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Osteoporosis is a chronic disease requiring long-term, sometimes lifelong, management. With the aging population, the prevalence of osteoporosis is increasing, and with it so is the risk of hip fracture and subsequent poor quality of life and higher mortality. Current therapies for osteoporosis have various significant side effects limiting patient compliance and use. Recent evidence has demonstrated the significant role of exosomes in osteoporosis both in vivo and in vitro. In this review, we summarize the pathogenesis of senile osteoporosis, highlight the properties and advantages of exosomes, and explore the recent literature on the use of exosomes in osteogenesis regulation. This is a very helpful review as several exosomes-based therapeutics have recently entered clinical trials for non-skeletal applications, such as pancreatic cancer, renal transplantation, and therefore it is urgent for bone researchers to explore whether exosomes can become the next class of orthobiologics for the treatment of osteoporosis.
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INTRODUCTION

Osteoporosis is a systemic skeletal disease characterized by low bone mass and decreased bone quality, both of which contribute to an increase in bone fragility (van den Bergh et al., 2012). Fractures are more likely to occur when traumatic forces are exerted on osteoporotic bone, and, hence, osteoporosis is a significant risk factor for fracture. Furthermore, fractures due to osteoporosis are becoming increasingly more common, especially in women over the age of 55 and men over the age of 65, resulting in adverse physical and psychosocial consequences and increased mortality and health-care costs.

Currently available drugs for osteoporosis can be divided into antiresorptive modulators, which include estrogen, estrogen receptor modulators, calcitonin and bisphosphonates, and anabolic therapies, which includes teriparatide. These drugs usually cause adverse effects, and consequently result in decreased adherence. In the case of teriparatide, research has shown that 77% of participants taking 20 μg and 78% of participants taking 40 μg experienced an adverse side effect, including joint pain, muscle cramp, and fatigue (Tsai et al., 2019). Estrogen therapy has known side effects on the breasts and uterus particularly with long-term use. Long-term calcitonin therapy can result in tolerance due to production of circulating antibodies to calcitonin (Wada et al., 1996). Bisphosphonates, the most common current therapy for osteoporosis, result in general side effects including gastrointestinal irritation, bone and joint pain and jaw osteonecrosis (Marx, 2003; Ruggiero et al., 2004). Thus, development of therapies with high bone targeting ability and low toxicity is imperative. Exosomes may be a promising approach to reverse osteoporosis due to their fewer safety considerations as well as powerful pro-osteogenesis abilities.

This review aims to cover the knowledge advances that have been made on the pathogenesis of osteoporosis, the properties of exosomes, and is primarily focused on postmenopausal or senile osteoporosis. We review target cells for the action of exosomes on reversing osteoporosis, and the future for new treatment paradigms for osteoporosis.



THE PATHOGENESIS OF OSTEOPOROSIS


Normal Bone Homeostasis

Bone is a dynamic tissue that maintains homeostasis through a balance of bone resorption by osteoclasts and bone formation by osteoblasts, through which old bone is replaced with new bone. During this process, osteoclasts are recruited to initiate the resorption of mineralized bone, followed by a reversal phase during which osteoclasts undergo apoptosis. Recruitment of osteoblasts is followed by the formation and mineralization of new bone within the resorption cavity. The sequence of the events is always bone resorption followed by bone formation, and the two processes are tightly coupled, both spatially and temporally. The OPG/RANK/RANKL pathway (Figure 1) has been shown to be associated with osteoclast formation whereas the Wnt/β-catenin (Figure 2) has been shown to play a significant role in osteoblast formation (Lacey et al., 1998). Osteoclasts derived from cells of the myeloid lineage differentiate into pre-osteoclasts which express RANK in the presence of M-CSF and RANKL on the cell membrane of stromal and osteoblast lineage cells. They proliferate and fuse to form bone-resorbing osteoclasts. However, OPG, is a naturally circulating inhibitor/decoy receptor for RANKL, and can bind to RANKL to inhibit osteoclastogenesis and prevent bone resorption (Figure 1) (Simonet et al., 1997; Khosla, 2001). Wnt is the key initiating factor of the Wnt/β-catenin signal pathway. WNT ligands bind to a receptor formed by low-density lipoprotein (LDL)-related receptor (LRP)5/6 and Frizzled (FZD) to activate the signal pathway, and β-catenin is translocated to the nucleus to promote osteoblast formation.
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FIGURE 1. Simplified OPG-RANK-RANKL pathway in bone. RANKL, a homotrimer, is mainly expressed either on the cell membrane of osteoblasts or as a soluble ligand. After RANK binds to RANKL, RANK cluster, recruiting TNFR-associated factors (TRAFs), especially TRAF6, which activate RANK within the cells, and regulate osteoclasts-related gene expression. OPG, a secreted decoy receptor of RANKL, serves as a physiological inhibitor of RANKL-driven osteoclast activities.
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FIGURE 2. Canonical WNT signaling. A WNT ligand can activate the canonical signaling pathway through binding to a receptor complex formed by low-density lipoprotein (LDL)-related receptor (LRP)5/6 and Frizzled. This results in the translocation of hypophosphorylated β-catenin to the nucleus. In the inactive state, β-catenin is degraded by the proteasome after it becomes phosphorylated by the glycogen synthase kinase 3β(GSK3β)-Axin-casein kinase 1 (CK1)–adenomatous polyposis coli (APC) complex and subsequently ubiquitinated.




Pathophysiology of Age-Related Osteoporosis

Briefly, osteoporosis is due to an imbalance between the activities of osteoblasts and osteoclasts. Aging in women is associated with a decline in serum estrogen that has the potential to promote bone formation through inhibition of receptor activator of nuclear factor-κB ligand (RANKL) (Eghbali-Fatourechi et al., 2003), resulting in bone loss and disruption of bone microarchitecture. Trabecular thinning and loss of trabeculae in cancellous bone, cortical thickness and increased cortical porosity in cortical bone have been noted in older women (Parfitt et al., 1983; Compston et al., 1987; Zebaze et al., 2010). In men, aging plays a predominant role in osteoporosis, resulting in decreased bone formation through reduced proliferation and differentiation of multipotent stem cells (MSCs) and decreased bone matrix production depended on decreased osteoblast function and increased apoptosis of mature osteoblasts (Manolagas and Parfitt, 2010). Cell-to-cell communication is becoming increasingly accepted as a mechanism impacting the development of osteoporosis. A therapy that affects the activities of MSCs, osteoblasts and osteoclasts by influencing intercellular communication would, therefore, be a potential future treatment. Given that exosomes, which are extracellular vesicles, have this ability, we set out to investigate these vesicles in depth.



