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Abstract: Simvastatin belongs to the family of statins and is found to have some osteopromotive properties in recent
years. The aim of the present study was to investigate the potential effects of simvastatin on bone formation of the
expanded mid-palatal suture of rats. Forty-five Wistar rats were randomly divided into three groups: control (C),
expansion (EP), and expansion plus simvastatin (ES) groups. Rats in the ES group were administrated with simvas-
tatin (20 mg/kg/d body weight). According to the schedule of sacrifice (days 3, 7 and 14), the suture width and bone
volume changes of the region of interest (ROI) were detected by micro-computed tomography during RME. Besides,
morphological changes and bone morphogenetic protein 2 (BMP-2) expression in the mid-palatal suture were obser-
ved by hematoxylin and eosin (HE) and immunohistochemical staining. Kruskal-Wallis one-way analysis of variance
(ANOVA) and LSD method were applied to analyze the data at P<0.05 level. By the RME appliance, the suture was
successfully widened. On days 7, 14, the bone volume of ROl in the ES group was more than that in the EP group
(P<0.05). Besides, histological examinations also demonstrated that more bone regeneration and capillaries in the
suture in the ES group were observed than that in the EP group. The BMP-2 expression in the ES group was more
(P<0.05) than that in the EP and C groups on days 3, 7, 14. Consequently, those findings showed that simvastatin
can induce a favorable effect on bone regeneration in the mid-palatal suture of rats during RME.
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Introduction

In clinical training, rapid maxillary expansion
(RME) is one of the most common orthodontic
and orthopedic treatment methods used to
correct these dentofacial deformities caused
by maxillary transverse deficiency, such as
dental crowding, maxillary dental arch steno-
sis, posterior cross-bite and so on [1]. The pro-
cedure is based on the growth potential of
the children or adolescents themselves and
the mechanical properties and adaptability of
sutures to different tensile or cyclic loading [2].
The expansion force of the RME device can be
conducted to the mid-palatal suture by the
molars and the alveolar bone. Next, there are
some activities that have occurred in the mid-
palatal suture to promote suture remodeling,
including cell transformation, cellular signaling
pathways, and the regulation of cell factors,

growth factors and transcription factors [3-5].
However, a high incidence of post-treatment
relapse is considered as the main obstacle to
RME [6]. The RME results are unstable and
affected by a variety of internal or external
factors, such as gender, age, the magnitude
of the expansion force and some exogenous
factors [7-9]. Insufficient bone formation in
the suture is usually accepted as a determi-
ning factor of post-expansion relapse. As a
result, new bone regeneration in the mid-pala-
tal suture plays an important role in avoiding
the relapse after expanding the suture [9-11].
Exogenous stimulus-related researches are
carried out to study the effects of various
substances on bone metabolism via promotion
of osteoblastic activity or inhibition of osteo-
clastic activity for improving the stability of
expansion and abbreviating the retention peri-
od [12-22].


http://www.ajtr.org

Simvastatin on bone regeneration of RME

Figure 1. Intra-oral view of the RME appliance set on
the molars of the rat.

Simvastatin, which belongs to the family of
statins and is the inhibitor of HMG-CoA
(3-hydroxy-3-methylglutaryl-coenzyme A) redu-
ctase, is originally used for lowering chole-
sterol, decreasing the blood lipid level, and
reducing the incidence of stroke in patients
with coronary heart disease and hypercholes-
terolemia [23, 24]. A new perspective on
osteopromotive properties of simvastatin was
introduced by the study of Mundy et al in
1999. They pointed out that simvastatin could
promote bone regeneration in the calvaria
defect model [25]. Subsequently, there were
many studies reported regarding the pleio-
tropic effects of simvastatin in bone metabo-
lism. On one hand, simvastatin could induce
BMP-2 and VEGF gene expression to stimulate
the differentiation of osteoblastic cells [26].
On the other hand, simvastatin could reduce
the expression of TRAP and cathepsin K, pre-
vent the fusion of osteoclast precursors, and
decrease the number of active osteoclasts to
inhibit bone resorption [27]. In the light of its
stimulatory effects on bone formation, our aim
in simvastatin administration with RME was to
accelerate bone regeneration in an expanding
mid-palatal suture. Consequently, the obje-
ctive of this study was to investigate the eff-
ects of simvastatin on the bone formation fol-
lowing RME in a rat model to provide new addi-
tional insights into strategies for preventing
post-expansion relapse.

