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Aim To determine the effect of local simvastatin appli-
cation on the mRNA expression level of transforming
growth factor-f1 (TGF-B1), bone morphogenetic protein-2
(BMP-2) and vascular endothelial growth factor (VEGF) in
the tooth sockets of rat.

Methodology Forty-eight male Wistar rats were ran-
domly divided into experimental and control groups (#=24).
Polylactic acid/polyglycolic acid copolymer carriers, with
or without simvastatin, were implanted into extraction
sockets of right mandibular incisors. The expression of
TGF-f1, BMP-2 and VEGF mRNA was determined by
in situ hybridization in the tooth extraction socket at

five days, one week, two weeks and four weeks after

implantation.

Results The fusiform stroma cells in the tooth extraction
socket began to express TGF-f1, BMP-2 and VEGF mRNA
in both experimental and control groups from one week
after tooth extraction until the end of experiment. The
expression of TGF-f1 and BMP-2 mRNA in the experi-
mental group was significantly up-regulated after one, two
and four weeks, and expression of VEGF mRNA was
significantly increased after one and two weeks compared
with that in the control group.

Conclusion The findings indicate that local administra-
tion of simvastatin can influence alveolar bone remodeling
by regulating the expression of a school of growth factors
which are crucial to osteogenesis in the tooth extraction

socket.
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transforming growth factor-p1 (TGF-B1), vascular endo-
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Introduction

Hydroxymethylglutaryl-coenzyme A (HMG-CoA)
reductase inhibitors or statins have proved useful
for the treatment of hypercholesterolemia, an essen-
tial risk factor of atherosclerosis. The beneficial
effects of statins are believed to result from their
ability to suppress cholesterol biosynthesis and
from pleiotropic actions such as anti-inflammatory
and anti-oxidant effects (Davignon, 2004). With
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respect to bone metabolism, simvastatin has been
found to stimulate bone formation by its anabolic
effect. Mundy et al. first reported that statins can
stimulate new bone formation in rodents and
concluded that this effect can be ascribed to an
increased expression level of bone morphogenetic
protein-2 (BMP-2) in bone cells. Our previous
study demonstrated that local administration of sim-
vastain carried by polylactide-coglycolide (PLGA)
can reserve the height of the residual alveolar
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ridge and enhance bone mineral density (BMD) in
tooth extraction sockets by increasing new local
bone formation (Wu et al., 2008). Some other
studies suggested also that simvastatin mixed with
various carriers can significantly accelerate the
healing process of bone defects in rats through a
higher amount of bone formation (Wong and Rabie,
2005; Ozeg et al., 2007).

The formation and remodeling of bone structures
result from coupling subsequent deposition of bone
matrix by osteoblasts with balanced bone resorption
by activated osteoclasts. It has been reported that
statins can inhibit bone resorption in vitro through
suppression of the mevalonate pathway by blo-
cking the prenylation of certain signaling molecules
which are essential to osteoclast activity (Staal et
al., 2003). However, some in vitro studies demon-
strated that statins promote osteoblastic differenti-
ation and mineralization by mediating the expre-
ssion of various growth factors critical to the
regulation of osteoblast function, and enhance the
production of bone matrix protein (Mundy et al.,
1999; Maeda et al., 2003; Maeda et al., 2004,
Ruiz-Gaspa et al., 2007). In osteoblastic cell lines,
it was found that statins increased the expression
level of BMP-2 and vascular endothelial growth
factor (VEGF) to accelerate osteoblast differenti-
ation and also increased the expression of osteo-
genic markers, such as alkaline phosphatase (ALP),
osteopontin, type I collagen, bone sialoprotein, and
osteocalcin, to promote new bone formation. How-
ever, the mechanism by which statins promote new
bone formation in vivo has been less well studied.
It has been suggested from an immunohisto-
chemistry study that local administration of statins
triggers the early expression of VEGF and BMP-2
in parietal bone defects (Wong and Rabie, 2005).

