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	 Background:	 Statins have been reported to promote bone formation. However, taken orally, their bioavailability is low to the 
bones. Implant therapies require a local repair response, topical application of osteoinductive agents, or bio-
materials that promote implant fixation.

	 Material/Methods:	 The present study evaluated the effect of a single local injection of simvastatin on screw fixation in an ovari-
ectomized rat model of osteoporosis.

	 Results:	 Dual-energy X-ray absorptiometry, micro-computed tomography, histology, and biomechanical tests revealed 
that 5 and 10 mg simvastatin significantly improved bone mineral density by 18.2% and 22.4%, respectively 
(P<0.05); increased bone volume fraction by 51.0% and 57.9%, trabecular thickness by 16.4% and 18.9%, tra-
beculae number by 112.0% and 107.1%, and percentage of osseointegration by 115.7% and 126.3%; and de-
creased trabeculae separation by 34.1% and 36.6%, respectively (all P<0.01). Bone mineral apposition rate was 
significantly increased (P<0.01). Furthermore, implant fixation was significantly increased (P<0.05), and bone 
morphogenetic protein 2 (BMP2) expression was markedly increased. Local injection of a single dose of simv-
astatin also promoted angiogenesis. Vessel number, volume, thickness, surface area, and vascular volume per 
tissue volume were significantly increased (all P<0.01). Vascular endothelial growth factor (VEGF), VEGF recep-
tor-2, von Willebrand factor, and platelet endothelial cell adhesion molecule-1 expression were enhanced.

	 Conclusions:	 A single local injection of simvastatin significantly increased bone formation, promoted osseointegration, and 
enhanced implant fixation in ovariectomized rats. The underlying mechanism appears to involve enhanced 
BMP2 expression and angiogenesis in the target bone.
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Background

Osteoporosis is characterized by low bone mass, deteriora-
tion of bone microarchitecture, extensive bone fragility, and 
increased risk of fracture, and is highly prevalent and often 
undertreated in the elderly. Osteoporosis leads to poor osseo-
integration and reduction of implant stability [1]. With an ag-
ing population, an associated increase in the proportion of pa-
tients with osteoporosis requiring implant treatment will likely 
occur [2,3]. Systemic administrations of anti-resorptive agents 
inhibit further bone loss rather than promote bone formation.

Statins are cholesterol-lowering drugs known to possess a num-
ber of pleiotropic effects [4,5], including promotion of bone 
formation [6]. Previous studies showed that simvastatin in-
duces osteoblastic differentiation in vitro [7], promotes osteo-
blast viability and differentiation [8], stimulates bone forma-
tion in vivo [9], and stimulates tendon-bone healing in vivo via 
increased angiogenesis and osteogenesis [10]. However, the 
anabolic effect of statins on bone formation remains controver-
sial [11,12]. Discrepancy likely exists because the primary tar-
get organ for statins is the liver, in which less than 5% of oral-
ly administered statin is present in the circulation, with even 
lower amounts being distributed into the bones [13]. Local ap-
plication of statins might promote stimulation of bone forma-
tion. Multiple local injections of simvastatin with methylcellu-
lose gel promote mandibular bone formation [14], and locally 
applied simvastatin to the site of fracture improves fracture 
healing [15,16]. Furthermore, simvastatin-coated implants have 
a positive impact on osseointegration and bone fracture heal-
ing [17,18]. Our previous studies showed that locally-applied 
simvastatin improved calvarial bone defect healing by the re-
cruitment of autogenous osteogenic stem cells [19], and that 
a single local simvastatin injection increased target osteopo-
rotic bone mass [20].

Osteogenesis and angiogenesis are closely related [10,21]. 
Postmenopausal osteoporosis is characterized by reduced 
number of sinusoidal and arterial capillaries in the bone mar-
row and reduced bone perfusion [22]. Increased bone vascu-
larity and angiogenesis in the bone marrow might protect from 
bone loss in ovariectomized (OVX) rats [23]. Statins have been 
reported to amplify angiogenesis in stroke [24] and increase 
the density of capillaries in the chronic ischemic heart [25].

