TOND e YGHIEHS
YHKUYOHENSHOR KTHEHOCTH OCTEOUIECTOS, KO TAKKE B
PESYNLTATE CHIREHHA IOMINECTEA KIETORTDEQLIECTEEH-
HAO OCTROGNACTOS W PAIBIA TaK  HasaBeuoh
COCTEOTeHON  HENOCTETOWOCTID, 1 KBK  CrEQCTaNe,
HEBOIOKHOCTH OGRCTEYRHIS  HATENAULETD YpOBeHs
ocreopencpaym. B 31O Cam, OB K3 WHOIC-
oBeUBOLYX  HANGAINEN B DENeHH  OCTEONODO-
SBCHULIX NEPENDIOE. WOKET BT METONHAR Tepanys
WESEHXAMBNHIH CTEONOBLINM METCAIM, SENFOLICA
npequecTeeswmaun ocreobnacros B3 3, 3] Ouca
0006 Nevew5 0CTE0NOPO3, APAKTEDHIIOLNICS TeM,
O naueTy MO  swyTpuEewsoe seenewe
GvoTpaRCINaNTATE, CanepKaEro O 50 70 500 s MCK
[32). oy apHaHTON NOZXORA SENVETCH WFLEKLHOHHES
WATBTAS B G0 KOCTHOO  OSpEKIEHAR
KYPLTIBADOBGHHLIX  BYTOTOTWIHGX I BTNOreix
MESRHXMBNHIX NOMMIDTEATHSX CTEONOBSX KNETOK ANA
JMMUHS  TDOLSOTOS  DETAPATABHOTO  OCTeOreHesa
282914). Hegocraniamt gaeix wetopos semmerca
otoyrorne  adxwocT MCK k Kocrsoi T w
otoyrcaMe  adera  wivGIposaKKA  pexopGTHEHON
aTHEHOCTH 0CTEOMECTOR

B o3 C BaeKmHM, PAIpACOTANAI HaUH
WETOR CriyMpOSaKHS DerexepaTHBHbIX IPOLIECCDR B J0HE
COALLEHI KOCTHIX TIEPENOUOS C MPHEHEHHEN KDETOYHOH
TEpAMA W OCTEOPMMLHOD NOMWNEPA B Kavecrse
TAprETHOH TBHCTOPTHOR MIATQOPUAI> OGNBAET Ao
npWeMyECTS. BO-IEPBLIX, T GATEIA NOTMIEDOR Mt
WIOTL3EN  IOKTPOTUPYRUYD  peBKMO  ETOUHOR
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Tasabepson panwensHoR nonmepwzay (TP, o
T Wau  S03OKHOCT: KOHTPOTWPORETS KOMWHECTEO
acrpanazensx GHOBOXPOHATHSIX DY, H COOTBETCTERHHO,
XENTHEHOCTS CaAIIERNIA NOTMIEP C KOCTHO, ABHHIN
IPOLECC TaKkKE MONROMNFET KOKTDONUPOZAT PAANEHYO
AWKy TOMIEDS, STO MOKET G peuaouym BEkTopou,
onpenenAOU GHONONECKY AKTHEHOCTs GHCOCEO-
HaT0R. Te He Meree, MABAR HOBKHA NETOT KO-
VBETCA B pHMEHEHH METONHOR TEDAIHM MESEHINA-
HLMI CTEONOBINM KNETKEN, (YHILHORGKHPOSaHHIM
MONMMEDON, MMM B CR0SM COCTEBE  AKTEHbIE
Gvccpoccbonciiie Ty, [lakHuih NOMHNED, B0-1EDBX,
ofecnedyeaer  crabunsoe  canszawe  MCK ¢
IOBEEXHOCTH0 KOG THA TIaHH, YBEHMERS, TakHM 0ga30M,
TR KNETOKTpEAUIECTERAHAKOS  0CTEOGNZCTOR & J0He
nepenoua, W, So-smopx  npenorepauaer
~REUAHEDENISALNO KOCTIOR THGHH TYTEM WHVGHDOREHS
PeOpGTHEHOR BKTHEHOCTH OCTEOKIACTOS,

Mposenewivle AOKTWHAECKE  HCCROBAHAS  HA
~NBGOPATODHLIX KHEOTHIX CBHIETETLCTRYIOT O TOM, 4T
npenanaeuL  eTOn  SEIFETC  GexonaciM
SHETENSHO YOKODSET CHODOGTS PEreHEDaL KOCTHON
THGHA DA NGTONOTWECKNX MEPeNOMaX. PeynbTarsl
IpOBEREHHIX MOKTHHHECKHX HCCTETOBBHHT MOTYT GoiTe
WCrONb308zH B 1ENECTEE GasCHOR MoBenH Nporokona
KIWHHMECKIAX TSR, Mol MOTATGEN, 4TO MDAEKEHHE
wetonos weTowoi Tepannm MCK, chysponanin-
POSHHIX  OCTEOMWTLHLIM  NOMAVEPOM,  NO3BONST
VIYAUNTS DESyMLTAT TENEHHS  OCTEONOO3-AcCOU-
POSAHHIX 1 JDYTHX HIKO-SHEDHNECKYX TORENATINEDHX
IEPenowD, CORDETHTS CPOKH NESEHH 1 CHIHTS NPOLHT
WHEBHIHSALYH CPEM NALHEHTOB NGHHOR KATETOpiH
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MCCAEAOBAHUE BAUSIHUS
OCTEO®UAbHOTO BUCOOCHO®OHATHOTO MOAUMEPA
HA MPOAU®DEPALIMIO, OCTEOTEHHYIO AUDOEPEHLIMPOBKY
AAUMO3HbIX MESEHXMMAAbHbIX CTBOAOBbIX KAETOK
U U3YYEHME ETO CMOCOBHOCTU UHTUBUPOBATD
AKTMBHOCTb OCTEOKAACTOB IN VITRO

