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The regeneration defect of bone is a long-term physiological process after bone injuries. To accelerate the bone remodeling process, the combination of chemical and physical stimulations provides an efficient strategy to allow maturation and to functionalize osteoclasts and osteoblasts. This study aims to investigate the dual effects of a tricalcium phosphate (TCP)-based gelatin scaffold (GGT) in combination with electroacupuncture stimulation on the activation of osteoclasts and osteoblasts, as well as new bone regrowth in vitro and in vivo. We demonstrated that electrical stimulation changes the pH of a culture medium and activates osteoblasts and osteoclasts in an in vitro co-culture system. Furthermore, we showed that electroacupuncture stimulation can enhance osteogenesis and new bone regrowth in vivo and can upregulate the mechanism among parathyroid hormone intact (PTH-i), calcium, osteoclasts, and osteoblasts in the bone-defected rats. Those results showed the potential interest to combine the electroacupuncture technique with GGT scaffolds to improve bone remodeling after injury.
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INTRODUCTION
Large bone injuries can occur in degenerative/cancer diseases, skeletal trauma, or elderly people (Dang et al., 2018). To promote bone reconstruction, several strategies are well developed. For example, autologous and allogeneic bone transplantations are considered as the gold standards for bone reconstruction (Hou et al., 2014; Verrier et al., 2016). However, bone transplantation suffers from the limitations of available tissue, potential immune-related complications, and costly sample preparation (Dimitriou et al., 2011; Vidal et al., 2020). Therefore, artificial scaffolds such as porous sponge or extracellular matrix (ECM)-based substrates have been investigated as an alternative to promote the efficiency of regeneration. For example, Wang et al. have combined polycaprolactone (PCL) and mesoporous silicate nanoparticles (MSNs) to develop a nanofibrous scaffold via an electrospinning technology. This PCL-based nanofibrous scaffold transplanted into rats significantly enhances bone remodeling within 4 weeks (Wang et al., 2018). The ECM contains tissue-specific proteins with mechanical and structural properties secreted from cells. The ECM-based scaffold allows stem or somatic cells from original tissues to migrate into the scaffold and then repair the injured tissues (Edgar et al., 2016). Mattioli-Belmonte et al. have developed a decellularized and demineralized bovine bone scaffold retaining both the chemical matrix cues and the topological features of native tissues (Mattioli-Belmonte et al., 2019). The cell-free decellularized tissue provides human umbilical cord-derived mesenchymal stem cells (hUC-MSCs) with a new supporting matrix to migrate and spread into the bone defect area before undergoing osteogenic differentiation.
Cytokines such as growth factors and chemical compounds are also used as a strategy to induce the healing of injured bone tissues. Bone morphogenetic proteins (BMPs) such as BMP2, BMP7, and BMP9 have been demonstrated to promote osteogenetic or condrogenetic differentiation of MSCs in vitro and in vivo (Beederman et al., 2013). The transforming growth factor-β (TGF-β) family has been reported to be involved in osteogenesis, skeletal development, and complex bone remodeling through crosstalk with different signaling pathways (Wu et al., 2016; Xu et al., 2018). Bioactive ceramics such as hydroxyapatite (HA) and tricalcium phosphate (TCP) are chemical compounds used as bone substitutes to induce osteogenesis (Lee et al., 2013). These studies have shown that the chemical induction of growth factors or bioactive chemical compounds is useful in bone tissue remodeling.
Recently, electromagnetic stimulation has been used as an adjunctive treatment for bone regeneration (Ebrahim et al., 2014). A previous study has reviewed and showed that electrical stimulation (ES) can regulate the proliferation, migration, and osteogenesis of cells in bone tissue engineering; moreover, the response of cells to ES was also involved in many cellular signaling pathways (Leppik et al., 2020). Through electromagnetic stimulation, some signaling pathways such as the calcium–calmodulin pathway may be activated, leading to the upregulation of cytokines involved in bone remodeling such as TGF-β or BMP (Aleem et al., 2016). The electromagnetic stimulation is conducted through percutaneous ES with stainless steel needles connected to the electrodes. Interestingly, in traditional Chinese medical therapy, acupuncture is also performed using needles to percutaneously reach the acupoints. Although the molecular mechanism involved in acupuncture is still not clear, previous studies have reported that the use of acupuncture as an adjunctive therapy could reduce neuropathic pain and promote ulna bone healing (Ju et al., 2013; Naddaf et al., 2014). These reports indicate acupuncture as an adjunctive therapy that may be useful for bone engineering. Our previous study has combined electromagnetic stimulation (i.e., physical treatment) and the TCP-based gelatin scaffold (GGT) (i.e., chemical compound) to accelerate the reconstruction effect of large bone defects (Yang et al., 2013). However, our previous study used only one ES condition (2 Hz and 2 mA) to treat the rats with bone defects and do not investigate the mechanism of bone healing when performing both a physical treatment and a chemical compound on rats. In this study, we evaluated the combination of the TCP-based gelatin scaffold (GGT) with a dual physical treatment, ES and acupuncture (called electroacupuncture), on bone regeneration. Different from our previous study (Yang et al., 2013), we systematically investigated the effect of the frequency and the current ampere of ES on an in vitro osteogenic model and rats and further discussed the relative mechanism among the GGT, ES, and acupuncture in bone regeneration. We assume that the combination of the GGT and electroacupuncture may enhance the expression of molecules and cell activities involved in bone remodeling in vitro or in vivo.
MATERIALS AND METHODS
Implant Material Preparation
Type A gelatin (50,000–100,000 Da) was purchased from Sigma-Aldrich, United States An 18% gelatin solution was dissolved in distilled water at 70∘C. When the gelatin solution was cooled to 50°C, a 20% genipin solution (Challenge Bioproducts Co., Taichung, Taiwan) was added to the gelatin solution at a constant temperature for a crosslink reaction. Then, ceramic tricalcium phosphate Ca3(PO4)2 particles of around 200–300 μm (Merck, Germany) were added into the gelatin–genipin mixture. To mimic an inorganic/organic ratio in the natural bone, the TCP and gelatin in the composite were at a weight ratio of 3:1 (Yao et al., 2005). The GGT composites for the animal experiment in this study were prepared with a shape width of 8 mm, and their thickness was 1.5 mm. All samples were stored at −80∘C for 24 h and then dried in a freeze dryer for another 24 h.
In Vitro Preosteoblast (OB)/Preosteoclast (OC) Co-culture System
An OB cell line (MC3T3-E1) and an OC cell line (Raw 264.7) were used in this study. The in vitro OB/OC co-culture system was modified by a previous study (Satue et al., 2013) and our previous OB/OC co-culture protocol (Chen et al., 2013). The OB and OC cells were individually cultured in the medium containing the receptor activator of the NF-κB ligand (RANKAL) and the monocyte chemotactic and stimulating factor (M-CSF) for 6 days of incubation. During the individual culture period, the culture medium was refreshed every 2 days to induce the maturation of cells. Afterward, the two mature cells were harvested in the following co-culture experiments. The two cell lines were directly co-cultured and came in contact with each other in a culture dish at 3 × 105 cells individually. Then, the co-culture cells were treated by the medium with RANKAL and M-CSF for 6 days. Then, two dependent OB/OC co-cultured dishes were connected with a salt bridge that consisted of 1.2% agarose and a-MEM. Furthermore, via the connection of the cathode and anode, the co-cultured cells were stimulated at various sixteen frequency/ampere conditions (1 Hz/1 mA, 1 Hz/4 mA, 1 Hz/8 mA, 2 Hz/1 mA, 2 Hz/4 mA, 2 Hz/8 mA, 20 Hz/1 mA, 20 Hz/4 mA, 20 Hz/8 mA, 200 Hz/1 mA, 200 Hz/4 mA, and 200 Hz/8 mA). During the stimulation period, the co-cultured cells were stimulated for 15 min each time and three times/6 days (Days 0, 3, and 6). Then, the pH value of the culture medium from the co-cultured dish, alkaline phosphatase (ALP), and tartrate-resistant acid phosphatase (TRAP) was analyzed after treatment of ES.