However, the effects of simvastatin on bones and implant sta-
bility have not been studied in an OVX rat model of osteoporo-
sis. Therefore, we hypothesized that local injection of simvas-
tatin enhances the local blood supply, which may be beneficial 
for bone formation and implant stability. The aim of the pres-
ent study was to evaluate the effect of a single local injection 
of simvastatin on screw fixation in an OVX rat model of os-
teoporosis. Results from the present study might lead toward 

new strategies to improve implant stability in patients with 
osteoporosis.

Material and Methods

Preparation of injectable simvastatin and screw

Simvastatin (National Institute for Food and Drug Control, 
Beijing, China) was dissolved in phosphate-buffered saline 
(PBS) with 2% dimethylsulfoxide (DMSO, Sigma, St Louis, MO, 
USA) and 0.1% bovine serum albumin (BSA, Sigma, St Louis, 
MO, USA) [20]. Injectable simvastatin was examined by scan-
ning transmission electron microscopy (STEM; JEM-200CX; JEOL, 
Tokyo, Japan) at 30 kV (Figure 1A). Briefly, samples (10-μl) were 
deposited onto a copper TEM grid for 5 s; after excess solu-
tion was absorbed, phosphotungstic acid was used to stain 
the sample [26].

Mini-titanium Ti-6Al-4V alloy screws (1.5 mm in outer diam-
eter, 10 mm in length and 0.2 mm in pitch) were a gift from 
Weigao Orthopedic Device Co., Ltd. (Beijing, China).

Animals and implantation, double-fluorochrome labeling 
and Microfil® infusion

After 2 weeks of acclimation, 48 3-month-old Sprague-Dawley 
female rats (weight 260.68±16.85 g) underwent bilateral OVX 
to induce osteoporosis, as described previously [9]. Twelve 
weeks after OVX, the osteoporotic animals were randomly di-
vided into 3 groups (n=16 rats /group): 1) implant with 5 mg 
simvastatin; 2) implant with 10 mg simvastatin; or 3) implant 
without simvastatin. All surgical procedures were carried out 
under general anesthesia with an intraperitoneal injection of 
10% chloral hydrate (3.3 ml/kg). The Peking University Third 
Hospital Committee on Ethics in the Care and Use of Laboratory 
Animals approved all experimental protocols.

A hole penetrating the contralateral cortical bone was drilled 
perpendicular to the long axis of the left femur, 1 mm away 
from the distal growth plate, with a low-speed drill (diame-
ter of 1.0 mm) and continuous cool saline irrigation. A mini-ti-
tanium Ti-6Al-4V alloy screw was then inserted into the hole 
and the skin was sutured. Simvastatin solution (100 μl con-
taining 5 or 10 mg) or vehicle (100 μl) was injected into the 
femurs at the intercondylar notch using a 1-ml syringe with 
a 20-gauge needle. Bone wax was used to seal the hole and 
prevent leakage.

To monitor bone mineral apposition rates (MARs), double-flu-
orochrome labels were administered as follows. Briefly, under 
general anesthesia, calcine green (Sigma, St. Louis, MO, USA; 8m 
g/kg) was injected via the tail vein on day 7 after implantation. 
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Alizarin red (Sigma, St. Louis, MO, USA; 20 mg/kg) was inject-
ed on day 21 after implantation [27,28].

Four weeks after implantation, 4 rats from each group were se-
lected randomly for Microfil® perfusion (Flow Tech Inc., Carver, 
MA, USA). Microfil® is a silicone-based polymer that produc-
es semi-rigid vascular casts to enable vessels to be visualized 
radiographically [29]. Prior to sacrifice, the abdominal aor-
ta was cannulated and infused with heparinized saline, fol-
lowed immediately by perfusion with 10 ml of Microfil® (42% 
of MV-122 yellow, 53% of diluent solution and 5% of curing 
agent; Flow-Tech, Carver, MA, USA) at a constant rate of 0.75 
ml/min [30]. Microfil compound was allowed to polymerize 
overnight at 4°C. Each sample was carefully dissected, leav-
ing a large amount of muscles around the bone, prior to fix-
ing in 10% neutral buffered formalin.

