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Background: The human-like collagen I (HLC-I) combined concentrated growth factors was used to construct CGF-HLC-I composite biomaterials to repair the critical bone defect disease model of rabbit mandible. This study aimed to research the repair mechanism of CGF-HLC-I/Bio-Oss in rabbit mandibular critical bone defect, to provide a new treatment direction for clinical bone defect repair.
Methods: The optimal concentration of HLC-I (0.75%) was selected in this study. Nine New Zealand white rabbits were randomly divided into 3 groups, normal control group, Bio-Gide/Bio-Oss and CGF-0.75%HLC-I/Bio-Oss group (n = 3, each group). CGF-0.75%HLC-I/Bio-Oss and Bio-Gide/Bio-Oss were implanted into rabbit mandibles, then X-ray, Micro-CT, HE and Masson staining, immunohistochemical staining and biomechanical testing were performed with the bone continuity or maturity at 4, 8 and 12 weeks after surgery. The repair mechanism was studied by bioinformatics experiments.
Results: As the material degraded, the rate of new bone formation in the CGF-0.75% HLC-I/Bio-Oss group was better than that the control group by micro-CT. The biomechanical test showed that the compressive strength and elastic modulus of the CGF-0.75%HLC-I/Bio-Oss group were higher than those of the control group. HE and Masson staining showed that the bone continuity or maturity of the CGF-0.75%HLC-I/Bio-Oss group was better than that of the control group. Immunohistochemical staining showed significantly higher bone morphogenetic protein 2 (BMP2) and Runt-related transcription factor 2 (RUNX2) in the CGF-0.75%HLC-I/Bio-Oss group than the control group at 8 and 12 W and the difference gradually decreased with time. There were 131 differentially expressed proteins (DEPs) in the Bio-Gide/Bio-Oss and CGF-0.75%HLC-I/Bio-Oss groups, containing 95 up-regulated proteins and 36 down-regulated proteins. KEGG database enrichment analysis showed actinin alpha 1 (ACTN1) and myosin heavy-Chain 9 (MYH9) are the main potential differential proteins related to osteogenesis, and they are enriched in the TJs pathway.
Conclusion: CGF-0.75%HLC-I/Bio-Oss materials are good biomaterials for bone regeneration which have strong osteoinductive activity. CGF-0.75%HLC-I/Bio-Oss materials can promote new bone formation, providing new ideas for the application of bone tissue engineering scaffold materials in oral clinics.
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1 INTRODUCTION
Various biomaterials with different advantages have emerged in biomedical applications. For example, Zhang et al. studied tFNA enables the development of static tFNA-based nanomaterials via engineering of functional oligonucleotides or therapeutic molecules (Zhang et al., 2021). Yang et al. studied A Lysosome-Activated Tetrahedral Nanobox for Encapsulated siRNA Delivery (Gao et al., 2022). Wang et al. found that the tetrahedral framework nucleic acids can alleviate taurocholate-induced severe acute pancreatitis and its subsequent multiorgan injury in mice (Wang et al., 2022). There was some regenerative potential in mandible. However, when the mandibular defects caused by inflammation, infection, tumor, surgery and congenital deformity exceeds a certain size range. The regeneration potential of the mandible will not make the mandibular defect spontaneously healing. Some scholars referred to this type of minimal bone defect that cannot heal spontaneously without secondary intervention as critical size defect (CSD) (Sanders et al., 2014).
The concentrated growth factors (CGF) obtained from autologous venous blood is a cytokine which widely used in clinical practice, and it is the latest generation of platelet concentrate products obtained by centrifugation of autologous blood. The advantages of CGF lie in low cost, low infection rate, good biocompatibility, etc., and it also has osteogenesis induction, and its clinical application is becoming more and more extensive (Akcan and Ünsal, 2020). It has been reported in the literature at home and abroad that CGF contains a large amount of growth factors and fibrin. And it has a strong potential for regeneration and repair, and can induce osteogenic differentiation (Masuki et al., 2016; Li et al., 2021). CGF is mainly used for bone regeneration and has a more significant repair effect on repairing bone defects (Mijiritsky et al., 2021). Meanwhile, CGF membrane can be made into bone defect, combined with scaffold material to guide tissue regeneration (Sahin et al., 2018; Arıcan et al., 2022). Li et al. found that the ability of nano-hydroxyapatite/collagen (nHAC) combined with CGF to promote osteogenesis and repair mandibular defects was stronger than that of nHAC alone (Li et al., 2019). Although CGF was more and more widely used in clinic, there were still some shortcomings such as soft texture, easy collapse of spatial structure, poor plasticity, and unstable fibrin network structure (Wei et al., 2020). Therefore, it needs to be compounded with other biomaterials to improve biomechanical properties. Type I collagen is the main organic component that constitutes the extracellular matrix of bones (Du et al., 2000; Hong et al., 2011; Hempel et al., 2012; Zhou et al., 2020). Due to its excellent biocompatibility, human-like collagen has been used to composite with biomaterials to construct different biomaterial scaffolds, such as bones and blood vessels (Hu et al., 2008). Liao et al. found the hydrogel can enhance the repair of osteochondral defects (Liao et al., 2017).
