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Bone diseases are common among middle-aged and elderly people, and harm to activities of daily living (ADL) and quality of life (QOL) for patients. It is crucial to search for key regulatory factors associated with the development of bone diseases and explore potential therapeutic targets for bone diseases. Irisin is a novel myokine that has been discovered in recent years. Accumulating evidence indicates that irisin has beneficial effects in the treatment of various diseases such as metabolic, cardiovascular and neurological disorders, especially bone-related diseases. Recent studies had shown that irisin plays the role in various bone diseases such as osteoarthritis, osteoporosis and other bone diseases, suggesting that irisin may be a potential molecule for the prevention and treatment of bone diseases. Therefore, in this review, by consulting the related domestic and international literature of irisin and bone diseases, we summarized the specific regulatory mechanisms of irisin in various bone diseases, and provided a systematic theoretical basis for its application in the diagnosis and treatment of the bone diseases.
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1 Introduction

Bone diseases arise when normal bone metabolism is disrupted by congenital or acquired factors (1). Common bone diseases include osteoarthritis (OA), osteoporosis (OP), rheumatoid arthritis (RA), etc. These disorders are associated with chronic and recurrent pain due to the abnormal bone metabolism, and the damage gets progressively worse over time, seriously affecting the patient’s quality of life (2). Muscle and bone are both part of the locomotor system and there is a close and inseparable relationship between these two tissues. Recent research has found that muscle and bone coexist and adapt in terms of biosynthesis and metabolism (3). Numerous studies have shown that muscle tissue, as an endocrine organ, secretes myokine which can regulate bone growth and promote or inhibit bone metabolism (4–6). For example, factors such as insulin-like growth factor 1 (IGF-1), fibroblast growth factor 2 (FGF2) and irisin can increase bone mineral density (BMD), while myostatin, interleukin-6 (IL-6) and interleukin-7 (IL-7) will decrease BMD (7). Among them, irisin, a novel myokine that was first identified by Boström et al. in 2012, has been shown that it could be a potential candidate for muscle-osteoblast connectivity, and have a significant correlation with bone health status (8, 9).

It was found that irisin treatment was able to alter the geometry of bones, resulting in longer bones that were more effective in resisting torsional forces. In young male mice, after the injection of vehicle or recombinant irisin (r-irisin) at a low cumulative weekly dose of 100 µg kg (-1), cortical bone density, periosteal perimeter, the index of long bone resistance to torsion and bending strength were increased (10). In another study, a lower dose of r-irisin (1 nM) promotes osteogenic marker gene [alkaline phosphatase (ALP), collagen type 1 alpha-1 (COL1α1)] expressions, ALP activity, and calcium deposition in primary osteoblasts, restoring the reduced osteogenic capacity caused by microgravity (11). Similarly, Colucci et al. also demonstrated that irisin can prevent microgravity-induced impairment of osteoblast differentiation in vitro during spaceflight missions (12). In addition, experimental studies by Colaianni et al (13) showed that intermittent administration of irisin in hindlimb-suspended mice prevented the development of both disuse-induced osteoporosis and muscular atrophy. The above studies suggest that irisin may play a key regulatory role in the process of bone remodeling. However, the study of irisin in bone disease is still at a preliminary stage and its potential regulatory mechanisms are not yet clear. Therefore, in this paper, we collated the researches on the treatment of bone diseases by irisin to reveal the specific molecular mechanisms and provide a systematic theoretical basis for the application of irisin in the diagnosis, treatment and research of bone diseases.




2 Overview of irisin

Irisin is a polypeptide consisting of 112 amino acids, which is cleaved and secreted by the fibronectin type III domain containing protein 5 (FNDC5). It is highly conserved in all mammalian species sequenced, and mouse and human irisin are 100% identical (8). 72% of circulating irisin is derived from skeletal muscle, and exercise will induce up-regulation of the expression of peroxisome proliferator-activated receptor-γ coactiva-tor-1α (PGC-1α), which in turn increases the expression of FNDC5 in the cell membrane. Then the irisin is secreted into the circulation following proteolytic cleavage from its cellular form, FNDC5. Then the extracellular portion of FNDC5 is sheared to produce irisin and secreted into the circulation (8). In addition to the increased expression of irisin induced by exercise, other factors such as starvation, cold, heat and omega 3 fatty acids can also cause increased secretion of irisin (14–17).

It was found that irisin functions through the αV/β5 integrin to promote osteocyte survival and sclerostin secretion (18). Integrins are transmembrane αβ heterodimers, and at least 18 α and 8 β subunits are known in humans. They are located on the surface of cell membranes and regulate cell-cell and cell-extracellular matrix interactions (19). αV/β5 integrin is a member of the integrin family, which consists of αV subunits and β5 subunits, and has important roles in maintaining capillary integrity, cell adhesion, cell activation, cell migration, cell proliferation and inflammation (20). Kim et al. (18) found in experiments with cultured HEK293T cells that αV/β1 integrin and αV/β5 integrin have significant affinity and response for irisin, and is required for the cellular response to irisin. This study also showed that the antagonistic antibody targeting αV/β5 integrin blocked almost all of the irisin-mediated signaling, downstream gene expression, and expression in osteocytes and fat tissues. This suggests that the pathway involving irisin/αV/β5 integrin may be the primary pathway through which irisin exerts its effects. This is the first identification of an irisin receptor in osteoblasts, and further research is needed to determine if irisin has specificity for other receptors.

