Article’s History: Received: 04.08.2026; Revised: 01.09.2026; Accepted: 30.09.2026

Bulletin of Medical
and Biological Research

DOI 10.11603/bmbr.2706-6290.2026.3.16623
UDC 616.71-089.843:57.084.1

Vol. 8, No. 3
2026

Journal homepage: https://ojs.tdmu.edu.ua/index.php/bmbr

Dynamics of bone remodeling markers under osteoplastic materials
in experiment

Pavlo Bidzilya*

PhD Student

I. Horbachevsky Ternopil National Medical University
46001, 1 Maidan Voli, Ternopil, Ukraine
https://orcid.org/0000-0002-2227-6599

Ivan Klishch

Doctor of Biological Sciences

I. Horbachevsky Ternopil National Medical University
46001, 1 Maidan Voli, Ternopil, Ukraine
https://orcid.org/0000-0001-6226-4296

Abstract. Molecular regulation of the balance between bone resorption and formation is primarily mediated by the
RANKL/RANK/OPG signaling pathway and the Wnt-mediated pathway, the key inhibitor of which is sclerostin. A
comprehensive assessment of these regulatory markers allows elucidation of the mechanisms underlying the observed
changes in bone resorption and formation during the application of osteoplastic materials. The aim of the study was
to investigate the dynamics of serum concentrations of RANKL, OPG and sclerostin, as well as the RANKL /OPG ratio,
on days 5, 14, 30 and 60 of experimental femoral bone defect healing under the application of collagen-free, collagen-
containing osteoplastic materials and demineralized bone matrix (DBM) compared with an untreated defect. The
study was performed on 170 Wistar rats. Serum RANKL and OPG concentrations were determined by sandwich ELISA
(Thermo Fisher Scientific); sclerostin was measured by ELISA using commercial kits. Statistical analysis was performed
using STATISTICA 10.0 (StatSoft). In the untreated defect group on day 5, RANKL exceeded the control level by 163.6 %,
OPG decreased by 28.5 %, and sclerostin increased by 100.4 %. In the DBM group, a pro-osteogenic profile was already
evident from day 5, with OPG exceeding the control by 25.6 %, and from day 14 RANKL fell below the control level.
The RANKL/OPG ratio in the DBM group remained below the control throughout the observation period. A gradient
of regulatory efficacy of the materials was identified (DBM > collagen-containing implant > collagen-free implant >
untreated defect), which is consistent with the data on resorption and formation markers and confirms the realization
of the osteoreparative effect through modulation of the RANKL /RANK/OPG signaling pathway and suppression of
sclerostin-mediated blockade of Wnt signaling. The obtained results substantiate the preferential use of demineralized
bone matrix for accelerating reparative osteogenesis at the molecular regulatory level.

Keywords: osteoplastic materials; RANKL; osteoprotegerin; sclerostin; bone remodeling; demineralized bone matrix;
reparative osteogenesis.

Introduction

The molecular balance between resorption and
formation of bone tissue is ensured by the coordinated
action of regulatory signaling systems, the key among
which is the RANKL/RANK/OPG axis. Receptor
activator of nuclear factor B ligand (RANKL) is
expressed on the surface of osteoblasts, osteocytes
and bone marrow stromal cells and, upon binding to
the RANK receptor on osteoclast precursors, initiates
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their differentiation, activation and prolongs the
survival of mature osteoclasts [1]. Osteoprotegerin
(OPG)is a soluble decoy receptor of the TNF family that
competitively binds RANKL and prevents its interaction
with RANK, thereby inhibiting osteoclastogenesis [1,
2]. The RANKL/OPG ratio is a recognized integral
indicator of the bone remodeling balance: its increase
indicates a shift toward resorption, while a decrease
indicates predominance of formation [1, 3].
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In parallel with the RANKL/RANK/OPG axis,
bone formation is regulated by the Wnt/f-catenin
signaling pathway, the key physiological inhibitor
of which is sclerostin - a glycoprotein secreted by
osteocytes that binds to the LRP5/6 co-receptors,
blocking the Wnt cascade and suppressing osteoblastic
differentiation and activity [4]. Since RANKL, OPG and
sclerostin are produced predominantly by cells of the
osteoblastic lineage and osteocytes, they constitute a
single regulatory network that links the processes of
bone resorption and formation within one remodeling
cycle [5].

