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Osteoporosis (OP) is characterized by a decrease in osteoblasts and an increase in adipocytes in the bone marrow compartment, alongside abnormal bone/fat differentiation, which ultimately results in imbalanced bone homeostasis. Bone marrow mesenchymal stem cells (BMSCs) can differentiate into osteoblasts and adipocytes to maintain bone homeostasis. Several studies have shown that lncRNAs are competitive endogenous RNAs that form a lncRNA–miRNA network by targeting miRNA for the regulation of bone/fat differentiation in BMSCs; this mechanism is closely related to the corresponding treatment of OP and is important in the development of novel OP-targeted therapies. However, by reviewing the current literature, it became clear that there are limited summaries discussing the effects of the lncRNA–miRNA network on osteogenic/adipogenic differentiation in BMSCs. Therefore, this article provides a review of the current literature to explore the impact of the lncRNA–miRNA network on the osteogenic/adipogenic differentiation of BMSCs, with the aim of providing a new theoretical basis for the treatment of OP.




Keywords: osteoporosis, bone marrow mesenchymal stem cells, adipogenic-osteogenic differentiation, lncRNA-miRNA network, crosstalk regulation




1 Introduction

Osteoporosis (OP) is the most common systemic metabolic bone disease among postmenopausal (1), middle-aged, and elderly women and is characterised by an imbalance in bone remodelling and formation that results in decreasing bone strength and increasing fracture risk. Overall, OP is a major cause of physical disability and death among middle-aged and elderly individuals (2). With an increase in the aging population worldwide, the global prevalence of OP increases annually (3). Over 200 million people worldwide have been diagnosed with OP (4), making this condition a serious public health issue that negatively impacts people’s health and imparts a corresponding economic burden (3).

Increasing evidence suggests (5–8) that bone marrow mesenchymal stem cells (BMSCs) can differentiate into multiple cell types and self-renew; therefore, these cells may play an important role in bone homeostasis and regeneration. Abnormalities in BMSC differentiation are closely associated with the occurrence of OP (9). Therefore, understanding the differentiation mechanism of BMSCs can assist in the identification of effective treatment methods for OP.

BMSCs are adult stem cells that are derived from the mesoderm and have the potential to self-renew and differentiate into osteoblasts (10–13), adipocytes, and other multi-directional cells. Therefore, differentiation of BMSCs into osteoblasts, rather than adipocytes, could potentially assist OP treatment. However, during aging, or other pathological stimuli, BMSCs preferentially differentiate into adipocytes, resulting in an increase in bone marrow adipocytes and a decrease in osteoblasts and bone formation (14, 15). As a metabolic bone disease, OP is characterised by a decrease in osteoblasts and accumulation of bone marrow adipocytes in the bone marrow compartments (16). Therefore, establishing a method to regulate the balance of osteogenic/adipogenic differentiation in BMSCs to restore bone homeostasis and reduce bone resorption is of great significance for bone health and OP treatment.

Osteogenic and adipogenic differentiation of BMSCs is controlled by regulator gene expression, transcriptional, and post-transcriptional mechanisms (17). Numerous non-coding RNA (ncRNAs) are involved in post-transcriptional regulation (18). In recent years, the key regulatory role of ncRNAs in skeletal system diseases has gained increasing recognition; therefore, ncRNAs are considered novel targets for the treatment of such diseases (19). Several studies have confirmed that long chain non-coding RNA (lncRNAs) and microRNAs (miRNAs) are important regulators of bone development and homeostasis (20–23); therefore, these ncRNAs have been identified as important regulators of BMSC differentiation. LncRNA is considered a natural sponge of miRNA, specifically binding to miRNA via competitive mechanisms, thereby forming a lncRNA–miRNA regulatory network; this mechanism plays an important regulatory role in the osteogenic adipogenic differentiation of BMSCs and is, therefore, expected to become a future target for OP treatment (24–27).




2 The lncRNA–miRNA network in osteoporosis

LncRNAs are transcripts that are >200 nucleotides long and lack protein coding domains; Therefore, these RNAs do not have, or possess very limited, translational ability (28). Alternatively, lncRNAs regulate the expression of genes and proteins at the transcriptional (29), post-transcriptional, and epigenetic levels; additionally, they play a key role in the regulation of various biological processes, including cell differentiation, proliferation, and apoptosis (30). lncRNAs, one of the largest and most significantly diverse RNA families, have emerged in recent years as an interesting field of research (31). Prior studies have determined that lncRNA dysregulation is associated with the occurrence of many diseases; therefore, lncRNAs have been widely studied in the diagnosis and treatment of these diseases (32). In recent years, many studies have shown that lncRNAs play crucial roles in bone development via the regulation of osteogenic and adipogenic markers or key regulatory factors (33); these lncRNAs have been particularly implicated in the regulation of BMSC differentiation into osteogenic and adipogenic cells (34). In addition, lncRNAs can be used as competitive endogenous RNA (ceRNAs) to regulate the expression of genes and proteins by binding to miRNAs; therefore, lncRNAs can be used to regulate the osteogenic/adipogenic differentiation of BMSCs and may be important in the development of OP treatment (17) (35).

MiRNAs are small (18–25 nucleotides) endogenous non-coding single-stranded RNAs (36); by targeting the 3′-untranslated region (3′-UTR) of the target gene, miRNAs play a central role in the post-transcriptional regulation of protein coding genes, thereby participating in various important biological functions, such as cell differentiation, metabolism, proliferation, and apoptosis (37–39). Recent studies have found that miRNAs not only play a critical role in the proliferation and differentiation of mesenchymal stem cells, but also in the metabolic activities of bone cells (40–42). Specifically, miRNAs are an important molecular regulatory factor in the processes of bone remodelling and bone cell growth, differentiation, and function. By regulating BMSC differentiation, miRNAs maintain metabolic homeostasis within the bone, which ultimately affects bone metabolic homeostasis and formation. Therefore, miRNAs participate in the occurrence and development of OP and other bone diseases (20) (43, 44). A recent study identified a novel ceRNA that is necessary for the regulation of miRNAs and target genes. CeRNAs participate in the prevention and treatment of OP by regulating the expression of miRNAs and their downstream target genes (45, 46).

Recent studies have established that ceRNAs represent a novel mechanism of RNA-to-RNA interactions. These ceRNAs compete with mRNA to bind to miRNAs, thereby regulating the expression of downstream target genes and affecting physiological and pathological processes throughout the body (47, 48). Many lncRNAs act as ceRNAs by competing to bind to downstream miRNAs to suppress miRNA expression; therefore, these lncRNAs can disrupt the balance between miRNA and target gene expression, which may contribute to the pathogenesis of various human diseases (49, 50). LncRNAs regulate osteoblast proliferation and function via the corresponding ceRNA mechanism; therefore, abnormalities in this lncRNA–miRNA ceRNA network can contribute to the development of OP (34). Consequently, regulation of the lncRNA–miRNA network is expected to become a major topic within the field of OP prevention and treatment.




