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Abstract: Background: Mesenchymal stem cell (MSC)-based bone tissue engineering is a promising treatment op-
tion for maxillary sinus augmentation. Rapid vascularization is necessary to enhance the osteoinductive efficacy 
and prevent necrosis of the tissue-engineered bone. This study investigated whether the co-autotransplantation of 
endothelial progenitor cells (EPCs) could significantly enhance the in vivo osteogenic efficacy of MSCs and prevent 
necrosis of the tissue-engineered bone in a maxillary sinus augmentation model in dogs. Methods: We evaluated 
the in vitro osteogenic activities of a clinically-used scaffold-deproteinized bovine bone (Bio-Oss) by examining cell 
adhesion and alkaline phosphatase (ALP) activity. In vivo, sinus augmentations were performed identically on both 
sides of dogs (n = 3 per group) using three treatment groups: (A) Bio-Oss with MSCs and EPCs; (B) Bio-Oss with 
MSCs; and (C) Bio-Oss with EPCs. The tissue implants were evaluated 24 weeks post-implantation. Results: In 
vitro, co-application of EPCs and MSCs on Bio-Oss significantly enhanced adhesion and ALP activity. In vivo, co-
autotransplantation of MSCs and EPCs resulted in a significantly higher height, compressive strength, bone volume 
density, trabecular thickness, and trabecular number and a significantly lower trabecular separation compared with 
the other groups. The fluorescent test showed co-autotransplantation caused a significantly higher mineral apposi-
tion rate than the other groups. Histomorphometric analysis showed co-application resulted in the highest rate of 
new bone formation. Newly formed bone was frequently in the center of the implants with EPCs and MSCs, but not 
the other implants. Conclusions: Co-autotransplantation of EPCs and MSCs significantly enhanced the in vivo osteo-
genic efficacy, suggesting promising potential for sinus augmentation.

Keywords: Endothelial progenitor cells, mesenchymal stem cells, bone marrow stromal cells, osteogenesis, angio-
genesis, tissue-engineered bone

Introduction

Bone height in the posterior maxilla may be lim-
ited because of the loss of maxillary teeth and 
progressive pneumatization of the basal sinus 
with formation of caudal recesses [1]. Thus, 
placement of dental implants in the atrophic 
posterior maxilla is a challenging procedure. 
The sinus augmentation technique was first 
presented in the late 1970s by Tatum and is 
now the most common procedure in implant 
reconstructive surgery [2]. Autogenous bone 
grafts, allografts, xenografts, and synthetic 
materials have been explored for this surgical 
procedure. Autogenous bone is considered the 
gold standard grafting material because of its 

osteoinductive and osteoconductive proper-
ties, but the use of autogenous bone has a risk 
of donor site morbidity (infection, pain, and loss 
of function) and unpredictable graft resorption 
[3]. Therefore, various bone substitutes are 
used. A bone substitute of bovine origin (Bio-
Oss, Geistlich Pharma Wolhusen, Switzerland) 
with osteoconductive properties and high bio-
compatibility is frequently used for augmenta-
tion, either alone or in combination with autog-
enous bone [4-6]. The anorganic bone matrix of 
Bio-Oss appears to have a microporous struc-
ture similar to human cancellous bone [7]. This 
alternative material has no osteoinductive 
potential, so it requires more time for bone 
healing [8]. 
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The engineering of bone tissue offers new ther-
apeutic strategies for the repair and regenera-
tion of bone defects for maxillary sinus aug-
mentation [9, 10]. Bone marrow stromal cells 
(BMSCs) are a particularly attractive source for 
osteogenic precursors for bone tissue engi-
neering [11], because they easily expand in cul-
ture and differentiate into cells with an osteo-
genic phenotype. However, tissue-engineered 
bone requires not only cell populations capable 
of creating new bone and a biocompatible scaf-
fold, but also formation of an appropriate vas-
cular bed to support the metabolic needs of 
bone. If adequate perfusion cannot be estab-
lished quickly, central necrosis of the newly pro-
duced bone tissue will occur [12]. Thus, vascu-
larization becomes the cornerstone of the heal-
ing process in large volume tissue-engineered 
bone.

Endothelial precursor cells (EPCs), progenitor 
cells able to initiate neovascularization, were 
initially identified by Isner and Asahara in 1997 
[13]. Compared with mature endothelial cells 
(ECs), EPCs have an exciting angiogenic, prolif-
erative, and survival potential in situ. EPCs 
occur in low numbers, but when expanded in 
culture can undergo more than 1000 popula-
tion doublings, in sharp contrast to mature ECs 
that senesce after 30 population doublings 
[14]. EPCs are derived from bone marrow, circu-
late in the peripheral blood, and play a crucial 
role in the repair or formation of blood vessels 
[13]. Han shows that late-outgrowth EPCs 
express markers associated with pluripotency 
and can directly express an osteogenic pheno-
type under bone differentiation conditions in 
vitro [15]. For these reasons, researchers have 
turned to the study of co-culture interactions 
with EPCs in the hope of gaining insight into the 
vascularization process. Steiner shows that in 
vitro, T17b EPCs stimulate mesenchymal stem 
cell (MSC) proliferation, but not vice versa. On 
the other hand, MSCs promote the survival of 
EPCs [16].