Irisin is secreted primarily by skeletal muscle as well as subcutaneous and visceral adipose tissues. However, as showed by immunohistochemical studies, smaller amounts of irisin are also produced by brain, heart, liver, pancreas, spleen, stomach, and testes (21). The main physiological functions of irisin are to promote the conversion of white adipose tissue to brown adipose tissue (22, 23) and to regulate glucose metabolism (24). In addition, there is evidence to suggest that irisin plays a role in inhibiting inflammation and endothelial cell apoptosis, and in reducing neuronal damage (25–27). In recent years, the effects of irisin on the musculoskeletal system have also been widely studied in the scientific community (28).




3 Irisin and OA

OA is widely accepted as a common degenerative joint disease affected by biomechanics and biochemical signals, which usually results in joint pain, joint stiffness and restricted movement in patients, and in severe cases, even disability (29). Current treatments for OA include mainly surgical and non-surgical treatments, however, these methods only relieve symptoms and do not reverse the progression of OA (30). Irisin is a recently identified myokine, and some researchers found that irisin levels in the serum and synovial fluid (SF) of knee OA patients were negatively correlated with disease severity evaluated by the radiographic Kellgren and Lawrence (KL) grading criteria, suggesting a correlation between irisin and OA (31). In a study conducted by Li et al. (32), cartilage and surrounding tissues were collected from embryonic, newborn, and adolescent mice for immunohistochemical analysis. The findings revealed differential expression patterns of irisin during cartilage development, suggesting its potential role in regulating cartilage development. The immunohistochemical results indicated a decrease in irisin expression in both the cartilage of mice with OA and human OA patients. In addition, they also reported that intra-articular injection of irisin attenuated anterior cruciate ligament transection (ACLT) induced OA progression. Irisin knockout mice developed severe OA while irisin over-expression in both irisin knock in mice and intraarticular injection of irisin protein attenuated OA progression. This study initially demonstrated the potential of irisin to treat and reverse the pathological features of OA. In addition, Posa et al. performed biomolecular analysis and histomorphometry on three-dimensional cultures of human articular chondrocytes that were treated with untagged recombinant irisin. The results demonstrated that irisin has the ability to induce chondrogenic differentiation (33). In recent years, more and more researchers have explored the mechanism of irisin in the regulation of OA. The results suggest that irisin can be involved in regulating chondrocyte metabolism and reducing decreasing apoptosis by regulating MAPK and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathways or protecting the mitochondrial function of chondrocytes, thereby slowing down the progression of OA (as shown in Figure 1).




Figure 1 | The schematic diagram of irisin regulating OA.





3.1 Irisin regulate OA by modulating the MAPK pathway

The mitogen-activated protein kinase (MAPK) signaling pathway is found in eukaryotic organisms and includes extracellular regulated kinase (ERK), c-Jun N-terminal kinase (JNK), p38 mitogen-activated protein kinase (p38MAPK) and ERK/BMK1 (34). The MAPK and receptor tyrosine kinases that have been shown to be involved in the pathogenesis of OA are ERK, JNK and p38MAPK (35). Cartilage degradation plays an important role in the pathogenesis of OA, and the MAPK signaling pathway is the main pathway of cartilage degradation, which involves the proliferation, apoptosis, differentiation of chondrocytes and the inflammatory response (36). Therefore, studying the changes and functions of MAPK pathways during articular cartilage degeneration is important to further discover new therapeutic directions for OA and develop new treatment approaches.

