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Introduction

There is a pressing need to proceed with exogenous bone
regeneration when the patient’s spontaneous regenerative
ability is insufficient. Numerous bone lesions involving a
cavity repair themselves spontaneously, provided their size
does not reach the so-called “critical bone cavity”.
Regenerative medicine involves tissue engineering, using
a matrix designed to act as a scaffold for supporting the
regeneration process, creating a suitable microenviron-
ment." The scaffold is a key component, providing three-
dimensional stability for cell interactions and an
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appropriate structure for the formation of the extracellular
matrix, also serving as a carrier for releasing growth factors
or tr1ansporting biochemical components to the receptor
bed.

The experimental bone scaffold Proteo-Graft (Noricum
S.L.), hereafter PG, is used here. It consists of macroporous
granules of bovine hydroxyapatite coated with a film of
chitosan containing recombinant human bone morphoge-
netic protein type 2 (rhBMP-2) expressed in E. Coli. The
granules of PG are expected to function as an osteo-
conductive bone scaffold supporting the adhesion and
proliferation of mesenchymal stem cells (MSC), whereas
rhBMP-2 stimulates and expedites their differentiation into
osteoprogenitor cells. The bone morphogenetic protein
(BMP-2) belongs to the family of transforming growth
factor-beta (TGF-B), which is required for the bone’s
healing/regenerative ability. Sundry research teams are
studying this role in the mediation of the cell response to
biomaterials. The activation of the BMP-2/Smad4/RUNX2
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signalling pathway promotes osteogenic differentiation and
bone formation.?

Despite the wide array of bone substitutes and grafts
available today, no definitive solution has thus far been
found for the challenge of achieving fully satisfactory bone
regeneration following their use. This research constitutes
a step forward in the quest for new methods for total bone
regeneration in cases of critical bone lesions.

Materials and methods
Experimental material

This study involved PG granules with a particle size of
1.0—0.25 mm (Lot M20001, Ref. PG1250.100/Noricum S.L.
Madrid, Spain), composed of 99.2 wt% hydroxyapatite
(bovine); 0.15 wt% acetic acid salts; 0.50 wt% chitosan;
0.15 wt% trehalose; and 0.05 wt% rhBMP-2.

Study animals

This study was conducted according to both Spanish (Royal
Decree 53/2013—Law 32/2007) and European Union
(Directive 2010/63/EU) guidelines for the care and use of
laboratory animals. Protocols were approved by the Ethics
Committee on Animal Experimentation at the University of
Salamanca (Licence Number: 361). Surgery was performed
under monitored anaesthesia and all precautions were
taken to minimise suffering. A total of 28 eight-month-old
Wistar rats weighing 350 g were used here and randomly
distributed into three groups:

- Simulated Group (GSh): Rats that underwent all the
surgical procedures except for the cavitary bone lesion.

- Control Group (GC): all the surgical procedures including
critical cavitary bone lesion, covering the bone defect
with the membrane Evolution (OsteoBiol ® by Tecnoss,
Turin, Italy).

- Study Group (GE): all the surgical procedures including
critical cavitary bone lesion, filling the bone defect with
PG (0.8 ng) and covering it with the OsteoBiol®.

They were euthanised at three or six months and sam-
ples were taken for studying the variables described
(N = 12/6 in each case). Simulated Group (N = 4), at three
months.

Surgical technique

The rates were anaesthetised with an intraperitoneal in-
jection containing xylazine (Rompun, Bayer, Leverkusen,
Germany), ketamine chlorhydrate (Imalgene 1000, Rhone
Méreuse, Lyon, France), and saline solution (ratio 2:3:3, at
a dosage of 0.2 mL/100 g body weight). All the surgical
procedures were performed under strict sterile conditions.
A 15 mm longitudinal incision was made 2 mm above the
lower edge of the mandibular body to expose the bone
surface, gaining submandibular access to the specimen’s
ascendant mandibular branch and angle. A critical-sized
defect (5 mm diameter) was made (Fig. 1).> Ostectomies
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Figure 1  Critical-sized rat mandibular bone defect model.
After making an incision on the mandibular ramus, a full-
thickness flap and reflection were created to expose the
mandibular angle site. An experimental defect of 5 mm
diameter was produced using a trephine drill on the right side
of the mandible ramus.

were performed with an electric micromotor using a 5 mm
trephine drill, with continuous irrigation with a physiolog-
ical solution. The bone defect was then covered as
described for each group. Animals were kept on a ther-
mostatic blanket low noise model RTC-1 (Cibertec, Madrid,
Spain), maintaining a temperature at 37 °C after surgery
until they regained consciousness. An 0.05 mg/kg dose of
buprenorphine (RB Pharmaceuticals Limited, Slough Berk-
shire, UK) was subcutaneously injected into the backs of
the rats as an analgesia 1 h after surgery and then every 8 h
for the following 72 h.