Surgical Procedure
Twenty adult male Sprague–Dawley rats weighing 280–300 g were used for cranial implantation. The care and experimental protocol of animals followed the national animal care guidelines and was approved by the Institutional Animal Care and Use Committee (IACUC) of China Medical University. Isoflurane (Abbott, Taiwan) was used as an anesthetic agent for all animals. Prior to begin the treatment, the head of each rat was shaved, the head skin was incised in a T-shape, and the parietal periosteum was further removed. Then, a slow-speed dental handpiece with a drilling burr was used to create a full-thickness defect of the parietal bone. An 8-mm circular injury was created on the parietal bone; the dura and the superior sagittal sinus were not violated. Then, the GGT composite scaffolds were used to fill the injuries in the rats. Furthermore, the periosteum and skin were closed by using 5–0 vicryl and 3–0 black silk sutures, respectively (Dong et al., 2008).
Percutaneous Electrical Stimulation Procedure
Percutaneous electrical stimulation was performed based on our previous study (Yang et al., 2013). Two acupoints Baihui (GV20) and Fengfu (GV16) were selected for ES treatment. After the operation, the rats were divided into five groups, with four rats per group. All groups underwent 4, 8, and 12 weeks of percutaneous electrical stimulation [15 min each time and three times/6 days (Days 0, 3, and 6)] using stainless steel needles (0.27 mm OD, 13 mm length, Ching Ming, Taiwan) with an insertion depth of 2 mm and a stimulator (Trio 300; Ito, Tokyo, Japan). The anode was connected to a point on the back of the neck; the cathode was connected to a front point on the head, as illustrated in Figure 1. During each stimulation, the rats were under inhalation anesthesia. GGT groups without ES, as control groups, only received inhalation anesthesia without percutaneous electrical stimulation. All the rats were examined afterward at 4, 8, and 12 weeks.
[image: Figure 1]FIGURE 1 | (A) Schematic figure of an in vitro OB/OC co-culture system treated with ES. The difference of (B) the pH value (ΔpH) of the medium, (C) ALP expression (ΔALP), and (D) TRAP expression (ΔTRAP) of the co-cultured cells at the cathode and anode site after treating ES with 1 Hz/1 mA, 1 Hz/4 mA, 1 Hz/8 mA, 2 Hz/1 mA, 2 Hz/4 mA, 2 Hz/8 mA, 20 Hz/1 mA, 20 Hz/4 mA, 20 Hz/8 mA, 200 Hz/1 mA, 200 Hz/4 mA, and 200 Hz/8 mA. (E) The histological analysis of the ALP expression of the co-cultured cells at the cathode and anode site without ES and after treating ES with 2 Hz/1 mA, 2 Hz/4 mA, 20 Hz/4 mA, 200 Hz/1 mA, and 200 Hz/8 mA. The control group indicated the cells treated with ES treatment on the culture dish without the GGT scaffold. (n = 6, *p < 0.05.)
Harvesting, Radio Morphometry, and Histomorphometry of Tissues
In this study, we selected the four groups with the increased DALP expression (i.e., 2Hz/1mA, 20Hz/4mA, 200 Hz/1 mA, and 200 Hz/8 mA) from the in vitro co-culture system for the following animal experiments. The rats with the implanted GGT scaffold without the ES treatment were used as the control group. Furthermore, the bone defect regeneration was evaluated radiographically and histologically. Using a micro-CT scanner (SkyScan-1076, Aartselaar, Belgium) and with inhalation anesthesia, each group of animals was examined 4, 8, and 12 weeks after individual percutaneous electrical stimulation. The contrast of gray levels between the new bone tissues and the implanted GGT scaffold was enhanced, and ImageJ (National Institutes of Health, United States) was used to evaluate the volume of the newly formed bone via counting the number of voxels. To evaluate the growth trend, 3D images of the new bone were reconstructed through Amira (Visage Imaging GmbH, Berlin, Germany).
To analyze the new bone growth, the anesthetized animals were sacrificed by using carbon dioxide. The removed craniectomy sites with 2–3 mm of the contiguous bone from each skull were immersed into phosphate-buffered 10% formalin for 24 h of fixation. Subsequently, the fixed specimens were placed into the 10% formic acid solution to decalcify all of the calvarial specimens for 2 weeks. After treatment for 2 weeks, the calvarial specimens were immersed in sodium sulfate overnight, dehydrated in a graded series of ethanol, and further embedded in a tissue-freezing medium (OCT). Axial sections of the decalcified bone and implants (10 μm thickness each) were prepared and stained with hematoxylin and eosin (H and E). To observe the relationship between the electrodes and osteoblasts or osteoclasts, longitudinal sections of other specimens (10 μm thickness each) were arranged and stained with either the alkaline phosphatase (ALP) stain or tartrate-resistant acid phosphatase (TRAP). Photomicrographs of these sections were obtained by light microscopy. Furthermore, to quantify the results of the ALP expression, p-Nitrophenyl phosphate (pNPP) from the ALP assay kit (BioVision, Taiwan) and acid phosphatase activity colorimetric assay kit (BioVision, Taiwan) was used to react with ALP and TRAP. After the reaction, the degree of ALP and TRAP activities was further measured at 405 nm by using a plate reader. Moreover, the ΔALP or ΔTRAP expression was calculated by the difference from the O.D. values between the cathode and anode.
Mathematical Model Simulation
The normal bone regeneration model is modified from previous studies (Komarova et al., 2003; Ayati et al., 2010). The bone cell population in a bone regeneration system could be described by an ordinary differential equation (ODE). The following ODE contains the bone resorption of osteoclasts and the bone formation of osteoblasts, which are expressed in the density of osteoclasts C(t) and osteoblasts B(t) at the time (t) as below:
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In Eq. 1 and 2, the proliferation terms of osteoclasts and osteoblasts are expressed in the power nonlinear terms. a is the activity of cell production, and ß is the activity of cell removal. g11 and g21 are the positive and negative feedbacks on the generation of osteoclasts in autocrine and paracrine signaling, respectively. Similarly, g22 and g12 are both the positive feedbacks on the generation of osteoblasts in autocrine and paracrine signaling, respectively. Therefore, the increase rate of osteoclast and osteoblast numbers above the steady state could affect the rate of bone resorption and regeneration. Therefore, the related rate of bone resorption and regeneration could be assumed as the following equation while over steady-state levels.
[image: image]
Z is the total bone mass; the initiation conditions of Eq. 3 are Z (0) = Z0, and the value of k1 and k2 indicates the normalized activity of bone resorption and regeneration.
Statistical Analysis
All numerical data were presented as mean ± one standard deviation. Significant differences among the samples were evaluated using one-way ANOVA followed by Tukey’s test to compare data. Probabilities of p < 0.05 were considered statistically significant.
RESULTS
The Effect of Electrical Stimulation on Osteoblast and Osteoclast Co-Cultured System
