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ABSTRACT
Introduction: Bone fractures are a global public health burden as there are more than 150 million bone fracture incidence per 
year. The therapeutic effect of mesenchymal stem cells (MSCs) is mediated by the secretion and release of trophic molecules, 
which are called ‘secretome’. There are only a handful of studies that evaluated the effect of dental MSCs-derived secretome 
in bone healing and regeneration. 

Aim of Study: This study was designed to investigate the regenerative potential of human dental pulp stem cells’ (hDPSCs’) 
secretome on rabbits’ tibial bone defects at three- and six-weeks follow-ups. 

Materials and Methods: 42 rabbits received 84 six-mm-diameter tibial bone defects; 21 for each outcome; 7 defects for each 
group per each time interval. Bone defects were either left to heal spontaneously (Group A) or received either collagen scaffold 
(Group B) or hDPSCs’ secretome loaded on collagen scaffold (Group C). Animals were euthanized at three and six weeks. 
Histomorphometric evaluation of newly formed bone area percent and degree of bone maturation using Hematoxylin and 
Eosin (H&E) and Masson Trichrome (MT) stains respectively was constructed in addition to quantitative real time polymerase 
chain reaction (qRT-PCR) to evaluate osteocalcin levels.

Results: Histomorphometric analysis of H&E- & MT- stained sections showed significant increase in bone area percent as 
well as bone maturation in the group C in comparison to the other two groups (P < 0.05) at both time intervals. qRT-PCR results 
supported our abovementioned results as they showed that osteocalcin levels were higher in group C as compared to the other 
two groups at both time intervals (P <0.05).

Conclusions: hDPSCs’ secretome showed superior results and significant improvement of bone healing.
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INTRODUCTION AND REVIEW                                    

Bone defects usually arise from infections, trauma, 
congenital malformations, tumor resection and 
reconstructive surgery[1]. The prevalence of fractures 
was found to be 21% in a cross-sectional study done to 
investigate fracture risk among older persons living in 
geriatric facilities in Egypt[2]. Recurrent falls were the most 
common risk factor for fractures (49%) overall.

Delayed or non-union of bone defects may be affected 
by multiple risk factors including old age, smoking, genetic 
disorders, metabolic disorders and nutritional deficiencies. 
Non-unions are challenging to treat; therefore, all strategies 
aim to reduce healing time to improve the prognosis and 
allow patients to resume their normal life activities[3].

Regenerative medicine has been introduced to enhance 
bone defects’ healing. Mesenchymal stem cells (MSCs) 
are the osteoblastic lineage cells’ progenitors and are 
characterized by their great ability to regenerate multiple 
mesenchymal tissues[4,5].

Dental MSCs are regarded as one of the most promising 
safe non-invasive sources of human stem cells[6]. Still 
multiple reasons to be concerned as these cells are not 
yet fit for experimental purpose. As in vitro expansion 
culture conditions might affect their regenerative ability 
as oxygen, glucose concentration and pH levels[7,8]. Safe 
and effective engraftment of transplanted cells in the host 
is questionable, due to the immune response triggering 
leading to the rejection of transplanted cells or worsening 
of the disease state[9,10]. Furthermore, anticipated oncogenic 
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potential of cultured stem cells due to in vitro genetic 
manipulation should be considered[11]. 

Thus, there is an increased interest in the MSCs’ 
secretome (which includes exosomes, large extracellular 
vesicles and microvesicles) as an alternative treatment 
modality[12]. The secretome has less immunogenicity due 
to lower cell surface protein expression[13] and could be 
produced at higher rates[14]. 

Interestingly, human dental pulp stem cells’ (hDPSCs’) 
secretome has stronger neurotrophic, angiogenic, 
antiapoptotic, neurite outgrowth, migratory activity and 
immunomodulatory effects than the secretome of bone 
marrow mesenchymal stem cells[15,16]. 

hDPSCs’ secretome promotes nerve regeneration, 
by increased colony formation and neurite extension, 
which leads to appropriate neuronal differentiation and 
maturation[16,17]. It enhances proliferation, migration and 
mineralization potential of hDPSCs in vitro, and stimulates 
anti-aging action[18]. Yet, to the best of our knowledge, 
there are no studies assessing the efficiency of hDPSCs’ 
secretome in bone healing. Therefore, this study aimed 
to assess the bone regenerative potential of hDPSCs’ 
secretome in rabbits’ tibial bone defects. 

MATERIALS AND METHODS                                            

Experimental animals
Forty-two male New Zealand white rabbits that 

weigh around two and half to three and half kilograms 
were utilized in this study. The entire experimental 
procedures were carried out after ethical approval from the 
Institutional Animal Care and Use Committee (IACUC) – 
Cairo University. Approval number (CU/III/F/58/19) 

Sample size
To evaluate the bone regenerative potential of hDPSCs’ 

secretome in rabbits’ tibial bone defects, area percentage 
of newly formed bone was measured. It was found that 
21 bone defects for each duration (seven rabbits per each 
group) was an adequate sample size for histomorphometric 
analysis of area percentage of newly formed bone with 
total sample size 42 defects (three weeks and six weeks). 
For qRT-PCR analysis, the same number of rabbits was 
use, with total of 42 bone defects for each outcome. This 
sample size was sufficient to detect an effect size of 0.74 
with an 80% power, and α error probability =0.05. G power 
software was used to determine the proper sample size.

The magnitude of the detected effect was calculated 
from the scientific literature using the mean and standard 
deviation (SD) of concerning variable[19].
Materials

Scaffold

Collagen scaffolds (collacone, Bottiss dental, Germany) 
were purchased and cut during the surgical procedure into 
equal pieces about 5-6 mm using sterile scissors to fit in the 
surgically-induced defects.

Preparation of hDPSCs’ secretome

hDPSCs’ secretome was prepared at the Stem Cell Lab, 
National Research Centre. hDPSCs at the fifth passages 
were grown till reaching confluency of 60%; then the 
culture medium was shifted to serum deprived DMEM 
resulting in starvation of cells were for a whole day. 
Amicon Ultra-15 centrifugal filter unit with an ultracel-3 
membrane (Millipore, Billerica, MA) was used to collect 
and concentrate the medium about 40-fold. Then, 10 μL/mL 
halt protease inhibitor cocktail (Thermo Scientific, USA) 
was applied to the secretome that has been collected[20].

