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Summary 

Kadreva, N. M., N. I. Penkova & P. Hrischev, 2026. In vivo stimulation of osteogenesis by 

a poly-ε-caprolactone matrix loaded with the drug simvastatin: Histological study in an ex-

perimental model. Bulg. J. Vet. Med. (online first). 
 

The objective of this study was to monitor the histological alterations in the rat parietal bone 

following implantation of a poly-ε-caprolactone (Gpoly) biopolymer matrix that has been loaded with 

Simvastatin (PCL/Sim/-G8w). Bone fragments were decalcified and stained with haematoxylin-eosin 

and Azan trichrome according to the Haydenheim method. Eight weeks following the implantation of 

the biopolymer matrix into the calvaria there was a complete integration of the implant into the bone 

structure of the skull in both the GPoly and PCL/Sim/-G8w groups. The peripheral zone of the 

biopolymer in the GPoly rats was unstructured and intact. The central zone exhibited minor 

fragmentation. A thin fibrous capsule was formed around the implant. In the PCL/Sim/-G8w group, 

the implant was significantly damaged. A plate of woven bone was formed in the thick fibrous 

capsule. It was concluded that the tissue changes in the calvaria of rats after eight weeks of 

implantation of a poly-ε-caprolactone biopolymer matrix loaded with simvastatin demonstrated the 

stimulating role of simvastatin on regeneration, vascularisation and osteogenesis processes. 
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INTRODUCTION 

Osteogenesis is defined as a process of 

bone differentiation and formation. Dur-

ing human embryonic development, the 

bone formation commences between the 

6
th

 and 7
th

 gestational weeks and continues 

into late adolescence, persisting until ap-

proximately 25 years of age in some indi-

viduals (Toosi et al., 2020). During the 

development of the embryo, two distinct 

forms of osteogenesis are observed: in-

tramembranous and endochondral. During 

the intramembranous osteogenesis, the 

formation of bone occurs directly from the 

mesenchymal tissue. Conversely, during 
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the endochondral osteogenesis, mesen-

chymal tissue first differentiates into carti-

lage, which is subsequently remodelled 

into bone tissue. In both processes, imma-

ture bone is formed, which undergoes 

bone tissue resorption and deposition , 

known as bone remodelling, until mature 

bone tissue is obtained (Clarke et al., 

2008). Bone tissue is a dynamic tissue; in 

adults, it undergoes remodelling consist-

ing in continuous tissue restoration and 

renewal under both normal physiological 

and pathological conditions. In patholo-

gies associated with extensive bone in-

volvement, surgical interventions, system-

ic and local diseases, bone tissue is mainly 

restored by bone cells, osteoblasts and 

osteoclasts, under the influence of envi-

ronmental factors (Roddy et al., 2018). 

Contemporary concepts of bone restora-

tion involve replacing the affected struc-

ture with a biocompatible material. The 

purpose of this replacement is to support 

the processes of remodelling and 

osteogenesis by locally influencing the 

environment and stimulating bone cells 

(Zhang et al., 2020). The materials can be 

used for different purposes, depending on 

the size of the bone defect. They are 

placed locally in the bed to elicit a local 

response at the donor site, directing the 

bone tissue towards repair (Giannoudis et 

al., 2013; Subbiah et al., 2019). 

The pharmaceutical compound sim-

vastatin is an 3-hydroxy-3-methylglutaryl-

coenzyme A reductase (HMG-CoA) inhi-

bitor, categorised as a statin. Simvastatin 

reduces blood cholesterol levels when 

administered systemically. In addition to 

its primary mechanism of action, simvas-

tatin has been shown to possess pleio-

tropic effects, including the stimulation of 

stem cell differentiation into osteoblasts 

and the promotion of their activity, as well 

as the indirect inhibition of osteoclasts 

when applied topically to tissues, parti-

cularly bone tissue (Liao et al., 2005; 

Estanislau et al., 2015). The mechanisms 

of this effect have been described in a 

number of in vitro and in vivo studies 

(Oryan et al., 2015). In this regard, has 

been explored for its potential in bone 

defect research and treatment, particularly 

in cases of bone loss resulting from frac-

tures, inflammatory diseases, surgical 

procedures and management of bone 

diseases (Venkatesan et al., 2019).  