Both BMP-2 and transforming growth factor-p1
(TGF-B1), members of the TGF-B superfamily,
have been recognized as competent growth factors
that induce the differentiation of mesenchymal
cells towards cells of osteoblastic linage by pro-
moting Run2 expression in vitro (Lee et al., 2000).
TGF-B; was found to promote the proliferation
and early stages of differentiation of mesenchymal
cells, whereas, BMP-2 can regulate the whole life
cycle of osteoblastic cells from the recruitment of
osteoblast progenitors to their mineralization and
apoptosis (Robey et al., 1987; Hock et al., 1990;

Yamaguchi et al., 1996; Hay et al., 2001). In
addition, they can augment the production of VEGF
mRNA in osteoblastic linage cells in vitro (Perto-
vaara et al., 1994; Deckers et al., 2000). According
to other studies, VEGF, as a powerful angiogenic
inducer can also regulate osteoblast activity by
recruiting mesenchymal progenitor cells and stimu-
lating their differentiation (Mayr-Wohlfart et al.,
2002; Street et al., 2002). Also, some in vivo studies
indicated that the expression level of these three
growth factors was up-regulated during bone fracture
healing and distraction osteogenesis (Pufe et al.,
2002; Wildemann et al., 2004; Marukawa et al.,
2006). Moreover, their local administration can
lead to significantly increased bone formation (Ueda
et al., 2002; Geiger et al., 2005; Yamamoto et al.,
20006).

Studies of the spatial and temporal expression
patterns of several growth factors and the close
correlation of their expression with local histo-
logical events showed that they play important
roles in the healing process of tooth extraction
sockets (Lalani et al., 2003). Hence, in this study
we tested the hypothesis that simvastatin augments
new bone formation in tooth extraction sockets
partly by regulating the expression of TGF-B1,
BMP-2 and VEGF.

Materials and methods

Animals and experimental protocol

Forty-eight male Wistar rats (7—8 weeks old)
with an average body weight of (180+5) g were
used. All animals were bred in Jilin University
Laboratory Animal Center and housed under similar
conditions (22°C room temperature, 40% humidity
and 12 hours daylight cycle). The rats were fed ad
libitum with a standard laboratory diet and water.
All procedures followed the guidelines of the Jilin
University for Animal Research. The experimental
protocols were approved by the local ethics com-
mittee.

The animals were randomly divided into an ex-
perimental group and a control group. The methods
for the preparation of simvastatin (Merck, USA)
—PLGA scaffold and lower incisor extraction have
been described elsewhere (Wu et al., 2008). Briefly,
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each rat’s right incisor was carefully extracted
under deep anesthesia with ketamine hydrochlo-
ride. Then, the simvastatin—PLGA and PLGA scaf-
folds were implanted into the tooth sockets of the
experimental group and the control group, respec-
tively. The sockets were closed by suturing the
gingiva together. All the rats were given penicillin
continuously for 3 days after the extraction. The
health status and healing process of the sockets were
monitored periodically after the surgical procedure.

The rats were killed at five days, one week, two
weeks or four weeks after the operation. All the
rats were perfused through the ascending aorta
with 0.9% saline and 4% paraformaldehyde solution
(pH 7.4) under deep anesthesia. After surgical
removal, the whole right mandible was post-fixed
in the same fixative for 24 hours at 4°C, followed
by decalcification with 10% EDTA solution (pH
7.4) for four weeks. The tissue blocks including
the first molar and underlying mandibular bone
were removed and embedded in paraffin. Serial
cross sections at 5 mm were obtained and mounted
on APS-coated glass slides.

