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A B S T R A C T

Background: Simvastatin, a drug for lowering serum cholesterol, has been shown to enhance bone regeneration,
but few studies have qualitatively and quantitatively tested its effect when used topically in different animal
models. This study aims to investigate topical administration of simvastatin as a bone regeneration inducer by
testing its effect on bone formation in both long tubular bone and flat bone defect, and the mechanism involved.
Methods: Two animal models were used for testing the effect of simvastatin on entochondrostosis and intra-
membranous ossification respectively. Simvastatin of different dosages combined with poly lactic acid were
implanted in extreme radial defects of 12 adult male New Zealand rabbits. Bone formation was monitored using x-
ray and CT-scan and measured using x-ray scales, pixel values and spiral CT-scan for 16 weeks before being
subject to histological and immunohistochemistry examination. The result was compared with that of autograft
and blank control groups. Simvastatin with thrombin and fibrin sealant were implanted in calvarial defects of
three Rhesus monkeys and monitored for 18 weeks. Bone formation was compared between the simvastatin and
the blank control group using spiral CT-scan and histological examination.
Results: Both visual and quantitative measurements by x-ray and spiral CT-scan indicated significant bone for-
mation in radial defects in all simvastatin groups and the autograft group whereas no bone formation was found in
control groups. There was no significant difference in bone formation quantity between 100 mg simvastatin and
autograft. Histological and immunohistochemistry examination indicated entochondrostosis in association with
positive expression of BMP-2 and HIF-1 alpha. Spiral CT-scan and histological examination of calvarial defects of
monkeys showed intramembranous ossification after simvastatin implantation. No change was found in the
control group.
Conclusions: Topical administration of simvastatin induces entochondrostosis and intramembranous ossification
by enhancing expression of BMP-2 and HIF-1 alpha. The effect of simvastatin on bone regeneration is comparable
to autograft.
The translational potential of this article: Topical administration of simvastatin can repair bone defect in both long
tubular bones and flat bones of rabbits and monkeys as effectively as autograft. Given that it is cheap, safe and
already in clinical use, simvastatin might be considered as a bone regeneration inducer with great potential.
Introduction

Bone defect repairmen, as an important yet challenging clinical
problem, has long been a topic of tremendous interest in the field of
orthopedics. Although significant progress has been made with notice-
able success, the issue remains largely unresolved. The repairmen in-
volves a complex bone regeneration process requiring reconstruction of
bone structure with adequate function. Conventional treatments
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including bone graft and various forms of synthetic bone substitutes are
flawed either for the significant side effects or for being financially un-
sound. The latest approach is to utilize tissue-engineering technology
whereby osteogenic stem cells and/or bone growth factors are amplified
or loaded in extracellular matrices in vitro before they are implanted in
vivo to repair bone defect. The stem cells and the growth factors act to
induce bone formation and the matrices serves as a scaffold that gradu-
ally degrades along with bone ingrowth. This should endow the new
ital, Beijing Key Laboratory of Spinal Disease Research, 49 North Garden Rd.,

ovember 2020

of Chinese Speaking Orthopaedic Society. This is an open access article under the

mailto:mph595@126.com
mailto:schl@bjmu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jot.2020.11.009&domain=pdf
www.sciencedirect.com/science/journal/2214031X
http://www.journals.elsevier.com/journal-of-orthopaedic-translation
https://doi.org/10.1016/j.jot.2020.11.009
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jot.2020.11.009
https://doi.org/10.1016/j.jot.2020.11.009


Table 1
Groups with different interventions in rabbits radial defect model and Rhesus
monkey calvarial defect model.

