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Treatment of bone defects remains a challenge in the clinic. Artificial bone grafts are the most promising alternative to autologous bone grafting. However, one of the limiting factors of artificial bone grafts is the limited means of regulating stem cell differentiation during bone regeneration. As a weight-bearing organ, bone is in a continuous mechanical environment. External mechanical force, a type of biophysical stimulation, plays an essential role in bone regeneration. It is generally accepted that osteocytes are mechanosensitive cells in bone. However, recent studies have shown that mesenchymal stem cells (MSCs) can also respond to mechanical signals. This article reviews the mechanotransduction mechanisms of MSCs, the regulation of mechanical stimulation on microenvironments surrounding MSCs by modulating the immune response, angiogenesis and osteogenesis, and the application of mechanical stimulation of MSCs in bone regeneration. The review provides a deep and extensive understanding of mechanical stimulation mechanisms, and prospects feasible designs of biomaterials for bone regeneration and the potential clinical applications of mechanical stimulation.
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1 INTRODUCTION
Bone has extraordinary healing potential. However, approximately 5–10% of fractures cause fracture nonunion, partly because of large segmental bone defects (Holmes, 2017). Autologous transplantation of bone, though considered as a typical strategy for bone defect treatment, has shortages of limited autografts and donor-site morbidity, while the allogeneic bone graft is constrained by immune rejection (Hunziker, 2002). Therefore, tissue-engineered bone is a promising alternative to autologous bone grafting in the future. Although stem cell therapy is widely used in the bone regeneration field, the accurate regulation of stem cells remains a significant challenge. Traditional methods induce stem cells to the ontogenetic lineage by delivering biochemical signaling molecules such as growth factors. However, the difficulties in maintaining physiological concentration gradients and controlling the release of growth factors temporally and spatially have not yet been resolved. Therefore, regulating the differentiation of stem cells through physical means (such as mechanical stimulation) deserves further study.
Organs of the locomotor system undertake continuous mechanical loading, including compression on the bone, the stretch on muscles, and the fluid shear stress on blood vessels. Mechanical stimulation with different amplitudes, modalities, and durations plays an essential role in cell growth and differentiation, providing the possibility to regulate the lineage commitment of stem cells (Horner et al., 2019; McDermott et al., 2019; Ruehle et al., 2020). Mechanobiology is an emerging field specializing in the cellular response to mechanical cues, including the reception of mechanical signals and transduction of extracellular mechanical signals into intracellular biological signals (Fu et al., 2020). Cells can respond to pericellular mechanical stimulation from external mechanical stimulation and the properties of extracellular matrix (ECM). The process that cells convert exogenous mechanical signals into biochemical signals is called mechanical transduction (Dewey et al., 1981). Superficial mechanoreceptors of cells sense the mechanical cues, which are subsequently transmitted to the nucleus via the actin skeleton or chemical pathways. The nucleus responds to these signals by upregulating or downregulating the expression of genes related to mechanical stimulation (Kirby and Lammerding, 2018).
Mesenchymal stem cells (MSCs) are pluripotent cells that originate from intermediate mesoderm. MSCs have the potential to differentiate into lineages, including osteoblasts, adipocytes, chondrocytes, and myocytes. In the skeleton system, MSCs reside in bone marrow and periosteum. As one of the main functional cells in bone regeneration, MSCs enhance the bone healing process through cell-cell contact and secretion of growth factors such as BMP and VEGF (Charoenpanich et al., 2014; Schreivogel et al., 2019). Endochondral ossification is the bone regeneration mechanism involved in most fractures (Einhorn and Gerstenfeld, 2015). The bone defect first triggers an inflammatory process, which leads to the recruitment of mesenchymal stem cells (MSCs) to the bone defect by inflammatory factors. These MSCs then differentiate into cartilage that gradually ossifies with the growth of blood vessels into the cartilage model. Thus, MSCs play a crucial role in bone regeneration. MSCs regulate the immuno-microenvironment by interacting with macrophages and regulating blood vessel formation by secreting angiogenic growth factors. This process involves interacting cells, including MSCs, macrophages, and vascular endothelial cells, as well as extracellular matrix molecules and cytokines, all of which constitute the MSC niche that is of great significance in regulating bone regeneration (Moore and Lemischka, 2006; Kuhn and Tuan, 2010; Vafaei et al., 2017).
Previous studies have indicated that MSC differentiation was determined by the MSC niches (Chen et al., 2020). Moreover, recent studies have shown that MSC differentiation was also affected by mechanical stimulation (Ravichandran et al., 2017). A thorough understanding of the effect of mechanical stimulation on MSC niches in bone regeneration is of great value for establishing an in vitro model of bone regeneration and rehabilitation training of patients after fracture surgery. Therefore, this article reviews the intracellular mechanisms by which MSCs sense and respond to mechanical stimulation, the effect of mechanical stimulation on regulating MSC surrounding microenvironments by modulating the immune, angiogenic, and osteogenic microenvironments, and the applications of mechanical stimulation in bone regeneration.
2 MECHANISM OF MESENCHYMAL STEM CELL SENSING AND RESPONDING TO MECHANICAL STIMULATION
Mechanical stimulation plays an essential role in various physiological processes of bone. Wolff’s Law demonstrates that mechanical stimulation remolds the morphology of bone by the force line direction (Lanyon and Baggott, 1976; Woo et al., 1981). Bone mass increases in high stress regions and decreases in low stress regions. Wolff’s Law indicates that bone can sense and respond to the external mechanical loading and adapt to it by regulating bone metabolism. The lack of loading leads to disuse osteoporosis in the clinic, which explains why bedridden patients suffer from bone loss (Qi et al., 2012). Several types of bone cells can sense mechanical stimulation, including bone marrow MSCs and osteocytes. These cells function in different physiological processes and respond to external mechanical stimuli.
2.1 Mechanism of Mesenchymal Stem Cells Sensing Mechanical Stimulation
2.1.1 Physiological Basis
It is widely accepted that osteocytes are mechanosensitive cells that respond to mechanical stimulation (Yan et al., 2020). However, recent studies proves that external mechanical stimulation regulates bone marrow mesenchymal stem cells (BMSCs) toward osteogenic lineage which is independent of osteocytes regulation (Schreivogel et al., 2019).