ERK, a member of the MAPK family, is a key factor in the transmission of signals from the cell surface to the nucleus, and it plays an important mediating role in OA chondrocyte differentiation and proliferation (37). It has been shown that irisin acts on osteocytes by increasing the expression of the transcription factor activated transcription factor 4 (Atf4) through an Erk-dependent pathway, which in turn acts on osteoblasts, increasing their functions and exerts anti-apoptotic effects. This study revealed underlying mechanisms of irisin action on osteocytes and may encourage research on irisin for the treatment of bone diseases (38). In addition, He et al. (39) randomly divided three-month-old male C57BL/6J mice to groups that underwent sham operation, and ACLT intraperitoneally injected with vehicle or irisin in vivo, and injected the mice weekly from the first post-operative day and assessed the microstructure of the subchondral bone after four weeks. The results showed that r-Irisin can alleviate symptoms of OA by activating the ERK pathway in vitro to reduce decreasing apoptosis of osteocytes and improving the microarchitecture of subchondral bone. In addition, the p38-MAPK family, which is also a member of the MAPK family like ERK, plays a crucial role in the degradation of OA cartilage. Mechanical stress, cytokines and inflammatory mediators can activate the p38MAPK pathway, thereby inducing the expression of inflammatory mediators such as cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS) and various MMPs, and promoting the development of OA (40). It was shown that irisin significantly promoted the transcriptional and translational repression of transactive response DNA binding protein 43 (TDP-43) and inhibit phosphorylation of P38 in cartilage tissues of OA model rats. The study also performed validation experiments with the p38MAPK inhibitor SB203580, which showed that inhibition of p38 phosphorylation significantly blocked the effect of irisin in alleviating OA. This further demonstrates that irisin can inhibit inflammatory responses and protect chondrocytes from OA symptoms by inhibiting the activation of the p38MAPK pathway (41). Moreover, the other important isoform of the MAPK pathway——JNK pathway, plays an important role in cell development, apoptosis and stress. Factors such as tumor necrosis factor-α (TNF-α) can activate the JNK pathway, thereby promoting apoptosis or death of chondrocytes and accelerating OA progression (42). Mazur-Bialy et al. (43) investigated the role of irisin in the downstream pathway activation of Toll-like receptor 4 in RAW 264.7 macrophages stimulated with lipopolysaccharide. The results have shown that irisin can exert anti-inflammatory effects by inhibiting the phosphorylation of JNK and ERK, confirming the irisin has been shown to regulate the JNK pathway. Further studies showed that irisin may stimulate human osteoarthritic chondrocytes (hOAC) proliferation and anabolism inhibiting catabolism through p38, protein kinase B (Akt), JNK, and NF-κB inactivation in vitro, and attenuate OA-related cartilage degeneration (44).

In summary, p38, JNK and ERK in the MAPK pathway are all inextricably linked to the formation and progression of OA. Irisin can inhibit osteoblast apoptosis by activating the ERK pathway, or inhibit the p38MAPK and JNK pathways to directly target chondrocytes and enhance cellular anabolism and reduce catabolism, thereby attenuating OA progression. The evidence suggests that irisin has a potential positive role in the treatment of OA by modulating the MAPK pathway, but the specific regulatory mechanisms involved have not yet been elucidated and further studies are needed to explore them in depth.




3.2 Irisin regulate OA by inhibiting the NF-κB pathway

The NF-κB is a transcription factor that regulates the expression of a wide variety of genes involved in immune and inflammatory responses, cell proliferation, tumorigenesis, cell survival, and development (45). Furthermore, the NF-κB pathway is a key molecular pathway in the process of OA cartilage degradation, which exacerbates OA chondrocyte apoptosis and cartilage inflammatory responses by promoting the secretion of multiple degradative enzymes and the synthesis of catabolic factors (46). Inhibition of the NF-κB pathway can modulate the inflammatory response, thereby reducing the erosion of cartilage and bone tissue and decreasing osteoclast differentiation (47). Therefore, searching for regulators of the NF-κB pathway and modulating NF-κB activity would provide new potential options for the diagnosis and treatment of OA.

Numerous studies have previously reported the regulatory effects of irisin on the NF-κB pathway, for example, irisin reduces the inflammatory response by decreasing the level of NF-kB in serum, thus treating rats with acute pelvic inflammatory disease (APID) (48), irisin exerts anti-inflammatory and anti-apoptotic effects by blocking NF-κB-signal transmission, and plays a protective role against liver injury (49), kidney injury (50) and metabolic diseases (51). The above studies demonstrate the link between irisin and the NF-κB pathway, which is not only reflected in the aforementioned diseases, but also widely responsive to the exploration of OA-related mechanisms. It has been shown that treatment of a SW1353 chondrosarcoma cell line with irisin resulted in inhibition of the Wnt/β-catenin and NF-κB signaling pathways, and irisin exerted a protective effect on SW1353 cells by reducing the expression level of MMP-13 and increasing the expression level of collagen II (Col-II), which demonstrates that irisin may contribute to the treatment of OA (52). In addition, Jia et al. (53) investigated the anti-inflammatory and anti-pyroptosis mechanism of irisin in OA chondrocytes in a rat OA model and showed that irisin not only recovered the expression of collagen II and attenuated that of MMP-13 and a disintegrin and metalloprotease with thrombospondin motif 5 (ADAMTS-5) in interleukin-1 β (IL-1β)-induced OA chondrocytes by inhibiting the PI3K/Akt/NF-κB pathway, but also inhibited the activity of nod-like receptor pro-tein-3 (NLRP3)/caspase-1, thus ameliorating pyroptosis in chondrocytes and improving OA as well as achieving a therapeutic effect.

