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Effect of heterologous bone marrow mononuclear cell
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Abstract. The aim of this study was to explore whether bone
marrow mononuclear cell (BMMC) transplantation is able to
accelerate the bone remodeling induced by midpalatal expan-
sion in rats. A total of 48 male Sprague-Dawley rats (mean
weight, 208.36+7.32 g) were divided into control and midpal-
atal expansion with or without BMMC transplantation groups.
Histological and morphological changes were observed
in each group. The osteogenic activities and differential
potentials of the transplanted BMMCs labeled with bromo-
deoxyuridine in the midpalatal bone tissue were assessed
by osteocalcin expression. The receptor activator of nuclear
factor kB ligand (RANKL)/osteoprotegerin (OPG) ratio was
determined by reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) to reflect the equilibrium between
bone resorption and formation. The results demonstrated that
the width of the maxillary dental arch increased distinctly
within 2 weeks of midpalatal expansion with BMMC trans-
plantation. The morphology of the midpalatal suture in this
group changed significantly; the cartilage was completely
replaced by fibrous-like tissue expressing osteocalcin. The
palatal bone was reorganized from a cancellous form into a
mature compact structure after an additional 2-week relapse
period. Immunostaining results indicated that the heterolo-
gous transplanted BMMCs survived and differentiated into
osteoblasts during the remodeling induced by midpalatal
expansion. The RANKL/OPG expression ratio significantly
decreased after 2 weeks of midpalatal expansion with BMMC
transplantation due to the inhibition of RANKL expression.
Heterologous BMMC transplantation appears to accelerate
the midpalatal bone remodeling induced by expansion of the
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rats through increasing the number of osteoprogenitor cells
and regulating the RANKL-OPG signaling pathway.

Introduction

Rapid midpalatal expansion (RME) is a common treatment
for patients with a narrow maxillary dental arch. It has been
effectively used to correct transverse maxillary discrepan-
cies in children and adolescents up to the pubertal stage (1).
The maxillary dental arch increases rapidly with active
tissue remodeling in the palate (2). Surgical assistance, such
as measured tipping of the anchor teeth, is often used to
eliminate side-effects (3). Favorable orthopedic responses
can be achieved for patients prior to and/or during pubertal
growth (4,5). Certain clinicians also use expansion treatments
to treat adult patients who have a narrow maxillary arch with
increasing skeletal resistance (6,7). Although the effective-
ness of this treatment has been reported, the long-term dental
and skeletal stability remains uncertain (8).

Retention appliances are typically used to maintain the
results of tooth movement until the architectural environ-
ment achieves equilibrium. However, even following the
retention period, the expanded maxillary dental arch has a
strong tendency to rebound to its previous form (9). A greater
relapse tendency has been reported for midpalatal expansion
in adults due to the decreasing rate of bone regeneration.
Orthodontists and biologists have studied the mechanism
of stretch-mediated osteogenesis in the expanded suture for
decades; however, relapse continues to be unavoidable (10).

Accelerating bone formation during midpalatal expansion
would be beneficial in preventing relapse and shortening the
retention period. Oztiirk et al (11) found that zoledronic acid had
positive effects on bone formation in response to expansion; it
was able to decrease the relapse rate following expansion in rats.
Transforming growth factor-f31 also been reported to stimulate
bone formation in the expanding suture (12). Results of recent
animal studies have demonstrated the potential utility of stem
cell transplantation for skeletal regeneration (13-15). Stem cell
transplantation may also shed light on midpalatal expansion in
adult patients as the impaired bone formation activity can be
attributed to the partial (16) or reduced osteo-formation capa-
bilities of osteoprogenitor cells in aged individuals (17).
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In the present study, a rat midpalatal expansion model was
used to elucidate the mechanism underlying bone remodeling
and determine whether bone marrow cell transplantation was
able to accelerate it.