To optimize the ES condition, the in vitro OB/OC co-culture system was used to investigate the effects of various frequencies and currents of ES on cell behaviors (Figure 1A). The previous study reported that the pH of the culture medium could be impacted by ES and that pH variation may affect cell behaviors (Li et al., 2015). Figure 1B shows a difference of the pH value (ΔpH) measured in the culture medium. After ES treatment, the positive value of ΔpH indicates alkalization of the culture medium. Increased pH of the culture medium was observed when the OB/OC co-culture dish received the frequencies and currents at 1 Hz/4 mA, 2 Hz/1 mA, 20 Hz/4 mA, 20 Hz/8 mA, 200 Hz/1 mA, 200 Hz/4 mA, and 200 Hz/8 mA. The 200 Hz/8 mA group showed a significantly higher ΔpH than other groups.
ALP is an early marker of osteoblast differentiation. In general, a high ALP expression indicates a high degree of mineralization of the bone. Next, the ALP expression of osteoblasts in the OB/OC co-culture dish was analyzed following the ES treatment after 3 days of incubation. Similar to the pH assay, the ALP expression was described as the difference of the ALP expression (ΔALP) (i.e., the O.D. cathode - O.D. anode). As shown in Figure 1C, an increased ΔALP expression was observed in the ES treatment group at 2 Hz/1 mA, 20 Hz/4 mA, 200 Hz/1 mA, 200 Hz/4 mA, and 200 Hz/8 mA.
In addition to the osteoblast ALP expression, the TRAP expression was also evaluated as ES might impact osteoclast behaviors (Nakamura et al., 2016). As shown in Figure 1D, ES treatment can induce the expression of TRAP with the following parameters: 1 Hz/8 mA, 2 Hz/1 mA, 2 Hz/8 mA, and 20 Hz/1 mA. Moreover, Figure 1E shows a consistent result with the quantitative results of the ALP expression (Figure 1C) in which ES treatment induces a higher ALP expression. Based on those results, the following parameters were selected to confirm the ES effect in vivo: 2 Hz/1 mA, 20 Hz/4 mA, 200 Hz/1 mA, and 200 Hz/8 mA.
Combination of the Effects of GGT, ES, and Acupuncture on Rats With Bone Defects
GGT scaffolds were transplanted into SD rats with skull bone defects (Supporting Figure S1). After 7 days, ES treatments were performed on the rats during 4, 8, and 12 weeks. To combine the effect of percutaneous ES with acupuncture, a stainless steel needle connected to the cathode was punctured at the acupoint Baihui (GV20), and another stainless steel needle connected to the anode was punctured at Fengfu (GV16) (Figure 2A). After performing ES for 4 weeks, (Figure 2B-i) shows that the gap between the implanted GGT scaffolds and native osseous tissues is still clearly observed by micro-CT for all groups. Furthermore, Von Kossa staining was used to evaluate the calcium deposits on the implanted GGT scaffolds in the paraffin tissue sections. Within 4 weeks, no significant calcium deposits were observed on the GGT scaffolds at the cathode (the cranial site) or the anode (the caudal site). On the contrary, numerous fibroblasts (blue arrows) were observed in the GGT scaffolds under all ES conditions. At 8 weeks, the 20 Hz/4 mA and 200 Hz/1 mA groups showed blurriness on micro-CT images between the GGT scaffolds and native osseous tissues from the cranial sites. This result indicates that new bone regeneration starts in the GGT scaffolds after 8 weeks of ES (Figure 2B-ii). Although the calcium deposit images show that the generation of fibroblasts is the major phenomenon, the significant calcium deposit behavior (red arrow) could be observed for the 20 Hz/4 mA and 200 Hz/1 mA groups, especially for the cranial sites in the 200 Hz/1 mA group. Next, (Figure 2B-iii) shows in comparison to the control group that the shape of the GGT scaffold is maintained only for the 2 Hz/1 mA group after ES treatment for 12 weeks. The scaffolds for the 20 Hz/4 mA, 200 Hz/1 mA, and 200 Hz/8 mA groups have an irregular shape and an unclear edge. Similar to the results in (Figure 2B-ii), the calcium deposits were observed for the 20Hz/4mA, 200Hz/1mA, and 200Hz/8 mA groups (red arrows), especially at the cranial sites in the 200Hz/1 mA group. Additionally, the degradation of GGT scaffolds (yellow arrows) also could be found at the cranial sites of the 200Hz/1 mA group. Moreover, through the quantitative results from micro-CT images, we observed that new bone regeneration occurred after ES treatment for the 20 Hz/4 mA, 200 Hz/1 mA, and 200 Hz/8 mA groups (Figure 2C). Moreover, compared with the control group, the rats treated with 200 Hz/1 mA ES had the fastest new bone regenerative behavior within 4 weeks and could achieve around 80% of the new bone regenerative area after 12 weeks.
[image: Figure 2]FIGURE 2 | (A) Photographic images of the bone-defected rats with the implanted GGT scaffold undergoing electroacupuncture stimulation on Baihui (GV20) and Fengfu (GV16) acupoints. [(B) (i)-(iii)] The micro-CT and histological images of the new bone regenerative behavior of rats were treated with electroacupuncture stimulation for 4, 8, and 12 weeks. (C) The quantitative results of the new bone regrowth area in the defects of rats treated with electroacupuncture stimulation for 4, 8, and 12 weeks. The control group indicated the rats with the implanted GGT scaffold and without ES treatment. (The number of rats per group = 4, *p < 0.05.)
Mathematical Model for the Growth of Osteoclasts and Osteoblasts and the Remodeling of Bone Mass
A mathematical model created by modifying the model from previous studies was used to predict the possible interactions between osteoclasts and osteoblasts in bone remodeling (Komarova et al., 2003; Ayati et al., 2010). First, we defined the beginning of treatment of the rats by ES as day zero. To fit the results of in vivo bone regeneration, we slightly modified the parameters from previous studies (Komarova et al., 2003; Ayati et al., 2010). The osteoclast (a1) and osteoblast (a2) production was set as three and four cells/day, and the removal of osteoclasts (ß1) and osteoblasts (ß2) was set as 0.125 and 0.035 cells/day, respectively. The g11 and g21 were set as 1.25 and 0.75, and the g22 and g12 were set as −0.5 and 0, respectively. Moreover, the activities of bone resorption (k1) and bone formation (k2) were set as 0.001 and 0.000099%/(cell⋅day), respectively. As shown in Figure 3, the number of osteoclasts started to increase after 7 days of treatment and achieved a maximum number after 50 days of treatment; then, the number of osteoclasts decreased. Compared with the growth of osteoclasts, the number of osteoblasts increased when the number of osteoclasts slowly decreased back to a normal level, indicating that the growth of osteoblasts could be relative to the activity of osteoclasts after 8 weeks of ES treatment. Furthermore, consequent changes in bone regeneration showed a bone resorption behavior within the 8-weeks treatment and an increasing trend of bone formation after 8 weeks. These simulation results indicate that the resorption and regeneration of the bone are highly relative to the activities of osteoclasts and osteoblasts; and the computation model is in good agreement with the experimental results in Figure 2.
[image: Figure 3]FIGURE 3 | Computational calculation was designed for temporal patterning of the growth of osteoclasts, osteoblasts, and bone remodeling. Calculation was performed by setting the following parameters in Eq. (1–3). (α1 = 3, α2 = 4, β1 = 0.125, β2 = 0.035, g11 = 1.25, g12 = 0.75, g21 = -0.5, g22 = 0).
ES Mechanism of Bone Regeneration
We measured the parathyroid hormone-intact (PTH-i) concentration in the blood from rats. As shown in Figure 4A, compared with the PTH released at 8 and 12 weeks, a higher level of PTH-i was observed only at 4 weeks for all groups, indicating that the bone defect at an early stage might induce the release of PTH-i. Subsequently, Figure 4B shows the expression by Western blot analysis of proteins related to bone regeneration such as osteocalcin (OCN), osteopontin (OPN), ALP, and p38. Compared with the expression at 4 weeks, the OCN protein level increased after 8 and 12 weeks of ES treatment. The OPN expression was significantly increased after 12 weeks of ES treatment. Noticeably, in comparison with the control group, the rats receiving ES treatment showed a higher OPN level. The results of the ALP expression in most groups show a similar trend to the OPN expression. Additionally, the expression of p38 protein could be found at the lowest level at 4 weeks. Then, the p38 expression reached the highest level after 8 weeks of ES treatment in all groups. Afterward, the p38 level started to decrease in all groups from 8 to 12 weeks. These results indicate that the expressions of bone regeneration-related proteins possess a time-dependent behavior after ES.