In situ hybridization

In situ hybridization was performed according
to the method of Hajjar and Santos with minor
modifications (Hajjar et al., 2003). Briefly, sections
were deparaffinized in xylene, washed twice in
absolute ethanol, and then treated with 3% H,0, in
absolute methanol for inactivation of endogenous
peroxidase. After hydration through graded ethanol,
the sections were treated with 20 pg/mL of protei-
nase K (Roche, Germany) for 10 minutes, post-
fixed in 4% paraformaldehyde, and incubated in
pre-hybridization buffer (50% deionized formamide
0.5 mg/mL Salmon sperm DNA, 5x SSC, 5x
Denhardt’s solution, in diethylpyrocarbonate-treated
water) at 37°C for 1 hour to prevent excessive
background staining. 1 pg/mL of digoxigenin-labeled
oligonucleotide-TGFp1 antisense probe (5’-CTCA
GGCGTATCAGTGGGGGTCAGCAGCCGGTTA
CCAAGGTAACGCCA-3’), BMP-2 antisense probe
(5’-CGTCCTTGCTGGGGGTGGGTCTCTGCTT
CAGGCCAAACATGCTGAGCA-3’) or VEGF
antisense probe (5’-AGGAACATTTACACGTCT
GCGGATCTTGGACAAACAAATGCTTTCTCC
-3’) (HaoYang Biotech Co., China) was diluted in
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hybridization buffer (50% deionized formamide,
10% dextran sulfate, 0.5 mg/mL Salmon sperm
DNA, 5% SSC, 5% Denhardt’s solution, in diethyl-
pyrocarbonate-treated water) and added to the treated
specimens. The sense probe (JingYang Biotech
Co., China) and the omission of the antisense
probe were both used as negative controls. The
hybridization temperature was 37°C, and the incu-
bation time was 20 hours. After hybridization, the
slides were rinsed with SSC solutions (2%, 2x, 1x
and 0.5x) at 37°C for 15 minutes. They were then
incubated with anti-digoxingenin-peroxidase, Fab
fragments (Roche, Germany) at room temperature
for 1.5 hours and stained with 3,3'-diaminobenzidine
(DAB; Sigma, USA) as chromogen. The sections
were counterstained with haematoxylin and observed
using an optical microscope.

Quantitative and statistical analysis

Sections were first examined at x4 magnification
and the long and short axes of the tooth extraction
socket were measured. Four different areas were
identified at the intersection between the long or
short axes and the wall of the alveolar bone (Fi-
gure 1). Once the area of interest was determined,
pictures were obtained using a digital camera
(Sony, Japan) at a magnification of x200. Four

3

Figure 1 The long and short axes of each tooth

extraction socket were determined

Four different measurement frames were positioned at the
intersection between the long or short axes and the wall of

the alveolar bone for each section. Scale bar=500 pm.
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measurement frames each of 300 pm %200 pm
along the long or short axis were located tangent
to the wall of the tooth socket and towards to the
center of the extraction socket (Figure 2). The
number of cells with positive staining of TGF-p1,
BMP-2 and VEGF (more than 60 pixels) was
counted in the measurement frames using Image

Pro-Plus (Media Cybernetics, Silver Spring, USA).

The average of the positive cell number in four
measurement frames on each slide was used in this
study.

The data was processed using SPSS 12.0 (SPSS,
USA) for paired #-tests. Thirty sections from 10
subjects were selected randomly and measured on
two separate occasions about one month apart for
method error analysis. The error of measurement
was calculated using Dahlberg’s formula (Dahl-

berg, 1940):
2
Me= /Zd
2n

in which d represents the difference between two
registrations and » is the number of duplicate
registrations. Hypothesis testing indicated no
significant difference among the registrations for
TGF-B;, BMP-2 and VEGF.

Results

Brown signals of TGF-f;, BMP-2 mRNA were
localized mainly in the cytoplasm of fusiform
stroma cells between the wall of the alveolar bone
and scaffold material in the early stage of the
experiment and later also in the osteoblastic cells
around the new bone. Occasionally the osteoclast
showed positive staining in the later stages of the
experiment. Positive signal of VEGF mRNA was
recognized in the cytoplasm of fusiform stroma
cells, osteoblastic cells and endothelial cells (Fi-
gures 2, 3, 4).