Ocreonopos — 310 NPOrpeccupyioliee  CuCTemHoe  3a60AeBaHMe,  XapakTeph3ylouleecs
CHMXCHMEM KOCTHOR ACCH M HPYUENIEM MHKPOSPITEKTORMKH KOCTHOR TkaH, MpHBOARLICE K
VAAIEIO APYTKOCT KOCTH 1 TAICOKOY PHOKY BOSIHKHOBENAR NEPEAGNGD. Perpect. moTIoCT
M NPONHOCTM KOCTHOM TKAHM NPM  OCTEONOPO3e OBYCAOBACH YCMAGHMEM  (DYHKLIOHAABHOA
SKTWENOCTA GCTEOKAICTO M CHAXCHMEM. KOAWICCTBA. KAETONTIPEALICCTBEHNKDS OCTEOGAACTOR
W Pa3BUTMEM TAK HA3LIBAEMOM *OCTEOTEHHOM HEAOCTATONHOCTHe. Hami pa3paGarbibaertcs HOBbIA
CI0CO0 KACTOUOR TEpAI SAUTIOMAN NEN MR CTEONDRSIM KAETM (NT-MSCY),
HKLONAASPOI B CHITCTHECKIN OCTEOXDAAMIM GHCHOCONATINM TONMEPON € LEAMD
BOCTIONHEHMA NIOTNARLM TIPOFCHMTOPHIX KACTOK (OCTEOTeHESa 1 MAIGHPOBAA OCTEOKARCTHON
SKTUBHOCTI 5 OVATE SEMEANENHOTO CPALENR KOCTA AP OCTEOMOPO-ACCOLIMPORAHILN TepeAGNX,
B 1CIONCA CTaTLC OTPAXEHN ABIC N0 CHITCSY. OCTCOWAMIORD. NONACDA, BLACAGIMIO
oM N1t KAETOMNOR KynTYDB AT-MSCS C OLEHKO ACTOTS HON RO KAETOUNGH ory N,
LACCACAGRAIIAO SAAIR RONMEDR 1 TRONKBEPALLG 1 oCTEOreNIY) AXDepEIpaRKY ATMSCS
M3yueHme ero CNocoGHOCTH MHIMGHPOBATH AKTHBHOCTL OCTEOKAACTOB i Vitro. COMAcHO NOAYYeHHsIM
A, TONIMED e RSAGETCA LUTOTOKCUNHIN, He OKASMAET SRR 1 MpoNChepATIEHYIO
AKTMBHOCTL W OCTeorenHyio  Andbepenimponky AT-MSCs, OAMAKO CyecTBeHHo wHruGupyeT
haroUMTApHYI0 AKTHBHOCTL MaKPOGAroB KOCTHOO MO3ra. 1o pesyTaTam uccaeAoBaHmi AT-MSCs,
YIRLONASHPORIBIE OCTEOIALINA TONMEPOM NOTYT Gl ACTON05AIA MM ASNICALNX
SKCTEPIMEHTAX 1 AAGOPATOPHLX KIHBOTHX AN OLCHKH S(XDEKTHHOCTH IPEARNACUORD NETOAS
TR PETSPATISNOTO GETEOTCHE 1 VIV € HCTONLSOBAEN AUBOTHON MOAEA OCTEOTOR03S
€ COSAaNE OCTEONOPOS-ACCOUMPOBANN TEPEAOWO TDYGORTIX KO,

Knowcmuie  CAOBS OCTEONO03,  OCTEORNACTY, PEApATHRNA  OCTEOTEHE], | aANTOSHHE
S INAMHE CTHONDEAE kAT, CTEO DA TONAMED, KAETONRS TEpans.
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Cell therapy approach for correction
of osteoporosis-associated fractures using adipose-derived mesenchymal
stem cells functionalized with osteophilic polymer

Osteoporosis is a progressive systemic skeletal disease characterized by reduced bone density and
disrupted microarchitecture of the bone tissue that leads to increased bone fragility and elevaed ris of
bone fractures. In osteoporatic condition decrease in bone density and strength happens not only due
o the increased osteoclastic activity but also due to the decreased number of osteoblast cells precur-
sors (mesenchymal stem cells) and development of so called “osteogenic insuficiency”. We proposed
the new method of cell therapy with adipose derived mesenchymal stem cells (XI-MSCs) and surface
‘moification with synthetic bisphosphonate osteophilic polymer that would restore the osteoblast pro-
genitor pool and at the same time inhibit osteoclastic activity in the regeneration zone of osteoporosis
associated fractures. In curtent paper we have outlined the process of osteophiic polymer synthesis,
isolation of homogenic population of AT-MSCs and assessment of the purit of obtained cell populations,
assessment of polymer effect on cell proliferation and subsequent diferentiation down the osteogenic
fineage and polymer effect on the osteoclastic activity in vitro. According to the obtained data polymer
was not found to be cytotoxic and did not affect the speed of MSC proliferation. Surface modification
with the polymer has no effect on cell osteogenic differentiation however inhibits phagocytic activity of
bone marrow derived macrophages. Polymer functionalized MSCs could be subsequently used in further
animal studies to assess the efficacy of suggested approach for stimulation of regenerative processes in
vivo using the animal model of osteoporosis and osteoporosis associated fractures of compact bones.

Key words: osteoporosis, osteoclasts, reparative osteogenesis, adipose mesenchymal stem cells,
osteophilic polymer, cell therapy.
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OcreonoposGen Gaitnambickan CyAex CoimyAb TYeTyA
OCTEOGDHAA| MIOAHMEPMEH OHACATCH AAMTIOIAD! MEICHXHMANGAT Garanans!
KACYUIAAAPMEH HKACYUIANBIK TEPANHA SAICIH KOAATHY.

