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ABSTRACT

BACKGROUND: In surgical dentistry and maxillofacial surgery, no currently available bone graft material reliably provides
predictable outcomes for the treatment of jawbone defects. Given the increasing number of patients with alveolar bone atrophy
and post-traumatic jaw defects, the development of new materials with osteoinductive properties remains highly relevant,
underscoring the importance of research in bone tissue engineering.

AIM: To assess the osteoinductive potential of a novel bone graft material based on poly(3-hydroxybutyrate) loaded
with simvastatin in an in vivo sheep model.

METHODS: A single-center, prospective, comparative study was conducted between December 2022 and June 2023, involving
24 healthy sheep weighing 65—70 kg and aged 18—24 months. Strictinclusion and exclusion criteria ensured group homogeneity.
Under general and local anesthesia, a lateral window approach to the maxillary sinus was performed to create a bony window
for implantation. Group 1 received simvastatin-loaded poly(3-hydroxybutyrate) granules; group 2 received the same material
without simvastatin. The primary outcome was the presence of morphological signs of ostecinduction, including the formation of
new bone tissue. Secondary outcomes included morphometric assessment of structural bone parameters, such as the relative
volume of newly formed bone and osteogenic activity.

RESULTS: Assessments were performed at 3 and 6 months post-implantation. At 3 months, granules of the bone graft
material in group 1 were surrounded by moderate connective tissue and multiple foci of active osteogenesis around
the simvastatin-loaded granules. In group 2, connective tissue predominated around the implanted granules, with isolated
osteogenic foci. At 6 months, group 1 exhibited reduced connective tissue, persistent osteogenic foci, and predominantly mature
lamellar bone. Histomorphometric analysis revealed that the relative volume of newly formed bone in the simvastatin group
was 34.5% at 3 months and 63.4% at 6 months, significantly exceeding that of the control group (21.4 and 36.8%, respectively).
CONCLUSION: Simvastatin-loaded poly(3-hydroxybutyrate) granules significantly enhance bone formation. However,
the long-term effects of simvastatin application require further investigation.
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AHHOTALUA

06ocHoBaHMe. B xvpypruyeckoii CTOMaTonoruy U YentCTHO-MLIEBON XUPYPruv OTCYTCTBYET OCTEOMNACTUYECKUIA MaTepuan,
MO3BONAIOLLMA FapaHTUPOBAHHO AOCTUraTb MPOTHO3WPYEMbIX PE3YNbTaToB MpU YCTPAHEHUW KOCTHbIX AEe(EKTOB YENHCTEN.
C y4éTOM yBeNIMYEHMS YMCTa MaLMEHTOB C aTpoduen anbBeONIAPHOM KOCTU W fedeKTaMu YemocTen nocne TpaBM aKTyab-
HOCTb pa3paboTKM HOBbIX MaTepUanoB C OCTEOUHAYKTUBHBIMU CBOWCTBAMM OCTAETCA HA BbICOKOM YPOBHE, YTO MOAYEPKUBAET
BaXHOCTb UCCe0BaHI B 0611aCTV MHXKEHEPUM KOCTHOM TKaHMW.

LUenb. WccnepoBaTb  OCTEOMHAYKTMBHBIA - MOTEHUMaN  HOBOrO  KOCTHOMNACTMYECKOro MaTepuana Ha  OCHoBe
nonm-3-oKcubyTupaTa, HackILLEHHOr0 CUMBACTaTUHOM, B in ViVo 3KCMEpUMEHTE Ha OBLIaX.