In summary, irisin can inhibit the NF-κB pathway, thereby suppressing the inflammatory response, protecting chondrocytes and helping to attenuate the pathological progression of OA. Notably, previous studies have generalized that activation of the NF-κB signaling pathway not only leads to articular cartilage damage, but also plays an important role in OA-related pathological changes such as abnormal subchondral bone reconstruction and synovial inflammation (54–56). However, no studies have been conducted to determine whether irisin can act on these OA pathological processes by acting on the NF-κB pathway. In the future, a lot of experimental studies are needed to fill this gap, so as to fully understand the molecular mechanism of NF-κB pathway targeting by irisin and bring new therapeutic strategies and targets for clinical OA treatment.




3.3 Irisin regulate OA by protecting the mitochondrial function of chondrocytes

Recent studies have shown that mitochondrial dysfunction plays a key role in the pathophysiology of OA, and it will lead to excessive production of reactive oxidative free radicals, resulting in oxidative damage to protein and DNA stability, thus impeding ECM anabolism in chondrocytes, thereby promoting the development of OA (57, 58). The mitochondrial dysfunction in OA chondrocytes is mainly characterized by reduced activities of the respiratory chain complex and ATP generation, loss of mitochondrial membrane potential, altered mitochondrial biogenesis, and impaired activation of autophagy (59–61). Based on above evidence, it is important to explore potential strategies to treat OA from the mitochondrial pathway. Some researchers have reported that the exercise-increased mitochondrial fission and selective autophagy (mitophagy) in ischemic limbs can be initiated by the PGC1a/FNDC5/irisin pathway (62). Further studies have demonstrated the modulatory effects of irisin on mitochondrial dysfunction, for example, exogenous irisin treatment has been found to inhibit excessive mitochondrial fission, promote mitochondrial biogenesis, reduce oxidative stress, and thus alleviate hepatic I/R injury in mice (63), and irisin abrogates mitochondrial dysfunction, oxidative stress, and apoptosis through Fundc1-related mitophagy in lipopolysaccharide- (LPS-) stimulated H9C2 cardiomyocytes, which is a potentially useful treatment for septic cardiomyopathy (64). Thus, irisin may be able to alleviate OA by protecting chondrocyte mitochondrial function. Wang et al. (65) found that intra-articular administration of irisin further alleviated symptoms of medial meniscus destabilization, like cartilage erosion and synovitis, while improved the gait profiles of the injured legs. In vitro, irisin improved IL-1β-mediated growth inhibition, loss of specific cartilage markers and glycosaminoglycan production by chondrocytes. Irisin also reversed sirtuin3 (Sirt3) and uncoupling protein 1 (UCP-1) pathways, thereby improving mitochondrial membrane potential, ATP production, and catalase to attenuated IL-1β-mediated reactive oxygen radical production, mitochondrial fusion, mitophagy, and autophagosome formation. This study reveals the molecular mechanisms by which irisin inhibits mitochondrial dysfunction and oxidative stress in chondrocytes during OA development and demonstrates that irisin impairs apoptosis and ECM in inflammatory chondrocytes by maintaining mitochondrial activities, thus highlights the remedial potential of irisin recombinant protein for OA disease.

In summary, irisin is able to preserve mitochondrial biogenesis, kinetics and autophagy to inhibit inflammation-mediated oxidative stress and insufficient extracellular matrix production, thereby increasing the survival of inflamed chondrocytes and slowing cartilage degeneration and OA progression. The role of irisin in the regulation of mitochondrial function in chondrocytes is unquestionable, but the mechanisms of action of the signalling pathways involved in this process need to be clarified. Furthermore, the pathological process of OA does not only involve chondrocytes, and whether the mitochondrial function-enhancing effect of irisin applies to other cell types, including osteoblasts and osteoclasts in subchondral bone, needs to be further investigated as a key to assessing the efficacy of irisin in targeting OA via the mitochondrial pathway.





4 Irisin and OP

OP is a disorder of decreased bone mass, microarchitectural deterioration, and fragility fractures. With the acceleration of the ageing process, OP has become one of the chronic diseases that seriously endanger public health (66). In normal bone tissue, the bone formation and the bone resorption are in dynamic balance, and OP develops when bone resorption exceeds bone formation (67). In addition to genetic factors, hormones, nutritional status, exercise and lifestyle factors that have an impact on the development of OP, some myokines have been found to be associated with the development of OP in recent years (68). Irisin is a novel myokine and the correlation between serum irisin levels and BMD and OP has been clinically studied in different populations. One study reported that serum irisin levels were significantly decreased in postmenopausal women with OP and in middle-aged and elderly men with OP, and the lower the serum irisin level, the higher the risk of OP fragility fracture (69–71). A study of 43 elderly Chinese men with OP showed a positive correlation between irisin levels and BMD in geriatric Chinese men (72). The above study showed that serum irisin levels were decreased and positively correlated with BMD in OP patients, suggesting that irisin may be used as a predictor and prognostic biomarker for OP. Further studies have found that irisin inhibits the decrease in BMD and prevents bone loss (73–75). Kim et al. (18) reported in 2018 that irisin could interact with the αV/β5 integrin and thus promote bone remodeling, which had a positive effect on stopping bone loss. The above studies suggest that irisin may be a potential therapeutic target for bone loss and OP. Based on the previous findings, researchers have further explored the specific molecular mechanisms of irisin regulation of OP in terms of its regulatory effects on bone resorption and bone formation (as shown in Figure 2).




