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Simvastatin, a widely used HMG-CoA reductase inhibitor, has pleiotropic effects on bone 
tissue beyond lipid lowering. It promotes osteoblast proliferation and differentiation through 
upregulation of BMP-2 and activation of Ras/Smad/Erk signaling, while inhibiting osteoclast 
activity via MAPK/AKT and Src modulation. Simultaneously, simvastatin enhances 
angiogenesis by increasing VEGF and VEGFR-2 expression, stimulating endothelial 
proliferation, migration, tube formation, and pro-angiogenic cytokine release from macrophages. 
The combined osteogenic and angiogenic effects facilitate coordinated bone regeneration and 
accelerate healing of skeletal defects. These findings highlight the potential of simvastatin as 
a pharmacological agent for promoting bone repair and provide a mechanistic framework for 
developing therapeutic strategies targeting healing of bone defects.
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Angiogenesis in bone

One of the fundamental principles underlying each layer of tissue regeneration is the 
physiological mechanism that supplies oxygen and nutrients to the tissue and facilitates the 
removal of waste products during the process of tissue repair or regeneration. Angiogenesis 
is a complex process that is driven by a number of mechanisms. It is a process that is subject 
to a number of factors, including factors that are extrinsic to the organism and factors that 
are intrinsic to the organism. These factors can be categorised into two groups: promoting 
the process of angiogenesis and promoting the formation of new vessels (vasculogenesis). 
In the study by Risau et al., the author presents a pioneering analysis of the formation of the 
vascular systems during the process of embryogenesis as a dual-stage process [19]. In the 
initial phase, the formation of angioblastic cells occurs, which subsequently differentiate 
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into endodermal cells. The second stage is the formation of primitive vascular structures 
from the angiogenic cells in the vicinity of the site of origin of the tissue. As demonstrated 
in the preceding section, the process that leads to vascularisation is characterised by 
the formation of new blood vessels. [20-21]. In adults, the process of vasculogenesis is 
initiated during the process of wound healing or tumour growth. As stated by Rouwkema 
et al., endothelium-specific progenitor cells (EPCs) located on the vessel wall undergo a 
process of differentiation, resulting in the formation of primitive endothelial cells (PEC), 
which subsequently develop into primitive vascular smooth muscle cells (PVSMC) [22]. 
Angiogenesis, from another perspective, is the formation of blood vessels in a subject of 
advanced age. This process is distinct from the formation of blood vessels in a subject 
of younger age, which are typically characterised by the presence of pathological factors. 
The process of angiogenesis is driven by various intrinsic and extrinsic factors, including 
vascular endothelial growth factor (VEGF), an extracellular matrix-derived growth factor, 
and additional growth factors, as well as cytokines, pre-fibroblast cells, stellate cells, and 
platelet-derived factors. These factors, in turn, regulate the migration of cells and the 
formation of new blood vessels, contributing to the development of neoplastic lesions [2, 
3, 4]. Specific cell adhesion molecules and transcription factors, as well as mechanical 
forces and vascular regression and remodeling are involved in the subsequent events of 
endothelial cell differentiation, apoptosis, and angiogenesis [5, 18].

Alternatively, new blood vessels are formed through a process called 
vasculogenesis, without a pre-existing vascular component. Vasculogenesis is 
initiated by local differentiation of endothelial progenitor cells, or alternatively, by 
the involvement of circulating endothelial progenitor cells (EPCs) in the process [28]. 
Angiogenesis is maintained and regulated by a variety of growth factors, essentialy 
vascular endothelial growth factor (VEGF) group, which are products of inflammatory 
cells and stromal cells to induce blood vessel in-growth. It is the primary process of 
tissue growth and one of the first processes to occur in tissue repair [9]. 