The aim of this study was to investigate wheth-
er the addition of EPCs could improve osteo-
genesis and prevent necrosis of tissue-engi-
neered bone in vivo through efficient neovascu-
larization. We established a co-cultured system 
of MSC-derived osteogenic cells and EPCs. 
Using a large animal canine model, we explored 
the effect of maxillary sinus augmentation 

using a tissue engineered bone of Bio-Oss and 
the co-cultured cells.

Material and methods

Experimental animals

Six adult beagle dogs in healthy condition, aged 
18 months old with an average weight of 12.5 
kg were used as a cell source for MSCs and 
EPCs in this study. The experimental protocol 
was approved by the Animal Care and 
Experiment Committee of Tongji Hospital affili-
ated with Shanghai Tongji University, School of 
Medicine.

Isolation and culture of mesenchymal stem 
cells and endothelial progenitor cells from dog 
bone marrow

MSCs and EPCs were harvested and cultured 
independently using a similar technique except 
for the materials and the culture media. After 
performing general anesthesia on the dogs 
using an intravenous injection of pentobarbital 
Nembutal 3% (30 mg/kg), bone marrow (BM) 
was aspirated from the dogs’ iliac crest. MSCs 
were isolated according to the method previ-
ously reported [17]. Mononuclear cells (MNCs) 
were isolated from all heparinized BM aspirates 
by density gradient centrifugation using Ficoll 
Paque Plus (GE Healthcare, Uppsala, Sweden). 
Separation was achieved by centrifugation at 
400 g for 30 min. The MNCs were then washed 
in PBS and cultured in culture flasks (Corning, 
New York, USA) with α-MEM (HyClone, Logan, 
USA) containing 10% (V/V) fetal bovine serum 
(GIBCO, Carlsbad, USA). Cells were incubated at 
37°C in a humidified 5% CO2 incubator and the 
medium was changed twice weekly. When pri-
mary cultures reached 70%-80% confluency, 
attached cells were passaged by exposure to 
0.25% trypsin/EDTA (GIBCO) for 3 min and 
reseeded at a density of 1×105 cells/cm2 in the 
culture flasks. BM-EPCs were isolated using the 
technique previously reported [12]. Briefly, 
MNCs isolated by the density gradient method 
using Ficoll-Paque Plus were plated in dispos-
able culture flasks coated with fibronectin and 
cultured in endothelial cell growth medium-2 
(Lonza, Basel, Switzerland). After 3 days of cul-
ture, nonadherent cells were removed and new 
medium was supplied. The culture was main-
tained until 70%-80% confluency. The adherent 
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cells were released using 0.25% trypsin/EDTA 
and reseeded onto tissue culture flasks for sub-
sequent passages. MSCs and EPCs at passage 
2-3 were used for the following experiments.

In vitro differentiation of mesenchymal stem 
cells

We studied the in vitro multi-differentiation 
potential of the MSCs toward osteogenesis, 
adipogenesis, and chondrogenesis. For osteo-
genic differentiation, passage 2 MSCs with a 
density of 1×103 cells/cm2 were added to 6- 
well culture plates in α-MEM containing 10% 
(V/V) fetal bovine serum. After one day, the 
medium was changed to osteogenic medium. 
The osteogenic medium was dog mesenchymal 
stem cell osteogenic differentiation medium 
(Cyagen Biosciences, Santa Clara, USA). The 
medium was changed twice weekly. After 3 
weeks, ALP activity was assayed using a BCIP/
NBT ALP color development kit (Beyotime 
Institute of Biotechnology, Haimen, China). 
Calcium deposits were detected by staining 
with 2% Alizarin Red S (Sigma, Shanghai, 
China). For adipogenic differentiation, passage 
2 MSCs with a density of 2×104 cells/cm2 were 
added to 6-well culture plates in α-MEM con-
taining 10% (V/V) fetal bovine serum. After 3-5 
day, the medium was changed to dog mesen-
chymal stem cell adipocyte differentiation 
medium (Cyagen Biosciences, Santa Clara, 
USA). The medium was changed twice a week. 
Oil red O (Sigma) staining was performed to 
analyze adipogenesis after 4 weeks. For chon-
drogenic differentiation, passage 2 MSCs with 
a density of 5×105 cells/cm2 were added to 15 
ml polypropylene culture tubes in chondrogenic 
differentiation medium (Cyagen Biosciences). 
The cell pellets were fed every 3 days by com-
pletely replacing the medium in each tube. 
After 28 days, pellets were formalin fixed and 
paraffin embedded for Alcian blue staining.

Immunocytochemistry 

Cells of an endothelial lineage that attach  
as spindle-shaped cells and co-stain with 
1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbo-
cyanine perchlorate-labeled acetylated low-
density lipoprotein (Dil-Ac-LDL) and fluorescein 
isothiocyanate-conjugated ulex europaeus lec-
tin (FITC-UEA-l) were identified as EPCs. The 
cells were observed under a fluorescent micro-
scope (Olympus, Tokyo, Japan).