Figure 2 | The schematic diagram of irisin regulating OP.





4.1 Irisin regulate OP by promoting bone formation

The osteogenic potential of irisin has been demonstrated by assessing its effect on yet-undifferentiated marrow stromal cells: r-irisin increased osteoblast differentiation in bone marrow stromal cells, as evidenced by an increase in the number of Alp-positive (Cfu-f) and von Kossa-positive (mineralized) colonies (Cfu-ob) (10). In vivo experimental studies have shown that, irisin deficient mice showed a lower bone density and significantly delayed bone development and mineralization from early‐stage to adulthood (28). In addition, irisin intraperitoneal (IP) administration resulted in increased trabecular and cortical bone thickness and osteoblasts numbers (76). These studies suggest that irisin can increase osteoblast differentiation and promote bone formation, and further studies are needed to elucidate the molecular mechanisms underlying the promotion of bone formation by irisin and to determine the potential therapeutic effects of irisin in OP.



4.1.1 Irisin promote bone formation by activating the Wnt/β-catenin pathway

Wnt proteins are a large family of secreted glycoproteins that mediate the Wnt/β-catenin signalling pathway, which is essential in many life processes (77). Bone formation and reconstruction have been shown to be associated with the Wnt/β-catenin signalling pathway, and when Wnt/β-catenin signalling is disturbed, skeletal disease may occur (78). Sost is a Wnt signalling inhibitor that binds to the Wnt co-receptor low density lipoprotein receptor-related protein 5/6 (LRP5/6) and inhibits the activation of the Wnt/β-catenin pathway. It has been reported that irisin can promote bone formation in osteoblasts by inhibiting Sost expression, suggesting a potential role for irisin in promoting osteogenic differentiation by regulating the Wnt/β-catenin pathway (10, 38, 79). In vitro experiments have shown that irisin can activate the Wnt/β-catenin signalling pathway and promote osteogenic differentiation in BMSCs (28). In addition, Chen et al. (11) found in simulated microgravity experiments in mice that recombinant irisin could positively regulate osteoblast differentiation by increasing β-catenin expression in simulated microgravity, which suggested an activating effect of irisin on the Wnt/β-catenin signalling pathway in the promotion of osteogenesis. Another study reported that irisin may upregulate autophagy by increasing the Atg12-Atg5-Atg16L complex, and with the increasing level of autophagy, osteogenesis and the Wnt/β-catenin signal pathway were also enhanced, which ultimately promote osteogenic differentiation of bone marrow mesenchymal stem cells (80).

In summary, irisin is able to promote bone formation by targeting the Wnt/β-catenin pathway, finally leading to the treatment of OP. It is worth considering that Sost competitively inhibits the activation of Wnt/β-catenin signalling while competitively binding to type I and type II receptors to inhibit the bone morphogenetic protein (BMP) signalling pathway, thereby inhibiting osteoblast differentiation and bone formation (81). This could be an entry point to explore the interaction between Wnt and BMP signalling pathways in the promotion of osteogenic differentiation by irisin in the future.




4.1.2 Irisin promote bone formation by modulating the MAPK pathway

The MAPK signalling pathway is one of the important signalling pathways for the directed proliferation and differentiation of BMSCs into osteoblasts, including two parallel and opposing signalling pathways, ERKl/2 and p38MAPK. P38 MAPK signalling pathway can promote osteoblast differentiation, while ERKl/2 signalling pathway inhibits osteoblast differentiation. The synergistic balance between the two pathways will determine whether BMSCs differentiate into osteoblasts or not (82–84). In a study using anti-FNDC5 antibody and irisin ELISA kit, it was found that irisin increased mRNA expression of osteogenic transcription factors including Runx2 and Osterix, as well as early markers of osteoblast differentiation, ALP and COL1α1, via activation of p38 MAPK and ERK. Furthermore, inhibition of the p38MAPK or ERK signalling pathways resulted in the elimination of the proliferation and up-regulatory effects of irisin, thus confirming the direct effects of irisin on osteoblasts via these pathways (85). In vitro experiments using an immortalized mouse cementoblast cell line OCCM-30 revealed that Runx2, osterix, ALP, and osteocalcin were obviously up-regulated under irisin stimulation as well as the activity of p38 MAPK pathway, and OCCM-30 cell proliferation was enhanced when treated with high-dose irisin for long time (86). This study confirmed that irisin can promote osteoblast differentiation via the p38MAPK pathway. In addition, Zhang et al. (87) investigated the effect of irisin on the osteogenic differentiation of rat BMSCs under static force and mechanical strain. The results showed that irisin can promote the proliferation and osteogenic differentiation of BMSCs under static force and mechanical strain, possibly via the P38 and ERK1/2 MAPK pathways.