THE PROPERTIES OF EXOSOMES

Exosomes, nanoscale vesicles ranging from 30–120 nm in diameter (Table 1) (EL Andaloussi et al., 2013b), are extracellular vesicles widely distributed in almost all biological fluids, including plasma, urine, saliva, ascites, amniotic fluid, lactic acid and cerebrospinal fluid (Simons and Raposo, 2009; Gross et al., 2012). Almost all cells, including B cells (Raposo et al., 1996), T cells (Blanchard et al., 2002), dendritic cells (Thery et al., 1999), mast cells (Raposo et al., 1997), and endothelial cells (Song et al., 2019), can secrete exosomes. Exosomes, as intraluminal endosomal vesicles, are released by exocytosis when multivesicular bodies (MVBs) fuse with the plasma membrane (Figure 3) (Heijnen et al., 1999). The exosome membrane is mainly composed of lipids and proteins, and the exosomal lumen is enriched with bioactive molecules, including proteins, lipids, metabolites, mRNA, microRNA (miRNA), and other non-coding RNA (ncRNA) (Gross et al., 2012; Sato-Kuwabara et al., 2015). Exosomes directly activate cell surface receptors through protein and bioactive lipid ligands, and initiate fusion of their membrane contents with the recipient cell plasma membrane, playing a significant role in regulating the bioactivity of recipient cells by conveying lipids, proteins and nucleic acids. In this way, exosomes are not only involved in the maintenance of normal physiology, such as stem cell maintenance (Mehta et al., 2015), tissue repair (Li et al., 2013), organ development, hematopoietic function, but also participate in diseases processes, such as cancer metastasis and angiogenesis (Al-Nedawi et al., 2008).


TABLE 1. Exosome, microvesicle, apoptotic body: major differences.
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FIGURE 3. Exosome biogenesis and interaction with target cells. Exosomes are vesicles of endocytic origin formed by the inward budding of the multivesicular body (MVB) membrane. Exosomes can then directly activate cell surface receptors via protein and bioactive lipid ligands, transfer cell surface receptors or deliver effectors including transcription factors, oncogenes and infectious particles into target cells. In addition, various RNA species including mRNAs and small regulatory RNAs such as microRNAs (miRNAs) and non-coding RNAs are contained in extracellular vesicles and delivered to target cells.


Among their cargoes, miRNAs in the exosomal lumen have garnered increasing attention. MiRNAs, a class of 17–24 nt non-coding RNAs, play a regulatory role in recipient cells through targeting mRNAs for cleavage or translational repression (Bartel, 2004). In addition, some miRNAs, such as tumor-secreted miRNA-21 and miRNA-29a, have the capacity to act as ligands that bind to toll-like receptors (TLRs) and then activate immune cells (Fabbri et al., 2012). Additionally, lncRNAs, non-coding RNAs with a length of more than 200 nucleotides (Ulitsky and Bartel, 2013), are known to be involved in various biological processes, and have important roles in bone formation and regeneration (Wang et al., 2015). Currently, it is recognized that lncRNAs act mainly through regulation of RNA and protein through interactions between RNA and RNA or RNA and DNA (Li Y. et al., 2016).

In addition to naturally secreted exosomes, however, genetically engineered or chemically modified exosomes which enable cell-specific delivery of cargoes have been studied in recent years (Armstrong et al., 2017). For example, chondrocyte-specific dendritic cell-derived exosomes modified through genetic engineering successfully achieved targeted delivery of miRNA-140 to chondrocytes in deep regions of the cartilage. This was shown to improve the osteoarthritic cartilage (Liang et al., 2020). Treatment with iExosomes (engineered exosomes) in mice with pancreatic cancer significantly increased overall survival through targeting oncogenic KRAS (Kamerkar et al., 2017). Hence, conventional drug delivery vehicles have disadvantages that are largely absent when exosomes are used as drugs carriers, including potential toxicity, immunogenicity and inability to penetrate target specific organs.



EXOSOMES REGULATE MESENCHYMAL STEM CELL OSTEOGENIC DIFFERENTIATION

Mesenchymal stem cells (MSCs), non-hematopoietic multipotent stem cells, have multilineage differentiation potential including differentiation into osteoblasts, chondrocytes and adipocytes (Caplan, 1991). MSCs play a significant role in maintaining the homeostasis between bone resorption and bone formation.


Exosome-Mediated Differentiation of MSCs

Exosomes are important vesicles in intercellular communication for modulating or mediating cellular processes. Therefore, exosomes can direct MSCs differentiation toward osteoblastic lineage. For instance, exosomes secreted by MSCs derived from human induced pluripotent stem cells (hiPSCs, hiPSC-MSC-Exos) effectively promote the proliferation and osteogenic differentiation of BMSC in vitro. There was a dose-response relationship between the effect and exosomes concentration (Qi et al., 2016). Similarly, one study suggested that exosomes derived from osteogenic MSCs can direct undifferentiated MSCs toward osteogenic differentiation both in vivo and in vitro (Narayanan et al., 2016). Furthermore, osteoblast-derived exosomes can increase osteogenic differentiation by enhancing osteogenic gene expression in MSCs (Narayanan et al., 2018), establishing a positive feedback of bone formation or growth. In addition, exosomes derived from monocytes have been proven to be stimulatory on MSCs osteogenic differentiation in vitro (Gebraad et al., 2018). Among them, miRNA in exosomes has been shown to be a critical component in stem cell differentiation (Shim and Nam, 2016). Nine exosome-derived miRNAs (including let-7a, miRNA-199b, miRNA-218, miRNA-148a, miRNA-135b, miRNA-203, miRNA-219, miRNA-299-5p, and miRNA-302b) have been shown to be significantly up-regulated and three exosome-derived miRNAs (miRNA-885-5p, miRNA-181a, and miRNA-320c) showed significant down-regulation (Xu et al., 2014). Additionally, some studies have shown that miRNA-138a, miRNA-141 and miRNA-200a can inhibit MSCs differentiation into osteoblasts (Itoh et al., 2009; Eskildsen et al., 2011). In addition to miRNA, lncRNA might be involved in the process of osteogenic differentiation of MSCs, such as lncRNA H19 (Wang et al., 2017). Although MSCs osteogenic differentiation is regulated by exosomes, it cannot be concluded which cell type-derived exosome was dominant.



Possible Regulatory Mechanism

Exosomes are more likely to play an important role in regulating MSCs differentiation through their non-coding RNA (miRNA and lncRNA), and thus affect expression of some transcription factors. Differentiation of MSCs toward osteocytes is regulated by various transcription factors, such as Runt-related transcription factor 2 (Runx2), osterix, β-catenin, and bone morphogenetic proteins (BMPs), whose expression is regulated by many signaling pathways, such as essential Wnt, BMP. The Runx2 transcription factor is an essential regulator for the osteogenic differentiation of MSCs, which can induce differentiation of MSCs into pre-osteoblasts and inhibits adipogenic and chondrogenic differentiation (Komori, 2006). For example, miRNA-133 can inhibit differentiation of MSCs into osteoblasts by down-regulation of the expression of Runx2 (Li et al., 2008). Osterix, a specificity protein 1 family (Sp1) of transcription factors, is downstream of Runx2, and is essential for bone formation (Nakashima et al., 2002). For example, lncRNA MALAT1 stimulates osterix expression and osteogenesis of MSCs by sponging miRNA-143 (Gao et al., 2018), and the lncRNA-miRNA pathway is the most classic mechanism of action. In addition, some miRNAs regulate MSCs differentiation through indirect interaction with transcription factors, and lncRNA regulates differentiation of MSCs through others pathways, including Wnt/β-catenin pathway, p38 MAPK pathway, and BMP4 signaling (Ju et al., 2019).