Materials and methods
Animals and groups

All animal protocols were approved by the
Institutional Animal Care and Use Committee
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of Shandong University and were carried out
following the National Institutes of Health
Guidelines for the Use of Laboratory Animals.
With approval from the ethics committee on
animal experimentation of the Medical School
of Shandong University, all surgeries were per-
formed under anesthesia, and all efforts were
made to minimize the suffering of rats.

For the research, forty-five 6-week-old male
Wistar rats weighing 150410 g and supplied
by the experimental animal center of Shan-
dong University were utilized. The health of
all rats was checked every day. The rats were
randomly divided into the following three
groups: expansion only (EP) group (n=15),
expansion plus simvastatin (ES) group (n=15)
and control (C) group (n=15). The expansion
procedure was performed on rats of the EP
and ES groups. Simvastatin was given to the
rats in the ES group during the expansion
period. Neither expansion procedure nor simv-
astatin administration was carried out in the
animals of the C group.

Simvastatin obtained from Merck Sharp &
Dohme Company Limited (Hangzhou, China),
were crushed into powder and dissolved in
normal saline. In the ES group, 20 mg
simvastatin/d/kg body weight was systemi-
cally administered by intragastric injection.
Dosing was performed at the same time each
day until the rats were Kkilled.

Placement of expansion appliance

For the placement of the expansion app-
liance, the rats in EP and ES groups were
anesthetized with an intramuscular injection
of 3 mg/kg xylazine hydrochloride (Shanghai
Z7ZBIO Co. Ltd, Shanghai, China) and 35 mg/
kg ketamine hydrochloride (Jiangsu Hengrui
Medicine Co. Ltd, Lianyungang, China). The
individual working model of the rat maxilla
was first achieved to make the expander
(Figure 1). An expansion appliance with two
helical springs, which was fabricated from
0.014-inch Australian wire, was bonded to
first and second maxillary molars on both
sides to expand the mid-palatal suture. By
opening the helical spring, the initial force of
the expansion appliance was adjusted to
100+5 g, measured with a strain gauge
(Hangzhou Aosu Medical Devicement Co.,
Hangzhou, China). The rats were weighed and
monitored each day for signs of weight loss,
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infection and appliance failure throughout the
study. If any complications such as mucosal
infection, a rapid decrease in body weight, or
detached appliance were observed, the ani-
mals were excluded from the study and
replaced.

Width and bone volume analyses of rat mid-
palatal suture

Under the condition of 80 kV and 500 pA with
an effective pixel size of 8.5 ym, the maxilla of
the rats in each group was scanned by high-
resolution micro-computed tomography (mi-

1769

Figure 2. Micro-CT images of the mid-palatal suture of
the rat. The width of the mid-palatal suture was mea-
sured on the mid-coronal plane of the upper first molar
in the coronal view (A) and the occlusal view (B). The
bone volume was measured within the region of interest
(ROI, 0.60 mm x 0.90 mm x 2.00 mm) in the coronal
(C), horizontal (D) and sagittal (E) plane. The blue box is
ROI, and the green area is the bone volume (C-E).

cro-CT) system (Inveon MM CT, Siemens, USA)
to achieve the three- and two-dimensional
radiographs of the hard palate on the 3th,
7th, 14th days. The images were reconstru-
cted and analyzed by the software COBRA_
Exxim reconstruction software (Exxim Com-
puting Corporation, Pleasanton, California,
USA) and Inveon Research Workplace (Sie-
mens, USA) to explore the morphological
changes in the mid-palatal suture. The width of
the mid-palatal suture was measured at the
level of the mid-coronal plane of the upper first
molar (Figure 2A, 2B). Besides, bone volume
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changes of the region of interest (ROI, 0.60
mm x 0.90 mm x 2.00 mm) were measured
(Figure 2C-E) to investigate the effects of the
expansive force and simvastatin on the mid-
palatal suture.