The remaining rats were euthanized and their left femurs ex-
cised. Four specimens from each group were randomly select-
ed for undecalcified histology or scanning electron microscopy 
(SEM). After evaluation with dual-energy X-ray absorptiometry 
(DXA) and micro-computed tomography (μCT), 2 specimens from 

each group were randomly selected for immunohistochemis-
try to analyze the expression of bone morphogenetic protein 
2 (BMP2), vascular endothelial growth factor (VEGF), VEGF re-
ceptor 2 (VEGFR-2), von Willebrand factor (vWF), and platelet 
endothelial cell adhesion molecule-1 (CD31). The remaining 6 
specimens were evaluated using biomechanical push-in tests. 
To reduce bias, tests were conducted blinded.

DXA

Because peri-implant bone (PIB) mineral density (BMD) is dif-
ficult to detect in rats, we assessed BMD of the mid-diaphy-
sis region of the femur. The region of interest (ROI) was set 
to 1.5 cm × 0.5 cm at the same position in the mid-shaft of 
each femur [31].

μCT

Specimens were placed in a sample holder with PBS and 
scanned using μCT (Inveon, Siemens, Erlangen, Germany) at 
a spatial resolution of 18 µm, 600 kV/300 µA, with 900 ms in-
tegration time and 360 projections per 360°.

BSA + DMSO BSA + DMSO + Sim

Sim 0 mg Sim 5 mg Sim 10 mg

A

B

D

C

Figure 1. �STEM, μCT, and schematic drawings 
of the push-in test. (A) STEM images 
of BSA-DMSO and BSA-DMSO-
simvastatin injectable solutions. (B) 
Schematic 2D drawings of the VOI. 
(C) Schematic drawings of the push-
in test: 1: custom-designed holder; 
2: polymethyl methacrylate used to 
embed the femur; 3: cylindrical probe 
for testing; 4: implant; 5: distal femur. 
(D) 3D reconstruction of trabecular 
bone around the titanium implant 4 
weeks after implantation and local 
simvastatin injection.
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Bone microstructure

It is reported that anchorage failure occurs mainly in PIB, 0.5 
to 1.0 mm away from the implant surface [32]. The volume of 
interest (VOI) was defined as 1.0 mm away from the implant 
surface (Figure 1B). The implant in the VOI was selected and 
extracted by means of binarization [33]. Three-dimensional (3D) 
images of the VOI were reconstructed (Figure 1B). Bone vol-
ume/tissue volume (BV/TV), trabeculae number (Tb.N), average 
trabecular thickness (Tb.Th), average trabeculae separation (Tb.
Sp), and percentage osseointegration (%OI) were calculated.

Vascularity

Specimens with Microfil® perfusion were scanned twice, as 
previously described [29]. After μCT analysis, femurs were 
decalcified in a mixture of 4% formic acid and 10% forma-
lin. Decalcified samples, with screws mechanically removed, 
were kept in 10% formalin until re-analysis to obtain the vas-
cular system. Deep red was assigned to vessels external to the 
bone, to provide a clear-cut difference between external and 
internal bone vessels [30]. VOI was defined from the growth 
plate extending 10 mm below the diaphysis, and was mea-
sured in 3D to characterize vascular differences between the 
3 groups. Vessel thickness was determined using the sphere 
algorithm, which is routinely used to measure mean bone tra-
becular thickness [29,30]. Parameters, including vessel volume 
(VV), VV per tissue volume (VV/TV), vessel number (V.N), ves-
sel thickness (V.Th), and vessel surface area (V.SA), were also 
calculated [32].

Histology

Four specimens were selected randomly from each group and 
were fixed in 10% neutral buffered formalin, dehydrated in in-
creasing gradients of alcohol, and embedded in methylmeth-
acrylate resin. Undecalcified sections of 30 μm were cut and 
ground perpendicular to the long axis of the screw (EXAKT 
Cutting & Grinding System, Norderstedt, Germany).

MARs were calculated under fluorescence microcopy (DM3000, 
Leica Microsystems, Wetzlar, Germany) by measuring the mean 
distance between the 2 fluorescent labels divided by 14 days 
(time interval between injections) [34]. MARs of different areas, 
peri-implant trabecular and cortical bone, were also calculated.

After observation of MARs, undecalcified sections were stained 
with toluidine blue or Goldner’s trichrome and observed un-
der light microscopy (E800, Nikon, Tokyo, Japan). Goldner’s tri-
chrome was used to identify maturity of new trabecular bone 
around the implant. Using this method, mature trabecular 
bone and osteoid were stained green and red, respectively [35].