In this study, CGF was cross-linked with a certain concentration of HLC-I to construct a CGF-HLC-I composite biomaterial, and a classic model of critical bone defect in the mandible of rabbits was established. This study was to explore the feasibility of CGF-HLC-I combined with Bio-Oss in repairing the critical bone defect of the mandible in rabbits and research the proteomic analysis of its promoting mandibular bone tissue aims to mine the differentially expressed proteins and their metabolic pathways that mediate the osteogenesis mechanism. This study revealed how CGF-0.75%HLC-Ⅰ regulated the repair and regeneration of CSD, and provided new ideas for the study of the mechanism of mandible bone defect repair.
2 METHODS AND MATERIALS
2.1 Animal surgical procedures
The mandibular surgical area was located, and the skin diameter of the incision area with the 11-scalpel was about 15 mm long. The muscles and fascia were separated by blunt incision to expose the bone surface of the mandible. The periosteum was dissected, and drilled 2 mm in front of the mental foramen with a dental slow grinding machine. A classic model of critical bone defect of 10 mm*4 mm*3 mm was constructed from the mandible of rabbits. In the control group, after modeling, no intervention was performed, and the operation area was closed by layered suture. After modeling in the Bio-Gide/Bio-Oss group, Bio-Oss bone meal was implanted into the defect (Normal saline infiltration). Cover the 14 mm*8 mm Bio-Gide periosteum (2 mm covering the edge of the defect), sutured in layers, and closed the operation area. After modeling in the CGF-0.75%HLC-I/Bio-Oss group, 0.025 g Bio-Oss bone meal was implanted into the defect (0.75% HLC-I infiltration). 14 mm*8 mm CGF-0.75%HLC-I composite biofilm was covered (2 mm of defect edge was covered), stratified suture was performed, and the surgical area was closed (Figure 4A).
2.2 The optimum concentration of CGF-HLC-I was screened by MTT and Preparation of CGF
The experiment was carried out on 27 6-months female New Zealand (Chongqing Tengxin Biotechnology Co., LTD., License Number: SCXK (Chongqing) 2017–0010) white rabbits weighing 2–2.5 kg. Animals were randomly divided into the control group, the Bio-Gide/Bio-Oss group and the CGF-0.75%HLC-I/Bio-Oss group (n = 9 each group). This study has been approved by the Ethics Committee of Biomedical Scientific Research, Affiliated Stomatological Hospital of Southwest Medical University (20180817004). Collection of blood from ear veins of New Zealand white rabbits. CGF fibrin-collagen layers were obtained by centrifugation and then pressed into membranes. CGF-HLC-I composite biomaterials were prepared by compounding with different concentrations of HLC-I (0.00%, 0.10%, 0.25%, 0.50%, 0.75%, 1.00%).
Normal gingival tissue was collected, human gingival fibroblasts were isolated, identified and cultured. The cells were inoculated in 96-well plates (1×105 cells/well) with different concentrations of CGF-HLC-I scaffold in DMEM complete medium, and the blank control group was not inoculated cells. On day 1, 4 and 7, DMEM complete medium was replaced with low-sugar DMEM. Then, the cells were incubated at 37°C, 5% CO2 for 12 h, added with MTT solution (10 μl/well) and incubated for 4 h in dark. Finally, the absorbance of each well was measured at 490 nm on an ELISA reader.
2.3 Water absorption test of CGF membrane and CGF-0.75%/HLC-I composite biomaterials
The prepared CGF membrane and CGF-0.75% HLC-I composite biofilm were cut into 12 mm × 8 mm rectangular membrane. The CGF-0.75% HLC-I composite biofilm was set as group A (n = 3), numbered A1, A2, A3, and CGF membrane as group B (n = 3) were numbered as B1, B2, B3. After drying in a freeze dryer for 24 h, the membranes were taken out and weighed as W0. Then the dried membranes were immersed in normal saline and placed in a refrigerator at 4°C. 24 h later, the normal saline was wiped off the surface of the biofilm with filter paper, then weighed and marked as W1, Water absorption W = (W1-W0)/W0 × 100%.
2.4 Biomechanical properties of CGF membrane and CGF-0.75% HLC-I composite biomaterials
Six samples of CGF membrane and CGF-0.75%HLC-I composite biofilm were prepared and immersed in physiological saline respectively to preserve moisture. The maximum capacity of 100 N sensor was installed on INSTRON 5965 electronic universal tester (United States, The United States strong Group), and the stretching fixture was installed. The working parameters of the instrument were adjusted and set. The initial stretch length of CGF membrane and CGF-0.75%HLC-I composite biofilm were maintained at 15 and 8 mm, respectively. The tensile test was carried out at a rate of 10 mm/min until the membrane structure broke. In this process, the trend of the curve and the abscissa and ordinate values on the curve were observed and recorded. The stress-strain curve and stress-time curve were drawn.
2.5 Ultrastructure of CGF and CGF-0.75% HLC-I composite biomaterials
The fresh CGF membrane and CGF-0.75% HLC-I composite biofilm samples were prepared. After 12 h, the samples were taken out, rinsed with PBS buffer, and then dehydrated. The samples were quickly cured by placing them in a 4°C refrigerator. Finally, the samples were placed in a coating machine to dry the samples and sprayed with metal films, and the ultrastructure of the samples was observed by scanning electron microscopy.