Materials and methods

Animals and grouping. A total of 48 male Sprague-Dawley
(SD) rats (Vital River Laboratory, Beijing, China) were used in
this study. Their mean weight was 208.36+7.32 g. The animal
protocol was approved by the Institutional Animal Care and
Use Committee of Capital Medical University (Beijing, China).
Three rats that did not receive any intervention were
observed as a blank control (BC) for histological morphology.
The remaining rats were divided into five groups (n=9 per
group): Non-expansion control group (NC), in which the
midpalatal suture of the rats was cut; expansion group (Exp),
in which the rats underwent midpalatal expansion for 2 weeks;
expansion and transplantation group (EaT), in which rats
underwent midpalatal expansion for 2 weeks with midpalatal
incision and bone marrow mononuclear cell (BMMC) trans-
plantation: expansion and relapse group (ExR); and expansion,
transplantation and relapse group (EtR). In the two relapse
groups, the rats underwent midpalatal expansion for 2 weeks
with midpalatal incision without or with BMMC transplan-
tation, respectively, and two weeks after the removal of the
expansion appliance, the rats were sacrificed for the observa-
tion of palatal changes. Samples from six rats from each group
were used for reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) analysis and the other three were
used for histological and immunohistochemical assessment.

Expansion of the midpalatal suture. The rats were subjected to
midpalatal expansion as described in a previous study (18). The
distal ends of the midpalatal expansion appliance (0.45 mm
stainless steel A.J. Wilcock Australian Wire; A.J. Wilcock
PTY., Ltd., Melbourne, Australia) were placed into the inter-
proximate space between the second and third molars, and
were activated through the ends of the compression helices to
exert an initial expansion force of 150 g (Fig. 1). A 1.5-cm
midsagittal incision was made anteroposteriorly. Expansion
appliances were activated twice every other day to achieve
maxillary expansion.

BMMC culture and transplantation. Approximately 0.5 ml
bone marrow aspirate was collected from the tibias of 2-month
old BALB/C mice (Vital River Laboratory). The marrow cells
were transferred to a 15-ml conical tube containing 1-ml
Percoll (1.073 g/1; GE Healthcare, Piscataway, NJ, USA). The
tube was centrifuged at 1,500 x g for 25 min. The mononuclear
cells at the interface were collected, resuspended, then plated
at 1.0x10* cells/cm? in Dulbecco's modified Eagle's medium
(DMEM)/F12 medium supplemented with 20% fetal bovine
serum (Gibco Life Technologies, Carlsbad, CA, USA) and
antibiotics at 37°C in humid air with 5% CO,.

The cells were labeled with bromodeoxyuridine (BrdU;
Sigma-Aldrich, St. Louis, MO, USA). Expanded and marked
BMMCs (1x10° cells/ml, 0.5 ml) were suspended in sterile
medium, then were injected intra-orally into the masticatory
muscle area opposite the first molar 2 days after the second
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activation of the expansion appliance; the expansion appli-
ances were kept in place for 2 weeks. A 9% sodium chloride
solution (5 mg/kg) was injected instead of labeled cells into the
animals of the Exp and ExR groups.

Posterior dentition arch width. To identify whether there
was an expansion-induced widening effect of the midpalatal
suture, three inter-molar distances of each rat were measured.
This measurement was taken three times at the end of the
experimental period to calculate the average increased poste-
rior dentition width.

Observation of histological changes. Dissected samples,
including the midpalatal suture from the first to second molars
of rats from all groups, were fixed in 10% formalin solution for
48 h. Tissue blocks were demineralized and embedded with
paraffin routinely. Sections (5 #m) were cut and mounted on
poly-L-lysine-coated glass slides. Cut sections were incubated
at 60°C for 1 h, held in xylene and rehydrated through a series
of ethanol solutions, then stained with hematoxylin and eosin
for observation under a fluorescence microscope (Olympus
BX61; Olympus, Tokyo, Japan).

