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Fibroblast growth factor (FGF) 19 subfamily, also known as endocrine fibroblast growth factors (FGFs), is a newly discovered metabolic regulator, including FGF19, FGF21 and FGF23. They play significant roles in maintaining systemic homeostasis, regulating the balance of bile acid and glucolipid metabolism in humans. Osteoporosis is a chronic disease, especially in the current status of aging population, osteoporosis is the most prominent chronic bone disease, leading to multiple complications and a significant economic burden that requires long-term or even lifelong management. Members of the FGF family have been shown to be associated with bone mineral density (BMD), fracture repair and cartilage regeneration. Studies of the FGF19 subfamily in different populations with osteoporosis have been increasing in recent years. This review summarizes the role of the FGF19 subfamily in bone metabolism, and provides new options for the treatment of bone diseases such as osteoporosis.
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Introduction

Osteoporosis is a systemic skeletal disease caused by disorders of bone metabolism. An article published in Lancet in 2019 showed that fractures resulting from osteoporosis became increasingly common in women after age 55 years and men after age 65 years, leading to increased substantial bone-associated morbidities, mortality and health-care costs (1). It can be seen that osteoporosis is one of the main causes of disability and death in the elderly (2, 3). Therefore, the incidence and complications of osteoporosis should arouse public attention.

Earlier studies have suggested that osteoporosis is likely to be caused by complex interactions among local and systemic regulators of bone cell function (4). Recent studies have found that skeletal muscle, acting as an endocrine organ, can produce a variety of important myokines, which are associated with the pathogenesis of osteoporosis (5). As a myokine, the fibroblast growth factor (FGF) family plays an important role in tissue homeostasis, repair, regeneration, angiogenesis and bone metabolism (6). Adhikary et al. treated primary osteoblasts and C2C12 myoblasts with fibroblast growth factor-2 (FGF-2) and dexamethasone, and found that exogenous FGF-2 alleviated the GC induced effects by inhibiting the expression of sclerostin and myostatin in bone and muscle respectively (7). Therefore, they believed that exogenous FGF-2 can maintain osteogenesis and inhibit muscular atrophy in the presence of GC, suggesting that FGF-2 may be a potential target for the treatment of osteoporosis. Activating mutations in fibroblast growth factor receptor 2 (FGFR2) cause several craniosynostosis syndromes by affecting the proliferation and differentiation of osteoblasts, which form the calvarial bones (8). In addition, FGF-2 was involved in fracture repair, bone formation and cartilage regeneration after fracture damage or strenuous exercise (9). In mammals, the FGF family has 23 members (including FGF-15 in mice) and consists of 22 peptides (10). The FGF19 subfamily, also known as endocrine fibroblast growth factors (FGFs), consisting of FGF-19, FGF-21 and FGF-23, has been a hot topic of research in recent years (10). They bind to FGF receptors (FGFRs) through blood circulation and play a regulatory role in phosphate, bile acid, carbohydrate and lipid metabolism (11). Due to endocrine FGFs have a low affinity for FGFRs, they can freely cross the HS-dense cell gap into the bloodstream and eventually form complexes with Klotho proteins to stimulate cellular activity (12, 13). Endocrine FGFs are involved in the metabolic activities of various organs such as parathyroid glands, kidney, liver and adipose tissue through the binding of Klotho proteins to the corresponding FGFRs (14–18). At present, several members of the FGF family have been shown to be involved in the regulation of skeletal muscle growth and development, and studies on the endocrine regulation of the FGF19 subfamily in different populations with osteoporosis have been increasing in recent years. In this review, we will focus on recent findings on the association of the FGF19 subfamily with osteoporosis and its role in different populations suffering from osteoporosis.



The Endocrine Subfamily of FGFs


FGF-19

FGF-19 is secreted by ileal epithelial cells and plays a regulatory role in the maintenance of bile acid and corresponding metabolic homeostasis (19). Once secreted, FGF-19 triggers a signaling cascade involving the recruitment of cytosolic articulators by binding to its preferred receptor FGFR4 and co-receptor β-klotho (Table 1). Although FGF-19 is primarily metabolized in the liver through activation of the FGFR4-β-klotho complex, studies in recent years have shown that FGF-19 also performs biological functions in white adipose tissue (WAT) and brain (11). In addition, studies have found that the FGF19 levels are significantly lower in postmenopausal patients with osteoporosis than in healthy women and are positively correlated with bone mineral density (BMD) (20).


Table 1 | Endocrine FGF physiological function.





FGF-21

FGF-21 plays a key role in the metabolic process as a hepatic, adipokine and myokine. It appears to function through FGFR1c-mediated binding to β-klotho to form complexes (21). Circulating FGF21 is primarily expressed by the liver when the body is starving, obese, mitochondrial dysfunction and aging, while FGF21 expression is barely detectable in healthy conditions (22). In recent years, numerous studies have shown that increasing the level of myogenic FGF-21 could enhance skeletal muscle glucose uptake, fatty acid oxidation and insulin sensitivity, thereby improving lipid metabolism and reducing body weight (23–25). In addition, FGF-21 has also been shown to be involved in the browning of white fat (26). Up to now, the research on the relationship between FGF21 and BMD has inconsistent results in animals or humans, possibly related to the different experimental subjects. In addition, recombinant human FGF21 (rhFGF21) injected into mice may undergo biochemical reactions (27–29).