Animal model Groups Implant side (left) Control side (right)

New Zealand
rabbit
model

SIM50mg simvastatin 50 mg þ PLA
250 mgþ2 ml acetone

PLA 250 mgþ2 ml
acetone

SIM100mg simvastatin 100 mg þ
PLA 250 mgþ2 ml
acetone

PLA 250 mgþ2 ml
acetone

SIM200mg simvastatin 200 mg þ
PLA 250 mgþ2 ml
acetone

PLA 250 mgþ2 ml
acetone

Autograft autogenous bone void
Rhesus
monkey

SIM50mg simvastatin 50 mg þ
thrombin 0.4 ml þ fibrin

0.4 ml thrombinþ0.4
ml fibrin sealant
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bone with both adequate structure and function. Nonetheless, the use of
stem cells is still in an experimental stage due to the lack of reliable
technique in amplifying and guided differentiation [1]. There has been
clinical success in the use of bone growth factors in combination with
natural polymers scaffold as bone healing materials. But the rising safety
concerns and the high cost significantly limits their clinical application
[2].

In earlier study of osteoporosis, it was noticed that simvastatin, a drug
for lowering serum cholesterol, had an effect to enhance bone formation
by increasing expression of the bone morphogenetic protein-2 (BMP-2)
gene in bone cells [3]. More recent clinical studies also associate sim-
vastatin with increased bone density and reduced risk of osteoporotic
fracture [4,5]. Because it is safe, cheap and clinically available, simva-
statin has been drawing increasing attention as a promising new bone
regeneration inducer. However, the exact mechanism and effectiveness
of simvastatin on bone formation as well as the optimal dose remains
unclear. This study is prompted to investigate these issues in search for a
better bone regeneration inducer.

Materials and methods

Ethical statement

All experiments performed in this study were approved by the Peking
University Third Hospital Animal Experiment Ethics Committee, Permit
No. 2009–0006 (2). Animal care complied with the guideline of animal
experiments of the Peking University Third Hospital on the care and use
of laboratory animals.

Materials

There were two sets of bone defect animal models tested in this study.
The first model involved 12 adult male New Zealand rabbits weighed
2.3–2.8 kg. The second model involved three Rhesus monkeys, aged 5–6
years and weighed 7.5–9.5 kg.
Fig. 1. The New Zealand rabbit radial defect and the Rhesus monkey calvarial de
Surgically inflicted radial bone defect (without implantation). B. Radial bone defect w
PLA. D. Surgically inflicted bone defects on either side of the sagittal suture (withou
pancake shape paste made of simvastatin/thrombin/FS and thrombin/FS in place of
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General procedures

In the first model, a 22 mm long bone defect was surgically inflicted
on the radius of both forearms of each of 12 New Zealand rabbits (Fig. 1A
and B) that were randomly divided into four groups. Note that, each time
the periosteum of ulna was also removed along with the radius in the
making of the defect. In three of the four groups, the radial bone defect
was filled with compounds made up of simvastatin (Merck & Co Inc,
USA) of three different dosages and poly lactic acid (PLA, molecular
weight 4 � 106, Shandong Medical Instrument Research Center, China)
scaffold on one side (the implant side) and PLA scaffold alone on the
other (the control side). For the implant side, the compound was made
under room temperature by mixing simvastatin (50 mg, 100 mg and 200
mg respectively) with 250 ml PLA and 2 ml acetone solution (Sinopharm
Chemical Reagent Beijing Co. Ltd, China), which was subsequently
freeze-dried and molded to form a 4 mm thick and 24 mm long cylin-
drical paste (Fig. 1C). It was sterilized by 60Co radiation each time before
implantation. For the control side, the compound was made the same
way except that no simvastatin was added to the paste. For the remaining
group, removed radial bone was minced and re-implanted to the defect as
fect. A-C. The New Zealand rabbit model. D-F. The Rhesus monkey model. A.
ith simvastatin and PLA implantation. C. A Solid block made of simvastatin and
t implantation). E. Each defect was made 15 mm in diameter. F. A 4 mm thick
the defect.