Histological examination

The rats were scheduled for sacrifice in batch
on the 3rd, 7th, 14th days. Their maxillae were
dissected and fixed in 4% paraformaldehyde
buffer at 4°C for 24 h. After the expansion
appliances were removed from the maxilla,
the specimens were surgically removed,
trimmed and then decalcified in 10% ethy-
lene-diaminetetraacetic acid/phosphate-buff-
ered saline (PBS) solution at 4°C for three
months. Subsequently, the tissues were dehy-
drated in graded ethanol dehydration and
cleared with xylene, then embedded in paraffin
wax.

Serial 5-pym-thick sections of the embedded
tissues were cut at the level of the upper
first molar in a coronal plane and mounted
on 3-aminopropyl-triethoxysilane-coated slid-
es. For histological examinations, the sections
were stained with hematoxylin and eosin (HE)
and then the histological changes and bone
remodeling in the three groups were obtained
under a light microscope (BX51, Olympus,
Tokyo, Japan). The results can be observed in
Figure 3.

Immunohistochemical staining of BMP-2

The sections were deparaffinized in xylene,
hydrated through a graded alcohol series, and
washed with PBS. Antigen retrieval was per-
formed by treatment with 0.1% (w/v) try-
psin (Zhongshan, Beijing, China) at 37°C for
10 min. The activity of endogenous tissue
peroxidase was blocked with 3% H,0, for 30
min. After pretreatment with normal goat
serum for 30 min to block nonspecific bin-
ding, the sections were incubated with BMP-
2 antibody (1:100 dilution; Biosynthesis Bio-
technology, Beijing, China) at 4°C overnight.
Subsequently, the sections were incubated
with biotinylated goat anti-rabbit immunoglo-
bulin G and StreptAvidin-BiotinComplex (Bo-
ster, Wuhan, China) at 37°C for 25 min.
Diaminobenzidine solution was used to visual-
ize localization for 2 min. Finally, the sections
were lightly counterstained with hematoxylin.
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Sections treated with PBS instead of the pri-
mary antibody were used as negative controls.

The cells with brownish-yellow granules in the
cytoplasm or nucleus were positive. The slides
were analyzed by Image-Pro Plus software to
determine the mean optical density (MOD) of
the immunohistochemical images. A single
examiner in a blind study randomly selected
five high power fields (x 400) from each slide
to carry out the evaluation and the results
were taken as an average of five fields.

Statistical analysis

All data were presented as the mean + SD for
each group and all analysis was performed by
the Prism 6 software (GraphPad Software, La
Jolla, CA, USA). Kruskal-Wallis one-way analysis
of variance (ANOVA) was used to compare the
groups. LSD method was applied to identify
intergroup differences. A threshold of P<0.05
was defined as statistically significant.

Results

The mucosal infection, dehiscence, serious
weight loss, and other adverse effects were
not encountered in any animals in the study
period. However, one rat was excluded from the
study as a result of appliance failure and was
replaced with one other rat.

Body weight changes

The rats in EP and ES groups both lost weight
on the first three days, but subsequently, their
body weights began to increase from the
fourth day. The body weights of the rats in the
C group were gradually increased during the
study. All animals had no diarrhea or other
gastrointestinal symptoms. The mean body
weights of the rats in groups EP and ES were
significantly different from that in the C group
on day 2 to day 7 (P<0.05). However, there
were no statistically significant differences in
the body weights between the three groups
from the 7th day (P>0.05). No significant differ-
ences in the mean body weights of the rats
between groups EP and ES were observed
throughout the experiment (P>0.05) (Figure 4).