Control group

Experimental group

Figure 2 The expression of TGF-f1 mRNA

(A) and (B): show the expression of TGF-B1 mRNA after one week. (C) and (D): show the expression of TGF-$1 mRNA after two weeks.

The measure frame with a size of 300pum x 200 um is shown in Figure 2A.

SW: socket wall; SO: socket; asterisk: carrier. scale bar=100 pm. (200%).
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Control group Experimental group
Figure 3 The expression of BMP-2 mRNA

(A) and (B): show the expression of BMP-2 mRNA after one week. (C) and (D): show the expression of BMP-2 mRNA after two weeks.
SW: socket wall; SO: socket; asterisk: carrier. (200x).

Control group Experimental group

Figure 4 The expression of VEGF mRNA

(A) and (B): show the expression of VEGF mRNA after one week. (C) and (D): show the expression of VEGF mRNA after two weeks.
SW: socket wall; SO: socket; asterisk: carrier. (200x).
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Figure 5 The change in the expression of
TGF-B1 mRNA during the experiment

*: P<0.05; **:P <0.01.

Quantitative analysis of TGF-f; mRNA expre-
ssion

Very weak signal of TGF-B; could be detected
in both experimental and control groups after five
days. However, the positive signal was too weak
to be analyzed statistically at this time point. After
one week, the expression of TGF-; mRNA could
be recognized in the control and experimental
groups. The number of cells with positive signals
in the experimental group was significantly higher
than that in the control group after one, two and
four weeks. The number of positive cells peaked
after two weeks and then decreased after four
weeks in both the experimental and control groups
(Figure 5).

Quantitative analysis of BMP-2 mRNA expre-
ssion

No positive signal could be detected after five
days in both the experimental and the control
groups. From one week onwards, the number of
positive cells in the experimental group was signi-
ficantly higher than that in control group, with
both groups peaking after two weeks (Figure 6).

Quantitative analysis of VEGF mRNA expre-
ssion

Likewise, no positive signal for VEGF could be
observed after five days in both the experimental
and control groups. After one and two weeks, the
number of positive cells in the experimental group

BExperimental group
BControl group
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Figure 6 The change in the expression of
BMP-2 mRNA during the experiment

*:P <0.05; **: P<0.01.
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Figure 7 The change in the expression of
VEGF mRNA during the experiment

*: P<0.05; **: P<0.01
was significantly higher than that in the control
group but it decreased thereafter. There was no
significant difference in the number of positive
cells between the experimental and control groups
after four weeks (Figure 7).

Discussion

Previous studies confirmed that the healing
process of tooth extraction sockets involves the
chemotaxis of mesenchymal cells, their prolife-
ration and differentiation into osteoblastic cells
and the production and mineralization of extra-
cellular matrix (ECM) by osteoblasts (Hollinger
and Wong, 1996). It has been found that these
critical cellular events are tightly regulated by
appropriate signal molecules, such as growth
factors and cytokines (Lalani et al., 2003). Some
growth factors, such as TGF-;, BMP-2 and VEGF,
are signaling proteins secreted by cells recruited to
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the tooth extraction socket which control osteo-
genesis and angiogenesis by autocrine and paracrine
in the local area. Owing to the competent ability of
these growth factors in promoting bone formation,
many studies focused on screening chemical com-
pounds or medicines which can induce increased
expression of these proteins (Mundy et al., 1999).
In our previous studies, we found that local admi-
nistration of simvastatin carried by PLGA can
significantly increase new bone formation in the
tooth extraction socket without obvious side effects
on the healing process (Wu et al., 2008). In the
present study, we investigated the expression level
of TGF-B;, BMP-2 and VEGF mRNA, trying to
improve our understanding of the mechanisms of
osteogenesis and angiogenesis induced by simva-
statin in tooth extraction animal models.