The dynamics of this regulatory triad have been
studied in models of physiological remodeling and
under osteoporotic changes [3, 5]; however, data on its
behavior under implantation of osteoplastic materials
of different composition - collagen-free, collagen-
containing and demineralized bone matrix - remain
limited. This complicates the molecular interpretation
of the observed differences in the dynamics of bone
resorption and formation markers.

The aim of the study: to investigate the dynamics
of serum concentrations of the regulatory markers of
bone remodeling RANKL, OPG and sclerostin, as well
as the RANKL/OPG ratio, on days 5, 14, 30 and 60 of
experimental healing of a femoral bone defect under
the application of collagen-free, collagen-containing
implantation materials and demineralized bone matrix
compared with intact control and untreated defect.

Materials and Methods

The study was performed at the Departments of
Functional and Laboratory Diagnostics, Pathological
Anatomy with Sectional Course and Forensic
Medicine, and at the Interdepartmental Educational
and Research Laboratory Center of I. Horbachevsky
Ternopil National Medical University of the Ministry
of Health of Ukraine, in compliance with Directive
2010/63/EU of the European Parliament and of the
Council, the European Convention for the Protection
of Vertebrate Animals used for Experimental and
Other Scientific Purposes (Strasbourg, 18.03.1986)
and the Resolution of the First National Congress
on Bioethics (Kyiv, 2001), and was approved by the
University Bioethics Commission.

The study was conducted on 170 linear white
Wistar rats weighing 180-210 g, divided into five groups:
Group I - intact animals without defect modeling
(control); Group II - animals with a modeled femoral
bone defect without correction; Group III - animals
with implantation of a bone regeneration material
without collagen; Group IV - animals with implantation
of a bone regeneration material containing collagen;
Group V - animals with application of demineralized
bone matrix. The materials were obtained from ABM
Technology LLC.
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Animals of Groups II-V under sodium thiopental
anesthesia (40 mg/kg body weight intraperitoneally)
underwent osteoperforation of the femur with a bur
under aseptic conditions, forming a standard defect
3 mm in diameter. After introduction of the tested
material, the defect was covered with an ActiveBone
collagen membrane, and the wound was sutured layer
by layer. Animals were withdrawn from the experiment,
and blood for biochemical analysis was collected on
days 5, 14, 30 and 60 after surgery.

RANKL concentration was determined by the
enzyme-linked immunosorbent assay using sandwich
ELISA with monoclonal antibodies specific for soluble
RANKL (Thermo Fisher Scientific) according to the
manufacturer’s instructions; the result was expressed
in ng/mL. OPG concentration was determined by
sandwich ELISA: monoclonal capture antibodies against
OPG were pre-coated on the plate wells; after binding
of the analyte from the test sample, detector antibodies
conjugated with horseradish peroxidase were added;
the optical density of the colored reaction product
was measured at 450 nm (Thermo Fisher Scientific
kits); the result was expressed in ng/mL. Sclerostin
concentration was determined by the enzyme-linked
immunosorbent assay using commercial test systems
according to the manufacturer’s instructions; the result
was expressed in ng/mL

Statistical processing of the results was performed
using the Statistica 10.0 package (StatSoft Inc.). Data are
presented as mean + standard error of the mean (M+m).
Normality of distribution was checked by the Shapiro-
Wilk test. One-way analysis of variance (ANOVA)
followed by pairwise comparison using Student’s t-test
was applied to compare indicators between groups
and observation periods; differences were considered
statistically significant at p<0.05.

Results

Control (baseline) values in the intact group were:
RANKL - (0.22+0.04) ng/mL, OPG - (89.7+4.3) ng/mL,
sclerostin - (0.483+0.028) ng/mL (Table).