FGF-23

FGF-23 is known as a bone-derived endocrine hormone, mainly secreted by osteocytes and osteoblasts, mediated by the FGFR (FGFR1c, FGFR3c and FGFR4) and combined with α-Klotho to stimulate phosphate excretion and inhibit formation of 1, 25(OH)2D3, active vitamin D (11). Parathyroid hormone (PTH) stimulates synthesis and secretion of FGF23 by activating PTH/PTHrP receptor on osteocytes/osteoblasts (Figure 1) (30). In the parathyroid glands, FGF-23 is involved in metabolic activities by downregulating the production and secretion of PTH (31). It suppresses the synthesis of 1,25(OH)2D3 by inhibiting key enzyme 1-α-hydroxylase (encoded by Cyp27b1) in the kidney (31). In complete contrast to FGF23, PTH acts on the kidney to upregulate Cyp27b1 expression and increase blood 1,25(OH)2D3 levels (32).




Figure 1 | The role of FGF23 in the circulation.






FGF19 Subfamily in Metabolic Syndrome (MetS)

MetS is a global health problem increasing worldwide, which includes a set of common metabolic abnormalities such as insulin resistance, impaired glucose tolerance, abdominal obesity, dyslipidemia, and hypertension (33). The interaction of these factors makes the body susceptible to cardiovascular disease, diabetes and osteoporosis (34). Wong et al. fed rats with a high-carbohydrate high-fat (HCHF) diet with 25% fructose-supplemented drinking water to induce MetS (35). They detected elevated levels of FGF-23 in bone after MetS establishment, which subsequently led to significant bone loss, with alterations of bone histomorphometric parameters characterized by increased osteoclastic activity and decreased osteoblastic activity (35). In humans, the positive relationship between MetS and BMD was driven by high BMI (36, 37), but when fat mass was considered alone, MetS had a negative effect on BMD (37). In addition, gender was an interesting factor in the relationship, the negative effects of MetS were more prominent in men compared to women (37). Bone formation and resorption are mainly controlled by osteoblasts and osteoclasts, and imbalance in this process leads to deterioration of bone microstructure and bone strength, ultimately promoting the development of osteoporosis.

Vitamin D is an important factor in bone metabolism. Animal studies have shown that vitamin D3 supplementation has a positive effect on fracture healing (38). A clinical study found that serum FGF19 levels were negatively correlated with body weight and hip BMD in older adults older than 60 years (39). Furthermore, FGF-19 was associated with treatment of active vitamin D3, because all patients taking active vitamin D3 drugs had significantly higher serum FGF19 levels than controls and tended to show improvements in serum parameters related to lipid metabolism, such as high high-density lipoprotein (HDL) and low triglyceride (TG) levels (39). Since MetS is prone to osteoporosis, the improvement of blood lipids and pressure is beneficial to reduce the prevalence of osteoporosis in MetS patients. What’s more, this experiment also found that FGF-21 was associated with TG levels, and hypertension. The serum FGF21 levels also tended to be high in patients with dyslipidemia (39). At the same time, they also found that FGF-23 was negatively associated with markers for bone formation and absorption, namely tartrate-resistant acid phosphatase 5b (TRACP5b), suggesting that high FGF23 levels may be associated with low bone turnover (39). TRACP5b can be used as a diagnostic and therapeutic monitor for early osteoporosis (40). Finally, this article mentioned that measurement of FGF-21 and FGF-23 was useful for detecting chronic kidney disease (CKD) and its complications, such as cardiovascular disease and metabolic bone disease (39). In conclusion, FGF-21 and FGF-23, as members of the FGF subfamily, are involved in MetS and bone metabolic activities and may subsequently provide new options for the treatment of osteoporosis and MetS. FGF-19 is associated with the pharmacological treatment of active vitamin D3 and may improve MetS by improving serum lipid metabolism-related parameters such as HDL and TG in patients taking active vitamin D3 drugs.

The decline of renal function in CKD is accompanied by chronic kidney disease-mineral and bone disorder (CKD-MBD), which can lead to renal osteodystrophy and osteoporosis (41). When kidney function is severely impaired, kidney transplantation (KT) is the treatment of choice for most patients with renal failure. However, the early period after KT (the first 6 months) is a period of high risk for major fractures (MF), and the incidence of fractures is higher in women than in men (42). A retrospective study of 74 KT patients found that higher FGF-23 levels and lower HDL cholesterol in KT with MetS compared to controls (43). Therefore, they concluded that high serum FGF-23 levels were positively associated with MetS in KT patients. In addition, they used multivariable logistic regression analysis found that FGF-23 was an independent predictor of MetS in KT patients (43).



FGF19 Subfamily in Postmenopausal Osteoporosis (PMO)

The risk of bone fracture increases with age, especially in postmenopausal women, who have the highest prevalence of osteoporosis of all bone metabolic diseases, so women should be screened for osteoporosis starting at age 65 (44, 45). As the physiological process progresses in menopausal women, there is a significant decrease in estrogen secretion, an increase in osteoclast activity, and a decrease in bone matrix secretion (46). It’s worth noting that bone formation actually increases after menopause, but resorption increases even more. As a result, the body is unable to effectively regulate bone resorption and bone formation, resulting in a decrease in bone mass and bone density, which ultimately leads to osteoporosis.