Metoabl. C nekabpsa 2022 r. no utoHb 2023 1. NpoBeAEHO OLHOLEHTPOBOE, NPOCNEKTUBHOE, CPABHUTENILHOE MUCCEe0BaHUe
C y4acTeM 24 310poBbIX 0Bel, Maccon Tena 65—70 Kr B Bospacte 18-24 Mec. Bribopka bbina copMupoBaHa ¢ y4ETOM
CTPOrUX KpUTEPUEB BKITKOUEHMS U UCKITOYEHNS, YTo 0becneymBano 0HOPOAHOCTb rpynnbl. Onepaumu npoBoaunyv nog, obuen
1 MEeCTHOW aHecTe3Meli C HapyXHbIM [LOCTYNOM K BEPXHEYENIOCTHOMY CUHYCY, rie GopMUpOBany KOCTHOE OKHO A UMMNaH-
TaLuM KOCTHOro Matepuana. B 1-# rpynne ucnonb3oBanu HOBbIN OCTEONIACTUYECKUA MaTepuan B BUAE rPaHyN ¢ CMMBACTa-
TUHOM, BO 2-ii rpynne — aHanorMyHblin Matepuan 6e3 cumeactatuHa. OCHOBHBIM MCXOAOM WCCNEeA0BaHNUA ABAANOCH NPOSB-
nexne MophoOrMYeCcKUX MPU3HAKOB MHAYKLUMW OCTeoreHesa, BKoYas (opMupoBaHue HOBOOOPa30BaHHOM KOCTHOW TKaHMW.
[lononHuTenbHble pesynbTaThl aHanM3upoBany Yyepes MophOMETPUYECKYH OLIEHKY CTPYKTYPHBIX MapaMeTpoB KOCTHOM TKaHM,
BKJT0Yas OTHOCUTESbHBIN 06BEM HOBOOBPa30BaHHOM KOCTHOW TKaHW U aKTUBHOCTb OCTEOreHe3a.

Pesynbtatbl. OLeHKa pe3ynbTaToB NpoBoaMnack Yepes 3 M 6 Mec. nocne UMNaHTauuy Matepuana. Yepes 3 mec. B 1- rpyn-
ne 0BHapyXeHbl rpaHy/ibl OCTEOMIACTUYECKOro MaTepuana ¢ yMepeHHOW COeAMHUTENBHON TKAHbK M MHOXECTBEHHBIMU 0Ya-
ramu akTMBHOTO OCTEOreHe3a BOKpPYr rpaHyn Matepuana c cumsacTaTuHoM. Bo 2-i1 rpynne npeobnagana coeguHutenbHas
TKaHb, OKPYKaOLLLAA rpaHysibl IMNIaHTMPOBAHHOMO MaTepuana 1 OTAeNbHbIE 04ark ocTeoreHesa. Yepes 6 Mec. B 1-1 rpynne
YMEHbLUUIIOCh KONIMYECTBO COEAMHUTENBHOM TKaHW, COXPaHWIMCL 0Yaru ocTeoreHesa, npeobnagana 3penas nnacTuHYaTas
KocTb. CornacHo ructoMopoMeTpUYECKUM AaHHbIM, 06EM HOBOOOPA30BaHHOW KOCTHOW TKaHM B rpynne ¢ CUMBAacTaTMHOM
coctaBun 34,5 n 63,4% yepe3 3 u 6 Mec., 4T 3HAUUTENIbHO NPEBLILLAET Pe3yNbTaTbl KOHTPOMLHOW rpynnbl (21,4 u 36,8% co-
OTBETCTBEHHO).

3akntoyeHune. HacbllweHre rpaHyn 0CcTeonnacTMYeCKoro MaTepuana U3 noam-3-oKkeubytupara CMMBACTaTUHOM 3HAUUTESBHO
yBenuumBaeT 06bEM 00pa3oBaBLLEiCc KOCTHOW TKaHW. TeM He MeHee AONTOCPOYHble IPhEKTHI NPUMEHEHNS CUMBACTaTMHA
TpebyoT AanbHENLIEr0 U3YHEHUS.

KnioueBble cnoBa: CMMBACTaTMH; 0CTEONNIACTUYECKMI martepuarn,; FIOHVI-3-0KCVIGYTVIpaT; oCTeoreHes; oCTeOMHAYKLMUA.
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BACKGROUND

Currently, there is no ideal bone graft material that fully
meets the requirements for successful application in clinical
practice. With the increasing number of patients suffering from
various bone conditions, including jaw injuries, bone atrophy,
insufficient bone volume, bone tumors, and other diseases,
the need for effective bone tissue regeneration materials
is increasing [1, 2]. Such materials must be non-toxic and
biocompatible, have matrix properties (osteoconductivity),
and the ability to stimulate bone regeneration processes
(osteoinductivity) [3, 4]. In this regard, research in bone tissue
engineering is being actively pursued, particularly in surgical
dentistry and maxillofacial surgery.