3 The lncRNA–miRNA network regulates osteogenic differentiation of BMSCs

BMSCs are the primary site of osteogenic differentiation and are, therefore, important research factors for the field of bone repair and OP treatment (51, 52). Increasing evidence suggests that lncRNA and miRNA not only individually regulate various transcription factors related to osteoblast differentiation, but also form a lncRNA–miRNA network via the corresponding ceRNA mechanism; this mechanism involves miRNA binding, resulting in the regulation of key transcription factors for osteogenesis via various pathways or by directly targeting osteoblast proliferation and differentiation (53–55). Overall, lncRNAs possess a crucial role in the osteogenic differentiation of BMSCs and have, consequently, become a popular research topic.



3.1 LncRNA–miRNA network regulation promotes osteogenic differentiation of BMSCs

Previous studies have found that the lncRNA–miRNA network plays an important role in promoting the osteogenic differentiation of BMSCs by regulating osteogenic transcription factors. Runt domain transcription factor X (Runx) is a highly conserved family of transcription factors that are involved in organ development, cell metabolic proliferation, and stem cell differentiation (56). The Runx family comprises three members: Runx1, Runx2, and Runx3. Runx2 has been confirmed to be a transcription factor specifically involved in osteogenic differentiation; it can, therefore, serve as a marker of osteoblast differentiation. Runx2 regulates the transcription of numerous genes and induces differentiation of BMSCs into osteoblasts. This mechanism is a necessary and sufficient condition for the differentiation of BMSCs into the osteoblast lineage and is important in the development of the skeletal system and bone metabolism (57–60). Numerous studies have established that lncRNA upregulates BMSC osteogenic differentiation by acting as an miRNA sponge, which inhibits miRNA via competitive binding to miRNA; ultimately, this forms a lncRNA–miRNA network that upregulates Runx2 expression. Zhang (61) et al. determined that the lncRNA-XIXT upregulates the expression of Runx2 by competitive adsorption of miRNA-30a-5p, Runx2 is the downstream target gene of miRNA-30a-5p, thereby inducing the osteogenic differentiation of human (h)BMSCs and alleviating OP. Gao (62) et al. found that the lncRNA TERC upregulates Runx2 expression by binding to miRNA 217, Runx2 is the downstream target gene of miRNA 217, thereby accelerating the osteogenic differentiation of hMSCs and alleviating the progression of OP. In addition, the lncRNAs GAS5 and RP11 target miRNA-498 and miR-23b-3p, respectively, both of which upregulate Runx2 expression, Runx2 is the downstream target gene of miRNA-498 and miR-23b-3p, thereby promoting osteogenic differentiation of hMSCs and alleviating the development of OP (63, 64). Further, Runx3 not only regulates the occurrence of diseases such as cancer, but also participates in the process of bone development (65). Zhang (66) Zheng (67) et al. found that the lncRNAs PART1 and SNHG5 act as ceRNAs to upregulate Runx3 expression by targeting miR-185-5p and miRNA-582-55p, respectively, Runx3 is the downstream target gene of miR-185-5p and miRNA-582-55p, thereby promoting the osteogenic differentiation of hBMSCs. The results suggest that LncRNA induces osteogenic differentiation of hBMSCs by targeting and binding to miRNA, inhibiting miRNA expression, upregulating the expression of osteogenic related genes Runx2 and Runx3 (Figure 1).




Figure 1 | The lncRNA–miRNA network regulates the expression of Runx family members to promote osteogenic differentiation of BMSCs. Different lncRNAs bind to different miRNAs to inhibit miRNA expression, upregulate the expression of osteogenesis-related genes Runx2 and Runx3, and induce osteogenic differentiation of hBMSCs. An individual lncRNA can upregulate the expression of the osteogenesis-related factor Runx2 by targeting different miRNAs, thereby promoting osteogenic differentiation of hBMSCs.



Bone morphogenetic protein (BMP) belongs to the TGF-β superfamily and is a multifunctional growth factor that is crucial for bone formation. BMP2 and BMP7 are key factors in osteogenic differentiation (68, 69); additionally, although BMP1 does not belong to TGF-β superfamily, unlike other BMPs, it can still induce skeletal development (70). Recent studies have shown that the lncRNA–miRNA network is an important regulator of BMP expression. For example, the lncRNA NEAT1 upregulates BMP1 expression by binding to miR-29b-3p, BMP1 is the downsteam target gene of miR-29b-3p, ultimately promoting the osteogenic differentiation of hBMSCs (71). Additionally, BMP2 is a well-established effective inducer of osteoblast differentiation in BMSCs. Zhang (72) Wang (73) Zhao (74) et al. found that the lncRNA MSC-AS1 binds to miRNA-140-5p, the lncRNA KCNQ1ET1 binds to miR-214, and the lncRNA LINC01535 competes to bind to miR-3619-5p,. All three of these lncRNAs inhibit the expression of miRNA-140-5p, miR-214, miR-3619-5p and upregulate BMP2, BMP2 is the downsteam target gene of miRNA-140-5p, miR-214, miR-3619-5p, thereby promoting the osteogenic differentiation of BMSCs and alleviating OP progression. In addition, BMP7 has been determined to regulate bone formation and enhance the osteoblast differentiation ability of BMSCs. For example, the lncRNA SNHG16 upregulates BMP7 expression by targeting miR-485-5p, BMP7 is the downsteam target gene of miR-485-5p, thereby promoting the osteogenic differentiation of hBMSCs (75). In conclusion, LncRNA promote osteogenic differentiation of hBMSCs by targeting and binding to miRNA, inhibiting miRNA expression, upregulating the expression of osteogenic related genes BMP1, BMP2, and BMP7 (Figure 2).




Figure 2 | The lncRNA–miRNA network regulates the expression of BMP family members to promote osteogenic differentiation of BMSCs. Different lncRNAs bind to different miRNAs to inhibit miRNA expression, upregulate the expression of osteogenesis-related factors BMP1, BMP2, and BMP7, and promote the osteogenic differentiation of hBMSCs.



Currently, three primary categories of Smad homologous proteins (SMAD)s family have been identified, specifically receptor-regulated Smad (R-Smad), common Smad (co-Smad), and inhibitory Smad (I-Smad) (76). Among them, R-SMADs consist of five members, namely 1, 2, 3, 5, and 8, which exhibit active involvement in specific signal transmission. Smad4 exclusively functions as a co-Smad, whereas I-Smad encompasses Smad6 and Smad7. Smad1, 5, and 8 are BMP receptors’ immediate downstream molecules. Smad2, 3, 4, and 7 are essential signaling molecules in the TGF-1/Smad signaling pathway, and they play a significant role in controlling bone metabolism balance in the BMP/Smad signaling pathway and the TGF-1/Smad signaling circuit, respectively (77–79). Recent research has discovered that the lncRNA-miRNA network controls the SMADs family and performs a regulatory function in mesenchymal stem cell (MSC) osteogenic development. For example, Han et al. (80) discovered that lncRNA SNHG5 controls GDF5 expression and stimulates Smad1/5/8 phosphorylation by sponge adsorption of miR-212-3p during hBMSC osteogenic differentiation, hence increasing hBMSC osteogenic differentiation. Moreover, during the osteogenic differentiation of hBMSCs, lncRNA KCNQ1OT1 adsorbs miR-320a via sponge, inhibiting the expression of miR-320a while increasing the expression of its downstream target gene Smad5, thereby promoting the osteogenic differentiation of hBMSCs (81). Other research (82) has found that during osteogenic differentiation of human umbilical cord mesenchymal stem cells (hUC-MSCs), lncRNA-02349 upregulates the expression of Smad5 and Wnt10b by sponge adsorption of miR-25-3p and miR-33b-5p, activating the Dlx5/OSX signaling pathway, and promoting osteogenic differentiation of hUC-MSCs. There have also been confirmed (83) that during the osteogenic differentiation of human periodontal ligament MSCs, lncRNA-TUG1 adsorbs miRNA-222-3p through sponge, limiting its downstream Smad2/7 expression and thereby favoring osteogenic differentiation of human periodontal ligament MSCs. Wei et al. discovered in vitro that lncRNA HOTAIR suppresses miR-17-5p expression by targeting miR-17-5p adsorption, upregulates its downstream target gene Smad7, and inhibits osteoblast development in non-traumatic femoral head MSCs (84). (Figure 3).