Angiogenesis during osteogenesis

There is a indissoluble bond between osteogenesis and angiogenesis during the 
process of bone repair. Neovascularization within the bone defects not only provides 
nutrients, oxygen, calcium and phosphate but also transports mesenchymal stem 
cells to facilitate bone regeneration [27]. Therefore, the development of biomaterials 
and pharmacological substances coupling the enhancement of osteogenesis and 
angiogenesis has attracted increasing attention in recent years. 

Angiogenesis plays a critical role in bone development and regeneration and 
is closely coordinated with osteogenesis through complex interactions within the 
bone microenvironment [11]. During skeletal development and fracture healing, the 
formation of new blood vessels provides both structural support and biochemical signals 
that facilitate the recruitment, proliferation, and differentiation of osteoblast precursors 
[10]. Among the principal molecular regulators of this process is vascular endothelial 
growth factor (VEGF), which promotes endothelial cell proliferation, migration, and 
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vascular sprouting, while also influencing the osteogenic differentiation of mesenchymal 
stem cells [29]. Hypoxia-inducible factors, particularly HIF-1α, represent another 
key regulatory mechanism by enhancing VEGF expression under hypoxic conditions 
commonly present in developing or healing bone tissue [13]. In addition, endothelial 
cells actively contribute to bone formation by releasing angiocrine signals, including 
bone morphogenetic proteins (BMPs), which stimulate osteoblast differentiation 
and extracellular matrix deposition [16]. This bidirectional communication between 
vascular endothelial cells and osteogenic cells establishes a coordinated signaling 
network that ensures the synchronization of vascular development and bone formation 
during skeletal growth, repair, and regeneration [10]. 

Angiogenesis and osteogenesis provided by Simvastatin
In recent years, increasing attention has been directed toward the biological effects of 
statins beyond their well-established role in lowering serum cholesterol levels. Among 
these additional effects, their potential influence on bone metabolism has attracted 
particular interest. Early work by Gregory R. Mundy and colleagues demonstrated that 
statins stimulate bone formation in vivo in rodent models and increase the volume of 
newly formed bone in cultures derived from mouse calvaria. Subsequent studies have 
further confirmed the beneficial effects of statins on bone tissue in both in vitro and 
in vivo experimental settings [15]. The present study investigates the biphasic, dose-
dependent effect of HMG-CoA reductase inhibition on angiogenesis. The findings 
demonstrate that this effect is lipid independent and associated with alterations in 
endothelial apoptosis and vascular endothelial growth factor signalling. Statins have 
been observed to exert proangiogenic effects at low therapeutic concentrations, while at 
higher concentrations, they demonstrate angiostatic properties, which can be reversed 
by geranylgeranyl pyrophosphate. At clinically relevant doses, statins have been 
observed to modulate angiogenesis in humans via effects on geranylated proteins [29].

Specifically, investigations examining the effects of simvastatin on osteoblastic 
differentiation have shown that this statin exerts an anabolic effect on bone, primarily 
through the promotion of osteoblast differentiation [32].

Statins, inhibitors of the competitive 3-hydroxy-3-methyl coenzyme A (HMG-CoA) 
reductase, have been widely used to treat hyperlipidemia and hypercholesterolemia. 
It has been demonstrated that statins, including simvastatin, can induce osteoblastic 
differentiation of bone marrow mesenchymal stem cells and improve the osteogenesis 
of human or animal osteoblastic cell lines [11-13, 23-26]. Moreover, statins have been 
demonstrated to enhance angiogenesis through up-regulation of gene expression of 
vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (FGF-2) 
[33]. Statins stimulate VEGF expression in osteoblasts via reduced protein prenylation 
and the phosphatidylinositide-3 kinase pathway, promoting osteoblastic differentiation 
[13]. Both VEGF and FGF-2 have been shown to induce BMP-2 expression and 
stimulate osteoblast differentiation indirectly. Same study reported that locally 
applied simvastatin promoted critical-sized calvarial defects healing by recruitment of 
autogenous osteogenic stem cells and endothelial progenitor cells [7].
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Statins act on the mevalonate pathway in osteoblasts and enhance the expression 
of the bone morphogenic protein-2 (BMP-2), which is an important growth factor for 
osteoblast differentiation. It is believed that BMP-2 upregulation mediates the bone 
forming effect of statins. Additionally, statins act on the same pathway upstream of 
the bisphosphonates in osteoclasts via the inhibition of 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA) reductase, leading to decreased protein prenylation which is 
essential for a normal osteoclast function [1].