SEM

SEM was performed as previously described [36,37]. In brief, 2 
specimens, selected randomly from each group, were embed-
ded in polymethyl methacrylate resin and cut into 100-μm-
thick slices perpendicular to the long axis of the implant (EXAKT 
Cutting & Grinding System, Norderstedt, Germany). After grind-
ing and polishing, the specimens were coated with gold-palla-
dium (K550x, Quorum Technologies Ltd., Lewes, England) and 
processed for SEM (JSM-5600LV, JEOL, Tokyo, Japan) with ac-
celerating voltages at 15 kV increments.

Push-in test

After carefully removing the surrounding soft tissues, speci-
mens were frozen at -80°C for mechanical testing. Samples 
were slowly thawed at 7°C overnight and then allowed to 
reach room temperature prior to testing [38]. The strength of 
implant fixation was evaluated using a push-in test, via a me-
chanical testing system (MTS Landmark Servohydraulic Test 
System, MTS Systems Co., Eden Prairie, MN, USA). As previous-
ly described [1,39], specimens were embedded in polymethyl 
methacrylate and a round hole, a little larger than the screw, 
was made in the resin to expose the 2 ends of the implant. 
The compression indenter was centered over the long axis of 
the implant (Figure 1C) with a 2-N preload applied along the 
longitudinal axis of the screw. The biomechanical push-in test 
was accomplished at a rate of 2 mm/min. The maximum val-
ue of the ultimate load was recorded.

Immunohistochemistry

Two specimens, selected randomly from each group, were fixed 
in phosphate-buffered 4% paraformaldehyde and decalcified 
in 10% ethylene diamine tetraacetic acid (EDTA), prior to rou-
tine paraffin embedding. Sections (5-mm) were treated with 
3% H2O2 for 10 min, then incubated in 10% goat serum dilut-
ed in PBS for 30 min, followed by incubation with either rat 
polyclonal anti-BMP2 (1:200, Santa Cruz Biotechnology, Santa 
Cruz, CA, USA), rabbit anti-VEGF (1:300), rabbit anti-VEGFR-2 
(1:300), rabbit anti-vWF (1:300), or rabbit anti-CD31 (1: 300) 
antibodies, overnight at 4°C. All primary antibodies, apart for 
BMP2, were purchased from Beijing Biosynthesis Biotechnology 
(Beijing, China). After incubation with biotinylated anti-rat sec-
ondary antibody for 30 min and peroxidase for 10 min, sig-
nals were detected using diaminobenzidine and observed un-
der light microscopy (E800, Nikon, Tokyo, Japan).

Statistical analysis

All data are expressed as mean ± standard deviation (SD). 
Statistical analyses were performed using SPSS 16.0 (SPSS Inc., 
Chicago, IL, USA). One-way ANOVA was conducted to assess 
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differences among groups, followed by appropriate least sig-
nificant difference (LSD) tests. P-values <0.05 were considered 
to be statistically significant.

Results

Establishment of the rat model of osteoporosis

Surgery was successful in all animals and recovery was un-
eventful. No signs of infection arose at implant sites. All rats 
survived the modeling.

Bone formation

Four weeks after implantation, BMD of groups treated with 
5 or 10 mg simvastatin was increased by 18.2% and 22.4% 
(both P<0.05), respectively (Table 1).

μCT imaging confirmed that simvastatin increased bone for-
mation around the screws compared with the control group 

(Figure 1D). Quantitative analysis revealed that a single local 
simvastatin injection (5 or 10 mg) significantly increased BV/TV 
by 51.0% and 57.9%, Tb.Th by 16.4% and 18.9%, Tb.N by 112.0% 
and 107.1% and%OI by 115.7% and 126.3%; and decreased 
Tb.Sp by 34.1% and 36.6% (all P<0.01), respectively (Table 2).

Histology results confirmed the μCT imaging findings. The PIB was 
significantly increased in the simvastatin-treated groups (Figure 2).