The lacunar-canalicular system (LCS) is filled with interstitial fluid (Timmins and Wall, 1977). Intramedullary pressurization alteration and deformation of bone matrix generate interstitial fluid flow (Kwon et al., 2010; Price et al., 2011; Ciani et al., 2014). Therefore, mechanical loading leads to variation in intramedullary pressurization, which results in shear stress generation. Shear stress applies to osteocytes in LCS and MSCs in the bone marrow. Fluid shear stress is the general form of the force applied to MSCs in the bone marrow under physiological conditions (Gurkan and Akkus, 2008). The form of the force applied to MSCs in the periosteum is mainly caused by micro-deformation of bone generated by external mechanical stimuli such as stretching and compression. MSCs respond to the stimulation indirectly by sensing the micro-deformation of the extracellular matrix. Therefore, when investigating the mechanism of the mechanical loading effect on MSC differentiation, the function of both the direct and indirect force ought to be considered.
2.1.2 Mechanosensors
The cellular response to external mechanical stimuli involves two processes: mechanosensing and mechanotransduction (Argentati et al., 2019). Mechanosensing is the process by which cells sense physical signals from the extracellular environment by mechanoreceptors. Cells then transduce the physical signals into biochemical signals. This process results in differentiation of the cells to specific lineages and is known as mechanotransduction (Delaine-Smith and Reilly, 2011). Several typical mechanoreceptors present on the membrane are introduced here, including integrins, mechanosensitive ion channels and primary cilia (Figure 1).
[image: Figure 1]FIGURE 1 | Mechanism of MSCs sensing and responding to mechanical stimulation. MSCs sense external mechanical stimulation via integrins and mechanosensitive ion channels and transmit the mechanical signals via actin stress fibers and molecular pathways. Integrins activate RhoA, MAPK pathways, and actin fibers by FAs (including vinculin and talin) in response to mechanical stimulation. MAPK promotes osteogenesis through nuclear localization of ERK. The RhoA pathway and actin fibers promote osteogenesis through nuclear localization of YAP/TAZ. The mechanosensitive ion channels TRPV4 and Piezo1 generate an intracellular Ca2+ influx after sensing mechanical stimulation, and Piezo1 promote osteogenic differentiation through nuclear localization of YAP/TAZ. MSCs, mesenchymal stem cells; RhoA, Ras homolog gene family, member A; MAPK, Mitogen-activated protein kinases; FA, focal adhesion; ERK, extracellular signal-regulated kinase; YAP/TAZ, Yes-associated protein/transcriptional coactivator with PDZ-binding motif; TRPV4, transient receptor potential vanilloid 4.
2.1.2.1 Integrin
Integrins, widely recognized mechanical sensors, are transmembrane proteins that can take up physical signals from the ECM (Kechagia et al., 2019). Integrins mediate the adhesion and transmit the mechanical signal between cells and the ECM. One end of the integrin connects to the ligands (proteins of the extracellular matrix), and the other end connects to the intracellular actin fiber via adaptor proteins. Actin stress fiber senses mechanical signals originating from the ECM by the degree of its contraction. The link containing ECM, integrins, adaptor proteins and actin transmitting mechanical cues is known as clutches. External mechanical signals exert mechanical force on actin that tunes the integrins’ alignment and reorders the actin cytoskeleton (Kechagia et al., 2019). The interactions between the ECM and the cytoskeleton alter the cells lineage and lead to remodeling of the ECM (Loebel et al., 2019).
Cells perceive external stimulation from the ECM and transmit mechanical signals to the nucleus to regulate gene expression. The adapter proteins that connect integrins and actin fibers include focal adhesion (FA) molecules, which are mainly composed of vinculin, paxillin, talin and focal adhesion kinase (FAK). The Rho and MAPK signaling pathways activated by FA lead to nuclear localization of the transcription factors Yes-associated protein/transcriptional coactivator with PDZ-binding motif (YAP/TAZ) and ERK, respectively (Nardone et al., 2017). In addition to the means of transmitting mechanical signals by chemical signals, the nuclear envelope and Linker of Nucleoskeleton and Cytoskeleton (LINC) complex also play essential roles in mechanotransduction (Bouzid et al., 2019).
2.1.2.2 Mechanosensitive Ion Channels
Studies have shown that mechanical stimulation partly impacted the concentration of intracellular calcium ions. Intracellular calcium ions of pre-osteoblasts rapidly increase under stimulation by fluid shear stress, possibly as a result of the activation of mechanically sensitive calcium channels on cells (Chen et al., 2000). Osteoblasts contain several calcium channels, including transient receptor potential vanilloid 4 (TRPV4), multimeric L-type and T-type voltage-gated calcium channels (VSCC), and the recently discovered mechanically sensitive ion channel Piezo1. Both TRPV4 and Piezo1 are mechanically sensitive ion channels.
Ten years ago, Bertrand reported that the Piezo1 channel was a mechanically activating cation channel (Coste et al., 2010). Later, it was found that Piezo1 sensed and transduced mechanical stimuli in various cells, including endothelial cells, neural stem cells and chondrocytes (Lee et al., 2014; Li et al., 2014; Pathak et al., 2014). Piezo1 also plays an important role in the response of skeleton cells to mechanical stimulation, and governs bone homeostasis by reacting to mechanical signals. Sugimoto et al. (2017) proved that hydrostatic pressure (HP) promoted bone formation and osteogenic differentiation of MSCs through the mechanically sensitive ion channel Piezo1, which was related to the expression of bone morphogenetic protein 2 (BMP-2). Li X. et al. (2019) discovered that bone cells could also sense and respond to changes in fluid shear stress via Piezo1. After fluid shear stress is applied to bone cells, the mechanically sensitive ion channel Piezo1 partially activates YAP1 and TAZ to increase the expression of Wnt1 and regulate bone formation. In addition to investigating the mechanism of Piezo1 activation by various types of mechanical stimuli, Wang et al. recently investigated the function of Piezo1 in regulating the bone remodeling process. In this study, conditional knockout of the Piezo1 gene was found to reduce the cortical thickness and the trabecular bone volume in mice. Further studies have explained the role of Piezo1 in osteoblasts during bone remodeling. The results indicated that Piezo1 regulated osteoclast differentiation by regulating the expression of YAP type II and type IV collagen (Wang et al., 2020). The results showed that Piezo1 played an important role in maintaining bone homeostasis by regulating the crosstalk between osteoblasts and osteoclasts under mechanical stimulation conditions.