Flow cytometry analysis

Passage 2 MSCs and BM-EPCs were placed in 
FACS tubes (BD Biosciences, San Jose, USA) at 
2×105 cells/tube, washed with FACS buffer 
(PBS containing 1% sodium azide and 1% FBS, 
pH 7.2). MSCs were incubated with antibodies 
including CD34-PE (eBioscience, San Diego, 
USA), CD29-PE (Abcam, Cambridge, UK), and 
CD44-FITC (eBioscience) at room temperature 
for 1 h, while BM-EPCs were incubated with 
antibodies including CD34-PE (eBioscience), 
CD133-FITC (eBioscience), and VEGFR-2 (Ab- 
cam) at room temperature for 1 h. Cells were 
washed twice with FACS buffer and resuspend-
ed in 500 μl of FACS buffer. BM-EPCs incubat-
ed with VEGFR-2 were incubated with anti-rat 
IgG secondary antibodies labeled with FITC for 
1 h, and then washed twice with FACS buffer 
and resuspended in 500 μl of FACS buffer. Cell 
fluorescence was evaluated by flow cytometry.

Preparation of Bio-Oss and co-culture of MSCs 
and EPCs

Bio-Oss granules (Geistlich Pharma, Wolhusen, 
Switzerland) were prepared and sterilized with 
ethylene oxide for cell cultures. After placement 
in the culture plates, Bio-Oss granules were 
coated with fibronectin (10 mg/ml) for at least 
1 h at 37°C. For cell seeding, MSCs were cul-
tured in osteogenic media for 3 days prior to 
co-culture. Then, MSCs were mixed with EPCs 
at the same density of 2×106 cells/ml in a 1:1 
mixture of osteogenic and angiogenic medium 
(EGM-2). Cells in suspension were slowly com-
bined with Bio-Oss granules until saturation. 
For control conditions, monocultures of MSCs 
and EPCs in their normal respective media 
were seeded onto the Bio-Oss granules at a 
density of 2×106 cells/ml.

Cell adhesion on Bio-Oss granules

MSCs-derived osteogenic cells alone, EPCs 
alone, and the co-cultured cells at the same 
density of 2×106 cells/ml were dripped on the 
Bio-Oss granules layer and incubated for 3, 6, 
and 12 h at 37°C. After incubation, the medium 
containing the non-adhering cells was removed 
and rinsed over the Bio-Oss granules layer. This 
procedure was repeated three times and the 
remaining cells in the supernatant were count-
ed. Then, these granules were transferred to 
another well and the cells on the bottom of the 
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initial seeding well were counted. The percent-
age of adherent cells was calculated: [(initial 
cell number - remaining cell number)/initial cell 
number] × 100%.

Scanning electron microscopy observation and 
alkaline phosphatase activity assay in the co-
cultured cells

After 7 days, the Bio-Oss granules with MSCs-
derived osteogenic cells alone and EPCs alone 
were fixed in 2% glutaraldehyde for 2 h and the 
morphology was observed using a Hitachi 
S-3400N scanning electron microscope. 

To quantify the mineralization in the cultures, 
an ALP substrate kit (Wako, Saitama, Japan) 
was used for the Bio-Oss granules with cells for 
24 h, 3 days, 7 days, and 14 days according to 
the manufacturer’s instruction. In brief, the Bio-
Oss granules with cells were washed with PBS, 
and the cells were lysed using 0.05% Triton 
X-100 (Sigma). After centrifugation at 15000 
rpm for 10 min at 4°C, 20 μl supernatant sam-
ple was extracted from each sample and added 
to 100 μl freshly prepared substrate solution 
(para-nitrophenylphosphate solution). The mix-
ture was shaken for 1 min using a plate mixer 
and incubated at 37°C for 15 min. The enzy-
matic reaction was stopped by adding 80 μl 
stop solution (0.2 mol/l sodium hydroxide solu-
tion). Serial dilutions of para-nitrophenol solu-
tion served as standards. The absorption was 
measured at a wavelength of 405 nm. The 
results from ALP activity analyses were ex- 
pressed in nanomoles (nmol) of p-nitrophenol 
produced per minute.

Surgical procedure and preparation of the 
specimens

Eight weeks after tooth extraction and com-
plete healing of the edentulous ridge, the dogs 
were anesthetized as described. The floor ele-
vation procedure and implant placement were 
performed identically on both sides of each ani-
mal according to the technique described by 
Haas [18]. Each dog sinus was randomly select-
ed to receive one of the three following materi-
als: Group A comprised of scaffold Bio-Oss/
MSCs-derived osteogenic cells and EPCs (n = 
3); Group B comprised of scaffold Bio-Oss/
MSCs-derived osteogenic cells (n = 3) as a con-
trol group; or Group C comprised of scaffold 
Bio-Oss/EPCs (n = 3) as a control group.

A single surgeon performed all surgeries. 
Briefly, a skin incision below the lower eyelid 
was made to expose the lateral maxillary sinus 
wall. A round bur was used to create a 1×1.5-
cm opening in the lateral wall of the maxillary 
sinus. After removing the bone, the sinus mem-
brane was carefully elevated from the sinus 
floor to avoid perforations. The space between 
the sinus membrane and the sinus floor was 
filled with 1 ml bone substitute to elevate the 
sinus with an average height of 10 mm from the 
sinus floor. Then, the periosteum and skin flap 
were repositioned and sutured. After surgery, 
all dogs recovered well.