In summary, MAPK pathway plays an important regulatory role in the pathogenesis of OP, and irisin can promote the proliferation and differentiation of osteoblasts and BMSCs by regulating p38 and ERK1/2MAPK signalling pathways, which may provide a new idea for the prevention and treatment of OP. Further studies are needed to explore the role of irisin on the synergistic relationship between the two signalling pathways, to reveal the specific regulatory processes involved, and to provide a theoretical basis for clinical exploration of the use of irisin to improve osteogenic effects.




4.1.3 Irisin promote bone formation by involving in other physiological processes

Irisin regulates bone formation in relation to the mechanism of autophagy. Autophagy is an important mechanism commonly found in various eukaryotic life processes to remove excess or damaged biomolecules, through which organisms maintain intracellular metabolic homeostasis and internal environmental homeostasis, which is a process that plays an important role in the removal of intracellular waste, tissue remodeling and growth and development (88). In an in vitro study on osteogenic differentiation of BMSCs derived from aged mice, it was discovered that irisin increased autophagic activity. The study also evaluated the expression levels of Runx2, Osterix, ALP, and COL-I, and found that the upregulation of osteogenic transcription factors by irisin was significantly reduced after autophagy was inhibited. This suggests that irisin promotes osteogenic differentiation of BMSCs from senile mice by activating autophagy (89). In addition, aerobic glycolysis has been shown to promote bone mass gain in vivo, and irisin may also stimulate early osteoblast differentiation by activating aerobic glycolysis (90). A study by Zhang et al. (91) found that the promotion of r-irisin on the proliferation and differentiation of osteoblast lineage cells are preferentially through aerobic glycolysis, as indicated by the enhanced abundance of representative enzymes such as lactate dehydrogenase A (LDHA) and pyruvate dehydrogenase kinase 1 (PDK1), together with increased lactate levels. The results of this study suggest that r-irisin promotes osteoblast proliferation and differentiation by means of aerobic glycolysis. Other studies have shown that irisin can promote osteogenesis through immunomodulatory effects, it can promote osteoblast differentiation through immune effects generated by macrophage polarization. The direct co-cultured test of Raw264.7 macrophages and pre-osteoblastic MC3T3-E1 cells showed that irisin-treated M0 and M1 macrophages promoted osteo-genesis with obvious formation of mineralized particles, and this effect might be associated with activation of adenosine monophosphate protein kinase (AMPK) (92).

In conclusion, the effects of irisin on bone formation involve autophagy, aerobic glycolysis and immune regulation, reflecting the diversity of pathways through which irisin promotes osteogenesis. Further studies are needed to explore the other mechanisms involved in bone formation and to lay the foundation for its application in the prevention and treatment of OP.





4.2 Irisin regulate OP by modulating bone resorption

Current mainstream researches suggest that irisin may inhibit bone resorption in addition to its osteogenic effects, but there are also studies that suggest that irisin may promote bone resorption. In vivo experiments demonstrated that irisin deficiency resulted in increased expression of osteoclast-related genes, such as tartrate resistant acid phosphatase (TRAP), MMP9, and nuclear factor of activated T cells c1 (NFATc1), indicating the inhibitory effects and mechanisms of irisin on osteoclastogenesis (28). In vitro studies showed that irisin inhibited the receptor activator of nuclear factor-kB ligand (RANKL) induced Akt cascade response by down-regulating serine/threonine kinase 1 (Akt1) phosphorylation levels, which inhibited NFATc1 activation required for osteoclast differentiation and osteoclast formation (76). Furthermore, the study using 2 types of osteoclast precursor cells, RAW264.7 cells and mouse bone marrow monocytes, showed that irisin was able to promote the proliferation of both cells by activating the p38 and JNK signaling pathways, while inhibiting the RANKL-mediated NF-κB pathway to re-strict osteoclast differentiation (93). However, paradoxically, Estell et al. (94) reported through in vitro experiments that irisin acts directly on osteoclast progenitors to increase differentiation and promote bone resorption. The potential reason for this discrepant result could be that the animal experiments in this study were conducted with FNDC5 transgenic mice at different months of age, and there is temporal variability in the osteogenic and osteoclastic characteristics of mice at different developmental stages. In addition, the study design and the specific study subjects may also differ in their results, for example, the different strains of mice selected for the animal experiments and the different cell types applied in the cell experiments may have an impact on the results.

In summary, irisin inhibits the cellular differentiation of osteoclasts mainly by inhibiting the function of RANKL, but some researchers have proposed a different viewpoint, suggesting that irisin has a facilitative effect on bone resorption. As the number of relevant studies is small, no definite conclusion can be drawn for the time being, therefore the regulatory effect of irisin on bone resorption can be the focus of future studies.