In Figure 3, areas labeled with green and red fluorescence rep-
resent regions of calcium precipitation labeled by double-flu-
orochrome at different moments of tissue mineralization. The 
peri-implant trabecular and cortical bone MARs of the simv-
astatin groups were markedly greater than those in the con-
trols (Figure 3A, 3B). The peri-implant trabecular bone MARs 
of the 5 (7.96±1.80 μm/d) and 10 mg (6.61±0.71 μm/d) sim-
vastatin groups were significantly greater than those in con-
trols (2.89±0.16 μm/d) (P<0.010 (Table 2). The cortical bone 
MARs of the 5 (9.57±0.39 μm/d) and 10 mg (28.91±0.91 μm/d) 
simvastatin were significantly greater than those in controls 
(3.64±0.57 μm/d) (P<0.01) (Table 1).

Simvastatin dose

0 mg 5 mg 10 mg

BMDa 	 170.8±13.8 	 201.0±23.3* 	 207.9±23.5*

MARs-Tbb 	 2.89±0.16 	 7.96±1.80** 	 6.61±0.71**

MARs-Ctb 	 3.64±0.57 	 9.57±0.39** 	 28.91±0.91**

Maximum Forcec 	 145.7±9.6 	 161.5±9.4* 	 161.9±11.4*

Table 1. BMD, MARs and maximum force.

BMD – bone mineral density; MARs – mineral apposition rates. a BMD in the mid-diaphysis of the femurs of osteoporotic rats 4 weeks 
after simvastatin injection. Values are mean ± SD, n=8 in each group. * P<0.05 vs. the control group. b MARs in the peri-implant 
trabecular (Tb) and cortical (Ct) bone. Values are mean ± SD, n=4 in each group. ** P<0.01 vs. the control group. c Effect of single 
simvastatin injection on push-in strength of screw inserted in the distal femoral metaphysis. Values are mean ±SD, n=6 in each group. 
* P<0.05 vs. the control group.

PIB
Simvastatin dose

0 mg 5 mg 10 mg

BV/TV (%) 	 37.23±2.48 	 56.20±2.64** 	 58.77±4.20**

TbTh(mm) 	 140.92±14.11 	 157.41±10.47** 	 164.01±7.99**

Tb.Th (μm) 	 133.94±8.49 	 155.92±6.98** 	 159.31±7.83**

Tb.N (/mm) 	 2.66±0.44 	 5.64±0.26 ** 	 5.51±0.78**

Tb.Sp (mm) 	 0.41±0.02 	 0.27±0.02** 	 0.26±0.01**

%OI (%) 	 22.18±3.04 	 47.85±2.55** 	 50.20±3.24**

Table 2. Quantitative μCT analysis of PIB microstructural parameters.

Values are mean ± SD, n=8 in each group. ** P < 0.01 vs. the control group. BV/TV – bone volume/tissue volume; Tb.Th – average 
trabecular thickness; Tb.N – trabeculae number; Tb.Sp – average trabecular separation;%OI – percentage osseointegration.
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Goldner’s trichrome staining showed that there was less peri-
implant trabecular bone in the control group. However, a large 
amount of peri-implant trabecular bone could be observed in 
the simvastatin injection groups. Interestingly, the mature tra-
becular bone volume after injection of 5 mg simvastatin was 
markedly higher than that in the controls, and after injection 
of 10 mg simvastatin there was a large amount of osteoid 
around the implant (Figure 3C).

SEM images clearly illustrate that the PIB volume fraction and 
osseointegration was lower in the control group. In compari-
son, locally applied simvastatin markedly increased the peri-
implant bone volume fraction and osseointegration in the os-
teoporotic bone of OVX rats (Figure 4).

The push-in test showed that 4 weeks after implantation, 
implant fixation in groups treated with simvastatin (5 and 
10 mg) was significantly higher than that in controls (both 
P<0.05; Table 1).

Sim 0 mg Sim 5 mg Sim 10 mg
Figure 2. �Representative photomicrographs of 

toluidine blue staining. Abundant bone 
was observed in the medullary canal 
region and around the titanium alloy 
screw. Bars represent 200 μm (upper 
panel) and 100 μm (lower panel).

Sim 0 mg Sim 5 mg Sim 10 mgA

B

C

Figure 3. �Double fluorochrome labeling 
and Goldner’s trichrome staining. 
Fluorescence microcopy images of 
new trabecular bone (A) and cortical 
bone (B) formed surrounding the 
implant surface; green and red 
labels represents regions where 
calcium was precipitated on days 
7 and 21 after implantation, 
respectively. (C) Photomicrographs 
of undecalcified sections stained 
with Goldner’s trichrome four weeks 
after implantation and simvastatin 
injection. Mature trabecular bone and 
osteoid are stained green and red, 
respectively.
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Angiogenesis induction

Four weeks after a single local injection of simvastatin, the 
number of vessels was increased in the bone marrow compared 

with controls. In addition, more vessels were found external-
ly to the bone in the simvastatin groups compared with con-
trols (Figure 5).