The time course of new bone formation and 
mineralization was assessed by sequential flu-
orochrome labeling. The animals were intraper-
itoneally administered 25 mg/kg hydrochloride 
tetracycline (TE, Sigma), 20 mg/kg calcein (CA, 
Sigma), and 30 mg/kg Alizarin Red S (AL, 
Sigma), at 4, 12, and 20 weeks after the 
operation.

The dogs were sacrificed 24 weeks after sur-
gery. Maxillofacial CT images were acquired 
using Cone beam CT (CBCT) with 60 kV voltage 
tension and 3 mA ampere, 0.96 mm slice thick-
ness. The implants could be distinguished from 
original bone by density and structure. The 
implants were retrieved and immediately used 
for micro-CT. Each augmented maxillary sinus 
was dissected into two parts by the sagittal 
plane in the mesiodistal direction. The mean 
height value of four specimens in each group, 
defined as the maximal perpendicular distance 
between the floor and the top of the augmented 
maxillary sinus [19], was measured using a 
Vernier caliper. One part of each specimen  
was used for the microhardness test and then 
fixed in 10% buffered formalin (pH 7.4). This 
part was further decalcified and embedded in 
paraffin for immunohistochemical detection. 
The other undecalcified part was embedded in 
polymethylmethacrylate (PMMA) and cut in 
10-μm thick sections using a microtome (Leica, 
Wetzlar, Germany) for histomorphometrical 
examination.

Micro-CT examination of the maxillary sinus

The implants were scanned using a SkyScan- 
1176 Micro-CT (Micro Technology Hong Kong 
Ltd., Kontich, Belgium). This region included 
1200 images with a resolution of 1068×1068 



Endothelial progenitor cells with stem cells improve osteogenesis

2413 Am J Transl Res 2020;12(6):2409-2424

pixels. This system was set to 65 kV, 385 uA, 
and 250 ms exposure time. The three-dimen-
sional images were obtained for qualitative and 
quantitative evaluation (σ = 1.2, support = 1, 
threshold for bone = 255, and threshold for 
graft = 95). The volume of interest (VOI) was 
selected at the center of the graft with a 3×4 
mm area. The following microarchitecture 
parameters were assessed: bone volume to 
total volume ratio (BV/TV), connectivity density 
(Conn.Dn), trabecular thickness (Tb.Th), trabec-
ular separation (Tb.Sp), and trabecular number 
(Tb.N). BV/TV indicates the portion of mineral-
ized tissue, Conn.Dn indicates the degree of 
trabecular branching, and Tb.Th, Tb.Sp, and 
Tb.N provide detailed information on the thick-
ness, organization, and amount of trabecular. 

Microhardness test

Microhardness measurements were performed 
on eight locations previously designated for 
each specimen by the indentation method 
(DHV-1000, Shanghai Shangcai Testing Ma- 
chines Co., Ltd., Shanghai, China) according to 
the method previously reported [20]. In brief, 
25 g was loaded with dwell time of 20 seconds 
and the average compressive strength was cal-
culated for each group, expressed as hardness 
Vickers degree (HV).

Histological examination for the undecalcified 
parts

The undecalcified parts were observed for fluo-
rescent labeling using confocal laser scanning 
microscope (Leica TCS SP5 II). The hydrochlo-
ride tetracycline yellow, Calcein green, and 
Alizarin red were detected at 405/580 nm, 
488/517 nm, and 543/617 nm excitation/
emission wavelengths respectively. The kinetic 
histomorphometric parameter was performed 
using an image analysis system (Image-Pro 
Plus, Media Cybernetics, Rochville, USA): min-
eral apposition rate (MAR, μm/day) was 
calculated.

Histomorphometrical evaluation for the decal-
cified parts

The decalcified parts were embedded in paraf-
fin and cut into 4-μm sections. The sections 
were stained with hematoxylin-eosin. To deter-
mine the extent of the fully mineralized bone, 
anti-osteocalcin antibody (Abcam) was used for 

immunofluorescent staining. Five random fields 
of each section were pictured. Image quantifi-
cations were performed using Image-Pro Plus 
software.

Statistics

All the quantitative measurements were pre-
sented as mean ± standard deviation (Mean ± 
SD). Statistical analyses were performed using 
the statistics software package SPSS 17.0 for 
Windows. Comparisons between groups in cell 
adhesion, ALP activity, height of augmented 
maxillary sinus, microarchitecture parameters, 
new bone formation, and remnant particles 
were analyzed via ANOVA followed by a Student-
Newman-Keuls post hoc test. Mann-Whitney 
U-test for non-parametric procedures was used 
to determine microhardness and mineral appo-
sition rate. P < 0.05 was considered statisti-
cally significant.