[image: Figure 4]FIGURE 4 | (A) Hematological analysis of the PTH-i expression of the bone-defected rats was treated with electroacupuncture for 4, 8, and 12 weeks. (B) The osteoclast activation protein (p38) and osteoblast differentiation/mineralization proteins (ALP, OPN, and OCN) in the bone-defected tissues after treating with electroacupuncture stimulation were analyzed by using the Western blot assay. The control group indicated the rats with the implanted GGT scaffold and without ES treatment. (The number of rats per group = 4, *p < 0.05.)
DISCUSSION
Remodeling in large bone defects is a long-term physiological process after bone injuries. Therefore, tissue engineering techniques provide the strategies to accelerate bone remodeling by using versatile chemical and physical treatments and has been of interest as new strategies for bone regeneration (Feng and McDonald, 2011). In the bone tissue engineering field, many biopolymers such as poly PCL and PLGA have been used as substitutes to promote the healing of bone fractures (Iaquinta et al., 2019). However, bone injuries in some cases are too complex so that the bone healing efficiency might be limited by using only one type of biomaterials. During the healing process of bone fracture, calcium ions play an indispensable role to enhance the cell–cell and cell–matrix interactions, regulating many cellular signaling pathways via SMAD and other routes (Lee et al., 2018). Therefore, calcium-based bioactive ceramics have been a popular chemical additive widely used to promote the osteogenic regeneration of the bone during the past decade (Nakamura et al., 2010). In addition to chemical additives, physical therapies such as mechanical-tension-stress or hyperthermia methods are also tested to accelerate the healing of the bone (Betts and Müller, 2014; Zhang et al., 2019). The physiological strain has been confirmed to induce the functionalization of stem or somatic cells (Ribas et al., 2017). Berman et al. reported in a short-term animal model of axial compressions that both structural and tissue level mechanical behaviors of the bone can be significantly increased through various loading (Berman et al., 2015), especially at a high loading. At the highest loading (12.4N), this strain level enhances the density of cortical and cancellous regions in the bone. Hyperthermia therapy is another physical method used to improve bone remodeling. Many substrates with light-to-heat conversion are able to absorb light in order to generate thermal energy (Gerbi et al., 2005; Serrat et al., 2015). For example, near-infrared (NIR) light irradiation-responsive black phosphorus (BP) nanosheets mixed with poly (lactic-co-glycolic acid) (BPs@PLGA) were used as an osteoimplant to treat bone defects in rats. Through the highly efficient NIR photothermal response of BPs, the BPs@PLGA significantly enhanced the expression of heat-shock proteins and promotes osteogenesis in vitro and in vivo (Tong et al., 2019).
In previous studies, we developed a TCP-crosslinked gelatin scaffold and a bone morphogenetic protein-2 (BMP-2)-immobilized gelatin/HA composite for promoting bone regeneration (Lin et al., 1998; Cheng et al., 2019). To investigate the effect of physical treatments, we also developed a method to remodel bone tissues via ES treatment, indicating that ES treatment stimulates bone tissue regrowth after 12 weeks (Yang et al., 2013). Acupuncture is another adjunctive physical therapy which has been developed during the several past decades. Recently, acupuncture in combination with electrical stimulation, called electroacupuncture, has been used in traditional Eastern medicine to promote disease recovery or to reduce the pain of patients (Lv et al., 2019). This observation inspired us to use an electroacupuncture method in combination with a GGT scaffold for repairing bone injuries. By combining advantages of Eastern and Western medicine, we hypothesized that electroacupuncture may provide with the GGT scaffold a dual significant effect (i.e., ES and acupuncture) to enhance the regeneration of the bone.
Osteoblast–osteoclast interactions are important to regulate new bone formation (Tanaka et al., 2005). During the bone remodeling process, osteoblasts and osteoclasts regulate each other’s maturation at various stages. For example, the communications between osteoblasts and osteoclasts promote the differentiation of pre-osteoclasts at an early stage during bone remodeling. The matured osteoclasts are responsible for resorbing the damaged and aged bone tissues at the injury site (Matsuo and Irie, 2008). Subsequently, osteoclasts further activate the osteoblasts to stimulate the new bone growth process (Wang et al., 2015). Noticeably, an imbalance between osteoclastic resorption and osteoblastic regrowth during bone remodeling may result in the occurrence of other bone diseases such as secondary osteoporosis (Chen et al., 2018). This information indicates that the expressions of osteoclastic resorption and osteoblastic regrowth contribute a key factor in the bone healing process.
To obtain the optimal frequency and current of ES treatment for bone regeneration in the animal model, we first set an in vitro OB/OC co-culture system to mimic the in vivo OB/OC environment. Then, through the connection of two OB/OC co-culture dishes by a salt bridge and electrodes, we recapitulate the current passing through tissues from the cathode to anode during ES treatment (Figure 1). According to a previous study (Tanaka et al., 2005), mature osteoclasts in the bone defect area participate in the resorption process at an early stage after injury. During the bone resorption process, osteoclasts release hydrogen ions to dissolve the minerals which may cause acidification of the microenvironment. Therefore, the negative ΔpH value reveals a low acidic environment in the OB/OC co-culture system without any ES (control group, Figure 1B). Interestingly, after treating the co-culture system with various frequency/ampere of ES, the pH value at the cathode site slightly increased following the increase of frequency/ampere, especially in the 200 Hz/8 mA group. As at the cathode a reduction reaction occurs and attracts the positive charge, the increase of frequency/current provides a more negatively charged environment which can neutralize the released positive hydrogen ions, causing a relative basic environment. Additionally, compared with the control group, we also found that not all cathode sites in the ES-treated culture groups could provide a relative alkaline environment, indicating that the frequency of the current higher than a critical point (around 2 Hz) might provide enough electrical ions to neutralize hydrogen ions. Moreover, Yuan, et al. and Zhang, et al. reported that an acidic pH environment reduces the proliferation, differentiation, and calcium absorption properties of osteoblasts, but it is able to enhance the activity of osteoclasts (Yuan et al., 2016; Zhang et al., 2017). The similar activation phenomena of osteoclasts and osteoblasts at the relative acidic and basic environments were also shown by the measurement of the osteoclastic TRAP and the osteogenic ALP levels (Figures 1C,D). Thus, it is reasonable to assume that the relative alkaline environment at the cathode site offers an appropriate condition for maturation of osteoblasts (Galow et al., 2017). According to the aforementioned information, the positive values of ΔpH and ΔALP were defined that the conditions may enhance the osteoblast activity, and the positive value of ΔTRAP was defined as the condition enhancing the osteoclast activity at the anode site in our study. Furthermore, we could classify the in vitro culture results from Figure 1 and Table 1 into three groups for different applications of the bone treated with ES: (1) “+++”/“+--” groups: the results may contribute to the inhibition of the osteoclast activity and slight enhancement of the osteoblast activity. (2) “+-+” groups: the results enable the resorption ability of osteoclasts at the initial stage of bone regeneration. (3) “++-”group: the groups observed for ES treatment with high frequency conditions which provide a desired effect on enhancing osteogenesis.