Figure 3 | LncRNA-miRNA network regulates Smad to promote/inhibit MSC osteogenic differentiation. Different lncRNAs inhibit the expression of miRNAs by binding to different miRNAs, upregulate or inhibit the expression of downstream target genes of miRNAs, and induce osteogenic differentiation of MSCs.



Research has shown that individual lncRNAs can play an important role in the osteogenic differentiation of BMSCs by targeting different miRNAs; through this inhibition of both miRNAs, osteogenesis-related factors downstream of these miRNAs can be upregulated. For example, the lncRNA MALAT1 binds to miR-96 and miR-143, upregulating Osx expression, thereby promoting the osteogenic differentiation of hBMSCs (85, 86). Some studies have also determined that individual lncRNAs can promote the osteogenic differentiation of BMSCs by targeting different miRNAs, which upregulate different osteogenesis-related factors downstream. For example, the lncRNA SNHG14 upregulates the expression of WISP2 and AKT2 by binding to miR-185-5p and miR-2861, respectively, thereby promoting osteogenic differentiation of hBMSCs (87, 88). Additionally, different lncRNAs can affect the osteogenic differentiation of BMSCs by both targeting the same miRNA, resulting in the upregulation of the same osteogenesis-related factor downstream of this miRNA. For example, the lncRNAs LOC100126784 and POM121L9P both bind to miR-503-5p, which reduces miR-503-5p expression, thereby upregulating SORS1 expression and promote the osteogenic differentiation of BMSCs (89). Other studies have also determined that the lncRNAs MALAT1, IGF2-AS, KCNQ1OT1, and GAS5 upregulate the expression of SATB2, KLK4, RICTOR, and FOXO1, respectively, by acting as miRNA sponges of miR-34c, miR-3126-5p, miR-205-5p, and miR-135a-5p, thereby enhancing osteoblastic activity and promoting the osteogenic differentiation of BMSCs (90–93). Further, the lncRNAs MALAT1 and LINC00963 act as ceRNAs, which competitively bind to miR-124-3p and miR-760 to upregulate the expression of IGF2BP1 and ETS1, respectively; ultimately, this promotes the osteogenic differentiation of BMSCs and inhibits OP progression (94, 95). Overall, the same LncRNA upregulates osteogenic related factors by binding to different miRNAs, different LncRNAs by binding to the same miRNA, and different LncRNAs by binding to different miRNAs, jointly promoting osteogenic differentiation of hBMSCs (Figure 4).




Figure 4 | The lncRNA–miRNA network regulates osteogenesis-related factors to promote BMSC osteogenic differentiation. The same lncRNA can bind to multiple miRNAs to inhibit miRNA expression; this inhibition of different miRNAs can upregulate the same osteogenesis-related factor, Osx, alongside different osteogenesis-related factors WISP2 and AKT2, respectively, thereby promoting the osteogenic differentiation of hBMSCs. Different lncRNAs bind to different miRNAs; this inhibits corresponding miRNA expression, resulting in upregulation of the same osteogenesis-related factor SORS1, and promotion of osteogenic differentiation of hBMSCs. Different lncRNAs bind to different miRNAs and inhibit miRNA expression, thereby upregulating the expression of osteogenesis-related factors KLK4, IGF2BP1, SATB2, ETS1, RICTOR, and FOXO1, and ultimately promoting osteogenic differentiation of hBMSCs.



Furthermore, research has confirmed that the lncRNA-miRNA network loop regulates BMSC osteogenic differentiation by interfering with osteogenic-related target genes, and its major mechanism may involve the regulation of osteogenic-related signaling pathways (96). As Wnt/β-catenin signaling pathway is a classic pathway for the differentiation of BMSCs (97), it consists primarily of transmembrane receptors on the Wnt family of extracellular proteins, cytoplasmic degradation complexes, and β-catenin (98). Recent studies have revealed that the lncRNA-miRNA network loop controls the Wnt/β-catenin signaling pathway and promotes the osteogenic differentiation of BMSCs. For example, Liang et al. (99) discovered that lncRNA-H19 absorbs miR-141 and miR-22 via sponges, inhibits their expression, and upregulates their common downstream target molecules β-catenin, thereby activating the Wnt/β-catenin pathway and promoting osteogenic differentiation of hMSCs in vitro. Some studies have also shown that lncRNA-ROR activates the Wnt/-catenin pathway, thereby promoting the osteogenic differentiation of human mesenchymal stem cells (hMSCs) by sponging miR-138 and miR-145, inhibiting their function, and elevating the expression of their common downstream target ZEB2 (100). Moreover, Cai (101) and Jia (102) et al. discovered via in vitro experiments that lncRNA C00707 competes to adsorb miR-145 and miR-370-3p, respectively, inhibiting their expression and upregulating the expression of downstream target proteins LRP5 and Wnt2b, thereby activating the Wnt/-catenin signaling pathway and promoting osteogenic differentiation of BMSCs. (Figure 5). And research has confirmed that the Wnt/-catenin signaling pathway can regulate the transcriptional expression of factors such as Runx2 and Osterix (103), Osterix is a downstream target gene of Runx2, and both play essential regulatory roles in osteoblast differentiation (104). And Wnt2b can regulate the gene and protein expression of Runx2 and promote the expression of Osterix. The aforementioned findings suggest that the lncRNA-miRNA network loop regulates the osteogenic differentiation of BMSC by regulating the expression of important genes, proteins, etc., which may be accomplished by interfering with osteogenic-related signaling pathways.




Figure 5 | LncRNA-miRNA network regulates Wnt/β-Catenin signaling pathway promotes osteogenic differentiation of BMSCs. Different lncRNAs bind to different miRNAs to inhibit miRNA expression and upregulate the downstream target gene of miRNA, β-catenin, ZEB2, LRP5, and Wnt2b, All activate Wnt/β-The catenin signaling pathway promotes osteogenic differentiation of BMSCs.