OCTEON0P03 — Gy CYFAEK MACCACHHBH TOMEHACYiNCH DI CYFHCKTIH MHKPOADXHTEKTONMKACHIBIN
GYSbinYLIMCH  CHNATTaNATSN,  CYACK 3AKHIMAZAYSIbIN AOFADBIARYSINA AQHE CINYABI AOFaDH
TOVEKENIHE. OKEACTit IPOTPECCHAT AYHEAI aypy. OCTCONOOIARTH CYIIEK THLBANTLKEIN Korie
(GeDIKTIriHIN PErpecci OCTEOKAACTIAPALI (DYHKLIOHAAALIK, GEACRHAIAITIHIH APTYIEH FaHa evec,
OCTEOGACTIAPALIH  MIDEKYDCOPANIK AGCYUIANGPHHbIH CAHOINbIH G3A05MEN KOHE <OCTEOTeHATK
KTRINIKCISAIKTiNS AaMYbIMeH GaitAaibCTh. OCTEONOpO3Ger GAiARHHCTH CHINbITap KE3iNAC CiFan
CYReKTIN Gasy GITin KTy OPTAAWFHHAA OCTEOTHEIATH NDOTEHATOPAK, KGCYUIZAAD MOMASIUSCHN
KOHE OCTCORAACTHKANGIK, GEACCHATNIKTI TEXCY VWit CHITETHKRAbK. OCTEODHALAI OChOCTONAT
TIONMEPIMCIT (DYIKUMONAAAAIFN JAMTOSAI MC3CHNHMANALI GaFGIHaNM KACYLIAAADMEH KACYIIAALIK,
TEpATMSH AaHa OAICH YCHIMABIK. BYA NEK2A3AR OCTEO(MALAT TIONMEPAIH CHHTES, MY-MBX
GIpTEKTi KAyl MOACHHCTi any, AALIHFaH AACYUIR TIONYARLIMSCHIHBIN TaIaANTbIN Garanay, MY-MBXK-
AlH IPONGDEPALSCE MeH OCTROTEHAIK ANGXDEPEHLIBLIACHI GORbIHILA TOMNEPATR OCepiK IepTTey
KOHE. MBI OCTEOKAICTTLIK, GACEHAIAITIH i VlTo KarATitiAG EMACY KaIACTIH 3epTTey Typanst
NONIMETTED KeATIDIATEH. ASINFal! MONMETTCPIE COFKCC, NOAVMED LIATOTOKCHKAMK, exec, MY-MEX
i VIlTo NPOAMCDEDALUIS ABIAAMABIFbING OCEP ETTIERA, 28 MONMEDATA MY-MEXK-Hb1 nONMEDMEN
MOAMGHKALMACH! OAIPABIN OCTCOrCIATK AMBAEPCHLIANIY NPOLCCTCPIHIC OCCP CTRCIIAI, COrbNCH
Gipre Cyde Keserini MakpOMDarTapeibi (DArOUATAALIK, GEACCHAINITH TOMEHACTEAL, JepTrey
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HOTIARCACD] GOMMINIUA OCTCOMUALAT TIOAAMEPMCI (BYHKLIMONAAAGNFaH MY-MBKCAD 30pTXGHaNK,
KaHyapAAPAZ OCTEONOPO3GeH GARAZHICTEI TYTIKUIEAI CYEK CHINbIKTAPLINA HETTSACATEH XaHYapAap
YATICiH KOAAGHY GKBIADS D VO KATAQIIAQ PENapaTHITE OCTEOrEHEIAT MHTaAIHAMPYALIH THIMAIAITiF
(Garanay Y KCIEPAMEHTTEPAE YCHIHLIATHIN OAIC KOAAZHHAG 2AGAH.

Tyiin COACPT OCICONOPO3, OCTCOKAACTAP, PCapaTvti OCTCOTCHES, AAMMOIA!

Garanan

KACYUIAAAD, OCTCOMHABAT TIOAMED, KACYIANMK TOPaIIS.

Brexenme

Tlo nasmsiv BO3 ocTeontopos wapazy ¢ caxap-
MBI AMAGETOM, CEpICHIO-COCY HCTLIMI H OHKO=
OTHHECKIMH 3a0ONERAHNAMH SAHUNAET HeTBep:
Toe MecTo B MHpe B CTpyKType sadonenanii [1, 2].
MesayHapoaas Opransauis no Bonpoca ocre=
ONOpUTA PHBOINT CHEIEHHA O TOM, HTO B MHpe
AQHHBIN 3aGONEBARNEN CTPATAIOT OKOo 200 MitT-
wonon ey (https://www jofbonehealth.org).
KOIMUECTBO CTpasaiomiex octeonoposon b Peciy
Gue Kasaxcran cocraniser 12,50% e 1
9.09% Myuih. B MUpE OTNEUAETER HAPACTAIOUIaS
MHANHKG TPOTPECCHBHOT POCTA KOTHHECTRA fas
LWMEHTOB, CTPATAIOILINX OCTEONOPOIOM, KOTOPAS K
nasiary 2050 ro7a COCTABHT LHQPH TPEXKPATHOTO
TIPHPOCTA UHCA GOTHHBIX M YBETHICHHEN HacTO-
THI OCTEQNOPO-ACCONHMHPORINTHIX MEpEONOR [3].
COrAGEHO TIPOTHOSY SKCTIEPTOB, 4HCIO GObHMX
B MHpe C niepenovai weiikn Geapa, BeeACTME
octeonoposa k 2025 roxy cocramt nopsike 2.6
MITH HEnoBeK, a feTanbHocTs mocie OATT Bospace
et 20 700 Thicas cayuacs b ron 1. 4]. Ha rexyuuii
MovenT B cTpanax OECD dhancossie noteph,
COATANNbE C JeUeIeM 1 NoceyIoueli peadi-
awrauneii nauertos ¢ OATT ABAOTCS OO 13
TPCBATHPYIONUIX CTATEH PAcK010B B TIPABOOXPA-
Hewmny [4]

OcTeomenHs WK MPOrPECCHBIOE yMEnbueIE
TIOTHOCTH KoCTeli P 0CTEONIOPO3e MPOHCXOTHT
B PeAYLTATE HAPACTANMA PEIOPOLIH KOCTH OCTEx
OKIACTAMH B MPOLIECCE KOCTHOTO METAGOTHIMA,
BOIPACTION PErpecca KIETOK-TPEIECTASHITKOR
0CTE00TACTOR 1 CHITKEHHOH A0COPOIIHH KATbILA
TlpeoGazaiotee HCT0 Hay<HbIX WIBICKaNHii B
MHpE HATIPARTIENO Ha COBEPUICHETBOBAHHE METOZIOB
TEPAMM OCTEONOPO3A C WEAIO CONDAHEHMHA HCs
XOIHOTO YPOBHS KOCTHOM MACCH, W Kak Ce/CTIe,
TMPHBOIAIEE. K CHIDKEHINO PHCKA BOSHUKHOBEHHA
niepesonos. Tew He MeHee, MHOTHE POIIECCH
reHepaLAH KOCTHOH TKAHH NIpH TIEpeToNe Ha done
0CTEOTIO0pO3a 10 CHX TI0p OCTAIOTEA «GeM T
HaMMy, B CPABHCHMM C HCCICTIOBAHWAMH, MOCEA-
UICHHBIMH TIPOHIAKTHKE 0CTEONOPO-aCCOLMHPO-
BaHRbIX MIEpenovos [5].