Over the last decade, increasing attention has been directed toward the local 
application of simvastatin due to its pleiotropic effects that extend beyond lipid lowering. 
Locally administered simvastatin demonstrates pronounced anti-inflammatory, 
osteogenic, angiogenic, and regenerative properties, making it particularly attractive 
for applications in tissue engineering, periodontology, bone regeneration, and wound 
healing. One of the major advantages of local simvastatin delivery over systemic 
administration is the ability to achieve high drug concentrations directly at the target 
tissue while minimizing systemic exposure and associated adverse effects. Systemic 
simvastatin therapy is associated with dose-dependent risks such as hepatotoxicity, 
elevated liver enzymes, myopathy, and rhabdomyolysis, primarily due to extensive hepatic 
metabolism and systemic circulation. In contrast, local administration substantially 
reduces these risks by limiting systemic absorption. Experimental and clinical studies 
have demonstrated that locally applied simvastatin stimulates bone formation through 
upregulation of bone morphogenetic protein-2 (BMP-2), vascular endothelial growth 
factor (VEGF), and osteoblastic differentiation markers. Additionally, simvastatin 
suppresses inflammatory cytokines and promotes angiogenesis, thereby accelerating 
tissue repair and regeneration. These effects are particularly beneficial in periodontal 
defects, extraction sockets, implant osseointegration, and bone healing models. 
Another important advantage of local delivery is the possibility of controlled and 
sustained release using biomaterials such as hydrogels, scaffolds, nanoparticles, or 
collagen membranes. Such systems improve drug retention at the application site 
and enhance therapeutic efficacy while avoiding first-pass hepatic metabolism [30-33].

Therefore, local simvastatin administration represents a promising therapeutic strategy 
that preserves the beneficial regenerative and anti-inflammatory effects of the drug while 
minimizing the systemic adverse reactions commonly associated with oral statin therapy.

It has been demonstrated by Yamashita M et al. that simvastatin exerts its inhibitory 
effect on the mRNA expression of the key markers for osteoclastic differentiation, 
including TRAP, RANK and cathepsin-K. A novel inhibitory mechanism of simvastatin 
on the expression of osteoclast differentiation markers was demonstrated in two 
different cell lines. The first cell line was osteoclast-like MLC 6 cells, and the second 
was human osteoclast precursor cells. Both of these cell lines expressed BMP receptors 
and Smad signalling machinery. The study demonstrated that simvastatin activated 
MAPK/AKT pathways and inactivated Src phosphorylation in human osteoclasts 
differentiated by M-CSF and RANKL treatments. Bioassays demonstrated that the 
inhibition of TRAP and RANK expression by simvastatin was reversed by MAPK/
AKT inhibition, whereas Src inhibitor enhanced simvastatin-induced suppression of 
osteoclast markers [30]. 
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Simvastatin can promote osteoblast viability and differentiation via membrane-
bound Ras/Smad/Erk/BMP-2 pathway. In study by Ho et al. Simvastatin promotes 
osteoblast viability and differentiation via Ras/Smad/Erk/bone morphogenic protein 
(BMP)-2 signaling pathway. The results of this study demonstrate that simvastatin 
stimulation promotes membrane localization and GTP loading of Ras, indicating 
activation of small GTPase signaling molecules involved in Ras regulation [8]. 
Simvastatin treatment was also associated with increased levels of membrane-bound 
active phospho-RasGRF1, suggesting that Ras activation may contribute to the 
regulation of BMP-2 transcription. Furthermore, the activation of Ras signaling was 
supported by the observed up-regulation of downstream signaling molecules, including 
phosphorylated Smad (phospho-Smad) and phosphorylated extracellular signal-
regulated kinase (phospho-Erk). Together, these findings indicate that simvastatin 
activates Ras-dependent signaling pathways that may regulate BMP-2 expression and 
promote osteoblastic activity (Fig.1) [6]. 