Recent studies have explored the 

potential applications of simvastatin in 

dentistry, oral surgery and implantology. 

Specifically, the material has been utilised 

as a grafting agent or in combination with 

other substances in various forms, with 

human trials conducted to assess its 

efficacy (Issa et al., 2024a,b). A recent 

study has confirmed that intraosseous sta-

tins are a promising, cost-effective, and 

readily implementable alternative for alve-

olar ridge preservation and bone regenera-

tion (Diniz et al., 2022). The technique of 

bone regeneration following third molar 

extractions involves the administration of 

the pharmaceutical agent in the form of a 

gel or powder into the postoperative 

socket. This approach was shown to en-

hance bone regeneration compared with 

the natural healing process of the wound 

(Tidke et al., 2025). A comprehensive re-

view of the existing literature conducted 

in order to ascertain the optimal dose of 

simvastatin suggests that in animal studies 

the optimal dose of simvastatin for stimu-

lating maximum bone regeneration with-

out inducing inflammation in alveolar de-

fects in miniature pigs is a locally applied 

dose of 0.1–0.5 mg (Chen et al., 2011).  

Biomaterials are defined as structures, 

substances (including drugs) or combina-

tions of substances designed to provide 

substitutes for substances and molecules 
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that integrate into the extracellular space 

(ECS) and influence cell activity, thereby 

modulating the cellular response (Ver-

meulen et al., 2022). The term 'biomateri-

als' refers to any synthetic, semi-synthetic, 

or natural material that is utilised for the 

purpose of enhancing or replacing the 

functionality of biological systems. (Son 

et al., 2013; Al-Maawi et al., 2020). Poly-

ε-caprolactone is identified as the polymer 

with the optimal mechanical properties, 

and its potential for good biocompatibility 

has been thoroughly investigated (Seddi-

ghian et al., 2021). It was also studied for 

its capacity to serve as a bone substitute 

material. In the form of a polymer matrix 

(scaffold), caprolactone can be applied as 

a so-called ’drug delivery system’ or a 

system for local drug delivery (Balasunda-

ram et al., 2007). 

The aim of this study was to monitor 

the histological changes in rat parietal 

bone following implantation of a poly-ε-

caprolactone (PCL) biopolymer matrix 

loaded with simvastatin (PCL/Sim-G8w), 

with a focus on evaluating its effects on 

bone regeneration, vascularisation, and 

osteogenesis. 

MATERIALS AND METHODS 

Materials 

The poly-ε-caprolactone/simvastatin mat-

rix was prepared using the solvent casting-

salt leaching method. The pharmaceutical 

compounds under investigation in this 

study were obtained from Sigma-Aldrich, 

USA. The amount of simvastatin incorpo-

rated into the scaffolds was quantified 

following solvent extraction and high-

performance liquid chromatography 

(HPLC) analysis. The poly-ε-caprolactone 

(PCL) scaffold was fabricated by subjec-

ting a blend of low- and high-molecular-

weight PCL granules to a mechanical mi-

xing. The process was conducted through 

the utilisation of a solvent-casting salt-

leaching method, whereby the porogen 

was composed of NaCl granules that were 

incorporated into a PCL mixture. The 

porosity of the scaffold was determined to 

be 50±2.5%, indicating the achieved 

porosity been. Simvastatin was incorpora-

ted during the casting stage, and the final 

concentration was evaluated by HPLC. 

The mean drug loading was 58±0.6 µg per 

scaffold, corresponding to a drug loading 

of 1.10±0.08%.  