On day 5 in the untreated defect group, the most
pronounced shifts were recorded: RANKL exceeded
the control by 163.6 %, OPG decreased by 28.5 %, and
sclerostin increased by 100.4 %, reflecting simultaneous
hyperactivation of pro-resorptive signaling and
suppression of osteoblastogenesis. Application of
implantation materials was accompanied by a dose-
dependent attenuation of this imbalance: in the collagen-
free group RANKL +136.4 %, OPG -20.7 %, sclerostin
+62.3 % relative to control; in the collagen-containing
group — RANKL +59.1%, OPG -5.6 %, sclerostin +35.4 %.
The least pronounced shifts were observed in the DBM
group: RANKL exceeded the control by only 9.1 %, while
OPG already on day 5 exceeded the control level by
25.6 %, and sclerostin by 27.9 %.
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Table. Markers of bone regeneration regulation in the serum of animals with a perforating femoral bone defect under

the application of different osteoplastic materials

Indicator / Term RANKL, ng/mL OPG, ng/mL Sclerostin, ng/mL
Intact control, n=10 0.22+0.04 89.7t4.3 0.48310.028
Untreated defect
Day 5, n=10 0.58+0.07* 64.1+£3.6* 0.968+0.048*
Day 14, n=10 0.41+£0.06* 68.3+4.8* 0.831+£0.036*
Day 30, n=10 0.39£0.05* 72.31£6.5* 0.655+0.034*
Day 60, n=10 0.27£0.06 78.4+7.1 0.561%£0.025
Collagen-free implant
Day 5, n=10 0.52+0.05* 71.1+6.7* 0.78410.042*#
Day 14, n=10 0.35+£0.03* 76.416.3 0.726+0.038*
Day 30, n=10 0.27+0.04 75.6£7.1 0.621+0.046*
Day 60, n=10 0.24%0.05 81.31£7.8 0.543+0.031
Collagen-containing implant
Day 5, n=10 0.35£0.02*#*" 84.7+7.3 0.654+0.042*#"
Day 14, n=10 0.31+0.02 87.2+8.3 0.566+0.039#"
Day 30, n=10 0.28+0.03 93.6%9.2 0.529+0.033#
Day 60, n=10 0.20+0.01 97.51£8.8 0.492+0.030
Demineralized bone matrix

Day 5, n=10 0.2410.02%1& 112.749.1%#°& 0.618+0.036*#"
Day 14, n=10 0.160.01*1& 126.2+£10.4*#% 0.514£0.028*"
Day 30, n=10 0.1410.01*1& 118.94£9.7%#" 0.495+0.031#
Day 60, n=10 0.19+0.02 99.318.8 0.476+0.024%

Notes: 1. * — statistically significant difference compared with animals without bone defect modeling;
2.~ —statistically significant difference compared with animals with bone defect without correction;

3. # — statistically significant difference compared with animals with bone defect and correction without collagen;
4, & — statistically significant difference compared with animals with bone defect and correction with collagen.

On day 14 in the DBM group, the RANKL level fell
below the control by 27.3 %, while OPG reached its peak
value ((126.2+10.4) ng/mL; +40.7 % relative to control).
In the collagen-containing group, OPG practically
normalized on this term (-2.8 % relative to control). In
the untreated group the imbalance persisted: RANKL
+86.4 %, OPG -23.9 %, sclerostin +72.0 % relative to
control. By day 30 in the DBM group, RANKL reached
its minimum (-36.4 % relative to control), while OPG
remained elevated by 32.6 %.

RANKL, ng/mL

OPG, ng/mL

By day 60, the indicators in all groups approached
the control values while retaining the intergroup
gradient: in the untreated group RANKL remained
elevated by 22.7 %, OPG was decreased by 12.6 %, and
sclerostin by 16.1 %; in the DBM group RANKL was
lower than control by 13.6 %, OPG was higher by 10.7
%, and sclerostin practically reached the baseline level
(-1.4 %) (Fig. 1).