Previous studies have shown that FGF21 enhanced PPAR-γ activity by inhibiting osteoblastogenesis and increasing bone marrow adipogenesis in bone marrow mesenchymal stem cells (BMSCs) to increase bone resorption and decrease bone formation (47). Recombinant FGF21 protein improved insulin sensitivity, lowered blood glucose and TG, and reduced body weight in diabetic mice (48). However, it was reported that high fat diet-induced obesity (DIO) mice given continuous 4-week intraperitoneal injections of rhFGF21 found no effect of rhFGF21 on bone mass or any bone biomarkers. Li et al. also administered rhFGF21 intraperitoneally to DIO mice for 2 weeks and observed the same results (49). In addition, they intervened with the PPAR-γ agonist rosiglitazone in wild-type (WT) and FGF21 knockout (KO) mice and found that increased adipogenesis and bone marrow adipocytes in rosiglitazone intervened mice, but not in FGF21 intervened mice (49). Thus, they concluded that FGF21 does not appear to be a downstream mediator of PPAR-γ on adipocyte differentiation, nor does it play a role in rosiglitazone-induced bone loss, and that the pathway of FGF21 and PPAR-γ appears to be independent (49).

However, Studies on the relationship between FGF21 levels and BMD have yielded inconsistent results in humans. A cross-sectional analysis of healthy postmenopausal women showed that their circulating FGF-21 levels were positively correlated with lumbar spine BMD (27). One study showed no correlation between FGF21 levels and BMD (28). Another study revealed that plasma FGF21 levels were inversely correlated with BMD in femoral neck and Ward’s triangle of hip region (29). This inconsistent may be due to the different experimental subjects. Li’s subjects were DIO mice, while the other study subjects were PMO patients (postmenopausal Han women). In addition, Li et al. injected rhFGF21 into DIO mice, and the protein may undergo metabolic activity in the mice.

A cross-sectional study of 28 patients with PMO, 32 with postmenopausal osteopenia and 30 healthy control subjects (postmenopausal non-osteoporosis) found that significantly higher levels of FGF-23 in the PMO group compared to the postmenopausal osteopenia and control groups (50). In addition, PMO patients had significantly lower levels of lomber and femur BMD than postmenopausal osteopenia and control groups. When subjects in the PMO group were divided into three groups according to age of menopause, the FGF-23 levels were found to be significantly higher in the group of menopausal age <5 years than the group of menopausal age >10 and the group of menopausal age 5-10 years. Therefore, they concluded that serum FGF-23 level was an important determinant of increased bone turnover at early periods in PMO patients (50). It can be seen that both FGF21 and FGF23 are involved in bone metabolic processes in PMO patients and have an impact on BMD. A prospective study of PMO found that the anabolic effect of PTH on osteoblasts led to an increase in FGF-23 when PTH was given intermittently (51). Therefore, this study suggested that FGF-23 may mediate the skeletal anabolic effects of parathyroid hormone (51).

Zhao et al. divided 150 postmenopausal Chinese women into osteoporosis group, osteopenia group, and healthy control group based on their BMD, and assessed serum bile acid, FGF19, and bone turnover biomarker levels (20). This cross-sectional study found that serum bile acid and FGF19 levels were significantly lower in PMO and osteopenia than in healthy women. In addition, serum total bile acid and FGF19 levels were positively correlated with BMD (20). This finding also suggested that bile acid played an important role in bone metabolism based on clinical evidence (20). FGF19 is the downstream molecule of bile acid signaling. Bile acid binds to and activates farnesoid X receptor (FXR) in the small intestinal cells to induce the upregulation of FGF19 (52). FXR is expressed not only in the liver and intestine, which are the classical target organs of bile acids, but also in bone marrow stromal cells and SaOS2 osteoblast-like cells (52). One study found that in vivo deletion of FXR resulted in a significant reduction in bone mass in mice (53). FGF15/19, as an intestine-derived endocrine hormone, plays a key role in mediating the gut- hepatic bile acid signalling feedback to inhibit hepatic bile acid synthesis (54). Therefore, bile acids can up-regulate FGF19 by activating FXR to participate in bone metabolism. Studies have found that bile acid-induced FGF19 acts through mTOR/ERK signaling and transcriptional factor EB (TFEB) phosphorylation to feedback inhibit TFEB nuclear translocation in hepatocytes (55). Wang et al. revealed that TFEB induced cholesterol 7α-hydroxylase (CYP7A1) in human hepatocytes and mouse livers, and prevented hepatic cholesterol accumulation and hypercholesterolemia in Western diet mice-fed mice in a high fat, high sucrose, high cholesterol manner (55). A recent study found that administration of SH-479, which is a bile acid receptor agonist, to mice with PMO increased BMD and improved skeletal microarchitecture (56). Therefore, bile acids were considered to be used in the treatment of metabolic diseases, such as type 2 diabetes, hyperlipidemia, and obesity (57, 58). In conclusion, the bile acid metabolic pathway involved in FGF19 could be a new therapeutic target for PMO (20).



FGF19 Subfamily in Polycystic Ovary Syndrome (PCOS)

PCOS is the most common endocrine metabolic disorder in women of reproductive age and is defined by a combination of signs and symptoms of androgen excess and ovarian dysfunction (59). It is often associated with abdominal obesity, insulin resistance, obesity, metabolic disorders, and cardiovascular risk factors (60). In addition, women with PCOS are at higher risk of insulin resistance, hypertension, dyslipidemia, diabetes and osteoporosis (61). Studies have shown that hyperinsulinemia may play a crucial role in the development of PCOS and lead to elevated androgen levels, yet increased androgens in women with PCOS can lead to insulin resistance (61). In addition, insulin may stimulate osteoblast differentiation, thereby enhancing osteocalcin production (62). Osteocalcin, a peptide produced and secreted by osteoblasts, is associated with bone synthesis and conversion, and stimulates pancreatic β cell proliferation and skeletal muscle insulin sensitivity (63). Elevated insulin levels in women with PCOS lead to insulin resistance, which in turn leads to the deterioration of BMD (61). In addition, the ovarian and adrenal-derived hyperandrogenemia in women with PCOS could affect bone turnover and BMD (64). Therefore, we explored the findings of studies related to FGFs and PCOS.