TRPV4, another mechanically sensitive calcium ion channel in MSCs, primarily localizes in the high strain regions (especially the primary cilia). TRPV4’s principal function is to promote early bone formation under the stimulation of oscillatory fluid shear stress (Hu et al., 2017; Corrigan et al., 2018). Some studies have compared the roles of the two mechanically sensitive ion channels, TRPV4 and Piezo1, in sensing mechanical stimulation. Yoneda et al. found that when osteoblasts were stimulated by short term shear stress (5 s), the ion channel TRPV4 rather than Piezo1 mediated the sensing process to the mechanical stimulus (Yoneda et al., 2019). Another study of TRPV4 and Piezo1 channels in chondrocytes showed that TRPV4 channels mediated strain at the physiologic level, and Piezo2 mediated strain at the injurious level (Du G. et al., 2020). These results indicated that the magnitude and duration of shear stress required to activate the Piezo1 and TRPV4 channels of the osteoblast lineage are likely different. A recent study also showed that the activation of TRPV4 was regulated by the activation of Piezo1 in vascular endothelial cells (Swain and Liddle, 2021). However, a comprehensive comparison of the relationships between the mechanically sensitive ion channels TRPV4 and Piezo1 in osteoblast lineage has not yet been conducted.
2.1.2.3 Primary Cilium
In addition to the above two mechanoreceptors, primary cilium plays an essential role in sensing and responding to fluid shear stress in MSCs. Primary cilium was first identified and observed in osteocytes more than 40 years ago (Federman and Nichols, 1974). A laboratory in Sweden stimulated human MSCs (hMSCs) with oscillatory fluid flow (OFF) in vitro to simulate the fluid shear stress in the physiological environment. The results showed that OFF promoted the proliferation of hMSCs, increased the expression of osteogenic genes, and demonstrated that primary cilia mediated the response of hMSCs to fluid shear stress stimulation (Hoey et al., 2012). This laboratory then found that the mechanically reactive G protein-coupled receptor (GPCR) GRP161, located on the primary cilium, activated adenylate cyclase 6 (AC6) to respond to stimulation generated by fluid shear stress. AC6 then activates the cAMP signal, which increases the expression of PTCH1 and GLI1 in the hedgehog pathway via upregulating the expression of osteogenic genes (Johnson et al., 2021). Some ion channels, including TRPV4, are also widely localized in primary cilia, mediating fluid shear stress-induced calcium signaling and osteogenic process of MSCs (Hu et al., 2017; Corrigan et al., 2018).
2.2 Molecular Mechanism of Mesenchymal Stem Cells Responding to Different Mechanical Stimulations
2.2.1 Stretching
Previous studies have shown that mechanical stretching could promote the osteogenic differentiation of mesenchymal stem cells of multiple origins through several molecular pathways, such as BMSCs and adipose-derived stem cells (Wang et al., 2017; Fang et al., 2019). Tensile strain stimulation promotes MSC osteogenesis differentiation and inhibits differentiation toward adipogenesis mainly through the Smad signaling pathway (Li R. et al., 2015; Grier et al., 2017). The Hedgehog (Hh) signaling pathway plays an essential role in cyclic mechanical stretch (CMS). Wang et al. found that DNA methyltransferase 3b (Dnmt3b) inhibited the expression of Hedgehog signaling by binding to the Shh gene promoter to downregulate the sensitivity of MSCs to stretch stimulation (Wang et al., 2017). Jiali Tan et al. found that the osteogenic effect of mechanical stretch on MSCs was correlated with donor age. The osteogenic effect of MSCs responding to the mechanical stretch in young rats was higher than that in adult rats. Additionally, stretch also resulted in more production of ROS inhibited osteogenesis, in MSCs of adult rats than in young rats (Tan et al., 2015). However, Chen et al. suggested that appropriate levels of mechanical stretching not only promoted osteogenesis of BMSCs but also reduced ROS levels in BMSCs and induced antioxidant responses by activating the AMPK-SIRT1 pathway (Chen et al., 2018).
Stretch stimulation can also regulate the lineage differentiation of MSCs by modulating the expression of miRNA that regulating pathway molecules. Liu et al. identified differentially expressed miRNAs after stretch stimulation and found that miR-503-5p was downregulated. Therefore, it was concluded that miR-503-5p was a mechanosensitive miRNA, and miR-503-5p downregulation could promote stretch stimulation-induced osteogenic differentiation of BMSCs (Liu et al., 2017). Li J.’s (2015) work found that miR-154-5p negatively regulated the Wnt/PCP (Rhoa-Rock) pathway to induce osteogenesis of ADSCs (Li J. et al., 2015).
2.2.2 Compression
Dynamic compression can promote the differentiation and mineralization of MSCs toward osteogenesis both in vitro and in vivo, which partially replaces the role of osteogenic induction medium (Duty et al., 2007; Baas et al., 2010; Sittichokechaiwut et al., 2010; Ravichandran et al., 2017). It has been shown that dynamic compression did not directly regulate the expression of transcription factors such as RUNX2, but rather promoted MSC osteogenic differentiation in an autocrine manner by increasing BMP expression (Schreivogel et al., 2019).
Previous studies have also indicated that compression could promote both osteogenesis and chondrogenesis of MSCs (Cao et al., 2019). However, the mechanism underlying the effect of compression stimulus on MSCs and the means of controlling the differentiation of MSCs has not yet been fully explored. Possible factors include the magnitude of compression, the induction mode, and pathway activation. A previous study by Efstathios suggested that the differentiation of MSCs was related to the magnitude of compression. The study found that hMSCs differentiated toward osteogenesis under 10% dynamic compression but toward chondrogenesis under 15% (Michalopoulos et al., 2012). Moreover, Christopher et al. found that osteogenic differentiation decreased with an increase in the compression magnitude in osteogenic induction medium (Horner et al., 2018). However, another study suggested that the compression-induced MSC differentiation toward chondrogenic or osteogenic lineages depended on the activation of the ERK1/2 pathway (Pelaez et al., 2012). Dynamic compression induces chondrogenic differentiation of MSCs under normal conditions and osteogenesis differentiation when the ERK1/2 pathway is inhibited.
2.2.3 Fluid Shear Stress
MSCS residing in the periosteum and bone marrow are exposed to fluid shear stress generated by mechanical stimulation-induced deformation. Therefore, the osteogenic differentiation of MSCs induced by mechanical stimulation is also related to the fluid shear stress caused by cyclical hydrostatic pressure (CHP) in vivo. The ability of shear stress to promote osteogenesis of MSCs has been widely recognized, and shear stress can promote MSC osteogenesis in the absence of a chemical induction medium (Yourek et al., 2010; Yue et al., 2019). MSCs mediate fluid shear stress through primary cilia and mechanosensitive ion channels such as TRPV4 and Piezo1 (Hu et al., 2017; Johnson et al., 2018; Li X. et al., 2019). Although fluid shear stress is recognized as one of the biophysical means to promote osteogenesis, the application of shear force in bone tissue engineering requires further exploration. As Zhang et al. (2012) found in their study, MSCs from different patients showed inconsistent responses to shear stress stimulation, which may be due to the high heterogeneity of the samples. Therefore, future exploration should target at more specific populations, such as the response of osteoporotic populations MSCs to shear force.