Sim 0 mg

Sim 5 mg

Sim 10 mg

A B C Figure 5. �3D images of vascularity after 
Microfil® perfusion. (A) Images 
obtained on undecalcified samples. (B) 
Images obtained after decalcification 
of identical femurs with screws 
removed. (C) Images of whole vessels, 
with deep red representative of 
external vessels.

Sim 0 mg Sim 5 mg Sim 10 mg Figure 4. �SEM. Osseointegration was poor in 
the control group and better in the 
simvastatin-injected groups.
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Quantitative analysis revealed that a single local simvastatin 
injection (5 or 10 mg) significantly increased VV by 427.98% 
and 1397.02%, VV/TV by 313.26% and 801.43%, V.N by 
237.04% and 459.26%, V.Th by 48.98% and 110.42% and V.SA 
by 374.75% and 883.27% (all P<0.01) in the bone marrow, re-
spectively (Table 3).

Immunohistochemistry showed that both BMP-2 and VEGF 
expression was markedly higher in the simvastatin-treated 
groups than that in the control group (Figure 6). Endothelial 
markers, including VEGFR-2, vWF, and CD31, were also high-
er in the simvastatin-treated groups than that in the control 
group (Figure 7). These results indicate that angiogenesis was 
induced by a single local simvastatin injection. Furthermore, 

Simvastatin

0 mg 5 mg 10 mg

VV (m3) 	 3.36±0.52 	 17.74±3.93** 	 50.30±3.17**

VV/TV (%) 	 2.79±0.70 	 11.53±2.56** 	 25.15±1.59**

V.N (/mm) 	 0.27±0.03 	 0.91±0.07** 	 1.51±0.10**

V.Th (mm) 	 73.32±5.06 	 109.23±6.81** 	 154.28±9.89**

V.SA (mm3) 	 62.10±2.54 	 294.82±7.86** 	 610.61±7.53**

Table 3. Quantitative μCT analysis of vascularity in the bone marrow.

Values are mean ± SD, n=4 in each group. ** P<0.01 vs. the control group. VV – vessel volume; VV/TV – vessel volume per tissue 
volume; V.N – vessel number; V.Th – vessel thickness; V.SA – vessel surface area.

BMP2

VEGF

Figure 6. �Immunohistochemistry for BMP-
2 and VEGF. Increased BMP-2 and 
VEGF expression were observed in the 
simvastatin-treated groups compared 
with the control group.

VEGFR-2

vWF

CD31

Sim 0 mg Sim 5 mg Sim 10 mg Figure 7. �Immunohistochemical staining. 
Four weeks after implantation and 
simvastatin injection, increased 
expression of VEGFR-2, vWF, and CD31 
were observed in the simvastatin-
treated groups compared with the 
control group.
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femurs of OVX rats treated with a single dose of simvastatin 
had reduced numbers of adipocytes in the bone marrow cav-
ity compared with the control group.

Discussion

Osteoporosis not only increases the risk of fracture, but also 
decreases the performance of implants [40, 41], and even in-
creases the rate of implant failure associated with slow os-
seointegration in osteoporotic subjects [42]. Therefore, achiev-
ing sufficient implant fixation in osteoporotic bone might be 
a challenge. Current systemic therapies, including estrogen, 
bisphosphonates, calcitonin, and other anti-resorptive agents, 
are intended primarily to inhibit further bone loss rather than 
improving implant anchorage locally [43]. Therefore, the pres-
ent study aimed to evaluate the effect of a single local injec-
tion of simvastatin on screw fixation in an ovariectomized rat 
model of osteoporosis. Results showed that simvastatin sig-
nificantly improved BMD, increased BV/TV, Tb.Th, Tb.N., and 
%OI, and decreased trabecular separation. MAR was signifi-
cantly increased. Furthermore, implant fixation significantly 
increased. Local injection of single-dose simvastatin also pro-
moted angiogenesis. VN, VV, V.Th, V.Sa, and VV/TV were signif-
icantly increased, and were associated with increases in VEGF, 
VEGFR-2, vWF, and CD31.