Exosomes Acting on MSCs Reverse Osteoporosis

Stem cell therapies have shown great potential in the treatment of various diseases, and as exosomes carry a cargo of functional signals in the form of RNA, miRNA, or protein, they can act as pivotal messengers of intercellular communication. Therefore, exosomes treatment may offer similar potential as stem cell transplantation. For example, exosomes originating from exogenous MSCs can promote osteogenic differentiation of endogenous MSCs and improve osteoporosis (Liu et al., 2015). Exosomes from endogenous BMSCs can target endogenous MSCs to enhance osteogenic differentiation and reduce adipogenic differentiation, while miRNA-151-5p administered alone also achieves the same effect (Chen et al., 2017). Additionally, a study demonstrated that normal MSCs-derived extracellular vesicles (containing rich exosomes) can promote proliferation and reduce DNA damages of MSCs after radiation exposure (Wen et al., 2016). Thus, intravenous injection of MSCs-derived exosomes to patients with osteoporosis is a promising therapy.



EXOSOMES REGULATE OSTEOBLAST PROLIFERATION AND ACTIVITY

Approximately 4–6% of the total resident cells in bone are osteoblasts, which are essential for the growth and maintenance of the skeleton. Additionally, osteoblasts are responsible for synthesis and mineralization of bone matrix, which increase the bone mineral density and prevent fragility fractures.


Exosomes Participate in Osteoblast Proliferation and Activity

Exosomes can affect osteoporosis by directly regulating osteoblast proliferation and activity. Exosomes derived from different cells or cells with different functional status might have significantly different effects on osteoblasts. MSCs-derived exosomes can promote bone formation in vivo through stimulation of osteoblast differentiation, activity and proliferation mainly through miRNA-196a (Qin et al., 2016). Osteoclast-derived exosomes were shown to decrease bone formation through inhibition of osteoblast activity through miRNA-214-3p (Li D. et al., 2016). One study, which found elevated miRNA-214 levels in aged postmenopausal women and aged men, showed that miRNA-214 directly targets ATF4 to inhibit osteoblast activity and antagomirna-214 can promote osteoblast activity and matrix mineralization in vitro (Wang et al., 2013). Interestingly, although patients with tumors usually exhibit osteoporosis, exosomes originating from tumors can stimulate osteoblast proliferation and activity. Osteoblasts treated with exosomes derived from breast cancer cells, decreased in number, metabolic activity, and alkaline phosphatase (ALP) activity (Loftus et al., 2020). Similarly, prostate cancer cell-derived exosomes increases osteoblast proliferation by 1.5-fold (Inder et al., 2014).



Possible Regulatory Mechanism

Although the specific mechanism has yet to be defined, some recognized pathways might be involved. Firstly, proteins on the exosomal membranes, such as cell recognition molecules, can facilitate selective targeting and uptake by target cells. Exosomes entering the osteoblasts through endocytosis, transpor luminal components into the cytosol of the target cell. Finally, some RNAs, such as miRNA, lncRNA, translocate into the nucleus and regulate expression of osteoblast-related genes. For example, the miRNA-214 in osteoclast-derived exosomes could be transferred into osteoblasts through EphrinA2/EphA2 recognition (Sun et al., 2016). MiRNA-214 directly targets activating transcription factor 4 (ATF4) by binding to its 3′untranslated region (UTR) (Wang et al., 2013). Thus, the exosomes inhibit osteoblast proliferation and activity by significantly decreasing bone formation marker gene expression, including expression of osteocalcin (BGLAP) and alkaline phosphatase (ALP).



Exosomes Undergoing Modification or Material Loading Can Reverse Osteoporosis

Exosomes undergoing modification or material loading have shown great promise for the treatment of osteoporosis. Prior research has shown that exosome-integrated titanium oxide nanotubes can stimulate bone regeneration by promoting osteogenic differentiation (Wei et al., 2019). Similarly, self-assembly of biotinylated MSCs-EVs onto the surface of biotin-doped polypyrrole titanium (Bio-Ppy-Ti) exhibits enhanced osteoinductive ability in vivo and in vitro through stimulation of osteogenic differentiation, proliferation and activity (Chen et al., 2019). Remarkably, some materials in vivo might serve as a bioreactor, which can affect exosome or growth factor production. For example, a recent animal study suggested that magnetic hydroxyapatite (MHA) scaffolds are capable of altering osteoclast-derived exosomal cargoes and decreasing the efficiency of exosome uptake by osteoblasts, further promoting osteoblast proliferation and reversing osteoporosis (Zhu et al., 2020). This evidence suggests that osteoporotic patients with fractures may be treated with materials integrated in exosomes which promote bone formation and reverse osteoporosis. However, more evidence is needed given the scarcity of knowledge on this subject.



EXOSOMES REGULATE OSTEOCLAST MATURATION AND ACTIVITY

Osteoclasts, multinucleated giant cells formed by the fusion of mononuclear progenitors of the monocyte/macrophage family, are the exclusive cells of bone resorption in the human body, originating from haematopoietic progenitors (Xing et al., 2005). In the process of osteoclastogenesis, pre-osteoclasts (preOCs) are formed first.


Exosomes Affect Osteoclast Differentiation and Activity

Research has shown that osteoclast activity can determine the development of osteoporosis (Teitelbaum, 2000). Exosomes, as an important intercellular messenger, play a significant role in regulating osteoclast maturation and activity. First, the bone system itself is the most significant regulator of osteoclast differentiation. For example, exosomes from pre-osteoclasts can promote osteoclast formation, whereas exosomes from osteoclasts are pro-inhibitory (Huynh et al., 2016). Exosomes from osteoblasts can facilitate the differentiation of pre-osteoclasts to osteoclasts through bioactive molecular content (RANKL) (Deng et al., 2015). However, osteoclast-derived exosomes inhibit osteoclast formation (Xie et al., 2017). Such evidence suggests that exosomes might participate in intercellular communication among the different types of bone cells. In addition, a recent study has demonstrated that compared to exosomes derived from osteoblasts and BMSCs, endothelial cell-derived exosomes show more efficient bone targeting that suppresses osteoclast differentiation and activity through miRNA-155 (Song et al., 2019). In addition, tumor cells have been shown to increase the number and activity of other cells. Breast cancer cell-derived exosomes can promote the proliferation and differentiation of osteoclasts through miRNA-20a-5p (Guo et al., 2019), and prostate cancer cell-derived exosomes exhibit strong promotion of osteoclastogenesis in vitro (Inder et al., 2014). This may contribute to the inherent mechanism through which patients with tumors exhibit osteoporosis. Multiple myeloma-derived exosomes can also stimulate osteoclastogenesis via abundant EGFR ligand amphiregulin (AREG) (Raimondo et al., 2019). Additionally, other tumors, such as non-small cell lung cancer (NSCLC), colon cancer, are rich sources of AREG (Taverna et al., 2017).