TABLE 1 | The positive and negative expression of the in vitro OB/OC co-culture system after ES. n.s.: no statistically significant difference.
[image: Table 1]Therefore, we selected the groups from the in vitro results of the OB/OC co-culture system (Figure 1E), 2 Hz/1 mA, 20 Hz/4 mA, 200 Hz/1 mA, and 200 Hz/8 mA, which were the osteogenesis-enhancing conditions for stimulating bone regeneration in rats with bone defects. In the acupuncture method, acupoints Baihui (GV20) and Fengfu (GV16) have been demonstrated to induce the differentiation of cells and the healing of neural injuries (Nam et al., 2015; Salazar et al., 2017). However, there are few articles to discuss the relationship between these two acupoints and bone regeneration. Thus, the regeneration behavior of rats with the bone defect was further evaluated with an electroacupuncture technique.
Based on the animal model we set in the previous study (Yang et al., 2013), the stimulation of electroacupuncture is performed at the GV20 and GV16 acupoints via the 2 Hz/1 mA, 20 Hz/4 mA, 200 Hz/1 mA, and 200 Hz/8 mA parameters. Activation of osteoclasts at the early stage in the bone remodeling process is useful for removing and resorbing the damaged bone tissues (Shemesh et al., 2016). During the 12 weeks of ES treatment, there was no significant new bone regrowth process observed in all groups for the first 4 weeks (Figure 2B). Calcium ion signaling is an important factor in enhancing osteoclastic differentiation into active mature osteoclasts (Hwang and Putney 2011) because ES might directly activate the voltage-gated calcium channel in the cell membrane and then raise the level of intercellular calcium ions (Leppik et al., 2020). In this study, the implanted GGT scaffold contains TCP bioactive ceramics; it is reasonable to assume that the calcium ions on GGT scaffolds may activate the differentiation of osteoclasts. Thus, osteoclastic differentiation and resorption might be the only processes happening during the early stage of bone remodeling in our study (Figure 1C and Figure 2B).
Furthermore, the osteoclastic differentiation and resorption decrease are followed by the differentiation and maturation of osteoblasts starting in the next 4 weeks (Figure 2B). Compared to the group without ES, the cranial site in the bone defect received ES, providing a relatively high alkaline environment which can significantly promote osteogenesis for bone regeneration (Yuan et al., 2016; Zhang et al., 2017). In addition, our previous study had reported that the new bone regeneration area within 4 weeks was close to only 10% when the rats received the ES at 2 Hz without any acupuncture effect (Yang et al., 2013). Compared with our previous study (Yang et al., 2013), the rats treated with the ES at 2 Hz and acupuncture revealed a 20% new bone regeneration area within 4 weeks and around 40% new bone regeneration area after 12 weeks of ES treatment (Figure 2B), indicating a promoting effect of electroacupuncture on bone regeneration. Besides the acupuncture effect, the effects of the frequency/current level on in vivo bone regeneration were investigated by using the ES conditions. Similar to the new bone regrowth behaviors within 12 weeks (Figures 1B–D and Figure 2B), the higher frequency/current level enhances the new bone regrowth in the defect area after 12 weeks of ES treatment. Noticeably, the differentiation of osteoblasts and the bone regeneration area in the 200 Hz/1 mA group are higher than that in the 200 Hz/8 mA group (Figure 1E and Figure 2C). This can be attributed to the 200 Hz/8 mA treatment to excess electrical ions, leading to an alkaline environment which reduces the activation of osteoblasts (Figure 1B). In contrast, the ES condition at 200 Hz/1 mA may contribute to the adequate negative charge to the carboxylic group on gelatin, thereby enhancing the swelling of the GGT scaffold. Therefore, the cells can migrate into the swollen scaffold which might promote activation of osteoclasts via the TCP ceramide. Activated osteoclasts can then degrade the GGT scaffold, leading to a blurry edge of implanted scaffolds on the micro-CT images (Figure 2B). Therefore, these results indicated the combination of ES, acupuncture, and GGT enabling to enhancing new bone regeneration.
Next, we were eager to address the possible mechanism among the ES, acupuncture, and GGT in bone regeneration. Based on the results of new bone regeneration, a computation model was used to simulate and predict the bone regenerative behavior based on the regulation from OB/OC (Figure 3). g11 > 0 and g21 < 0 indicated positive feedback of osteoclast production in autocrine signaling and inhibition of osteoclast production in paracrine signaling that dominated a bone resorption process (Komarova et al., 2003; Ayati et al., 2010). The simulation model showed the osteoclast–osteoclast autocrine increased the osteoclast number at initial 4 weeks and achieved a maximum number at 8 weeks. Therefore, bone resorption was an initial process in the bone remodeling model. According to formula 1,2 in the mathematical model, the rate of bone formation was gradually increased because both the autocrine (g22) and paracrine (g12) of osteoblasts contributed positive feedback following the increase of remodeling time. Therefore, the number of osteoblasts gradually increased within 8 weeks and achieved maximum after the number of osteoclasts reached a normal level. Afterward, consequent changes in bone regeneration showed that the autocrine and paracrine among osteoclasts and osteoblasts regulated the bone resorption behavior within the 8-week treatment and an increasing trend of bone formation after 8 weeks. These simulation results indicated that the possible overall interactions between resorption and regeneration of the bone in our case and the computational model are in good agreement with the experimental results in Figure 2.
Next, we further discussed the effect of the combination of ES, acupuncture, and GGT on bone remodeling in the molecular mechanism. Calcium plays a crucial role in bone regeneration (Aleem et al., 2016). When calcium concentration in the peripheral blood is low, PTH-i can be released from the parathyroid gland to promote calcium ion release from bones; then, the released calcium may further regulate the functions of osteoclasts and osteoblasts (Alkhiary et al., 2005). The acupuncture technique has been confirmed to accelerate the release of PTH-i from the parathyroid gland (Jincao et al., 2013). Therefore, the effect of electroacupuncture on the release of PTH-i leading to the activation of OB/OC and bone regeneration is a possible mechanism (Figure 5). During the first 4 weeks, electroacupuncture treatment might induce a neuronal activation (Nam et al., 2015; Salazar et al., 2017) and then promote the secretion of PTH-i from the parathyroid gland (Figure 4A). Compared with the control group, the treatment by electroacupuncture slightly increased the PTH-i concentration in blood. In general, electroacupuncture offers a temporal effect and requires regular repeats for sustained effects. Repetition of the electroacupuncture treatment resulted in a high PTH-i concentration in the blood for 4 weeks which may activate the osteoclasts and promote the osteoclast–osteoclast autocrine at the injured area. Upon activation, the osteoclasts express p38 from 4 to 8 weeks, indicating that osteoclasts may execute a bone resorption mechanism of debridement around the bone defect. Therefore, the possible PTH-i-p38 secreting mechanism regulated by electroacupuncture could dominate the increase of the osteoclast number and bone resorptions at the initial stages (Figures 2, 3).