Experimental design  

Twenty Wistar rats were used in the 

experiment, divided into two groups. Male 

rats were selected to exclude the influence 

of cyclicity in female individuals. All 

animal experiments were conducted in 

accordance with the Helsinki Declaration 

on the care and humane treatment of 

animals. An unloaded polymer matrix was 

placed in the parietal bone of the animals 

in the control group (GPoly-G8w), where-

as in the experimental group (PCL/Sim-

G8w), the matrix was loaded with simvas-

tatin (Table 1). Permit No. 373 for con-

ducting animal experiments was issued by 

the Bulgarian Food Safety Agency and ap-

proved by the Scientific Ethics Committee 

of Medical university of Plovdiv. 

Following local anaesthesia, the hair in 

the upper part of the head was removed. 

The skull of the animal was palpated, as in 

this strain of laboratory rats, a large blood 

vessel (the middle cerebral artery) is 

located between the midline suture of the 

two parietal bones, which also differs on 

palpation. The site was disinfected with an 

iodine solution. The incision was made 

0.5 cm forward  to the line connecting the 

tips of the  ears extending 0.5 cm behind 

this line. The utilisation of a #11 scalpel 

blade ensured a sufficient depth of 
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penetration to expose the underlying sub-

cutaneous tissue. Following exposure, the 

middle cerebral artery and the calvarial 

bones were identified visually. In this 

study, a pre-selected set of dental bone 

borers with a round profile and increasing 

diameter (1.00 mm, 2.00 mm, 4.00 mm, 

5.00 mm) were used. The smallest 

diameter borer was used to mark the site 

of the osteotomy. The target location was 

set approximately 2 mm from the blood 

vessel, with a final size of 5.00 mm. After 

the osteotomy, the PCL/Sim matrix was 

implanted in the experimental group of 

animals. The biomaterial was pre-treated 

to the appropriate size for placement in 

the recipient bed. The EXAFLEX 14 × 25 

mm pericardial membrane (MAGGI 

Biotechnology, Italy) was then placed 

over the matrix in order to isolate the 

relevant soft tissues from the defect using 

the guided bone regeneration technique. 

The flap was then sutured using a P-

shaped horizontal interrupted or single 

interrupted suture.  

The aim of this study was to monitor 

the histological changes in rat parietal 

bone following implantation of a poly-ε-

caprolactone (PCL) biopolymer matrix 

loaded with simvastatin (PCL/Sim-G8w), 

with a focus on evaluating its effects on 

bone regeneration, vascularisation, and 

osteogenesis. 

 

RESULTS  

Poly-ε-caprolactone polymer matrix  

Following an eight-week period of expo-

sure to the poly-ε-caprolactone polymer 

matrix (GPoly-G8w) within the parietal 

bone of the control group of animals, the 

implant has undergone complete integra-

tion into the bone structure of the skull. 

The periphery of the implant consisted of 

a continuous layer of unstructured biopol-

ymer material of considerable thickness. 

The central zone of the implant was frag-

mented. The substantial fragments consti-

tuted a labyrinth of polygonal fields, in-

terconnected by substantial bridges of 

biopolymer. A thin capsule of fibrous 

connective tissue was observed on the 

outer surface of the implant. The im-

plant’s periphery  was penetrated by deli-

cate collagen strands of loose connective 

tissue, extending radially. Capillaries were 

formed occured within the biopolymer 

fragments of the central zone, as well as 

thick biopolymer bridges connecting these 

fragments (Fig. 1). 