Possible Regulatory Mechanism

According to prior research, the most important signaling pathway regulating osteoclast differentiation and maturation is the RANK/RANKL signaling pathway. The mitogen-associated protein kinase (MAPK) signaling pathways, including p38, extracellular signal-regulated kinase (Erk), Jun N-terminal kinase (JNK), c-Fos and AP-1, also participate in osteoclast formation (Matsumoto et al., 2000; Keshet and Seger, 2010). Thus, these may be possible mechanisms through which exosomes regulate osteoclast differentiation and activity. Notably, exosomes cargoes components, including protein, miRNA, lncRNA, may all play a regulatory role in osteoclast differentiation and activity. AREG, a tumor-derived exosome, can activate the epidermal growth factor receptor (EGFR) pathway in pre-osteoclasts to increase RANKL expression. LncRNA-MALAT 1 from endothelial progenitor cells (EPCs) promote osteoclastogenesis through directly binding to miRNA-124 (Cui et al., 2019). Expression of NFATc1, a downstream signal of RANK, is suppressed by miRNA-124 (Lee et al., 2013). MiRNA-155 in endothelial cell-derived exosomes disrupts osteoclast differentiation and activation through targeting several essential transcription factors, including Spi1, microphthalmia-associated transcription factor (Mitf), and suppressor of cytokine signaling 1 (Socs1) (Song et al., 2019).



Exosomes Inhibiting Osteoclast Differentiation and Activity Are Predicted to Treat Osteoporosis

Clinical treatment of osteoporosis typically focuses on inhibiting the excessive activation of osteoclasts and exosomes might be a promising candidate for this in the future. Accumulating evidence has shown that exosomes strongly inhibit osteoclast differentiation and activity, effectively reversing osteoporosis in vitro and in animal studies (Song et al., 2019). In comparison with other exosomes, endothelial cell-derived exosomes show superiority in targeting bone. Remarkably, exosomal miRNA is thought to be an important component in gene expression regulation participating in the differentiation and activity of osteoclasts, such as endothelial cell-derived exosomal miRNA-155 (Song et al., 2019), miRNA-503 (Chen et al., 2014), miRNA-133a (Wang et al., 2012), and miRNA-422a (Cao et al., 2014), which may offer potential for developing future drugs against osteoporosis. Clinic trials are, however, required to assess the effect of these exosomes on the human body.



ADVANTAGES OF EXOSOMAL TREATMENT

Compared to conventional therapy, exosomal therapy has several advantages. First, exosomes have low immunogenicity. Human marrow-derived MSCs express MHC I molecules on their cell surface, resulting in immunological rejection. Animal studies, however, have shown that MSCs-exosomes can promote bone formation without any adverse events (Zhang et al., 2016). Further, exosomes have low toxicity. In recent years, pharmaceutical carriers, especially nanoscale pharmaceutical carriers, have received extensive attention, but their use is limited due to their synthetic lipid membranes resulting in unavoidable toxic reactions. Exosomes, as natural endogenous nano-microvesicles, have not been shown to induce toxicity neither in vivo nor in vitro trials (Narayanan et al., 2016; Qin et al., 2016). In addition, exosomes offer excellent targeting. For example, osteoclast-exosomes can target osteoblasts through their EphrinA2 (Sun et al., 2016). Exosomes also display great permeability, with studies showing that exosomes can penetrate cytomembranes and biological barriers (El Andaloussi et al., 2013a; Janas et al., 2015). Furthermore, studies have highlighted their excellent stability; PTX (Paclitaxel) incorporated into exosomes by mild sonication can maintain stability at various conditions for over a month (Kim et al., 2016). Finally, their function can be enhanced through modification or material loading. Given the aforementioned advantages, exosomes have strong potential to treat osteoporosis through bone tissue engineering and as targeted delivery vehicles. In bone tissue engineering, exosomes loaded with materials offer unique advantages in patients with osteoporosis following a fracture. Exosomes, as targeted delivery vehicles, can also effectively load compounds such as miRNA, and siRNA.



CLINICAL PERSPECTIVE: STILL A WAY TO GO

Although some clinical trials have been completed, there are currently no clinically approved therapies utilizing exosomes. This is largely due to lack of knowledge on the fundamentals of exosome biology and methodology. It should be noted, for example, that the specimen from which exosomes are to be harvested determines their potential as regulators. A decision must also be made whether to choose autografts or allografts. Another challenge is the limited ability of current isolation methods resulting in only low yield and low-purity exosomes. For example, 5 × 106 myeloma cells provide only 5–6 μg of exosomes (Peinado et al., 2012). In addition, current isolation methods of exosomes include mainly repeated ultracentrifugation and ultrafiltration (Lobb et al., 2015), techniques which are too time-consuming and remain somewhat controversial. Another major challenge is that the exact function of the cargoes in exosomes has yet to be established. For example, cargoes from the same cells derived from different tissues or organs are likely to differ. Research has shown that exosomes derived from bone marrow and adipose tissue differ vastly in tRNAs, especially for Sox2, POU5F1A/B, and Nanog (Baglio et al., 2015). Furthermore, some contents in the exosomes, such as tumor-supportive miRNA found in MSCs-exosomes, might play a role in disease promotion (Vallabhaneni et al., 2015). Therefore, thorough understanding of how to best utilize the function of exosomes in treating osteoporosis still has a way to go.



CONCLUSION

Overall, exosomes are natural membrane vesicles involved in intercellular communication by conveying their cargoes, which include proteins, as well as coding and non-coding RNA. Studies have shown that exosomes participate in bone homeostasis through regulation of the differentiation and activity of bone cells including MSCs, osteoblasts and osteoclasts. Thus far their regulatory mechanisms have not been fully elucidated. Given their several intrinsic advantages, such as their low immunogenicity and toxicity, exosomes offer promising therapeutic potential and are expected to become a reliable new approach to treating osteoporosis. Finally, further efforts must be made to improve the isolation and purity methods, as well as gain a better understanding on the roles that exosomes play in the regulation of osteoporosis.



AUTHOR CONTRIBUTIONS

XX, YX, and LH proposed the research questions, developed the protocol, and drafted the manuscript. XX guarantor. XX, WZ, and HX refined the search strategy. XX, ZL, LC, and CY searched and collected the studies. AP created the illustrations in Adobe Illustrator 2020. YX, BM, and GL critically reviewed the manuscript for relevant intellectual content. All authors have read and approved the final version of the manuscript.



FUNDING

This work was supported by funding from the National Science Foundation of China (Grant No. 81772345) and National Key Research & Development Program of China (Grant Nos. 2018YF2001502 and 2018YFB1105705).