Post-surgical clinical monitoring was performed to assess
the following: each specimen’s overall health, the appear-
ance of the wound and surgical area, any bleeding or
discharge from the wound, and rejection of the
biomaterials.

The following samples were obtained after 12 or 24
weeks:

- Whole blood by aortic puncture, with immediate
centrifuging for 20’, 4500 rpm and 4 °C, extraction of the
serum and storage at —80 °C.

- Perilesional tissue (bone and muscle), which was placed
in liquid nitrogen and stored at —80 °C.

- Hemimandibles (right and left), with some being sub-
mersed in formaldehyde, and others stored at —80 °C for
the extraction of proteins.
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Macroscopic study

Descriptive evaluation of anatomy and tissue formation;
signs of infection; fractures; presence or disappearance of
the biomaterials; bone sequestration; surface morphology,
and solidity of the defect.

Study with microcomputed tomography (microCT)

Prior to their euthanasia, two specimens from the GC and
GE groups were subject to a radiological assessment by
means of a CT scan. The x-rays were transferred to the
computer and digitised by shades of grey (16 bits). The
programs used were the FIJI image processing package
(distributed by IMAGE-J with added functions for image
analysis), 3D Slicer platform, and IMAGE-J. The images
were taken with a microCT SuperArgus device by SEDECAL
Medical Systems at the Molecular Imaging Laboratory
belonging to Salamanca University’s Research Support
Platform (NUCLEUS).

Study with optical microscopy

The sections from each sample were stained with
haematoxylin-eosin (H&E) and Masson’s trichrome (MT) for
their comparative histological study with optical
microscopy.

Immunohistochemical study

The osteogenesis of the lesions was obtained by processing
the histological sections using indirect immunohistochem-
ical techniques, which include incubating specific primary
antibodies against the protein of interest and the addition
of a biotinylated secondary antibody displayed by the
standard ABC method using DAB as chromogen. The sections
were analysed by optical microscopy (Leica DMLB) with an
Olympus DP70 digital camera. The following osteogenic
markers were analysed in the immunohistochemical study:
RUNX2, alkaline phosphatase (ALP), and Osteocalcin (OCN),
using the primary antibodies Anti-RUNX2 reference num-
ber: ab192256; Anti-ALP reference number: ab108337
(1:100; Abcam, Cambridge, UK), and Anti-OCN reference
number: M65178420 (1:100; MyBioSource, San Diego, CA,
USA).

Study of BMP-2 with ELISA

One gram of bone tissue was ground and stored at —80 °C in
2 mL sampling tubes. The ground bone samples were then
added to the solution aliquots (lysis buffer), being shaken
until they dissolved. They were then boiled for 10 min and
frozen at —80 °C. The samples were defrosted and then
centrifuged at 14000 rpm for 10" at 4 °C. The supernatant
was removed and placed in 2-ml tubes. They were then
sonicated for 10 s, aliquoted, and frozen at —80 °C.

For quantitative determination of BMP-2, a commercial
enzyme-linked immunosorbent assay kit (ELISA) was used
according to the manufacturer’s instructions, reference
number: DBP200 (R&D systems, Abingdon, UK).
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Statistical study

The quantitative data have been represented as X + SD
(mean + standard deviation). A value of P < 0.05 was
accepted as a significant result. The statistical software
used for the study was NCSS 2007 and Gess 2006 - Version:
07.1.21 - Released 1 June 2011 (Dr Jerry L. Hintze, Kays-
ville, Utah, USA).

Results
Macroscopic results

The specimens recorded a 100% post-surgical survival rate,
with a generally positive post-operative state of health,
with no fractures. There was some swelling of the soft
tissue due to the ostectomy, but it cleared spontaneously.
As regards the biomaterials used, there was no rejection.
The membrane recorded a suitable bio-reabsorption, low
immunogenicity, stability, and lasting protection of the
contingent graft covered.

MicroCT results

The bone defect is clearly visible in the Control group (GC)
at both three months (GC3) (Fig. 2 A) and at six (GC6) (Fig. 2
B). The specimens in the Study group (GE) at three months
(GE3) (Fig. 3 C) did not present any signs of biomaterial
integration. The bone defect was clearly identifiable, and
the biomaterial appeared as an amorphous mass that filled
the defect without integration. At six months (GE6)
(Fig. 3D), the experimental material appeared to be better
osseointegrated than in GE3, with difficulty in differenti-
ating the bone tissue between the defect and the
biomaterial.

