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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. Strict inclusion 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 osteoinduction, 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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АННОТАЦИЯ
Обоснование. В хирургической стоматологии и челюстно-лицевой хирургии отсутствует остеопластический материал, 
позволяющий гарантированно достигать прогнозируемых результатов при устранении костных дефектов челюстей. 
С учётом увеличения числа пациентов с атрофией альвеолярной кости и дефектами челюстей после травм актуаль-
ность разработки новых материалов с остеоиндуктивными свойствами остаётся на высоком уровне, что подчёркивает 
важность исследований в области инженерии костной ткани.
Цель. Исследовать остеоиндуктивный потенциал нового костнопластического материала на основе  
поли‑3‑оксибутирата, насыщенного симвастатином, в in vivo эксперименте на овцах.
Методы. С декабря 2022 г. по июнь 2023 г. проведено одноцентровое, проспективное, сравнительное исследование 
с участием 24 здоровых овец массой тела 65–70 кг в возрасте 18–24 мес. Выборка была сформирована с учётом 
строгих критериев включения и исключения, что обеспечивало однородность группы. Операции проводили под общей 
и местной анестезией с наружным доступом к верхнечелюстному синусу, где формировали костное окно для имплан-
тации костного материала. В 1-й группе использовали новый остеопластический материал в виде гранул с симваста-
тином, во 2-й группе — аналогичный материал без симвастатина. Основным исходом исследования являлось прояв-
ление морфологических признаков индукции остеогенеза, включая формирование новообразованной костной ткани. 
Дополнительные результаты анализировали через морфометрическую оценку структурных параметров костной ткани, 
включая относительный объём новообразованной костной ткани и активность остеогенеза.
Результаты. Оценка результатов проводилась через 3 и 6 мес. после имплантации материала. Через 3 мес. в 1-й груп-
пе обнаружены гранулы остеопластического материала с умеренной соединительной тканью и множественными оча-
гами активного остеогенеза вокруг гранул материала с симвастатином. Во 2-й группе преобладала соединительная 
ткань, окружающая гранулы имплантированного материала и отдельные очаги остеогенеза. Через 6 мес. в 1-й группе 
уменьшилось количество соединительной ткани, сохранились очаги остеогенеза, преобладала зрелая пластинчатая 
кость. Согласно гистоморфометрическим данным, объём новообразованной костной ткани в группе с симвастатином 
составил 34,5 и 63,4% через 3 и 6 мес., что значительно превышает результаты контрольной группы (21,4 и 36,8% со-
ответственно).
Заключение. Насыщение гранул остеопластического материала из поли-3-оксибутирата симвастатином значительно 
увеличивает объём образовавшейся костной ткани. Тем не менее долгосрочные эффекты применения симвастатина 
требуют дальнейшего изучения.
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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.

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 mL/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 μm 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 μm 
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).

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: IQR, [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, a). 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, 
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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 

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% 

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.

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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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].

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 bone 
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, 

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) 34.5 ± 6.3 63.4 ± 3.8 0.001

Group 2 (poly-3-oxybutyrate) (n = 12) 21.4 ± 4.1 36.8 ± 2.4 0.001

MatV/TV

Group 1 (PHB + simvastatin) (n = 12) 49.3 ± 2.2 38.4 ± 1.9 0.01 

Group 2 (PHB) (n = 12) 50.2 ± 2.3 32.6 ± 1.6 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 р < 0.05.
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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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