FGFs not only play a key role in development, cell growth, tissue repair and transformation, but also stimulate the ovarian granulosa cell differentiation, expression of the luteinizing hormone (LH) receptors by granulosa cells, and proliferation of ovarian germinal cells (65). Among the fibroblast growth factor family, FGF-13 and FGF-18 are associated with ovarian function (66). FGF-21 is mainly expressed by the liver and acts as a potent activator of glucose uptake by inducing glucose transporter 1 (GLUT1) on adipocytes, which reverses hepatic steatosis and improves insulin sensitivity in obese mice (67). A study on the effect of insulin on endocrine FGFs in women with PCOS found that insulin administration increased plasma levels of FGF-21 in healthy controls and women with PCOS, suppressed plasma levels of FGF-19 in healthy controls, and had no effect on plasma levels of FGF-23 (21). An earlier study evaluated FGF-21 levels in PCOS and found that circulating FGF-21 levels were higher in PCOS patients and correlated with homeostasis model assessment insulin resistance index (HOMA-IR) (68). However, Sahin et al. found that serum concentrations of FGF-21 were not different in PCOS patients compared to the healthy group (67). Furthermore, FGF-21 levels did not correlate with metabolic parameters such as BMI, fasting glucose, insulin, HOMA-IR and lipid parameters in PCOS patients. Therefore, they concluded that FGF-21 was not a useful marker for metabolic abnormalities such as insulin resistance, dyslipidemia, obesity and hypertension in women with PCOS (67). Subsequently, it has also been discovered that circulating FGF21 levels were associated with obesity but not with PCOS (69). The reason for these two different experimental results may be that the earlier study involved only a small sample of 24 PCOS patients and 13 healthy controls, whereas the latter two studies included a larger number of study subjects. In addition, the different ethnicity of the study subjects may also have influenced the results. Certainly, there are few studies on the relationship between PCOS and circulating FGF21 levels, and more studies are needed to further elucidate the role of FGF-21 in glucose homeostasis, especially in patients with PCOS.



Conclusions

Overall, the FGF19 subfamily has been the focus of attention since its discovery. A large number of studies in recent years have revealed that the FGF19 subfamily is associated with bone metabolism, which has caused controversies and debates. Serum FGF19 and bile acid levels are positively correlated with BMD, while both levels are reduced in the serum of PMO patients. Therefore, FGF19 may provide a new therapeutic target for PMO patients by participating in the enterohepatic circulation of bile acid. The relationship between FGF21 and BMD is controversial in both mouse and human studies, but FGF21 does participate in the metabolic activity of MetS, PMO and POCS patients, and more basic and clinical experiments are needed to further clarify the relationship subsequently. As a bone-derived hormone, FGF23 can act on kidneys and parathyroid glands to regulate bone metabolism activity, which may offer new options for the treatment of osteoporosis and other bone diseases. In addition, scientific consensus has unanimously established that the FGF19 subfamily, especially FGF21, is a new key player in bone metabolism and its role is emerging as a possible therapeutic option to treat bone diseases.



Author Contributions

JJ and GY designed the study. XY wrote the paper. XY and YX made the figure and table. JJ and GY revised the paper. All authors read and approved the final manuscript.



Funding

This study was supported by the National Natural Science Foundation of China (81870548, 81570721, 81500351), the Social Development Project of Jiangsu Province (BE2018692), the Natural Science Foundation of Jiangsu Province, China (BK20191222), the Youth Medical Talent Project of Jiangsu Province (QNRC2016842), the High Caliber Medical Personnel Foundation of Jiangsu Province (LGY2016053), the Six Talent Peaks Project in Jiangsu Province (2015-WSN-006), the Jiangsu University Affiliated Hospital “5123” Talent Plan (51232017305), the sixth “169 “ Talent Project of Zhenjiang, the Science and Technology Commission of Zhenjiang City (FZ2020038), Doctoral Research Initiation Fund (jdfyRC2020010) and Clinical Medical Science and Technology Development Foundation of Jiangsu University (JLY2021209).



Acknowledgments

We appreciate the help and support from all participants who took part in this review.



References

1. Compston, JE, McClung, MR, and Leslie, WD. Osteoporosis. Lancet (2019) 393(10169):364–76. doi: 10.1016/S0140-6736(18)32112-3

2. Black, DM, and Rosen, CJ. Postmenopausal Osteoporosis. N Engl J Med (2016) 374(21):2096–7. doi: 10.1056/NEJMc1602599

3. Reid, IR. A Broader Strategy for Osteoporosis Interventions. Nat Rev Endocrinol (2020) 16(6):333–9. doi: 10.1038/s41574-020-0339-7

4. Raisz, LG. Pathogenesis of Osteoporosis: Concepts, Conflicts, and Prospects. J Clin Invest (2005) 115(12):3318–25. doi: 10.1172/JCI27071

5. Colaianni, G, Storlino, G, Sanesi, L, Colucci, S, and Grano, M. Myokines and Osteokines in the Pathogenesis of Muscle and Bone Diseases. Curr Osteoporos Rep (2020) 18(4):401–7. doi: 10.1007/s11914-020-00600-8