Histological results

The histological images for GC (Fig. 4) reveal a fibrous
scarring reaction in the untreated lesion area at both three
and six months, which indicates scant bone regeneration
activity. GE3 (Fig. 5) revealed a large amount of biomate-
rial granules distributed throughout the sample area, lightly
stained by the haematoxylin, with a reddish hue in the MT
preparations. There was a greater formation of immature
bone tissue filling both the critical defect and the spaces
between the biomaterial granules compared to GC. No
inflamed tissue was found and there was hardly any fibrous
tissue. The biomaterial appears as an amorphous mass and
no osteoclastic activity was detected. There was a large
amount of reactive connective tissue consisting of fibro-
blasts and collagen fibres, with some young, short, and
isolated trabeculae near the external and interior surface
of the cortical, as well as between the biomaterial gran-
ules. No osteoblasts or osteoclasts were found. The
collagen tissue and immature bone were stained in red with
MT, while the muscle tissue and the mature lamellar bone
were stained green.

The histological images for GE6 (Fig. 6) manifested a
higher degree of bone neoformation as immature bone
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Figure 2 Tomographic evaluation of the mineralisation for the mandibular bone defect control group with OsteoBiol® (GC). The
images present the gross mineralisation for the control groups by computerised tomography (microCT) at the observation intervals
of three and six months after surgery (GC3 and GC6). (A. Aspect of the critical defect in GC3. B. Aspect of the critical defect in
GC6). Image B shows there is newly formed bone six months after surgery only along the defect borders, as compared to image A

three months after surgery.

tissue, compared to the histological sections for GC3 and
GE3. A highlight was the greater formation of bone tissue in
the defect and within the medullar channel compared to
the sections for GC3 and GE3. No osteoclastic or inflamed
tissue was detected. The percentage of biomaterial
differed between GE3 and GE6, with almost all the
biomaterial being reabsorbed at six months (Fig. 6D).

BMP-2 results

The BMP-2 results obtained with ELISA are presented in
Table 1.

The bone lesion stimulated the production of BMP-2,
which decreased over the passage of time (as shown by the
increase in BMP-2 in GC3 compared to GSh and by the
absence of differences between GSh and GCé and the dif-
ferences between GC3 and GC6) (Fig. 7). The administra-
tion of the treatment in GE3 and GE6 increased the amount
of BMP-2, which decreased significantly over the passage of
time (as shown by the increase in BMP-2 in GE3 and GE6
compared to GSh, GC3, and GCé and by the higher amount
detected in GE3 compared to GE6) (Fig. 7).

Immunohistochemical results

The osteogenic markers studied were as follows: RUNX2 and
OCN and ALP. Given the non-formation of bone tissue, the

immunohistochemical images for GC (Fig. 8) have no ALP,
OCN, or RUNX2 expression at either three or six months.
Nevertheless, the staining results for GE3 and GE6 reveal
clearer positive areas that reflect the expression of osteo-
genic markers (Fig. 9). The ALP expression is higher in the
cytoplasm of the osteoblasts in GE3 (Fig. 9A), and there is
no detectable expression in GE6 (Fig. 9D). The levels of OCN
at three months, as shown in Fig. 11B, are higher in GE6
(Fig. 9E). The positive staining of RUNX2 (Fig. 9C) and OCN
(Fig. 9B) was clearly accumulated in the newly formed
collagen and in the bone tissue. The lower level of these
osteoblastic and osteogenic markers at six months (Fig. 9 D,
E and F) may be because after three months the defects
were covered mainly by new bone.

Discussion

There is currently an increase in the pathology associated
with the loss of bone mass and fractures caused by
fragility. Moreover, a significant percentage of these
cases, between 5% and 50%, do not evolve favourably on
their own and require surgery.’ There are advantages and
drawbacks to the different grafts; their therapeutic future
involves the use of biocompatible alloplastic materials that
have the fewest drawbacks and the most benefits for pa-
tients, favouring tissue regeneration and expediting

processes.®

Figure 3

Tomographic evaluation of the mineralisation for the mandibular bone defect study group (GE), with experimental bone

scaffold Proteo-Graft 0,8 ug (PG). The images present the gross mineralisation for the study groups by computerised tomography
(microCT), at the observation intervals of three and six months after surgery (GE3 and GE6). (C. Aspect of the critical defect in GE3.
D. Aspect of the critical defect in GE6). Radiopacity provides visual and descriptive follow-up of the bone defect. There is more

biomaterial in image C than in image D.
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Figure 4 H&E stained images for the critical size mandibular bone defect control group with OsteoBiol® (GC) at three (GC3) and
six months (GC6). Cross-sectional cut at a central region and edge of the defect. A. Haematoxylin-eosin in GC3. B. Haematoxylin-
eosin in GC6. Scale bars in figures indicate 100 um. Only mild new bone formation was embedded in connective tissue spanning the

edge of the defect, as seen in image B.