model sealant
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autogenous bone graft on the implant side while no intervention was
applied on the control side. Detailed information concerning each group
was given in Table 1. Repairing progress of the radial bone defects was
monitored radiologically at 8 and 16 weeks after surgery and histologi-
cally as well as immunohistochemically when all rabbits were eventually
sacrificed at the 16th week. In the second model, two full-thickness
round defects of 15 mm diameter were made on both sides of the
sagittal suture of each of three Rhesus monkeys (Fig. 1D–F). A compound
of 50 mg simvastatin, 0.4 ml thrombin and 0.4 ml fibrin sealant (FS) was
implanted on the left hand side (the implant side) while the same com-
pound without simvastatin was implanted on the right hand side (the
control side). CT scans of the involved calvarias were taken at 2, 4, 6, 12
and 18 weeks post-operation before all subjects were sacrificed for his-
tological examination except for one that was sacrificed 4 weeks into the
experiment and subject to histological examination.
Measurements

The rabbit model

Radiological measurements. Bone ingrowth in each radial bone defect was
monitored at 8 and 16 weeks post-operation using a digital x-ray ma-
chine. For each bone defect, the x-ray pixel values of three identical spots
chosen at fixed co-ordinates were measured and scaled using Taria’s x-
ray scoring method to quantify bone healing in each circumstance [6].
Spiral CT scans (120 kV, 256 mA, thickness 2.0 mm, GE, USA) were taken
at 16 weeks post-operation of both forearms of each sacrificed rabbit to
reconstruct a 3D image of the intact radial bones using surface shade
display (SSD) method. The area of opaque region (representing new bone
formation) against the whole area of bone defect was calculated using
computer software (GE AW4.2 software) and compared as the ratio of
new bone formation in each experimental group. The same method had
been described by Nakayama et al. [7]. One rabbit was randomly selected
from the implant groups and examined using high-resolution plain film
(Hitachi, Japan) and Micro CT scan (Skyscan, Belgium) to inspect
structural changes on the surface and in the bone marrow cavity of the
bone defects.

Histological inspection. The section of bone defect in each radium was
severed to obtain 5 μm-thick slices and processed with hematoxylin-eosin
(HE) and toluidine blue staining before being inspected under optical
microscopy.

Immunohistochemistry examination. The same slices were immersed with
BMP-2 and Hypoxia-inducible factors (HIF)-1alpha antibodies (Santa
Cruz Biotechnology Inc, USA and Abcam plc, USA) and dyed to detect
expression of BMP-2 and HIF-1alpha using Polymer HRP Detection Sys-
tem for goat primary antibody and Mouse SP Kit (Santa Cruz Biotech-
nology Inc, USA).

The monkey model

Radiological measurements. Calvarias of two of the three monkeys were
scanned using Spiral CT at 2, 4, 6, 12 and 18 weeks post-operation to
reconstruct a 3D image of the entire calvarial bone using surface shade
display (SSD) method. The remaining monkey was sacrificed at 4 weeks
for histological inspection.

Histological inspection. Bone defect sections obtained from the sacrificed
monkey were severed to obtain 5 μm-thick slices and processed with
hematoxylin-eosin (HE) and toluidine blue staining before being
inspected under optical microscopy.

Statistical methods. All statistical tests were carried out using computer
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software (SPSS 13.0). Results obtained from the implant sides and the
control sides were compared within each group using Student t-test and
between different groups using One-way analysis and LSD test. Differ-
ence was deemed significant when p value was less than 0.05.

Results

The rabbit model

Radiological measurements

X-ray image. Radiographic images demonstrated significant bone healing
at 8 weeks post-operation and complete bone union at 16 weeks on the
implant sides in all groups. Fig. 2 & Table 2 show callus formation in the
defects changed from blurry into continuous and fracture ends changed
from blurry to union. By contrast, neither identifiable callus formation
nor signs of union at the fracture ends were found on all the control sides
for the same period.