[image: Figure 5]FIGURE 5 | Schematic figure of the possible mechanism of the effect of electroacupuncture on the regulation of PTH-i, calcium, osteoclasts, and osteoblasts in the bone-defected rats.
After 8 weeks, although the PTH-i expression in the blood decreases, the p38 protein expression achieves a maximum level, indicating a strong activation of osteoclasts (Figures 3, 4). The increased expression of OCN after 8 weeks may be due to the fact that the activation of osteoblasts and the release of PTH-i provide a paracrine effect for the activation of osteoblasts (Tanaka et al., 2005). Also, compared with other ES groups, the OPN expressions in the 20 Hz/4 mA and 200 Hz/1 mA groups are significantly higher than others. This observation suggests that the new bone regeneration process has been started between 4 and 8 weeks (Figure 3), especially in the 200Hz/1 mA group (Figure 2C). Next, following the 12-week electroacupuncture treatment, the end of the osteoclastic activity may cause the reduction of the p38 level. Similarly, the expression of PTH-i also showed a stable low level, indicating that the effect of electroacupuncture on the PTH-i expression level may be related to the activation of osteoclasts at the early stage of bone remodeling. Then, the combination of a low PTH-i expression level and degradation of the GGT scaffold maintains the essential calcium concentration in the blood for bone remodeling [Figure 2B-iii] and (Supporting Figure S2), thereby promoting the maturation and mineralization of osteoblasts and new bone regeneration (Figure 2, Figure 3, and Figure 4B).
CONCLUSION
In this study, we successfully provide a concept to combine a GGT scaffold and an electroacupuncture technique for new bone regeneration. The stimulation by electroacupuncture provides a potential strategy to raise the PTH-i level in blood to activate osteoclasts at the early stage of bone remodeling. Furthermore, the activation of osteoclasts not only executes a debridement process but also promotes the maturation and mineralization of osteoblasts for new bone regeneration at the middle and late stages. This work shows the feasibility of combining traditional Eastern and Western medicine to stimulate cell interactions, organizations, possible functions, and bone remodeling in bone tissue engineering.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was reviewed and approved by The Institutional Animal Care and Use Committee (IACUC) of China Medical University.
AUTHOR CONTRIBUTIONS
C-HY contributed to the conception, design, data acquisition, and interpretation of the experiments. C-HY also drafted and critically revised the manuscript and gave the final approval. B-YY contributed to the conception, design, data acquisition, and interpretation. B-YY agreed to be accountable for all aspects of the work to ensure integrity and accuracy. Y-CL contributed to the design, data acquisition, and interpretation. Y-CL also participated in drafting and critical revision of the manuscript. Y-CL gave the final approval and agreed to be accountable for all aspects of the work to ensure integrity and accuracy.
FUNDING
This study was financially supported by the Ministry of Science and Technology, Taiwan (NSC 102-2221-E-039-012-MY3), and China Medical University (CMU108-MF-47).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
The authors would like to thank the funding support from the Ministry of Science and Technology, Taiwan, and China Medical University.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2022.832808/full#supplementary-material
REFERENCES
 Aleem, I. S., Aleem, I., Evaniew, N., Busse, J. W., Yaszemski, M., Agarwal, A., et al. (2016). Efficacy of Electrical Stimulators for Bone Healing: A Meta-Analysis of Randomized Sham-Controlled Trials. Sci. Rep. 6, 31724. doi:10.1038/srep31724
 Alkhiary, Y. M., Gerstenfeld, L. C., Krall, E., Westmore, M., Sato, M., Mitlak, B. H., et al. (2005). Enhancement of Experimental Fracture-Healing by Systemic Administration of Recombinant Human Parathyroid Hormone (PTH 1-34). J. Bone Jt. Surg. 87, 731–741. doi:10.2106/jbjs.d.02115
 Ayati, B. P., Edwards, C. M., Webb, G. F., and Wikswo, J. P. (2010). A Mathematical Model of Bone Remodeling Dynamics for normal Bone Cell Populations and Myeloma Bone Disease. Biol. Direct 5, 28–45. doi:10.1186/1745-6150-5-28
 Beederman, M., Lamplot, J. D., Nan, G., Wang, J., Liu, X., Yin, L., et al. (2013). BMP Signaling in Mesenchymal Stem Cell Differentiation and Bone Formation. JBiSE 06, 32–52. doi:10.4236/jbise.2013.68a1004
 Berman, A. G., Clauser, C. A., Wunderlin, C., Hammond, M. A., and Wallace, J. M. (2015). Structural and Mechanical Improvements to Bone Are Strain Dependent with Axial Compression of the Tibia in Female C57BL/6 Mice. PLoS One 10, e0130504. doi:10.1371/journal.pone.0130504
 Betts, D. C., and Müller, R. (2014). Mechanical Regulation of Bone Regeneration: Theories, Models, and Experiments. Front. Endocrinol. 5, 211. doi:10.3389/fendo.2014.00211
 Chen, K. Y., Lin, K. C., Chen, Y. S., and Yao, C. H. (2013). A Novel Porous Gelatin Composite Containing Naringin for Bone Repair. Evid. Based Complement. Alternat Med. 2013, 283941. doi:10.1155/2013/283941
 Chen, X., Wang, Z., Duan, N., Zhu, G., Schwarz, E. M., and Xie, C. (2018). Osteoblast-osteoclast Interactions. Connect. Tissue Res. 59, 99–107. doi:10.1080/03008207.2017.1290085
 Cheng, C.-H., Lai, Y.-H., Chen, Y.-W., Yao, C.-H., and Chen, K.-Y. (2019). Immobilization of Bone Morphogenetic Protein-2 to Gelatin/avidin-Modified Hydroxyapatite Composite Scaffolds for Bone Regeneration. J. Biomater. Appl. 33, 1147–1156. doi:10.1177/0885328218820636
 Dang, M., Saunders, L., Niu, X., Fan, Y., and Ma, P. X. (2018). Biomimetic Delivery of Signals for Bone Tissue Engineering. Bone Res. 6, 25. doi:10.1038/s41413-018-0025-8
 Dimitriou, R., Jones, E., McGonagle, D., and Giannoudis, P. V. (2011). Bone Regeneration: Current Concepts and Future Directions. BMC Med. 9, 66. doi:10.1186/1741-7015-9-66
 Dong, G.-C., Chen, H. M., and Yao, C.-H. (2008). A Novel Bone Substitute Composite Composed of Tricalcium Phosphate, Gelatin and Drynaria Fortunei Herbal Extract. J. Biomed. Mater. Res. 84A, 167–177. doi:10.1002/jbm.a.31261
 Ebrahim, S., Mollon, B., Bance, S., Busse, J., and Bhandari, M. (2014). Low-intensity Pulsed Ultrasonography versus Electrical Stimulation for Fracture Healing: a Systematic Review and Network Meta-Analysis. Can. J. Surg. 57, E105–E118. doi:10.1503/cjs.010113
 Edgar, L., McNamara, K., Wong, T., Tamburrini, R., Katari, R., and Orlando, G. (2016). Heterogeneity of Scaffold Biomaterials in Tissue Engineering. Materials (Basel) 9, 332. doi:10.3390/ma9050332
 Feng, X., and McDonald, J. M. (2011). Disorders of Bone Remodeling. Annu. Rev. Pathol. Mech. Dis. 6, 121–145. doi:10.1146/annurev-pathol-011110-130203
 Galow, A.-M., Rebl, A., Koczan, D., Bonk, S. M., Baumann, W., and Gimsa, J. (2017). Increased Osteoblast Viability at Alkaline pH In Vitro Provides a New Perspective on Bone Regeneration. Biochem. Biophys. Rep. 10, 17–25. doi:10.1016/j.bbrep.2017.02.001
 Gerbi, M. E. M., Pinheiro, A. L. B., Marzola, C., Júnior, F. D. A. L., Ramalho, L., Ponzi, E. A., et al. (2005). Assessment of Bone Repair Associated with the Use of Organic Bovine Bone and Membrane Irradiated at 830 Nm. Photomed. Laser Surg. 23, 382–388. doi:10.1089/pho.2005.23.382
 Hou, T., Li, Z., Luo, F., Xie, Z., Wu, X., Xing, J., et al. (2014). A Composite Demineralized Bone Matrix - Self Assembling Peptide Scaffold for Enhancing Cell and Growth Factor Activity in Bone Marrow. Biomaterials 35, 5689–5699. doi:10.1016/j.biomaterials.2014.03.079
 Hwang, S.-Y., and Putney, J. W. (2011). Calcium Signaling in Osteoclasts. Biochim. Biophys. Acta (Bba) - Mol. Cel Res. 1813, 979–983. doi:10.1016/j.bbamcr.2010.11.002