Poly-ε-caprolactone polymer matrix 

loaded with simvastatin 

Eight weeks after the implantation of the 

poly-ε-caprolactone polymer matrix loa-

ded with simvastatin (PCL/Sim-G8w), the 

observations of the parietal bone of the 

experimental  animals  revealed  complete 

Table 1. Experimental design in the control group with poly-ε-caprolactone polymer scaffold 

(GPoly-G8w) and the experimental group with simvastatin-loaded polymer scaffold (PCL/Sim-G8w)  

Group 
Control group 

(GPoly-G8w) 

Experimental group 

(PCL/Sim-G8w) 

Animals  10 Wistar rats 10 Wistar rats 

Scaffold Poly-ε-caprolactone 

polymer scaffold 

Poly-ε-caprolactone polymer 

scaffold loaded with simvastatin 

Implant (scaffold) retention time 8 weeks 8 weeks 
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integration of the implant into the parietal 

bone structure. In contrast to the control 

group, the peripheral unstructured layer of 

biopolymer was thinner and incomplete. 

The peripheral unstructured biopolymer 

layer was absent along a sector represen-

ting approximately one-third of the 

implant circumference. The core of the 

implant was constituted by numerous 

small fragments, connected by thin 

biopolymer bridges. In the region where 

the biopolymer was absent, namely the 

area between the bone structure of the 

skull and the fragmented core, there was a 

considerable area of fibrous well vascula-

rised connective tissue. The blood vessels 

in this area comprised not only capillaries, 

but also arterioles and venules. The inner 

surface of these vessels was composed of 

two to three layers of smooth muscle cells, 

arranged in a circularly (Fig. 2). 

The implant segment containing the 

preserved poly-ε-caprolactone biopolymer 

loaded with simvastatin was characterised 

by a thin structure,  covered by a fibrous 

capsule exhibiting wide folds. At the tips 

of these folds thin strands of loose con-

nective tissue , extending towards the 

fragmented core were formed. The polyg-

onal fragments occupying the central area 

of the implant were significantly separat-

ed, with the fragments connected by thin 

biopolymer bridges. The fragments were 

characterised by zones of vascularity. The 

segment had a well-developed capillary 

network, as well as formed arterioles and 

venules with a thin smooth muscle layer 

forming the wall (Fig. 3). 

In the area where the biopolymer was 

absent, a shaped plate with woven bone 

structure was observed between the parie-

tal bones and the vascularised fibrous cap-

sule. The initial formation of osteons was 

characterised by the development of con-

centric circles of cells embedded in colla-

gen bundles, surrounding rounded cavities 

containing blood vessels (Fig. 4). 

DISCUSSION 

The fabrication of a poly-ε-caprolactone 

(PCL)/simvastatin scaffold via the solvent 

casting-salt leaching method is a reliable 

approach for developing porous bio-

materials for tissue engineering. The 

achieved porosity (50±2.5%) reflects a 

balance between mechanical stability and 

biological functionality, supporting poten-

tial cell infiltration while maintaining 

structural integrity. The use of NaCl as a 

porogen is effective for generating an in-

terconnected porous structure, although 

some heterogeneity in pore distribution 

may occur. Simvastatin incorporation dur-

ing the casting stage enables uniform drug 

distribution, and the reported drug loading 

(58±0.6 µg; 1.10±0.08%) indicates good 

reproducibility. 

Local delivery of drug molecules has 

been demonstrated to circumvent adverse 

drug reactions associated with systemic 

administration as well as adverse reactions 

associated with accumulation of the drug 

in the body (Rojo et al., 2017). A signifi-

cant recent development is the design of 

biomaterials for tissue engineering matri-

ces to achieve specific biological effects 

on bone cells and therefore stimulate os-

teogenesis and bone healing. The 

utilisation of polymeric materials in bone 

tissue engineering has seen a substantial 

increase over the past decade (Balasunda-

ram et al., 2007; Al-Maawi et al., 2020). 

As demonstrated in the research of Corra-

les et al. (2014) and Kumar et al. (2019), 

some challenges such as the production of 

three-dimensional matrices, their fabri-

cation to be compatible with bone tissue, 

as well as placement through minimally 

invasive techniques, have been addressed. 
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Simvastatin, an HMG-CoA reductase in-

hibitor, was demonstrated to stimulate 

bone regeneration in preclinical models 

(Estanislau et al., 2015; Oryan et al., 

2015; Venkatesan et al., 2019). The inhi-

bition of osteoclastogenesis by statins is 

achieved through the modulation of the 

OPG/RANKL/RANK signalling pathway 

(Mundy et al., 1999). RANKL, RANK, 

and osteoprotegerin (OPG) are identified 

as the principal regulators of this process. 