6. Novais, A, Chatzopoulou, E, Chaussain, C, and Gorin, C. The Potential of FGF-2 in Craniofacial Bone Tissue Engineering: A Review. Cells (2021) 10(4). doi: 10.3390/cells10040932

7. Adhikary, S, Choudhary, D, Tripathi, AK, Karvande, A, Ahmad, N, Kothari, P, et al. FGF-2 Targets Sclerostin in Bone and Myostatin in Skeletal Muscle to Mitigate the Deleterious Effects of Glucocorticoid on Musculoskeletal Degradation. Life Sci (2019) 229:261–76. doi: 10.1016/j.lfs.2019.05.022

8. Mansukhani, A, Ambrosetti, D, Holmes, G, Cornivelli, L, and Basilico, C. Sox2 Induction by FGF and FGFR2 Activating Mutations Inhibits Wnt Signaling and Osteoblast Differentiation. J Cell Biol (2005) 168(7):1065–76. doi: 10.1083/jcb.200409182

9. Li, G, Zhang, L, Wang, D, AIQudsy, L, Jiang, JX, Xu, H, et al. Muscle-Bone Crosstalk and Potential Therapies for Sarco-Osteoporosis. J Cell Biochem (2019) 120(9):14262–73. doi: 10.1002/jcb.28946

10. Luo, Y, Ye, S, Li, X, and Lu, W. Emerging Structure-Function Paradigm of Endocrine FGFs in Metabolic Diseases. Trends Pharmacol Sci (2019) 40(2):142–53. doi: 10.1016/j.tips.2018.12.002

11. Degirolamo, C, Sabbà, C, and Moschetta, A. Therapeutic Potential of the Endocrine Fibroblast Growth Factors FGF19, FGF21 and FGF23. Nat Rev Drug Discov (2016) 15(1):51–69. doi: 10.1038/nrd.2015.9

12. Motylewska, E, Stępień, T, Borkowska, M, Kuzdak, K, Siejka, A, Komorowski, J, et al. Alteration in the Serum Concentrations of FGF19, FGFR4 and βKlotho in Patients with Thyroid Cancer. Cytokine (2018) 105:32–6. doi: 10.1016/j.cyto.2018.02.013

13. Lu, W, Li, X, and Luo, Y. FGF21 in Obesity and Cancer: New Insights. Cancer Lett (2021) 499:5–13. doi: 10.1016/j.canlet.2020.11.026

14. Hu, MC, Shiizaki, K, Kuro-o, M, and Moe, OW. Fibroblast Growth Factor 23 and Klotho: Physiology and Pathophysiology of an Endocrine Network of Mineral Metabolism. Annu Rev Physiol (2013) 75:503–33. doi: 10.1146/annurev-physiol-030212-183727

15. Chen, G, Liu, Y, Goetz, R, Fu, L, Jayaraman, S, Hu, MC, et al. α-Klotho Is a Non-Enzymatic Molecular Scaffold for FGF23 Hormone Signalling. Nature (2018) 553(7689):461–6. doi: 10.1038/nature25451

16. Tsuchiya, K, Nagano, N, and Nitta, K. Klotho/FGF23 Axis in CKD. Contrib Nephrol (2015) 185:56–65. doi: 10.1159/000380970

17. Lee, S, Choi, J, Mohanty, J, Sousa, LP, Tome, F, Pardon, E, et al. Structures of β-Klotho Reveal A ’Zip Code’-Like Mechanism for Endocrine FGF Signalling. Nature (2018) 553(7689):501–5. doi: 10.1038/nature25010

18. Lan, T, Morgan, DA, Rahmouni, K, Sonoda, J, Fu, X, Burgess, SC, et al. FGF19, FGF21, and an FGFR1/β-Klotho-Activating Antibody Act on the Nervous System to Regulate Body Weight and Glycemia. Cell Metab (2017) 26(5):709–718.e3. doi: 10.1016/j.cmet.2017.09.005

19. Kir, S, Beddow, SA, Samuel, VT, Miller, P, Previs, SF, Suino-Powell, K, et al. FGF19 as a Postprandial, Insulin-Independent Activator of Hepatic Protein And Glycogen Synthesis. Science (2011) 331(6024):1621–4. doi: 10.1126/science.1198363

20. Zhao, YX, Song, YW, Zhang, L, Zheng, FJ, Wang, XM, Zhuang, XH, et al. Association between Bile Acid Metabolism and Bone Mineral Density in Postmenopausal Women. Clinics (Sao Paulo) (2020) 75:e1486. doi: 10.6061/clinics/2020/e1486

21. Ramanjaneya, M, Bensila, M, Bettahi, I, Jerobin, J, Samra, TA, Aye, MM, et al. Dynamic Changes in Circulating Endocrine FGF19 Subfamily and Fetuin-A in Response to Intralipid and Insulin Infusions in Healthy and PCOS Women. Front Endocrinol (Lausanne) (2020) 11:568500. doi: 10.3389/fendo.2020.568500

22. Gómez-Sámano, MÁ, Grajales-Gómez, M, Zuarth-Vázquez, JM, Navarro-Flores, MF, Martínez-Saavedra, M, Juárez-León, ÓA, et al. Fibroblast Growth Factor 21 and Its Novel Association With Oxidative Stress. Redox Biol (2017) 11:335–41. doi: 10.1016/j.redox.2016.12.024