2.2.4 Vibration
Although vibration is not a sort of mechanical stimulation in physiological condition, a great number of studies have been conducted on the vibration in osteogenesis (Chen et al., 2015; Pongkitwitoon et al., 2016). As is convenient to be applied on tissue, vibration has been used in osteoporosis treatment (Jepsen et al., 2019). Vibration stimulates skeleton with the motion of the body. Vibrations of the appropriate magnitude and frequency can trigger anabolic responses in the bones (Minematsu et al., 2019). Low magnitude vibration (LMV) is widely accepted by doctors and patients in clinic as a measure of exercise therapy based on the vibration (Wysocki et al., 2011). Thus, it is necessary to explore the mechanism of vibration in bone regeneration.
Vibration regulates and coordinates MSC bone resorption and formation via multiple signaling pathways. Previous studies have shown that vibration regulated the Wnt signaling pathway to promote MSC osteogenesis (Gao et al., 2017). Chen et al. (2016) demonstrated that vibration increased the adhesion and osteogenesis of MSCs on HA-coated surfaces by activating the Wnt/β-catenin signaling pathway. They supposed that the vibration may provide a means to promote the osseointegration of bone implants. Vibration enhances β-catenin function through inhibiting the β-catenin destruction complex element GSK3β (glycogen synthase kinase 3β), which promotes the Linker of Cytoskeleton and Nucleoskeleton (LINC) function (Uzer et al., 2018). Another study found that the expression of miR-335-5p was upregulated via vibration. miR-335-5p induces osteogenic differentiation by suppressing the expression of Dickkopf-related protein 1, a Wnt signaling inhibitor (Zhao et al., 2019). In addition to the Wnt pathway, vibration can also regulate the bone formation process by up-regulating the expression of estrogen receptor α (Li H. et al., 2019). Estrogen receptor α is known to be a mediator in bone remodeling and is significant in estrogen-deprived osteoporotic (Jessop et al., 2004). ERK1/2 pathway and p38 MAPK signaling have also been shown to play an essential role in vibration-induced osteogenesis of MSCs (Zhou et al., 2011; Lu et al., 2018). Recent research illustrated the effect of vibration on the YAP, a transcription factor that was significant to MSC osteogenesis. Thompson et al. (2020) discovered that the application of vibration increased the YAP nuclear shuttling and restored the basal nuclear levels of YAP, which led to MSC osteogenesis. In addition to differentiation, MSC migration is also regulated by vibration. Wei et al. (2016) discovered that the SDF-1/CXCR4 pathway enhanced the MSC migration in response to the vibration which promoted fracture healing.
2.2.5 Low Intensity Pulsed Ultrasound
Besides stretching, compression, fluid shear stress and vibration, LIPUS is also found to be a type of force to promote bone formation (Uddin and Qin, 2013). Gao et al. (2016) discussed the distinct pathways of MSCs from different sources in LIPUS-stimulated proliferation. LIPUS increased all MSC types proliferation. ERK1/2 was activated in dental pulp stem cells (DPSCs) and JNK MAPK signaling was activated in BMSCs after LIPUS application. However, in PDLSCs, JNK MAPK signaling was stimulated immediately after the application of LIPUS and p-p38 MAPK was increased subsequently. In spite of proliferation, LIPUS also promotes the MSCs migration in bone healing possibly through activating the SDF-1/CXCR4 signaling (Wei et al., 2014). In addition to the proliferation and migration, several studies illustrated that LIPUS led to a better osteointegration (Hui et al., 2011). The possibly osteogenic differentiation mechanism is activating of Rho-associated kinase-Cot/Tpl2-MEK-ERK signaling pathway (Kusuyama et al., 2014). However, the effectiveness of LIPUS in osteogenesis is open to debate. A recent study suggested that according to multiple randomized controlled trials in clinic, LIPUS possibly has no effect on radiographic bone healing (Schandelmaier et al., 2017).
3 MECHANICAL STIMULATION REGULATES MESENCHYMAL STEM CELL SURROUNDING MICROENVIRONMENTS IN BONE REGENERATION
Mscniches provide a microenvironment to support MSC self-renewal and multi-lineage differentiation. Bone regeneration involves the inflammatory responses of immune cells, blood vessel formation of endothelial cells and osteogenic process of MSCs. Thus, intercellular communication within the niche is crucial for bone regeneration and investigating the crosstalk between MSCs and other cells, including macrophages, vascular endothelial cells and osteocytes. As the crucial components of bone regeneration, blood vessel formation and inflammation are regulated by mechanical stimulation (Charoenpanich et al., 2014). Thus, it is important to ascertain the role of mechanical stimulation in the crosstalk of the osteogenic process (Figure 2).
[image: Figure 2]FIGURE 2 | Dynamic interactions of MSCs with their microenvironment under mechanical stimulation. MSCs perceive the mechanical stimulation applied to the bone, which downregulates the inflammatory response by decreasing macrophage secretion of pro-inflammatory TNF-α and promoting the polarization of M1 macrophages (pro-inflammatory type) to M2 macrophages (anti-inflammatory type). Simultaneously, MSCs promote VEC angiogenesis by secreting angiogenic factors (VEGF, PGF). Osteogenic factors (BMP, IGF-1) secreted by mechanical activated-VECs, as well as LIF and exosomes secreted by mechanical activated-osteocytes, together promote the osteogenic differentiation of MSCs. TNF-α, tumor necrosis factor alpha; VECs, vascular endothelial cells; VEGF, vascular endothelial growth factor; PlGF, placental growth factor; BMP, bone morphogenetic protein; IGF-1, insulin-like growth factor 1; LIF, leukemia inhibitory factor.
3.1 Mechanical Stimulation Regulates the Immunoenvironment by Regulating the Crosstalk Between Mesenchymal Stem Cells and Macrophages
Some immune-inflammatory diseases, such as arthritis, suggest a correlation between mechanical force and the inflammatory response. Arthritis is characterized by inflammation that localized to the joints (such as the knee joint) when exposed to prolonged mechanical force. Therefore, mechanical force may be a factor that determines the transition of inflammation from systemic autoimmunity to local inflammation. According to Cambré’s research, MSCs in the mechanosensitive region of joints could sense mechanical stimulation and convert mechanical signals into chemical signals to trigger local inflammation and bone destruction, which ultimately led to the occurrence of arthritis (Cambre et al., 2018). Therefore, mechanical stimulation plays an essential role in inflammatory response (Hao et al., 2015).