Width and bone volume changes of the mid-
palatal suture

There is nothing changed in the mid-palatal
suture width of the C group during the experi-
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Figure 3. Hematoxylin and eosin staining of the histological sections of the mid-palatal suture (All images were dis-
played at 200 x magnification and oriented with the nasal side up and the oral side down). A. Changes of the mid-
palatal suture in the C group on day 3. B. Changes of the mid-palatal suture in the EP group on day 3. C. Changes
of the mid-palatal suture in the ES group on day 3. D. Changes of the mid-palatal suture in the C group on day 7. E.
Changes of the mid-palatal suture in the EP group on day 7. F. Changes of the mid-palatal suture in the ES group on
day 7. G. Changes of the mid-palatal suture in the C group on day 14. H. Changes of the mid-palatal suture in the EP
group on day 14. I. Changes of the mid-palatal suture in the ES group on day 14.

ment. In contrast, a significant increase in the
width of the suture (P<0.05) in the EP and ES
groups were observed on days 3, 7, and 14. We
noticed the suture width in the ES group was
less than that in the EP group on days 7, 14,
but they did not achieve statistical significance
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(P>0.05) (Figure 5A). Furthermore, the change
in bone volume of ROI of the C group was also
no obvious. Compared with the C group, the
bone volume of ROl in groups ES and EP
were significantly decreasing (P<0.05). On the
7th and 14th days, the bone volume of ROl in
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Figure 4. Body weight changes of rats in the three
groups during the experiment. *P<0.05, significant
decrease versus the C group. C, control group; EP,
expansion group; ES, expansion plus simvastatin
group.

the ES group was more than that in the EP
group (P<0.05) (Figure 5B).

Histological findings

In the C group, the structure of the mid-palatal
suture was shown in the slices stained with
HE. There were many fibrous tissues in the
center and secondary cartilage in both sides
of the mid-palatal suture. Over time, only a
slight increase in the number of fiber and
chondrocytes was observed, and the width of
the central fiber was almost unchanged on
days 3, 7, and 14. When the appliances were
installed in the rats of the ES and EP groups,
the mid-palatal suture fiber was stretched,
followed by regeneration and aggregation of
some cartilaginous matrix and chondrocytes.
On days 7 and 14, new bone formation was
observed. Furthermore, more bone regenera-
tion and capillaries in the mid-palatal suture in
the ES group were observed than that in the
EP group.

Immunohistological findings of BMP-2

As was shown in Figure 6, BMP-2 expression in
the C group was very low in the mid-palatal
suture on days 3, 7, and 14. In the EP and
ES groups, chondrocytes, fibroblasts, osteo-
blasts and some vascular endothelial cells in
the mid-palatal suture were found to express
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high levels of BMP-2. More BMP-2 were de-
tected in the mid-palatal suture of the rats in
the EP group than that in the C group on days
3, 7, and 14. In terms of MOD value of BMP-2
expression, the difference between groups
EP and C had a statistical significance (P<
0.05) on day 3, but had no statistical signifi-
cance on days 7, 14 (P>0.05). However, the
BMP-2 MOD value of group ES was higher
(P<0.05) than that of groups EP and C on days
3, 7, and 14 (Figure 7).

Discussion

In this study, we demonstrate that the effec-
tiveness of systemic administration of simvas-
tatin on new bone regeneration in the expan-
sive mid-palatal suture of the rats. Because of
the reasonable price and being readily acces-
sible, the rats were selected as an animal
model [28]. Moreover, they are six weeks old
as they have fast bone turnover within pu-
bertal growth and similar to the patients
whom the RME appliances were applied to in
clinical training [29, 30]. Therefore, six-week-
old rats are selected to confirm the hypo-
thesis of the experiment. For orthodontists
and orthopedists, how to avoid the relapse
after RME is a topic of great interest. Has-
tening new bone formation in the expanded
suture would be helpful in solving the relapse
problem. In current decades, more and more
agents [4, 13, 22, 31] have been investigated
by researchers to accelerate the course of
bone regeneration in the suture.