 Iaquinta, M. R., Mazzoni, E., Manfrini, M., D'Agostino, A., Trevisiol, L., Nocini, R., et al. (2019). Innovative Biomaterials for Bone Regrowth. Int. J. Mol. Sci. 20, 618. doi:10.3390/ijms20030618
 Jincao, Z., Zhongchao, W., Zhongjie, C., Xiaoguang, Z., Jing, H., Yue, J., et al. (2013). Clinical Effect of Acupuncture on Endemic Skeletal Fluorosis: a Randomized Controlled Trial. Evid. Based Complement. Alternat Med. 2013, 839132. doi:10.1155/2013/839132
 Ju, Z., Cui, H., Guo, X., Yang, H., He, J., and Wang, K. (2013). Molecular Mechanisms Underlying the Effects of Acupuncture on Neuropathic Pain. Neural Regen. Res. 8, 2350–2359. doi:10.3969/j.issn.1673-5374.2013.25.006
 Komarova, S. V., Smith, R. J., Dixon, S. J., Sims, S. M., and Wahl, L. M. (2003). Mathematical Model Predicts a Critical Role for Osteoclast Autocrine Regulation in the Control of Bone Remodeling. Bone 33, 206–215. doi:10.1016/s8756-3282(03)00157-1
 Lee, J. H., Ryu, M. Y., Baek, H. R., Lee, K. M., Seo, J. H., and Lee, H. K. (2013). Fabrication and Evaluation of Porous Beta-Tricalcium Phosphate/hydroxyapatite (60/40) Composite as a Bone Graft Extender Using Rat Calvarial Bone Defect Model. ScientificWorldJournal 2013, 481789. doi:10.1155/2013/481789
 Lee, M. N., Hwang, H.-S., Oh, S.-H., Roshanzadeh, A., Kim, J.-W., Song, J. H., et al. (2018). Elevated Extracellular Calcium Ions Promote Proliferation and Migration of Mesenchymal Stem Cells via Increasing Osteopontin Expression. Exp. Mol. Med. 50, 1–16. doi:10.1038/s12276-018-0170-6
 Leppik, L., Oliveira, K. M. C., Bhavsar, M. B., and Barker, J. H. (2020). Electrical Stimulation in Bone Tissue Engineering Treatments. Eur. J. Trauma Emerg. Surg. 46, 231–244. doi:10.1007/s00068-020-01324-1
 Li, Y., Wu, M., Zhao, D., Wei, Z., Zhong, W., Wang, X., et al. (2015). Electroporation on Microchips: the Harmful Effects of pH Changes and Scaling Down. Sci. Rep. 5, 17817. doi:10.1038/srep17817
 Lin, F.-H., Yao, C.-H., Sun, J.-S., Liu, H.-C., and Huang, C.-W. (1998). Biological Effects and Cytotoxicity of the Composite Composed by Tricalcium Phosphate and Glutaraldehyde Cross-Linked Gelatin. Biomaterials 19, 905–917. doi:10.1016/s0142-9612(97)00202-0
 Lv, Z.-t., Shen, L.-l., Zhu, B., Zhang, Z.-q., Ma, C.-y., Huang, G.-f., et al. (2019). Effects of Intensity of Electroacupuncture on Chronic Pain in Patients with Knee Osteoarthritis: a Randomized Controlled Trial. Arthritis Res. Ther. 21, 120. doi:10.1186/s13075-019-1899-6
 Matsuo, K., and Irie, N. (2008). Osteoclast-osteoblast Communication. Arch. Biochem. Biophys. 473, 201–209. doi:10.1016/j.abb.2008.03.027
 Mattioli-Belmonte, M., Montemurro, F., Licini, C., Iezzi, I., Dicarlo, M., Cerqueni, G., et al. (2019). Cell-Free Demineralized Bone Matrix for Mesenchymal Stem Cells Survival and Colonization. Materials (Basel) 12, 1360. doi:10.3390/ma12091360
 Naddaf, H., Baniadam, A., Esmaeilzadeh, S., Ghadiri, A. R., Pourmehdi, M., Falah, H., et al. (2014). Histopathologic and Radiographic Evaluation of the Electroacupuncture Effects on Ulna Fracture Healing in Dogs. Open Vet. J. 4, 44–50.
 Nakamura, M., Hiratai, R., Hentunen, T., Salonen, J., and Yamashita, K. (2016). Hydroxyapatite with High Carbonate Substitutions Promotes Osteoclast Resorption through Osteocyte-like Cells. ACS Biomater. Sci. Eng. 2, 259–267. doi:10.1021/acsbiomaterials.5b00509
 Nakamura, S., Matsumoto, T., Sasaki, J.-I., Egusa, H., Lee, K. Y., Nakano, T., et al. (2010). Effect of Calcium Ion Concentrations on Osteogenic Differentiation and Hematopoietic Stem Cell Niche-Related Protein Expression in Osteoblasts. Tissue Eng. A 16, 2467–2473. doi:10.1089/ten.tea.2009.0337
 Nam, M.-H., Ahn, K., and Choi, S.-H. (2015). Acupuncture: a Potent Therapeutic Tool for Inducing Adult Neurogenesis. Neural Regen. Res. 10, 33–35. doi:10.4103/1673-5374.150643
 Ribas, J., Zhang, Y. S., Pitrez, P. R., Leijten, J., Miscuglio, M., Rouwkema, J., et al. (2017). Biomechanical Strain Exacerbates Inflammation on a Progeria-On-A-Chip Model. Small 13, 1603737. doi:10.1002/smll.201603737
 Salazar, T. E., Richardson, M. R., Beli, E., Ripsch, M. S., George, J., Kim, Y., et al. (2017). Electroacupuncture Promotes Central Nervous System-dependent Release of Mesenchymal Stem Cells. Stem Cells 35, 1303–1315. doi:10.1002/stem.2613
 Satué, M., Arriero, M. d. M., Monjo, M., and Ramis, J. M. (2013). Quercitrin and Taxifolin Stimulate Osteoblast Differentiation in MC3T3-E1 Cells and Inhibit Osteoclastogenesis in RAW 264.7 Cells. Biochem. Pharmacol. 86, 1476–1486. doi:10.1016/j.bcp.2013.09.009
 Serrat, M. A., Schlierf, T. J., Efaw, M. L., Shuler, F. D., Godby, J., Stanko, L. M., et al. (2015). Unilateral Heat Accelerates Bone Elongation and Lengthens Extremities of Growing Mice. J. Orthop. Res. 33, 692–698. doi:10.1002/jor.22812
 Shemesh, M., Addadi, S., Milstein, Y., Geiger, B., and Addadi, L. (2016). Study of Osteoclast Adhesion to Cortical Bone Surfaces: A Correlative Microscopy Approach for Concomitant Imaging of Cellular Dynamics and Surface Modifications. ACS Appl. Mater. Inter. 8, 14932–14943. doi:10.1021/acsami.5b08126
 Tanaka, Y., Nakayamada, S., and Okada, Y. (2005). Osteoblasts and Osteoclasts in Bone Remodeling and Inflammation. Cdtia 4, 325–328. doi:10.2174/1568010054022015
 Tong, L., Liao, Q., Zhao, Y., Huang, H., Gao, A., Zhang, W., et al. (2019). Near-infrared Light Control of Bone Regeneration with Biodegradable Photothermal Osteoimplant. Biomaterials 193, 1–11. doi:10.1016/j.biomaterials.2018.12.008
 Verrier, S., Alini, M., Alini, M., Alsberg, E., Buchman, S., Kelly, K., et al. (2016). Tissue Engineering and Regenerative Approaches to Improving the Healing of Large Bone Defects. eCM 32, 87–110. doi:10.22203/ecm.v032a06
 Vidal, L., Kampleitner, C., Brennan, M. Á., Hoornaert, A., and Layrolle, P. (2020). Reconstruction of Large Skeletal Defects: Current Clinical Therapeutic Strategies and Future Directions Using 3D Printing. Front. Bioeng. Biotechnol. 8, 61. doi:10.3389/fbioe.2020.00061
 Wang, L., Liu, S., Zhao, Y., Liu, D., Liu, Y., Chen, C., et al. (2015). Osteoblast-induced Osteoclast Apoptosis by Fas Ligand/FAS Pathway Is Required for Maintenance of Bone Mass. Cell Death Differ 22, 1654–1664. doi:10.1038/cdd.2015.14
 Wang, Y., Cui, W., Zhao, X., Wen, S., Sun, Y., Han, J., et al. (2018). Bone Remodeling-Inspired Dual Delivery Electrospun Nanofibers for Promoting Bone Regeneration. Nanoscale 11, 60–71. doi:10.1039/c8nr07329e
 Wu, M., Chen, G., and Li, Y.-P. (2016). TGF-β and BMP Signaling in Osteoblast, Skeletal Development, and Bone Formation, Homeostasis and Disease. Bone Res. 4, 16009. doi:10.1038/boneres.2016.9
 Xu, X., Zheng, L., Yuan, Q., Zhen, G., Crane, J. L., Zhou, X., et al. (2018). Transforming Growth Factor-β in Stem Cells and Tissue Homeostasis. Bone Res. 6, 2. doi:10.1038/s41413-017-0005-4
 Yang, B. Y., Huang, T. C., Chen, Y. S., and Yao, C. H. (2013). Reconstructive Effects of Percutaneous Electrical Stimulation Combined with GGT Composite on Large Bone Defect in Rats. Evid. Based Complement. Alternat Med. 2013, 607201. doi:10.1155/2013/607201
 Yao, C.-H., Liu, B.-S., Hsu, S.-H., and Chen, Y.-S. (2005). Calvarial Bone Response to a Tricalcium Phosphate-Genipin Crosslinked Gelatin Composite. Biomaterials 26, 3065–3074. doi:10.1016/j.biomaterials.2004.09.011
 Yuan, F.-L., Xu, M.-H., Li, X., Xinlong, H., Fang, W., and Dong, J. (2016). The Roles of Acidosis in Osteoclast Biology. Front. Physiol. 7, 222. doi:10.3389/fphys.2016.00222
 Zhang, X., Cheng, G., Xing, X., Liu, J., Cheng, Y., Ye, T., et al. (2019). Near-Infrared Light-Triggered Porous AuPd Alloy Nanoparticles to Produce Mild Localized Heat to Accelerate Bone Regeneration. J. Phys. Chem. Lett. 10, 4185–4191. doi:10.1021/acs.jpclett.9b01735
 Zhang, Z., Lai, Q., Li, Y., Xu, C., Tang, X., Ci, J., et al. (2017). Acidic pH Environment Induces Autophagy in Osteoblasts. Sci. Rep. 7, 46161. doi:10.1038/srep46161
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Yao, Yang and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-10-832808-g005.gif
Bono defect 0 week aweeks " uwaoks " Zweoks Bone rmosalng