REFERENCES

Al-Nedawi, K., Meehan, B., Micallef, J., Lhotak, V., May, L., Guha, A., et al. (2008). Intercellular transfer of the oncogenic receptor EGFRvIII by microvesicles derived from tumour cells. Nat. Cell Biol. 10, 619–624. doi: 10.1038/ncb1725

Armstrong, J. P., Holme, M. N., and Stevens, M. M. (2017). Re-engineering extracellular vesicles as smart nanoscale therapeutics. Acs Nano 11, 69–83. doi: 10.1021/acsnano.6b07607

Baglio, S. R., Rooijers, K., Koppers-Lalic, D., Verweij, F. J., Perez, L. M., Zini, N., et al. (2015). Human bone marrow- and adipose-mesenchymal stem cells secrete exosomes enriched in distinctive miRNA and tRNA species. Stem Cell Res. Ther. 6:127.

Bartel, D. P. (2004). MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116, 281–297. doi: 10.1016/s0092-8674(04)00045-5

Blanchard, N., Lankar, D., Faure, F., Regnault, A., Dumont, C., Raposo, G., et al. (2002). TCR activation of human T cells induces the production of exosomes bearing the TCR/CD3/zeta complex. J. Immunol. 168, 3235–3241. doi: 10.4049/jimmunol.168.7.3235

Cao, Z., Moore, B. T., Wang, Y., Peng, X. H., Lappe, J. M., Recker, R. R., et al. (2014). MiR-422a as a potential cellular microRNA biomarker for postmenopausal osteoporosis. PLoS One 9:e97098. doi: 10.1371/journal.pone.0097098

Caplan, A. I. (1991). Mesenchymal stem cells. J. Orthop. Res. 9, 641–650. doi: 10.1002/jor.1100090504

Chen, C., Cheng, P., Xie, H., Zhou, H. D., Wu, X. P., Liao, E. Y., et al. (2014). MiR-503 regulates osteoclastogenesis via targeting RANK. J. Bone. Miner. Res 29, 338–347. doi: 10.1002/jbmr.2032

Chen, C., Wang, D., Moshaverinia, A., Liu, D., Kou, X., Yu, W., et al. (2017). Mesenchymal stem cell transplantation in tight-skin mice identifies miR-151-5p as a therapeutic target for systemic sclerosis. Cell Res. 27, 559–577. doi: 10.1038/cr.2017.11

Chen, L., Mou, S., Li, F., Zeng, Y., Sun, Y., Horch, R. E., et al. (2019). Self-assembled human adipose-derived stem cell-derived extracellular vesicle-functionalized biotin-doped polypyrrole titanium with long-term stability and potential osteoinductive ability. ACS Appl. Mater. Interfaces 11, 46183–46196. doi: 10.1021/acsami.9b17015

Compston, J. E., Mellish, R. W., and Garrahan, N. J. (1987). Age-related changes in iliac crest trabecular microanatomic bone structure in man. Bone 8, 289–292. doi: 10.1016/8756-3282(87)90004-4

Cui, Y., Fu, S., Sun, D., Xing, J., Hou, T., and Wu, X. (2019). EPC-derived exosomes promote osteoclastogenesis through LncRNA-MALAT1. J. Cell Mol. Med. 23, 3843–3854. doi: 10.1111/jcmm.14228

Deng, L., Wang, Y., Peng, Y., Wu, Y., Ding, Y., Jiang, Y., et al. (2015). Osteoblast-derived microvesicles: a novel mechanism for communication between osteoblasts and osteoclasts. Bone 79, 37–42. doi: 10.1016/j.bone.2015.05.022

Eghbali-Fatourechi, G., Khosla, S., Sanyal, A., Boyle, W. J., Lacey, D. L., and Riggs, B. L. (2003). Role of RANK ligand in mediating increased bone resorption in early postmenopausal women. J. Clin. Invest. 111, 1221–1230. doi: 10.1172/JCI17215

El Andaloussi, S., Lakhal, S., Mager, I., and Wood, M. J. (2013a). Exosomes for targeted siRNA delivery across biological barriers. Adv. Drug Deliv. Rev. 65, 391–397. doi: 10.1016/j.addr.2012.08.008

EL Andaloussi, S., Mager, I., Breakefield, X. O., and Wood, M. J. (2013b). Extracellular vesicles: biology and emerging therapeutic opportunities. Nat. Rev. Drug Discov. 12, 347–357. doi: 10.1038/nrd3978

Eskildsen, T., Taipaleenmaki, H., Stenvang, J., Abdallah, B. M., Ditzel, N., Nossent, A. Y., et al. (2011). MicroRNA-138 regulates osteogenic differentiation of human stromal (mesenchymal) stem cells in vivo. Proc. Natl. Acad. Sci. U.S.A. 108, 6139–6144. doi: 10.1073/pnas.1016758108

Fabbri, M., Paone, A., Calore, F., Galli, R., Gaudio, E., Santhanam, R., et al. (2012). MicroRNAs bind to Toll-like receptors to induce prometastatic inflammatory response. Proc. Natl. Acad. Sci. U.S.A. 109, E2110–E2116. doi: 10.1073/pnas.1209414109

Gao, Y., Xiao, F., Wang, C., Wang, C., Cui, P., Zhang, X., et al. (2018). Long noncoding RNA MALAT1 promotes osterix expression to regulate osteogenic differentiation by targeting miRNA-143 in human bone marrow-derived mesenchymal stem cells. J. Cell. Biochem. 119, 6986–6996. doi: 10.1002/jcb.26907

Gebraad, A., Kornilov, R., Kaur, S., Miettinen, S., Haimi, S., Peltoniemi, H., et al. (2018). Monocyte-derived extracellular vesicles stimulate cytokine secretion and gene expression of matrix metalloproteinases by mesenchymal stem/stromal cells. FEBS J. 285, 2337–2359. doi: 10.1111/febs.14485

Gross, J. C., Chaudhary, V., Bartscherer, K., and Boutros, M. (2012). Active Wnt proteins are secreted on exosomes. Nat. Cell Biol. 14, 1036–1045. doi: 10.1016/j.ceb.2009.03.007

Guo, L., Zhu, Y., Li, L., Zhou, S., Yin, G., Yu, G., et al. (2019). Breast cancer cell-derived exosomal miR-20a-5p promotes the proliferation and differentiation of osteoclasts by targeting SRCIN1. Cancer Med. 8, 5687–5701. doi: 10.1002/cam4.2454

Heijnen, H. F., Schiel, A. E., Fijnheer, R., Geuze, H. J., and Sixma, J. J. (1999). Activated platelets release two types of membrane vesicles: microvesicles by surface shedding and exosomes derived from exocytosis of multivesicular bodies and alpha-granules. Blood 94, 3791–3799.