Bone regeneration involves multiple stages and cell interactions. The formation of fracture hematoma and the subsequent acute inflammatory phase are key steps to determine the success of bone regeneration. The acute inflammatory phase begins with the activation of neutrophils that secrete inflammatory factors and chemokines to recruit monocytes and macrophages (Xing et al., 2010). In addition to cleaning up the necrotic tissue, macrophages secrete inflammatory cytokines and chemokines (such as TNF-α, IL-1β, IL-6, and CCL2) to recruit MSCs. Subsequently, MSC-rich granulation tissue replaces the hematoma. Immediately after, MSCs are stimulated by various factors in the environment to trigger osteogenic differentiation by either endochondral ossification or intramembranous ossification. Therefore, it is evident that an appropriate acute inflammatory phase duration is important for bone regeneration. The interactions between MSCs and macrophages dynamically regulate this phase. Macrophages have two phenotypes. The first is classically activated M1 macrophages, which function in initiating and sustaining inflammation, and the second is alternatively activated M2 macrophages, which function in resolving inflammation. The transformation of macrophages from M1 to M2 is known as macrophage polarization (Pugin et al., 1998). The main method of anti-inflammation in bone regeneration at this stage is the early polarization of pro-inflammatory M1 macrophages to anti-inflammatory M2 macrophages, which serves to promote the resolution of inflammation and the osteogenesis process.
Following the occurrence of a fracture, MSCs are mobilized into the peripheral blood by transforming growth factor-beta (TGF-β) (Wan et al., 2012). MSCs are exposed to fluid shear stresses, one of which is wall shear stress (WSS). WSS can stimulate MSCs to produce antioxidant and anti-inflammatory mediators. Additionally, the application of WSS to MSCs facilitates the recruitment of chemokines, including prostaglandin E2 (PEG2) and cyclooxygenase-2 (COX2), to inhibit the synthesis of tumor necrosis factor α (TNF-α) generated by immune cells and the inflammatory response (Diaz et al., 2017). The mechanism by which WSS stimulates MSCs to produce inflammatory mediators may be related to the FAK-COX2 signaling pathway. Lee et al.’s (2017) study showed that WSS could promote Ca2+ release and activate the Akt, MAPK and FAK signaling pathways of MSCs. When inhibited the above factors respectively, only FAK disrupted the induction of COX2 and decreased the production of MSC inflammatory mediators. Thus, the FAK-COX2 signaling pathway is significant for MSCs to respond to mechanical stimulation for immunomodulatory functions. In addition to shear stress, dynamic compression regulates the crosstalk between MSCs and macrophages. Zhang et al. (2021) developed an extracellular matrix-based hydroxyapatite scaffold fabricated by freeze-drying the ECM of compression-stimulated MSCs. This biofabricated scaffold could accelerate the polarization of macrophages from the pro-inflammatory M1 phenotype to the anti-inflammatory M2 phenotype to promote bone regeneration. These findings suggested that compression could promote the secretion of anti-inflammatory mediators in MSCs. However, recent studies have found that MSCs maintained their physiological levels through TNF-α endocytosis. Cyclic stretching promoted the proliferation and osteogenic differentiation of MSCs by TNFα endocytosis, which downregulated TNFα secretion in MSCs, rather than directly downregulating TNFα gene expression (Yu et al., 2021). Additionally, mechanical stimulation of adipose tissue modulates the anti-inflammatory properties of human adipose-derived stem cells (hADSCs) in adipose tissue. Carelli et al. compared the anti-inflammatory properties of hADSCs in mechanically stimulated adipose tissue and the control group. It was found that the anti-inflammatory effect of mechanical stimulated-hADSCs was superior to that of the control group hADSCs (Carelli et al., 2018). However, other studies have found that mechanical stimulation could promote inflammation and osteogenesis simultaneously, likely as a result of the MSC autocrine regulation of inflammatory factor secretion (Sumanasinghe et al., 2009; He et al., 2020).
Most studies have discussed the response of MSCs to mechanical stimulation during osteogenesis. A recent research found that macrophages were also capable of responding to mechanical stimulation (Dong et al., 2021). Mechanical stretch polarizes macrophages into the M2 phenotype that secrets inflammation-related cytokines, including IL10 and TGF-β, to regulate the local inflammatory microenvironment. Mechanical stimulation activates the YAP/BMP2 axis in macrophages to increase the expression of BMP2, which promotes the osteogenesis of MSCs. As an important component of the mechanical transduction pathway, YAP induces the polarization of M2 macrophages via Wnt5a and TGFβ1 (Feng et al., 2018). Schoenenberger et al. (2020) found that macrophages, as mechanosensitive cells, played an essential role in tendon repair. Mechanical stimulation was found to promote the transformation of macrophages to the M2 phenotype and subsequent tissue healing. These results suggested that future consideration might be given to exploring the role of mechanical stimulation in MSC and macrophage co-culture models.
3.2 Mechanical Stimulation Regulates the Angiogenic Microenvironment by Regulating the Crosstalk Between Mesenchymal Stem Cells and Vascular Endothelial Cells
Bone regeneration contains endochondral ossification and intramembranous ossification. Endochondral ossification is the process that stable cartilaginous soft callus first formed, followed by the formation of bone hard callus through vascular ingrowth and ossification centers (Gerstenfeld et al., 2003). The intramembranous osteogenesis process is accomplished by the differentiation of MSCs into osteoblasts at vascular-rich sites and the mineralization of osteoblasts to osteocytes. Thus, vascular formation, which is closely related to the osteogenesis process, is an important part of bone regeneration. During bone regeneration, MSCs and vascular endothelial cells (VECs) communicate with each other through paracrine mediators to promote osteogenesis (Li C.-J. et al., 2015). Mechanical stimulation is one of the biophysical factors that promote osteogenesis, and plays a crucial role in the crosstalk between MSCs and VECs.