Coomassie (Bradford) protein assay kit (Thermo 
Scientific, USA) was used to determine the concentration 
of protein. The final protein concentration used was 3 μg/
ml[21].

Tibial bone defects induction and animal grouping
All the surgical procedures were carried out while 

rabbits being under general anaesthesia using ketamine 
chlorhydrate (0.08 mL/100 gm body weight) combined 
with xylazine 2% (0.04 mL/100 gm body weight)[22].

Each rabbit received two tibial bone defects. Iodate 
alcohol was used to disinfect the tibiae before being shaved 
under sterile conditions. In the medial direction, a two-
three cm cutaneous incision was created until the proximal 
ends of the tibiae were exposed, then the periosteum was 
raised. A bone defect with a diameter of six mm was created 
using a round surgical carbide bur (Meisinger, Germany) 
attached to a low-speed hand piece connected to a 2000-
rpm micro-motor while being irrigated constantly using a 
solution of saline to avoid excessive heating till reaching 
the medullary canal[23].

The defects were classified into three groups. For 
group A, the bone defects were left for spontaneous 
healing (negative control group). The collagen scaffold 
was either immediately placed in the bone defects (group 
B; collagen scaffold group) or immersed in 500 μl of 
previously prepared hDPSCs’ secretome for at least five 
minutes before being applied into bone defects (group 
C; (hDPSCs’ secretome group) (Table 1). The collagen 
scaffold was adapted to the defect using a sterile tweezer 
and then covered with the periosteum and muscles. Then 
resorbable #4.0 catgut was used for suturing. Finally, to 
avoid leakage of materials, interrupted #4.0 silk sutures 
were used to suture the skin[24,25].

Group Number of defects Intervention Euthanization 
date

Group A (negative control group) 28 (14 for each 
outcome) Defects were left to heal spontaneously 14 
defects were dissected at three weeks and the other 14 at 
six weeks

Group B (collagen scaffold group) 28 (14 for each 
outcome) Defects received collagen scaffold only 14 
defects were dissected at three weeks and the other 14 at 
six weeks
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Group C (hDPSCs’ secretome group) 28 (14 for each 
outcome) Defects received hDPSCs’ secretome loaded on 
collagen scaffold 14 defects were dissected at three weeks 
and the other 14 at six weeks

Table 1: Showing animal grouping

Group A 
(negative 

control group)

28 (14 
for each 

outcome)

Defects were 
left to heal 

spontaneously

14 defects were 
dissected at 

three weeks and 
the other 14 
at six weeks

Group B 
(collagen 

scaffold group)

28 (14 
for each 

outcome)

Defects received 
collagen 

scaffold only

14 defects were 
dissected at 

three weeks and 
the other 14 
at six weeks

Group C 
(hDPSCs’ 
secretome 

group)

28 (14 
for each 

outcome)

Defects received 
hDPSCs’ 

secretome loaded 
on collagen 

scaffold

14 defects were 
dissected at 

three weeks and 
the other 14 
at six weeks

Postoperative care
Immediately after the surgical procedures, the rabbits 

received systemic antibiotic Amikacin at a dose of 15 
mg/kg every 12 hours intramuscularly for one week[26]. 
Additionally, the rabbits received Ketofan® (1 mg/
kg) per day as an analgesic[27]. The animals were free to 
move in their cages with no external support during the 
postoperative stage. Throughout the study, the animals 
were checked for limb fractures, illness, and any adverse 
effects. If any were detected, the animals were discarded. 

Half of the rabbits was euthanized after three weeks 
and the other half was euthanized after six weeks from the 
start of the experiment[28]. Euthanization was carried out 
by an overdose of Ketamine/Xylazine mixture injected 
intraperitoneally[29]. The tibiae were dissected and soft 
tissues were removed. Under continuous irrigation, bone 
specimens from each group, including the defect, were 
sliced using a disc with caution to include the whole defect 
site. 

Histological and Histomorphometric assessment
For 48 hours, bone specimens of the primary assigned 

to obtain the area percentage of newly formed bone 
were fixed in 10% calcium formol solution followed by 
immersion in a solution of 10% EDTA for around four-
five weeks to achieve proper demineralization. Then the 
samples were embedded into paraffin blocks after being 
dehydrated in increasing concentrations of alcohol and 
cleaned by xylol. Hematoxylin and eosin (H&E) and 
Masson's trichrome (MT) staining were employed to stain 
successive 5-6 μm paraffin cross sections.

The area percentage of the bone trabeculae that were 
newly formed was measured in the H&E stained sections, 
while MT stained sections were used to measure the mature 
bone area percentage. The histomorphometric data were 
obtained using image analysis software Image J using an 
objective lens of magnification x20 non-overlapping fields 

from H&E-stained and MT sections respectively from each 
specimen. 

qRT-PCR analysis for osteocalcin
The mRNA levels of osteocalcin were analyzed as 

follows; qRT-PCR was used to determine total RNA 
containing genes. RNAs were isolated by Qiagen tissue 
extraction kit (Qiagen, USA). High capacity cDNA 
reverse transcription kit from Fermentas, USA) was 
used to generate cDNA, and qRT-PCR was performed 
utilising an ABI 7600 Fast Thermocycler with SYBR 
Green (BioWhittaker Molecular Application, Rockland, 
ME, USA). The expression of the osteocalcin gene was 
normalized in relation to the mean critical threshold (CT) 
values of the mRNA for β -actin as an internal control by 
the ΔΔCt technique. Primers for osteocalcin and β-actin are 
listed in Table (2).

Table 2: Primers’ sequence specific for each gene

Primer sequence

β-actin Forward primer :5’- AGA CCT GTA CGC CAA CAC AG -3’

Reverse primer: 5’-  CGA TCC ACA CGG AGT ACT TG -3’

Osteocalcin Forward primer: 5’- GGGCAATAAGGTAGTGAACAG -3’

Reverse primer: 5’-  GCAGCACAGGTCCTAAATAGT -3’

Statistical analysis
Statistics was used to statistically express the results 

of the histomorphometric investigation as mean and 
SD values. To evaluate different follow up times within 
the same group, a two-way ANOVA test was employed. 
Tukey’s post hoc test was then performed to assess several 
comparisons between each two groups. The level of 
significance was set at p < 0.05. The previous statistical 
tests were conducted using IBM SPSS 18.0 (Statistical 
Package for Scientific Studies, SPSS, Inc., Chicago, IL, 
USA).