Fig. 1. Immunohistochemistry for BMP-2 and VEGF. Increased BMP-2 and VEGF expression 
was observed in the simvastatin-treated groups compared with the control group [28].

Simvastatin has been shown to support BMP-induced osteoblast differentiation 
by antagonizing the cytokine-to-MAPK signaling pathway while simultaneously 
enhancing BMP–Smad signaling. These mechanisms suggest that simvastatin exerts 
dual biological functions in bone metabolism, including anti-resorptive effects on 
osteoclasts as well as stimulatory and anabolic effects on osteoblasts. Consequently, 
statins with a high affinity for bone tissue may represent promising therapeutic 
agents for the prevention or treatment of osteoporosis associated with inflammatory 
cytokines [31]. 

Recent research has elucidated that simvastatin modulates angiogenic processes 
that are intrinsically linked to bone regeneration, extending its pleiotropic effects beyond 
lipid lowering to the vascular compartment of bone healing. Local administration of 
simvastatin has been shown to significantly enhance neovascularization in osteoporotic 
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bone, as evidenced by increases in vascular number, volume, and expression of 
key angiogenic markers such as vascular endothelial growth factor (VEGF) and its 
receptor VEGFR2 in ovariectomized rat models, concomitant with improvements in 
bone formation and implant fixation [28]. Moreover, simvastatin’s influence on the 
immune microenvironment has been shown to promote proregenerative cytokine 
expression, including VEGF, in macrophages, thereby enhancing angiogenic gene 
expression in endothelial cells and suggesting an immunomodulatory mechanism that 
supports coordinated angiogenesis and osteogenesis [17]. These proangiogenic effects 
are consistent with observations in nonskeletal tissues, where simvastatin increases 
endothelial proliferation and tube formation through activation of signaling pathways 
such as VEGFR2/Akt/endothelial nitric oxide synthase [14]. Collectively, these 
findings support a model wherein simvastatin facilitates bone regeneration not only by 
stimulating osteoblastic differentiation but also by enhancing vascular ingrowth through 
upregulation of angiogenic signals, thus reinforcing the functional coupling between 
angiogenesis and osteogenesis that is critical for effective skeletal repair (Fig.2). 

Fig. 2. Simvastatin promotes bone regeneration via dual pathways. On the osteogenic side, 
it enhances BMP-2 expression, osteoblast proliferation, and inhibits osteoclast activity. On 
the angiogenic side, it stimulates VEGF/VEGFR-2 signaling, endothelial proliferation and 
migration, and pro-angiogenic cytokine expression, resulting in coupled angiogenesis and 
osteogenesis.
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Conclusion

Simvastatin exerts dual modulatory effects on bone metabolism by simultaneously 
promoting osteogenesis and angiogenesis, thereby enhancing bone regeneration. 
Mechanistically, simvastatin stimulates osteoblast differentiation and proliferation 
through BMP-2 upregulation and activation of the Ras/Smad/Erk signaling pathway, 
while inhibiting osteoclast activity via MAPK/AKT and Src signaling modulation. 
Concurrently, it enhances angiogenic processes by upregulating VEGF/VEGFR-2 
signaling, stimulating endothelial proliferation, migration, tube formation, and pro-
angiogenic cytokine expression. These interconnected pathways underscore the 
functional coupling between osteogenesis and angiogenesis, highlighting simvastatin as 
a promising pharmacological agent for bone healing and regeneration. The integration 
of osteogenic and angiogenic responses provides a robust biological framework for the 
development of therapeutic strategies targeting skeletal defects and osteoporosis.
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