Vascular endothelial growth factor (VEGF), a widely known signaling molecule regulating osteogenesis and vascularization, has been identified for its role in mechanical stimulation-induced osteogenesis. Charoenpanich et al. evaluated the effect of stretching on human MSC gene expression by microarray analysis. The results showed that stretching promoted the release of VEGF from human MSCs (Charoenpanich et al., 2014). Moreover, Jiang’s team found that stretching-stimulated VEGF secretion of MSCs not only promoted tube formation but also promoted VECs to release growth factors associated with bone formation, such as BMP-2 and IGF-1, which in turn regulated the osteogenesis process of MSCs (Jiang et al., 2018). In addition to stretching, dynamic compression can promote increased VEGF secretion in MSCs. Dynamic compression promotes VEGF secretion by upregulating YAP signaling activity in MSCs (Bandaru et al., 2020). In addition to VEGF, the expression level of placental growth factor (PlGF) in MSCs is related to the magnitude and duration of mechanical stimulation. PlGF has a variety of functions, including promoting osteogenesis and angiogenesis, and plays an essential role in the regulation of osteogenic-angiogenic interactions by mechanical stimulation (McCoy et al., 2013). It has also been found that mechanical stimulation can stimulate H vessel formation and VEGF secretion by downregulating exosomal miR-214-3p from MSCs (Wang et al., 2021).
In addition to the above in vitro studies, several in vivo experiments have investigated the effects of mechanical stimulation on bone regeneration and vascularization. Some studies have explored the effect of the initial application time of mechanical stimulation on vessel and bone formation. Boerckel et al., 2011 found that the application of mechanical loading in the early stage of bone defects could inhibit the growth of blood vessels into the defect area and lead to the failure of bone regeneration. In contrast, the application of mechanical loading delayed for 4 weeks could promote the reconstruction of blood vessel networks and bone regeneration (Boerckel et al., 2011). This result suggested that the effect of mechanical stimulation on vascularization and bone formation depended on the initial application time. McDermott et al. (2019) speculated that the difference was due to the different origin of the vessel forming at different times. Other studies have explored the effect of the loading application mode on revascularization. Claes et al., 2018 compared the effects of compression, stretching and shear stress on the vessel density in bone regeneration. As a result, the vessel density in the compression group was significantly higher than that in the other two groups, which suggested that compression was more beneficial to the bone regeneration process.
3.3 Mechanical Stimulation Regulates the Osteogenic Microenvironment by Regulating the Crosstalk Between Mesenchymal Stem Cells and Osteocytes
Osteocytes are mechanosensitive cells that reside in the lacunar-canalicular system (LCS) of cortical bone (Timmins and Wall, 1977). Recent studies have found several critical mechanical sensors of osteocytes, such as cilia, integrin, ion channels and G-protein-coupled receptors (Uda et al., 2017). Osteocytes regulate bone remodeling, mainly by sensing fluid shear stress caused by mechanical loading and regulating osteoblast-osteoclast communication (Dallas et al., 2013). As mentioned above, osteocytes play an important role in responding to mechanical stimulation. Osteocytes function as regulators influencing bone loss and formation by modulating osteoblast-osteoclast coupling. Osteocytes are of vital importance in the reconstruction of bone defects (Robling and Bonewald, 2020). Osteocytes regulate bone regeneration in both direct and indirect ways: secreting stimulators and inhibitors that affect osteoblast activity, and modulating osteoclast activity to regulate osteoblast behavior indirectly (Robling and Bonewald, 2020). However, due to limited research methods, the role of the osteocyte response to mechanical stimulation in bone regeneration has not been fully explored.
Osteocytes respond to external mechanical stimulation by secreting soluble factors that regulate MSC gene expression. Specific communications exist between osteoblasts and MSCs under mechanical stimulation conditions. (Hoey et al., 2011) found that conditional medium for mechanical stimulation of osteocytes upregulated osteogenic gene expression in MSCs, while no upregulation was seen in osteoblasts treated with the same. This suggested that mechanical stimulation played a vital role in the crosstalk between osteocytes and MSCs. Several studies have explored the paracrine mechanism by which osteocytes regulated MSC osteogenesis in response to mechanical stimulation. Du J. et al. (2020) suggested that mechanical regulating osteoblast-osteoclast coupling by promoting osteocyte secretion of leukemia inhibitory factor (LIF). Extracellular vesicles (EVs), as specific components of cell-cell and cell-matrix communication, also play an important role in osteocyte and MSC interactions under mechanical stimulation. Eichholz et al. (2020) comprehensively characterized the proteins secreted by osteoblasts after fluid shear stress through proteomics and found that proteins associated with EVs were significantly overexpressed. Moreover, culturing MSCs with the collected EVs resulted in MSC osteogenic differentiation, suggesting that mechanical stimulation promotes osteocytes to modulate MSC behavior via EVs. Peiying Lv’s team found that exosomes produced by osteocytes following mechanical stimulation also promoted the osteogenic differentiation of human periodontal ligament stem cells (PDLSC) (Lv et al., 2020).
4 APPLICATIONS OF MECHANICAL STIMULATION TO MESENCHYMAL STEM CELLS IN BONE REGENERATION
Different forms of mechanical force have been described previously to promote osteogenic differentiation of MSCs. However, these studies did not discuss the optimal mode of application of mechanical stimulation in detail. Therefore, several mechanical application modes will be discussed in this part, including the magnitude, frequency, intermittent or continuous, immediate or delayed application, and the dimensionalities of mechanical stimulation (Table 1).
TABLE 1 | Applications of mechanical stimulation on MSCs in bone regeneration.
[image: Table 1]4.1 Magnitude and Frequency of Mechanical Stimulation
The osteogenic differentiation of MSCs has been found to be correlated with the magnitude and frequency of mechanical stimulation. Stavenschi et al. explored the osteogenic effect of oscillatory fluid flow on MSCs of 1 Pa, 2 and 5 Pa. The results showed that the expression of osteogenic genes was significantly upregulated at the magnitude of 2 Pa and the frequency of 2 Hz (Stavenschi et al., 2017). The most effective shear stress for promoting MSC proliferation and osteogenesis has also been explored. Sanat’s research showed that MSCs exhibited a high cell proliferation rate when stimulated by intermittent flow at 1.09 mPa, while 10 mPa upregulated osteogenic gene expression (Dash et al., 2020). Xue and Cartmell, (2020) suggested the osteogenic effect of shear stress on MSCs in three-dimensional culture was different from that in the plate. Lower fluid shear stress (1–10 mPa) stimulated MSCs in the scaffold used to simulate a three-dimensional environment to promote the osteogenic differentiation, whereas 100–4,000 mPa was required when the MSCs were cultured in a plate (Xue and Cartmell, 2020).