3.2 LncRNA–miRNA network regulation inhibits osteogenic differentiation of BMSCs

Prior studies have determined that the lncRNA XIST enhances the expression of Hoxa5 and NNMT genes, which are downstream targets of miR-19a-3p and miR-29b-3p, respectively, by acting as a sponge for miR-19a-3p and miR-29b-3p, thereby inhibiting the osteogenic differentiation of BMSCs (105, 106). Additionally, Wang (107) Weng (108) Xiang (109) et al. determined that lncRNAs, namely HOTAIR, DANCR, and SNHG1, function as ceRNAs by sequestering miR-378g, miR-1301-3p, and miR-101, thereby repressing their expression and subsequently enhancing the expression of NNMT, PROX1, and DKK1, respectively. consequently, these lncRNAs inhibited the osteogenic differentiation of hBMSCs. Other studies have found that the lncRNAs HCG18 and MIAT upregulate the expression of Notch1 and MIAT by targeting miR-30a-5p and miR-150-5p, respectively, lncRNAs HCG18 and MIAT are the taget gene of miR-30a-5p and miR-150-5p, respectively, thereby inhibiting the osteogenic differentiation of BMSCs (110, 111). This indicates that individual and different lncRNAs can target different miRNAs to upregulate the expression of target genes downstream of the miRNAs and promote the osteogenic differentiation of BMSCs. Further, different lncRNAs can downregulate the expression of downstream target genes by targeting different miRNAs, thereby promoting osteogenic differentiation of BMSCs. For example, Lu (112) Wang (113) et al. determined that the lncRNA BC083743 downregulates SATB2 expression by targeting miR-103-3p, and lncRNA MEG3 downregulates SLC39A1 expression by promoting miR-133a-3p expression; overall, these jointly inhibiting the osteogenic differentiation of hBMSCs. In addition, lncRNA not only targets miRNA to form a lncRNA–miRNA network that regulates downstream miRNA molecules to promote hBMSC osteogenic differentiation, but can also directly target miRNA to promote hBMSC osteogenic differentiation. For example, the lncRNA LNC-00052 inhibits the expression of miR-96-5p and miR-19b-3p by binding to these miRNAs, both of which inhibit the osteogenic differentiation of BMSCs (114, 115). The results suggest that LncRNA Inhibition osteogenic differentiation of hBMSCs by targeting and binding to miRNA, inhibiting miRNA expression, up or down regulation the expression of osteogenic related factors (Figure 6).




Figure 6 | The lncRNA–miRNA network regulates osteogenic related factors and inhibits BMSC osteogenic differentiation. Individual lncRNAs bind to various miRNAs to inhibit miRNA expression, thereby upregulating the expression of osteogenesis-related factors Hoxa5 and NNMT, promoting the osteogenic differentiation of hBMSCs. Different lncRNAs bind to different miRNAs to inhibit miRNA expression, upregulate the expression of the same osteogenesis-related factor NNMT, and promote osteogenic differentiation of hBMSCs. Different lncRNAs bind to different miRNAs to inhibit or promote miRNA expression, resulting in direct or indirect stimulation of hBMSC osteogenic differentiation via the upregulation of the osteogenesis-related factors Notch1, MIAT, DKK1, and downregulation of SATB2 and SLC39A1.



These results indicate that in the process of BMSC osteogenic differentiation, the upregulation of individual or different lncRNAs can downregulate different miRNAs to inhibit their expression to promote the expression of downstream osteogenic-related factors, thereby promoting BMSC osteogenic differentiation. Downregulation of individual or different lncRNAs can inhibit or promote the expression of downstream osteogenesis-related factors by upregulating the expression of different miRNAs, thereby inhibiting the osteogenic differentiation of BMSCs. The results are shown in Table 1. Therefore, in the process of BMSC osteogenic differentiation, determining whether downregulation of different lncRNAs can promote or inhibit the expression of downstream adipogenesis-related factors by upregulating miRNA expression could be a potential direction for future research. Additionally, further research into other diseases is required to determine whether a single lncRNA or miRNA can upregulate various pathways to increase the expression of disease-associated molecules and stimulate disease progression.


Table 1 | LncRNA miRNA network regulates osteogenic differentiation of bone marrow mesenchymal stem cells.



The Wnt/β-catenin signaling pathway is of significant importance in facilitating bone mineralization, governing the proliferation and differentiation of osteoblasts, promoting bone development, and maintaining bone homeostasis (116). Consequently, elucidating the precise regulatory mechanism of the Wnt/β-catenin signaling pathway in the differentiation of bone marrow-derived mesenchymal stem cells (BMSCs) is imperative for the maintenance of homeostasis. In recent years, studies have substantiated the substantial importance of the lncRNA-miRNA network loop in regulating the Wnt/β-catenin signaling pathway, particularly in relation to the differentiation of bone marrow-derived mesenchymal stem cells (BMSCs). For instance, Yu et al. conducted in vivo and in vitro experiments, which revealed an augmented expression of lncRNA SNHG1 in the serum and femoral tissue of OVX mice, accompanied by a reduction in miR-181c-5p. The elimination of SNHG1 was observed to enhance the osteogenic differentiation of BMSCs by upregulating miR-181c-5p. In contrast, the overexpression of SNHG1 was found to impede the osteogenic differentiation of BMSC. However, this inhibitory effect was counteracted when miR-181c-5p overexpressed. SNHG1 was observed to upregulate the expression of SFRP1 through its absorption of miR-181c-5p, which is known to act as a sponge for this microRNA. SFRP1 serves as an antagonist of the Wnt/β-catenin signaling pathway, which is responsible for inhibiting the downstream transduction of Wnt and its associated transduction proteins (117). Conversely, the overexpression of miR-181c-5p can activate the Wnt pathway by negatively regulating the expression of SFRP1 and promoting β-catenin signal transduction. It has been demonstrated that lncRNA SNHG1 acts as a sponge for miR-181c-5p, resulting in the upregulation of SFRP1 and the inhibition of Wnt/β-catenin signaling, thereby impeding the osteogenic differentiation of BMSCs (118). Furthermore, studies have revealed that lncRNA DANCR and miR-320a are upregulated, while CTNNB1 is downregulated in BMSCs of patients with osteoporosis. Notably, miR-320a and DANCR exert their functions independently, but the overexpression of either DANCR or miR-320a leads to a reduction in the expression levels of Wnt/β-catenin and CTNNB1, exhibiting additive effects. During the process of inducing osteogenic differentiation, the expression levels of DANCR and miR-320a exhibit a gradual decrease, whereas the expression level of CTNNB1 shows an increase. Nevertheless, it is noteworthy that miR-320a significantly inhibits the mRNA expression of CTNNB1, while miR-320a inhibitors promote its expression. This observation suggests a direct regulatory relationship between miR-320a and CTNNB1, which leads to a substantial downregulation of osteogenic differentiation and inhibition of the Wnt/β-catenin signaling pathway. Importantly, the inhibition of the catenin signaling pathway by miR-320a can be reversed, thereby counteracting one of its effects (Table 2; Figure 7) (119). The target, functioning as the recipient of information within the signal pathway, assumes a distinct role by interacting with specific molecules solely for the purpose of basic reception. To effectively transmit information, namely to propagate signals in both upstream and downstream directions, subsequently eliciting a sequence of responses and cascading reactions, the target necessitates the utilization of the signal pathway or signal axis. Previous studies have demonstrated that the Wnt/β-catenin signaling pathway, along with the PI3K/Akt/mTOR, OPG/RANK/RANKL, Notch, and Hedgehog signaling pathways, are intricately associated with the onset and progression of osteoporosis (120–125). However, studies regarding the impact of the lncRNA miRNA network loop on the regulation of these signaling pathways and its influence on the osteogenic differentiation of BMSCs remain unexplored in the existing literature. Based on the aforementioned study, the regulation of osteogenic differentiation in bone marrow-derived mesenchymal stem cells (BMSCs) is accomplished through the modulation of osteogenic-associated target genes, thereby establishing the lncRNA/miRNA/target gene axis or the lncRNA/miRNA/target gene/signaling pathway.