RESULTS                                                                                       

There weren’t any discarded animals till the end of the 
study as there wasn’t any limb fractures, illness or other 
adverse effects. So, the whole sample size was used to 
obtain the results.

Histological (H & E and MT stains) results
H & E stain

Three weeks following the surgery, the spontaneously 
healed bone defects and the defects that received collagen 
scaffold only were almost filled with granulation tissue 
with the parent bone edges hanging on both sides                               
(Figure 1A,B). 

New bone formation (woven bone) was evident only at 
the bottom and the sides of the defects as dispersed bony 
spicules in groups A and B. However, the woven bone was 
more organized in group B. Chronic inflammatory cell 
infiltration and blood vessels were observed within the 
granulation tissue in addition to many adipocytes in the 
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medullary cavity of groups A and B. Moreover, collagen 
scaffold remnants were observed in group B. On the 
flip side, the defects in group C were almost filled with 
interconnected network of thin newly formed woven bone 
trabeculae. Partial regeneration of the periosteum was 
noticed in this group as well (Figure 1C). 

Six weeks postoperatively, defects in group A were still 
entirely filled with granulation tissue with the parent bone 
edges extending from both sides, nevertheless, there was 
a minimal increase in the quantity of the newly formed 
bone. Multiple reversal lines as well as resting lines were 
observed. Group B revealed considerable amounts of 
thickened newly formed bone trabeculae that grew on the 
defect margins and center trying to bridge the surgical 
defect forming a trabecular network with interconnected 
marrow cavities lined by osteoblasts in many areas. 
Periosteum was reformed and connected to the margins 
of the parent bone. Group C showed more organized thick 
trabecular bone with osteoblast lining the marrow cavities 
filling the entire defect. Haversian system (osteonal pattern) 
and lamellar bone were seen denoting advancement in 
the healing process. Limited areas of woven bone were 
noticed. Reforming periosteum was noticed connected to 
that covering the old bone (Figure 1 D,E,F).

MT stain

MT-stained bone specimens were analyzed to assess 
bone maturation, MT stains collagen fibers and newly 
formed osteoid tissue in blue; however, the mature well-
mineralized bone was stained red (Figure 2).

Three weeks postoperatively, group C showed adequate 
stain reaction versus the other two groups. When it comes 
to the specimens at six weeks postoperatively, group C 
showed bone tissue with marked elevated maturation 
expressed in the red color and superior bone trabeculae 
arrangement while group A showed intense stain reaction 
with increased expression of the blue stain and group 
B revealed a moderate stain reaction. Overall, these 
observations were consistent with those from H&E-stained 
sections (Figure 2).

Histomorphometry analysis of H&E and MT stained 
sections

Histomorphometry analysis of H&E stained sections

Regarding bone area percent, two-way ANOVA 
revealed a statistically significantly greater mean value in 
group C in relation to groups A and B within both timelines 
(three and six weeks postoperatively) (P<0.05). Within the 
three weeks’ time, pair wise comparison demonstrated 
significantly higher mean area percent in group C in 

relation to both groups B and A, additionally higher mean 
area percent was detected in group B as compared to group 
A. Regarding the six weeks’ time, a significantly higher 
mean area percent was recorded in group C in relation to 
both groups B and A, while the difference between groups 
B and A was insignificant (Figure 3). Within each group, a 
statistically significant improvement in the area percent of 
bone was observed in groups A and C within the six weeks’ 
time interval as compared to the three weeks’ time interval, 
while the difference between three weeks and six weeks for 
group B was insignificant (Figure 3).

Histomorphometry analysis of MT stained sections

According to two-way ANOVA test, group C presented 
statistically significantly higher mean area percent of 
mature bone in relation to group A and group B within 
both timelines (three and six weeks) (P<0.05). Within the 
three weeks’ time, pair wise comparison demonstrated a 
significantly higher mean area percent of mature bone in 
group C in relation to both group B and group A, also higher 
mean area percent of mature bone was detected in group B 
in comparison to group A. Regarding the six weeks’ time, 
the mature bone area percent was significantly higher in 
group C in relation to both group B and group A, as well as 
in group B in relation to group A (Figure 4).

A statistically significant improvement in mature bone 
area percent was detected in the three groups within the 
six weeks’ time in comparison to the three weeks’ time     
(Figure 4).

Evaluation of genetic expression of osteocalcin 
using qRT-PCR

qRT-PCR analysis showed that there was an increase in 
osteocalcin levels from three to six weeks in all groups. It 
was evident that group C had the highest osteocalcin levels 
followed by groups B and A, either at three weeks or six 
weeks.

Two-way ANOVA testing revealed that the gene 
expression was significantly greater in group C as 
compared to groups B and A within both time periods 
(three and six weeks) (P<0.05). Within both time intervals, 
gene expression was significantly higher in group C as 
compared to both groups B and A as well as in group B as 
compared to group A.