5 Irisin and other bone diseases



5.1 Irisin and RA

RA is a chronic systemic autoimmune disease characterized by arthropathy, with pathological manifestations such as massive inflammatory cell infiltration in the synovial interstitium, destruction of cartilage and bone tissue, and persistent proliferation of synovial cells, with chronic inflammation and destruction of synovial joints being the main pathological changes in RA (95). One study showed that serum irisin levels are reduced in RA patients and the decrease of irisin production are related to disease activity, bone mineral density and skeletal muscle mass (96). This study suggests that the lower the level of irisin, the greater the rheumatoid activity and the more severe the bone loss and skeletal muscle mass loss. Therefore, irisin could be used as an indicator for the assessment of RA disease activity and concurrent OP and skeletal muscle loss. Other researchers have shown that irisin levels are lower in RA patients than in normal subjects, and irisin levels were decreased in RA patients with poor sleep quality compared to RA patients with good sleep quality and healthy controls. Irisin levels correlate with RA sleep quality, disease duration and disease activity, indicating a possible association of decreased serum irisin with sleep impairment in RA patients (97). Further studies have shown that irisin can modulate immuno-inflammatory in experimentally induced RA in rats by inhibiting the expression of receptor-interacting protein kinase 1 (RIPK1) and mixed-lineage kinase domain-like protein (MLKL) expression, thereby ameliorating the pathogenesis of RA (98). In addition, irisin reduced the expression of pro-inflammatory cytokines in tissues and the level of oxidative stress in the organism, suggesting that irisin could be involved in the progression of RA by regulating inflammation and oxidative stress.

In summary, serum irisin levels are decreased in RA patients, so irisin may be used as a predictor of RA. In addition, animal studies have demonstrated the therapeutic effect of irisin on RA, which is essentially due to its anti-inflammatory and antioxidant effects. Further in vitro experiments should be conducted to explore the interaction mechanisms between irisin and pro-inflammatory cytokines such as high mobility group protein B1 (HMGB1), monocyte chemotactic protein 1 (MCP1) and TNF-α. To support the use of irisin as a novel therapeutic agent to alleviate the development of RA.




5.2 Irisin and bone fracture

Bone fracture healing is a complex event that involves the coordination of different processes: initial inflammatory response, soft and hard callus formation, initial bony union and bone remodeling (99). Investigating the risk factors for bone fracture and the causes that influence bone fracture healing has been a keen subject of research. Researchers enrolled 160 older women (ages, 70-90 y) with minimal trauma hip fractures (MTHFs) and 160 age-matched women without fracture serving as controls, and the results of the test showed that the subjects in the MTHFs group had lower serum irisin levels compared to the control group, indicating that increased risk of hip fracture in older adults at low serum irisin levels, suggesting that irisin may be a useful indicator to help identify the risk of MTHFs in older women (100). In addition, Zhang et al. (101) proposed that the decrease of serum irisin levels in elderly patients with femoral shaft fracture after compression plate internal fixation is related to fracture nonunion, which can be used as a predictive index of fracture union evaluation. Other studies have reported that irisin levels in the blood increased in the bone fracture union process, and as irisin receptors were in human bone tissue, bone fracture union was affected (102). Recently, it has been shown that systemic administration of intermittent low doses of irisin accelerates bone fracture healing in mice by promoting bone formation and mineralization (103). Researchers administered r-irisin intraperitoneally to male rats immediately after bone fracture at 8 weeks of age and evaluated the effect of irisin treatment. The results showed that irisin induced a shift from cartilage to bone healing tissue by decreasing the expression of sex-determining region Y box protein 9 (SOX9) and increasing the expression of RUNX2, an important transcription factor that regulates osteoblast differentiation. The bone healing tissue area and bone volume were larger and the bone mineral content was higher in rat injected intraperitoneally with r-irisin compared to the control group. This experiment suggests that irisin can promote bone formation in bone scabs and accelerate the process of bone fracture repair, and it may be a novel pharmacological modulator of bone fracture healing. Similarly, Oranger et al. showed in a mouse model of tibial fracture that systemic administration of a low intermittent dose of irisin can accelerate the healing process by acting early in the post-fracture stage. This is due to the ability of this myokine to simultaneously switch off inflammation, activate angiogenesis, and initiate the degradation and replacement of cartilaginous matrix (104). In addition, in the study investigating the treatment of osteoporotic fractures in the ovariectomized rats with irisin combined with extracorporeal shock waves (ESW), it was found that both ESW and irisin alone could induce bone scab production and promote bone fracture healing, and the combined effect of them on bone fracture healing was more pronounced, perhaps because irisin combined with ESW might activate the nuclear factor-erythroid 2-related factor 2 (Nrf2)/heme oxygenase 1 (HO-1) pathway to promote the expression of vascular endothelial cell growth factor (VEGF) and BMP2 proteins, which induces angiogenesis, promotes blood circulation and accelerates bone scab formation, thus promotes fracture healing (105).