2.6 In vitro cytotoxicity evaluation of CGF-0.75% HLC-I composite biomaterials
The cells in the CGF-0.75% HLC-I group and the CGF groups were laid at the bottom of the 96-well plate. 100 μl/well cell suspension was added to 96 wells and cultured in 5% CO2, 37°C for 24, 48 and 72 h, respectively. 10 ul CCK-8 solution was added to each well and incubated for 3 h in the cell culture box. OD value was measured at 450 nm by Elisa (mean value was taken for 3 times), and recorded. The relative growth rate (RGR) was calculated to evaluate the cytotoxicity grade as the following formula: RGR= (experimental group OD value-blank group OD value)/(control group OD value - blank group OD value)×100%.
2.7 Establishment of animal models
Before animal experiment, abstain from food and water for 8 h, weigh and record. Anesthesia was slowly injected into the ear margin vein. After anesthesia, the hair of the right mandible area was removed and disinfected. 2 ml 0.5% lidocaine was used for local infiltration and anesthesia in the operation area, followed by routine towel spreading. The mandibular surgical area was located. The skin diameter of the surgical area was about 15 mm. The muscle and fascia were cut and bluntly separated to expose the bone surface of the mandible. The mental nerve was separated and protected, the periosteum was cut open, and the periosteum was peeled off. The periosteum was separated 2 mm in front of the mental foramen with a dental slow grinding machine and split drill. A classical critical bone defect model of 10 mm × 4 mm×3 mm was constructed with the mandibles of each group of rabbits (During the defect construction process, sterile saline was continuously rinsed to cool down the operation area to avoid osteonecrosis caused by high local temperature.) Bio-Gide/Bio-Oss group was implanted with Bio-Oss bone meal (saline infiltration) after modeling. The 14 mm × 8 mm Bio-Gide periosteum was covered (covering the defect edge by 2 mm), and the surgical area was closed by stratified suturing.
2.8 Histological evaluation
24, 48 and 72 h after surgery, the CGF membrane and CGF-0.75% HLC-I complex biofilm samples were placed in 4% paraformaldehyde solution, fixed for 48 h and labelled in groups. The samples were dehydrated, decalcified, embedded and cut into continuous slices with a thickness of 5 µm. HE staining and masson staining were carried out by conventional methods. Finally, the tablets were sealed with neutral resin and preserved by forward microscopy. Bone morphogenetic protein 2 (BMP2) and runt-related transcription factor (RUNX2) were detected by SP-2300 immunohistochemical staining kit. The samples were decalcified and then embedded in paraffin wax. Subsequently, the samples were cut along the sagittal plane and then dewaxed. The resulting sections were then incubated with primary antibodies (Anti-BMP2 antibody, Beijing Boaosen Biotechnology Co. LTD., China) after antigens were recovered using 0.05% parenzyme for 20 min and blocked by BSA. Next, the secondary antibody Primary antibody myosin heavy-Chain 9 (MYH9), RAB8A, actinin alpha 1 (ACTN1), RAB13, MYL2, AMPK alpha-1, phosph-AMPK alpha-1, RUNX2, BMP2, beta Actin (Goat Anti-Mouse (ab205719, Abcam, United Kingdom) and 3, 30-diaminobenzidine (DAB, ab64261, Abcam, United Kingdom)) was used for secondary staining. The images were acquired using a 1 × 71 PH inverted microscope (OLYMPUS, Japan) acquisition system. For the immunohistochemical analysis, BMP2 and RUNX2 positive expression area were shown in brown.
2.9 Western blot
To obtain whole protein cell extracts for Western-blot analysis, cells were scraped in the following buffer: 20 mM Tris–HCl (pH 8.0), 420 mM NaCl, 2 mM EDTA, 2 mM Na3VO4, and 1% (v/v) Nonidet P-40, supplemented with a cocktail of protease inhibitors. Cells were then passed several times through a 20-gauge syringe and centrifuged at 16,000× g for 20 min at 4°C. Proteins in homogenate were determined using the Bio-Rad protein assay kit. Lyophilized bovine serum albumin (BSA) was used as a standard. Total cell proteins were dissolved in sodium dodecyl sulphate (SDS) sample buffer and separated on 10% (w/v) SDS gels. Separated proteins were then transferred electrophoretically onto a nitrocellulose membrane (Pall, East Hills, NY, United States). Equal protein loading was confirmed by Ponceau S staining. The filter was blocked with 5% (w/v) non-fat dried milk in buffered saline.
Blots were incubated with specific primary antibodies and the immune complexes were detected using appropriate peroxidase-conjugated secondary antibodies and enhanced chemiluminescent detection reagent (Amersham International, Little Chalfont, United Kingdom) (Rochira et al., 2013). Densitometric analysis was carried out on the Western-blots by using the ChemiDoc MP Image System (BioRad, Hercules, CA, United States).
2.10 MicroCT
The samples of control group after 12 weeks, Bio-Gide/Bio-Oss groups and CGF-0.75%HLC-I/Bio-Oss were scanned by MicroCT. The voltage was set to 100 kV and the electric current to 500 uA, and the scanned images were analyzed by Inveon Research Workplace software. With the constructed critical bone defect area as Region of interest (ROI), the bone cell analysis parameters of critical bone defect area of rabbit mandible were obtained. The regeneration ability of bone tissue repair and healing was evaluated from MicroCT.