23. Jelenik, T, Dille, M, Müller-Lühlhoff, S, Kabra, DG, Zhou, Z, Binsch, C, et al. FGF21 Regulates Insulin Sensitivity Following Long-Term Chronic Stress. Mol Metab (2018) 16:126–38. doi: 10.1016/j.molmet.2018.06.012

24. Guridi, M, Tintignac, LA, Lin, S, Kupr, B, Castets, P, and Rüegg, MA. Activation of Mtorc1 in Skeletal Muscle Regulates Whole-Body Metabolism Through FGF21. Sci Signal (2015) 8(402):ra113. doi: 10.1126/scisignal.aab3715

25. Giralt, M, Gavaldà-Navarro, A, and Villarroya, F. Fibroblast Growth Factor-21, Energy Balance and Obesity. Mol Cell Endocrinol (2015) 418 Pt 1:66–73. doi: 10.1016/j.mce.2015.09.018

26. Cuevas-Ramos, D, Mehta, R, and Aguilar-Salinas, CA. Fibroblast Growth Factor 21 and Browning of White Adipose Tissue. Front Physiol (2019) 10:37. doi: 10.3389/fphys.2019.00037

27. Hu, W, He, J, Fu, W, Wang, C, Yue, H, Gu, J, et al. Fibroblast Growth Factor 21 Is Associated With Bone Mineral Density, but not With Bone Turnover Markers and Fractures in Chinese Postmenopausal Women. J Clin Densitom (2019) 22(2):179–84. doi: 10.1016/j.jocd.2018.08.005

28. Lui, DTW, Lee, CH, Chau, VWK, Fong, CHY, Yeung, KMY, Lam, JKY, et al. Potential Role of Fibroblast Growth Factor 21 in the Deterioration of Bone Quality in Impaired Glucose Tolerance. J Endocrinol Invest (2021) 44(3):523–30. doi: 10.1007/s40618-020-01337-y

29. Hao, RH, Gao, JL, Li, M, Huang, W, Zhu, DL, Thynn, HN, et al. Association between Fibroblast Growth Factor 21 and Bone Mineral Density in Adults. Endocrine (2018) 59(2):296–303. doi: 10.1007/s12020-017-1507-y

30. Mace, ML, Olgaard, K, and Lewin, E. New Aspects of the Kidney in the Regulation of Fibroblast Growth Factor 23 (FGF23) and Mineral Homeostasis. Int J Mol Sci (2020) 21(22). doi: 10.3390/ijms21228810

31. Ewendt, F, Feger, M, and Föller, M. Role of Fibroblast Growth Factor 23 (FGF23) and αKlotho in Cancer. Front Cell Dev Biol (2020) 8:601006. doi: 10.3389/fcell.2020.601006

32. Saki, F, Kassaee, SR, Salehifar, A, and Omrani, GHR. Interaction between Serum FGF-23 and PTH in Renal Phosphate Excretion, A Case-Control Study in Hypoparathyroid Patients. BMC Nephrol (2020) 21(1):176. doi: 10.1186/s12882-020-01826-5

33. Bovolini, A, Garcia, J, Andrade, MA, and Duarte, JA. Metabolic Syndrome Pathophysiology and Predisposing Factors. Int J Sports Med (2021) 42(3):199–214. doi: 10.1055/a-1263-0898

34. Colaianni, G, Sanesi, L, Storlino, G, Brunetti, G, Colucci, S, and Grano, M. Irisin and Bone: From Preclinical Studies to the Evaluation of Its Circulating Levels in Different Populations of Human Subjects. Cells (2019) 8(5):451. doi: 10.3390/cells8050451

35. Wong, SK, Chin, KY, and Ima-Nirwana, S. The Effects of Tocotrienol on Bone Peptides in a Rat Model of Osteoporosis Induced by Metabolic Syndrome: The Possible Communication between Bone Cells. Int J Environ Res Public Health (2019) 16(18):3313. doi: 10.3390/ijerph16183313

36. Kim, HY, and Kim, Y. Associations of Obesity with Osteoporosis and Metabolic Syndrome in Korean Postmenopausal Women: A Cross-Sectional Study Using National Survey Data. Arch Osteoporos (2019) 14(1):64. doi: 10.1007/s11657-019-0615-0

37. Chin, KY, Wong, SK, Ekeuku, SO, and Pang, KL. Relationship Between Metabolic Syndrome and Bone Health - An Evaluation of Epidemiological Studies and Mechanisms Involved. Diabetes Metab Syndr Obes (2020) 13:3667–90. doi: 10.2147/DMSO.S275560

38. Heyer, FL, de Jong, JJ, Willems, PC, Arts, JJ, Bours, SGP, van Kuijk, SMJ, et al. The Effect of Bolus Vitamin D(3) Supplementation on Distal Radius Fracture Healing: A Randomized Controlled Trial Using HR-pQCT. J Bone Miner Res (2021) 36(8):1492–501. doi: 10.1002/jbmr.4311

39. Yamamoto, S, Koyama, D, Igarashi, R, Maki, T, Mizuno, H, Furukawa, Y, et al. Serum Endocrine Fibroblast Growth Factors as Potential Biomarkers for Chronic Kidney Disease and Various Metabolic Dysfunctions in Aged Patients. Intern Med (2020) 59(3):345–55. doi: 10.2169/internalmedicine.3597-19

