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INTRODUCTION 

One of the major surgical challenges in oral and 

maxillofacial field has been the reconstruction of 

bony defects. (1) Mandibular defects that resulted 

from a variety of pathologic processes are common 
problems encountered by the oral and maxillofacial 
surgeons. (2) Bone grafting represents a frequently 
performed procedure to enhance bone regeneration 
in these defects.  Autologous bone graft is consid-
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ABSTRACT

Objectives: this study was to assess the effect of adipose derived stem cells on bone regeneration 
of mandibular defects of rabbits.

Material and methods: Twenty four adult male New Zealand white rabbits were divided into 
two groups. Group A (control group) in which surgically created critical size mandibular defects 
were created and left to heal without grafting. Group B (test/stem group) from which adipose 
tissue was withdrawn and stem cells were processed and then seeded on the gel-foam scaffold to 
be grafted in the surgically created critical size mandibular defects. The treatment outcome was 
evaluated at 2, 4, 8 weeks postoperatively both radiographically and histologically. Mineralization 
ratio was statistically analyzed.

Results: histologic and radiographic evaluation revealed significant (p ≤0.05) enhancement of 
bone regeneration at test group (A) as compared to control group (B). 

Conclusion: the use Adipose derived mesenchymal stem cells proved to be effective for 
enhancing bone regeneration in mandibular critical-size bone defects. 
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ered the gold standard bone grafting material. How-
ever, its harvesting is associated with donor-site 
morbidity and restricted availability. (3,4) Moreover, 
the alternative use of allografts has high cost, po-
tential immunogenic response by the host to the 
foreign tissue, and possibility of disease transmis-
sion. (5) Tissue engineering of bone via genetically 
modified stem cells has been viewed as a potential 
alternative to the conventional bone grafts for re-
pairing bone defects. (6-8) Mesenchymal stem cells 
(MSCs) are non-hematopoietic pleuripotent stromal 
cells that reside in various solid organs as well as in 
bone marrow and adipose tissue. (9) Adipose-derived 
stem cells were first identified in 1980s, and appears 
to be a promising candidate for osseous reconstruc-
tion because of their abundant volume and the ease 
with which they are obtained. (10,11) Moreover, it can 
undergo rapid and efficient osteogenic differentia-
tion in vitro. (12,13) 

Gel Foam is a gelatin-based sponge used during 
and after surgical procedures as wound dressing 
and to control bleeding.  Gel Foam was used as a 
scaffold for stem cells in many experimental studies, 
and showed very good biocompatibility without 
any immune response. (14) Moreover, Gel Foam 
was used in bone defects after removal of cysts in 
humans, and the residuals of gelatin sponge were 
incorporated in the new bone, without showing any 
significant foreign-body reaction. (15)   

The rabbit is a mammal that is biologically 
similar to the human and has been recognized as 
an appropriate model to study bone regeneration in 
the maxillofacial region.  Numerous studies were 
conducted to evaluate mandibular bone defects 
repair in rabbits with a defect design at the lower 
border without loss of mandibular continuity. (16-18)  

The reconstruction of a critical-size defect 
at preclinical trials level has been limited. 
Therefore, this study was conducted to evaluate the 
reconstruction of critical-size mandibular defects 
in the rabbit model using adipose tissue stem cells 
both histologically and radiographically.

MATERIALS AND METHODS

Twenty four adult male New Zealand white 
rabbits in healthy conditions, aged 5-6 months, 
with average weight ranging from 2.5 to 4 kg were 
involved in the current study. The rabbits were 
under veterinary supervision in an animal house.  
The rabbits were randomly divided into 2 groups of 
12 animals each. Group (A) comprised the control 
group and group (B) comprised the stem cell/test 
group. The study was conducted in two phases for 
group (B). In the first phase (harvest phase), adipose 
tissue was collected under general anesthesia by 1 
cm skin incision under the chin of each rabbit of 
this group. 