B HACTOAlICe BPENA B MIHDE CYUICCTRYET He
CKOTIEKO METONOB (apMattesTIIECKoli KoppeKii

ocTeONopoa, HO HaMGOTEE PACTIPOCTPAHEHHHINH
ABIFIOTCS ACKAPCTRCHHAS TEATIA JUIH CTHMYIS
L OCTEOreHesa Ha cHOBE GHCbochoRATHEIX co-
exiennii [6-8]. Bucocionatsi — 510 anaiorn
podocdaros (H203P-0-POIH2), ormwsaiouniecs
TeN, 4TO UEHTPQILIAS TWAPOTHTHHCCKI JaGH Tk as
P-O-P chAsh 3aMeHENa HA THAPOMSOYCTONNHEYIO
P-C-P rpymny. Mexatmw eiternus Gredocdo-
HATHEIX COETMHENHI 3AKTIONAETCA B CENEKTHBHOM
BSMMOACTCTBIN C THAPOKCHATIATHTINHINI TPYTITa-
M Ha pes0pGTHBHOI NOBEPXHOCTH KOCTHOI TKAHH
W CHIDREIHI CKOpOCTH MeTaBomaNa i ymio-
HATLHON AKTHBHOCTH OCTEOKACTOB, 38 CHCT AT
GHpoBaNIA KTIOYEROTO depwEHTa B MeTaGOTIME
octeoknacton — FPP (farmesyl pyrophosphates) [9]
BOTHIMHCTBO GHCGOCHOHATHEX CPEICTS Ha Phiti-
Ke MPEICTARTEHb COETHHEHHAMH 30TCHAPOHOBOI
KHCTOTH, - Q7ICHTPOWORO,  MaMIIPOHOROH,  pisc
APOHOBOF, WORHAPOHOBOF 1 Ap.

C apyroii cTOpoHBL, perpece mAOTHOCTH
IPOUHOCTH KOCTHOI TKANH 1IpH OCTEONOpO3E 00y~
CTI0BIEH HE TOTBKO YCHTIEHHEM (yHKIIHOHATbHOT
AKTHBHOCTH OCTEOKAGETOR, HO TAKAC H YMEHblie-
HHEN KOTHYECTEA MPOTEHHTOPHBIX KIETOK 0CTeo
rettesa. B 1ol CBAIH, €ULE OHM TIEpCIIEKTHBILM
BEKTOPOM B JIEHeHHH OCTOKHEHHBIX NIEPENOMOB
FBISETCH KICTONHAS TEpANlAS MC3CHXHMAT
MM cTROTOBbIMH KneTkamu (mesenchymal stem
cells (MSCs)), KoTopble CHHTAIOTC MporemHTOP-
Wb KTeTKaMH ocTeorenesa [10-23]. Xors che-
e 0 Knwmmseckom mpvenerint MSCs npy
OcTeONOpOsE MOKA He OMYGIHKOBANH, MMERTCH
wecnenopanma o6 weroausonam MSCs 113 e
HEHIA KOCTHBIX e(ieKTOB~ cHeTenHbIX [24] Win
sokasix (18, 25]. Tax, wanpuvep, Horwitz et
al noKasAM yyMUIEHIE PereHEpaIIM KOCTHON
TKAHH NPH BPOIICHHOM HECOBEPUIEHHOM OCTEO™
renese. Ayronornumsie MSCS BBOTTH Natler-
TaM BHYTPUBEHHO, I CTIYCTA TPH MECAIA G0 o=
MESEHO SHAUHTEIIBHOE YBETHHEHHE MHHEDATLHOT
TUIOTHOCTH KOCTei 110 CPABHEHMHO ¢ KORTPObHOI
1pymofi [26]. B ueesenonanmax Gangii et al ay-
TOROTIAHKIE KIETKH KOCTHOTO MOST MPHMEHATH
U9 ICHEHIS ACETITHAECKOTO OCTEOHERPO3a FO/10B=
ki Geapa. TIpeanonaraemii Nexammsw AcicTans
KISTOK CBASIN CO CTHMYAIET OcTeorelesa 5
CHET «cBeReiD) CTPOMATSHOT (BpaKuH 1 aHTHOTe
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Hesa 5a cuér CD34(+)-KIETOK B, Tak HashiBaeMbiX,
«MEpTBEIX 30HaX» KocTH [27]

Pasinsaior 15 OGHOBIBIX HCTOMIHKA TOTYer
HIS CTPOMATLHOR (PPAKIIK — ITO ACTMPAT KOCTHO-
FO MO3a MOABSIOMION KOCTH 1 acTpaT Aposoii
‘Tiati. B ciny (UIHOTOTHIESKONO PACTIONOAEHIS,
4CTIMPAT KOCTHOTO MO3ra ConepikHT B ceGe Gonbiiiee
KonmuecTBo MSCS 110 CpaBHEHMIO ¢ aCTHPATON AH-
POBOFi TKAHH, W B OCHOBHOJi Macce OMyGAHKOBaH
HEIX TPY/IOB CPETOTOUME HCCACIORAHIH C{OKYCH-
PORano a MSCS, BHLIEARENHIN H3 KOCTHOTO MO3Ta.
[10-22]. Oamako, npirinian Bo Brianme cTeneih
HBASHBHOCTH W CTOAHOCTH, CBASAHHbIE C oMy
uerment MSCs 13 KOCTHOTO MO3TA B KHHHHECKOT
NezUMHE, B MOCTEHEE Bpews Gorlee mpHCTATh
HOC BHMMAHME YHEHbIX NPHBICKAIOT TEXHOTOMHH
wenonbsosanns MSCs, BUICTEHHEIX W3 KHPOBO/
Tatm (AT-MSCs), BBy BOIMOAKHOCTH HoOiTye-
HIE WX B GOTHUION KOTHNCCTRE ¢ MIHHHMATHHBN
pHckon s nauverra [28],

CrpowanbHo-sacky ApHaA (paKiius KupoBoii
TRAIM, COEPAAUIAR PAIHANLIE HONYRUIN CTBO-
TOBHIX KITIETOK-TIPE/IECTREHHNIL MOKET GHTh
AETKO BHIETENA (EPMENTATHBIIN CIOCOGOM 1
HCMOALI0BANA MpH_ PARIMIHBIX. MATONONHICCKIT
cocTommax. Ten 1e wertee, 0N W3 HeT0CTaT-
KOB TPAHCIIAHTALIAN  CTPOMATBHON  (ppakitim,
TOAYHEHHOM W3 ACTIWpATA KMPOBOFi TKaHH, AB-
aseres ToT Gakt, uto nonywaewi Knetoumtii
NATEPHLI ABIAETCH ETEPOTEHHBIM 1O IPHPOJE,
B CBA3H ¢ TeM, UTO LA PerEHEpaIMH KOCTHON
TKAHH HEOBXOMMNO TPENNYIIECTBEHHO HATHHE
iy MSCs, copriar n npormdepains »
YCAOBMAX 1 Vilr0 MEICHXHMATHHEIX CTBOTOBHIX
KJIETOK, BXOIAUAX B COCTAB CTPOMATEHON (pak-
UMM KMPOBOFi TKAHM, ABTACTCH HEOOXOMMMBIN
TATION B MOAYOTOBKE KIETOMHONO MATEpHATA 15
TpancraHTaLA