The osteoinductive properties of existing bone graft
materials are mainly ensured by their enrichment with growth
factors and morphogenetic proteins [5, 6]. In this context,
the emergence of new materials capable of effectively
stimulating osteogenesis represents a significant
advancement in bone tissue engineering.

One such approach is the use of simvastatin as a factor
for inducing bone regeneration. It was first discovered that
simvastatin, an inhibitor of 3-hydroxy-3-methylglutaryl-
coenzyme A reductase, increases the activity of bone
morphogenetic protein family members, including bone
morphogenetic protein-2, by stimulating the promoter
region [7]. Further studies confirmed the osteogenic effect
of simvastatin in both cellular and in vivo models [8, 9].
Simvastatin promotes the differentiation of osteoblasts from
stem cells by increasing the expression of osteocalcin genes,
inhibits osteoclast differentiation by inhibiting signaling
pathways, and stimulates angiogenesis by upregulating
the expression of vascular endothelial growth factor
in a dose-dependent manner [10, 11].

A previous study [12] evaluated bone regeneration
in tooth extraction sockets filled with a material based
on poly(3-hydroxybutyrate) (PHB) loaded with simvastatin.
Microcomputed tomography was used as the research method.
Three and six months after the implantation of the PHB-based
material with simvastatin, an increase in the ratio of newly
formed bone tissue volume to the regenerate tissue volume
(BV/TV) by 15.67 and 21.12%, respectively, was observed
compared to non-loaded PHB.

The present article describes the results of an experimental
study on the effects of a novel PHB-based bone graft
material with simvastatin. The processes of osteogenesis
were analyzed through histological and histomorphometric
assessments, which open new prospects for bone tissue
restoration.

AIM

To assess the osteoinductive potential of a novel PHB-
based bone graft material loaded with simvastatin in an in vivo
sheep model.
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METHODS
Study Design

An interventional, single-center, prospective, single-stage
comparative study was conducted.

Eligibility Criteria

Twenty-four sheep were included in the experimental
study.

Inclusion criteria: Animals aged 18-24 months and
weighing 65-70 kg, without chronic diseases or conditions
that could affect the results.

Exclusion criteria: Animals previously involved
in experimental studies, as well as animals with acute or
chronic diseases.

Study Setting

The study was conducted at the All-Russian Research
Institute of Sheep and Goat Breeding (branch of the North
Caucasus Federal Scientific Agrarian Centre, Stavropol,
Russia).

Study Duration

The experimental study was conducted from December 1,
2022, to June 1, 2023.

Intervention

For anesthesia, sodium thiopental, a general anesthetic
agent, was administered intramuscularly at a dose
of 50 mg/kg, calculated according to the manufacturer's
instructions and the animal's body weight. For premedication,
a combination of the following drugs was used: droperidol
(0.25%) at a dose of 0.2 mlL/kg, diazepam (0.5%)
at a dose of 0.2 mL/kg, and tramadol at a dose of 1 mL
intramuscularly.

Anesthetized sheep were placed in a lateral recumbent
position, with the lower jaw fixed. The surgical field was
antiseptically prepared. Access to the maxillary sinus was
provided via an external approach. Subsequent steps included
a soft tissue incision and elevation of a skin flap to expose
the anterior wall of the maxilla. A bone window was created
using a 1 mm spherical diamond bur and a physiodispenser
with a supply of sterile 0.09% NaCl solution, followed
by elevation and retraction of the sinus mucosa to create
a space for bone graft implantation.