Osteogenic activities during midpalatal suture expansion.
Osteocalcin expression indicated the commencement of active
bone formation (18,19). Immunofluorescent staining for osteo-
calcin was performed. The paraffin sections were incubated
with a polyclonal rabbit anti-osteocalcin antibody (1:100 dilu-
tion; cat. no. BA1677-1, Boster Biological Technology, Ltd.,
Wuhan, China) in a moist chamber at 4°C for 18 h, followed
by tetramethyl-rhodamine-isothiocyanate-conjugated goat
anti-rabbit IgG (1:50 dilution; cat. no. BA1090, Boster
Biological Technology Co., Ltd.) at 37°C for 1 h. To visualize
the cell nuclei in the palatal tissue, 4',6-diamidino-2-phenyl-
indole (Molecular Probes®, Life Technologies, Carlsbad, CA,
USA) staining was used. Fluorescent images were captured
using an Olympus BX61 fluorescence microscope with an
excitation wavelength of 550 nm.

Osteogenic capability of transplanted BMMCs. The trans-
planted BMMC:s labeled with BrdU were identified and tracked
by immunofluorescent staining with a mouse monoclonal
antibody targeting BrdU (1:100 dilution; cat. no. B8434,
Sigma-Aldrich). Double immunohistochemical staining for
osteocalcin and BrdU was carried out using DouMax Vision™
(Maixin Biotechnology, Fuzhou, China), according to the
manufacturer's instructions, in order to confirm the osteogenic
capability of the transplanted BMMCs in the palatal bone.
The blue-black BrdU-positive areas were visualized with
5-bromo-4-chloro-3-indolyl-phosphate/nitro-blue-tetrazolium,

whereas the salmon pink osteocalcin-positive areas were
visualized with 3-amino-9-ethylcarbazole. Sections were
counterstained with hematoxylin prior to mounting, and were
visualized under an Olympus BX61 microscope.

Receptor activator of nuclear factor kB ligand (RANKL) and
osteoprotegerin (OPG) expression in midpalatal expansion.
RANK, which is produced by osteoblasts, promotes osteo-
clastogenesis when it binds to its ligand RANKL. OPG acts as
a decoy receptor, and can bind RANKL and prevent RANK
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Table I. Primer sequences used for RT-qPCR.
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Gene Forward primer sequence Reverse primer sequence Accession number
RANKL 5'-AGCGCTTCTCAGGAGTTCCA-3' 5'-GCCGGGCCACATCGA-3' NM_057149
OPG 5'-GCTGGCACACGAGTGATGAA-3' 5-CGGTCTGCAGTTCCTTGCA-3' U94330.1
[-actin 5-CTTCAACACCCCAGCCATGT-3' 5'-CAGAGGCATACAGGGACAACA C-3' NM_031144.3

RT-qPCR, reverse transcription-quantitative polymerase chain reaction; RANKL, receptor activator of nuclear factor kB ligand; OPG, osteo-

protegerin.

signaling. The OPG-RANK-RANKL signaling pathway has
been attributed a decisive role in the regulation of osteoblast
and osteoclast activity to ensure normal bone turnover (20).
In this experiment, RT-qPCR was performed to determine the
expression of RANKL and OPG. The tissue blocks from the
first to the second molars were harvested free of the overlying
soft tissue. Specimens were powdered under liquid nitrogen and
homogenized in TRIzol solution (Invitrogen Life Technologies,
Carlsbad, CA, USA) using a homogenizer. The yield and purity
of RNA were estimated spectrophotometrically using the ratio
of absorbances at 260 and 280 nm (A260:A280). RNA was
reverse transcribed to cDNA using the SuperScript reverse
transcriptase system (Invitrogen Life Technologies) according
to the manufacturer's instructions. The primers used are listed
in Table I. The RT-qPCR processes were run on the 7300 RT
PCR detection system (Applied Biosystems, Foster City, CA,
USA), and the results were analyzed using the software supplied
with the system. The running conditions were incubation at
50°C for 2 min and 95°C for 10 min, followed by 60 cycles of
incubation at 94°C for 15 sec and 60°C for 1 min. $-actin was
used as an internal control. The expression levels of the target
genes were correlated with B-actin using the 2724 method. The
RANKL/OPG ratio was calculated to reflect the equilibrium
between bone resorption and formation.