HecoMneliio Bakent 1 ciiocod Tpanciuianta-
LI YBETHNEHHbIC WHLTH MOTHOHIMPOBAHKELX i
vitro MSCs. BiyTpinciiioe. mhejienvie. cantactes
HANMEHEE HBAMBHbIM, HO B CAYAE PErEHEpaLIAN
KOCTHOli TRAIMH GO7IbIIoE KOTHYECTBO HCCIE0B
TeltbeKMX PAGOT OKA3AI0 HIIKYIO SppeKTHBHOCTS
xoywHHra MSCS HerocpeacTRENHO K KOCTHOT Tiax
B [29]. OcHoBHAs wacca KIETOK B nepBbie AHH
axkymymposazace & serkix [30-32]. Tlo mpoure-
cTaitm 710 el Bee-Taki HAGTIONATACE MHTpALIS
KIETOK K OMAraM BOCTIATEHWA, OTHAKO TPONEHT
7Y K7eToK cocTann s 3,5% oT oGutel Macek
[33]. Kpowe T0ro, B ciiytiae BHYTPHBEHHOTO Bieie=
HHS CTOMT COBIOATS PAL TIPEOCTOPORHOCTE B
JMAFHOCTIYECKOM TTate, TAK KaK COFAACHO HecTer
owanms Kidd etal [34] Tpancrnanmupyemsie Bmy-
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TpuBeiiio MSCS HMEIOT Takike TpOrHOCT K 0daras
pasBTIA OMyXoiel, TAKIX KaK PaK rpyIH IiH pax
sk, C STO TOSKI 3PELS, JTOKATHIIOE BBEAC:
HHE KIETOUHORD MATEPHAT SABISETES KAMHHECKI
nauGonee sipexTuBILI W GesonachkiN, TaK Kak
TPAHCITANTAT MOMATAET HENOCPECTEHHO B OUAT
nopaenn. Ten e Meiiee, B HEKOTOPHIX HCCTe-
OBAHISX CTABMTCS MO COMHEHHE CTIOCOGHOCTD K
BUKHBAHITIO KIETOK BBIIY OTCYTCTBHA KHCIIOPOa
W IHTATEABHbIN BEILICCTB BaH OT KpOBOTOK [35]
TIpHCHEHHE METOTI0R TOREPXHOCTHOT Mo MKa-
LM B JTAHHOM CAYAE MOPKET Y1y HIUIHTh MEXHIM
XOYMHHIA, A TAKAKE, B SBHCHMOCTH OT (yHKUO®
HAILHO GKTHBHOCTH IMFIIL, NETE 1 COYeTal-
bt e

TosepxHocTHas  MomdKawHs  KAeTOMHON
MeGpaHEI MOKET Y1y sUINTS HiheKTHEHOCTS Xoy~
MHIIFA 32 CHET HFAILL, HMEIOUUAX BLicoKYIo acpdin
HOCTH K KocTHOI THaHH. B HCCACAORAMIEX Guan
et al w Yao et al G paspaGorara nomvepias
Komctpykums LLP2A-Ale, Kotopas nocpeactson
sranl LLP2A. CBASMBAIACE C NOBEPXIHOCTHIO
KAETOUHO MeMGpAHH, a TApreTHAR JI0CTABKA K
KOCTHO TKAHH OGECTIeHMBATACh 32 CHET BHCOKOM
alpdunrocTn anewnponata K KocrHoi Tkaw [36,
37 PaGora avepukarcin ysenx Sarkar et al oc-
HOBaHA Ha MOTH(HKALIH KICTOUHON MENGparsi ¢
nowoutsio petterropa sialyl Lewis X (SLeX). xo-
TopLilf YAYLIGET POLIHIE W XOYMHIT K KIETKAM ©
YBeseHHON IKCHpeccHeli P-CeeKTuHOB, oTBeT-
CTheiHLIX 32 BocAHTE LRI Mponiece [35]

TIpHVeRseNtii B HOllEW HCCTETOBIHMI OCTE
WL TOTMMED HveeT cRoew cocTaBe Abe
ynKuHONATLHLE TPy — GHedochonaTHYIO 1
rpokeeykmimyio (NHS) [38]. Paree Havi
Gh10 nokaano, 1o NHS-rpynina criocoGha Kosa-
JICITHO CBASMBATLCH € AMHINLIMH W KaPOOKCHTb=
HBINH TPYTINAMH, HAXOTAUMHCA H TOBEPXHOCTH
KIETOUHLIX MENGPa, H o0ecrieubaeT B3anMoieli-
CTRIME TIOTHMEPA C ME3CHNHMATLHEIMH CTEOOBEINIT
KieTkavi (pucyiok 1). B enoio otiepeits, Ghedoc:
{OHATH MMEIOUME BHICOKYIO CTENEHS CPOACTEA
K THIPOKCHATATHTAM, COCTARTAIOWIN MouTH 2/3
CyXOli MaCCH KOCTH, ¢ 0AHOIi CTOPOHS! IpH3BaHEI
aGecnesmpars, addHOCTH (yHKUMORATHIHPOBaI-
HBIX IOTHMEPOM KIETOK K KOCHOI TKAHH, W ¢ APy~
TOii CTOpOIH HITHGHPOBATh (GaTOTApHYIO aKTHB:
HOCTS OCTEORIACTOR.

B CRAIM C BHIIECKIIaNHIV, 1ETHO HACTORIIE
TO HCCMEAOBANMS ABHTOCK MIYUEHHE BIMAHMS 0=
anvepa wa mpoaHdepauo 1 ocTeoreHHyI0 pier
PEHLMPOBKY CTBOAOBLIX KIETOR AKHPOBOH TRAHH It
MiYSHHE €r0 CTIOCOGHOCTH WHTHOWPOBAT aKTHE-
HOCTE OCTEOKIACTOR in Vilro.
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Pucynok 1 [CIEHanpamIciias 10CTanKa KICTox K KoeTi
MyIST by HKIHOHLIBHGIR 10D COTEKIET NeTILIPOKCHEY KIUIL (pO3081T)
e neyo GncdbocdbonaTiyio Ry (HpCRIH), N-rIIPORCHEY KIMILL KORCITHO
CRRIITACTES € KOMTONCITaN KACTONON MeNGpait, @ Gcpocbornamiax
DY CeICKTHBIO CBRBACICA ¢ HLAPOKCHAITITaNH
a pesopTIION monepNocTI KocTHOf TRani. (D'Souza ctal, 2014)