40. Kasai, H, Mori, Y, Ose, A, Shiraki, M, and Tanigawara, Y. Prediction of Fracture Risk From Early-Stage Bone Markers in Patients With Osteoporosis Treated With Once-Yearly Administered Zoledronic Acid. J Clin Pharmacol (2021) 61(5):606–13. doi: 10.1002/jcph.1774

41. Bover, J, Bailone, L, López-Báez, V, Benito, S, Ciceri, P, Galassi, A, et al. Osteoporosis, Bone Mineral Density and CKD-MBD: Treatment Considerations. J Nephrol (2017) 30(5):677–87. doi: 10.1007/s40620-017-0404-z

42. Iseri, K, Carrero, JJ, Evans, M, Felländer-Tsai, L, Berg, HE, Runesson, B, et al. Fractures After Kidney Transplantation: Incidence, Predictors, and Association with Mortality. Bone (2020) 140:115554. doi: 10.1016/j.bone.2020.115554

43. Chen, PC, Chang, YD, Lee, MC, and Hsu, BG. High Serum Fibroblast Growth Factor 23 Level Is Associated With Metabolic Syndrome in Kidney Transplantation Patients. Transplant Proc (2020) 52(10):3168–72. doi: 10.1016/j.transproceed.2020.03.030

44. Black, DM, and Rosen, CJ. Clinical Practice. Postmenopausal Osteoporosis. N Engl J Med (2016) 374(3):254–62. doi: 10.1056/NEJMcp1513724

45. Johnston, CB, and Dagar, M. Osteoporosis in Older Adults. Med Clin North Am (2020) 104(5):873–84. doi: 10.1016/j.mcna.2020.06.004

46. Park, YM, Jankowski, CM, Swanson, CM, Hildreth, KL, Kohrt, WM, and Moreau, KL. Bone Mineral Density in Different Menopause Stages Is Associated with Follicle Stimulating Hormone Levels in Healthy Women. Int J Environ Res Public Health (2021) 18(3):1200. doi: 10.3390/ijerph18031200

47. Wei, W, Dutchak, PA, Wang, X, Ding, X, Wang, X, Bookout, AL, et al. Fibroblast Growth Factor 21 Promotes Bone Loss by Potentiating the Effects of Peroxisome Proliferator-Activated Receptor γ. Proc Natl Acad Sci USA (2012) 109(8):3143–8. doi: 10.1073/pnas.1200797109

48. Kim, H, Lee, DS, An, TH, Park, HJ, Kim, WK, Bae, KH, et al. Metabolic Spectrum of Liver Failure in Type 2 Diabetes and Obesity: From NAFLD to NASH to HCC. Int J Mol Sci (2021) 22(9):4495. doi: 10.3390/ijms22094495

49. Li, X, Stanislaus, S, Asuncion, F, Niu, QT, Chinookoswong, N, Villasenor, K, et al. FGF21 Is Not a Major Mediator for Bone Homeostasis or Metabolic Actions of PPARα and PPARγ Agonists. J Bone Miner Res (2017) 32(4):834–45. doi: 10.1002/jbmr.2936

50. Celik, E, Guzel, S, Abali, R, Guzelant, AY, Celik Guzel, E, Kuçukyalcin, V, et al. The Relationship Between Fibroblast Growth Factor 23 and Osteoporosis in Postmenopausal Women. Minerva Med (2013) 104(5):497–504. doi: 10.1186/1471-2296-14-145

51. Sridharan, M, Cheung, J, Moore, AE, Frost, ML, Fraser, WD, Fogelman, I, et al. Circulating Fibroblast Growth Factor-23 Increases Following Intermittent Parathyroid Hormone (1-34) in Postmenopausal Osteoporosis: Association with Biomarker of Bone Formation. Calcif Tissue Int (2010) 87(5):398–405. doi: 10.1007/s00223-010-9414-8

52. Bozadjieva, N, Heppner, KM, and Seeley, RJ. Targeting FXR and FGF19 to Treat Metabolic Diseases-Lessons Learned From Bariatric Surgery. Diabetes (2018) 67(9):1720–8. doi: 10.2337/dbi17-0007

53. Cho, SW, An, JH, Park, H, Yang, JY, Choi, HJ, Kim, SW, et al. Positive Regulation of Osteogenesis by Bile Acid through FXR. J Bone Miner Res (2013) 28(10):2109–21. doi: 10.1002/jbmr.1961

54. Qiu, Y, Yu, J, Li, Y, Yang, F, Yu, H, Xue, M, et al. Depletion of Gut Microbiota Induces Skeletal Muscle Atrophy by FXR-FGF15/19 Signalling. Ann Med (2021) 53(1):508–22. doi: 10.1080/07853890.2021.1900593

55. Wang, Y, Gunewardena, S, Li, F, Matye, DJ, Chen, C, Chao, X, et al. An FGF15/19-TFEB Regulatory Loop Controls Hepatic Cholesterol and Bile Acid Homeostasis. Nat Commun (2020) 11(1):3612. doi: 10.1038/s41467-020-17363-6

56. Li, Z, Huang, J, Wang, F, Li, W, Wu, X, Zhao, C, et al. Dual Targeting of Bile Acid Receptor-1 (TGR5) and Farnesoid X Receptor (FXR) Prevents Estrogen-Dependent Bone Loss in Mice. J Bone Miner Res (2019) 34(4):765–76. doi: 10.1002/jbmr.3652

57. Wang, J, Yan, D, Zhao, A, Hou, X, Zheng, X, Chen, P, et al. Discovery of Potential Biomarkers for Osteoporosis using LC-MS/MS Metabolomic Methods. Osteoporos Int (2019) 30(7):1491–9. doi: 10.1007/s00198-019-04892-0