The osteoclast proliferation is suppressed 

by OPG, whilst RANK, a member of the 

tumour necrosis factor receptor super-

family, was demonstrated to promote 

osteoclastogenesis. RANKL, expressed on 

the surface of osteoblasts, supports osteo-

clast survival by preventing apoptosis. In 

experimental models devoid of RANKL 

or RANK, the observed osteoporosis is 

attributable to the absence of osteoclasts 

and impaired bone resorption. Conversely, 

OPG deficiency was associated with in-

creased osteoclast numbers and bone loss. 

It is imperative to maintain a balanced 

regulatory balance of this pathway to en-

sure optimal bone remodelling, and there 

is evidence to suggest that statins can 

modulate this process (Granat et al., 

2024).  A study conducted by Pradeep et 

al. (2012) asserted that the local delivery 

of simvastatin was both a comfortable and 

flexible method in terms of improving 

clinical parameters and enhancing bone 

formationIts utilisation in histological and 

histomorphometric analysis is well-

documented (Yaghobee et al., 2020). The 

optimal dose of simvastatin was deter-

mined to be between 8–50 µg. 

The histological changes observed in 

the parietal bone of the experimental 

animals implanted with poly-ε-caprolac-

tone loaded with simvastatin, clearly 

demonstrated the effect of simvastatin on 

fibrogenesis and vascularisation in regene-

ration, as well as stimulation of osteo-

genesis in comparison to those in the 

experimental group. 

The poly-ε-caprolactone/simvastatin 

polymer matrix was shown to be applica-

ble in vivo, with evidence of a local tissue 

response in the bone structure. The 

simvastatin is believed to actvia increased 

expression of bone morphogenic protein-2 

(BMP-2) (Mundy et al., 1999) and vascu-

lar endothelial growth factor (VEGF) 

(Sojo et al., 2005). The prevailing hy-

pothesis suggests that it enhances the reg-

ulation of the BMP-Smad and VEGF sig-

nalling pathways, while concomitantly 

reducing the regulation of the TNF-α-to-

Ras/Rho/MAPK and phosphatidylinosi-

tide-3 kinase pathways. (Chen et al., 

2010; Hsieh et al., 2013). A number of 

studies have indicated that BMP-2 and 

VEGF expression during the osteogenesis 

peaks around the fifth to sixth day follow-

ing the placement of the stimulating mate-

rial for VEGF. However, the data for 

BMP-2 vary (Sojo et al., 2005). The 

mechanisms of action are not fully eluci-

dated, necessitating further research in 

this domain. The concentration of simvas-

tatin in the scaffold also has an effect on 

the osteogenesis process . There is evi-

dence that the effect of simvastatin on 

osteogenesis is dose-dependent (Nyan et 

al., 2010). The data concerning the statin 

dosage in the matrices are contradictory; 

however, it is established that the carrier 

type , the method of preparation, and the 

characteristics of the matrix are important 

(Kheirallah et al., 2016). To date, no re-

search has been conducted on the effects 

of simvastatin on osteogenesis in relation 

to poly-ε-caprolactone (PCL) obtained by 

the solvent-casting salt-leaching method. 
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CONCLUSIONS 

The alterations observed in the parietal 

bone of rats following the implantation of 

a poly-ε-caprolactone biopolymer matrix 

loaded with simvastatin after a period of 

eight weeks manifested as presence of a 

thick fibrous capsule with a formed plate 

of woven bone and highly vascularised 

fragments of the biopolymer. These obser-

vations support the stimulating role of 

simvastatin in the processes of regene-

ration, vascularisation and osteogenesis. 
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