2.11 Proteomic analysis of new bone tissue
2.11.1 Construction of critical bone defect model
Nine New Zealand white rabbits were randomized into 3 groups (A: control group, B: Bio-Gide/Bio-Oss, C: CGF-0.75%HLC-Ⅰ/Bio-Oss), with 3 rabbits in each group. The experimental animals in each group were fasted for 12 h before operation, fixed on a constant temperature rabbit platform, and placed in a supine position. 3% pentobarbital sodium per 30 mg/kg injection. A needle was inserted into the right mandibular mental foramen corresponding to the body surface, and 1 ml of lidocaine was injected for local anesthesia. 2 mm anterior to the mental foramen, along the upper edge of the mandible, a 10 mm × 4 mm × 3 mm bone defect was prepared with a slow-machine split drill. After the bone defect was completed, the surgical area was cleaned, rinsed, and disinfected to repair the bone defect: Group A: After flushing with normal saline, the bone defect was directly sutured in layers. Group B: After repeated flushing of the bone defect with normal saline, 0.5 mg Bio-Oss bone filling material was implanted. The Bio-Gide biofilm with a size of 14 mm × 8 mm was soaked with normal saline to cover at least 2 mm outside the edge of the bone defect, and the Bio-Gide biofilm was fixed. Group C: After flushing the bone defect with normal saline, implant 0.5 mg Bio-Oss bone filling material (soaked with 0.75% HLC-I solution). Cover and fix the HLC-I/CGF membrane prepared before operation, cover at least 2 mm outside the edge of the bone defect, and suture in layers. Normal feeding and water feeding were given after operation, and amoxicillin and feed were given for 7 days. The experimental animals were euthanized 3 months after the operation. Immediately after execution, the right mandible was isolated under aseptic conditions as possible, and cut off from the healthy bones at both ends (including healthy bones and 15 new bones). After being thoroughly rinsed with normal saline, each new bone was divided into 3 parts and stored in a −80°C refrigerator.
2.11.2 Library identification and protein quantification
Raw data files were searched using Proteome Discoverer software (PD) (version 2.4.0.305, Thermo Fisher Scientific) and the built-in Sequest HT search engine. Searched using the Rabbit (Uniprot-Oryctolagus cuniculus) protein database. The proteins with significant differences in protein quantification between the CGF-0.75%HLC-I/Bio-Oss and Bio-Gide/Bio-Oss groups were regarded as valuable differentially expressed proteins. Statistical basis: Student’s t-test or chi-square p < 0.05 and FOLD CHANGE (FC) > 1.2 or FC < 0.83. The COG orthologous protein database and the KOG database were used to analyze the homologous protein clusters of histone C proteins, and the KEGG database was used to search and analyze the related signaling pathways that DEPs were most involved in regulation.
2.12 Statistical analysis
All the experiments were independently repeated more than three times. The data of each group are expressed as the mean ± SD. SPSS 22.0 software was used for data processing. Variance and chi-square test were used to analyze the data. When p < 0.01 for the test parameters and p < 0.05 for the nonparametric tests were observed, the differences were considered to be statistically significant.
3 RESULTS
3.1 The optimum concentration of CGF combined with HLC-I
MTT results showed that the OD value of cells cultured on CGF-HLC-I composite biomaterials with different concentrations increased with time. However, the cell proliferation of CGF-0.75% HLC-I composite biomaterial was higher than that of other concentrations at 1, 4 days and 7 days. It showed that the combination of 0.75% HLC-I and CGF was more conducive to cell proliferation, that is, the optimal concentration of cross-linking between HLC-I and CGF was 0.75% (Figure 1).
[image: Figure 1]FIGURE 1 | MTT method for screening the optimal concentration of the cross-linking compound of HLC-I and CGF.
3.2 HE staining and masson staining results of CGF membrane and CGF-0.75% HLC-I composite biofilm
CGF membrane showed a large number of red stained fibrin interwoven in a network structure. The fibrin net was relatively loose and had a slightly larger porosity. CGF -0.75% HLC-I composite biofilm fibrin mesh arrangement was more dense and detailed than CGF membrane, and the porosity was small (Figure 2A). The arrangement of collagen fibers in CGF membrane was relatively loose, while the arrangement of collagen fibers in CGF-0.75% HLC-I composite biofilm was more dense (Figure 2A).
[image: Figure 2]FIGURE 2 | (A) HE staining of CGF and CGF-0.75%HLC-I composite biomaterials (HE, ×400); Masson staining of CGF and CGF-0.75%HLC-I composite biomaterials (Masson, ×400); (B) CGF, CGF-0.75%HLC-I stress-time diagram and stress-strain diagram.
3.3 Water absorption test results of CGF membrane and CGF −0.75% HLC-I composite biofilm
The water absorption of CGF film was (346.00 ± 2.00) %. The water absorption of CGF-0.75%HLC-I film was 344.00 ± 1.00%. The results showed that there was no significant difference in water absorption between CGF membrane and CGF-0.75% HLC-I composite biofilm (p > 0.05, Table 1).
TABLE 1 | Comparison of hydroscopicity test between CGF membrane and CGF-0.75% HLC-I composite biofilm (‾X ± S).