58. Schiellerup, SP, Skov-Jeppesen, K, Windeløv, JA, Svane, MS, Holst, JJ, Hartmann, B, et al. Gut Hormones and Their Effect on Bone Metabolism. Potential Drug Therapies in Future Osteoporosis Treatment. Front Endocrinol (Lausanne) (2019) 10:75. doi: 10.3389/fendo.2019.00075

59. Azziz, R. Polycystic Ovary Syndrome. Obstet Gynecol (2018) 132(2):321–36. doi: 10.1097/AOG.0000000000002698

60. Escobar-Morreale, HF. Polycystic Ovary Syndrome: Definition, Aetiology, Diagnosis and Treatment. Nat Rev Endocrinol (2018) 14(5):270–84. doi: 10.1038/nrendo.2018.24

61. Krishnan, A, and Muthusami, S. Hormonal Alterations in PCOS and its Influence on Bone Metabolism. J Endocrinol (2017) 232(2):R99–r113. doi: 10.1530/JOE-16-0405

62. Ferron, M, Wei, J, Yoshizawa, T, Del Fattore, A, DePinho, RA, Teti, A, et al. Insulin Signaling in Osteoblasts Integrates Bone Remodeling and Energy Metabolism. Cell (2010) 142(2):296–308. doi: 10.1016/j.cell.2010.06.003

63. Bilotta, FL, Arcidiacono, B, Messineo, S, Greco, M, Chiefari, E, Britti, D, et al. Insulin and Osteocalcin: Further Evidence for a Mutual Cross-Talk. Endocrine (2018) 59(3):622–32. doi: 10.1007/s12020-017-1396-0

64. Lingaiah, S, Morin-Papunen, L, Piltonen, T, Puurunen, J, Sundström-Poromaa, I, Stener-Victorin, E, et al. Bone Markers in Polycystic Ovary Syndrome: A Multicentre Study. Clin Endocrinol (Oxf) (2017) 87(6):673–9. doi: 10.1111/cen.13456

65. Hammadeh, ME, Fischer-Hammadeh, C, Hoffmeister, H, Huebner, U, Georg, T, Rosenbaum, P, et al. Fibroblast Growth Factor (FGF), Intracellular Adhesion Molecule (sICAM-1) Level in Serum and Follicular Fluid of Infertile Women with Polycystic Ovarian Syndrome, Endometriosis and Tubal Damage, and their Effect on ICSI Outcome. Am J Reprod Immunol (2003) 50(2):124–30. doi: 10.1034/j.1600-0897.2003.00056.x

66. Liu, Y, Li, S, Tao, T, Li, X, Zhu, Q, Liao, Y, et al. Intrafollicular Fibroblast Growth Factor 13 in Polycystic Ovary Syndrome: Relationship with Androgen Levels and Oocyte Developmental Competence. J Ovarian Res (2018) 11(1):87. doi: 10.1186/s13048-018-0455-3

67. Sahin, SB, Ayaz, T, Cure, MC, Sezgin, H, Ural, UM, Balik, G, et al. Fibroblast Growth Factor 21 and its Relation to Metabolic Parameters in Women with Polycystic Ovary Syndrome. Scand J Clin Lab Invest (2014) 74(6):465–9. doi: 10.3109/00365513.2014.900821

68. Gorar, S, Culha, C, Uc, ZA, Dellal, FD, Serter, R, Aral, S, et al. Serum Fibroblast Growth Factor 21 Levels in Polycystic Ovary Syndrome. Gynecol Endocrinol (2010) 26(11):819–26. doi: 10.3109/09513590.2010.487587

69. Olszanecka-Glinianowicz, M, Madej, P, Wdowczyk, M, Owczarek, A, and Chudek, J. Circulating FGF21 Levels are Related to Nutritional Status and Metabolic but not Hormonal Disturbances in Polycystic Ovary Syndrome. Eur J Endocrinol (2015) 172(2):173–9. doi: 10.1530/EJE-14-0539




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Yu, Xia, Jia and Yuan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo.2022.830022_cover.jpg
, frontiers | Frontiers in Endocrinology

The Role of Fibroblast Growth
Factor 19 Subfamily in Different
Populations Suffering From
Osteoporosis





OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The Role of Fibroblast Growth Factor 19 Subfamily in Different Populations Suffering From Osteoporosis

      

        		

          Introduction

        



        		

          The Endocrine Subfamily of FGFs

        

          		

            FGF-19

          



          		

            FGF-21

          



          		

            FGF-23

          



        



        



        		

          FGF19 Subfamily in Metabolic Syndrome (MetS)

        



        		

          FGF19 Subfamily in Postmenopausal Osteoporosis (PMO)

        



        		

          FGF19 Subfamily in Polycystic Ovary Syndrome (PCOS)

        



        		

          Conclusions

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-13-830022-g001.jpg





OEBPS/Images/table1.jpg
Endocrine FGFs

or19

FGr21

or23

Receptor complex

FOFRA-FKomo

FGFRIcKotho

FGFRIC akotho
FGFR3G akiotho
FGFRA-a-Kotho

Functions.

18l acid synhesis:
1Trgherdes

1Guconsagenesis

1Gyoogen and proten synihesis
THepati aty acd oxication
1Guconeogenesis

WAT browing

tweightloss

1Gucoso absorpton

insutn sensiovty

1Renai phosphate absorpiion
Wiamin D synesis:

1PTH secretion.