A statistically significant increase in osteocalcin gene 
expression was detected within six weeks’ as compared 
to three weeks’ in groups B and C, while the difference 
between the three weeks and six weeks for group A was 
insignificant (Figure 5).
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Fig. 1: photomicrographs showing sections of all groups at both time intervals;

A (group A at 3 weeks): defects filled with granulation tissue with few areas of woven bone, B (group B at 3 weeks): granulation tissue filling the defects 
and some woven bone at the defects’ edges, C (group C at 3 weeks): woven bone trabeculae filling the defect entirely, D (group A at 6 weeks): thin woven 
bone trabeculae lined by osteoblasts, E (group B at 6 weeks): thin woven bone trabeculae outlining indefinite bone marrow cavities lined by osteoblasts, and 
F (group C at 6 weeks): well organized newly formed bone filled the defect with islands of woven bone and some areas of osteon formation. wb: woven bone, 
pb: parent bone, black arrow: osteocytes, yellow arrow: osteoblasts, blue star: inflammatory cells, green arrow: adipocytes, black star: osteon, P: periosteum, 
yellow star: extravasated RBCs, green star: collagen fiber bundles, bm: bone marrow cavities, blue arrow: collagen scaffold remnants, bv: blood vessel. (H&E, 
orig. Mag.X20)
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Fig. 2: photomicrographs showing sections of all groups at both time intervals;

Immature newly formed bone was stained in blue (IM) while mature newly formed bone was stained in red (M). A & D: group A at 3&6 weeks respectively, 
B & E: group B at 3&6 weeks respectively, C& F: group C at 3&6 weeks respectively. (M): mature newly formed bone; (IM): immature newly formed bone. 
(MT, orig. Mag.X20)

Fig. 3: Bar chart showing mean value of newly formed bone area percent 
with SD error bars. Significance level P<0.05, *significant.

Fig. 4: Bar chart showing mean value of mature bone area percentage 
with SD error bars. Significance level P<0.05, *significant.
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Fig. 5: Bar chart showing mean value of qRT-PCR analysis of osteocalcin 
with SD error bars. Significance level P<0.05, *significant.

DISCUSSION                                                                             

Natural body processes usually fail to heal severe bone 
injury which dictates clinical intervention. Every year, 
four million people throughout the world require bone 
transplantation or bone replacement surgery[30]. Several 
strategies have been used to restore bone defects they 
are deemed a major problem affecting the patient’s life 
quality[31,32]. 

In the present study, collagen sponge was the scaffold 
of choice for the hDPSCs’ secretome owing to its 
biocompatibility, safety, low immunogenicity, hemostatic 
effect as well as promoting bone regeneration by preserving 
space for bone growth and acting as a delivery vehicle for 
the secretome[33,34]. Collagen sponge was also chosen as it is 
one of the natural main components of bone[35]. Previously, 
collagen has been used successfully as a scaffold for bone 
morphogenic protein-2 to achieve bone regeneration where 
the effect of collagen itself was obvious in terms of better 
bone response when compared to spontaneously healed 
defects. However, its osteogenic ability was poor when 
used on its own compared to being combined with bone 
morphogenic protein -2[36,37].

Thus, the present work attempted to investigate the bone 
regenerative potential of hDPSCs’ secretome in rabbits’ 
tibial bone defects by histological examination in addition 
to histomorphometric analysis to the area percentage of 
newly formed bone and bone maturation using H&E and 
MT stained sections respectively.

At both intervals, hDPSCs’ secretome on collagen 
scaffolds loaded bone defects (group C) showed better bone 
regenerative capacity than the scaffold alone (group B) or 
the spontaneously healing (group A) defects. Histologically, 
groups C presented closure of the defect with densely 
packed bone tissue having osteonal and non-osteonal 
pattern of bone lamellae six weeks postoperatively. Our 
results came in line with Buss et al, 2023[38] who reported 
that lyophilized secretome from hDPSCs resulted in better 
bone regeneration in clavarial bone defects as compared to 
xenografts 14 and 42 days after the surgery. It was reported 
that bone remodeling starts once newly formed bone tissue 
completely bridges the bone defect area, which was noticed 
in group C in this study[39].

Interestingly, histomorphometric results revealed 
significantly higher bone area percentage as well as a higher 
degree of bone maturation in H&E and MT-stained sections 
of group C when compared to the other two groups. Those 
superior results of hDPSCs’ secretome were in accordance 
with a study that showed that mandibular cartilage lesions 
of mice were improved by using intravenous injection 
of hDPSCs’ secretome. They reported a decrease in 
interleukin 1-beta (IL-1β) and matrix metalloproteinase-13 
levels in the secretome-treated group when in relation to 
the control group. Moreover, a decline in inflammatory 
cytokines and matrix-degrading factors levels was noticed 
which indicated inhibition of degradation of cartilage 
matrix. Moreover, there was an increase in the levels of 
proliferating cell nuclear antigen-positive cells in the group 
treated by secretome compared to the control group, which 
demonstrates signaling and cell division stimulation[40]. 

Periosteum was reformed partially in group C at three 
weeks and almost completely at six week postoperatively. 
This finding might explain the superior results in this 
group as it was proved that within two weeks of treatment 
with periosteum substitute through delivering periosteal 
factors, the periosteum pluripotent cells, which have 
excellent regenerative abilities, can fill in bone defects 
in the bovine femur[41]. While no signs of periosteum 
regeneration at three weeks in groups A and B. At six 
weeks postoperatively, partially reformed periosteum in 
group B only was observed. Furthermore, in accordance 
with our results that showed increase in the degree of bone 
maturation in MT stained sections of group C, a study 
reported that secretome derived from human exfoliated 
deciduous teeth increase the amount of newly formed bone 
as well as the degree of bone maturation as revealed by 
H&E and MT stain[42].

Regarding qRT-PCR of this study, our findings were 
consistent with those of an earlier study that evaluated 
osteocalcin levels after guided tissue regeneration in 
tibia of rats at six, eight and ten days. They demonstrated 
that while osteocalcin mRNA levels in the control group 
steadily increased over time, they dramatically increased in 
the experimental group. They suggested that these results 
could be due to accelerated osteogenic cell differentiation 
in the experimental group. Elevated levels of osteocalcin 
mRNA could be explained by higher number of cells 
differentiating from pre-osteoblasts to osteoblasts[43].

The therapeutic effect of hDPSCs’ secretome could 
be achieved through the elimination of inflammation 
and matrix-degradation factors thus preventing the pro-
inflammatory phase from proceeding to the inflammatory 
phase. hDPSCs’ secretome promotes the expression of 
the macrophage M2 gene which is characterized by its 
paracrine activity in promoting cell survival, enhancing 
repair of axons, producing angiogenesis factors and 
preventing fibrosis[44].