The integral indicator of osteoclastogenic potential
is the RANKL/OPG ratio (Fig. 2). In the untreated

Sclerostin, ng/mL

ng/mL

ng/mL

5 14 30
Observation day

=+ Control (no defect)

60
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Observation day
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Fig. 1. Dynamics of serum concentrations of RANKL, OPG and sclerostin in the study groups on days 5, 14, 30 and 60

of observation.
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Fig. 2. Dynamics of the RANKL/OPG ratio in the study
groups.

group it exceeded the control value 3.7-fold on day
5 and remained elevated even on day 60 (1.4-fold). In
the collagen-containing group the ratio fell below the
control level already on day 60 (0.84-fold), while in the
DBM group it remained below the control throughout
the entire observation period (from 0.87 on day 5 to
0.48 on day 30).

Discussion

The obtained results demonstrate that osteoplastic
materials exert a regulatory effect at the molecular
level, modulating the RANKL /OPG/sclerostin balance
in a direction favorable for osteogenesis. The dynamics
of RANKL and OPG in the untreated defect correspond
to the pattern described in the literature: an increase
in RANKL and a decrease in OPG in the acute phase of
injury with subsequent activation of OPG in the bone
formation phase, when osteoblasts acquire a dominant
influence on the local microenvironment [6]. Notably,
in the DBM group this sequence was substantially
accelerated - a pro-osteogenic profile (elevated OPG,
reduced RANKL) was already registered on days 5-14,
whereas in the untreated defect analogous changes
were only beginning.

The identified gradient of regulatory efficacy of
the materials (DBM > collagen-containing implant >
collagen-free implant > untreated defect) fully agrees
with previously established data on resorption markers
(CTX-I, TRAP-5b) and formation markers (PINP, BALP,
osteocalcin): suppression of RANKL and an increase in
OPG correlate with a decrease in resorption markers
and an increase in bone formation markers. This
confirms the hypothesis that the organic component of
the materials (collagen, demineralized matrix) realizes
the osteoreparative effect through modulation of the
RANKL/RANK/OPG signaling pathway, approaching
the physiological balance already in the early stages
of healing [1, 2].
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The parallel decrease in sclerostin in the groups
with material implantation, most pronounced in the
DBM group, is consistent with the role of sclerostin as
an inhibitor of Wnt/B-catenin signaling, the removal
of which is a necessary condition for activation of
osteoblastic differentiation [4]. Thus, the applied
materials probably realize a dual mechanism of action
- suppression of osteoclastogenesis via the RANKL/
RANK/OPG axis and unblocking of osteoblastogenesis
via sclerostin inhibition, which together ensure a
coordinated and accelerated course of reparative
osteogenesis compared with natural healing of the
defect without correction.

Conclusions
1. Modeling of a femoral bone defect is accompanied
by an acute increase in RANKL and sclerostin and a
decrease in OPG on day 5 with gradual normalization of
the balance by day 60, which is slowest in the untreated
defect group.

2. Application of osteoplastic materials is
accompanied by a dose-dependent attenuation of the
imbalance of regulatory markers, most pronounced
in the demineralized bone matrix group, where a pro-
osteogenic profile (elevated OPG, reduced RANKL) is
registered already from days 5-14.