Marepuasi u veroaes

Cunmes nomwvepa

Tlotivep GHIT - CHHTESNPOBAH  METOTOM  pa-
MKATLHON TIOTHMEDHSAIIAN ¢ TICPEHOCOM aTOMA
(ATRP), cOrAacHo 0nyGAHKOBAHHOMY patiee MpoTo-
Koy [38]. Basosoii Moneky 10H npH chHTese pAICH
KOTOTVEp, COCTORIIHI 3 ABYX \OHOMEPOB — GH0=
sorecin miepTioro. N N-IuMeTHAGKpIaMIID
UIMAA) w0 N'=rzpokcreykummanoro s
P2 N-aKDWIOWI-G-aMMHOTCKCANOBOT  KHCAOTH
(NHS), ¢ nocneyiomeii nomvepusameit 1 Ko-
BATENTHLM  TpHCOSHNENHEM  GHctocdonaTHol
rpynnb. - XapaKTepusaumo CHHTESHPYEMOro no-
AMNEPA TIPOBOTTH ¢ HCTIOTHIOBAIIEN METOZIOB
reni-xpowatorpagun (GPLC) 18 onpenenens
MOTIEKYTADHOIi b MOTHMEPA H ATEPHO-Nar-
wiTnoro pesonarica (NMR) 413 onpeserenins
wenmpaunn Gucdocoratos.

Brienerie u kymsTHsuposante AT-MSCs s
QTTOTHO TKAHH MEAKWX TPBI3YHOB (KPHIC), M0e
TREPKCHUE WX MESEHXINATEHON MPHPOS.

AT-MSCs Kphic GbUIH N0y €b 13 ariosHolt
TRAHH HMBOTHBIX COTTIACHO OMYGTHKOBIHHOMY Pa-
nee npoTokony [39] ¢ HeGoabumMH MoAHBHKa-
s, KopoTko, kHpoBas Tkakb Ghuia BhyierieHa i
KDHIC 1107 HHTATAHONNO artecTesneii miodaypa-
HOM B acemTHECKUX YC0BMAX. OGpAsHb! IPOMBL-
Bamic B oxzertion DMEM, wvenssanics,
WKy GHpoBATHES ¢ 0.2% PACTBOPON KonareHa3st
W uerHTpHbyrHpoBaTHCh npi 300XE Ha MPOTHREHII
5 MiHyT. OcCAZlok pecyCeHMpoBaTH B paCTEOpe
nowoii mmatesbwoit cpenst (DMEM + 15% FBS
+ 1% Tlenmuuann/CTpenTonmiam) 1 WHKyGHpo-
Ba7M B 75 AP KYILTYPATbHbIX IVIGUIKAX MPH CTat
JaprHbX yenosnsx (3% CO,, 37°C). Jlis yxane-
WA HEATPCMBHBIX KTETOK MIAZHULCTH TPEXKDAT:
npombiBaH pactropow PBS Ha ceayomuti seHs,
KYLTYPATbHYIO CPETY MEHATH Kaxinie 48 Hacon
1 HOTHRCNIN 3 HEEi.

Toomaepycdene  wesenxuaronoi npupoost
amdenennmx Kiemox.

Mo npousecreu 21 a1 KyasTHEMPOBaHIS
KIETKH, KCNPECCHPYIONIH Ha CBOeiH NOBEPXIOCTH
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Mapiep CD10S, Gt OTCOPTHPOBAIIH € HOMOIIbIO
MAHHTHO-AKTHBHDYEMOTO  KIETOMHORO  COpTEpa.
Brenenmsie  CD10S-nonommmensibie  Kaetkin
Ghunit Ky THBHPOBAHS 10 4-3 naccaeli. Mesen-
XHMQTHHAA MPUPOTA BHLICTENILX KICTOK Gbita
WACHTWHIMPOBAHA ¢ OMOLILIO. IyMyHO(TYO-
pecitenTioii okpackit tia wapkepst CD90, CDI0S,
CD34, CD45 1 CD3 1. Mukpockommseckiti ananis,
B TOM wHCre  dyOpecteHTHb, Gk BhmOHeH
 uenonpsoRanmen Mikpockoros Olympus 1X83
Carl Zeiss Cell Observer Z1. MsoGpaxers Gumn
noAyeRb ¢ novoubI0 OXTAIACMO CCD Kavephi
W nporpasnoro oGecrieseriis MetaVue.

ynionammanns AT-MSCs ocreopmbibin
nomepoN

AT-MSCs Ghutn wikyGHpoBansi Bwece ¢ rio-
MNEPOM B KOHUEHTpAMH | MT/AT Ha POTAEHIH
10 MiyT B BoAHOl Garte npu Temmepatype 37°C
& 1 w1 PBS mpw pH 8.0. Tocrie whkyGauii Basech
wierok AT-MSCs uentpidyruporam npi 300g &
Teuenue 5 MunyT 1 npowsisan & PBS npw pH 7.4:
HPOUEAYPY HIOBTOPAH TPEXKPATIIO,

Ouerka BINAHHA TOTHMEpa HA KIETOUHYIO
nponwpepausio

AT-MSCS, (hyHKUMOHATHIMPOBAHHbIE TIOTHME-
POM GLLTH BHICERM B 96~TH TYHOMIIIE TAIIETH
WKy GpoBarst Ha npoTkerin 0, 1. 2, 4, 24, 48
W 72 wacos npu Temmeparype 37°C , 5% CO,. Jlix
OUCHKI UHTOTOKCHUHOCTH MOTMEDA H CTO BIAIINS
Ha pocT KieToK Guit Menobsopan tect Cell-Titer
Glo Luminescent Cell Viability Assay (Promega,
USA) coracko npoToKkoy mpowsBomTes. Otteti-
KY KOAMYECTEA JIOMHHECHCHLINH IPOBOTIIN © e~
ROTH30BAHMEM MUKpOTAGLIEHHOTO pHACpa Biotek
Hybrid Reader (Biotek, USA).