Statistical analysis. Data are expressed as mean + standard
deviation. The data were subjected to Fisher's protected least
significant difference test and one-way analysis of variance.
Statistical analyses were performed using SPSS version 17.0
software (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered
to indicate a statistically significant difference.

Results

General condition of the rats. None of the rats in these groups
experienced a significant loss of body weight during the experi-
ment. Their food intake was disturbed during rapid expansion of
the suture at the beginning of the experiment; however, the body
weights recovered afterward.

Expanded posterior dentition arch width in the EaT group.
The posterior dentition arch width values for each group were
as follows: NC, 7.44+0.29 mm; Exp, 7.55+0.18 mm; EaT,
8.37+0.32 mm; ExR 7.33+0.21 mm; and EtR 7.69+0.19 mm.
The width of the maxillary dentition arch was expanded signifi-
cantly in the EaT group compared with that in the other four
groups. The width of the maxillary dentition arch in the EtR

Figure 1. Midpalatal expansion appliance made by a 0.45-mm stainless
steel wire.

group was expanded significantly more than that in the NC and
ExR groups.

Midpalatal suture changes. A complete palatal shelf
structure revealed by hematoxylin and eosin staining in a
normal SD rat is shown in Fig. 2A. The chondrocytes on
each side of the suture gradually rose to mature laterally
toward bone-marrow-like cavities and the compact bone of
the maxilla. Two weeks after an incision was made in the
midpalatal suture in the NC group (Fig. 2B), the cartilage
at the midpalatal suture remained separated. Some of the
mesenchymal spindle cells had crawled along the midline of
the disconnected surface of the midpalatal suture area. In the
Exp group (Fig. 2C), the chondrocytes were arranged more
laterally with mesenchymal cells migrating and bridging
one-third of the midpalatal suture 2 weeks later. In the ExR
group (Fig. 2E), the midpalatal suture was almost bridged
by a large quantity of mononuclear cells. The chondrocytes
remained evident and involved in the endochondral-type
bone formation. The palatine vessels and nerve bundles in
these groups were stretched, and the compact bone on both
sides of the midpalatal suture did not exhibit evident changes.

The morphology of the midpalatal suture changed signifi-
cantly in the EaT group (Fig. 2D). All of the chondrocytes


https://www.spandidos-publications.com/10.3892/etm.2015.2253

1238 GUO et al: BMMC TRANSPLANTATION IN MIDPALATAL EXPANSION IN RATS

Figure 2. Palatal shelf structure observed after hematoxylin and eosin staining. BMMC transplantation accelerated bone remodeling through transferring
endochondral bone formation into intramembraneous bone formation. Images from the (A) normal (BC group) rats and the rats of the (B) NC, (C) Exp, (D) EaT,
(E) ExR and (F) EtR groups. BMMC, bone marrow mononuclear cell; BC, blank control; NC, non-expansion control; Exp, expansion; EaT, expansion and
transplantation; EXR, expansion and relapse; EtR, expansion, transplantation and relapse.

Figure 3. Immunofluorescent staining results of osteocalcin in the midpalatal suture. (A) Normal (BC group) rat. (B) NC group; the chondrocytes at either side
of the midpalatal suture had moderate immunoreactivities. (C) Exp group; osteocalcin expression was observed in the chondrocytes. (D) EaT group; strong
osteocalcin expression was detected in most of the spindle cells and extracellular matrix in the midpalatal suture area. (E) ExR group; moderate osteocalcin
expression was observed in the migrated mononuclear cells whereas strong signals could be detected in the chondrocytes laterally to the suture; (F) EtR
group; no osteocalcin expression observed when the suture and the palatal bone transformed into a whole mature compact structure. BC, blank control; NC,
non-expansion control; Exp, expansion; EaT, expansion and transplantation; ExR, expansion and relapse; EtR, expansion, transplantation and relapse.