This study has sought to assess the performance of an
experimental three-dimensional matrix in the regeneration
of a critical mandibular defect in rats, corresponding to an
area of 5 x 2 mm (diameter x depth) in rat mandible near

studying bone neoformation materials and bone sub-
stitutes.” Furthermore, it is readily reproducible, highly
effective, and economical.

Following the graft, the material gradually degrades

the alveolar zone.? The defects inflicted did not lead to
spontaneous regeneration, and are therefore valid for

over a period of three to six months subsequent to sur-
gery.®? This degradation begins on the periphery of the

Figure 5 H&E and MT stained images for the critical size mandibular bone defect study group with PG (0,8 pg) at three months
(GE3). Scale bars indicate 2.0 mm in figure A, 1.0 mm in figure B, and 200 pum in figure C. Biomaterial*; Neoformed bone tissue filling
the defect and the spaces between the biomaterial granules (osteocytes and vessels) ; Reactive connective tissue (collagen and
fibroblasts) #; Bone (osteoblasts and vessels) 3 MT stain D (200 pm). Reactive connective tissue (collagen and fibroblasts)?; Bone
matrix (osteoblasts and vessels); Bone in dark green. Neoformed immature bone tissue in red (black arrow); Neoformed bone tissue
in contact with the biomaterial (red arrows). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

280



Journal of Dental Sciences 19 (2024) 276—284

Figure 6 H&E and MT stained images for the critical size mandibular bone defect study group with PG (0.8 pg) at six months
(GE6). Scale bars indicate 200 um in figure A and 100 pm in figure C. Biomaterial*; Neoformed bone tissue filling the defect and the
few spaces between the biomaterial granules; edge of the defect (black arrow). MT stain B (200 um) and D (100 um). Bone in dark
green. Immature neoformed bone tissue in red; Neoformed bone tissue in contact with the scarce amount of biomaterial. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

implanted material and extends inwards towards the core.
The descriptive analysis with microCT observed a gradual
breakdown of the biomaterial’s initial morphology,
accompanied by the neoformation of the bone tissue in
GE3. However, this descriptive analysis does not detect the
evolution of the connecting matrix, nor the temporal
development of the biomaterial’s degradation, or bone
dispersion/neoformation. These issues have been high-
lighted by conducting histological analysis, and the data
forthcoming have revealed histological differences be-
tween GC and GE.

The membrane recorded suitable bio-reabsorption, low
immunogenicity, stability, and lasting protection of the
contingent graft covered. In histological terms, GC3
manifested a fibrotic formation due to the release of in-
flammatory mediators following the defect caused. There
were no signs of regeneration, corroborated by the
radiological tests, and the osteocytes surrounding the
lesion necrotise and die due to ongoing hypoxia and the
absence of capillaries. This difference in the results for

the study groups reveals an increase in the density of the
lesion area, with no signs of inflammation or an allergic
reaction.

GE3 records osteogenic activity, with high cellularity,
and there are biomaterial granules surrounded by trabec-
ulae of osteoid matrix that include some osteoblasts (which
begin calcifying it), with detection also of osteoblast pre-
cursor cells and mature osteocytes in the ossification line.
GE6 reveals an organised bone structure, with complete
regeneration and a well-vascularised haversian structure.
There is adult bone, which maintains the original di-
mensions, and two different zones, mature bone tissue
characterised by its bone structure (mineralised interstitial
substance) that is organised forming bone lamellae. There
are osteocytes in the spaces in the lacunae, arranged like
the lamellae in a concentric and parallel manner. There is
neoformed bone tissue that contains a relatively higher
proportion of osteocytes, with larger lacunae than those
appearing in the mature bone, and the collagen fibres
following several directions.