OueHKa BAHIA TIOTHMEDA Ha MPOLIECCH! OCTe
i wndpepenraun AT-MSCs

AT-MSCs (1.01c6/\n) ikyGuposani ¢ 1 wr/
NI TIOTHMEPA 1 IpOTAAEHIM 10 MUHYT H 1PON
BT TPEXKPATHO. 3ATeM KIETKH BHICEHBATH B 24X
AYHOMMKIC LIARIICTH W WHKYGHPOBLIH B oMHOH
nwratenshoit cpeae DMEM wa nporaerun 12
4aCOB. 3aTeM MPOW3BOTTH TANENY CPEbI A o=
ToByIo ocTeorentyio cpety (StemPro Osteogenesis
Differentiation Kit, Invitrogen) 1 kysuposazi
nanpoTsxeHin 14 cyToK. 3aveny ocTeoreiHol cpe-
2t npoIBOTIAN KakTbie 48-72 viacon. B KavecTne
KOHTPOT MPHMEHATH MESCHNHMATEHbC KICTRH,
HE MOTHQWITDOBIHHE NOTHVEPON, HO ToBepr=
uees Tew ke npoueaypay, w MSC, kynTHipo-
BaBIIMECA B NPOCTON NiTaTENBHOI cpene DMEM.
Ciyers 14 ameii kaerin puxcuposaii b 4%-Hom
‘popmamine 1 okpamsaT 40 MM atasapHHOBOrO
KpacHoro, mpowisan & PBS u otorpaduposatn

or
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B HPOXOIAIIEN CBETe MO NIPAMLIM MHKPOCKO
Carl Zeiss Cell Observer SD.

Jlonoanntensio, octeoremias aubiepenti-
poska oueuBanach KonectaenHo. Kpatko, no-
ce ducaun MCK b Gopwae 1 oxpammsaris
ATBAPHHOBLIM. KPACHEIV, KIETKIL MikYGHPOBTI
B 10%-110fi aueTwIoRoii KHCTOTE W COBMpaTH ©
HEMONLI0BAHMEM KIETOUHOTO CKPAGEP B MIHKPO-
uenTpyasie mpodupkk. Tlocte uewTpHyri-
OB CYTICPHATAIT GBI Meperieceit B HOBHIE
TpOGHPKH, W T HeHTPATHIAIIIN  anCTHIOROH
KHCAOTH B NPOGHPIH 70GABIRICH 10%-Hbali T1=
APOKCH anvOHHA. KOHUEHTPAILIA A1a3apHHOBOTO
KpacHoro usMepsiach ta npuGope Synergy Hybrid
HI Microplate Reader npw e Boet 405 .

Oieria BAMSHIS OTHMED: Ha ocTEO!
aktuBhocTh

OCTeOKIICTH BHICTATH W3 KOG
TpyGHATHIX KOCTCi HOBOPOAACHHbIX KphiC (1-3 1t
ot posachis) corsiacho npotokony Tevlin et al[40].
Kparko, AHBOTHBIX YMEPUIBAAH ¢ novowteio CO,
KOCTH O4MIIA N OT MAKHX TKANEHi B aCeITHYECKHX.
yenosusx, 3atex s FACS pactaope (PBS +10%FBS)
ONETHSATH B CTYIIKE, MOTVHEHHYIO CYCTIENSHIO
(HALTPOBANI EPE? KICTONHLE (IIBTP C MponyCKs
Hoi enocoGoctiio 100 wkpon. [laree. ke
LEHTPHGYTHPOBLTH Ha IPOTAACHIH 5 MIHYT IpH
200xg npi 4 “C. B no7yseniyio KETONRYI0 B3Bech
0Gasnamm 10M7 pactaopa FACS. Orzensiio B 50
M1 IPOGHPKY 10aBAAIA 10 M1 KOMMEPHECKOTO
PACTROPA JUIA TPATIEHTHOM KICTOuHOM cenapaitin
Histopaque (Sigma Aldrich), Tyna xe caepxy octo-
powHo soGasN pactsop FACS ¢ kactkawin i
uewTpudyruposany npw 200xg Ha npoTAKeHHH 15
MityT. OCTOpOAHO ACHHPHPOBATH CpEMMI MyT-
Wbl G0/, KOTOPbIii COTEpAHT HEOTXOTHMHIE 1A
KyJITHBALUIAN KIETIH, 3aTeM OBTOPHO NPOMIB=
5w & pacaope FACS npi 200xg Ha npotsikerim 5
MHIYT. 3aTeM 10GABIAIN CEY 1A HIAYKIUIN o=
cra vakpodparos (MEM. 1% Ityrawar, 10% ®BC,
19 Mew/Crpen, S0u1 M-CSF (10ng/m], SigmaAl-
drich). KaeTku BuiceuBani 6 24-x 2y ol 0CTEO
TIIILET ¢ MOKPHITHEN, MMHTHPYIOUIN KOCTIYIO
tiaib (OsteoPlate, Corning). Kyastusuposai &
€O, wikyGatope npw 37°C. Ha npotsiesn nep-
BHIX 3 el CPEny He MEHATH. 3aTeM O3B0
v cpemsi ma_anddepernupososiyio (MEM,
1% Inyravar, 10% ®BC. 1% [ew/Ctpen. 501
(10ng/ml. SigmaAldrich). S0p1 RANKI,
(10ng/ml, SigmaAldrich)) na exexmentoli ockose
Ha npoTmKenmn 5 aneii. Uepes 5 anedi 106aB1AT
HCEACAYEMBIE KOHUEHTPAILAH OCTEODIILHOTO 110-
niepa (0.5Mr/vwn 1 ar/awt, 2 /) i pedhepent-
HOTO. BEIlleCTRA WICHIPOHaTa (B KOHLCHTpALLH

M
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Hiescomimne navss octeofinioro Gitcpociorarior nomepa 1 npaepaio,

des3 u 2e-3 thun) [41]. Kiierkn kyabTubmposai
Ha TIPOTAKEHIN 5 Hell, 3aTeM 4acTh OKpaUIMBATH
1a aieocTs, TRAP COLaCHO MPOTOKOTY MpOR3-
BopwTens (Sigma Aldrich). a wacts Heromkosans
U1 OUEHKI OCTEOKAACTHON AKTHBIHOCTH METOTOM
Pit Assay. TIOBEpXHOCTS TYHOK OUICHHBATH TIOT MH-
KPOCKOMIOM, KOTHHECTREIITbIi AITaTH3 MpOBOTIIH
ToMOUH0 mporpavHOro oGecrievenns FLIT

Coamucmeneckui anans

TloTyueniibie. fatbie MPCICTARIEHE B BIAC
cpeieii + CTaWTapTHAs morpemHOCTh cpeeit
Beanamb (Means SEM). Cranaaprhbie oTiciore
HILE MEATY IKCTTEPHMERTATSHBIMH [PYMNANH OLle
HUB2IUCH ¢ TIOMONIbIO OAHOBAKTOPHOTO Ciiep
cwontoro anana (one-way ANOVA). 3uasiein

CD31 CcD34

CD45

cumTach 10

OBEPHO PaIHLIMK TpH p < 0.05.