Table 2 | LncRNA miRNA network regulates Wnt/β-Intervention of Catenin signaling pathway in osteogenic differentiation of bone marrow mesenchymal stem cells.






Figure 7 | LncRNA-miRNA network regulates Wnt/β-Catenin signaling pathway inhibits osteogenic differentiation of BMSCs. Different lncRNAs bind to different miRNAs to inhibit miRNA expression, upregulate the downstream target gene SFRP1 expression of miRNA, inhibit the expression of CTNNB1, and inhibit Wnt/β-Catenin signaling pathway inhibits the osteogenic differentiation of BMSCs.







4 The lncRNA–miRNA network regulates adipogenic differentiation of BMSCs

Various lncRNAs and miRNAs have been significantly correlated with adipogenic differentiation and play a crucial role in this process (126, 127). LncRNAs are important epigenetic regulatory factors that control gene expression and affect various biological processes, with potential regulatory effects on BMSC differentiation (111, 128). MiRNAs play a key role in the metabolic activity of bone cells; specifically, they can maintain bone metabolic homeostasis by regulating the phenotypic differentiation of BMSCs, which has potential therapeutic effects for metabolic bone diseases (129). BMSCs are important pluripotent stem cells and the main source of adipocytes throughout the body (13). Increasing evidence suggests that miRNAs are important regulatory targets of lncRNAs. LncRNAs play an important regulatory role in the adipogenic differentiation of BMSCs by acting as ceRNAs, which bind to miRNAs to inhibit their corresponding expression (130).



4.1 LncRNA–miRNA network regulation promotes adipogenic differentiation of BMSCs

It has been determined that during osteogenic differentiation of hBMSCs, the expression of lncRNAs LOXL1-AS1 and Hmga2 gradually decreases, while miR-196a-5p expression gradually increases. Overexpression of LOXL1-AS1 inhibits the osteogenic differentiation of hBMSCs, downregulates the expression level of miR-196a-5p, and promotes adipogenic differentiation. Alternatively, knocking down LOXL1-AS1 increases miR-196a-5p expression and inhibits adipogenic differentiation. This indicates that LOXL1-AS1 directly targets miR-196a-5p and negatively regulates its corresponding expression level. Hmga2 can activate C/EBPβ-mediated PPAR γ Expression to promote adipogenesis. Additionally, miR-196a-5p mimetics reduce Hmga2 expression, whereas miR-196a-5p inhibitors enhance Hmga2 expression. This indicates that Hmga2, as a target gene for miR-196a-5p, is positively correlated with LOXL1-AS1 and negatively correlated with miR-196a-5p. These results indicate that LOXL1-AS1 inhibits the miR-196a-5p expression and upregulates Hmga2 expression by binding to miR-196a-5p, thereby inhibiting the osteogenic differentiation of hBMSCs and promoting adipogenic differentiation (131). Some studies have also established that FOXO4 and the lncRNA ZBTB40-IT1 are downregulated during osteogenic differentiation of hBMSCs and upregulated during adipogenic differentiation. Knockdown, silencing, or overexpression of miR-514a-3p, which binds to ZBTB40-IT1 and FOXO4, promote osteogenic differentiation of hBMSCs but inhibit adipogenic differentiation; in contrast, miR-514a-3p inhibition reverses the effect of ZBTB40-IT1 knockdown on osteogenesis and adipogenesis of hBMSCs, indicating that the lncRNA ZBTB40-IT1 downregulates miR-514a-3p expression by directly binding to this miRNA. Additionally, overexpression of FOXO4 eliminates the effects of miR-514a-3p upregulation on hBMSC osteogenesis and adipogenesis. This indicates that lncRNA ZBTB40-IT1 inhibits the miR-514a-3p expression and positively regulates FOXO4 expression by binding to miR-514a-3p, thereby promotes adipogenic differentiation of hBMSCs (132). Further, Yan (133) et al. established that the lncRNA ZFAS1 was downregulated during BMSC osteogenic differentiation and upregulated during adipogenic differentiation, whereas miR-499 expression exhibited an opposite trend. A ZFAS1 knockout significantly promoted osteogenic differentiation and inhibited BMSC adipose differentiation, thereby enhancing miR-499 expression in BMSCs but reducing EphA5 expression. The knockout effect of ZFAS1 was weakened by co-transfection with miR-499 inhibitors. Overexpression of miR-499 significantly inhibited the mRNA and protein expression of EphA5 in BMSCs, indicating that lncRNA ZFAS1, as a ceRNA of miR-499, upregulated EphA5 expression by binding to miR-499, EphA5 is the downstream target gene of miR-49, thereby inhibiting the osteogenic differentiation of BMSCs and promoting their adipogenic differentiation. The results suggest that different lncRNAs bind to different miRNAs to inhibit miRNA expression and upregulate the expression of Hmga2, FOXO4, and EphA5, thereby promoting the adipogenic differentiation of hBMSCs (Figure 8).




Figure 8 | LncRNA–miRNA network regulation promotes adipogenic differentiation of BMSCs. Different lncRNAs bind to different miRNAs to inhibit miRNA expression and upregulate the expression of Hmga2, FOXO4, and EphA5, thereby promoting the adipogenic differentiation of hBMSCs.