Mesenchymal stem cells isolation and osteogenic 
differentiation

The collected adipose tissue was resected and 
washed in 15 ml phosphate buffered solution (PBS; 
Gibco/Invitrogen, Grand Island, New York, USA). 
Enzymatic digestion was performed using 0.03% 
collagenase II (Serva Electrophoresis GmbH, 
Mannheim) in Hank’s Balanced Salt Solution for 60 
minutes at 37℃ with continuous shaking. Digested 
tissue was strained, centrifuged, and erythrocytes 
were removed by treatment with erythrocyte lysis 
buffer. The filtered cells were transferred to tissue 
culture flasks with RPMI 1640 (Gibco/BRL, Grand 
Island, New York, USA) supplemented with 10% 
fetal bovine serum (Gibco/BRL), 1% Penicillin 
with Streptomycin(Gibco/BRL) and after an 
attachment period of 24 hours, non-adherent cells 
were removed by a PBS wash. Attached cells were 
cultured and expanded in vitro for 10-14 days 
with changing media every 3 days (passage 0). On 
developing large colonies (80~90% confluence), 
cultures were washed twice with PBS and the cells 
were trypsinized with 0.25% trypsin in 1 mM EDTA 
(Gibco/BRL) for 5 min at 37℃. After centrifugation, 
cells were suspended with serum-supplemented 
medium and incubated in 50 cm2 culture flask 
(Falcon). The resulting cultures were referred to as 
first-passage cultures and expanded in vitro until 
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passage three.  (19) For differentiation of MSC into 
osteocytes, passage 3 MSCs were cultured at a 
density of 4.2x103 cells/cm2 with 0.5 ml osteogenic 
differentiation medium (R&D Systems) to induce 
osteogenesis. Osteocytes then were fixed and 
stained with Alizarin Red (Sigma-Aldrich) and 
photographed using a photomicroscope. (20) Fig. 
(1A, 1B)

Surgical procedure

All the rabbits included in this study underwent 
surgical procedures under aseptic conditions by the 
same surgeon under general anesthesia, which was 
induced by injection of ketamine hydrochloride (45-
50 mg/kg) combined with xylazine hydrochloride 
(5-7 mg/kg) intramuscularly. The surgical region 
was shaved, and the skin was prepared with 
10% povidone iodine antiseptic solution. Local 
anaesthesia with vasoconstrictor was administered 
at the surgical site, then a 2-3 cm skin incision 
was made about 1 cm below the lower border of 
mandibular body region. Blunt dissection and 
periosteum excision was performed to exclude the 
periosteum osteogenesis effect. A mono-cortical 10 
mm diameter defect was created using a surgical 
round bur at low speed under copious irrigation. The 
defects were made at the mandibular body region, 
and did not interrupt the mandibular continuity.  
Fig. (2A)

Twelve surgically created defects were left 
empty as control group (A). Twelve surgically 
created defects of group (B) were filled with Gel 
Foam seeded with the previously prepared Adipose 
Derived Stem Cells. Fig. (2B, 2C) The Gel Foam 
was secured in place by means of suturing muscles, 
subcutaneous tissue, and skin in layers. 

The animals were sacrificed as 3 rabbits of 
each group at 2 and 4 weeks postoperatively for 
histologic assessment of healing, while at 8 weeks, 
the remaining 6 rabbits in each group were sacrificed 
for histologic and radiologic assessment using an 
overdose of I.V.  Phenobarbital. 

Radiological examination

The radiographic scans were obtained using 
CBCT Newtom GIANO/VG3- (Quantitative 
Radiology, Imola, Italy). Under general anesthesia, 
the rabbits were centered and fixed in the CBCT 
system. They were positioned according to the 
recommendations of the CBCT manufacturer. 
The midline laser beam of the CBCT system was 
adjusted to the mid-sagittal plane of the skull. The 
horizontal laser beam was parallel to the occlusal 
plane. The rabbits in each group were assigned 
to bone healing evaluation at 2, 4, and 8 weeks 
pstoperatively. Each rabbit was scanned a full high 
resolution scan: Voxel size 0.125 mm (27 mAs, 90 
kVp, 3mA) and a field of view (FOV) of 80(mm) 
×80 (mm), 360°rotation around patients in 9-second 
scan time.

Obtained data was converted into Digital Imaging 
and Communications in Medicine (DICOM) format, 
and was imported into the software (Newtom 
GIANO/VG3-Annex, version 7.2, Imola, Italy) for 
volumetric analysis. The images were displayed in 
all 3 orthogonal planes (axial, coronal, and sagittal). 
A panoramic reconstruction of the volume was 
created, and cross-sectional images of the region 
of interest were generated with a pitch distance of 
1mm and a slice thickness of 1 mm. Fig. (3)

In order to compare the density of the regenerated 
bone within the defects of the test group at the 
three selected evaluation periods, it was of great 
importance to measure the normal density base line 
for each case. Given the density of the opposite side 
(normal side) as a base line reference for each case, 
the mineralization ratio (density ratio) was the ratio 
between the average bone density of the defect area 
and the average bone density of the normal side 
using Hounsfield Unit ratio. Fig. (4)

Histologic preparation

 A histological sample was taken from each 
group within the region of bone regeneration 
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in the mandible. Samples were fixed with 10% 
neutral formalin, embedded in paraffin after 
decalcification, and stained with Hematoxylin and 
Eosin (H&E) as a Routine stain for cellular details. 
In addition, Toluidine blue Stain was utilized for 
optimal demonstration of mineralized   bone and 
osteoid seams. Furthermore, Masson’s trichrome 
stain was utilized for differentiation of mineralized 
and non-mineralized areas in bone. Histological 
and histochemical staining were performed for 
both groups at postoperative 2, 4 and 8 weeks. All 
Stained specimens were inspected by the naked eye 
and under the microscope.