In the present study, the appliance that is
used exploring the mid-palatal suture expan-
sion in rats is a two-coil spring. The appliance
can exert an expansive force of 100 g by
opening the coil springs to widen the mid-
palatal suture in a rat model. As the ex-
pansion appliance could modulate the fee-
ding behavior of rats, the rats in the EP and
ES groups were discomfortable and had diffi-
culty in dieting, which led to weight loss in
the first three days. Owing to adaption to the
expansion appliance, their body weights
subsequently began to increase from the
fourth day. From the 7th day, there were no
statistically significant differences in the body
weights between the three groups, which indi-
cates that the magnitude of 100 g force is at
the range of the physiological condition and
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Figure 5. The width of the mid-palatal suture (A) and bone volume of ROI (B) in the three groups on days 3, 7, 14.
*P<0.05, significant increase versus the C group. #P<0.05, significant increase versus the EP group. Data repre-
sent the mean + SD of five rats for each group. C, control group; EP, expansion group; ES, expansion plus simvastatin

group.

the rats can adapt themselves to the appli-
ance. Besides, compared with that in the C
group, there was a significant increase in the
width of the suture in the EP and ES groups
on days 3, 7, and 14. This demonstrates that
the RME appliance can successfully expand
the mid-palatal suture of rats. These findings
are consistent with previous studies [4].

Researchers have found a relationship be-
tween simvastatin and bone regeneration.
Some studies have shown that simvastatin
can increase osteoblastic differentiation and
stimulate neovascularization by affecting
bone morphogenetic proteins and endothelial
growth factor [32, 33]. Some studies also
have found simvastatin’s properties of osteo-
blast promoting, osteoclast inhibiting, anti-
inflammatory, and neovascularization [34, 35].
In dentistry, there are also some studies
about the positive effects of simvastatin in
periodontal regeneration, distraction osteo-
genesis, TMJ articular cartilage healing, and
so on [36]. Moreover, many researchers have
proved that a high dose of simvastatin increas-
es bone formation and low dose induces bone
resorption [37-40]. In this experiment, the sys-
temically administered dosage of simvastatin
we used is 20 mg simvastatin/d/kg body
weight. The results we found are consistent
with the above simvastatin’s effects.

The structure and microstructure of the mid-
palatal suture change were represented by his-
tology study and micro-CT measurement. In our
research, histological observation of the mid-

1773

palatal suture showed that there were many
mesenchymal cells, osteochondroprogenitor
cells and cartilaginous cells in the growth and
development period. In the C group, only a
slight increase in the number of fiber and chon-
drocytes was observed, and the width of the
central fiber was almost unchanged on days
3, 7, and 14. When the appliances were
installed in the rats of the ES and EP groups,
the mid-palatal suture fiber was stretched, fol-
lowed by regeneration and aggregation of
some cartilaginous matrix and chondrocytes.
On days 7 and 14, some new bone formation
was observed, which proves that expansion
itself can stimulate bone formation in the
mid-palatal suture. Furthermore, more bone
regeneration and capillaries in the mid-palatal
suture in the ES group were observed than
that in the EP group. The result suggests that
the appliance of simvastatin can accelerate
suture regeneration. In stomatology, some
researchers have also proved that the ad-
ministration of simvastatin increases the
value of the bone contact ratio to the im-
plant and the bone density around the implant
[41]. Meanwhile, the work of Thylin MR et al
pointed out that simvastatin gel could stimu-
late murine cranial bone apposition [42]. The
research of Chalisserry et al also found a sig-
nificantly higher bone volume in the defects
filled with Simvastatin loaded site by micro-CT
[43]. Consistent with these, our three-dimen-
sional measurement showed that the bone
volume of ROl in group ES was more than that
in group EP on the 7th and 14th days. Hence,
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Figure 6. Immunohistochemical staining of BMP-2 in the mid-palatal suture of rats (All images were displayed at
400 x magnification). A. Expression of BMP2 in the C group on day 3. B. Expression of BMP2 in the EP group on day
3. C. Expression of BMP2 in the ES group on day 3. D. Expression of BMP2 in the C group on day 7. E. Expression
of BMP2 in the EP group on day 7. F. Expression of BMP2 in the ES group on day 7. G. Expression of BMP2 in the C
group on day 14. H. Expression of BMP2 in the EP group on day 14. |. Expression of BMP2 in the ES group on day 14.