4.2 LncRNA–miRNA network regulation inhibits adipogenic differentiation of BMSCs

Prior studies have found that the expression of Runx3 and the lncRNA SNHG5 gradually increase during the osteogenic differentiation and decrease during adipogenic differentiation of hBMSCs. Silencing of SNHG5 decreased Runx3 expression and significantly reduced alkaline phosphatase (ALP) activity during hBMSC osteogenic differentiation, inhibited osteogenic differentiation, and increased the expression levels of adipogenic markers. This effect could be restored by knocking down miR-582-5p or by upregulating Runx3. Silencing miRNA-582-5p expression in hBMSCs increased Runx3 expression; nonetheless, this effect was reversed by a SNHG5 knockout, indicating that lncRNA SNHG5 upregulates Runx3 expression by binding to miR-582-5p, Runx3 is the downstream target gene of miR-582-5p, promoting hBMSC osteogenic differentiation, and inhibiting adipogenic differentiation; this may be a novel mechanism for OP treatment (67). In addition, overexpression of the lncRNA GAS5 inhibits adipocyte formation in BMSCs and increases the CTGF protein expression, whereas knockdown of GAS5 has the opposite effect. In addition, miR-18a mimetics and inhibitors reversed the negative regulatory effect of GAS5 on the adipogenic differentiation of BMSCs. Further, miR-18a functions by binding to CTGF mRNA; consequently, CTGF protein expression decreases when BMSCs are treated with miR-18a mimetics and increases when BMSCs are treated with miR-18a inhibitors (134). This indicates that GAS5 inhibits the miR-18a expression and enhances CTGF protein translation by acting as an miR-18a sponge and ultimately inhibiting the adipogenic differentiation of BMSCs. Summary, Different lncRNAs bind to different miRNAs to inhibit miRNA expression and upregulate the expression of Runx3 and CTGF, thereby inhibiting the adipogenic differentiation of hBMSCs (Figure 9).




Figure 9 | LncRNA–miRNA network regulation inhibits adipogenic differentiation of BMSCs. Different lncRNAs bind to different miRNAs to inhibit miRNA expression and upregulate the expression of Runx3 and CTGF, thereby inhibiting the adipogenic differentiation of hBMSCs.



Downregulation of certain lncRNAs during the osteogenic differentiation of BMSCs negatively regulates the expression of miRNAs and their downstream molecules by targeting upregulated miRNAs; therefore, these lncRNAs play a role in inhibiting the osteogenic differentiation of BMSCs and promoting adipogenic differentiation. Additionally, the same lncRNA can exhibit different expression levels during BMSC osteogenic and adipogenic differentiation. By regulating the expression of miRNAs and their downstream molecules, osteogenic and adipogenic differentiation of BMSCs can be promoted or inhibited. The results are shown in Table 3. CircRNA, lncRNA and miRNA belong to the same family: non-coding RNAs. However, there has been limited research on the circRNA–miRNA network in BMSC osteogenesis and differentiation; additionally, there is no prior report discussing the current research on the effects of circRNA–miRNA mechanisms on BMSC adipogenesis and differentiation. Therefore, the circRNA–miRNA-mediated regulation of BMSC adipogenesis and differentiation may be a future field of interest.


Table 3 | LncRNA miRNA network regulates adipogenic differentiation of bone marrow mesenchymal stem cells.







5 The potential therapeutic effect of drugs targeting the lncRNA–miRNA network to regulate osteogenic/adipogenic differentiation of BMSCs

BMSCs can self-renew and differentiate into bone cells; therefore, BMSCs play an important role in the regulation of bone homeostasis (6). However, under pathological and physiological conditions, such as aging, OP, and bone defects, the differentiation ability of BMSCs can be disrupted (135). Therefore, it is necessary to develop drugs that can regulate the osteogenic/adipogenic differentiation of BMSCs to treat these orthopaedic diseases.



5.1 Hormones

The hormone status significantly governs and exerts a substantial impact on the health and overall well-being of women. The absence of estrogen and the disruption in age-related hormone levels contribute to the development of diverse diseases, thereby influencing the advancement of age-related ailments in women, including osteoporosis (136). Nevertheless, the precise mechanism underlying hormone therapy for osteoporosis remains elusive. Recent studies have revealed that estrogen modulates the lncRNA miRNA network loop, thereby potentially playing a role in the treatment of osteoporosis. Li et al. (27) conducted discovered that the expression of lncRNA H19 and SIRT1 was downregulated, while miR-532-3p expression was upregulated in both postmenopausal osteoporosis (PMOP) patients and ovariectomized (OVX) rats in vivo. However, after estrogen intervention, this outcome was reversed. Additionally, the study revealed that the upregulated lncRNA H19 directly binds to miR-532-3p, inhibiting its expression, while simultaneously upregulating the downstream target gene SIRT1 expression of miR-532-3p. Consequently, this process promotes osteogenic differentiation of bone marrow mesenchymal stem cells (BMSCs). The study by Xu et al. (137) demonstrates that estrogen is a key factor in the osteogenic differentiation of bone marrow-derived mesenchymal stem cells (BMSCs) through the involvement of the long non-coding RNA (lncRNA) H19/miR-532-3p/SIRT1 axis. This finding provides valuable insights into the potential treatment of postmenopausal osteoporosis (PMOP). Additionally, the researchers observed a downregulation of the lncRNA HOTAIR in postmenopausal women, which can bind to miR-138 and negatively regulate its expression. Furthermore, miR-138 can bind to its target gene TIMP1 and reduce its expression. Following estrogen intervention, a dose-dependent increase in the expression of the long non-coding RNA (lncRNA) HOTAIR was observed. This upregulation of HOTAIR subsequently led to elevated levels of TIMP1 and enhanced viability of osteoblasts by targeting miR-138 and inhibiting osteoblast apoptosis. The inhibition of HOTAIR expression effectively blocked this estrogen-induced effect. These findings suggest that estrogen induces the upregulation of lncRNA HOTAIR, which in turn targets the binding of miR-138 and upregulates the expression of TIMP1. Ultimately, this signaling axis involving lncRNA HOTAIR/miR-138/TIMP1 plays a therapeutic role in osteoporosis by inhibiting osteoblast apoptosis in postmenopausal women.The aforementioned findings provide evidence that the modulation of bone marrow-derived mesenchymal stem cell (BMSC) lipid differentiation via ER targeting of the lncRNA-miRNA network loop can elicit an anti-OP effect (Figure 10). It has been established through previous research (138–140) that Puerarin, icariin, tanshinone, and other active ingredients found in traditional Chinese medicine possess the ability to enhance estrogen levels. However, the potential impact of these substances on the regulation of the lncRNA miRNA network loop, their interference with bone marrow mesenchymal stem cell (BMSC) differentiation into adipocytes, and their therapeutic role in the treatment of osteoporosis (OP) has not been reported (Figure 10).




Figure 10 | Drug targeted lncRNA-miRNA network regulates BMSC to promote bone lipid differentiation in BMSC. Different hormones and traditional Chinese medicine have played a therapeutic role in treating OP by targeting and regulating the lncRNA miRNA network loop, while it is still unclear whether some traditional Chinese medicine that can improve these hormones can also exert the same effect through the lncRNA miRNA network loop. In addition, studies have confirmed that some traditional Chinese medicine with therapeutic effects on OP can exert therapeutic effects in other diseases through the lncRNA miRNA network ring, but it is still unclear whether it exerts therapeutic effects on OP through this network ring.