The regenerative effect of hDPSCs’ secretome is 
suggested to be attained through regulating several processes 
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as neuroprotective, anti-inflammatory, antiapoptotic and 
angiogenic processes which make them good candidates 
for bone repair[45,46]. It inhibits the expression of pro-
inflammatory cytokines which include tumour necrosis 
factor alpha, IL-1β, IL-4, IL-6, IL-13, IL-17, IL-18 and 
interferon gamma as reviewed in[15,17]. In addition to 
increasing expression of anti-apoptotic B cell lymphoma-2 
in parenchymal cells, the secretome of hDPSCs inhibits the 
production of pro-apoptotic proteins such as p53 and B cell 
lymphoma-2 Associated X-protein[20,47,48].

Indeed, hDPSCs’ secretome displays a high expression 
of proangiogenic factors such as fibroblast growth factor, 
granulocyte macrophage colony stimulating factor, insulin 
derived growth factor-1, vascular endothelial growth 
factor, platelet derived growth factor, transforming 
growth factor β1 and IL-8 that bind to their corresponding 
receptors on endothelial cells, leading to their proliferation 
which improve angiogenesis during process of tissue 
repair[15,17,20,49]. Particularly, the high expression of vascular 
endothelial growth factor shows a direct impact of hDPSCs’ 
secretome on angiogenesis[49,50].

Furthermore, hDPSCs’ secretome contains bone 
morphogenic protein-7 and dentin sialophosphoprotein 
that play a crucial role in new bone formation and 
mineralization[51]. It has been suggested that hDPSCs’ 
secretome enhances osteogenesis by stimulating the 
differentiation and proliferation of MSCs in addition 
to their migration and mineralization potential through 
transforming growth factor-β1 as well as upregulation of 
osteogenic genes expression such as osterix, osteopontin 
and osteocalcin[52,53].
CONCLUSION                                                                                

hDPSCs’ secretome loaded on collagen scaffold 
showed a superior pattern of bone regeneration, in 
comparison to the spontaneously healed (negative control) 
defects and defects that received collagen scaffold only, 
confirming their regenerative osteogenic potential. 
Therefore, hDPSCS’ secretome is able to repair tibial bone 
defects, making it a promising regenerative tool in clinical 
applications.

ACKNOWLEDGEMENTS                                                           
The authors are very grateful to Dr. Israa Ahmed 

Radwan for performing the statistical analysis and endless 
work dedication.
CONFLICT OF  INTERESTS                                              

There are no conflicts of interest.
REFERENCES                                                                             
1.	 Dimitriou R, Jones E, McGonagle D, Giannoudis 

PV: Bone regeneration: current concepts and future 
directions. BMC medicine. (2011) 9(1):1-0. https://
doi.org/10.1186/1741-7015-9-66

2.	 El-Kawaly WH, Amer MS, Hamza SA, Arif ER: 
Fracture risk assessment in geriatric homes in Egypt. 
Indian J Med Res Pharmaceutical Sci. (2016) 3(10):4-
14. https://doi.org/10.5281/zenodo.159668

3.	 Hak DJ, Fitzpatrick D, Bishop JA, Marsh JL, Tilp 
S, Schnettler R, Simpson H, Alt V: Delayed union 
and nonunions: epidemiology, clinical issues, and 
financial aspects. Injury. (2014) 45:3-7. https://doi.
org/10.1016/j.injury.2014.04.002

4.	 Khatri R, Petry SF, Linn T: Intrapancreatic MSC 
transplantation facilitates pancreatic islet regeneration. 
Stem Cell Research & Therapy. (2021) 12:1-4. https://
doi.org/10.1186/S13287-021-02173-4

5.	 Zha K, Sun Z, Yang Y, Chen M, Gao C, Fu L, Li H, 
Sui X, Guo Q, Liu S:  Recent developed strategies 
for enhancing chondrogenic differentiation of 
MSC: impact on MSC-based therapy for cartilage 
regeneration. Stem Cells International. (2021) 2021:1-
15. https://doi.org/10.1155/2021/8830834

6.	 Gugliandolo A, Fonticoli L, Trubiani O, Rajan TS, 
Marconi GD, Bramanti P, Mazzon E, Pizzicannella 
J, Diomede F: Oral bone tissue regeneration: 
mesenchymal stem cells, secretome, and biomaterials. 
International Journal of Molecular Sciences. (2021) 
22(10):5236. https://doi.org/10.3390/ijms22105236

7.	 Mamidi MK, Pal R, Dey S, Abdullah BJ, Zakaria 
Z, Rao MS, Das AK: Cell therapy in critical limb 
ischemia: current developments and future progress. 
Cytotherapy. (2012) 14(8):902-16. https://doi.org/10.
3109/14653249.2012.693156

8.	 Ratajczak MZ, Kucia M, Jadczyk T, Greco NJ, 
Wojakowski W, Tendera M, Ratajczak J: Pivotal 
role of paracrine effects in stem cell therapies in 
regenerative medicine: can we translate stem cell-
secreted paracrine factors and microvesicles into better 
therapeutic strategies?. Leukemia. (2012) 26(6):1166-
73. https://doi.org/10.1038/LEU.2011.389

9.	 Chuang TJ, Lin KC, Chio CC, Wang CC, Chang 
CP, Kuo JR: Effects of secretome obtained from 
normoxia-preconditioned human mesenchymal stem 
cells in traumatic brain injury rats. Journal of Trauma 
and Acute Care Surgery. (2012) 73(5):1161-7. https://
doi.org/10.1097/TA.0B013E318265D128

10.	 Osugi M, Katagiri W, Yoshimi R, Inukai T, Hibi H, 
Ueda M: Conditioned media from mesenchymal 
stem cells enhanced bone regeneration in rat calvarial 
bone defects. Tissue Engineering part A. (2012) 
18(13-14):1479-89. https://doi.org/10.1089/TEN.
TEA.2011.0325

11.	 Baglio SR, Pegtel DM, Baldini N: Mesenchymal stem 
cell secreted vesicles provide novel opportunities in 
(stem) cell-free therapy. Frontiers in Physiology. (2012) 
3:359. https://doi.org/10.3389/FPHYS.2012.00359

12.	 Gnecchi M, He H, Liang OD, Melo LG, Morello F, Mu 
H, Noiseux N, Zhang L, Pratt RE, Ingwall JS, Dzau 
VJ: Paracrine action accounts for marked protection 
of ischemic heart by Akt-modified mesenchymal stem 
cells. Nature Medicine. (2005) 11(4):367-8. https://
doi.org/10.1038/NM0405-367