Huynh, N., VonMoss, L., Smith, D., Rahman, I., Felemban, M. F., Zuo, J., et al. (2016). Characterization of regulatory extracellular vesicles from osteoclasts. J. Dent. Res. 95, 673–679. doi: 10.1177/0022034516633189

Inder, K. L., Ruelcke, J. E., Petelin, L., Moon, H., Choi, E., Rae, J., et al. (2014). Cavin-1/PTRF alters prostate cancer cell-derived extracellular vesicle content and internalization to attenuate extracellular vesicle-mediated osteoclastogenesis and osteoblast proliferation. J. Extracell Vesicles 3:23784. doi: 10.3402/jev.v3.23784

Itoh, T., Nozawa, Y., and Akao, Y. (2009). MicroRNA-141 and -200a are involved in bone morphogenetic protein-2-induced mouse pre-osteoblast differentiation by targeting distal-less homeobox 5. J. Biol. Chem. 284, 19272–19279. doi: 10.1074/jbc.M109.014001

Janas, T., Janas, M. M., Sapon, K., and Janas, T. (2015). Mechanisms of RNA loading into exosomes. FEBS Lett. 589, 1391–1398. doi: 10.1016/j.febslet.2015.04.036

Ju, C., Liu, R., Zhang, Y. W., Zhang, Y., Zhou, R., Sun, J., et al. (2019). Mesenchymal stem cell-associated lncRNA in osteogenic differentiation. Biomed. Pharmacother. 115:108912. doi: 10.1016/j.biopha.2019.108912

Kamerkar, S., LeBleu, V. S., Sugimoto, H., Yang, S., Ruivo, C. F., Melo, S. A., et al. (2017). Exosomes facilitate therapeutic targeting of oncogenic KRAS in pancreatic cancer. Nature 546, 498–503. doi: 10.1038/nature22341

Keshet, Y., and Seger, R. (2010). The MAP kinase signaling cascades: a system of hundreds of components regulates a diverse array of physiological functions. Methods Mol. Biol. 661, 3–38. doi: 10.1007/978-1-60761-795-2_1

Khosla, S. (2001). Minireview: the OPG/RANKL/RANK system. Endocrinology 142, 5050–5055. doi: 10.1210/endo.142.12.8536

Kim, M. S., Haney, M. J., Zhao, Y., Mahajan, V., Deygen, I., Klyachko, N. L., et al. (2016). Development of exosome-encapsulated paclitaxel to overcome MDR in cancer cells. Nanomed. U. K. 12, 655–664. doi: 10.1016/j.nano.2015.10.012

Komori, T. (2006). Regulation of osteoblast differentiation by transcription factors. J. Cell. Biochem. 99, 1233–1239. doi: 10.3390/ijms20071694

Lacey, D. L., Timms, E., Tan, H. L., Kelley, M. J., Dunstan, C. R., Burgess, T., et al. (1998). Osteoprotegerin ligand is a cytokine that regulates osteoclast differentiation and activation. Cell 93, 165–176. doi: 10.1016/s0092-8674(00)81569-x

Lee, Y., Kim, H. J., Park, C. K., Kim, Y. G., Lee, H. J., Kim, J. Y., et al. (2013). MicroRNA-124 regulates osteoclast differentiation. Bone 56, 383–389. doi: 10.1016/j.bone.2013.07.007

Li, D., Liu, J., Guo, B., Liang, C., Dang, L., Lu, C., et al. (2016). Osteoclast-derived exosomal miR-214-3p inhibits osteoblastic bone formation. Nat. Commun. 7:10872. doi: 10.1038/ncomms10872

Li, Y., Fan, L., Liu, S., Liu, W., Zhang, H., Zhou, T., et al. (2013). The promotion of bone regeneration through positive regulation of angiogenic-osteogenic coupling using microRNA-26a. Biomaterials 34, 5048–5058. doi: 10.1016/j.biomaterials.2013.03.052

Li, Y., Syed, J., and Sugiyama, H. (2016). RNA-DNA triplex formation by long noncoding RNAs. Cell Chem. Biol. 23, 1325–1333. doi: 10.1016/j.chembiol.2016.09.011

Li, Z., Hassan, M. Q., Volinia, S., van Wijnen, A. J., Stein, J. L., Croce, C. M., et al. (2008). A microRNA signature for a BMP2-induced osteoblast lineage commitment program. Proc. Natl. Acad. Sci. U.S.A. 105, 13906–13911. doi: 10.1073/pnas.0804438105

Liang, Y., Xu, X., Li, X., Xiong, J., Li, B., Duan, L., et al. (2020). Chondrocyte-targeted MicroRNA delivery by engineered exosomes toward a cell-free osteoarthritis therapy. ACS Appl. Mater. Interfaces 12, 36938–36947. doi: 10.1021/acsami.0c10458

Liu, S., Liu, D., Chen, C., Hamamura, K., Moshaverinia, A., Yang, R., et al. (2015). MSC transplantation improves osteopenia via epigenetic regulation of notch signaling in lupus. Cell Metab. 22, 606–618. doi: 10.1016/j.cmet.2015.08.018

Lobb, R. J., Becker, M., Wen, S. W., Wong, C. S., Wiegmans, A. P., Leimgruber, A., et al. (2015). Optimized exosome isolation protocol for cell culture supernatant and human plasma. J. Extracell Vesicles 4:27031.

Loftus, A., Cappariello, A., George, C., Ucci, A., Shefferd, K., Green, A., et al. (2020). Extracellular vesicles from osteotropic breast cancer cells affect bone resident cells. J. Bone. Miner. Res. 35, 396–412. doi: 10.1002/jbmr.3891

Manolagas, S. C., and Parfitt, A. M. (2010). What old means to bone. Trends Endocrinol. Metab. 21, 369–374. doi: 10.1016/j.tem.2010.01.010

Marx, R. E. (2003). Pamidronate (Aredia) and zoledronate (Zometa) induced avascular necrosis of the jaws: a growing epidemic. J. Oral Maxillofac. Surg. 61, 1115–1117. doi: 10.1016/s0278-2391(03)00720-1

Matsumoto, M., Sudo, T., Saito, T., Osada, H., and Tsujimoto, M. (2000). Involvement of p38 mitogen-activated protein kinase signaling pathway in osteoclastogenesis mediated by receptor activator of NF-kappa B ligand (RANKL). J. Biol. Chem. 275, 31155–31161. doi: 10.1074/jbc.M001229200

Mehta, A., Zhao, J. L., Sinha, N., Marinov, G. K., Mann, M., Kowalczyk, M. S., et al. (2015). The MicroRNA-132 and MicroRNA-212 cluster regulates hematopoietic stem cell maintenance and survival with age by buffering FOXO3 expression. Immunity 42, 1021–1032. doi: 10.1016/j.immuni.2015.05.017

Nakashima, K., Zhou, X., Kunkel, G., Zhang, Z., Deng, J. M., Behringer, R. R., et al. (2002). The novel zinc finger-containing transcription factor osterix is required for osteoblast differentiation and bone formation. Cell 108, 17–29. doi: 10.1016/s0092-8674(01)00622-5

Narayanan, K., Kumar, S., Padmanabhan, P., Gulyas, B., Wan, A., and Rajendran, V. M. (2018). Lineage-specific exosomes could override extracellular matrix mediated human mesenchymal stem cell differentiation. Biomaterials 182, 312–322. doi: 10.1016/j.biomaterials.2018.08.027

Narayanan, R., Huang, C. C., and Ravindran, S. (2016). Hijacking the cellular mail: exosome mediated differentiation of mesenchymal stem cells. Stem Cells Int. 2016:3808674. doi: 10.1155/2016/3808674

Parfitt, A. M., Mathews, C. H., Villanueva, A. R., Kleerekoper, M., Frame, B., and Rao, D. S. (1983). Relationships between surface, volume, and thickness of iliac trabecular bone in aging and in osteoporosis. Implications for the microanatomic and cellular mechanisms of bone loss. J. Clin. Invest. 72, 1396–1409. doi: 10.1172/JCI111096

Peinado, H., Aleckovic, M., Lavotshkin, S., Matei, I., Costa-Silva, B., Moreno-Bueno, G., et al. (2012). Melanoma exosomes educate bone marrow progenitor cells toward a pro-metastatic phenotype through met. Nat. Med. 18, 883–891.