Furthermore, several studies have indicated a significant correlation between the alteration of Melatonin (MT) and the onset and progression of osteoporosis (OP) (141). Melatonin (MT), a methoxyindole, is primarily synthesised and secreted by the pineal gland at night under normal light and dark conditions; additionally, MT can be synthesised in the mitochondria (142), which indicates that every cell, including BMSCs and osteoblasts, can synthesise MT. MT not only regulates the circadian rhythm (143), but also has antioxidant (144), anti-aging (145), and immune-regulatory properties (146). Furthermore, it is worth noting that MT is closely associated with bone metabolism homeostasis, and its reduced expression is a key factor in bone loss and OP (147, 148). The vivo research finds that the MT, lncRNA H19, and aminopeptidase N (APN) expression were downregulated, whereas miR-541-3p expression was upregulated in an ovariectomized (OVX) rat model. At the cellular level, MT inhibits adipogenic differentiation of BMSCs, promotes osteogenic differentiation of BMSCs, and activates the Wnt/β-catenin pathway, which is reversed by MT inhibitors. Additionally, H19 overexpression promotes MT-mediated osteogenic differentiation of BMSCs, inhibits adipogenic differentiation, reduces miR-541-3p levels, and increases APN expression. Contrastingly, H19 knockdown or miR-541-3p overexpression has the opposite effect. In addition, H19 promotes the osteogenic differentiation of BMSCs by binding to miR-541-3p, an miRNA that targets APN, an adipocyte-specific factor (149). This indicates that MT upregulates lncRNA H19 and inhibits miR-541-3p expression, upregulates the APN expression in turn, APN is the downstream target gene of miR-541-3p, thereby inhibiting BMSC adipogenic differentiation and enhancing their osteogenic differentiation by activating the Wnt/β-catenin pathway. In summary, MT provides a new reference for the targeted treatment of OP (Figure 10).

With the development of network pharmacology and molecular docking technology, These studies have also demonstrated the efficacy of Naringin, Psoralen, and other active ingredients derived from traditional Chinese medicine in promoting bone preservation and treating OP (150, 151). Additionally, Melatonin has been identified in numerous medicinal plants, including scutellaria baicalensis (152), most of which possess cooling properties, a bitter taste, and are associated with the liver meridian. Currently, there is a lack of research reports investigating the potential impact of a specific Chinese medicine with osteoprotective properties and Fahui, the active ingredient of Chinese medicine, on osteoporosis (OP). Specifically, it remains unclear whether this effect is achieved through the enhancement of Melatonin levels, subsequently intervening in the lncRNA miRNA network loop to facilitate osteogenic differentiation and impede adipogenic differentiation of bone marrow mesenchymal stem cells (BMSCs). The aforementioned research demonstrates that hormones have the capacity to enhance the osteogenic differentiation of bone marrow-derived mesenchymal stem cells (BMSC) through the modulation of the lncRNA miRNA network circuitry. In addition, traditional Chinese medicine has been found to augment the expression of estrogen, melatonin, and other hormones. Is it plausible to hypothesize that traditional Chinese medicine (naringin, psoralen, scutellaria baicalensis) can indirectly modulate the lncRNA miRNA network loop through the regulation of hormone expression, subsequently influencing the downstream target gene expression of miRNA, thereby modulating the differentiation of bone marrow mesenchymal stem cells (BMSC) into adipocytes and preventing osteoporosis (OP) by intervening in pertinent signaling pathways? This warrants further research (Figure 10).




5.2 Effective ingredients of traditional Chinese medicine

Previous studies have found that quercetin, a natural flavonoid, has antioxidant and anti-inflammatory effects; additionally, this well-known phytoestrogen plays an important role in the osteogenic differentiation of BMSCs (153, 154). Quercetin can enhance ALP activity and upregulate

the expression of BMP2, osteocalcin, and Runx2, thus promoting the osteogenic differentiation of BMSCs. Additionally, lncRNA H19 promotes the osteogenic differentiation of BMSCs, miR-625-5p inhibits the osteogenic differentiation of BMSCs, and quercetin increases lncRNA H19 expression; nonetheless, the quercetin-mediated effects on BMSCs could be reversed by silencing H19 expression. Additionally, silencing miR-625-5p promotes the proliferation and osteogenic differentiation of BMSCs, whereas overexpression of miR-625-5p reverses the quercetin-mediated osteogenic differentiation of BMSCs. Further, quercetin treatment or miR-625-5p downregulation increases β-Catenin protein levels (155), indicating that quercetin activates Wnt via the lncRNA H19-miR-625-5p network/β-catenin pathway, ultimately promoting BMSC proliferation and osteogenic differentiation, delaying occurrence of bone loss, and presenting novel targets and ideas for the therapeutic management of osteoporosis (Figure 10).

Resveratrol, a natural polyphenol extracted from plants, not only has no toxic effects but also possesses various beneficial pharmacological effects. Specifically, resveratrol can alter the expression of intracellular mediators, regulate the cell cycle, metabolism, post-translational modifications, and inflammatory responses (156), and plays an important role in antitumour, anti-inflammatory, and oxygen free radical scavenging mechanisms (157). For example, resveratrol targets different miRNAs such as miR-205, miR-129/SNCA, and miR-22-3p via lncRNA MALAT1, thereby alleviating acute kidney injury caused by sepsis (158), improving the Parkinson’s disease-like phenotype (159), and alleviating heart damage associated with pulmonary embolism (160), respectively; therefore, resveratrol may be a strong candidate for the treatment of several diseases. Recent studies have shown that resveratrol can activate the Wnt/β-catenin signalling pathway to promote osteogenic differentiation and prevent bone loss in mouse and hBMSCs (161). However, it is yet to be determined whether resveratrol exerts this effect by mediating the lncRNA–miRNA network. In addition, icariin is the main active flavonoid glycoside of Epimedium; this flavonoid has been demonstrated to possess therapeutic effects in OVX rat models and in postmenopausal women with OP. Additionally, Teng (162) et al. determined that icariin mediates osteogenic differentiation of BMSCs via miR-335-5p upregulation. Other studies established that icariin activates the Wnt/β-catenin signalling pathway and promotes the osteogenic differentiation of BMSCs (163). However, a comprehensive study regarding the potential of icariin to enhance osteogenic differentiation, modulate bone metabolism, and serve as a therapeutic intervention for osteoporosis in bone marrow mesenchymal stem cells (BMSCs) through the regulation of the lncRNA miRNA network loop and activation of the Wnt/catenin signaling pathway is currently lacking. Further, as a yellow natural polyphenol compound extracted from the curcumin rhizome, icariin can mediate the lncRNA–miRNA network, which could be used for the treatment of various diseases. For example, curcumin inhibits the proliferation and invasion of human prostate cancer stem cells in vitro via the corresponding ceRNA effects of miR-145 and lncRNA-ROR (164); additionally, curcumin reduces the Adriamycin resistance of acute myeloid leukaemia by inhibiting the lncRNA HOTAIR/miR-20a-5p/WT1 axis (165). Overall, the therapeutic potential of curcumin for the treatment age-related diseases (including OP) has been fully demonstrated. For example, Kim (166, 167) et al. confirmed the protective effects of curcumin on OVX-induced bone loss; specifically, this may be attributed to an increase in the expression of osteoblast differentiation-related genes, leading to an increase in ALP activity and mineralisation. Furthermore, the regulation of the lncRNA-miRNA network ring by Resveratrol, icariin, Curcumin, and other monomers found in traditional Chinese medicine is shown to support their therapeutic effects on various diseases.