[image: Table 1]3.4 Biomechanical properties of CGF membrane and CGF-0.75% HLC-I composite biofilm
The peak tensile stress of CGF-0.75% HLC-I composite biofilm and CGF membrane were 0.14 ± 0.01 MPa and 0.10 ± 0.01 MPa, respectively. The tensile force of CGF-0.75% HLC-I composite biofilm reached the peak at 104.63 ± 14.33 s, while that of CGF membrane reached the peak at 85.64 ± 8.23 s. The elastic modulus of CGF-0.75% HLC-I composite biofilm was 0.17 ± 0.04 MPa, which was slightly larger than that of CGF membrane 0.12 ± 0.01 MPa. The tensile displacement, time and displacement of CGF-0.75% HLC-I composite biofilm were greater than those of CGF membrane, and the difference was statistically significant (p < 0.05, Table 2). Stress-time curves showed that CGF-0.75% HLC-I composite biofilms reach stress peak later than CGF films. The stress-strain curve showed that the tensile stress decreased slowly after the CGF-0.75% HLC-I film reached its peak (Figure 2B).
TABLE 2 | Biomechanical properties of CGF membrane and CGF-0.75%HLC-I composite biofilm (X ± S).
[image: Table 2]3.5 Ultrastructural results of CGF membrane and CGF-0.75% HLC-I composite biomaterial
The SEM results showed that the fibrin network structure of the CGF-0.75%HLC-I composite biofilm was uniform and fine, and the fibrin network structure was filled by HLC-I, which reduced the porosity. In the CGF membrane, a large amount of fibrin aggregates into a loose and porous three-dimensional network structure (Figure 3A).
[image: Figure 3]FIGURE 3 | (A,B) The ultrastructure of CGF (A) and CGF-0.75%HLC-I composite biomaterials (B) (SEM, ×800). (B) The cytotoxicity of CGF and CGF-0.75% HLC-I composite biomaterials was determined by CCK-8.
3.6 In vitro cytotoxicity evaluation results of CGF-0.75%HLC-I composite biomaterials
The results of CCK-8 in vitro cytotoxicity test showed that the relative cell proliferation rate of CGF-0.75% HLC-I composite biofilm group and CGF film group at 24, 48, 72 h was not statistically significant (p < 0.05), and at each time point the relative cell proliferation rate was ≥75%. The relative cell proliferation rate of the CGF-0.75%HLC-I composite biofilm group and the CGF film group at 24, 48, and 72 h was significantly different (p < 0.05), and cell proliferation showed a gradual upward trend with time (Figure 3B).
3.7 The results of bone mineral density
At 4, 8, and 12 W after operation, the bone mineral density of the mandibular defect in the Bio-Gide/Bio-Oss group and the CGF-0.75%HLC-I/Bio-Oss group gradually increased. At 12 w, there was no obvious boundary between bone mineral density and surrounding bone tissue. In the control group, the low-density area in the center of the mandibular defect area gradually decreased, and a small amount of bone density in the center of the defect area was slightly lower than that of the surrounding bone tissue (Figure 4B).
[image: Figure 4]FIGURE 4 | (A). Construction of critical-size bone defect; (B) X-ray images of control group, Bio-Gide/Bio-Oss group and CGF-0.75%HLC-I/Bio-Oss group; (C) Histological observation of control group, Bio-Gide/Bio-Oss group, and CGF-0.75% HLC-I/Bio-Oss group (HE, ×200); (D) Histological observation of control group, Bio-Gide/Bio-Oss group, and CGF-0.75% HLC-I/Bio-Oss group (Masson, ×200).
3.8 HE staining results of bone formation
At 4, 8, and 12 W after operation, new fibrous bone tissue, scattered osteoclasts and a few osteoblasts were seen in the Bio-Gide/Bio-Oss group and the CGF-0.75%HLC-I/Bio-Oss group. At 8 W, a large number of new mature bone formation and obvious new bone fracture line can be seen. Compared with the control group at 12 W, more dense and mature bone trabeculae were regularly arranged. In the control group at 12 W, a small amount of osteoclasts existed in the fibrous connective tissue and the trabecular bone was thick and regularly arranged (Figure 4C).
3.9 Masson staining results of collagen fibers
4 W after operation, the number of fibroblasts and collagen fibers in the Bio-Gide/Bio-Oss group and CGF-0.75%HLC-I/Bio-Oss group gradually increased. 8 W after operation, the arrangement of fibroblasts was gradually regular, and the number of collagen fibers stained green was more than that of the control group. The arrangement of collagen fibers in the control group at 12 W after operation tended to be regular (Figure 4D).
3.10 Immunohistochemical analysis of BMP2 and RUNX2 protein expression in new bone tissue
4 W after operation, the Bio-Gide/Bio-Oss group and the CGF-0.75%HLC-I/Bio-Oss group showed the formation of new fibrous bone, a few osteoblasts and scattered osteoclasts. BMP2 and RUNX2 were positively expressed in the newly formed cartilage matrix, osteoblasts and granulation tissue stroma. In the control group, there was no new cartilage matrix formation, a small amount of fibrous connective tissue, and more osteoclasts. BMP2 and RUNX2 were positively expressed in the granulation tissue stroma.
8 W after operation, a large number of new mature bone and osteoblasts were seen in the Bio-Gide/Bio-Oss group and CGF-0.75%HLC-I/Bio-Oss group, and osteoclasts were scattered. Uniform positive expression of BMP2 and RUNX2 in new mature bone, osteoblast and granulation tissue. In the control group, a small amount of new bone was formed, and osteoblasts, inflammatory cells and osteoclasts existed at the same time. Cartilage matrix, osteoblasts, granulation tissue interstitial BMP2 and RUNX2 were positively expressed.