A

Figure 4. Co-localization of BrdU and osteocalcin expression in the midpalatal suture. Positive signals due to labeling with BrdU in the (A) EaT and (B) EtR
groups revealed that transplanted BMMCs survived and appeared in the fibrous-like tissues. Co-expression was observed in certain (C) proliferating cells
adjacent to the palatal bone of the EaT group and (D) osteocytes in the newly forming bone of the EtR group. BrdU, bromodeoxyuridine; EaT, expansion and
transplantation; EtR, expansion, transplantation and relapse; BMMC, bone marrow mononuclear cell.
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Table II. RT-gPCR analysis of RANKL/OPG expression in
midpalatal expansion (mean + SD).

Group RANKL OPG RANKL/OPG ratio
NC 1.20+0.12° 1.59+0.56 1.12+0.52
Exp 1.03+0.32¢ 0.48+0.26 2.04+0.75
EaT 0.00+0.00 0.31+0.19 0.02+0.01
ExR 0.69+0.28" 0.41+0.23 2.89+1.00
EtR 0.29+0.13 1.24+0.70 0.99+0.58

‘P<0.05 compared with the EaT group. RT-qPCR, reverse
transcription-quantitative polymerase chain reaction; RANKL,
receptor activator of nuclear factor kB ligand; OPG, osteoprotegerin;
NC, non-expansion control; Exp, expansion; EaT, expansion and
transplantation; ExR, expansion and relapse; EtR, expansion, trans-
plantation and relapse.

disappeared and were replaced by fibrous-like tissues, which
contained many mesenchymal cells migrating from the submu-
cosal tissue. The submucosal layer became thicker and a large
number of mesenchymal cells entered into the surrounding
compact palatal bone and transformed it into trabecular bone.
In the EtR group (Fig. 2F), the suture and surrounding tissues
had organized from an earlier cancellous form (Fig. 2D) into a
mature compact structure with several small vessels.

Elevated osteocalcin expression in the EaT group. Fig. 3
exhibits the immunofluorescent staining results of osteocalcin.
In normal SD rats (BC group), no osteocalcin expression was
found in the midpalatal suture and surrounding bone (Fig. 3A).
In the NC (Fig. 3B), Exp (Fig. 3C), and ExR (Fig. 3E) groups,
osteocalcin expression was observed in the chondrocytes
adjacent to the suture. The mature chondrocytes toward the
bone marrow cavity exhibited an increased expression, indi-
cating endochondral bone formation. The cells migrating from
the mucosa were not positive for osteocalcin after 2 weeks
(Fig. 3C) but exhibited moderate signals during the relapse
period (Fig. 3E). Heterologous BMMC transplantation in the
EaT group (Fig. 3D) resulted in a large quantity of spindle cells
with strong osteocalcin expression, and when presented in the
fibrous-like tissue at the midline of the midpalatal suture area,
they appeared as intramembranous bone formation. However,
no osteocalcin expression was observed when the suture and
palatal bone transformed into a mature compact structure in
the EtR group (Fig. 3F).

Osteogenic differentiation of BMMCs transplanted into the
midpalatal suture. The transplanted BMMCs labeled with
BrdU were tracked in the fibrous-like tissues at the suture of
the EaT group (Fig. 4A) and at the junction of the bone and
submucosal tissue in the EtR group (Fig. 4B). Double immu-
nostaining showed that in the EaT group (Fig. 4C), certain
proliferating cells were positive for both BrdU and osteocalcin;
the cells were adjacent to the palatal bone in the midpalatal
suture. In the EtR group (Fig. 4D), certain osteocytes in the
newly forming bone showed co-localization of BrdU and
osteocalcin, indicating that the transplanted BMMCs were
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involved in the new bone formation induced by mechanical
expansion.