4.2 Intermittent and Continuous Mechanical Stimulation
Recent studies have shown that, compared to long-term continuous mechanical stimulation, a period of rest time during mechanical stimulation enhanced bone formation and improved the mechanical properties of bone (Robling et al., 2002; Saxon et al., 2005). Compared to continuous shear stress, intermittent application has been proven to maintain the mechanosensitivity of MSCs and osteocytes (Siller-Jackson et al., 2008; Liu et al., 2012). In addition to FSS, intermittent stretching can promote osteogenic differentiation of MSCs (Wang et al., 2017). Continuous cyclic mechanical tension (CCMT) has been found to downregulate Runx2 expression in MSCs and inhibit osteogenic differentiation (Shi et al., 2011). Another study compared the effects of intermittent compressive force (ICF) and continuous compressive force (CCF) on the behavior of PDLSCs. The results suggested that ICF upregulated TGFβ-1 and promoted the osteogenic differentiation of PDLSCs, whereas the osteogenic gene expression of the CCF group was unchanged (Manokawinchoke et al., 2019). Therefore, the intermittent mechanical stimulation mode is superior to continuous mechanical stimulation in terms of promoting bone regeneration.
At present, intermittent mechanical stimulation promotes osteogenesis in bone that needs the loading interval to recover its mechano-sensitivity to mechanical signals. Nardone et al. (2017) found that mechano-sensing switches (such as pFAK) were released from FAs into the cytoplasm during intermittent and activated YAP. This revocation of activation suggested that intermittent mechanical loading could activate integrin signaling downstream, which possibly explained the decreased mechano-sensitivity of bone tissue caused by continuous mechanical stimulation. Additionally, the mechanical environment is capable of modulating nuclear properties, and mechanical sensitivity may also be related to the nuclear biophysical properties (Heo et al., 2016). The nuclei in dynamic loading induced MSCs to stiffen and become resistant to deformation, which sensitizes MSCs to mechanical stimulated calcium signaling and differentiated marker expression (Heo et al., 2016). Thus, the nucleus plays an essential role in modulating cellular mechano-sensation during differentiation. There is limited research on the mechanisms by which MSCs respond to intermittent and continuous stimulation. However, studies on the mechanism of osteoblasts could provide hints for future research. It was suggested that mechano-sensitivity is primarily associated with actin stress fibers. Gardinier et al. suggested that osteoblasts responded to FSS through actin stress fiber formation (ASFF), and ASFF led to increased cell stiffness and decreased mechano-sensitivity (Gardinier et al., 2014). LIM kinase 2 (LIMK2) is a gene related to the reorganization of the cytoskeleton. Several studies found that inhibiting the LIMK2 increased the sensitivity of ERK1/2 to fluid shear stress and promoted the gene expression of c-fos to enhance the mechanical sensitivity of osteoblasts (Zhang et al., 2009; Xiang et al., 2012). These results suggested that the mechanism by which MSCs respond to intermittent mechanical stimulation may also be related to the actin stress fiber and cytoskeleton.
4.3 Immediate and Delayed Mechanical Stimulation
Delayed mechanical stimulation has a positive effect on osteogenesis by promoting angiogenesis. The formation of blood vessels is closely related to endochondral ossification, in which MSCs first aggregate and differentiate into hyaline cartilage to form the cartilage model. Following growth of blood vessels, the cartilage is gradually replaced by bone tissue. Joe’s laboratory investigated the effects of immediate and delayed mechanical loading on vascular ingrowth in bone regeneration (Boerckel et al., 2011; Ruehle et al., 2020). The results showed that load initiation was a key determinant of vascular network formation. Immediate loading significantly inhibited the growth of blood vessels into the bone defect area, which led to fracture nonunion. In contrast, delayed loading allowed the growth of vessels into the defect and induced vascular remodeling. The study by Anna showed that the bone accumulation rate was significantly elevated by 4-week delayed mechanical loading application, which coincided with chondrocyte hypertrophy and endochondral transition (McDermott et al., 2019). They concluded that a 4-week delay in mechanical loading better mimicked the process of endochondral ossification.
4.4 Dimensionalities of Mechanical Stimulation
The mechanical stimulation applied to cells in two-dimensional (2D) environments is unidirectional. However, mechanical stimulation is multidirectional in physiological environments. The behavior of mechanical loading-induced cells is altered by the dimensionalities of their environments. Thus, the response of cells to external mechanical forces in three-dimensional (3D) environments that mimic the physiological environments in vivo needs to be explored. Li and his team found that long-term compression loading induced maturation of α5-integrin-based adhesions to form 3D-matrix adhesions (3DMAs) in the 3D environment (Li et al., 2020). In contrast to the FA formed in the 2D environment, the composition and morphology of 3DMAs are found only in native tissues and cell-derived matrices, suggesting that dimensionality influences the behavior of cells under mechanical stimulation. However, the exact mechanism by which external mechanical forces regulate cell fate in different dimensionalities remains unclear.
Exploring the effects of mechanical stimulation on cells in a 3D environment involves not only mechanical stimulation of cells but also the properties of materials. In 2D conditions, mechanical stimulation is applied to the cells directly. However, in a 3D environment, the force is first applied to the substrate which then transmits the mechanical signals to the cell through the deformation generated by the stimulation (Steinmetz et al., 2015). Thus, the process by which the mechanical signals are transmitted to cells contains two steps: the deformation of scaffolds produced by mechanical stimulation and the cell sensing and responding to the deformation. The ECM is not a linearly elastic material and has complex mechanical properties, including viscoelasticity, mechanical plasticity and nonlinear elasticity (Chaudhuri et al., 2020). The ECM responds to external mechanical stimulation by remodeling the stress fiber network, such as by changing the structure of the fiber network and forming bonds between the fibers (Loebel et al., 2019). The effect of mechanical stimulation on cells is related to the interactions between ECM properties and cells, which suggests that the mechanical properties of scaffold materials are of vital importance for cell differentiation in the 3D environment.
Materials that mimic the mechanical properties of ECM have been explored. Davidson and his team developed a multifiber hydrogel network with force-responsive characteristics (Davidson et al., 2020). In this network, the fibers form covalent bonds under mechanical loading, and the interactions of the fiber increase material stiffness and plastic deformation. Davidson’s design mimics the physiological process of ECM remodeling under mechanical stimulation, providing a model for exploring the effects of mechanical stimulation on cells in 3D environments (Davidson et al., 2020). Mechanical stimulation in a 3D environment fabricates the layered scaffolds with gradient mechanical properties. Horner et al. (2019) designed a 3D electrospinning scaffold with a tissue gradient that generates spatially controlled strain gradients in a scaffold depth-dependent manner under dynamic loading. MSCs in the greater compressive strain areas upregulate osteogenic gene expression, while chondrogenic markers are upregulated in the high local compressive strain areas. The formation of the mechanical gradient was maintained only under the application of dynamic loading. This study shows that regulating the local mechanical microenvironment provides a strategy to recapitulate the gradient structure of osteochondral tissues (Table 1).