Results

Culture and characterization of MSCs and 
EPCs

MSCs displayed spindle morphology (Figure 
1A). We confirmed that MSCs were capable of 
differentiating into many cell lineages. The 
osteogenic differentiation assays showed both 
ALP-positive staining (Figure 1B) and mineral-
ized calcium nodules with Alizarin Red S stain-
ing (Figure 1C) in these cells. The adipogenic 
differentiation of MSCs was verified by positive 
Oil Red O staining after 4 weeks of induction 
(Figure 1D). The cells also had the capacity to 
undergo chondrogenic differentiation demon-
strated using Alcian blue staining after induc-
tion for 4 weeks (Figure 1E). Cell surface anti-
gen phenotype was assessed on MSCs using 
flow cytometry (Figure 1F). Adhesion molecule 
protein CD29 and receptor molecule protein 
CD44 were highly expressed on MSCs. MSCs 
were negative for hematopoietic markers such 
as CD34.

EPCs displayed a cobblestone-like appearance 
after 12 days of culture (Figure 1G). The cells 
were positive for FITC-UEA-I and Dil-ac-LDL 
(Figure 1H-J), which are endothelial cell lineage 
markers of EPCs [21]. Cell surface antigen phe-
notype was assessed on EPCs using flow 
cytometry (Figure 1K). EPCs displayed a low 
signal for CD34 and CD133. VEGFR-2 was high-
ly expressed on EPCs. 
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Cell seeding efficiency on the Bio-Oss granules 
and SEM evaluation

The co-cultured cells consistently had the high-
est adhesion rate throughout the observation 
period. Compared with MSCs-derived osteo-
genic cells, more EPCs were attached to the 
Bio-Oss granules at 3 h, 6 h, and 12 h (Figure 
2A). Interestingly, the number of adhering cells 
remained constant at 6 h and 12 h. 

The SEM showed the morphological appear-
ance of MSCs-derived osteogenic cells (Figure 

2B) and EPCs (Figure 2C) on the Bio-Oss gran-
ules. After 7 days, MSCs-derived osteogenic 
cells and EPCs combined well with the scaf-
folds. The pseudopodia and projections of 
MSCs-derived osteogenic cells on the Bio-Oss 
granules still existed. Approximately sixty per-
cent of the scaffolds were covered with MSCs-
derived osteogenic cells. Almost all the pseudo-
podia of EPCs disappeared and the scaffolds 
were entirely covered with a layer of EPCs. It 
suggested that the Bio-Oss granules facilitated 
the adhesion and growth of MSCs-derived 
osteogenic cells and EPCs.

Figure 1. Characterization of mesenchymal stem cells (MSCs) and endothelial progenitor cells (EPCs) used in this 
study. (A) Canine MSCs at P2 displayed spindle morphology. (B) ALP staining and (C) Alizarin Red S staining verify 
osteogenic differentiation of MSCs after three weeks of induction. (D) The adipogenic differentiation of MSCs was 
verified by positive Oil Red O staining after 4 weeks of mass culture and induction. (E) MSCs also had the capacity to 
undergo chondrogenic differentiation. This was evident through Alcian blue staining after induction for 4 weeks. (F) 
Flow cytometry analysis of the expression of indicated cell surface markers related to MSCs. (G) Morphology of EPCs 
at 12 days of culture. EPCs could take up (H) FITC-UEA-1 and bind to (I) Dil-Ac-LDL as shown by the green and red 
fluorescence. (J) Merged images show that most cells were dual-positive. Dual-positive cells were defined as EPCs. 
(K) Flow cytometry analysis of the expression of indicated cell surface markers related to EPCs. Scale bar = 100 μm.

Figure 2. MSCs-derived osteogenic cells alone, EPCs alone, and the co-cultured cells at the same density were 
dripped on the Bio-Oss granules layer and incubated for 3, 6, and 12 h at 37°C. (A) The percentage of adherent cells 
was calculated. Results are presented as the mean ± SD. *: P ≤ 0.05 vs MSC-derived osteogenic cells, #: P ≤ 0.05 
vs EPCs. The SEM shows the morphological appearance of (B) MSCs-derived osteogenic cells and (C) EPCs on the 
Bio-Oss granules after 7 days of culture.
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Assessment of cell osteogenesis on the Bio-
Oss granules

ALP activity in the Bio-Oss granules with cells 
was studied as an early marker of osteogenic 
differentiation. ALP activity increased gradually 
in MSC-derived osteogenic cells and co-cul-
tured cells with the Bio-Oss granules. However, 
the co-cultured cells with the Bio-Oss granules 
showed higher ALP activity than MSCs-derived 
osteogenic cells at 24 h, 3 days, 7 days, and 14 
days (Figure 3). ALP activity of EPCs with the 
Bio-Oss granules was almost zero.

The maxillary sinus height analysis and micro-
hardness evaluation 

The augmented maxillary sinus of each group 
at 24 weeks post-operation was observed 
using sagittal maxillofacial CT images (Figure 
4A1-C1). The augmented maxillary sinus was 
set as the region of interest and reconstructed 
by micro-CT (Figure 4A2-C2). A 3D reconstruc-
tion of the VOI for the three groups showed rem-
nants of Bio-Oss granules (pink) and newly 
formed bone (white) (Figure 4A3-C3). The new 
bone of the central area in group A was obvi-
ous, whereas that in group B and group C 
formed less. The mean height of each group 
was measured to evaluate the effects of 
implants after maxillary sinus augmentation. 
The height of group A (7.54 ± 0.92 mm) was 
significantly higher than group B or group C (P < 
0.05) (Figure 4D). Group B (6.04 ± 0.62 mm) 
obtained a higher height than group C (4.12 ± 
0.95 mm).