At 12 W after operation, in the Bio-Gide/Bio-Oss group and the CGF-0.75%HLC-I/Bio-Oss group, the thickness of the trabecular bone was densely and regularly arranged, the fracture line of the new bone tissue was seen, and osteoblasts were scattered. BMP2 and RUNX2 were positively expressed. In the control group, the trabecular bone was thick and scattered with osteoblasts, and BMP2 and RUNX2 were positively expressed (Figure 5).
[image: Figure 5]FIGURE 5 | Immunohistochemical analysis of BMP-2 protein expression in control group, Bio-Gide/Bio-Oss group, CGF-0.75%HLC-I/Bio-Oss group (SP, ×200); Immunohistochemical analysis of RUNX-2 protein expression in control group, Bio-Gide/Bio-Oss group, CGF-0.75%HLC-I/Bio-Oss group (SP, ×200). NC- Negative Control.
3.11 MicroCT
The 12 W rabbit mandibles were scanned by MicroCT, and the osteocyte analysis parameters of the critical bone defect area of the rabbit mandibles in each group were obtained. The results showed that the BV/TV, BS/BV, Tb.Th, Tb.N of the Bio-Gide/Bio-Oss group and the CGF-0.75%HLC-I/Bio-Oss group were significantly than the control group. There was an increasing trend (p < 0.05). While Tb. Sp showed a decreasing trend (p < 0.05). However, there was no significant difference in BV/TV, BS/BV, Tb.Th, Tb.N, Tb. Sp between Bio-Gide/Bio-Oss group and CGF-0.75% HLC-I/Bio-Oss group (p < 0.05) (Table 3)., 3D representation of the constructed trabecular bone: Bio-Gide/Bio-Oss group and CGF-0.75%HLC-I/BioOss had more densely arranged trabecular bone compared to the control group (Figure 6).
TABLE 3 | The cytotoxicity of CGF membrane and CGF-0.75%HLC-I composite biofilm was determined by CCK-8 (‾X ± S).
[image: Table 3][image: Figure 6]FIGURE 6 | MicroCT images of control group, Bio-Gide/Bio-Oss group and CGF-0.75%HLC-I/Bio-Oss group (12 W).
3.12 The results of proteomic analysis of new bone tissue
A total of 2021 proteins (groups) and 9601 polypeptides were identified. The distribution of protein and peptide identification scores, protein molecular, peptide length, and protein identification peptide coverage were shown in Figures 7A–D, respectively. The protein profile information was searched and matched in protein databases. There were 131 DEPs in the B and C groups, containing 95 up-regulated proteins and 36 down-regulated proteins (Figure 8A). Figure 8C showed the volcano plot of DEPs in group C compared to group B. Figure 8D showed the heat map of DEPs in the ratio of group C and group. Statistical analysis selected 8 DEPs with statistical significance, including 3 up-regulated proteins: ACTN1 (FC = 1.87, p = 0.014), BASP1 (FC = 1.56, p = 0.016), MYH9 (FC = 1.53, p = 0.041) and 5 down-regulated proteins: SPARC (FC = 0.58, p = 0.013), CALM (FC = 0.44, p = 0.038), KIF12 (FC = 0.52, p = 0.022), CDH13 (FC = 0.55, p = 0.010), EP841L2 (FC = 0.56, p = 0.046) (Table 4). Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis database enrichment analysis results: ACTN1 and MYH9 are the main potential differential proteins related to osteogenesis, and they are enriched in the TJs pathway. In the TJs pathway, ACTN1 binds downstream to JRAB, which in turn binds to RAB13 and RAB8. Upstream of MYH9 are AMPK, p-AMPK and MYL2, AMPK indirectly phosphorylates MYL2, and MYL2 activates MYH9 (Figure 9).
[image: Figure 7]FIGURE 7 | (A–D) Protein identification/Quantification overview.
[image: Figure 8]FIGURE 8 | (A) Differentially expressed proteins between group (C,B); (B) Number of proteins corresponding to the first 20 items of COG/KOG analys COG/KOG; (C) Volcano diagram of the DEPs between group (C,B); (D) Clustering heat map of DEPs between group (C,B).
TABLE 4 | Differential expressed protein.
[image: Table 4][image: Figure 9]FIGURE 9 | Schematic diagram of TJs pathway.
3.13 CGF-0.75%HLC-Ⅰ-mediated tight junction pathway affects mandibular repair and regeneration in rabbits
3.13.1 The results of immunohistochemical
Immunohistochemical analysis of the positive expression of MYH9, ATCN1, BMP2, AMPK, p-AMPK, RUNX2, RAB8A, RAB13 and MYL2 in new bone tissue in groups A, B, and C, respectively. Osteoblasts can be clearly seen in the newly formed bone tissue in groups B and C. The expression level of MYH9 in group C was higher than that in group B (p < 0.01). The expression level in group A was higher than that in group B (p < 0.05). The expression level of ACTN1 in group A was higher than group B (p < 0.01). The expression level in group C was higher than that in group A and B (p < 0.001). The expression level of RAB8A in group B was higher than group A (p < 0.01). The expression levels of AMPK, p-AMPK, RUNX2, BMP2, RAB13 and MYL2 in the three groups were not statistically significant (Figure 10).