RT-qPCR results of RANKL and OPG gene expression. Table I1
shows the ratio of RANKL/OPG expression. A significant
reduction in the RANKL/OPG ratio directly resulting from
inhibition of RANKL expression was observed in the EaT
group and indicated bone formation as the principal activity.
The maximal RANKL/OPG ratio appeared in the ExR group,
indicating that bone resorption remained evident after 4 weeks
of midpalatal expansion.

Discussion

Orthodontists often use midpalatal expansion to treat malocclu-
sion caused by a narrow maxillary dental arch. With the aim of
accelerating the speed of palatal remodeling, the present study
investigated the transplantation of BMMC:s into the intraoral
muscles of rats subjected to midpalatal expansion. The carti-
lage adjacent to the suture was replaced by a large quantity
of fibrous tissue after 2 weeks of expansion. This result may
explain why the distance between the molars increased to the
greatest extent in the EaT group, as a consequence of the reduc-
tion in skeletal resistance. Heterologous BMMC transplantation
significantly reduced the extent of relapse 4 weeks after expan-
sion. Compared with the endochondral bone formation 2 weeks
after expansion without BMMC transplantation, intramembra-
nous bone formation was evident in the BMMC transplantation
group. Although intramembranous bone formation appeared
in the expansion group 4 weeks later, BMMC transplantation
promoted the remodeling activity and completed midpalatal
suture reconstruction with compact bone.

A number of studies have shown the potential benefit of
bone marrow-derived mesenchymal stem cell transplantation
in the enhancement of bone repair (21-23). Certain researchers
have attributed osteopenia/osteoporosis to allogeneic stem cell
transplantation (24), whereas others have argued that cultured
bone marrow stem cells help reduce the severity of osteopo-
rosis and increase bone mineral density by decreasing markers
of resorption (25). In the present study, BMMC transplantation
in midpalatal sutures accelerated the bone remodeling process
over 4 weeks through absorption into the suture cartilage.
With invasion by a number of mesenchymal cells derived from
local stromal cell populations, transplanted BMMCs healed
the dissected and expanded midpalatal suture with completely
ossified bone.

Although emerging evidence suggests that bone marrow
mesenchymal stem cells may have utility for skeletal repair,
the related mechanisms remain unclear. The present study
indicates that these cells were involved directly in bone remod-
eling through migration, proliferation and differentiation into
osteoblasts with osteocalcin expression. Another study has
also reported that BMMC transplantation is able to enhance
bone formation indirectly by secreting paracrine factors and
recruiting perivascular stem cells to healing wounds (12).

The maintenance of bone structure is usually considered
as a process in which a balance between osteoclastic bone
resorption and osteoblastic bone formation is achieved to
fulfill its function. The OPG-RANK-RANKL signaling
pathway is a key regulator of osteoblasts and osteoclasts


https://www.spandidos-publications.com/10.3892/etm.2015.2253

1240

to ensure normal bone turnover (26). An increasing
RANKL/OPG ratio indicates an imbalance that favors resorp-
tion over weight formation during bone remodeling (20).
Kon et al (27) demonstrated that RANKL and OPG are
involved in fracture healing and the regulation of endochon-
dral resorption and bone remodeling. Bone loss is a common
complication following allogeneic stem cell transplantation,
possibly through an increased RANKL/OPG ratio in the
bone microenvironment, which results in the promotion
of bone resorption activities (28). In the present study, the
temporal-spatial expression patterns of RANKL and OPG in
the midpalatal expansion groups (Exp and ExR) are in agree-
ment with those reported in the study by Zhu (29).

In the present study, BMMC transplantation significantly
reduced the RANKL/OPG ratio 2 weeks after midpalatal
expansion by inhibiting RANKL expression, indicating that
intensive osteogenic activities occurred prior to this time
in the midpalatal expansion group without BMMCs. The
RANKL/OPG ratio recovered in the EtR group, suggesting
that osteoblast and osteoclast activities regained equilibrium
4 weeks later, during relapse. However, further studies are
required to clarify the long-term effect of BMMC transplan-
tation on the whole body.
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