Qi, X., Zhang, J., Yuan, H., Xu, Z., Li, Q., Niu, X., et al. (2016). Exosomes secreted by human-induced pluripotent stem cell-derived mesenchymal stem cells repair critical-sized bone defects through enhanced angiogenesis and osteogenesis in osteoporotic rats. Int. J. Biol. Sci. 12, 836–849. doi: 10.7150/ijbs.14809

Qin, Y., Wang, L., Gao, Z., Chen, G., and Zhang, C. (2016). Bone marrow stromal/stem cell-derived extracellular vesicles regulate osteoblast activity and differentiation in vitro and promote bone regeneration in vivo. Sci. Rep. 6:21961. doi: 10.1038/srep21961

Raimondo, S., Saieva, L., Vicario, E., Pucci, M., Toscani, D., Manno, M., et al. (2019). Multiple myeloma-derived exosomes are enriched of amphiregulin (AREG) and activate the epidermal growth factor pathway in the bone microenvironment leading to osteoclastogenesis. J. Hematol. Oncol. 12:2. doi: 10.1186/s13045-018-0689-y

Raposo, G., Nijman, H. W., Stoorvogel, W., Liejendekker, R., Harding, C. V., Melief, C. J., et al. (1996). B lymphocytes secrete antigen-presenting vesicles. J. Exp. Med. 183, 1161–1172. doi: 10.1084/jem.183.3.1161

Raposo, G., Tenza, D., Mecheri, S., Peronet, R., Bonnerot, C., and Desaymard, C. (1997). Accumulation of major histocompatibility complex class II molecules in mast cell secretory granules and their release upon degranulation. Mol. Biol. Cell 8, 2631–2645. doi: 10.1091/mbc.8.12.2631

Ruggiero, S. L., Mehrotra, B., Rosenberg, T. J., and Engroff, S. L. (2004). Osteonecrosis of the jaws associated with the use of bisphosphonates: a review of 63 cases. J. Oral Maxillofac. Surg. 62, 527–534. doi: 10.1016/j.joms.2004.02.004

Sato-Kuwabara, Y., Melo, S. A., Soares, F. A., and Calin, G. A. (2015). The fusion of two worlds: non-coding RNAs and extracellular vesicles–diagnostic and therapeutic implications (Review). Int. J. Oncol. 46, 17–27. doi: 10.3892/ijo.2014.2712

Shim, J., and Nam, J. W. (2016). The expression and functional roles of microRNAs in stem cell differentiation. Bmb Rep. 49, 3–10. doi: 10.5483/BMBRep.2016.49.1.217

Simonet, W. S., Lacey, D. L., Dunstan, C. R., Kelley, M., Chang, M. S., Luthy, R., et al. (1997). Osteoprotegerin: a novel secreted protein involved in the regulation of bone density. Cell 89, 309–319. doi: 10.1016/s0092-8674(00)80209-3

Simons, M., and Raposo, G. (2009). Exosomes–vesicular carriers for intercellular communication. Curr. Opin. Cell Biol. 21, 575–581.

Song, H., Li, X., Zhao, Z., Qian, J., Wang, Y., Cui, J., et al. (2019). Reversal of osteoporotic activity by endothelial cell-secreted bone targeting and biocompatible exosomes. Nano Lett. 19, 3040–3048. doi: 10.1021/acs.nanolett.9b00287

Sun, W., Zhao, C., Li, Y., Wang, L., Nie, G., Peng, J., et al. (2016). Osteoclast-derived microRNA-containing exosomes selectively inhibit osteoblast activity. Cell Discov. 2:16015. doi: 10.1038/celldisc.2016.15

Taverna, S., Pucci, M., Giallombardo, M., Di Bella, M. A., Santarpia, M., Reclusa, P., et al. (2017). Amphiregulin contained in NSCLC-exosomes induces osteoclast differentiation through the activation of EGFR pathway. Sci. Rep. 7:3170. doi: 10.1038/s41598-017-03460-y

Teitelbaum, S. L. (2000). Bone resorption by osteoclasts. Science 289, 1504–1508. doi: 10.1126/science.289.5484.1504

Thery, C., Regnault, A., Garin, J., Wolfers, J., Zitvogel, L., Ricciardi-Castagnoli, P., et al. (1999). Molecular characterization of dendritic cell-derived exosomes. Selective accumulation of the heat shock protein hsc73. J. Cell Biol. 147, 599–610. doi: 10.1083/jcb.147.3.599

Tsai, J. N., Lee, H., David, N. L., Eastell, R., and Leder, B. Z. (2019). Combination denosumab and high dose teriparatide for postmenopausal osteoporosis (DATA-HD): a randomised, controlled phase 4 trial. Lancet Diabetes Endocrinol. 7, 767–775. doi: 10.1016/S2213-8587(19)30255-4

Ulitsky, I., and Bartel, D. P. (2013). lincRNAs: genomics, evolution, and mechanisms. Cell 154, 26–46. doi: 10.1016/j.cell.2013.06.020

Vallabhaneni, K. C., Penfornis, P., Dhule, S., Guillonneau, F., Adams, K. V., Mo, Y. Y., et al. (2015). Extracellular vesicles from bone marrow mesenchymal stem/stromal cells transport tumor regulatory microRNA, proteins, and metabolites. Oncotarget 6, 4953–4967.

van den Bergh, J. P., van Geel, T. A., and Geusens, P. P. (2012). Osteoporosis, frailty and fracture: implications for case finding and therapy. Nat. Rev. Rheumatol. 8, 163–172. doi: 10.1038/nrrheum.2011.217

Wada, S., Udagawa, N., Nagata, N., Martin, T. J., and Findlay, D. M. (1996). Physiological levels of calcitonin regulate the mouse osteoclast calcitonin receptor by a protein kinase Alpha-mediated mechanism. Endocrinolog 137, 312–320. doi: 10.1210/endo.137.1.8536630

Wang, L., Wang, Y., Li, Z., Li, Z., and Yu, B. (2015). Differential expression of long noncoding ribonucleic acids during osteogenic differentiation of human bone marrow mesenchymal stem cells. Int. Orthop. 39, 1013–1019. doi: 10.1007/s00264-015-2683-0