Table 1  BMP-2 results. Quantitative expression of BMP2 in each group at three and six months.
GSh GC3 GC6 GE3 GE6
BMP-2 (pg/mL) 200.45 + 6.78 494.20 + 61.54 306.92 + 33.89 2438.01 + 170.98 852.36 + 90.20
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Figure 7 Protein expression of BMP2 in each group at three and six months. ANOVA (Scheffe’s test and Tukey-Kramer test), was
used to determine statistical significance. The data shown represent the means + SD (n = 6). P < 0.05, comparing all groups. (*
Different to GC3, GE3, GE6 — and different to GSh, GC6, GE3, GE6 - # Different to GSh, GC3, GCé, GE6 - € Different to GC3, GE3,
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Figure 8 Immunohistochemical staining of osteogenic markers in rat mandibular bone defect control group with OsteoBiol® (GC)
at three (GC3) and six months (GC6). Scale bars in images indicate 500 um. The immunohistochemistry results for protein
expression of osteogenesis in bone at three and six months, (A and D, ALP. B and E, OCN. C and F, RUNX2). No detectable expression
of ALP at three months A or at six months D, nor of OCN and RUNX2 at three months, B and C, or at six months E and F. The absence
of immunoreactivity for ALP, OCN and RUNX2 proteins was evident in the control groups given the non-formation of bone tissue.
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Figure 9

Immunohistochemical staining of osteogenic markers in rat mandibular bone defect study group with PG (0.8 ng) at

three (GE3) and six months (GE6). Scale bars in images indicate 200 um. The immunohistochemistry results for protein expression of
osteogenesis in bone at three months: A, Expression of ALP located in the cytoplasm of the osteoblasts, B, OCN attached to the
hydroxyapatite of the biomaterial and C, RUNX2 in the cytoplasm of the pre-osteoblasts. At six months: D, No detectable expression
of ALP, or of OCN, E and RUNX2, F. In contrast, the absence of immunoreactivity for ALP, OCN and RUNX2 proteins at six months may

be because the defects were covered by new bone.

The biomaterial used, PG, contains 0.05 wt% of rhBMP-2.
The level of BMP-2 in bone tissue at the implant site was
studied in GC and GE, manifesting a greater expression in
GE3, whereby this molecule is effective after being
implanted, prompting bone regeneration in the critically
sized mandible defect. The level of osteogenic activity in
GE3 and GE6 could therefore be directly linked to the ac-
tion of BMP-2."° The evidence shows that the administra-
tion of BMP-2 favours angiogenesis and osteogenesis,
contributing to bone regeneration.”’ BMP-2 is an extracel-
lular signalling molecule, an in vivo autocrine/paracrine
factor'? that promotes osteoregeneration and induces the
differentiation of osteoblasts and the formation of bone,
cartilage, and connective tissue. These outcomes, in turn,
lead to an increase in the osteoinductive capacity of BMP-2
at local level."® Neovascularisation through specific para-
crine pathways leads to the formation of angiogenic growth
factors, producing more osteoblasts and BMP-2 through
two-way coupling.” This prompts a crucial initial angio-
genesis in the osteogenesis.'> BMP-2 is therefore the most
effective inductor in the differentiation of osteoblast bone
formation, and it regulates the activation of the BMP-2/
Smad/RUNX2 signalling pathway, increasing the RUNX2
expression,'? which is an important transcription factor in
the differentiation of osteoblasts. The positive effect of the
experimental biomaterial PG on bone regeneration, man-
ifested in the histological results, is probably because BMP-
2 favours the circulation of stem cells,'® the spread of fi-
broblasts, and type | collagen synthesis."”
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The osteogenic markers ALP, RUNX2, and OCN were cho-
sen for the study because they are expressed in the different
stages of osteogenesis.'® 2 ALP is an early osteogenic
marker,?' and its activity was studied to determine the early
degree of osteoblast differentiation.?""?* The immunohisto-
chemical results of ALP reported here were expressed in GE3
but not, however, in GC3, GC6, or GE6. RUNX2 is an impor-
tant transcription factor in the differentiation of osteo-
blasts. OCN is produced solely by mature osteoblasts and
plays an important role in bone mineralisation. The low level
of this osteoblastic marker may be because after three
months the defects were covered mainly by new bone.® The
immunohistochemical results reported reveal an increased
expression of the osteoblastic markers RUNX2 and OCN in
both GEs, which will therefore favour osteogenesis mediated
by BMP-2 contributing to the regeneration of the mandibular
lesion. A clinical trial is currently being conducted to assess
the safety and efficacy of PG as a bone substitute in alveolar
socket regeneration (Regeneration of Alveolar Sockets with
rhBMP-2-Loaded Bovine Bone Mineral (Proteo-Graft).
ClinicalTrials.gov identifier: NCT05717478).

This study has shown that the experimental material
used promotes the structural restitution of the critical bone
defect with newly regenerated bone over the timeframe
studied in Wistar rats due to the large osteogenic and
angiogenic capacity of BMP-2 contained in PG. Nonetheless,
further research is called for on action mechanisms, ther-
apeutic dosages, and other possible variables that might
affect the results.
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