P mm—/—;____.
Pmepesson | | T~
OoNegresson T~

orn ALp

expression /
Caicon

oSasn, s






OPS/images/fbioe-10-832808-t001.jpg
Groups

Control
1Hz/1 mA
1Hz/4 mA
1Hz/8 mA
2Hz/1 mA
2Hz/4 mA
2Hz/8 mA
20Hz/1 mA
20Hz/4 mA
20Hz/8 mA
200Hz/1 mA
200Hz/4 mA
200Hz/8 mA

ApH value

ns.
ns.

AALP value

o

ATRAP value





OPS/images/fbioe-10-832808-g003.gif





OPS/images/fbioe-10-832808-g004.gif





OPS/images/math_3.gif
ky max[0, C(t) - C] + ky max[0, B() - B]. (3






OPS/images/math_1.gif
%C(t}=n.c(t}"“ﬂm’“ -pC), [0





OPS/images/math_2.gif
%B(l):m()(t}"“ﬂi” -B.B(1). @





OPS/xhtml/nav.xhtml
Contents

		Cover

		Remodeling Effects of the Combination of GGT Scaffolds, Percutaneous Electrical Stimulation, and Acupuncture on Large Bone Defects in Rats		Introduction

		Materials and Methods		Implant Material Preparation

		In Vitro Preosteoblast (OB)/Preosteoclast (OC) Co-culture System

		Surgical Procedure

		Percutaneous Electrical Stimulation Procedure

		Harvesting, Radio Morphometry, and Histomorphometry of Tissues

		Mathematical Model Simulation

		Statistical Analysis





		Results		The Effect of Electrical Stimulation on Osteoblast and Osteoclast Co-Cultured System

		Combination of the Effects of GGT, ES, and Acupuncture on Rats With Bone Defects

		Mathematical Model for the Growth of Osteoclasts and Osteoblasts and the Remodeling of Bone Mass

		ES Mechanism of Bone Regeneration





		Discussion

		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
* frontiers
in Bioengineering and Biotechnology

Remodeling Effects of the
Combination of GGT Scaffolds,
Percutaneous Electrical
Stimulation, and Acupuncture on
|_arge Bone Defects in Rats






OPS/images/fbioe-10-832808-g001.gif
m‘ “' .
v
I I " iz...
i
LIt
1

R
&
)
il
7






OPS/images/fbioe-10-832808-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Bioengineering and Biotechnology