In summary, low serum levels of irisin increase the risk of bone fracture occurrence and bone fracture non-union, and in vivo administration of r-irisin promotes bone scab formation and accelerates fracture repair, so irisin may be used as a novel pharmaco-logical modulator to promote bone fracture healing, and in the future irisin may be used to eliminate non-union by applying it to non-union bones. In addition, synergistic effects of irisin with other therapeutic modalities are also of interest, which could open up new avenues for bone fracture healing.




5.3 Irisin and OS

OS is the most prevalent primary malignant tumor among human bone tumors, with typical clinical symptoms of pain, local masses, limitation of motion and pathological fractures, and it occurs in the long epiphyses of the extremities. It is extremely malignant, aggressive, rapidly growing and prone to early metastasis, and patients who develop early metastasis have an extremely poor healing process (106–108). Clinically, early amputation surgery supplemented by preoperative and postoperative chemotherapy is the main treatment option, but 80% of patients have metastatic lesions in their bodies at the time of diagnosis, resulting in poor outcomes, therefore, novel anti-cancer drugs and new treatment options need to be developed with OS cell growth inhibition as an entry point (109). It has been shown that irisin was significantly downregulated in the serums and tissues of osteosarcoma patients. In addition, irisin could inhibit the viability, migration, invasion, and EMT of osteosarcoma cells, and miR-214-3p could target FNDC5 to release its antitumor effects. Thus, irisin and miR-214-3p might become a new direction for the treatment of osteosarcoma patients in the future (110). The study by Kong et al. (111) found that irisin reversed the IL-6-induced epithelial-mesenchymal transition (EMT) in osteosarcoma cells by regulating the expression of E-cadherin, N-cadherin, vimentin, fibronectin, MMP-2, MMP-7 and MMP-9 through the signal transducers and activators of transcription 3 (STAT3)/Snail signaling pathway, implying that irisin may be a promising drug for OS treatment.

In summary, irisin treatment significantly suppressed the proliferation, migration and invasion of OS cells and has the potential to treat OS. However, the current research is focused on in vitro experiments, and large number of in vivo experiments are needed to verify and support in the future, to explore the specific molecular mechanism of OS regulation by irisin, and to extend the results to the clinic for systematic clinical studies to lay the foundation for the development of novel anti-tumor drugs.





6 Conclusion

Summarizing studies in recent years finds that the emerging myokine irisin is inextricably linked to bone health problems, and low serum irisin levels may increase the risk of fracture and lead to a series of bone diseases such as OP, RA and OS, so irisin may serve as a predictor of bone diseases. In addition, irisin can affect the physiological function of bone tissue cells through multiple signalling pathways and thus play a protective role in bone diseases. On the one hand, irisin can inhibit inflammatory responses by targeting MAPK and NF-κB signalling pathways, improve chondrocyte metabolism, enhance chondrocyte activity, and protect articular cartilage from inflammatory responses, thereby alleviating OA progression. On the other hand, irisin regulates Wnt/β-catenin and MAPK signalling pathways to induce proliferation and differentiation of osteoblasts and osteocytes, inhibit apoptosis of osteoblasts and osteocytes, maintain the physiological activity of osteocytes, and promote bone formation, meanwhile, it inhibits the function of RANKL, suppresses osteoclast differentiation, and slows down bone resorption, ultimately achieving the purpose of treating OP. However, some researchers have proposed a different perspective, suggesting that irisin may play a facilitating role in bone resorption. Further research is required to explain the reason for this controversy. In addition to the targeted regulation of the above-mentioned signalling pathways, irisin can also attenuating the development of OA and OP by protecting mitochondrial function, regulating autophagy, aerobic glycolysis and immune regulation and other physiological processes. In addition, irisin also plays a role in other bone diseases, for example, irisin can promote bone fracture healing, improve the pathogenesis of RA and OS, and has the potential to treat RA and OS, and the possibility of irisin treatment for different types of bone diseases can be further investigated in the future (as shown in Table 1).


Table 1 | Irisin regulate bone disease.



However, the relationship between irisin and bone diseases still has several urgent problems to be solved: first, studies have confirmed that irisin can affect the physiological function of bone tissue cells through multiple signaling pathways, but only the αV/β5 integrin has been identified as the receptor for irisin on bone cells, and other target receptors are not yet known. Secondly, most of the current studies focus on animal experiments and in vitro experiments, lacking the validation and support of clinical data. In the future, large number of studies are needed to explore the specific therapeutic effects and adverse effects of irisin on bone diseases, providing a solid theoretical basis for its safe and effective application in clinical work. Finally, the investigation of the relationship between irisin and bone health is an emerging field in recent years, although some signaling pathways related to the physiological effects of irisin have been identified, but the specific mechanisms of these signaling pathways and action targets are not exhaustive and perfect, and even many aspects still have research gaps, and further in-depth studies are still needed in the future.
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