Micro-CT evaluation

The associated microarchitecture parameters 
obtained from micro-CT clearly depicted the 
differences among the three groups (Figure 5). 
Group A showed the highest values in BV/TV 
(1.38-fold), Tb.Th (1.24-fold), Tb.N (1.27-fold) 
and a moderately decreased Tb.Sp (74.9%) 
compared with group B. The mean value of 
Conn.Dn in group A was significantly higher 
than group C, but lower than group B. Group B 
exhibited a bigger effect than group C, with a 
markedly increased BV/TV (1.4-fold), Conn.Dn 
(2.36-fold), Tb.Th (1.18-fold), and Tb.N (1.6-
fold) and a decreased Tb.Sp (77.5%).

Fluorochrome microscopy

The deposition of mineralized bone matrix and 
dynamic histomorphometric parameters were 
demonstrated at 4, 12, and 20 weeks through 
measurement of fluorescent labeling (Figure 
6A-C). At 4-12 weeks post-operation, the min-
eral apposition rate was significantly higher in 
group A (1.68 ± 0.15 μm/day) than group B 
(1.15 ± 0.18 μm/day) or group C (0.87 ± 0.14 
μm/day). Nevertheless, at 12-20 weeks post-
operation, differences in mineral apposition 
rates among the three groups were not statisti-
cally significant (P > 0.05) (Figure 6D).

Histological observation

The decalcified sections stained with hematox-
ylin-eosin were observed under light microsco-
py (Figure 7A1, 7A2, 7B1, 7B2, 7C1, 7C2). All 
three groups showed no evidence of inflamma-

Figure 3. ALP activity in the Bio-Oss granules with MSC-derived osteo-
genic cells, EPCs and co-cultured cells for 24 h, 3 days, 7 days, and 14 
days. Results are presented as mean ± SD. *: P ≤ 0.05. ×: No expres-
sion.

The biomechanical data revealed 
that group A exhibited the highest 
enhancement in the compressive 
strength (558.9 ± 81.3 HV) com-
pared with group B (382.8 ± 51.1 
HV) or group C (271.7 ± 41.9 HV) 
(P < 0.05) (Figure 4E). There was a 
significant difference between 
group B and group C. This indicat-
ed that group B had increased new 
bone formation. Group A gained 
more new bone than group B, 
thereby forming higher compres-
sive strength. Thus, the EPCs 
added to group A provided the 
blood supply, which may be a 
favorable environment for dental 
implantation.
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Figure 4. The augmented maxillary sinus of each group at 24 weeks post-operation shown by sagittal maxillofacial 
CT images (A1: group A, B1: group B, C1: group C). 3-D-micro-CT images of the total mineralized volume in groups 
A, B, and C were also displayed (A2: group A, B2: group B, C2: group C). Three-dimensional reconstructed images of 
the volume of interest (VOI) for the three groups represent remnants of Bio-Oss granules (pink) and newly formed 
bone (white) (A3: group A, B3: group B, C3: group C). (D) The mean height value and (E) the microhardness of each 
group was measured. Each value was expressed as mean ± SD. *: P ≤ 0.05 vs group C, #: P ≤ 0.05 vs group B. 
Group A contained scaffold Bio-Oss/MSCs-derived osteogenic cells and EPCs (n = 3); Group B contained scaffold 
Bio-Oss/MSCs-derived osteogenic cells (n = 3) as a control group; Group C contained scaffold Bio-Oss/EPCs (n = 3) 
as a control group.
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tion and histological analysis revealed active 
bony regeneration in these grafted sinuses 24 
weeks after surgery. The Bio-Oss granules 
could be easily identified by their color and 
shape. The newly formed bone lamellae sur-
rounded the residual Bio-Oss granules and 
osteocytes were found in the bone lacunae. 
With high magnification, bone marrow was 
often observed in group A, but not in group B 
and group C. Multinucleated giant cells were 
found on the remnant particles’ surface in 

group C, but rarely detected in group A and 
group B. In addition, representative images at 
higher magnification in group A exhibited com-
pact bone with many osteoblasts (Figure 8A). 
This result was further confirmed by osteocal-
cin antibody (OCN) immunohistochemistry 
detection (Figure 7A3, 7B3, 7C3). The stained 
area was bigger in group A than group B or 
group C. In addition, some blood vessels were 
found near the new bone and the remnant par-
ticles (Figure 8B).

Figure 5. The 3-D microarchitectural indices analyzed using micro-CT: total volume ratio (BV/TV), connectivity den-
sity (Conn.Dn), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), and trabecular number (Tb.N). Data are 
expressed as mean ± SD. *: P ≤ 0.05 vs group C, #: P ≤ 0.05 vs group B.