Group 1 animals were implanted with a novel PHB-based
bone graft material in the form of 510 + 60 ym granules
loaded with simvastatin, while group 2 animals received
PHB-based material without simvastatin load. Before
implantation into the maxillary sinus, the material was
pre-mixed with the animal’s blood. After implantation,
the wound was sutured layer by layer using resorbable
sutures with absorbable sterile surgical suture material
EuroQuik 4/0 (EuroType, Russia).
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Three and six months after the start of the experiment,
the animals were euthanized by administration of anesthetic
solution Zoletil 100 (Virbac, France) in excessive amount
at a dose of 80 mg/kg of animal body weight. Bone
samples were fixed in 10% formalin solution. After fixation,
the samples were rinsed in running water to remove formalin
residues, then decalcified in EDTA-based solution (Softidek;
BioVitrum, Russia) for 7-10 days. After decalcification,
the samples were rinsed again and immersed in dehydrating
solution (Isoprep; BioVitrum, Russia), then in xylene solution
for preparation before paraffin embedding. The samples were
then soaked in molten paraffin, embedded in molds to form
paraffin blocks, and cooled until fully solidified. The blocks
were sectioned using a microtome into thin slices (3-5 pm
thick), which were then stained with hematoxylin and eosin
for microscopic examination of tissue structure. Photographs
were taken with a Leica 2500 microscope with a digital
camera (Leica Microsystems, Germany) for subsequent
analysis of morphometry of cellular and tissue structures
in the MegaMorph12 software (HistoLab, Russia).

Main Study Outcome

The primary outcome of the study was the identification
of morphological features indicating the activation
of osteogenesis in bone tissue, including the formation of this
tissue in the presence of the PHB-based material.

Additional Study Outcomes

The secondary outcome of the study was the morphometric
analysis of structural bone tissue parameters: BV/TV; relative
volume of the material present in the regenerate (MatV/TV),
which allowed for a more detailed characterization
of the degree of osteogenesis activation and structural
changes in the bone.

Subgroup Analysis

To assess the osteogenesis process, the animals
were divided into two groups (12 sheep in each group).
In group 1, the animals underwent sinus lift procedure
with implantation of a novel PHB-based bone graft material
loaded with simvastatin, whereas in group 2, a PHB-based
material without simvastatin was used. Each group was
further divided into subgroups of 6 sheep, with observation
periods of 3 and 6 months, respectively.

Outcomes Registration

Various methods and tools for histological and
morphometric analysis of bone tissue were used.
In particular, standard fixation methods, including formalin,
paraffin embedding, and microtome tissue sectioning, were
applied for histological analysis. The obtained sections were
stained with hematoxylin and eosin for microscopic analysis
of tissue structure. Photographs were taken using a Leica
2500 microscope with a digital camera (Leica Microsystems,
Germany).
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Statistical Analysis

Sample size calculation principles: The sample size
was not pre-calculated. Since the sample size was <30
(24 animals), nonparametric statistical methods were used
for data analysis.

Methods of Statistical Data Analysis: Statistical analysis
was performed using the Statistica v. 12.0 software package
(StatSoft Inc., USA). To determine differences between
the evaluated parameters, the nonparametric Mann-Whitney
U test was used. For intragroup analysis, the Kruskal-Wallis
signed-rank test was used. Quantitative data were expressed
as the median: 1QR, [25th; 75th percentile], with p < 0.05
considered statistically significant.

RESULTS

Participants

The study involved 24 North Caucasian meat-and-wool
breed sheep with body weight of 65-70 kg at the age of 18—
24 months, with similar baseline physiological parameters.
Each animal underwent the same intervention procedure —
sinus lift surgery with implantation of a novel bone graft
material.

Primary Results

Bone tissue samples from the floor of the maxillary
sinus were examined. The following results were obtained
in the groups.

Group 1 (PHB + simvastatin): 3 months. The bone regenerate
was represented by spherical granules of the bone graft
material, between which a moderate amount of reticulofibrous
bone tissue and a moderate amount of loose fibrous connective
tissue of the regenerative type were identified. Multiple foci
of osteogenesis and small capillaries were observed within
the granules of the bone graft material (Fig. 1, @). In the connective
tissue of the regenerative type and on the surface of the granules,
multinucleated giant cells resorbing the granules were detected.