Wang, Q., Li, Y., Zhang, Y., Ma, L., Lin, L., Meng, J., et al. (2017). LncRNA MEG3 inhibited osteogenic differentiation of bone marrow mesenchymal stem cells from postmenopausal osteoporosis by targeting miR-133a-3p. Biomed. Pharmacother. 89, 1178–1186. doi: 10.1016/j.biopha.2017.02.090

Wang, X., Guo, B., Li, Q., Peng, J., Yang, Z., Wang, A., et al. (2013). miR-214 targets ATF4 to inhibit bone formation. Nat. Med. 19, 93–100. doi: 10.1038/nm.3026

Wang, Y., Li, L., Moore, B. T., Peng, X. H., Fang, X., Lappe, J. M., et al. (2012). MiR-133a in human circulating monocytes: a potential biomarker associated with postmenopausal osteoporosis. PLoS One 7:e34641. doi: 10.1371/journal.pone.0034641

Wei, F., Li, M., Crawford, R., Zhou, Y., and Xiao, Y. (2019). Exosome-integrated titanium oxide nanotubes for targeted bone regeneration. Acta Biomater. 86, 480–492. doi: 10.1016/j.actbio.2019.01.006

Wen, S., Dooner, M., Cheng, Y., Papa, E., Del, T. M., Pereira, M., et al. (2016). Mesenchymal stromal cell-derived extracellular vesicles rescue radiation damage to murine marrow hematopoietic cells. Leukemia 30, 2221–2231. doi: 10.1038/leu.2016.107

Xie, Y., Chen, Y., Zhang, L., Ge, W., and Tang, P. (2017). The roles of bone-derived exosomes and exosomal microRNAs in regulating bone remodelling. J. Cell Mol. Med. 21, 1033–1041. doi: 10.1111/jcmm.13039

Xing, L., Schwarz, E. M., and Boyce, B. F. (2005). Osteoclast precursors, RANKL/RANK, and immunology. Immunol. Rev. 208, 19–29. doi: 10.1111/j.0105-2896.2005.00336.x

Xu, J. F., Yang, G. H., Pan, X. H., Zhang, S. J., Zhao, C., Qiu, B. S., et al. (2014). Altered microRNA expression profile in exosomes during osteogenic differentiation of human bone marrow-derived mesenchymal stem cells. PLoS One 9:e114627. doi: 10.1371/journal.pone.0114627

Zebaze, R. M., Ghasem-Zadeh, A., Bohte, A., Iuliano-Burns, S., Mirams, M., Price, R. I., et al. (2010). Intracortical remodelling and porosity in the distal radius and post-mortem femurs of women: a cross-sectional study. Lancet 375, 1729–1736. doi: 10.1016/S0140-6736(10)60320-0

Zhang, J., Liu, X., Li, H., Chen, C., Hu, B., Niu, X., et al. (2016). Exosomes/tricalcium phosphate combination scaffolds can enhance bone regeneration by activating the PI3K/Akt signaling pathway. Stem Cell Res. Ther. 7:136. doi: 10.1186/s13287-016-0391-3

Zhu, Y., Li, Z., Zhang, Y., Lan, F., He, J., and Wu, Y. (2020). The essential role of osteoclast-derived exosomes in magnetic nanoparticle-infiltrated hydroxyapatite scaffold modulated osteoblast proliferation in an osteoporosis model. Nanoscale 12, 8720–8726. doi: 10.1039/d0nr00867b


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 © 2020 Xie, Xiong, Panayi, Hu, Zhou, Xue, Lin, Chen, Yan, Mi and Liu. 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-08-594247-t001.jpg
Vesicle types

Characteristics Exosomes Microvesicles Apoptotic bodies

Size 30-120 nm 50-1,000 nm 500-2,000 nm

Morphology Cup-shaped Heterogeneous Heterogeneous

Origin Endolysosomal pathway; Plasma membrane Apoptotic cell membrane
multivesicular bodies

Marker Tetraspanins, ESCRT Integrins, selectins, CD40 Phosphatidylserine

Mechanism of discharge
Contents

Components, TSG101, ALIX
Exocytosis of multivesicular bodies

Protein, miRNA, mRNA, non-coding
RNAs

Outward budding of plasma membrane
Protein, miRNA, mRNA, non-coding RNAs

Outward blebbing of apoptotic cell membrane
Nuclear fractions, cell organelles

ESCRT, endosomal sorting complex required for transport; TSG101, tumor susceptibility gene 101 protein; ALIX, programmed cell death 6 interacting protein (also

known as PDCD6IP).





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Exosomes as a Novel Approach to Reverse Osteoporosis: A Review of the Literature



		INTRODUCTION



		THE PATHOGENESIS OF OSTEOPOROSIS



		Normal Bone Homeostasis



		Pathophysiology of Age-Related Osteoporosis







		THE PROPERTIES OF EXOSOMES



		EXOSOMES REGULATE MESENCHYMAL STEM CELL OSTEOGENIC DIFFERENTIATION



		Exosome-Mediated Differentiation of MSCs



		Possible Regulatory Mechanism



		Exosomes Acting on MSCs Reverse Osteoporosis







		EXOSOMES REGULATE OSTEOBLAST PROLIFERATION AND ACTIVITY



		Exosomes Participate in Osteoblast Proliferation and Activity



		Possible Regulatory Mechanism



		Exosomes Undergoing Modification or Material Loading Can Reverse Osteoporosis







		EXOSOMES REGULATE OSTEOCLAST MATURATION AND ACTIVITY



		Exosomes Affect Osteoclast Differentiation and Activity



		Possible Regulatory Mechanism



		Exosomes Inhibiting Osteoclast Differentiation and Activity Are Predicted to Treat Osteoporosis







		ADVANTAGES OF EXOSOMAL TREATMENT



		CLINICAL PERSPECTIVE: STILL A WAY TO GO



		CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/cover.jpg
, frontiers

in Bioengineering and Biotechnology

Exosomes as a Novel Approach to
Reverse Osteoporosis: A Review
of the Literature





OPS/images/fbioe-08-594247-g001.jpg
OPG-bound
RANKL Osteoclast
precursor

Soluble
RANK m RANKL
Clustering / /

Membrane-bound

Osteoblasts

RANKL-RANK
induced signalling

opANAY

Osteocytes










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





OPS/images/fbioe-08-594247-g002.jpg
OFF STATE ON STATE

LRPS/6

LRPS/6

Frizzled

...............................

.....................................

B-cat degradation

G

o )OO

Wnt Gene target

Wnt Gene target






OPS/images/fbioe-08-594247-g003.jpg
2774

Source Cell

miRNA

JUJ

P h
—Zwem

mRNA

3 Fusion and
release

Inward

budding

Membrane
budding

©

— Pinocytosis

-

Microvesicle

Exosome .
Cell mebrane

fusion

Antigen
presentation

Cell
Signalling

Target Cell

105

ansfer