Internal fixation requires improved PIB formation and stabil-
ity of the bone-implant interface. Therefore, bioactive agents 
loaded directly onto the implant surface will be of great ad-
vantage for implantation in osteoporotic bone. Recently, vari-
ous agents have been tried in attempts to locally enhance im-
plant fixation, including bisphosphonates, bone cements, and 
BMPs [44–46]. Bisphosphonates inhibit excessive bone resorp-
tion, but because bone resorption and bone formation are re-
lated, this inhibitory effect likely affects bone formation [47]. 
Bone cements physically, but not physiologically, improve fix-
ation strength and are poorly degraded, with a number of lim-
itations [48]. BMPs are not used widely in the clinical setting 
because of their short shelf life and high cost [49].

Simvastatin is inexpensive and has been used safely for many 
years. Simvastatin administered orally at a daily dose of 5 mg/
kg significantly improved osseointegration in osteoporotic rats 
[50]. Systemic administration of statins requires a relatively 
high daily dose to counter hepatic clearance, which likely elic-
its adverse effects. Evidence for an anabolic effect on bone 
following local application of simvastatin has been shown 
in the mandible [50] and critical-sized calvarial bone defects 
[51]. Furthermore, local application of simvastatin in PGA gel, 
as a slow-release carrier, has shown positive effects on bone 
around titanium implants in normal rats [38].

Low BMD affects initial stability of the implant and delays os-
seointegration [52]. In this study, we found that BMD at the 
mid-diaphysis region of the femur was significantly increased 
compared with controls. However, BMD is not the only fac-
tor that affects stability of the implant, and local bone micro-
structural quality also affects implant anchorage [40]. Gabet 
et al. found that changes in anchorage biomechanical proper-
ties, with respect to%OI, appeared substantially smaller than 
changes to the PIB structure [32]. Our μCT, histology and SEM 
results showed that a single local simvastatin injection signif-
icantly improved all of these parameters previously shown to 
be associated with better osseointegration. These results are 
in accordance with previous studies showing increased os-
teoblast differentiation and viability after simvastatin treat-
ment [7,8]. A recent study showed that local simvastatin in-
jections increased bone mass in rats [20]. A previous study 
also showed that simvastatin improved tendon-bone healing 
in a rabbit model [10], as well as bone fracture repair [15,16].

Both pull-out and push-in failures are caused by implant loos-
ening and detachment. Pull-out has been more frequently as-
sessed, as it is most often observed in the clinic, particularly 
when the screw penetrates just 1 side of the cortical bone. In 
the present study, screws penetrated both sides of the corti-
cal bone wall with identical diameter to screws in the bone. 
Implant fixation relies strongly on early stability, which is cou-
pled to the risk of later loosening [52,53]. PIB loss is signifi-
cant during the first 3 months after implantation, mostly as 
a result of limited weight bearing and stress shielding during 
the repair process [43], and common anti-resorptives can only 
help in reducing bone loss after 3 months [36]. It is especial-
ly crucial to increase bone mass, improve the PIB microstruc-
ture, and enhance osseointegration at the early stages. In the 
present study, we selected a 4-week post-implantation time 
point for bone assessment because it is suggested to be an 
early and key period for mechanical stability and osseointe-
gration in OVX rats [54]. Simvastatin increased BMD and peri-
implant microstructure, and improved implant fixation with-
in 4 weeks. In addition, the push-in strength was significantly 
higher in the simvastatin-treated groups than in the control 
group. However, the long-term effect of simvastatin on im-
plant fixation warrants further study.

Undecalcified samples were stained with Goldner’s trichrome 
to identify maturity of new trabecular bone around the implant. 
There was a large amount of mature bone around the implant 
in the 5 mg simvastatin group, while in the 10 mg simvastatin 
group there was a large amount of osteoid. From the MARs 
results obtained using a double-fluorochrome labeling of cor-
tical bone, we observed that the red-labeled bands in the 10 
mg group were thicker than in the 5 mg group. This implies 
that osteogenesis was still active in the 10 mg group on day 
21 after administration of simvastatin. Taking the difference 
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in performance of the 2 groups, we hypothesize that the high-
er simvastatin concentration tends to have a longer retention 
time after local injection into the bone marrow. To explore 
these phenomena, further research needs to be done.