AHAIH3 IPOBOTMICA C HCTIOMH3OBAHIEN CTATHCTH-

seck

nporpansi SigmaPlot.

Pesyanrarsi ne

1esopan

i ofcymaenne

Hoomsepowcoenue. mesenxuwnaenoil npupodw
AT-MSCs, mdenenneex us adunosnoii msani xpeie

CoeACIHIOTHPOBANNAA CTPOMATLHAA (PAKLIA
KHPOBOYi TKAHH KphC Ghia TIpETCTABEHa TeTepo-
TCHHOM KACTOHOF MOMyTAUCHt H NOSHTHBHO OKpa-
UIMBATACK HA MADKEPb TEMOTIONTHAECKIX. KIETOK
(CD34 1 CD45), swaotenmansibix Kieto (CD31)
W MEICHXHMAILHbIX CTBOIOBBIX KieToK (CD1

€D90) (preynok 2)

CD105 CD90

o 2= Pesyuarut
erpovan

OPECHEITIIOND KPAIBAIIA reTepOreIIIOf HOIY AR KAcTOx
ol (AL RIPOROH TN KPLIC 1 TIORCPXHOCTIIIE MAPRSPL

1P €Tk Gt oKpaniess Kpacuesen DAPI (chsat k)

ceran sieros — CD3 | (aeemli kana, moopoibop Alexa 188), CDAS (kpacwa ke, doopoihop Alesa 594),

SRoTeTHaL KaTok — CD34 (eneraf Kaas, (iooporbop Alea 488)
MERUN AL CTBo1omeN Kierok — CD10S 1 CD9O (<paciu Kanas, 100padbop Alexa 594). OG0
(@ayopcenerrimsit nnkpocron, Carl Zeiss Cell Observer Z1)

Tlo npowectsmn 21 [ws KyawTHBHPOBaHHS
KIETKH, IKCTIDECCHPYIOUUIE Ha CBOEH TIOBEPXHOCTH
Mapkep CD105, Gbii 0TCOPTHPOBAHB € NOMOLIIO
MATHHTHO-GKTHEHPYENOTO | KICTONHOTO  COpTEpa.
Buenenmbie  CD105-nonokm Kaerkn
b KyTHEMPOBAHbI 710 4-5 naccaskei. Bouna no-
1yiesa nomysts AT-MSCS ¢ KORQUIOHTHOCTEIO
80-90%. Knetkn wwenn QuopoGnact-nonodiyio
MOP(IOOrHIO W arsHpOBHC K ITACTIKY (pi
HOK 3).

Ut TbHETieTo ONTEpEIA WX Meselis
XHMQTEHO MPHPOTLI GHTO MPOBEIEHO OKpaIHBas
WM Wa TIOBEXHOCTHBIE MADKEPH, Criewn(uumbic
unenno ans AT-MSCs, Takue kax CD10S u CD9O
(preynox 4). Bioyaspias oteiKa npesctanenux
MirkpodoTorpaduii noxTREpATACT HATHHE Map-

Kepoe CD105 1 CD90 u oreyretsie CD3 1, CD34,
CD45, 410 ABTACTCA XAPAKTEPHEIM /L1 Me3eHXI-
MamsHoli nomyns. Takoke Gbut npoBenei Ko
HCCTRCHHbII QHATIS MOy EHHOH TIOMYAALHH, 1 CO-

(CHO PE3YIBTATAN, NIDEACTARICHHBIN HA PHCYHKE
5. BHUIETCHHbE KICTKH NIDAKTHYECKH FOMOTCHHI
10 choei MPHPOE, Tak Kak MPOLEHT KIETOK, Ske-
NIPECCHPYIOUINX MAPKEPb TENOMOSTHIECKHX. Kiex
Tok (CD34 1 CDA3) W IIOTETMATLHbN KIETOK
(CD3 1) Gran wensiuie 3%.

Hsysene s ocmeoguronozo Gucdocgo-
namioo nomuvepa na nposugepayuio AT-MSCs
awOeTenbLY 103 HeupOsOi KGN KpHIC

OUEHKA LITOTOKCHIHOCTH OCTEOPHTLHOO N0~
iepa npoBoaAaCh 1pH Howouu tecra Titer Glo
Luminescent Cell Viability Assay (Promega. USA),
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Ha pHeyHKe 6 TDEICTaBeNb TaNbE 0 WITENCHE-  IpoAMpepaLln KoTpoitbitbix AT-MSCs 1 KieToK,
HocTH  ATQ-HHYUMPOBAHHO  TIOMHHECUEHIMH  0GPAGOTAHHEIX MOTHMEPON, He HAGTIOTATOCS, T
KIETOK, HHKYGHPOBANILX ¢ | MI/AT NOTHVEDA 112 CBIIETETLCTRYET 0 TOM, STO TIOTHMEP HE OKA3HIBIET
npotskenii 072 uacon. COMACHO MOTYMEHHBM  BIDAKEHHOTO TOKCHIECKOTO SdppeKTa Ha KymsTypht
QLM T0CTOREPHON pasiis ey creneisio  AT-MSCS in vitro.

Prcynon 3— Kyatirypa CDI0Smmonoe e AT-MCK ha 21 aci, yuomsau,
O8X10. (Dasomo-soipacrise cusn, Carl Zeiss Cell Observer Z1)

cpa1 D34 Cp4ds D105 D90

Plicy oK 4 — PCsyLTaTL OXPAUIMBQION OTCOPTHPORIINLIX KICTOK 11 OTPHITEALIL OBEPNHOCTHIE VapKCpL:
Fesonov ek kietok - D31 (sesehsal kawa, ioopoipop Alexa 488). CDAS,
onaoremanses K1ctox —CD34 (aeacnnii kana, hoopofbop Alexa 158),

AP KTTOK G Oxpaties KpacHTEAEM DAP (CHl Kal); i NOTOKHTETLIE TOBPHOCTHAE NAPKEPH
MEIHNIMATHIB CTBOI0BX KeT0K — CDI0S(Gesena K, 100podhop Alexa 488)

1 CD0 (xpaca kaa, dooporhop Alexa 594). (ayopecrcrna wnxpockon, Carl Zeiss Cell Observer Z1)
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Pucymon 6 Oucisa roscanmioeri nonviepa 1 npoibeparuio ATMCK in vitro
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