[image: Figure 10]FIGURE 10 | The immunohistochemical staining of tissues (arrow shows osteoblasts) (SP, ×200).
3.13.2 The results of Western blot
The expression level of MYH9 and ACTN1 in group C was higher than group A (p < 0.01) and group B (p < 0.05). The expression level of AMPK and MYL2 in group C was higher than group A (p < 0.05). The expression levels of BMP2 in group C and group B were significantly higher than those in group A (p < 0.05). The expression levels of RAB13 in group B were significantly higher than those in group A (p < 0.01) and group C (p < 0.05). The expression levels of RUNX2, p-AMPK and RAB8A in the three groups were not statistically significant (Figure 11).
[image: Figure 11]FIGURE 11 | The Western blot analysis of osteoblasts.
4 DISCUSSION
Collagen is a kind of natural polymer material that can be used for bone defect repair and regeneration, and its biocompatibility is good. However, due to its high extraction cost, the research on it has only achieved a simplified bionic structure (Liao et al., 2021). Mingu K et al. found that collagen played a role in bone formation in the repair of calvarial defects in rabbits (Kim et al., 2021). Bio-Gide combined with Bio-Oss, a resorbable bone filler, can be used for bone regeneration and repair (Zhao et al., 2019). Bio-Gide has the function of promoting cell proliferation and has good biocompatibility (Schorn et al., 2019). Compared with the collagen membrane prepared from bovine collagen, its degradation degree was lower, which was more conducive to guiding bone regeneration (Neto et al., 2020). Bio-Gide combined with Bio-Oss was widely used in bone defect repair, such as implant bone regeneration, site preservation repair after tooth extraction (Zhang and Tu, 2021; Zhuang et al., 2021). Since Bio-Gide was expensive, it was necessary to find a material with good biocompatibility, strong osteoinductive ability and low cost. CGF has obvious advantages in the regeneration and repair of maxillofacial bone defects. At present, many researches combined CGF with other natural biomaterials, synthetic polymer materials, etc., in order to improve the performance of CGF.
HLC is a natural biological source of tissue engineering scaffold material. HLC become an ideal bioscaffold material for bone regeneration and repair with good cell biocompatibility, processability and low immunogenicity. However, its application was limited due to its low biological strength and uncontrollable biodegradation rate (Yu and Liu, 2019). It can be used in combination with other materials to improve the performance of the stent material. Shiyi H et al. used the freeze-dried sponge TGF-β3/HLC/CS prepared from HLC, transforming growth factor-β3 and chitosan to promote bone regeneration in rat calvarial defects (Huang et al., 2021). The HLC-BMP sponge prepared by Zhuoyue C (Chen et al., 2019) et al. can release growth factors, and it has been confirmed that it has an osteogenic induction effect in a rat calvarial defect repair model. The results of our previous study suggested that the combination of CGF and 0.75% HLC-I did not affect its good biocompatibility (Zhou et al., 2020). Consistent with the above findings, our study prepared different concentrations of CGF-HLC-I (0.1, 0.25, 0.5, 0.75, 1.00%) composite biomaterials by complex cross-linking CGF with different concentrations of HLC-I. MTT assay showed that the cell proliferation ability was the best when CGF was compounded with 0.75% HLC-I cross-linking. It was suggested that CGF-0.75%HLC-I composite biomaterial has the best biocompatibility with cells and has the ability to promote cell proliferation.
The new composite materials prepared by Hedong Y et al. can upregulate the expression of BMP2 to promote the growth of osteocytes and repair the mandibular defect in rabbits (Yu et al., 2018). RUNX2 is a type of transcription factor that can regulate bone development. Studies have found that RUNX2 can regulate a variety of osteocytes to participate in bone formation and bone remodeling, and can regulate the differentiation and proliferation of osteocytes (Orth et al., 2019; Sun et al., 2021; Wu et al., 2021). Ying P (Pang et al., 2021) et al. confirmed that activation of BMP2/RUNX2 signaling pathway can promote the proliferation and differentiation of human osteoblasts. In this study, the expression of BMP2 and RUNX2 protein were investigated by immunohistochemical in new bone tissue. In the Bio-Gide/Bio-Oss and CGF-0.75%HLC-I group, the positive expressions of BMP2 and RUNX2 increased at 4 W, 8 W, and 12 W after surgery. It was suggested that CGF-0.75%HLC-I has the effect of promoting osteogenesis.
Combined with other scholars at home and abroad, CGF may promote osteogenesis through the extracellular paracrine signaling channel through the growth factor TGF-β1 (Takahashi et al., 2019). In view of the above experiments, we further explored the repair mechanism of CGF-0.75%HLC-I -guided critical bone regeneration in rabbit mandible and compared and analyzed the repair mechanism with Bio-Gide. Teunissen M (Teunissen et al., 2018) et al. found 2,981 unique genes differentially expressed in the study of bone and cartilage regeneration, mentioning that the TJs signaling pathway was activated. However, there was no further evidence for a specific role of the TJs pathway in osteogenesis. The results of white matter analysis showed that 131 proteins with different expression levels were identified in CGF-0.75%HLC-Ⅰ/Bio-Oss group and Bio-Gide/Bio-Oss group including 95 up-regulated proteins and 36 down-regulated proteins. Three up-regulated proteins ACTN1, BASP1 and MYH9, and five down-regulated proteins SPARC, CALM, KIF12, CDH13 and EP841L2 were selected by Student’s t-test or chi-square test. It was suggested that the proteins regulated by CGF-0.75% HLC-I/Bio-Oss group and Bio-Gide/Bio-Oss group are different. Therefore, we speculated that the two metabolic pathways involved in mediating the regeneration and repair of critical bone tissue in the mandible of rabbits are also different.