Statistical analysis

Data of bone density presented as mean 
and standard deviation (SD). Data explored 
for normality using Kolmogorov-Smirnov and 
Shapiro-Wilk tests. Bone Density showed Normal 
distribution, Repeated Measures ANOVA test used 
to compare between different tested Groups and 
Follow-up periods on mean Bone Density Followed 
by pairwise comparison with Bonferroni correction.  
The significance level was set at P ≤ 0.05. Statistical 
analysis was performed with IBM® SPSS® (SPSS 
Inc., IBM Corporation, NY, USA) Statistics Version 
23 for Windows.

Fig. (1) A) MSCs were expanded in culture for 21 days. They were identified by their fusiform fibroblast like cells (black arrow) , 
B) MSCs were differentiated into osteocyte in culture at passage 3. Osteocyte were stained with Alzarin Red (blue arrow) 
for identification 

Fig. (2) A) Critical size defect 15 mm diameter created on the lateral aspect of the body of the mandible, B) Gel-Foam seeded with 
Adipose Derived Stem Cells (ADSC), C) The created bony defect filled with the ADSC seeded on the Gel Foam.
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RESULTS

During the follow-up period of eight weeks, there 
were no signs of infection, and rabbits returned to 
normal food intake within 3-4 days after surgery. No 
complications were encountered in cell collection, 
and no animal was lost during the study.

Regarding the mean bone density, there was non-
significant difference (p≥0.05) between the mean 
bone densities in the two groups pre-operatively.  
At 2 weeks postoperatively, the Control group 
showed significant higher (p≤0.05) mean values of 
mineralization ratio (density ratio) than that of the 
test group. While, at 4, and 8 weeks interval, the 
test group showed significant higher (p≤0.05) mean 
values of mineralization ratio (density ratio) than 
that of the control group. Fig. (5)

Regarding the mineralization ratio (density ra-
tio) within each group, it was found that the miner-
alization ratio of the test group was slow at 2 weeks 
postoperatively, while it showed significant increase 
(p≤0.05) in  bone mineralization ratio at 4 weeks 
postoperatively, then the bone mineralization ra-
tio significantly decreased (p≤0.05) at the 8th week 
postoperatively. While, the control group mineral-
ization ratio was high at 2 weeks postoperatively, 
then this ratio significantly (p≤0.05) decreased at 
the 4th, and 8th week postoperatively. (Fig.6)

Fig.(3) CBCT immediately postoperative, 1&2) Coronal & Sagittal view of the imposed defect, 3) Three-dimensional computed 
tomography radiographic images of imposed defect. 

Fig. (4) CBCT evaluation of the test group (T-) and control 
group (C-) cases at the 2-, 4-, and 8-weeks  intervals 
represented as T-2,T-4,T-8 for the test group and C-2,C-
4,C-8 for the control group. 
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Histologic & Histochemical evaluation:

Regarding H&E stain evaluation, it was found 
that in the second week post operatively healing of 
bone was noticed in both groups with formation of 
granulation tissue and multiple large osteoid tissues. 
The healing process in the control group was better 
than that of the test group as more osteoid tissues 
and less granulation tissue appeared in group A.  
Fig. (7) 

In the fourth week, the healing process continued 
as the granulation tissue completely disappeared in 
both groups and the osteoid tissues were partially 
replaced with mature bone. The healing process 
in control group was less than test group. Many 
reversal lines were noticed in test group denoting 
maturation of bone. Fig. (8) 

In the 8th week, the bone defects in both groups 
were healed, complete maturation of bone in the 
test group was noticed while control group still has 
small scattered osteoid tissue. Fig. (9)

Regarding Toluidine blue staining, the oste-
oid tissue was noticed in the second week in both 
groups. The maturation of bone was faster in the test 
group than in the control group as in the 8th week 
post operatively group B showed complete matura-
tion. (Fig. 10)

Regarding Goldner’s Masson Trichrome stain, 
its use in both groups (A&B) demonstrated clear 
differentiation between mineralized mature bone 
that stained blue or green and un-mineralized new 
immature bone that stained red. Fig. (11)

Fig.  (5) Bar chart showing mean Density Ratio for the study 
groups

Fig. (6) Line chart showing the increase on mean Density Ratio 
for follow-up periods for each group.
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Fig. (7) A) photomicrograph of control group showing granulation tissue (black arrow) and uncalcified osteoid tissues (yellow 
arrow), B) the section of test group showing less osteoid tissue separated with granulation tissue (H&E X200).