Figure 6. New bone formation and mineralization 
were determined by hydrochloride tetracycline (TE), 
calcein (CA), and Alizarin Red S (AL) fluorescent ob-
servation at 4, 12, and 20 weeks after the operation 
(A: group A, B: group B; C: group C). (D) Mineral appo-
sition rate (MAR) was analyzed for the three groups. 
The result is presented in a bar form as mean ± SD. 
*: P ≤ 0.05 vs group C, #: P ≤ 0.05 vs group B. Scale 
bar = 100 μm.
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In general, new bone formation in group A 
(62.37 ± 8.07%) was significantly higher than in 
group B (48.2 ± 6.63%) or group C (34.5 ± 
7.34%) (Figure 7D). Moreover, in group A, the 
mineralized tissue was observed not only at the 
surface, but also in the center of the specimen. 
This result was consistent with Micro-CT evalu-
ation. In groups B and C, the newly formed bone 

mostly showed at the surface layer of the speci-
men, but was not significant in the central 
region. The remnant particles in the three 
groups were also calculated. The results 
showed that residual particles in group C 
(25.43 ± 6.02%) were more than group A (8.59 
± 3.08%) or group B (15.32 ± 3.82%) (Figure 
7E) (P ≤ 0.05).

Figure 7. Representative histological sections of bone formation in augmented maxillary sinus in three groups. (A1) 
Group A contained scaffold Bio-Oss/MSCs-derived osteogenic cells and EPCs; (B1) Group B contained scaffold Bio-
Oss/MSCs-derived osteogenic cells; (C1) Group C contained scaffold Bio-Oss and EPCs. A2 (group A), B2 (group B), 
and C2 (group C) show higher magnification images. Bone marrow was found in group A (A2). ×: residual Bio-Oss 
particles; Δ: the newly formed bone; black arrow: osteoblasts; red arrow: multinucleated giant cells. Scale bar = 
100 μm. Osteocalcin (OCN) immunohistochemistry detection (A3: group A, B3: group B, C3: group C). (D, E) The new 
bone formation and remnant particles are shown. Each value is expressed as mean ± SD. *: P ≤ 0.05 vs group C, 
#: P ≤ 0.05 vs group B.
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Discussion

The sinus augmentation technique involves 
raising the sinus mucous membrane and filling 
the cavity with a grafting material to increase 
bone height in the posterior maxilla and pro-
vide adequate support for implants [22, 23]. 
These grafting materials should be biocompat-
ible, similar to the natural bone in microstruc-
ture and composition [24, 25]. Moreover, they 
should serve as a proper matrix for cell growth 
and bone deposition [25-27]. In this study, 
through the scanning electron microscopy 
observations, MSCs-derived osteogenic cells 
and EPCs on the Bio-Oss granules had good 
growth. ALP activity confirmed that Bio-Oss 
granules did not affect the osteogenesis of 
MSCs. Therefore, Bio-Oss granules used in this 
study are reasonable for cell growth and bone 
deposition.

Bone graft materials are cell-free and osteo-
conductive [28]. However, bone regeneration 

requires a long time, which limits the clinical 
use for sinus augmentation [29]. The engineer-
ing of bone tissue offers a new therapeutic 
strategy. Previous osteogenesis research con-
centrated on the function of the osteoblast or 
MSCs. However, the development of microvas-
culature is critical for the regeneration of bone. 
EPCs are considered candidates for vascular 
regeneration [30, 31]. Bone is a complex tissue 
and it is expected that the co-culture system 
may mimic more closely the in vivo environ-
ment, which is more conductive to osteogene-
sis than single-cell cultures [32, 33]. Trans- 
plantation of cell sheets containing EPCs and 
MSCs promotes bone regeneration in vitro and 
in rats [34-37]. In addition, the co-culture of 
rEPCs and rMSCs on needle-like calcium defi-
cient hydroxyapatite results in early upregula-
tion of osteogenic modulators [38]. In this 
experiment, we established the co-culture sys-
tem of MSC-derived osteogenic cells and EPCs. 
Both MSCs and EPCs were from canine bone 
marrow. Thus, they shared their origin in the 
same niche where they could easily interact 
with each other [39].

With direct cell contact, crosstalk communica-
tion between MSC-derived osteogenic cells and 
EPCs occurred. Through the cell seeding effi-
ciency on the Bio-Oss granules, we observed 
the co-cultured group obtained the highest cell 
adhesion. EPCs/MSCs can lead to proangio-
genic differentiation and induce strong up-regu-
lation of endothelial cell-cell adhesion proteins 
such as VE-cadherin and PECAM-1 [40]. Some 
MSCs may differentiate into endothelial-like 
cells, secrete more adhesion proteins, and pro-
mote cell retention and osteogenic differentia-
tion of the stromal vascular fraction [41]. For 
the above reasons, the co-cultured system may 
provide an environment that favors cell adhe-
sion. We also assessed cell osteogenesis on 
the Bio-Oss granules through ALP activity. The 
co-cultured group more easily stimulated ALP 
activity and EPCs alone did not have osteogenic 
ability. EPCs could release some growth factors 
continuously, such as VEGF and IGF-1, that 
recruit stem cells and direct them towards 
osteoblast differentiation [42, 43]. The co-cul-
tured system may induce osteogenic differenti-
ation of MSCs. However, it is still unclear wheth-
er co-autotransplantation of EPCs with MSCs 
promotes better bone regeneration in vivo for 
sinus augmentation. Large-animal models are 
suggested before a clinical application to evalu-
ate the effect of the bone grafts [44]. In this 

Figure 8. Representative histological sections in 
group A. (A) A compact bone area in an active phase 
with osteoblasts blood vessels near the (B) newly 
formed bone. black arrow: osteoblasts; white arrow: 
blood vessels. Scale bar = 100 μm.
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study, we chose Bio-Oss granules with EPCs/
MSCs to elevate the maxillary sinus floor in the 
canine model.