3. The RANKL/OPG ratio in the DBM group remains
below the control throughout the entire observation
period, indicating a stable shift of the remodeling
balance toward osteogenesis.
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AHorTanis. MoseKyJsipHa peryJisilist piBHOBaru Mixk pe3opotiieio Ta GopMyBaHHSIM KiCTKOBOI TKAHUHNU EPEBAXKHO OIO0-
cepenKoByeTbest curHanbHUM 11sixoM RANKL /RANK /OPG i Wnt-onocepejKoBaHUM IJISIXOM, KJIFOUOBUM iHTiGiTOpOM
SKOTO0 € CKJIepocTHH. KOMIIJIEKCHA OLIiHKA UX PETyJsITOPHUX MapKepiB Ja€ 3MOry 3'sICyBaTU MEXaHi3MHU, IO JieXKaTb
B OCHOBI 3MiH Ipo1jeciB pe3op61iii Ta popmyBaHHS KiCTKOBOI TKAHUHMU TIiJ Yac 3aCTOCYBaHHS OCTEOIJIACTUYHUX Ma~-
TepiazniB. MeToo JociiKeHHs 6yJI0 BUBYEHHS JUHAMIKU CUPOBAaTKOBUX KOHIleHTpaliit RANKL, OPG i ckiepocTuny,
a takox cniBBigHomeHHs1 RANKL/OPG Ha 5, 14, 30 Ta 60 1061 3aroeHHs €KCIIEPUMEHTANIBLHOTO Ae(EKTy CTErHOBO]
KiCTKM TiJ, BIUIMBOM 6€3KO0JIar€HOBUX i KOJIareHOBMICHUX OCTEOIIACTUYHUX MaTepiasiB, a TaKoX JieMiHepasizoBa-
HOTO KicTKoBOro Matpukcy (JIKM) nopiBHsSIHO 3 HeslikoBaHUM fedeKkToM. JlocaimkeHHsl BUKOHaHO Ha 170 mypax miHii
Wistar. KonenTpauii RANKL ta OPG y cupoBaTii KpOBi BU3Ha4aIu 32 METO/IOM CEHJIBiu-iMyHO(DEPMEHTHOTO aHali3y
(Thermo Fisher Scientific); pieHb cknepocTuHy — meTonoM QA i3 BUKOPUCTaHHSM KOMepLiltHUX HabopiB. CTaTuc-
TUYHU aHaJIi3 MPOBOIMJIN 32 OTIOMOTO0I0 IIPOrpaMHoro 3abesneyeHHs Statistica 10.0 (StatSoft). ¥ rpyni HesikoBaHOTO
nedekry Ha 5 o6y piBeHb RANKL nepesuiyBaB KOHTpoJIbHe 3HauYeHHs Ha 163,6 %, koHuenTpauis OPG 3HmKyBanacs
Ha 28,5 %, a piBeHb CKJIePOCTUHY Ninsuinysascs Ha 100,4 %. Y rpyni JKM yxe Ha 5 106y BUSIBJISLII IPOOCTEOTeHHU
npo@isb: piBenb OPG nepeBuiyBaB KOHTPOJIbHE 3HAYeHHS Ha 25,6 %, a mounHaouu 3 14 1o6u, koHneHrpaniss RANKL
OyJ1a HIDKYOIO 32 KOHTPOJIbHUI piBeHb. CniBBigHOmeHHsI RANKL /OPG y rpyni JIKM npoTsirom ycboro nepiogy crno-
CTEPEXKEHHSI 3a/IMIIAIOCS] HIDKYMM 3a KOHTPOJIbHE 3HAU€HHS. BCTaHOBJIEHO IpaflieHT PEryssiTOPpHOi e(pPeKTUBHOCTI
JIOCHimKyBaHUX MaTepiasis: [JKM > koslareHOBMiCHUI IMITJIaHTAT > 6€3K0JIar€HOBUI IMITJIAaHTAT > HEeJTiIKOBaHUM fedexT,
IO Y3rOIPKY€EThCS 3 JaHUMMU 1010 MapKepiB pe3op61ii Ta (popMyBaHHS KiCTKOBOi TKAaHMHU i MiATBEPIPKYye peasiza-
11i10 OCTEeOpenapaTUBHOrO e(PeKTy MIIIKOM MOAYI0BaHHs curHanbHoro misaxy RANKL /RANK /OPG Ta npurHidyeHHs
CKJIEPOCTHH-OIIOCEPEIKOBAHOIO 6J10KyBaHHSI Wnt-curHasninry. OTpuMaHi pe3ysibTaTu O6IPYHTOBYIOTb JOLIbHICTh
NePEBAKHOI0 3aCTOCYBAHHS J€MiHEPaJi30BaHOr0 KiCTKOBOIO MAaTPUKCY JIJIsl IPUIIBUIIIEHHS PENapaTUBHOIO OCTE0-
reHe3y Ha MOJIEKYJISPHO-PETYJISTOPHOMY PiBHI.
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