1226

HDPSCS' SECRETOME ENHANCES BONE REGENERATION

13.	 Vizoso FJ, Eiro N, Cid S, Schneider J, Perez-Fernandez 
R: Mesenchymal stem cell secretome: toward cell-
free therapeutic strategies in regenerative medicine. 
International Journal of Molecular Sciences. (2017) 
18(9):1852. https://doi.org/10.3390/ijms18091852

14.	 Teixeira FG, Panchalingam KM, Assunção-Silva R, 
Serra SC, Mendes-Pinheiro B, Patrício P, Jung S, Anjo 
SI, Manadas B, Pinto L, Sousa N: Modulation of the 
mesenchymal stem cell secretome using computer-
controlled bioreactors: impact on neuronal cell 
proliferation, survival and differentiation. Scientific 
Reports. (2016) 6(1):27791. https://doi.org/10.1038/
SREP27791

15.	 El Moshy S, Radwan IA, Rady D, Abbass MM, El-
Rashidy AA, Sadek KM, Dörfer CE, El-Sayed KM: 
Dental stem cell-derived secretome/conditioned 
medium: the future for regenerative therapeutic 
applications. Stem Cells International. (2020) 2020: 
7593402. https://doi.org/10.1155/2020/7593402

16.	 Murakami M, Hayashi Y, Iohara K, Osako Y, Hirose 
Y, Nakashima M: Trophic effects and regenerative 
potential of mobilized mesenchymal stem cells 
from bone marrow and adipose tissue as alternative 
cell sources for pulp/dentin regeneration. Cell 
Transplantation. (2015) 24(9):1753-65. https://doi.
org/10.3727/096368914X683502

17.	 Sultan N, Amin LE, Zaher AR, Scheven BA, Grawish 
ME: Dental pulp stem cells: Novel cell-based and 
cell-free therapy for peripheral nerve repair. World 
Journal of Stomatology. (2019) 7(1):1-9. https://doi.
org/10.5321/wjs.v7.i1.1

18.	 Kumar A, Mahajan A, Kumari P, Singh J, Raik S, 
Saha L, Pal A, Medhi B, Rattan V, Bhattacharyya 
S: Dental pulp stem cell secretome ameliorates d‐
galactose induced accelerated aging in rat model. Cell 
Biochemistry and Function. (2022) 40(5):535-45. 
https://doi.org/10.1002/cbf.3723

19.	 Acar AH, Yolcu Ü, Gül M, Keleş A, Erdem NF, 
Kahraman SA: Micro-computed tomography and 
histomorphometric analysis of the effects of platelet-
rich fibrin on bone regeneration in the rabbit calvarium. 
Archives of Oral Biology. (2015) 60(4):606-14. 
https://doi.org/10.1016/j.archoralbio.2014.09.017

20.	 Ahmed NE, Murakami M, Hirose Y, Nakashima 
M: Therapeutic potential of dental pulp stem cell 
secretome for Alzheimer’s disease treatment: an in 
vitro study. Stem Cells International. (2016) 2016: 
8102478. https://doi.org/10.1155/2016/8102478

21.	 Mita T, Furukawa-Hibi Y, Takeuchi H, Hattori H, 
Yamada K, Hibi H, Ueda M, Yamamoto A: Conditioned 
medium from the stem cells of human dental pulp 
improves cognitive function in a mouse model of 
Alzheimer’s disease. Behavioural Brain Research. 
(2015) 293:189-97. https://doi.org/10.1016/j.
bbr.2015.07.043

22.	 Doostmohammadi A, Karimzadeh Esfahani Z, 
Ardeshirylajimi A, Rahmati Dehkordi Z: Zirconium 
modified calcium‐silicate‐based nanoceramics: An 
in vivo evaluation in a rabbit tibial defect model. 
International Journal of Applied Ceramic Technology. 
(2019) 16(2):431-7. https://doi.org/10.1111/ijac.13076

23.	 Delgado-Ruiz RA, Calvo-Guirado JL, Abboud M, 
Ramirez-Fernández MP, Maté-Sánchez JE, Negri 
B, Won A, Romanos G: Porous titanium granules in 
critical size defects of rabbit tibia with or without 
membranes. International Journal of Oral Science. 
(2014) 6(2):105-10. https://doi.org/10.1038/
ijos.2014.6

24.	 Gholami G., Kadkhodaza M, Tehranchi M. and 
Mashhadiab M: Histologic and Histomorphometric 
Evaluation of Bone Substitutes in Experimental 
Defects. Research Journal of Biological Sciences. 
(2010) 5(7):465–9. https://doi.org/10.3923/
RJBSCI.2010.465.469

25.	 Azmat CE, Council M: Wound Closure Techniques. 
StatPearls Publishing. (2022) https://www.ncbi.nlm.
nih.gov/books/NBK470598/

26.	 Abdel Aziz E, Elsayyad A, Ahmed A, Essa K, Hamed 
E: Depletion of Amikacin Residues in Fresh, Boiled 
and Frozen Rabbit’s Tissues Using High Performance 
Liquid Chromatography. Zagazig Veterinary Journal. 
(2022) 50(2):107–15. https://doi.org/10.21608/
zvjz.2022.120933.1171

27.	 Delan W, Elsaadany B, Fares A, ElMeshad A, 
Mamdouh W, Zakaria M: Histomorphometric 
analysis of bone formation after using simvastatin 
chitosan nanoparticles as a local delivery system in 
periodontal bony defects in rabbits. Advanced Dental 
Journal. (2021) 3(3):109-19. https://doi.org/10.21608/
adjc.2021.74327.1097

28.	 Walsh WR, Oliver RA, Christou C, Lovric V, Walsh 
ER, Prado GR, Haider T: Critical size bone defect 
healing using collagen–calcium phosphate bone graft 
materials. PloS one. (2017) 12(1):e0168883. https://
doi.org/10.1371/journal.pone.0168883