Although the signal was very weak, the expre-
ssion of TGF-B, was detected from five days. This
was earlier than the expression of BMP-2 and
VEGF. TGF-B; has been shown to expand the pool
of osteoprogenitors by inducing chemotaxis and
stimulating proliferation (Harris et al., 1994). In
addition, TGF-B; can induce the expression of ECM
proteins and osteoblastic differentiation markers
(ALP) to regulate the early differentiation of osteo-
progenitors by up-regulating the expression of
Runx2, a DNA-binding transcription factor specific
for osteogenic lineage cells (Robey et al., 1987,
Hock et al., 1990; Lee et al., 2000). However,
TGF-B; is also responsible for increasing the
expression of VEGF which can promote bone
formation and repair by angiogenesis and vasculo-
genesis (Pertovaara et al., 1994; Mayr-Wohlfart et
al., 2002; Street et al., 2002). Therefore, our
finding supports these studies, because the earlier
expression of TGF-B; is critical for regulating the
early stages of cellular events and for stimulating
the production of essential signaling proteins in
wound healing. After one week, a higher expression
level of TGF-p;, BMP-2 and VEGF mRNA was
detected in the experimental group compared with
that in the control group, with the peak expression
level observed after two weeks for both experi-
mental and control groups. This result suggests that
simvastatin released from the scaffold can increase
the expression level of these three osteoinductive
growth factors and, therefore, promote the later
new bone formation in the tooth socket. Their
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temporal expression paralleled results from our
previous histological study in which we showed
that extensive new bone formation in tooth extrac-
tion sockets was observed two and four weeks
after extraction in both experimental and control
groups (Wu et al., 2008). The beginning of expre-
ssion of these three factors after one week preceded
the appearance of newly formed bone after two
weeks. Their peak expression level occurred two
weeks earlier than the most extensive bone
formation at four weeks, as time is required for the
recruitment of mesenchymal cells and the subse-
quent cascade of events to initiate new bone
formation. Although some studies showed that
statins down-regulate TGF-B; expression in some
pathological situations, statins were found to
increase the expression of TGF-B; in macrophages
and monocytes (Porreca et al, 2002; Li et al.,
2004; Baccante et al., 2004; Song et al., 2008).
The effect of statins on TGF-B; expression might
depend on the experimental conditions and cell
types. However, the effect of simvastatin on
expression level of TGF-B; in bone has never been
reported. Because both TGF-; and BMP-2 belong
to the TGF-B superfamily, simvastatin may up-
regulate the expression of TGF-f; in a way similar
to the up-regulation of BMP-2. The up-regulation
of BMP-2 and VEGF mRNA is in agreement with
previous studies. Since the osteoinductive ability
of simvastatin was first described by Mundy et al.,
many other studies have shown that simvastatin
markedly augments not only the expression of
BMP-2 and VEGEF, but also that of some ECM
molecules such as type I collagen, ALP, bone
sialoprotein, and osteocalcin in osteoblastic cell
lines (Maeda et al., 2003; Maeda et al., 2004).
Another study by Wong et al., indicated that
simvastatin triggers the early expression of BMP-2
and VEGF after one day in bone defects (Wong
and Rabie, 2005). However, this early expression
pattern was not observed in this study. This
discrepancy can be ascribed to the difference in
observation time points. After four weeks, new
bone formation was almost completed, especially
in the measurement frame on the boundary area
between the scaffold and the alveolar bone where
the new bone formation first began. It has been
reported that the healing process of tooth extraction
is faster in rats than in humans (Pietrokovski and
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Massler, 1967). Therefore, the expression level of
these three factors was down-regulated compared
with that at two weeks owing to decreased osteo-
genic activity.

Conclusion

In conclusion, local administration of simva-
statin significantly increased the expression level
of TGF-B;, BMP-2 and VEGF mRNA one week
after tooth extraction and the temporal up-
regulation of these factors correlated well with the
temporal increase in new bone formation. The
up-regulation of TGF-B; mRNA needs conforma-
tion in in vitro studies and the underlying mecha-
nism needs further investigation in the future.
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