Group 2 (PHB): 3 months. The bone regenerate was
represented by spherical granules of the bone graft material,
between which a moderate amount of reticulofibrous and
lamellar bone tissue and a moderate amount of loose
fibrous connective tissue of the regenerative type were
identified. Multiple foci of osteogenesis were observed within
the granules of the bone graft material, with the formation
of reticulofibrous and lamellar bone tissue, as well as small
capillaries forming tunnels that contain differentiated cells
of the osteoblastic lineage (Fig. 1, b). Multinucleated giant
cells resorbing the material were found in the connective
tissue of the regenerative type, on the surface and within
the pores of the granules.

Group 1 (PHB + simvastatin): 6 months. The bone
regenerate was represented by spherical granules of the bone
graft material, between which a small amount of reticulofibrous
and a small amount of lamellar bone tissue were observed,




ORIGINAL STUDY ARTICLE

\§ < 1 ¥ &5 : ok
g iy, ’ NN
y " y i % [

P e o Y } l : . *"~ (2% 4"‘}; 3 ,};/

Russian Medicine

500 MKM J

T T e e

Fig. 1. The bone regenerate from the maxillary sinus floor, containing spherical granules of the bone graft material, around which, in the presence
of simvastatin, both immature (reticulofibrous) and mature (lamellar) bone tissue (a) is formed; without simvastatin load — predominantly immature

bone tissue (b). Haematoxylin and eosin staining.

surrounded by loose fibrous connective tissue of the regenerative
type and dense fibrous (fibrous) tissue. Within the granules
of the bone graft material, foci of osteogenesis, areas of bone
tissue maturation into lamellar bone, and small capillaries were
identified (Fig. 2, a). In the connective tissue of the regenerative
type, multinucleated giant cells resorbing the granules were
detected, both on the surface and within the granules.

Group 2 (PHB): 6 months. The bone regenerate was
represented by spherical granules of the bone graft material,
between which a significant amount of predominantly
lamellar bone tissue and a moderate amount of loose
fibrous connective tissue of the regenerative type were
identified, with a small amount of fibrous tissue. Multiple foci
of osteogenesis were observed within the granules of the bone
graft material, with the formation of predominantly lamellar
bone tissue. Small capillaries were also present, forming
tunnels filled with differentiated cells of the osteoblastic
lineage that contribute to the development of osteon-like
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structures. In some granules, osteogenesis was still ongoing
from the initial phases (Fig. 2, b). Multinucleated giant cells
resorbing the material were found in the connective tissue
of the regenerative type, on the surface and within the pores
of the granules.

Secondary Results

Histomorphometric analysis with BV/TV and MatV/TV
determination in the presence of the PHB-based material
with and without simvastatin revealed that 3 months after
implantation of PHB granules with simvastatin, BV/TV was
34.5 + 6.3%, while in the PHB granules without simvastatin,
it was 21.4 + 4.1%. After 6 months, BV/TV in the simvastatin
group was 63.4 + 3.8%, and without simvastatin,
it was 36.8 + 2.4%. The results of histomorphometric
evaluation are summarized Table 1. Meanwhile, MatV/TV
of the PHB granules in the bone regenerate at 3 months was
49.3 £ 2.2% for granules with simvastatin, and 50.2 + 2.3%

500 MKM $
S, Ul :
. ! s .

Fig. 2. The bone regenerate from the maxillary sinus floor, containing spherical granules of the bone graft material, around which, in the presence
of simvastatin, mature (lamellar) bone tissue occupies a larger area of the regenerate surrounding the material (a); without simvastatin load — a small
amount of predominantly lamellar bone tissue (b). Haematoxylin and eosin staining.
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Table 1. Histomorphometric study of the sinus lift area for BV/TV and MatV/TV parameters, % (n = 24)

Characteristics of the groups 3 months (n=6) 6 months (n=6) p
BV/TV
Group 1 (poly-3-oxybutyrate + simvastatin) (n = 12) 345+63 63.4+38 0.001
Group 2 (poly-3-oxybutyrate) (n = 12) N4+41 36824 0.001
MatV/TV
Group 1 (PHB + simvastatin) (n = 12) 493+22 38419 0.01
Group 2 (PHB) (n=12) 50.2+23 32616 0.025

Note: BV/TV, newly formed bone tissue volume to the regenerate tissue volume; MatV/TV, volume of the material present in the regenerate to the tissue
volume; PHB, poly-3-oxybutyrate; differences between the values are statistically significant at p < 0.05.

without simvastatin. At 6 months after the implantation
of the PHB-based material with simvastatin, MatV/TV was
32.6 + 1.6%, while without simvastatin, it was 38.4 + 1.9%.
The results of histomorphometric evaluation are summarized
(See Table 1).