X-ray scores. For all experimental groups, the x-ray scores were signifi-
cantly (p < 0.05) greater on the implant sides than the control sides at
both 8 and 16 weeks of the experiment. At 8 weeks, the x-ray scores on
the implant sides were significantly higher in the SIM200mg and the
autograft group than that in the SIM50mg and the SIM100mg group,
although there was no significant difference between the former and
latter two groups respectively. At 16 weeks, SIM100mg and autograft
group were associated with significantly (p < 0.05) greater x-ray scores
than the rest two groups, without a significant difference between
themselves (Table 3).

X-ray pixel values. In all groups, implant sides were associated with
significantly greater x-ray pixel values than control sides at both 8 and 16
weeks post-operation. There was no significant difference among implant
groups and control groups respectively (Table 3).

Spiral CT scans. Bone union or significant reduction in bone defect was
seen on the implant sides whereas non-union and insignificant bone
ingrowth was seen on the control sides of all SIM groups and the auto-
graft group (Fig. 3A–D). The ratio of new bone formation was signifi-
cantly higher on the implant side than the control side in all groups with
the SIM 100 mg and autograft group being associated with significantly
higher rates than the rest (Fig. 4).

High-resolution plain film and micro CT scans. Both forearms of one rabbit
in the SIM 100 mg group (Fig. 3B) were scanned. The images of the
implant side showed the defect was replaced by continuous new bone
formation with union at both fracture ends, complete cortical bone for-
mation on the outside and rechanellization of bone marrow cavity on the
inside (Fig. 3E&F). On the control side, neither continuous bone forma-
tion nor rechanellization of bone marrow was seen (Fig. G&H).

Histological inspection

HE staining. Radial bone defects were replaced by new bone formation
with complete cortical bone and closed medullary cavities on the implant
sides in all groups whereas no bone formation but hyperplasia was found
on the control sides (Fig. 5A).

Toluidine blue staining. Visual inspection under microscopy showed
transformation of mesenchymal cells to chondrocytes and eventually to
bone tissues in most area of the defect on the implant side (SIM 100 mg).
There were a few residual chondrocytes in sight (Fig. 5B). On the control
side, large portion of deep blue staining area indicates lack of trans-
formation from chondrocytes to bone tissues.



Fig. 2. Radiographs of radial defects at 8 and 16 weeks after simvastatin implantation. 1a-1h. Radiographs at 8 weeks. 1a. SIM50mg implant side. 1 b. SIM50mg
control side. 1c. SIM100mg implant side. 1 d. SIM100mg control side. 1e. SIM200mg implant side. 1f. SIM200mg control side. 1 g. Autograft implant side. 1 h.
Autograft control side. 2a-2h. Radiographs at 16 weeks. 2a. SIM50mg implant side. 2 b. SIM50mg control side. 2c. SIM100mg implant side. 2 d. SIM100mg control
side. 2e. SIM200mg implant side. 2f. SIM200mg control side. 2 g. Autograft implant side. 2 h. Autograft control side.

Table 2
Radiographic images of rabbit radial defect model.

Groups 8 weeks 16 weeks

callus formation fracture ends callus formation fracture ends

IS* CS* IS* CS* IS* CS* IS* CS*

SIM50mg hazy none or few blurry clear continuous none or few union Sclerotic
SIM100mg even none or few blurry clear continuous none or few union Sclerotic
SIM200mg continuous none or few continuous clear continuous none or few union sclerotic
Autograft abundant none or few blurry clear continuous none or few union sclerotic

Table 3
Comparison of x-ray scores and pixel values measured from the bone defects at 8
and 16 weeks post-op among all experimental groups.