CBCT images showed the augmented maxillary 
sinus at 24 weeks post-operation. The co-cul-
tured group maintained the height of the aug-
mented maxillary sinus compared to Bio-Oss 
granules with MSCs alone or EPCs alone, which 
was consistent with manual measurements of 
the specimens. Due to the low radiopacity value 
of Bio-Oss, it was not possible to differentiate 
the osteogenesis of three groups by means of 
Cone beam CT [45]. Micro-CT is a relatively 
rapid technique that permits quantitative mor-
phometry of the bone in 3D [46]. The associat-
ed microarchitecture parameters reflected 
more new bone formation in group A, which 
could further be confirmed by hematoxylin-
eosin staining and OCN immunohistochemistry. 
Moreover, 3D reconstruction of the VOI and his-
tomorphometric measurements showed new 
bone formation increased in the central area of 
the graft in group A more than in groups B or C. 
It demonstrated that EPCs might effectively 
promote osteogenesis in tissue-engineered 
bone. In this study, the origin of the newly 
formed blood vessels was not clear. However, 
histological observation explicitly displayed 
more vessels near the new bone in group A. 
Transplanted EPCs could be recruited to the 
osseous fracture in the healing environment 
and enhance angiogenesis and osteogenesis 
[47]. In group A, it is possible that EPCs formed 
the capillary-like structures throughout the 
graft and participated in the bone regenera-
tion. The neovascularization may facilitate the 
supply of oxygen and nutrition for the graft, 
thereby possibly contributing to the height of 
the augmented maxillary sinus. Because of 
relying on host blood vessel growth, group B did 
not acquire sufficient nutrition for new bone for-
mation. Group C, namely Bio-Oss with EPCs, 
had less bone formation using only an osteo-
conduction process. Moreover, this group had 
the least migrated osteoblasts and vascular 
cells from recipient tissue and less new bone 
was formed at the center of the graft.

Fluorochrome labeling histomorphometrical 
change analysis by confocal laser scanning 
microscope demonstrated that the process of 
the bone deposition was accelerated by the 
transplanted EPCs, especially at 4-12 weeks 
post-operation, which was consistent with ALP 

activity in vitro. The earlier bone regeneration 
may withstand continuous air pressure in the 
maxillary sinus, thereby maximally maintaining 
the height of the augmented sinus and increas-
ing the compressive strength [48]. The mecha-
nism may underlie a direct or indirect role of 
VEGF in this study. In previous research, the 
expression of VEGF was improved in the co-
culture system in vitro [40]. VEGF is essential 
for endochondral bone formation [49]. Because 
of nutrition and signaling interaction between 
endothelial cells and MSCs, VEGF-induced 
angiogenesis may accelerate differentiation of 
MSCs [50]. Thus, more OCN-positive osteo-
blasts were detected in group A. Hematoxylin-
eosin sections showed compact bone with 
many osteoblasts and bone marrow in group A. 
In another words, more mature bone was 
formed. Hence, group A exhibited the highest 
compressive strength, suggesting the co-cul-
ture will be beneficial for dental implantation.

Bone remodeling includes resorption of pre-
existing bone tissue by osteoclasts and new 
bone formation by osteoblasts [51]. The blood 
vessels involved in bone resorption and deposi-
tion regulate the activities of osteoclasts and 
osteoblasts. Thus, in this study, the Bio-Oss 
remnant particles were less in group A com-
pared with groups B or C. Besides, the value of 
Conn.Dn in group A was inferior to group B by 
micro CT, which may be also related to the rapid 
material degradation. In addition, multinucleat-
ed giant cells were found on the remnant parti-
cles surface in group C, possibly because of the 
higher amount of remaining bone material.

EPCs have been successfully isolated from 
bone marrow, peripheral blood, and umbilical 
cord blood [52]. Consistent with our results, 
EPCs as seed cells combined with BMSCs can 
promote vascularization and osteogenesis of 
tissue-engineered bone in Beagle dogs [53]. 
However, it is still unclear which cell source and 
co-culture ratio would enhance vascularization 
in the engineering of bone tissue. Hence, it is 
necessary to do more in vivo experiments.

In conclusion, the results suggested that co-
autotransplantation of bone marrow-EPCs with 
MSCs can significantly enhance the in vivo 
osteogenic efficacy and prevent necrosis in a 
sinus augmentation model in dogs. The co-cul-
ture system may recreate more closely the in 
vivo environment than single cell culture. This 



Endothelial progenitor cells with stem cells improve osteogenesis

2422 Am J Transl Res 2020;12(6):2409-2424

tissue engineered bone may be broadly useful 
in maxillary sinus augmentation, thus reducing 
the failure of implant surgery.
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