Fig. (8) A) photomicrograph showing scattered small osteoid  tissues (black arrow), B) the section showing newly formed Haversian 
systems with many reversal lines (yellow arrow)( H&E X200)

Fig. (9) (A) photomicrograph of control group showing newly formed Haversian systems with few osteoid  tissues (black arrow)  
(B) the section of test group showing fully formed Haversian systems (H&E X200)
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Fig. (10) A2, B2) photomicrograph showing osteoid tissues in the wound areas after 2 weeks, A4, B4) the sections were examined 
after 4 weeks, maturation of bone and formation of lamellar bone were detected in both groups but in group A the maturation 
was less than group B. In (A8, B8) complete maturation of bone after 8 weeks in group B, while in group A there are still 
remnants of osteoid tissues. (Toluidine blue X200)
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Fig. (11) A2, B2) photomicrograph showing no calcifications can be detected after 2 weeks in both groups, A4,B4) the sections  
were examined after 4 weeks , calcification  of was detected in both groups but in group A the calcification was less than 
group B.(Masson X200), A8, B8)  showing  complete calcification of group B , un calcified bone is still present  in group 
A ( Black arrows). 
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DISCUSSION 

The outcomes of this study confirmed that 
the rabbit is a good model for the assessment of 
bone healing of mandibular critical-size defect. 
The animals returned to normal function a few 
days after surgery which could help the bone 
remodeling process. This agrees with Lu and Rabie,  
2002.(16) Rabbits in the current study were evaluated 
at 2, 4, and 8 weeks both radiographically, and 
histologically. This allowed us to assess the early 
events in bone regeneration, and the long term 
follow-up of the bone defects of the study groups. 
This agrees with the study of Miloro et al., 2010. (21)

Histological evaluation of the regenerated 
tissues within the experimental defects revealed that 
bone regeneration at 2 weeks postoperatively was 
better in the control group than in the test group. 
This could be attributed to the rapid formation of 
the embryonic bone in the non-grafted cavity defect 
which was later resorbed and replaced by regenerated 
bone. Moreover, the scaffold degradation to be 
subsequently replaced by new bone at the test 
group may explain this finding. While at 4 weeks 
postoperatively, the test group bone regeneration 
reaches its peak with homogenous distribution 
of regenerated bone, which was much better than 
the control group. At 8 weeks postoperatively, the 
process of mineralization continues in the two 
groups with better bone regeneration at the test 
group. These findings are in agreement with the 
previous report of Kon et al, 2000. (22)

Radiographic evaluation and statistical analysis 
of the mineralization ratio (density ratio) supports 
the histologic results as the significant difference 
reported at 2 weeks in favor of the control group 
then significant difference in favor of the test 
group in mineralization ratio at 4 and 8 weeks 
postoperatively.  

The results of our study showed that adipose 
derived stem cells enhanced bone regeneration and 
mineralization in the test group as compared with 

the control group at 4 and 8 weeks postoperatively. 
This could be attributed to the conversion of 
mesenchymal stem cells into osteoblasts, as 
reported by Jang et al., 2008,(23) and Jiang et al., 
2010.(24) Moreover, These results are in agreement 
with several previous studies. (25-30)

On the other hand, Dudas, et al (31) in 2006 reported 
no added value of adipose derived stem cells on bone 
regeneration. This could be attributed to the small 
sample size, and non-critical size defects in their 
study. A defect is considered a critical size when no 
spontaneous complete osseous regeneration occurs 
during the lifetime of the animal.(31,32) 

In our study, we used non-mineralized gelfoam 
scaffold, and mineralization was properly achieved. 
This could be attributed to the pre-existing growth 
factors present in the host bone defect, and the 
transplanted stem cells which may produce 
cytokines and chemokines. This result agrees 
with other studies(33-35), and contradict with that of 
Hattori et al., (10) 2006 who reported the necessity 
of mineralized scaffolds to achieve favorable results 
regarding the differentiation of adipose derived 
stem cells.

CONCLUSION 

Adipose derived mesenchymal stem cells were 
proved to be an effective, simple, and safe method 
for enhancing bone regeneration in mandibular 
critical-size bone defects. 
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