Items Groups 8 weeks post-op 16weeks post-op

IS* CS* IS* CS*

x-ray
scores

SIM50mg 7.17 �
0.75*△▴

5.67 �
0.82

11.83 �
1.47*#▴

8.67 �
1.03

SIM100mg 8.00 �
0.63*△▴

6.33 �
1.03

17.00 �
0.89*△

8.50 �
1.05

SIM200mg 9.67 �
1.03*#

4.83 �
0.98

9.67 �
1.21*#▴

5.67 �
1.37

autograft 9.50 �
1.05*#

5.17 �
1.17

18.17 �
1.47*△

5.00 �
0.89

Pixel
values

SIM50mg 1.42 � 0.04* 0.83 �
0.04

3.44 � 0.09* 2.41 �
0.03

SIM100mg 1.82 � 0.12* 1.37 �
0.06

3.68 � 0.05* 2.59 �
0.08

SIM200mg 1.47 � 0.93* 1.09 �
0.05

3.49 � 0.02* 2.48 �
0.08

Autograft 1.43 � 0.13* 1.10 �
0.11

3.45 � 0.03* 2.42 �
0.07

* IS¼Implant Side; CS¼Control Side *p < 0.05 as compared with CS; #p < 0.05
as compared with SIM100mg group; △p < 0.05as compared with SIM200mg
group; ▴p < 0.05 as compared with autograft group
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Immunohistochemistry examination. Expression of BMP-2 (Fig. 6A) and
HIF-1 alpha (Fig. B) was positive under optical microscope on the implant
side at 16 weeks after implantation.

The monkey model

Spiral CT scans. Traces of high-density bone formation started to emerge
in calvarial defects of all three monkeys since 6 weeks into the study and
gradually developed on the implant side until the end of the experiment
(18 weeks) when the defect was significantly reduced. By contrast, no
4

change was visible on the control side all through the experiment (Fig. 7).

HE staining. HE staining of the calvarial bone defect at 4 weeks after
simvastatin implantation showed islands of newly formed woven bone
spreading in amatrix of mesenchymal cells in absence of chondrocytes on
the implant side (Fig. 8A and B). On the control side, however, there was
no bone formation but inflammatory and fibrous tissue (Fig. 8C and D).

Discussion

This study is designed to explore effects of simvastatin on different
mechanisms of bone development. Rabbit radial defect and monkey
calvarial defect model were used in this study to investigate the effect of
simvastatin on both entochondrostosis of long tubular bones and intra-
membranous ossification of flat bones respectively. Radial defect of
rabbits is considered the standard model in study of bone formation
where a 20 mm long bone defect is deemed the upper limit for self-
repairmen [8]. We used 22 mm long bone defects in excess of the
maximal limit for self-repairmen. The periosteum of the ulna was also
removed to eliminate interference from bone formation originated from
the ulna. Design of the self-controlled study also helps to minimize the
potential interference from the ulna. Monkeys are considered the most
genetically close to human.

This study compared the result of the experiment and the control
group on two symmetrical sides of the same subject, which eliminated
influence of individual difference. In the rabbit radial model, X-ray im-
ages showed union of bone defect in all simvastatin-implanted groups in
comparison with absence of bone formation in all control groups. Micro
CT scans showed newly formed bone with complete cortex and recha-
nellization of bone marrow cavity. These suggested that simvastatin
acted to induce natural bone healing while being released and bio-
degraded in the bone defect. X-ray scores, X-ray pixel values and spiral
CT scans measurements are widely accepted standard methods for
quantitative assessment of osteogenesis, which confirmed the visual



Fig. 3. Spiral CT scans of radial defects on the implant and the control sides in all experimental groups at 16 weeks after simvastatin implantation. (A-D). Spiral CT
scans (Right: Implant side; Left: Control side). E&F. High-resolution plain film (E) and Micro CT scan (F) of the defect on the implant side in the SIM100mg group.
G&H. High-resolution plain film (G) and Micro CT scan (H) of the defect on the control side in the SIM100mg group.