There was a study found that ACTN1 was a potential risk of osteoporosis, and the main biological function of ACTN1 was to regulate the binding of actin cytoskeleton and calcium ions, so as to affect the ability of osteogenesis (Zeng et al., 2017). It can be seen that there was insufficient research evidence whether ACTN1 promoted osteogenesis or led to osteoporosis. However, our results showed that the expression of ACTN1 in CGF-0.75%HLC-Ⅰ/Bio-Oss group was higher than that in blank group and Bio-Gide/Bio-Oss group. It was speculated that ACTN1 can promote osteogenesis, that was, the high expression of ACTN1 can be used as a favorable proof that CGF-0.75%HLC-Ⅰ/Bio-Oss mediates the repair of bone tissue defects and bone tissue regeneration.
The enrichment analysis results of KEGG pathway suggested that there were four enrichment points in TJs pathway, in which the differential proteins ACTN1 and MYH9 are enriched in TJs pathway. AMPK and MYL2 are upstream proteins of MYH9. As an energy metabolism sensor, AMPK can regulate the differentiation of bone marrow mesenchymal stem cells. There was a study found that AMPK can phosphorylate RUNX to promote osteogenesis (Jiating et al., 2019). Yamamoto et al. (Yamamoto et al., 2014) once found that phosphorylated MYL2 was significantly induced into high expression in periodontal ligament cells during osteogenic differentiation. Inhibiting the expression of phosphorylated MYL2 can reverse the osteogenic differentiation of periodontal ligament cells. In this experiment, AMPK and MYL2 are upstream proteins of MYH9 in TJs pathway. The expression levels of AMPK and MYL2 are highest in CGF-0.75% HLC-I/Bio-Oss group. We speculated that AMPK can indirectly act on its downstream MYL2, phosphorylate it, and participate in the repair of bone tissue defects mediated by CGF-0.75% HLC-I. CGF-0.75%HLC-I induced the high expression of AMPK in the defective bone tissue, which in turn controls the polarity of osteoblasts and promotes the migration of osteoblasts and the transport of substances (Jiating et al., 2019). At the same time phosphorylation of MYL2, and finally achieve the role of promoting osteogenesis. Immunohistochemistry and Western blot analysis showed that MYH9, ACTN1, AMPK, p-AMPK, MYL2, RAB8A and RAB13 were expressed in each group. The expression levels of MYH9, ACTN1, AMPK and MYL2 were highest in the CGF-0.75%HLC-Ⅰ/Bio-Oss group. While RAB13 had the highest expression level in the Bio-Gide/Bio-Oss group. The high expression of MYL2 may activate its downstream MYH9, thereby promoting bone tissue regeneration. Based on the results of this experiment, RAB13 is highly expressed in Bio Gide/Bio-Oss group, while it is low expressed in other groups. The experimental results showed that MYH9 and ACTN1 were involved in different signal transduction processes in the TJs signaling pathway. AMPK, p-AMPK and MYL2 were upstream proteins of MYH9; the upstream protein of ACTN1 was MAGI-1, and the downstream proteins were JRAB, RAB8 and RAB13.
5 CONCLUSION
In conclusion, the mechanism of CGF-0.75%HLC-I/Bio-Oss repairing CSD was still different at the protein level compared with Bio-Gide/Bio-Oss. There were also differences in the metabolic pathways involved in the osteogenesis mechanism mediated by the two. In the TJs pathway, AMPK, MYL2 and MYH9 were up-regulated based on CGF-0.75%HLC-I, while AMPK activated MYL2 and MYH9. And by controlling cell polarity, promoting cell migration and material transport, and phosphorylating MYL2, it finally mediated the repair of rabbit mandibular CSD and promoted the mechanism of bone tissue generation.
Comparing the CGF-0.75% HLC-I/Bio-Oss group with the Bio-Gide/Bio-Oss group, a total of 8 classical protein differential expression distributions were excavated. Among them, ACTN1, BASP1, MYH9 were up-regulated; and SPARC, CALM, KIF12, CDH13 and EP841L were down-regulated. The results of differential protein combined with KEGG pathway enrichment showed that the main potential differential proteins related to osteogenesis were ACTN1 and MYH9, and both were enriched in the TJs pathway. CGF-0.75% HLC-I regulates the expression levels of AMPK, MYL2, MYH9 and ACTN1 through the TJs pathway, thereby promoting the repair of mandibular CSD. The results suggested that CGF-0.75%HLC-I/Bio-Oss materials can promote new bone formation, providing new ideas for the application of bone tissue engineering scaffold materials in oral clinics.
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BASP1 AOASFICFU9 95038895.1 61094898.26 001643238649 1555594621
KIF12 GITSYS 125602510.8 241713097.6 002178307525 0.5196346912
CDHI3 GITL92 5289452029 97108904.65 0009888347915 0.5446927908
EPBA1L2 AOASFICHR4 54794547.05 98589173.11 004671912928 0.5557866581
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