Explorations of optimal mechanical parameters are significant for further application of mechanical stimulation in bone tissue engineering as presented above. Shear stress from 1.09 mPa to 5 Pa was applied to MSCs in previous studies, and 10–15 mPa were proved to have a superior osteogenic effect. Stretching or compression resulted 10% strain was discovered promoting osteogenesis. In comparison with continuous mechanical stimulation, the intermittent application is more efficient in inducing osteogenic differentiation via maintaining the mechanosensitivity of MSCs to mechanical signals. Therefore, mechanical stimulations are recommended to be performed with appropriate intervals. Application of delayed mechanical stimulation was reported to be an ideal option for facilitating angiogenesis in bone remodeling, which indicates that future researches should take the mechanical stimulation application time into consideration. Besides, in contrast to the 2D environment, MSCs showed a more bionic behavior in response to external mechanical stimulation in 3D environment that mimics physiological environments. Thus, 3D environment is recommended for the mechanical stimulation application.
5 OUTLOOK
Mechanical stimulation plays an important role in bone regeneration due to its influences on bone physiological functions. The main functional cells in bone regeneration, BMSCs, sense specific mechanical signals through mechanosensors on the cytomembrane, which results in the activation of downstream molecular pathways and altered expression of osteogenic genes. Mechanical stimulated-MSCs regulate immune, angiogenic and osteogenic microenvironments of bone regeneration by interacting with macrophages, endothelial cells and osteocytes. Modes of mechanical stimulation including the magnitude, frequency, duration and intermittence, affect the osteogenic differentiation of MSCs. Therefore, investigations of mechanical stimulation on bone regeneration for application in regenerative medicine are of great importance.
The mechanism of mechanical stimulation for osteogenesis has been studied in two main aspects, the principle of mechanosensors on the cell membrane surface to sense mechanical stimulation and the intracellular pathways transmitting mechanical signals, which ultimately lead to changes in gene expression. The mechanism of the mechanoreceptor, including integrated proteins and primary cilia, has been widely reported (Hoey et al., 2012; Kechagia et al., 2019). However, as a recently discovered mechanosensitive calcium ion channel, the principle of the Piezo1 response to mechanical stimulation has not been fully elucidated in MSCs. Therefore, the mechanism of PIEZO1 responding to mechanical stimulation in MSCs needs to be confirmed by more researchers to provide convincing evidence for future applications in bone regeneration. Additionally, in spite of advancements in exploring mechanotransduction in 2D environment, our knowledge of the MSC behaviors in 3D environments under mechanical stimulation remains limited. 3D culture is one of the necessary factors for the construction of the tissue engineered-bone which mimics physiological environments and provides more suitable matrix for MSCs. The mechanism of MSCs responding to mechanical stimuli in 3D environments is possibly the priority for future researches.
The effect of mechanical stimulation on the cross-talk between MSCs and osteogenesis-related cells is an emerging field of vital significance for bone regeneration. 1) Osteocytes are mechanosensitive cells that resided in the mineral matrix, which play an important role in modulating bone metabolism (Timmins and Wall, 1977). And the interactions between MSCs and osteocytes under external mechanical stimulation deserve further investigation, especially the means by which paracrine regulation of the loading induced-osteocytes regulates the behavior of MSCs. Investigating the interactions between osteocytes and MSCs under mechanical stimulation contributes to a better understanding of MSC response to mechanical stimulation and the comprehensive effect of mechanical stimulation on bone. 2) Excesses of inflammatory response often result in the failure of bone repair in bone tissue engineering. A few studies have illustrated that mechanical stimulation could facilitate the resolution of inflammation through regulating the interactions between MSCs and macrophages. However, the anti-inflammatory mechanism and the optimal application paraments remain unclear. Thus, further studies on the role of mechanical stimulation in the immune microenvironment during bone regeneration may provide a new insight into the design of bone regeneration biomaterials. 3) Interactions between endothelial cells and MSCs under mechanical stimulation also attract great attention. Studies proved that delayed mechanical stimulation promotes angiogenesis in bone regeneration. However, most of the studies only adopted a single delayed time point and the temporal effect of different delayed-loading time points is not clear. Therefore, studies on the effect of mechanical stimulation loading time in interactions between MSCs and endothelial cells can provide a comprehensive understanding of angiogenesis, which further guides the weight-bearing point of the fracture patients.
Mechanical stimulation has been used as a therapy in orthopedic which is known as mechanotherapy (Huang et al., 2013). For instance, distraction osteogenesis is used to correct limb and craniofacial defects, and LIPUS is used to hasten the fracture healing process and increase bone mass. However, current approaches are applying mechanical stimulation directly to the tissue, rather than through the substrate. However, efficiencies of these mechanotherapies in bone repairing are open to debate, as a recent systematic review concluded that LIPUS did not improve outcomes important to patients (Schandelmaier et al., 2017). The potential application may combine mechanical stimulation and bone tissue engineering. As the key element of bone tissue engineering, 3D culture involves the interactions between the cells and the materials. Scientists are keeping searching for materials that are more compatible with physiological deformation, retraction and osteogenic activity in mechanical environments. And the interactions between cells and biomaterials also require continuous refinement, further work may focus on the combined effect of the substance stiffness and the external mechanical stimulation application on MSCs. Several active biomaterials offer novel approaches to apply mechanical stimulation, such as magnetically triggered systems. Due to the variable mechanical parameters and the precise controlling of the mechanical application timepoint, magnetically triggered strategies will possibly receive increasing attention.
6 CONCLUSION
External mechanical force plays an essential role in bone regeneration. And MSCs can sense and respond to mechanical signals during this process. Thus, in this review we discussed MSCs mechanotransduction mechanisms, the influences of mechanical stimulation on modulating interactions between MSCs and surrounding cells in bone regeneration including the immune, angiogenic and osteogenic microenvironments, and the applications of mechanical stimulation of MSCs in bone regeneration. The description of MSCs mechanotransduction on purpose of providing a comprehensive view and several promising mechanosensors required to be fully investigated in MSC mechanotransduction field. The regulation of mechanical stimulation on microenvironments surrounding MSC discussed in the manuscript is of great significance for the bone regenerative medicine, which offers an insight for the design of tissue engineered bone in consideration of immune response, angiogenesis and osteogenesis. Moreover, the depiction of different mechanical stimulation application modes bring insightful guidance to the design of bone regenerative biomaterials and clinical applications of the mechanical stimulation.
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