Simvastatin has been shown to induce expression of BMP-2, a 
potent osteoinductive cytokine, in bone marrow stromal cells 
in vitro [7] and in rat models [18]. Here, we observed up-regu-
lation of BMP-2 expression following a single local simvastatin 
injection in vivo. Previous mechanistic studies also suggest that 
an upregulation of the estrogen receptor by simvastatin [9], 
as well as an effect of the Ras/Smad/Erk/BMP-2 pathway [8]. 
However, more studies are necessary to assess the exact mech-
anisms involved in the effects of simvastatin on bone repair.

Angiogenesis is closely coupled with osteogenesis [55]. 
Angiogenesis plays a pivotal role in skeletal development and 
bone fracture repair [56]. Impairment of angiogenesis decreas-
es trabecular bone formation [22]. One of the current limitations 
of bone tissue engineering is the inability to provide sufficient 
blood supply during the initial phase after implantation [57]. 
Factors that can couple the activity of angiogenesis with osteo-
genesis are likely to have a clear advantage [58]. In the present 
study, Microfil® perfusion revealed more blood vessels in the bone 
marrow and around the bone after a single local dose injection 
of simvastatin, which was supported by previous studies [8,16].

Vascularization is required for osteogenesis and is accom-
plished by a combination of factors, including adequate ox-
ygen tension, compression forces, nutrients, growth factors, 
and differentiation factors [59]. Furthermore, the surrounding 
vasculature outside the bone provides an essential source of 
morphogens and a source from which regenerative cells may 
be recruited during injury-induced bone regeneration [59]. We 
hypothesize that local simvastatin application enhances angio-
genesis, which is a novel explanation for the effect of simvas-
tatin on bone formation. Results showed that the expression 
of angiogenesis markers, including VEGFR-2, vWF, and CD31, 
were markedly higher in the simvastatin-treated groups than in 
the control group. In addition, immunohistochemistry showed 
a marked increase in VEGF expression in simvastatin-treated 
groups, which acts as a major angiogenetic modulator involved 
in the process of blood vessel formation. Histology showed a 
reduced number of adipocytes in simvastatin-treated bone 
marrow, which was consistent with our earlier studies [7,20]

BSA is widely used as a carrier for drug delivery, and has 
been shown to be nontoxic, non-immunogenic, biocompati-
ble, and biodegradable, and to have controlled release prop-
erties [60]. Furthermore, it provides a large number of re-
active sites for multivalent coupling of bioactive molecules 
and improves the water-solubility of the drugs [61]. In this 
study, a single local injection of simvastatin affected bone 
metabolism for at least 4 weeks. BSA degradation rate and 
sustained release of simvastatin were not examined, both of 
which need to be elucidated in the future. A single local in-
jection was easier to administer, removing the need for the 
tedious coating process.

In the present study, only a small amount of simvastatin was re-
quired to induce osseointegration. We determined this amount 
to be about 1–6% of the dose used previously for oral admin-
istration (5 or 10 mg/kg/day for 42 days) [9]. Other studies 
have reported favorable effects of systemic administration of 
simvastatin at higher concentration or for longer time (50 mg/
kg/d for 42 days [62], or 5 mg or 10 mg/kg/day for 30 days 
[63]). This supports our hypothesis that local administration 
of statins may improve their bioavailability, increase bone re-
pair, and reinforce fixation in osteoporotic bone. Results from 
the present study might lead to new, simple, and cost-effective 
strategies to improve implant stability in patients with osteo-
porosis. However, due to risks of rhabdomyolysis, statins are 
being used less for prevention of fall-induced hip fractures in 
the elderly [64]. Therefore, results of the present study proba-
bly could not be applied in the context of high statin use, but 
only from local application (e.g., slow-release beads), which 
would result in very low systemic levels. Further studies are 
required to assess this issue.

Conclusions

A single local injection of simvastatin significantly increased 
bone formation, promoted osseointegration, and enhanced im-
plant fixation in OVX-induced osteoporotic rats. The underlying 
mechanism of action appears to involve up-regulation of BMP2 
expression and enhanced angiogenesis in the target bone.
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