histological examination and histomorphomet-
ric evaluation both demonstrated that the sys-
tematic application of simvastatin had the
potential to promote new bone formation in the
expanding mid-palatal suture. It is noticeable,
however, that the suture width in the ES group
was less than that in the EP group on days 7,
14, and the data did not achieve statistical
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significance. This is because the imaging
changes will be shown when achieving a cer-
tain amount in new bone formation of the
suture, which will be from the quantitative to
qualitative change.

BMP-2 is known to be an important growth fac-
tor for osteogenic differentiation of stem cells

Am J Transl Res 2020;12(5):1767-1778
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Figure 7. The MOD values of BMP-2 in the mid-
palatal suture of the three groups on days 3, 7, 14.
*P<0.05, significant increase versus the C group.
#P<0.05, significant increase versus the EP group.
Data represent the mean + SD of five rats for each
group. C, control group; EP, expansion group; ES, ex-
pansion plus simvastatin group. MOD, mean optical
density.

[44, 45]. BMP-2 also has the capacity to pro-
mote bone and cartilage formation [46, 47] In
view of these, the increasing of BMP-2 expres-
sion in the expansive mid-palatal suture may
reflect the new bone formation of the suture
to some extent. As early as 1999, Statins had
been shown to increase the expression of
BMP-2 gene in bone cells to enhance the new
bone formation in vitro and rodents. Besides,
simvastatin increased cancellous bone volume
when orally administered to rats [25]. Recent
studies [48-50] also found that simvastatin
could stimulate osteogenesis of bone marrow
mesenchymal stem cells by increasing BMP-
2 expression. In our study, more BMP-2 were
detected in the mid-palatal suture of the rats
in the EP group than that in the C group on
days 3, 7, and 14. In terms of the MOD value
of BMP-2 expression, the difference between
the EP and C groups had a statistical signifi-
cance on day 3 but had no statistical signifi-
cance on days 7, 14. This is one reason for
the post-treatment replase. At the beginning
of RME, the expansion can promote bone for-
mation in the mid-palatal suture. Next, there is
not enough bone formation in the suture. On
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days 3, 7, and 14, the BMP-2 MOD value of the
ES group was higher than that of the EP and C
groups, which suggests that simvastatin can
enhance BMP2 expression level in the mid-pal-
atal suture during the expansion.

In conclusion, our experimental results in-
dicate that administration of simvastatin can
induce a favorable effect on bone regene-
ration in the mid-palatal suture of rats during
RME, which might provide new ideas and
means for preventing relapse and reducing
the retention time following the expansion
procedures. Of course, there is still a long way
to go in the appropriate utilization of simvas-
tatin for RME patients as our study had
some limitations. Our observation about
simvastatin effects is only in the mid-palatal
suture. There is no evaluation of the effects
of simvastatin on the other parts of the body
and the evidence on humans. Besides, the
long-term effects of simvastatin in RME are
also unknown. Thus, further studies should be
designed to exploit the precise mechanism of
simvastatin in RME.
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