Fig. 4. Rates of new bone formation in radial defects measured from spiral CT
scans at 16 weeks after simvastatin implantation. Note that there were 6 radial
bone defects from 3 different rabbits tested in each group in the plot.
*significant difference between Implant and Control side (p < 0.05); #signifi-
cant difference between SIM 100 mg, autograft group and SIM 50 mg, SIM 200
mg group (p < 0.05). 120 kV 256 mA thin-bed layer thickness 0.625 mm.
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finding by showing a significantly higher density and ratio of new bone
formation on the implant sides than that on the control sides [9]. These
quantitative radiological findings were further verified histologically by
HE and Toluidine blue staining. Toluidine blue is known to have an af-
finity for proteoglycans in the chondrocytes [10]. Changes in the staining
demonstrated transformation of mesenchymal cells to chondrocytes and
to bone tissues. Residual chondrocytes were also evidences of
5

entochondrostosis.
The function of simvastatin to enhance bone formation and reduce

bone loss was initially demonstrated after gastric administration and
subcutaneous tissue injection in rats [11,12]. Seto et al. and Lee et al.
later reported significant repairmen of bone defects in the alveolar bone
and the mandibles of rats after topical application of simvastatin [13,14].
More recent studies succeed to test the effect of local administration of
simvastatin on bone regeneration using bigger animal models. Cha-
lisserry et al. created 24 5 � 8 mm bone defects on the lateral aspect of
the femoral condyle of 12 adult New Zealand white rabbits to compare
the result of bone formation induced by Nano-Hydroxyapatite (nHA)
particles alone and nHA with simvastatin. The condyles were retrieved
after 8 weeks and analyzed using micro CT and histology. Their results
showed significantly higher bonemineral density and bone volume in the
simvastatin loaded nHA group compared with the nHA alone group [15].
Zhang et al. reported the same result when compared the effect of sim-
vastatin loaded Polylactic Acid-Polyglycolic Acid Copolymer
(PLGA-CPC) with that of PLGA-CPC alone on rabbit femoral condyle
defects [16]. These are concordant with our results even though we used
maximum size radial bone defects that represent the most extreme model
of entochondrostosis in long tubular bones. Positive effect of simvastatin
on bone formation in calvarias has been reported using different carriers
in rats and rabbits [17–19]. But there is a lack of similar study using
nonhuman primates. Yasuhiko et al. implanted a basic fibroblast growth
factor (bFGF) loaded biodegradable hydrogel to skull defects (6 mm in
diameter) in a monkey [20]. The defects were replaced by new bone
formation in 21 weeks after implantation. We used monkeys calvarial



Fig. 5. HE and Toluidine blue staining images of radial defects under optical microscope at 16 weeks after simvastatin implantation. A. HE staining ( � 10) of the
implant side (left column) and the control side (right column). U: ulna; R: radius. B. Toluidine blue staining ( � 100) of the implant side (left) and the control
side (right).
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Fig. 6. Expression of BMP-2 in cytoplasm and HIF-1 alpha in cell nucleus under optical microscope at 16 weeks after simvastatin implantation. A. Expression of BMP-2
in cytoplasm ( � 100). B. Expression of HIF-1 alpha in cell nucleus ( � 400).
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model because monkeys were genetically closer to human than any other
animals and the calvarial bone was the site to choose for investigation of
intramembranous ossification in flat bones. In our study, Spiral CT scans
showed significantly reduced bone defects at 18 weeks after implantation
on the implant side and no change on the control side. This was verified
by HE staining, which showed widespread newly formed woven bone in
a matrix of mesenchymal cells on the implant side. The absence of
chondrocytes indicates origin of bone formation from transformation of
mesenchymal cells, i.e. intramembranous ossification.