Adverse Events

No adverse events related to the surgical intervention
were observed during the experiment. The condition of all
animals was closely monitored throughout the experiment,
and no adverse events (such as diseases, injuries, unplanned
surgeries, or other medical complications) were recorded.

DISCUSSION

Summary of Primary Results

The study found that the use of simvastatin in group 1
promoted a more pronounced formation of mature lamellar
bone tissue at 3 and 6 months compared to group 2,
where reticulofibrous bone tissue was predominant.
Histological analysis revealed the presence of multiple
foci of osteogenesis and small capillaries in the samples
from the maxillary sinus floor, indicating a progressing
bone tissue regeneration process in both groups. Moreover,
based on the evaluation of MatV/TV, an increased resorption
of the material was detected in the tissues in the presence
of simvastatin.

Interpretation

In the context of the main aim of the study, which
is to evaluate the efficacy of PHB for stimulating osteogenesis,
our findings are of interest in light of current trends in the field
of bone tissue engineering and regenerative medicine [13-15].

It is important to note that our hypothesis regarding
the potential ability of PHB and simvastatin to stimulate
bone tissue formation was confirmed during the experiment.
The results of the histological study and morphometric
calculations showed that the application of this bone graft
material loaded with simvastatin stimulates osteogenesis
processes, which is consistent with the results of other
authors [16, 17].

DOl https://doiorg/10.17816/medjrf653435

The biodegradation of other polymers is accompanied
by the formation of a capsule and foreign cells, while
the bioresorption of organic-based polymers (PHB)
occurs without the formation of a capsule [18]. This
supports the appropriateness of choosing PHB as a hone
matrix. This polymer is known for its biocompatibility and
biodegradability [19], which makes it an attractive material
for medical devices. Its inclusion in the composition of bone
grafting material not only provides mechanical support, but
also creates a favorable environment for bone tissue cells,
promoting their adhesion and growth [20].

It should also be noted that our findings not only
align with existing theories about the role of simvastatin
in stimulating bone formation [21], but also provide new
data on the potential application of this material in clinical
practice to improve bone regeneration processes. This opens
up prospects for further research and the development
of new approaches in the field of bone tissue engineering
and regenerative medicine.

Study Limitations

The limitations of the study include the use of a large livestock
model (sheep) to evaluate the efficacy of the novel bone graft
material. It is important to understand that the results of this
study may not be fully transferable to the human population
due to differences in physiology and response to medical
interventions. Additionally, the limitations include the small
sample size, which may reduce the overall generalizability
of the results. Further research with larger sample sizes may
help confirm our findings and clarify their applicability.

CONCLUSION

The results of previous studies confirm the efficacy
of simvastatin in stimulating osteogenesis, which is consistent
with previous works demonstrating its osteogenetic properties
both in vitro and in vivo. However, questions regarding
the long-term effects of bone graft materials in clinical practice
remain unresolved. This study demonstrated that the addition
of simvastatin to PHB resulted in a significant increase
in the formation of lamellar bone compared to the control
group, as confirmed by histomorphometric data. Specifically,
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3 months after implantation, BV/TV in the simvastatin
group was 34.5%, and after 6 months, it was 63.4%, while
in group 2, these values were 21.4% and 36.8%, respectively.
The obtained data support the potential of simvastatin as
an active component in biocompatible materials for bone
tissue regeneration. The addition of simvastatin also promotes
improved vascularization and the appearance of multiple foci
of osteogenesis, indicating its clinical relevance for optimizing
bone tissue restoration methods. Thus, our study not
only supports existing theories on the role of simvastatin
in osteogenesis but also opens new perspectives for its
application in clinical practice, emphasizing the need for further
research to develop effective regenerative strategies.
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