29.	 Swindle MM, Vogler GA, Fulton LK, Robert P. Marini 
A, Popilskis S: Preanesthesia, Anesthesia, Analgesia, 
and Euthanasia. In: Laboratory Animal Medicine 
(Second Edition) Elsevier Inc.: (2002) 955–1003. 
https://doi.org/10.1097/JDN.0000000000000436

30.	 Quarto R and Giannoni P: Bone tissue engineering: 
past–present–future. Mesenchymal Stem Cells: 
Methods and Protocols. (2016) 1416:21-33. https://
doi.org/10.1007/978-1-4939-3584-0_2

31.	 Dang M, Saunders L, Niu X, Fan Y, Ma PX: Biomimetic 
delivery of signals for bone tissue engineering. Bone 
Research. (2018) 6(1):25. https://doi.org/10.1038/
s41413-018-0025-8



1227

Eldin et. al.,

32.	 Arthur A and Gronthos S: Clinical application of bone 
marrow mesenchymal stem/stromal cells to repair 
skeletal tissue. International Journal of Molecular 
Sciences. (2020) 21(24):9759. https://doi.org/10.3390/
ijms21249759

33.	 d’Avanzo N, Bruno MC, Giudice A, Mancuso A, Gaetano 
F De, Cristiano MC, Paolino D, Fresta M: Influence 
of Materials Properties on Bio-Physical Features 
and Effectiveness of 3D-Scaffolds for Periodontal 
Regeneration. Molecules. (2021) 26(6):1643. https://
doi.org/10.3390/molecules26061643

34.	 Shimoji S, Miyaji H, Sugaya T, Tsuji H, Hongo T, 
Nakatsuka M, Uz Zaman K, Kawanami M: Bone 
perforation and placement of collagen sponge facilitate 
bone augmentation. Journal of Periodontology. 
(2009) 80(3):505-11. https://doi.org/10.1902/
JOP.2009.080511

35.	 Xue N, Ding X, Huang R, Jiang R, Huang H, Pan 
X, Min W, Chen J, Duan JA, Liu P, Wang Y: Bone 
Tissue Engineering in the Treatment of Bone Defects. 
Pharmaceuticals (Basel). (2022) 15(7):879. https://
doi.org/10.3390/ph15070879

36.	 Coomes AM, Mealey BL, Huynh‐Ba G, Barboza‐
Arguello C, Moore WS, Cochran DL: Buccal bone 
formation after flapless extraction: a randomized, 
controlled clinical trial comparing recombinant 
human bone morphogenetic protein 2/absorbable 
collagen carrier and collagen sponge alone. Journal 
of Periodontology. (2014) 85(4):525-35. https://doi.
org/10.1902/JOP.2013.130207

37.	 Geiger M, Li RH, Friess W: Collagen sponges for 
bone regeneration with rhBMP-2. Advanced Drug 
Delivery Reviews. (2003) 55(12):1613-29. https://doi.
org/10.1016/j.addr.2003.08.010

38.	 Buss LF, de Martin GS, Martinez EF, Filgueiras 
IA, Magnabosco JL, Alves BF, de Macedo Almeida 
B, Kotaka T, Teixeira ML, Ferreira JR, Rocha 
DN: Conditioned Media from Human Pulp Stem 
Cell Cultures Improve Bone Regeneration in Rat 
Calvarial Critical-Size Defects. Journal of Functional 
Biomaterials. (2023) 14(8):396. https://doi.
org/10.3390/jfb14080396

39.	 Rumpel, E., Wolf, E., Kauschke, E., Bienengräber, 
V., Bayerlein, T., Gedrange, T., & Proff, P: The 
biodegradation of hydroxyapatite bone graft 
substitutes in vivo. Folia Morphologica. (2008) 65(1), 
43–8. https://pubmed.ncbi.nlm.nih.gov/16783735/

40.	 Ogasawara N, Kano F, Hashimoto N, Mori H, Liu 
Y, Xia L, Sakamaki T, Hibi H, Iwamoto T, Tanaka 
E, Yamamoto A: Factors secreted from dental pulp 
stem cells show multifaceted benefits for treating 
experimental temporomandibular joint osteoarthritis. 
Osteoarthritis Cartilage. (2020) 28(6):831–41. https://
doi.org/10.1016/J.JOCA.2020.03.010

41.	 Knothe Tate ML, Chang H, Moore SR, Knothe UR: 
Surgical membranes as directional delivery devices to 
generate tissue: testing in an ovine critical sized defect 
model. PloS one. (2011) 6(12):e28702. https://doi.
org/10.1371/JOURNAL.PONE.0028702

42.	 Hiraki T, Kunimatsu R, Nakajima K, Abe T, Yamada 
S, Rikitake K, Tanimoto K: Stem cell‐derived 
conditioned media from human exfoliated deciduous 
teeth promote bone regeneration. Oral Diseases. (2020) 
26(2):381-90. https://doi.org/10.1111/odi.13244

43.	 Tanaka S, Matsuzaka K, Sato D, Inoue T:  
Characteristics of newly formed bone during guided 
bone regeneration: analysis of cbfa-1, osteocalcin, 
and vegf expression. Journal of Oral Implantology. 
(2007) 33(6):321-326. https://doi.org/10.1563/1548-
1336(2007)33[321:confbd]2.0.co;2

44.	 Ishikawa J, Takahashi N, Matsumoto T, Yoshioka Y, 
Yamamoto N, Nishikawa M, Hibi H, Ishigro N, Ueda 
M, Furukawa K, Yamamoto A: Factors secreted from 
dental pulp stem cells show multifaceted benefits 
for treating experimental rheumatoid arthritis. 
Bone. (2016) 83:210-9. https://doi.org/10.1016/J.
BONE.2015.11.012

45.	 Luo L, He Y, Wang X, Key B, Lee BH, Li H, 
Ye Q:  Potential roles of dental pulp stem cells 
in neural regeneration and repair. Stem Cells 
International. (2018) 2018: 1731289. https://doi.
org/10.1155/2018/1731289

46.	 Man RC, Sulaiman N, Idrus RB, Ariffin SH, Wahab 
RM, Yazid MD: Insights into the effects of the dental 
stem cell secretome on nerve regeneration: towards 
cell-free treatment. Stem Cells International. (2019) 
2019: 4596150. https://doi.org/10.1155/2019/4596150