The above results indicate that the lncRNA miRNA network loop is an important target for disease treatment, However, the potential involvement of Resveratrol, icariin, and Curcumin, which are frequently utilized monomers in bone, in the signaling pathway associated with bone adipogenesis, their ability to impede the differentiation of bone marrow-derived mesenchymal stem cells (BMSC) into adipocytes, their capacity to regulate bone homeostasis, prevent bone loss, and potentially treat osteoporosis (OP) by modulating the lncRNA miRNA network, remains unexplored in the existing literature. Consequently, further comprehensive studies are warranted by scholars to generate novel insights for future OP therapeutics (Figure 10).





6 Summary and outlook

OP, a systemic metabolic disease, is distinguished by disrupted bone homeostasis. The presence of bone marrow-derived mesenchymal stem cells (BMSC) with the capacity for multi-directional differentiation and self-renewal plays a vital role in maintaining bone homeostasis. BMSC have the ability to differentiate into osteoblasts and adipocytes. In normal physiological conditions, the differentiation of BMSC into osteoblasts and adipocytes is mutually regulated, maintaining a dynamic equilibrium. However, when exposed to pathological factors, the differentiation of BMSC into adipocytes surpasses that into osteoblasts, leading to abnormal bone fat differentiation and an imbalance in bone homeostasis. An increasing body of evidence indicates that OP arises from a decline in osteogenesis and an increase in adipogenesis. Consequently, the promotion of osteoblast differentiation and the inhibition of adipocyte differentiation hold significant importance in restoring proper bone homeostasis, thereby offering potential therapeutic avenues for OP treatment. In recent years, the “LncRNA miRNA” network loop has gained significant attention in current research due to advancements in network pharmacology and Macromolecular docking technology. LncRNA, functioning as a ceRNA, exerts a substantial influence on disease prevention and treatment by inhibiting miRNA expression through sponge adsorption and subsequently regulating downstream target genes. Furthermore, the comprehensive demonstration of the involvement of the “LncRNA miRNA” network loop in the treatment of OP has been established through its regulation of bone marrow mesenchymal stem cell (BMSC) differentiation into adipocytes and the maintenance of bone homeostasis (168–170). Moreover, it has been observed that certain traditional Chinese medicines, known for their therapeutic effects on OP, can also modulate the “LncRNA miRNA” network loop and influence BMSC’s differentiation into adipocytes, suggesting that the therapeutic efficacy of traditional Chinese medicine in OP may be attributed to its impact on the “LncRNA miRNA” network loop. However, there is a dearth of scholarly research pertaining to the utilization of traditional Chinese medicine as an intervention in the treatment of osteoporosis through the regulation of the “LncRNA miRNA” network loop in the differentiation of bone marrow mesenchymal stem cells (BMSCs) into adipocytes. Consequently, there exists substantial scope for further advancements in this particular field of study. Furthermore, it is widely acknowledged that the onset and progression of osteoporosis are not solely contingent upon the equilibrium of bone marrow mesenchymal stem cell-mediated bone fat regulation, but also intricately linked to the uncoupling of osteoblasts and osteoclasts. Bone remodeling is a complex process that relies on the coordinated actions of osteoblasts for bone formation and osteoclasts for bone resorption. Osteoclasts, which originate from mononuclear macrophages and are characterized by their multinucleated nature, play a crucial role in the regulation of bone remodeling. Any abnormalities in their differentiation or dysfunction can contribute to the development of various bone diseases, such as osteoporosis (OP). Consequently, it is of utmost importance to investigate the means and mechanisms by which osteoclasts can be regulated, as this knowledge may lead to the identification of potential therapeutic targets for the treatment of OP. The occurrence and progression of osteoporosis (OP) are widely acknowledged to be influenced by the regulation of bone fat balance by bone marrow stromal cells (BMSC), as well as the decoupling of osteoblasts and osteoclasts. Given that bone remodeling is a dynamic process, it necessitates the coordinated actions of osteoblasts for bone formation and osteoclasts for bone resorption in order to maintain its integrity. Osteoclasts, which originate from mononuclear macrophages and are characterized by their multinucleated structure specific to bone tissue, play a crucial role in the intricate process of bone remodeling. The differentiation and malfunction of these cells can give rise to a range of bone disorders, such as OP. Consequently, it is imperative to investigate the means and mechanisms by which osteoclasts can be regulated, in order to identify potential therapeutic targets for the treatment of OP. In recent years, researches have revealed that the network loop involving long non-coding RNA (lncRNA) and microRNA (miRNA) not only governs the differentiation of bone lipids in bone marrow-derived mesenchymal stem cells (BMSC), thereby sustaining bone homeostasis and addressing osteoporosis (OP), but also assumes a significant function in the prevention and treatment of OP through the regulation of osteoclast differentiation in monocytes and macrophages. For instance, during the process of osteoclast differentiation of monocyte macrophages, lncRNA Xist and lncRNA Neat1 function as competing endogenous RNAs (ceRNAs) for miR-590-3p and miR-7, respectively. This interaction leads to the upregulation of Tgif2 and PTK2, downstream target genes of miR-590-3p and miR-7, thereby promoting the differentiation and maturation of osteoclasts (171, 172). Additionally, lncRNA MIRG acts as a ceRNA for miR-1897, sequestering it and resulting in the upregulation of its co-expression gene NFATc1. This process induces the formation of osteoclasts and bone resorption in patients with osteoporosis (173). Furthermore, several studies (174) have demonstrated that lncRNA-MALAT1 exerts a negative control on miR-124 activity through direct targeting, while also promoting osteoclast differentiation. These findings highlight the significance of the lncRNA miRNA network loop in not only regulating bone lipid differentiation and bone homeostasis, but also in playing a crucial role in the regulation of the osteogenic osteoclast coupling balance mechanism. However, the majority of research studies have primarily concentrated on investigating the facilitation of osteoclast differentiation through the lncRNA miRNA network loop in monocytes and macrophages, while limited attention has been given to exploring the suppression of osteoclast differentiation. Furthermore, non coding RNA encompasses lncRNA, miRNA, and circRNA. Currently, researches are being conducted on the circRNA-miRNA network loop, which has the potential to enhance the osteogenic differentiation of BMSC by modulating the osteogenic differentiation of BMSC (175), as well as the maturation and differentiation of osteoclasts in the osteogenic osteoclast coupling mechanism (176, 177). Additionally, drug intervention within this network loop is being explored as a means to prevent and treat OP (175). However, there is a lack of pertinent literature regarding the study of BMSC adipogenic differentiation and drug intervention in the management of mononuclear macrophage osteoclast differentiation through this network loop. Hence, the network loop involving lncRNA-miRNA-circRNA plays a regulatory role in the differentiation of bone marrow-derived mesenchymal stem cells (BMSCs) into bone fat cells and monocyte-derived macrophages into osteoclasts. Moreover, traditional Chinese medicine interventions in this network loop have the potential to modulate BMSC bone fat differentiation and suppress monocyte macrophage osteoclast differentiation, thereby preserving bone homeostasis. This phenomenon presents a promising avenue for future osteoporosis treatment and merits further research and scholarly inquiry.
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