Our results of immunohistochemistry examination indicated positive
expression of BMP-2 and HIF-1 alpha after simvastatin implantation.
HIFs are oxygen-dependent transcriptional activators that play crucial
roles in angiogenesis, erythropoiesis, energy metabolism, and cell fate
decisions. HIFs and their target gene, vascular endothelial growth factor
(VEGF), are believed to promote bone regeneration by stimulating new
blood vessels formation in the bone [21–23]. BMP-2 is a known growth
factor that induces bone regeneration. Numerous studies suggest that
simvastatin can promote osteoblast viability and differentiation by
enhancing expression of BMP-2 [3,18,24]. The potential mechanism is
that simvastatin inhibits the secretion of mevalonic acid, which per se is
an inhibitor of BMP-2, by blocking the action of the HMG-CoA reductase
[25]. Moreover, inhibition of mevalonic acid also impedes activation of
osteoclast [26].

Simvastatin presents a reduced risk in comparison with growth fac-
tors or gene therapy, but undesired high local congregation may still pose
a risk of inflammatory response [27]. Therefore, it requires a carrier that
can slow the release process allowing simvastatin to function for an
extended period while limiting the inflammatory process. PLA is known
as a biocompatible and biodegradable polymer with a three dimensional
porous structure that facilitates bone ingrowth [28]. Previous studies of
PLA and simvastatin compound proved that release of simvastatin could
be controlled by the slow degradation of PLA due to the strong chemical
interaction between the two [29–31]. Moreover, mechanical property of
the scaffold was not influenced during the release process.
7

Although simvastatin has been investigated as a bone regeneration
inducer in multiple forms of administration, there has no general consent
on the optimal dose to date. The dosage used in this study was deter-
mined based on relevant reviews in the literature [32]. In this study,
x-ray scores of the SIM100mg and autograft were significant higher than
the rest groups whereas no difference was found between each other. The
same result was confirmed by spiral CT scans in calculation of the ratio of
new bone formation. Both quantitatively verified the effect of simva-
statin. Our results of significant association between higher concentra-
tion of simvastatin and higher X-ray scores can be explained as previous
studies indicated a positive correlation between the dose of simvastatin
and expression of BMP-2 [3,33]. However, the finding that 100 mg
simvastatin group had significantly higher X-ray scores and new bone
formation rate than 200 mg simvastatin group at 16 weeks after im-
plantation seemed to indicate an optimal dose for topical administration.
In fact, we found in preparation of SIM200mg implant that its porosity
was significantly lower than that of SIM50mg and SIM100mg implant.
Low porosity could impede bone growth by limiting ingrowth of blood
vessels and mesenchymal cells. Other authors suggested that time also
had significantly influences on the effect of simvastatin [32].

The weakness of this study is that it is an animal experiment. But it is
the first time that simvastatin is tested in non-human primate. In addi-
tion, the limited number of samples involved in this study limits the
statistical power of the result and makes it erring on the side of caution.
The encouraging results of ours favor further clinical tests for topical
administration of simvastatin as a bone regeneration inducer.

Conclusions

Topical administration of simvastatin can promote bone regeneration
in both forms of entochondrostosis and intramembranous ossification
with a capacity comparable to autograft. It also acts in different species of
mammals, including non-human primates. Its effect on entochon-
drostosis is associated with increased expression of BMP-2 and HIF-1



Fig. 7. Spiral CT scans of calvarial defects on the implant and the control sides at 6 and 18 weeks after simvastatin implantation. A-C. 6 weeks post-op. A. Coronal
plane showing the implant side (left) and the control side (right). B&C. 3D-reconstruction images showing the implant side (left) and the control side (right). D-F. 18
weeks post-op. D. Coronal plane showing the implant side (left) and the control side (right). E&F. 3D-reconstruction image showing the implant side (left) and the
control side (right).

Fig. 8. HE staining images of calvarial defects under optical microscope at 4 weeks after simvastatin implantation. A-B. The implant side. A. Woven bone formation
can be seen spreading across the defect ( � 10). B. Magnified image showing woven bone formation ( � 200). C-D. The control side. No bone formation but in-
flammatory tissue can be seen ( � 10, � 200).
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alpha. Therefore, simvastatin is a promising candidate for the best bone
regeneration inducer.
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