47.	 Nakayama H, Iohara K, Hayashi Y, Okuwa Y, Kurita 
K, Nakashima M: Enhanced regeneration potential 
of mobilized dental pulp stem cells from immature 
teeth. Oral Diseases. (2017) 23(5):620-8. https://doi.
org/10.1111/ODI.12619

48.	 Gwam C, Mohammed N, Ma X: Stem cell secretome, 
regeneration, and clinical translation: a narrative 
review. Annals of Translational Medicine. (2021) 
9(1):70. https://doi.org/10.21037/ATM-20-5030 

49.	 El-Sakhawy, M., Abd-El Mowla, S., Bashir, D: 
Evaluation of the Effect of Platelet Rich Fibrin (PRF) 
on Bone Regeneration in the Tibia of Diabetic Rats 
(Histological and Immunohistochemical Studies). 
Egyptian Journal of Histology. (2020) 43(3): 777-790. 
https://dx.doi.org/10.21608/ejh.2019.18897.1191

50.	 Makino E, Nakamura N, Miyabe M, Ito M, Kanada 
S, Hata M, Saiki T, Sango K, Kamiya H, Nakamura 
J, Miyazawa K: Conditioned media from dental pulp 
stem cells improved diabetic polyneuropathy through 
anti‐inflammatory, neuroprotective and angiogenic 
actions: cell‐free regenerative medicine for diabetic 
polyneuropathy. Journal of Diabetes Investigation. 
(2019) 10(5):1199-208. https://doi.org/10.1111/jdi.13045



1228

HDPSCS' SECRETOME ENHANCES BONE REGENERATION

51.	 Kumar A, Kumar V, Rattan V, Jha V, Bhattacharyya S: 
Secretome proteins regulate comparative osteogenic 
and adipogenic potential in bone marrow and dental 
stem cells. Biochimie. (2018) 155: 129–139. https://
doi.org/10.1016/j.biochi.2018.10.014

52.	 Brunello G, Zanotti F, Trentini M, Zanolla I, Pishavar 
E, Favero V, Favero R, Favero L, Bressan E, Bonora 
M, Sivolella, S, & Zavan, B: Exosomes Derived from 
Dental Pulp Stem Cells Show Different Angiogenic 
and Osteogenic Properties in Relation to the Age of 

the Donor. Pharmaceutics. (2022) 14(5):908. https://
doi.org/10.3390/pharmaceutics14050908 

53.	 Abdel Moneim, R., Mostafa, A., Abbass, M.: In 
Treating Glucocorticoids Induced Osteoporosis in 
Temporomandibular Joint of Albino Rats; Which 
are More Effective Microvesicles or Mesenchymal 
Stem Cells?. Egyptian Journal of Histology. (2020) 
43(3): 849-862. https://dx.doi.org/10.21608/
ejh.2020.20936.1213



1229

Eldin et. al.,

الملخص العربى

تجدد العظام و تمعدنها باستخدام سيكريتوم الخلايا الجذعيه من لب السنه
في العيوب العظميه في قصبة عظم الساق

لبني صلاح الدين1، دينا راضي1، نرمين المعتز بالله أحمد3، سماح السيد مهني1،2
قسم بيولوجيا الفم ، كلية طب الاسنان، 1جامعة القاهرة، 2جامعة الجلالة

3قسم علم وراثة الاسنان ، المركز القومي للبحوث

المقدمة:  تشكل كسور العظام عبئاً عالمياً على الصحة العامة حيث يوجد أكثر من 150 مليون إصابة بكسور العظام 
سنوياً. التأثير العلاجي للخلايا الجذعية الوسيطة يتم  عن طريق إفراز وإطلاق جزيئات تسمى "الإفراز". لا يوجد سوى 

عدد قليل من الدراسات التي قيمت تأثير الإفراز المشتق من الخلايا الجذعية الوسيطة في شفاء العظام وتجديدها.
الجذعية للب  الخلايا  المشتق من  التجديدية للافراز  للتحقيق في الإمكانات  الدراسة  تم تصميم هذه  العمل:  الهدف من 

الأسنان البشرية على عيوب عظام الظنبوب للأرانب عند المتابعة لمدة ثلاثة وستة أسابيع.
المواد و طرق البحث: تلقي  42 من الأرانب 84 عيوبا في عظام الظنبوب يبلغ قطرها ستة ملم ؛ 21 لكل نتيجة ؛ 7 
عيوب لكل مجموعة في كل فترة زمنية. ترُكت عيوب العظام إما للشفاء تلقائياً )المجموعة أ( أو تلقت إما سقالة كولاجين 
فقط )المجموعة ب( أو سقالة الكولاجين محمله بالافراز المشتق من الخلايا الجذعية للب الأسنان البشرية )المجموعة 
ج(. تم قتل الحيوانات في ثلاثة وستة أسابيع. تم إنشاء التقييم النسيجي لقياس مساحة العظام المشكلة حديثاً بنسبة ودرجة 
نضج العظام باستخدام صبغات Hematoxylin and Eosin و Masson Trichrome على التوالي )النتيجة الأولية( 

بالإضافة إلى تفاعل البوليميراز الكمي في الوقت الفعلي )qRT-PCR( لتقييم مستويات النتيجة الثانوية.
 Masson Trichrome و   Hematoxylin and Eosin ب  المصبوغه  للأقسام  النسيجي  التحليل  أظهر  النتائج: 
زيادة كبيرة في مساحة العظام بنسبة مئوية بالإضافة إلى نضج العظام في المجموعة ج مقارنة بالمجموعتين الأخريين                   
)P < 0.05( في كلا الفترتين الزمنيتين. دعمت نتائج qRT-PCR نتائجنا المذكورة أعلاه حيث أظهرت أن مستويات 

.)P < 0.05( كانت أعلى في المجموعة ج مقارنة بالمجموعتين الأخريين في كلتا الفترتين الزمنيتين osteocalcin
الخلاصه: أظهر الافراز المشتق من الخلايا الجذعية للب الأسنان البشرية نتائج متفوقة وتحسناً كبيرًا في التئام العظام.


